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Abstract Oceanographic processes play a key role

in influencing the structure of the marine planktonic

ecosystems. Taking advantage of the quasi-simulta-

neous collection of a large ichthyoplanktonic dataset

in different regions of the Central Mediterranean Sea

(Italian/Maltese, Tunisian and Libyan waters), this

study aimed at the identification of the main environ-

mental drivers that control the structure of the larval

fish assemblages. Spatial distribution and taxa com-

position were related to physical forcings (geostrophic

currents and wind stress) and environmental condi-

tions (bottom depth, temperature, salinity,

chlorophyll-a concentration). ANOSIM and SIMPER

identified contribution of fish taxa to the average

Bray–Curtis dissimilarity among regions. In Italian

and Libyan waters, two assemblages (neritic and

oceanic) were identified, while a mixed assemblage

characterized only some stations. Two neritic and one

oceanic assemblages were discriminated in Tunisian

waters. Random Forest classification model high-

lighted the essential role of the bathymetry, while

Lagrangian simulations evidenced the action of the

hydrodynamics in mixing neritic and oceanic assem-

blages in the Italian/Maltese and partially in Libyan

waters. These findings highlighted the importance of

the multidisciplinary approach and shed light on the

potential value of the ichthyoplanktonic surveys for

the assessment of the state of the marine ecosystem

and the conservation of the fishery resources.
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Introduction

Shallow hydrodynamic conditions can strongly influ-

ence spatial patterns of the distribution and abundance

of biological populations (Brandt, 1981; Batten &

Crawford, 2005; Govoni, 2005), besides the chemical

and physical characteristics of the water column

(Brandt et al., 1981; Fang & Morrow, 2003; Morrow

et al., 2003). Oceanographic processes can play a key

role in the fate of the marine planktonic populations,

influencing its spatial distribution and survival, deter-

mining the characteristics of the water masses in

which these species are transported (e.g. Nakata et al.,

2000; Logerwell & Smith, 2001; Nishimoto & Wash-

burn, 2002; Bonomo et al., 2017).

This is certainly true for ichthyoplankton, espe-

cially for eggs and early stages of larvae (i.e.

notochord pre-flexion and flexion stages, see Leis

(2006) and references within for details) drifted by

ocean currents because of their essential inability to

swim actively and their strong dependence on the

abiotic environment for the survival and growth.

Physical processes in fact can spread larvae offshore

or concentrate and retain them in certain areas whose

characteristics are critical to their fate (Griffiths &

Wadley, 1986; Heath, 1992; Mackas et al., 2005;

Miller et al., 2005; Falcini et al., 2015; Torri et al.,

2015; Patti et al., 2017). The knowledge of the

ichthyoplankton concentration is a useful tool to

suggest the spawning areas that are indicator for the

state and health of a marine ecosystem and particularly

significant for the management of relevant species

from the economical point of view (Chavez et al.,

2003; Pörtner & Knust, 2007). In fact, when fish are

spawning, ichthyoplankton reflects their spawning

output and provide an index of the relative population

size; increases or decreases in the biomass of adult fish

stocks can be detected more rapidly and sensitively by

monitoring the ichthyoplankton associated with them,

compared to monitoring the adults themselves (Moser

& Smith, 1993a). Feeding is also critical for fish larval

survival and becomes a determining factor in the

annual recruitment (McNamara & Houston, 1987;

Cushing, 1990). The mesoscale circulation can deter-

mine a different trophic regime. Together with coastal

processes of nutrient enrichment, hydrodynamic fea-

tures can influence the diet and the condition of larvae

(Strobl et al., 2009; Cuttitta et al., 2015), active feeders

on microzooplankton species, like copepods eggs,

calanoid nauplii and postnauplii (Intxausti et al., 2016)

in their retention areas. Therefore, the structure of the

larval fish assemblages, as well as the abundance and

the distribution of larval taxa, are strictly linked to

physical processes and environmental conditions, and

the knowledge on these processes is essential in the

framework of the resource utilization and niche

occupation among fish species in marine ecosystems

(Doyle et al., 1993).

In this context, the extensive ichthyoplankton

datasets collected in the waters off the Tunisian,

Italian/Maltese and Libyan coasts provided the oppor-

tunity to examine the spatial structure of the larval fish

populations occurring during the summer period in the

Central Mediterranean Sea, on a regional scale.

Previous studies in these regions have been reported

by Cuttitta et al. (2016a) for the Gulf of Sirte and by

Zarrad et al. (2013) for the Gulf of Hammamet, while a

characterization of the larval distribution occurring in

the Strait of Sicily has been provided by Cuttitta et al.

(2016b) concerning a different sampling year. In all

these papers, larval assemblages were separately

featured and correlated with environmental variables,

recognizing the environments surroundings larvae and

providing useful insights about the larval composition

in relation to local environmental conditions.

However, a comparison of the larval populations

structures conducted on regional scale have never

been carried out in the Mediterranean Sea, although an

extensive effort was carried out on more detailed scale

(e.g. Alemany et al., 2006; Isari et al., 2008; Olivar

et al., 2014). It represents the opportunity to under-

stand how widely distributed larval taxa respond to

different environmental conditions that can occur in

different regions of the Central Mediterranean Sea

during the summer period. Taking advantage of the

quasi-simultaneous collection of a large ichthyoplank-

tonic dataset in different regions, this work intends to

give answers to the following questions: how the

occurrence and the distribution of larval taxa are

related to different environmental conditions occur-

ring in different regions of the Basin? What are the

common patterns and the differences among the

structures of the larval assemblages detected in these

regions? What are the main drivers controlling the

structure of these larval assemblages?

With these goals in mind, the ichthyoplanktonic

data collected in the Italian/Maltese, Tunisian and

Libyan waters were related to in situ and satellite
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environmental data using the multivariate statistics

and Lagrangian simulation models. The latter

approach has been used as a tool for the dynamic

assessment of the role of the physical forcings on

larval dispersion, as already successfully used in other

studies of the Central Mediterranean Sea (Bonanno

et al., 2013; Palatella et al., 2014; Falcini et al., 2015;

Torri et al., 2015; Gargano et al., 2017; Patti et al.,

2017).

Data and methods

Ichthyoplanktonic surveys

Ichthyoplanktonic data were collected in different

areas of the Central Mediterranean Sea during three

multidisciplinary surveys conducted in the summer

2008, from 23 June to 31 July, in correspondence with

one of the most important reproductive period for the

majority of bony fishes species (Tsikliras et al., 2010).

In the Northern Strait of Sicily, 179 stations were

carried out from 25 June to 14 July, in the East Tunisia

71 stations from 23 June to 9 July, and 117 stations in

Libyan waters from 15 to 31 July (Fig. 1).

The systematic sampling for the three areas is

constituted by a regular grid of stations (12 9 12

nautical miles offshore, with bottom depth[ 200 m,

and 4 9 4 nautical miles inshore for both Sicilian and

Libyan coasts; 10 9 10 in the Tunisian waters).

Planktonic sampling was carried out using oblique

tows with a Bongo net, made up of two coupled nets of

200 lm mesh size mounted on inlet mouths of 40 cm

in diameter. This sampling gear is particularly size-

selective and adapted to catch fish larvae from the

hatch to the first days after the onset of the exogenous

feeding (Catalán et al., 2014), i.e. in the first stages of

development (notochord pre-flexion and flexion

stage). During these stages, the speed and the duration

of swimming episode are very limited (von Herbing &

Gallager, 2000) and the energetic costs linked to the

locomotory activity are very high due to the viscous

environment in which frictional forces dominate

(Webb & Weihs, 1986; Batty & Blaxter, 1992).

