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Interannual fluctuations in the structure and the composition of ichthyoplankton assemblages in the pelagic waters of the Strait of Sicily (SoS, Central Mediterranean) were investigated, trying to relate them to the observed variability in oceanographic conditions. Plankton data used in this study were from 16 summer surveys carried out in the SoS every year from 2001 to 2016, using oblique bongo plankton net (0–100 m) tows. Out of more than 12,000 fish larvae collected in the sampling stations included in the analysis, 9,519 of them were identified and regularly classified in 15 orders and 49 families. Ichthyoplankton assemblages, defined at the family level due to the uniform availability of this information along the time series, showed a decreasing trend over time in total larval abundance, along with taxonomic (family) richness and Shannon index (α diversity), more pronounced in the shelf area and in the slope area, respectively. Conversely, the relatively high levels of yearly compositional changes observed in the larval assemblage from both shelf and slope areas, as estimated by the Jaccard dissimilarity index (β diversity), did not show any significant linear trend. In addition, a biodiversity hotspot (both in terms of family richness and Shannon index) was evidenced in the frontal structure characterizing the southeastern part of the study area. Generalized additive models were used to evaluate the effect of oceanographic conditions on the temporal and spatial patterns of ichthyoplankton biodiversity. Results evidenced the role of salinity, surface temperature, and surface currents in modulating biodiversity indices, especially in the shelf area. Finally, the relevance of local frontal oceanographic structures in sustaining high biodiversity levels is postulated.
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Introduction

Biodiversity is generally considered one of the key factors of ecosystem resilience in response to anthropogenic and natural pressures. Its positive impact on ecosystem functions and services, including fisheries production, is well established (Loreau et al., 2001; Cardinale et al., 2002; Bakun, 2006; Worm et al., 2006; Duffy, 2009; Naeem et al., 2009; Cardinale et al., 2012; Hooper et al., 2012; Tilman et al., 2012; Tilman et al., 2014), also in contrast to regime shifts (Gamfeldt et al., 2014; Ponti et al., 2014; Rocha et al., 2015).

The biodiversity in marine ecosystems is the result of the complex interconnection among all co-occurring organisms at different trophic levels, and the loss of just one ecological level may have severe effects on the functioning of the entire ecosystem community. Within this complex set of interspecific relationships, fish assemblage structure can be affected by several natural and anthropogenic processes, such as overfishing, pollution, habitat loss, and climate change (Jennings and Kaiser, 1998; Gray et al., 2005; Poulard and Blanchard, 2005; Lehodey et al., 2006; Rijnsdorp et al., 2009; Rochet et al., 2010). Therefore, a deeper understanding of the functioning of ecosystem-level processes is necessary to mitigate potential unsustainable exploitation and biodiversity losses and to support management approaches (Pikitch et al., 2004; Mittermeier et al., 2011).

In this framework, biodiversity studies based on fish early life stages can also provide information on spawning grounds and nursery areas, with implications on stock biomass fluctuations induced by recruitment variability (Houde, 2002; Ospina-Álvarez et al., 2013; Ospina-Álvarez et al., 2015; Torri et al., 2018; Patti et al., 2020). In particular, as survival and growth processes of many fish species are controlled by the impact of the marine environment on early life stages, further research on the temporal and spatial trends in the distribution and abundance of fish larvae in relation to changes in abiotic factors is highly relevant (Nonaka et al., 2000). In addition, changes in the structure and in the distribution of larval fish assemblages may be the effect of oceanographic factors, which, in turn, are also often characterized by high dynamic conditions in space and time (Moyano et al., 2009; Vilchis et al., 2009; Hernandez et al., 2010; Moyano and Hernández-León, 2011; Katsuragawa et al., 2014; Moyano et al., 2014).

In the Mediterranean Sea, previous studies on larval fish assemblages are quite limited for many taxa and are generally based on relatively short time series (Sabatés, 1990; Cuttitta et al., 2004; Isari et al., 2008; López-Sanz et al., 2009; Álvarez et al., 2012; Zarrad et al., 2013; Álvarez et al., 2015; Cuttitta et al., 2016a; Cuttitta et al., 2016b; Cuttitta et al., 2018; Malavolti et al., 2018; Zarrad et al., 2020; Zorica et al., 2020).

In particular, as far as concerns the study area of the present paper [i.e., the Strait of Sicily (SoS)], previous investigations were limited to the analysis of the structure of larval fish assemblages in relation to local physical forcings (Cuttitta et al., 2016a; Cuttitta et al., 2016b; Cuttitta et al., 2018). However, in the same area, no studies on the changes in larval biodiversity, both over time and/or among sub-regions, are still available. To our knowledge, the present study does represent the first attempt of evaluating trends in biodiversity of summer fish larval assemblages in the SoS, also using the longest reported time series (16 consecutive years) for the Mediterranean Sea.

As a model system, the SoS is a relatively small area that can be considered an optimal natural laboratory for evaluating trends in the biodiversity and structure of larval fish assemblages. This region is generally considered oligotrophic; however, the southern coast of Sicily is an upwelling area with relatively high productivity levels (Piccioni et al., 1988; Patti et al., 2010). In addition, local surface circulation and oceanographic features such as gyres and fronts (Robinson et al., 1991; Lermusiaux, 1999; Lermusiaux and Robinson, 2001; Bonanno et al., 2014; Placenti et al., 2022) were demonstrated to have an important role in concentration and retention processes for early stages of many taxa, including important pelagic fish species (García Lafuente et al., 2002; Falcini et al., 2015; Cuttitta et al., 2016a; Cuttitta et al., 2018; Torri et al., 2018; Falcini et al., 2020; Patti et al., 2020; Russo et al., 2021; Torri et al., 2021). Actually, in the SoS, the surface circulation is dominated by the motion of Atlantic waters, which is known as AIS (Atlantic Ionian Stream; Robinson et al., 1999) off the southern coast of Sicily. This along-channel meandering surface current transports fish larvae downstream (Patti et al., 2018; Falcini et al., 2020), and, in meeting the Ionian Sea water masses, originates a frontal structure where planktonic organisms are eventually concentrated and retained (García Lafuente et al., 2002). The path of AIS and its year-to-year variability may have consequences for the other predominant hydrological phenomena occurring in the region, such as the extension of upwelling, the formation of frontal features, and the strength in retention processes. In particular, the latter has been demonstrated to be the main mechanism able to modulate the interannual changes in stock biomass of local anchovy (Engraulis encrasicolus; Linnaeus, 1758) population (Patti et al., 2020).

In this context, although, with the aims of data analysis, the available yearly ichthyoplankton information was assembled at the family level only, the present paper intended to investigate, for the first time for the SoS, on the interannual changes in the size and the structure (α diversity) and in composition (β diversity) of larval fish assemblages, in a study area where plankton surveys were carried out during the summer season on a regular yearly basis over the period 2001–2016. In addition, the role of spatial oceanographic patterns in modulating larval biodiversity is also explored. In providing the analysis of the longest available time series of larval fish assemblages in the Central Mediterranean, this study is meant to pave