Therefore, they can be considered with a good

accuracy as passive particles drifted by the currents

occurring in the upper layers (Leis, 2006). The

plankton oblique tows were carried out from within

5 m from the bottom to the surface in ‘‘shallow’’

stations (bottom depth\ 100 m), or from 100 m

depth to the surface in deeper stations, wherever

possible, with a constant speed of 2 knots. The filtered

water volume of each mouth was measured by a

calibrated flow meter (type G.O. 2030). Plankton

samples were preserved using a borax-buffered solu-

tion of 4% formaldehyde and seawater.

For the ichthyoplankton identification, all samples

were observed under a microscope in a land-based

laboratory and bony fish larvae were sorted from the

rest of the plankton following identification described

in Whitehead et al. (1986), Carpenter (1992) and

Cuttitta et al. (2011) in order to achieve the maximum

Fig. 1 Map of sampling stations in each of the three study

areas. Sampling stations were grouped in according to the results

of cluster analysis performed on larval density data. Waters off

Italy/Malta (a) and Libyan (c) showed the presence of two

assemblages characterized by neritic (inshore in the map) and

oceanic larvae (offshore), while a mixed assemblage character-

ized some stations. Differently, two neritic assemblages (coastal

and intermediate) were discriminated in the Tunisian waters (b),

while oceanic larvae (offshore) occurred in a deeper zone.

Moreover, the mean field of geostrophic current as computed by

daily data detected by altimetry data (29 June–14 July in the

Strait of Sicily; 23 June–9 July in the Gulf of Hammamet; 17–19

July in the Gulf of Sirte) is also shown for each region. Grey

arrows and colours, respectively, indicate direction and intensity

of the surface currents
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possible taxonomic resolution. Because different

experts conducted ichthyoplanktonic identification in

the different study areas, analyses of the ichthyoplank-

tonic dataset were carried out considering the maxi-

mum taxonomic resolution for the comparisons within

each region and the ‘‘family’’ taxonomic level for the

comparisons among study areas. However, the distri-

bution of the most abundant, common and easily

recognizable species among areas were compared and

considered in the results and discussions. The number

of fish larvae from each sample was standardized to n/

100 m3 according to Pérez-Ruzafa et al. (2004).

Environmental parameters were recorded in each

station by means of a CTD SBE 911 plus mounted

on a General Oceanics rosette equipped with 24 Niskin

Bottles. Specifically, continuous vertical profiles of

temperature (C�) and salinity (PSU) were obtained

from the surface to the bottom for each ichthyoplank-

tonic station for all study areas. The probes were

calibrated before and after the cruise at the NURC

(NATO Undersea Research Centre) in La Spezia,

Italy.

A characterization of the food availability in each

area were obtained through the analysis of satellite-

derived surface chlorophyll-a concentration daily data

(Chl-a), downloaded from Copernicus web site (Chl –

ESA-CCI-L4 daily data, 4 9 4 km of horizontal

resolution, http://marine.copernicus.eu).

Statistical multivariate analysis

Rare taxa (density\ 0.03% and\ 3.8% of occur-

rence) were discarded from the analysis and larval fish

abundances were fourth root transformed to reduce the

weighting of abundant taxa in each study area (Field

et al., 1982).

In each study area, sampling stations were grouped

through cluster analysis based on family density data

(n/100 m3) and the spatial distribution of cluster

groups was object of investigation. The Bray–Curtis’s

index as distance measure (Bray & Curtis, 1957) and

Ward’s linkage (Ward Jr, 1963) as grouping method

were chosen. Station groups were then plotted on a

map of the region sampled to verify the geographical

contiguity of detected clusters. Levels of occurrence

and abundance of species and geographical distinct-

ness among taxa and station groups were then used as

criteria to fine tune the identification of groups. Cuts in

the dendrograms were hence carried out in order to

identify groups of stations attributable to specific

larval assemblages in each study area.

Moreover, with the aim to compare larval assem-

blages detected in the different study areas, sampling

stations were grouped according to the bathymetry

(0–50 m; 50–200 m;[ 200 m) and analysis of simi-

larities (ANOSIM) using 999 permutations was per-

formed to test the significance of differences among

stations belonging at the same bathymetric class

(Clarke, 1993). Furthermore, the nature of groupings

identified was explored by applying the pairwise

similarity percentages (SIMPER) to determine the

taxa contribution to the average Bray–Curtis dissim-

ilarity emerged among groups (Clarke, 1993). Taxa

that contributed more to explain the overall dissimi-

larity between compared groups were hence selected

and findings were discussed.

Finally, the linkage between larval assemblages

and the environmental parameters was explored using

the Random Forest (RF) ensemble learning method

(Breiman, 2001). Classification trees were used in

order to discriminate larval assemblages (i.e. cluster

groups) identified in each study area on the basis of

spatial and environmental information: latitude (dec-

imal degrees), longitude (decimal degrees), bottom

depth (meters), surface chlorophyll-a concentration

(mg/m3), temperature (�C) and salinity (PSU). As

in situ temperature and salinity were collected from a

CTD probe along the entire water column in each

station, a mixed layer (from surface to the depth of the

thermocline) in each study area was identified based

on the collected profiles and mean value of temper-

ature and salinity recorder in this layer (first 15 m in

the Strait of Sicily and Gulf of Hammamet; first 25 m

in the Gulf of Sirte) and used for the RF analysis.

In the RF, as in all machine learning models, class

imbalance constitutes a difficulty for most learning

algorithms which assume an approximately balanced

data. As the number of the stations clustered in each

identified assemblages is not balanced among classes

(e.g. stations clustered as ‘‘mixed assemblage’’ are

very fewer compared with other groups), the Synthetic

Minority Over-sampling Technique (SMOTE)

(Chawla et al., 2002) was used in order to balance

classes before performing RF algorithm.

Classification trees were constructed using a boot-

strap aggregating algorithm (Breiman et al., 1984;

Breiman, 1996) that allows a reduced variance of

predicted values and decreased risk of overfitting.

Hydrobiologia

123

http://marine.copernicus.eu


Consequentially, each tree was built on a random sub-

sampled training dataset while the subsequent predic-

tions were carried out considering the remaining data

(called Out-Of-Bag, OOB) and allowing an unbiased

estimate of the classification error. Prediction perfor-

mance of the model are additionally improved intro-

ducing a further source of diversity by a random

restriction of the predictor variables used in each split

(Breiman, 2001). Optimal model parameters were

identified setting up a grid of tuning parameters in

order to maximize correct predictions, using the OOB

estimate of misclassification rates as a measure of

model performance. As a consequence, a number of

10,000 trees and 2 random variables at each split were

considered. Variables’ importance was used in order

to identify the predictor’s contribution to the fitted

model. Therefore, for each predictor, a Mean Decrease

in Accuracy (MDA) was defined as the normalized

difference of the classification accuracy, considering

the original predictor and the classification accuracy,

considering a randomly permuted predictor (Liaw &

Wiener, 2002). Hence, variables’ importance was

evaluated in dependence of their impact on the model

predictions in terms of MDA. Following the outcomes

of the model, Partial Dependence analysis was con-

sidered in order to identify the optimal ranges of the

environmental parameters that most characterize the

larval assemblages (Friedman, 2001; Hastie et al.,

2001). Following this approach, for each variable of

interest (Xj), an equally spaced grid of values was

fixed over the range of Xj in the training data and an

averaged prediction function over all the combinations

of the other predictors values in the dataset was

considered (Liaw & Wiener, 2002). In our case, a

separate response function for each class of larval

assemblage (Kth) was estimated as given by Hastie

et al. (2001) and Liaw & Wiener (2002)

fk Xð Þ ¼ log pk Xð Þ � Rj log pj Xð Þ=K;

where pk (X) is the probability of membership in the

Kth class given the predictors.

Finally, higher values of the response function were

used to delimit optimal range of each predictor for

which the prediction of the Kth class is maximized.

All statistical analyses were implemented using R

software, version 3.4.1 (R Core Team, 2017) and the

‘‘vegan’’ (Oksanen et al., 2017), ‘‘cluster’’ (Maechler

et al., 2017), ‘‘DMwR’’ (Torgo, 2010) and ‘‘ran-

domForest’’ (Liaw & Wiener, 2002) packages.

Physical forcings

The biological findings were paired with the main

mesoscale oceanographic structures detected in the

three study areas. Shallow hydrodynamics features

were primary characterized by cruise-averaged spatial

maps of geostrophic currents computed from altimetry

data. The altimeter products were produced by Ssalto/

Duacs and distributed by Aviso, with support from

Cnes (http://www.aviso.altimetry.fr/duacs/).

Moreover, the potential effect of temporary wind-

induced currents in the upper water layers was assessed

in each study area (Falcini et al., 2015).Wind stress (s~)
from remote sensing were considered. These quanti-

ties are derived from ocean surface 6-hourly wind data

(U~wind), provided by the Cross-Calibrated Multi-

Platform project (horizontal resolution: 25 9 25;

http://podaac.jpl.nasa.gov). Wind stress is obtained as:

s~¼ qairCd U~wind

�
�

�
�U~wind; ð1Þ

where qair is the air density and the dimensionless

friction coefficient Cd = 0.0012 for

0\ U~wind

�
�

�
�\11 m s-1 and Cd = 0.00049 for

U~wind

�
�

�
�� 11 m s-1 (Large & Pond, 1981; McClain

& Firestone, 1993).

Wind stress patterns occurring in the study areas

were firstly assessed through daily maps, not shown in

this paper. Thereafter, specific points (Strait of Sicily:

13.5�E, 36.5�N; Gulf of Hammamet: 11.5�E, 36.5�N;
Gulf of Sirte: 18�E, 31.5�N) able to characterize the

spatial patterns in each region were chosen as repre-

sentative of the area and results through wind rose are

shown in the results section.

Lagrangian simulations

Lagrangian simulations were implemented in order to

clarify the relationship between the physical forcings

occurring in the upper layers of the water column and

the spatial distribution of the previously identified

larval fish assemblages. For this purpose, geostrophic

currents and wind data were used as input in simula-

tions aimed at describing the dispersal trajectories of

passive particles released in different points of the

three study areas. The criteria used to select the release

points have been site-specific in relation to the

oceanographic conditions and the distribution of the

larval assemblages as resulted from our analysis. A
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detailed description of these criteria is reported in the

results section of the manuscript.

Dispersal trajectories of the fish larvae were

simulated using the General NOAA Oil Modelling

Environment (GNOME), a software package designed

by the NOAAHazardousMaterials Response Division

(NOAA, 2002). The movement of Lagrangian ele-

ments (particles) is simulated within a geospatially

mapped environment (Beegle-Krause & O’Connor,

2005), offering different opportunities of controlling

input data for the description of the transport of

passive particles (in the present study representing fish

larvae) released at different sites (Engie & Klinger,

2007; Palatella et al., 2014).

In this study, the daily surface current fields during

the survey periods, as evaluated by means of the

altimetry products, and wind patterns were jointly

used and considered as ‘‘movers’’ of the fish larvae. In

addition, horizontal diffusion was treated as a random-

walk process, calculated from a uniform distribution

(Beegle-Krause, 2001). The GNOME default coeffi-

cient of 105 cm2 s-1 was applied.

The influence of wind on surface circulation patterns

was evaluated starting from a value-added 6-hourly

gridded analysis of ocean surface winds (NASA/GSFC/

NOAA, 2009) estimated at the grid points with

reference coordinates (13.5�E, 36.5�N) for simulations

in Sicilian waters, (11.5�E, 36.5�N) for simulations in

Tunisian waters and (18�E, 31.5�N) for simulations in

Libyan waters. Specifically, wind speed and directions

were calculated from zonal and meridional surface

wind information included in a dataset provided by the

Cross-Calibrated Multi-Platform project, which com-

bines cross-calibrated satellite winds obtained from

Remote Sensing Systems (REMSS) using a Variational

Analysis Method (VAM) to produce a high-resolution

gridded analysis (0.25� of latitude 9 0.25� of longi-

tude). Extracted wind time series were included as

external movers within GNOME simulations.

The start of the simulation runs was arbitrarily fixed

10 days before the beginning of the surveys in each of the

three areas, while the end of the simulations was set as the

last day of each survey. Resulting durations were 29 days

in Sicilian-Maltese waters and 26 days in Tunisian and

Libyan waters. The release of particles was continuous

during the duration of each simulation runs.

Each simulation consisted of three steps: (1) 1,000

non-weathering particles were positioned in each

location of the selected stations in Sicilian-Maltese

waters, in Tunisian waters and in Libyan waters; (2)

using GNOME, the direction and speed of the transport

trajectory were calculated for the fixed durations of

each simulation and (3) for each of the three study

areas, the final positions of released particles at the end

of simulation runs were evaluated and plotted.

The effect of the wind on particles dispersal was

also taken into account, relating it to expected vertical

distribution of fish larvae in the water column.

Wind is typically included in particle-tracking

models assuming that the surface wind-induced cur-

rent (windage effect) is about 3% of the wind speed

(Stolzenbach et al., 1977; Pugh, 1987). The strength of

wind-induced current decreases logarithmically to

zero at approximately a depth generally assumed to

be 20 m (Elliott, 1986). Given that the bulk of the

larval abundance is likely to be concentrated from the

surface up to the maximum depth of the mixed layer

(analysing temperature profiles from CTD probe:

about 15 m in Sicilian-Maltese and Tunisian waters

and about 25 m in Libyan waters), this reference depth

layer was adopted for the simulations. The wind-

induced current at depth x (in meters) can be estimated

using the following equation (Pugh, 1987):

ux ¼ u0 �
u�

k
ln

x

z0

� �

;

where u0 is the surface wind-induced current, k = 0.4

is the von Karman constant, u* is the friction velocity

that can be estimated as 0.0012*W, with W being the

wind speed 10 m above the sea surface, and finally z0
is the sea surface roughness length, fixed at 0.001 m.

Taking into account the above formulation, in

GNOME simulations the windage effect, i.e. the

movement of particles induced by the wind was set, in

terms of fractions of wind speed, in the range

0.93–0.12% in Sicilian-Maltese waters and in Tunisian

waters, and in the range 0.93–0.0003% in Libyan

waters, values corresponding, respectively, to the depths

of 1 m and 15 m and to the depths of 1 and 25 m.

Results

Larval assemblages and taxa composition

The analysis of ichthyoplanktonic data collected in the

Strait of Sicily (Italy), Gulf of Hammamet (Tunisia)

and Gulf of Sirte (Libya) highlighted regional
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differences in the occurrence and abundance of the

identified larval taxa (Suppl. 1a).

In the Italian side of the Strait of Sicily, demersal

and small pelagic fish showed higher density values.

The most abundant family was Gobiidae, followed by

Clupeidae (just one species presents in samples,

Sardinella aurita Valenciennes, 1847), Labridae and

Engraulidae (one species, Engraulis encrasicolus

Linnaeus, 1758). In decreasing order, mesopelagic

fish (Myctophidae and Gonostomatidae) and Sparidae

represented the remaining families characterized by

value of density higher than 1 larvae/100 m3. In the

Gulf of Hammamet, small pelagic fish Sardinella

aurita and Engraulis encrasicolus were the most

abundant taxa in the area, followed by coastal and

demersal fish (in the order Centracanthidae, Scombri-

dae, Gobiidae, Pomacentridae, Sparidae, Serranidae

and Labridae). Myctophidae and Gonostomatidae

showed very low value of density (\ 1 larvae/

100 m3). As well as in the Strait of Sicily, Gobiidae

was the most abundant family in the Gulf of Sirte.

Excluding this family, mesopelagic families (in

decreasing order of importance, Phosichthyidae,

Gonostomatidae and Myctophidae) represented the

main families in terms of both abundance and

percentage of occurrence, in contrast to the other

study areas.

Larval densities and the occurrence in the stations

grouped in according to the depth of the sea bottom

were compared and results are summarized in the

Supplement 1b. Considering the bathymetric class

0–50 m, we detected Gobiidae, Centracanthidae and

Labridae as the most abundant and common families

among stations in the coastal zone of the Strait of

Sicily and in the Gulf of Hammamet. Gobiidae and

Labridae showed also the highest density and fre-

quency of occurrence in the coastal zone of the Gulf of

Sirte, while no Centracanthidae larvae were found in

this bathymetric region. Taking into account the mean

density of these families, Strait of Sicily diverged from

the other regions, showing extremely high mean

density of Centracanthidae, Gobiidae and Labridae

compared with the low values found in the other two

study areas (Supplement 1b). Excluding these three

families, Sardinella aurita (Clupeidae) showed the

highest values of density in all study areas.

Small pelagic fish such as Sardinella aurita and

Engraulis encrasicolus were identified as the most

important taxa in the second bathymetric class

(50–200 m) in both the Italian and Tunisian sides of

the Strait of Sicily. In addition, coastal families (e.g.

Gobiidae) as well as taxa usually detected in the

offshore zone (e.g. mesopelagic fish such as Myc-

tophidae and Gonostomatidae) were common in the

Strait of Sicily, while the Gulf of Hammamet showed

higher values in both density and occurrence only for

coastal and demersal taxa (Centracanthidae, Scombri-

dae, Serranidae, Pomacentridae and Sparidae). In the

Gulf of Sirte, mesopelagic fish (in decreasing order,

Gonostomatidae, Phosichthyidae and Myctophidae)

provided the major contribution to the structure of the

larval assemblage (& 34%) in this bathymetric stra-

tum, while Gobiidae was the only coastal family

mostly characterizing the larval assemblage in this

zone.

Regarding the offshore zone (bottom depth[ 200

meters), Italian and Tunisian larval assemblages were

characterized by a different contribution of mesope-

lagic and coastal fish. The first taxa (Myctophidae and

Gonostomatidae) constitute the & 36% of the larval

assemblage of the waters off Sicily, followed by small

pelagic fish (& 16%) and Sparidae. On the contrary,

Sardinella aurita and Engraulis encrasicolus gov-

erned the assemblage of the offshore Gulf of Ham-

mamet, representing & 50% of the larvae found in

this zone, followed by Scombridae and mesopelagic

fish (in the order, Myctophidae and Gonostomatidae).

The last ecological group, with the addition of

Phosichthyidae, has been the most important one in

terms of abundance and occurrence in the offshore

zone of the Gulf of Sirte.

ANOSIM performed on coastal larval assemblage

dataset (layer 0–50 m) among sampling areas high-

lighted a significance dissimilarity between the Italian

waters and the two other areas (Table 1) while no

differences were detected among Gulf of Hammamet

and Gulf of Sirte (R = 0.13, P[ 0.05). On the other

hand, both middle and offshore layers (50–100

and[ 200 m of bottom depth) showed significant

differences in the structure of the larval assemblage

among all study areas (Table 1).

SIMPER analysis identified the main families that

contributed to the Bray–Curtis dissimilarity among

groups (Table 1). Considering the shallowest layer

(0–50 m), about 45% of dissimilarity detected

between Strait of Sicily and the other areas are

provided by Centracanthidae, Gobiidae, Labridae and

Clupeidae. In the middle layer (50–200 m), small
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pelagic fish (Clupeidae and Engraulidae) play the

major role contributing to the most of dissimilarity

emerged between Gulf of Hammamet and the other

two study areas. On the other hand, excluding

Gobiidae, mesopelagic families Myctophidae and

Gonostomatidae were the most important taxa able

to discriminate between larval assemblages in the

Strait of Sicily and in the Gulf of Sirte. Moreover,

these families, including also Phosichthyidae gov-

erned the differences emerged between offshore larval

assemblages detected in the three areas ([ 200 m).

However, Engraulidae (i.e. Engraulis encrasicolus),

play an important role in the diversification of

assemblages between Strait of Sicily and Gulf of

Sirte, as well as, to a lesser extent, between the other

areas.

Spatial distribution patterns of larval taxa

Mapping of the station groups identified by the cluster

analysis allowed to distinguish different larval assem-

blages spatially divided along a bathymetric gradient

in each study area (Fig. 1).

Three larval assemblages were identified in the

Strait of Sicily (Fig. 1a): an offshore assemblage

(cluster 1), mostly located outside the continental shelf

and characterized by mesopelagic taxa (Suppl. 2); an

inshore assemblage (cluster 2), mostly located in the

inshore zone and characterized by demersal and

coastal families (Suppl. 2); a mixed assemblage

(cluster 3), mostly located close to the shelf break

and characterized by the co-occurrence of coastal

(Engraulidae) and mesopelagic taxa (Gonostomatidae

and Myctophidae). However, analysis highlighted a

spatial mixture due to the presence of coastal families

in the offshore areas (i.e. inshore and mixed assem-

blages located in the central-western side of the study

area), and vice versa (i.e. offshore assemblage located

on the continental shelf in the western zone and

between Sicily and Malta, eastern part of the sampling

area).

Different spatial separations emerged among

groups in the Gulf of Hammamet (Suppl. 2), where

the wider continental shelf was linked to a separation

of the inshore assemblage into coastal (cluster 1,

mainly composed by Centracanthidae and Gobiidae,

65% of the total abundance) and intermediate (cluster

2, mainly small pelagic fish, 65% of the total) groups

of stations. Mesopelagic taxa Gonostomatidae andT
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b
le
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Myctophidae were the most abundant families in the

stations grouped as cluster 3 (called thereafter offshore

assemblage), which were located in the deepest zone

and characterized by very low density of larvae

(Suppl. 2).

Three main larval assemblages were identified from

four cluster in the Gulf of Sirte (Fig. 1): an inshore

assemblage (cluster 1) occurring in the neritic zone

and identified by Gobiidae and Labridae; an offshore

assemblage (cluster 2) composed by mesopelagic fish

larvae and located in the oceanic zone; a mixed

assemblage identified by two clusters (3 and 4) in

which neritic and oceanic taxa co-occur in the same

stations. In particular, cluster 3 gathered pelagic

species (Scombridae and Engraulidae) with

Myctophidae, while cluster 4 identified stations where

mesopelagic larvae were found together with Gobi-

idae related to the coastal zone (Suppl. 2).

Environment and physical forcings in the upper

layers

Different environmental conditions of the surface

waters were emerged from the comparison of in situ

(temperature and salinity) and satellite data (Chloro-

phyll-a concentration) among areas (Fig. 2). Gulf of

Sirte was characterized by warmer, saltier and more

oligotrophic waters compared with the other two study

areas according to the south-eastern position in the

Central Mediterranean Sea. Moreover, the mapping of

Fig. 2 Spatial distribution of sea surface temperature (panel A)
and salinity (panel B) as detected by CTD probe during surveys.

Black points indicate sampling stations in each area. Data were

interpolated using ‘‘Diva Gridding’’ function implemented in

Ocean Data View software. On the bottom (panel C), the mean

field of chlorophyll-a concentration [mg/m3] occurring in the

days of each survey derived from satellite remote sensing and

provided for each region. Sos Strait of Sicily, GoH Gulf of

Hammamet, GoS Gulf of Sirte
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these environmental parameters suggests the presence

of several oceanographic structures that involved the

upper layers of the water column (Falcini et al., 2015).

Specifically, in the Strait of Sicily, colder, saltier and

chl-a-enriched waters in the north-westernmost and

south-easternmost parts of the study area confirmed

the presence of a coastal upwelling (Agostini &

Bakun, 2002; Patti et al., 2010; Torri et al., 2015). In

the Gulf of Hammamet, an increase in temperature and

salinity values was detected from north-west to south-

east, while coastal waters showed higher Chlorophyll-

a values compared with the offshore ones, with a peak

between 35.5 and 36 degrees of latitude. Upper Libyan

waters were characterized by the homogeneity of these

parameters in most of the sampling area, excluding the

colder and relatively chl-a-enriched waters in the

eastern and westernmost part of the study area that

could indicate the rising of deeper waters (Fig. 2A and

C).

The mean fields of geostrophic currents highlighted

the presence of the Atlantic Ionian Stream (AIS) that,

flowing south-eastward upon a meandering pathway,

dominates the surface hydrodynamic conditions in the

Strait of Sicily (Fig. 1). No intense and directionally

geostrophic forcings were detected in the Gulf of

Hammamet, while most of the dynamics in surface

currents detected in the Gulf of Sirte involved the

offshore waters outside the sampling area.

On the other hand, wind stress showed marked

patterns in each of the three study areas (Fig. 3). In the

Strait of Sicily, the blowing of the dominant Mistral

winds (from NW) generated an intense wind stress in

the south-eastward direction, favouring the occurrence

of the above-mentioned upwelling structure (Palatella

et al., 2014; Falcini et al., 2015). Variable wind stress

direction and intensity patterns emerged in the Gulf of

Hammamet, where winds originated surface forcings

northward and southward with similar frequency

considering the days of the cruise. On the contrary,

Gulf of Sirte was characterized by a marked southward

wind stress, achieving the highest values among the

study areas.

Environmental parameters and larval assemblages

relationship

Random Forest (RF) technique allowed to identify the

main drivers controlling the spatial distribution of the

larval assemblages in each study area.

Regarding the Strait of Sicily, the model was able to

classify the identified larval assemblages with an OOB

error of 17.03%. Confusion matrix (Table 2) com-

pared the model predictions against the real observa-

tions and evidenced a misclassification error varying

from 14 to 19% for the three different classes.

Variables’ importance, as revealed by the Mean

Decrease Accuracy (MDA), identified the bottom

depth, the spatial parameters (longitude and latitude)

and the Chl-a concentration as the variables that gave

the most important contribution for the overall correct

classification performed by the model. Moreover,

regarding each group, the variable importance (Fig. 4)

Fig. 3 Wind rose plot of the wind stress occurred in the three

regions during the days of the surveys. In each plot, % of the

occurrence of the direction of destinations is shown. Colours

indicate the range of intensity of the transport (in m2/s)

occurring along each direction. Width of the colour is

proportional to the % of occurrence for each interval range in

that direction
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and the Partial Dependence analyses (Table 3)

allowed to identify, respectively, the variables and

the range of values that most characterized larval

assemblages. For this zone, findings highlighted the

important role of the bathymetry for the discrimination

of the offshore and inshore assemblages. However, the

importance of the spatial coordinates, in addition to

the bottom depth, emphasised an important spatial

component not linked to the others environmental

parameters for the correct classification between the

offshore and inshore assemblages, as well as for the

mixed assemblage (Fig. 4). In this context, the model

emphasised the presence of offshore stations in the

western part and of inshore stations in the eastern

zone, while mixed stations are better classified in the

central part of the study area, in correspondence of the

narrower continental shelf.

In addition, lower Chl-a concentrations (Table 3)

characterized only the offshore assemblage, while an

unimportant effect of the bathymetry emerged for the

correct classification of the mixed assemblage.

Differently, lower OOB error resulted from the

model performed using the Gulf of Hammamet

(3.64%) and the Gulf of Sirte (8.55%) datasets

(Table 2). In both areas, bottom depth resulted as the

most important parameter for the overall discrimina-

tion of the larval assemblages (Fig. 4 and Table 3).

Under no circumstances, salinity and temperature

became the crucial parameters for the discrimination

of the identified larval assemblages, suggesting a

secondary and probably more essential role for the

distribution of specific species and/or in studies

conducted on more detailed bathymetric layers.

Lagrangian simulations and hydrodynamics

patterns

Lagrangian simulations were implemented with the

aim of assessing the effect of the physical forcings

occurring in the surface water layers on the spatial

distribution of the identified larval fish assemblages

(Fig. 5). Therefore, runs were performed releasing

Table 2 Confusion matrix

as resulted from the

Random Forest

classification modes

implemented on data

collected in the three

regions

In each table, real

observations (stations

clustered according to larval

density data) are compared

with the model predictions

performed in according to

the environmental variables

(bottom depth; chlorophyll-

a concentration,

temperature, salinity,

latitude and longitude). A

classification error is

indicated in the last column

for each group. A global

OOB estimate of the error

rate is also indicated for

each region

OOB estimate of error rate: 17.03%

Confusion matrix

(1) Offshore (2) Inshore (3) Mixed Error (%)

(a) Strait of Sicily

(1) Offshore 46 8 3 0.19

(2) Inshore 7 59 3 0.14

(3) Mixed 4 6 46 0.18

OOB estimate of error rate: 3.64%

Confusion matrix

(1) Intermediate (2) Coastal (3) Offshore Error (%)

(b) Gulf of Hammamet

(1) Intermediate 35 2 0 0.05

(2) Coastal 2 42 0 0.05

(3) Offshore 0 0 29 0

OOB estimate of error rate: 8.55%

Confusion matrix

(1) Inshore (2) Offshore (3) Mixed (4) Mixed Error (%)

(c) Gulf of Sirte

(1) Inshore 19 1 0 1 0.1

(2) Offshore 1 26 4 1 0.19

(3) Mixed 0 2 34 0 0.06

(4) Mixed 0 0 0 28 0
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Fig. 4 Variable

Importance, expressed in

terms of Mean Decrease

Accuracy (MDA), of the

environmental parameters

considered in the Random

Forest model for the

prediction of each group

considered. For each region,

the parameters were sorted

from left to right in

according to a descending

importance (MDA) in the

overall discrimination

among larval assemblages,

while the height of bars

indicates the variable

importance (MDA) in the

discrimination of singularly

considered classes.

Bot.depth bottom depth, Lon

longitude, Lat latitude, chl

chlorophyll-a concentration,

Sal salinity, Temp

temperature
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passive particles in different points of the study area

that have been chosen in relation to the oceanographic

and larval patterns found in the previous analyses.

In the Strait of Sicily, lagrangian runs were used in

order to explore the possible link between advective

processes and the presence of neritic larvae in the

offshore zone and oceanic larvae in the coastal zone.

Therefore, the species that mostly contributed to the

characterization of the stations clustered as inshore but

located in the offshore zone (and vice versa) were

identified and their distribution was used as a driver for

the selection of the release points. In particular, some

of the inshore and offshore stations, respectively,

characterized by highest density (and the smaller size,

not showed in this paper) of Engraulis encrasicolus

and Cyclothone braueri (Jespersen & Tåning, 1926)

larvae, were identified as representative of spawning

areas for these species and hence selected as release

points of the passive particles in the Lagrangian

simulation (in Fig. 5a, see the green dots for Engraulis

encrasicolus and the red and blue dots for Cyclothone

braueri).

Table 3 Range of values obtained from the Partial Dependence analysis, for which the Random Forest model prediction of the larval

assemblages is maximized

Bot. depth (m) Lon (�dec) Lat (�dec) Chl (mg/m3) Sal (PSU) Temp (�C)

Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max.

Strait of Sicily

Total range 26 1490 11.8 15.38 35.5 37.95 0.02244 0.09151 37.17 38.15 18.39 26.543

(1) Offshore 373.38 1490 11.86 12.30 35.90 36.21 0.0224 0.0335 – – – –

(2) Inshore 26 120.74 14.28 15.53 – – – – – – – –

(3) Mixed – – 12.37 14.21 36.82 37.11 0.0349 0.0418 – – – –

Gulf of Hammamet

Total range 30.7 418 10.63 12.36 35.25 37.08 0.0261 0.15513 37.16 37.58 21.77 25.66

(1) Intermediate 69.43 294.06 – – – – – – – – – –

(2) Coastal 30.70 61.68 – – – – – – – – – –

(3) Offshore 301.81 418 – – – – – – – – – –

Gulf of Sirte

Total range 16.92 1290 15.07 20.01 30.47 32.82 0.01309 0.09072 37.99 38.66 24.58 27.11

(1) Inshore 16.92 67.84 – – – – 0.0441 0.0907 – – – –

(2) Offshore 704.38 1290 – – – – – – – – – –

(3) Mixed 169.69 908.08 – – – – 0.0131 0.0255 – – – –

(4) Mixed 93.30 144.23 – – – – – – – – – –

Fig. 5 Spatial distribution of the passive particles released in

the three regions at the end of the Lagrangian runs. Yellow

triangles indicate the points where particles were released in

continuous, from the begin to the end of each simulation run.

Different colours were used in order to help for the identification

of the trajectories
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In the Gulf of Hammamet, a clear bathymetric

distribution of the larval assemblages was identified.

With the aim of exploring the link between the

physical forcings and these spatial findings, four

stations in the south (the release points for the blue

and red dots in Fig. 5b) and four stations in the

northern region (the release points for the magenta and

green dots in Fig. 5b) were selected and, in both sub-

regions, divided in two inshore and two offshore

stations.

Finally, in the Gulf of Sirte, our simulations

were aimed at explaining the co-occurrence of

coastal, demersal and mesopelagic species in the

same stations. Therefore, the release points were

located in correspondence of the main oceano-

graphic structures identified in the study area (see

also Placenti et al., 2013 for details). Therefore,

blue dots (Fig. 5c) were released in correspondence

of the main oceanographic anticyclonic structure,

while gold and red points were emitted in proximity

of two cyclonic vortices (Placenti et al., 2013).

Finally, magenta and green points were thrown out

in the south-eastern region with the aim of clari-

fying the hydrodynamic patterns in this region

characterized by the absence of significant mesos-

cale oceanographic structures. Coordinates of the all

release points in each region are shown in Supple-

ment 3.

In the Strait of Sicily, we found a good agreement

between larval distribution of the neritic and oceanic

larvae and the pathways drew by the particles placed in

this study area (Fig. 5a). In particular, the trajectories

depicted by the particles released in the coastal zone

(green dots in Fig. 5a) supported the relationship

between this dynamic and the presence of coastal

larvae (e.g. E. encrasicolus) in the deeper areas, the

same occupied by the particles in the central part of the

study area. Similarly, the hypothesis of advection

processes controlling the distribution of oceanic larvae

was in agreement with the trajectories assumed by the

particles released in the offshore zone (red and blue

dots in Fig. 5a). In this case, Lagrangian runs allowed

to identify an eastward flux of particles from the

western and central offshore zones towards the

continental shelf of Adventure Bank (red dots in

Fig. 5a) and between Sicilian coast and Malta islands

(all dots in Fig. 5a), respectively. Moreover, it is worth

noting that a fraction of particles originating from the

westernmost part of the Sicilian study area crossed the

Strait of Sicily and arrived close to peninsular part of

Tunisian coast (Cape Bone) (red dots in Fig. 5a).

In the Gulf of Hammamet, Lagrangian simulations

evidenced a general advection trend parallel to the

coast (magenta, blue and red dots, Fig. 5b). The

absence of cross-shore advection able to gather both

oceanic and neritic larvae in the same stations is

comfortably in agreement with the spatial separations

of larval fish assemblages along the bathymetric

gradient. Moreover, the widespread absence or low

density of mesopelagic fish in the offshore area

concurred with the advection of the particles from

the offshore waters to the zone outside the study area,

in the direction of the Sicilian coast.

In spite of the lower hydrodynamic conditions

depicted by the mean geostrophic currents field,

Lagrangian runs performed in the Gulf of Sirte

(Fig. 5c) highlighted the presence of several and

temporary cyclonic and anticyclonic gyre in the

coastal zone. In the easternmost part of the study area,

two eddies (one cyclonic and one anticyclonic)

occurred across the shelf break in correspondence to

mixed assemblages detected from the cluster analysis

(magenta and green dots, Fig. 5c). In the central area,

Lagrangian runs confirmed the presence of an anticy-

clonic gyre able to advect particles offshore (blue dots

in Fig. 5c), while in the coastal westernmost part of the

study area, the presence of Myctophidae (oceanic

larvae) concurred with a branch-directed cross-shore

(golden dots in Fig. 5c). However, a no clear connec-

tion emerged among larval distribution and Lagran-

gian patterns in the other sub-regions of the Gulf.

Discussion

Taxa composition in the study areas

Ichthyoplanktonic surveys conducted in three areas of

the Central Mediterranean Sea allowed us to analyse

the structure of the larval fish assemblages in relation

to the biotic and abiotic conditions of the upper water

layers occurring on a regional spatial scale. The high

density and number of fish species at larval stage

detected in the three areas confirmed the high contri-

butions of the ichthyoplankton during the summer

period (Tsikliras et al., 2010) in affecting the biodi-

versity of the planktonic ecosystem in Mediterranean

Sea.
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The analysis of the taxa composition of the

assemblages allowed to identify and compare the

main patterns occurring in the three study areas.

Gobiidae and Labridae characterized the larval assem-

blages of the coastal zone in each region. In addition,

small pelagic fish (Engraulidae and Clupeidae) mostly

occurred between coastline and the shelf break

(& 200 m), while mesopelagic fish (Gonostomatidae,

Myctophidae and Phosichthyidae) showed higher

density in the offshore zone, in agreement with what

was already shown by Zarrad et al. (2013) and Cuttitta

et al. (2016a, b) in the same areas.

However, the comparisons of the taxa composition

among regions highlighted differences that can be

ascribed to the ecology of the spawners as well as to

the features of the spawning and retention environ-

ments existing among areas. In particular, Gobiidae

and Labridae were identified as the most recurrent

families in the coastal environment in all areas,

where enhanced trophic conditions occur due to the

presence of higher chlorophyll-a concentration, i.e.

higher nutrients from land or from upwelling and

subsequent higher primary production. On the con-

trary, Centracanthidae were an important segment of

the coastal larval assemblages only in the two northern

areas (Strait of Sicily and Gulf of Hammamet), even

though with high differences in terms of density

between these zones, while very few larvae were

found in the Gulf of Sirte. This finding could be linked

with the spawning period of the species belonging to

this family in the Mediterranean Sea, i.e. Spicara

maena (Linnaeus, 1758), Spicara flexuosa (Rafin-

esque, 1810) and Spicara smaris (Linnaeus, 1758).

These species spawn when higher water temperature

rises in the warmer period of the year (i.e. in March–

April in the south-eastern part of the Mediterranean

Sea (Sellami & Brusle, 1979; Mytilineou, 1988;

Yeldan et al., 2003) and proceed westwards following

the increasing of water temperature linked to the

incoming summer period. In this context, lower

density found in the Gulf of Sirte, the south-eastern-

most study area, could correspond to a mismatch

between the earlier peak of spawning and the later

sampling carried out in this zone (late July), compared

with the other regions (between June and July).

Contextually, our findings highlighted the higher

occurrence of small pelagic fish, namely Engraulis

encrasicolus (anchovy) and Sardinella aurita (round

sardinella), in the deeper fraction of the continental

shelf. These species showed higher occurrence in the

two northernmost areas compared with the Gulf of

Sirte. Similarly to the case of Centracanthidae, in

Lybian waters lower mean larval densities of round

sardinella could be linked to a more intense spawning

activity in the period before the sampling surveys, due

to an earlier increment of temperature compared with

the northern sites. A study reported that the onset of

the spawning period of this species starts in May in

Libyan waters (Pawson & Giama, 1985), compared

with July for Tunisian waters (Gaamour et al., 2001)

and Algerian waters (Bensahla Talet et al., 1988). On

the other hand, a longer period (April–October) was

reported concerning the spawning behaviour of

anchovy in different zones of the Central Mediter-

ranean Sea (Cuttitta et al., 1999; Basilone et al., 2006;

Khemiri, 2006). Therefore, other factors could play a

key role in order to explain differences in the mean

density of this species among regions. We evaluated

the role of the primary production as a proxy for food

availability. Satellite-derived data showed marked

difference in terms of chlorophyll-a concentration

occurring in the upper layers, identifying Gulf of Sirte

as a strongly oligotrophic zone compared with the

northern sites. Several studies positively correlated the

occurrence of small pelagic fish to high productivity

conditions (Palomera & Sabatés, 1990; Plounevez &

Champalbert, 2000; Lloret et al., 2004; Sabatés et al.

2013). Considering the phyto- and zooplanktivorous

feeding behaviours of adults as well as of larvae of

small pelagic fish, differences in density of planktonic

stages could reflect the high differences in productiv-

ity emerged in this study among sampling areas.

Structure and spatial distribution patterns

of the larval assemblages

Spatial analysis aimed at characterizing the distribu-

tion of the larval fish taxa, and highlighted the

existence of different assemblage structures in three

zones. In all study areas, our analysis allowed to

discriminate inshore and offshore assemblages in

relation to dominance of coastal and mesopelagic

species, respectively. However, a different structure of

the assemblages were identified in the continental

shelf of the Gulf of Hammamet. In this zone, two

larval assemblages (‘‘coastal assemblage’’ and ‘‘inter-

mediate assemblage’’ in this study) were found in

correspondence to the wider continental shelf lying in
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this part of the Tunisian waters. In particular, demersal

fish (Centrachanthidae, Gobiidae, Pomacentridae and

Labridae) characterized the stations investigated in the

coastal zone (bottom depth\ 70 m), while anchovy

and round sardinella governed the structure of the

intermediate larval fish assemblages, between the

coast and the shelf break. Conversely, in the other two

study areas, we found only one neritic assemblage

gathering demersal and small pelagic fish. In addition,

a further mixed assemblage, gathering coastal, dem-

ersal and mesopelagic species, was detected in these

areas characterized by narrower continental shelfs.

These findings are in agreement with other studies

carried out elsewhere, aimed at analysing the spatial

distribution of planktonic stages of marine fish and

emphasize the role of the extension of the continental

shelf in affecting the structure of the larval fish

assemblages characterizing the inshore zone. Richard-

son et al. (1980) and Doyle et al. (1993) found distinct

coastal, shelf transition and oceanic larval fish assem-

blages in both Oregon and Washington-Oregon-

Northern California regions. Differently, Moser &

Smith (1993b) did not identified the same distinctions

in Southern California, relating these findings to the

limited extension of the continental shelf, as well as

relating them to the circulation patterns affecting the

upper layers of the water columns (i.e. Southern

California Eddy). Contextually, Tiedemann et al.

(2014) found a transitional assemblage in correspon-

dence of the shelf break in the Celtic Sea. In this

framework, the extent of the continental shelf can

affect the structure of the assemblages, providing

habitat for coastal and demersal fish species and

allowing a spatial separation in the case of wider

spaces suitable for these species.

Moreover, this study identified in all areas a spatial

segregation of early life stages of anchovy and round

sardinella on the continental shelf, with the latter

locatedmostly in shallower water. Similar results were

found also in the North-western Mediterranean Sea

(Palomera & Sabatés, 1990). Taking into account the

high overlap of the trophic niche between these two

species at larval stage (Morote et al., 2008), spatial

segregation could be linked to an adaptive strategy

aimed at limiting the competition at this developing

stage, due to the shared spatio-temporal reproductive

strategy in Mediterranean Sea.

Environment–larval assemblage relationship:

main drivers and implications

of the ichthyoplanktonic monitoring programmes

for the conservation of the fisheries resources

Finally, the present work pointed out the role of the

habitat conditions and physical forcings involving the

upper layer of the water column in shaping the spatial

distribution of marine fish larvae.

Multivariate analysis performed in the three areas

identified the main role of the bathymetry that,

affecting the spawning behaviour of the adult stages

in agreement with their biological needs, forge the

basic structure of the larval assemblage more than

other environmental parameters. However, coupling

statistical results with outcomes provided from the

Lagrangian simulations, pronounced difference

among areas emerged in relations to the different

hydrodynamics forcings highlighted from this study.

In particular, Random Forest classification model

allowed to identify in the Strait of Sicily an important

contribute of the other parameters, such as spatial

coordinates and chlorophyll-a concentration, suggest-

ing that other processes affecting the distribution of

the larval assemblages are also involved. We found a

good explanation of this processes using the Lagran-

gian approach in order to assess the effect of the

physical forcings and to describe the mechanism that

occurs in the first upper layers of the water column.

Our larval dispersion model runs identified the

Atlantic Ionian Stream (AIS) and the coastal upwel-

ling occurring in the westernmost part of the study area

as the main drivers of the spatial mixing among larval

assemblages. AIS flowing eastward interacts syner-

gistically with the wind-reinforced upwelling flowing

offshore, transporting neritic larvae born on the

western continental shelf in the offshore zone. Sim-

ilarly, oceanic larvae were found in the westernmost

and in the easternmost continental shelf areas (i.e.

Adventure and Maltese Bank, respectively) due to the

meandering pathways of the AIS and the retentive

action of the thermohaline front characterizing the

coastal easternmost area (Lafuente et al., 2002).

Differently from this zone, a limited effect of the

physical forcings was detected in the other regions, in

agreement with the weaker mesoscale oceanographic

structure affecting the upper water layers. In the Gulf

of Hammamet, Lagrangian and statistical models

allowed to identify bathymetry as the most important
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parameter able to affect the structure of the larval

assemblages. In addition, Lagrangian runs detected

the key role of the AIS for the larval advection from

the offshore waters of the study area to the zone

outside the Gulf, in the direction of the Sicilian coast.

This representation is comfortably in agreement with

the low larval density detected in the offshore waters

and complement the hypothesis of the shelf-slope

front as a mechanism of retention of neritic larvae

proposed by Zarrad et al. (2013). These dynamics

open the question of the connectivity between the

northern and southern side of the Strait of Sicily. In

addition to the previous described advection, our runs

detected also a modest amount of particles originating

from the westernmost part of the Sicilian study area

and directed towards the peninsular part of Tunisian

coast (i.e. Cape Bon). These processes have been

evidenced also by Patti et al. (2017) focusing on the

connectivity between anchovy populations living in

both sides of the Strait of Sicily, although only a

limited exchange of eggs and larvae between areas in

has been detected. As suggested by the same authors,

these advection could be considered even more

negligible taking into account the high mortality rates

that typically affect the early life stage of marine fish

(Hjort, 1914), although this aspect is not usually

considered in the Lagrangian runs. In this context,

Lagrangian models can highly improve the reliability

of their predictions taking into account crucial aspects

of the life history traits of fish, as recently carried out

in studies that integrated them in more comprehensive

biophysical models (Bray et al., 2017; Koné et al.,

2017; Truelove et al., 2017).

Finally, the Gulf of Sirte represented an interme-

diate case between the previously described study

areas. In this region, our analyses pointed out on the

key role of the bathymetry in affecting the spatial

distribution of the larval assemblages. However, co-

occurrence of mesopelagic, demersal and coastal

larvae (i.e. mixed assemblage) were detected in many

of the investigated stations. Lagrangian runs allowed

to detect weak oceanographic structures in this region.

In the eastern coastal zone, the presence of mesope-

lagic larvae was in accord with an oceanographic

forcing directed inshore. However, less strong rela-

tionships were detected in the other sub-regions of the

study area. In this Gulf, an effect produced by the

behaviour of the adults that could have spawned quasi-

simultaneously in the same area, in spite of their

different bathymetric spawning niches, cannot be

excluded. This scenario could be realistic taking into

account the morphology of the continental shelf,

which is very narrow and could favour the co-

occurrence of mesopelagic, demersal and coastal

larvae without the need of prolonged advection

processes.

A remarkable finding is also the marginal con-

tribute of temperature, salinity and chlorophyll-a

concentrations in affecting the structure of the larval

assemblages, at least if compared with the bathymetry

and the hydrodynamics. However, these parameters

could be more significant drivers in studies aimed at

evaluating the effect of environment on the species

distribution at more detailed scale. Other studies

pointed out the link between the food availability and

the density of the early life stages in the Gulf of Sirte

(Cuttitta et al., 2016a, considering fish eggs and

larvae) and in the Strait of Sicily (Cuttitta et al., 2016a,

considering only fish larvae), suggesting an evolu-

tionary adaptation aimed at maximize the survival of

fish during the early life stage. However, these

parameters appear to be less important if the mor-

phology of the continental shelf and the hydrodynam-

ics features are considered in the analyses aimed at

comparing the structure of the larval assemblages at

regional scale.

The identification of the spawning areas as well as

the understanding of mechanisms underlying the

spatial distribution and abundance of larval taxa are

essential components for the development of manage-

ment plans aimed at the conservation of marine

ecosystems and fishery resources. In this context, the

abundance of larval taxa can be considered an useful

proxy for the status of adult fish populations, being a

function of the spawning stock size as well as

fecundity, recruitment and mortality during early life

history (Saville, 1981; Hsieh et al., 2005; Koslow &

Davison, 2015). However, further studies are neces-

sary in order to extend the knowledge about the

mechanisms governing the structure of the larval fish

assemblages also on a broader temporal scale. Ichthy-

oplankton surveys conducted in the framework of

long-term monitoring programmes provide an effi-

cient means to monitor marine fish populations and

communities at relatively low cost (Koslow &Wright,

2016). Moreover, they represent a valuable tool for the

detection of the environmental changes, invasive

species and anthropogenic disturbances (Gordina
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et al., 2005; Koslow & Couture, 2015), providing not

only an assessment of the state of the ecosystem and

conservation of the natural resources but also useful

hints for the fishing industry (Hsieh et al., 2005, 2006;

Rochet & Trenkel, 2009).

Conclusions

Taking advantage of the quasi-simultaneous collec-

tion of a large ichthyoplanktonic dataset in different

regions of the Central Mediterranean Sea (Strait of

Sicily, Gulf of Hammamet and Gulf of Sirte) this work

provided, for the first time, insights concerning the

structure of the larval fish assemblages and their

relationship with hydrodynamics and environmental

conditions occurring on a regional scale.

Our findings showed differences in the presence of

some larval taxa ascribable to the different onsets of

the spawning in the summer season due to different

temperature regimes among regions. Moreover, a

higher occurrence of small pelagic fish, anchovy and

round sardinella, was detected in the deeper fraction of

the continental shelf, with the first species occupying

the zone closer to the continental shelf break.

Multivariate statistics, Lagrangian methods and

satellite-derived data, conjugated with ichthyoplank-

tonic data, proved to be useful tools aimed at the

identification of the key factors that, acting synergis-

tically, shape the spatial distribution of planktonic

stages of fish. This approach identified firstly the key

role of the bathymetry, which not only controlled the

spatial distribution of neritic and oceanic assemblages,

but also drove the structure of the coastal assemblages

in relation to the extension of the continental shelf.

Moreover, the hydrodynamics can highly contribute to

the spatial distribution of the larval assemblages,

especially when significant mesoscale oceanographic

structures occur in the upper water layer. Compared

with these factors, food availability, temperature and

salinity contributed only secondarily at the larval

occurrence and the distribution.

These findings highlighted the importance of the

multidisciplinary approach aimed at evaluating the

connection between the planktonic system and the

oceanographic forcings that synergistically interact

with the environmental conditions and shed light on

the importance of the ichthyoplanktonic monitoring

programmes on large spatio-temporal scales for the

assessment of the state of the marine ecosystem, as

well as the conservation and management of the

fishery resources.
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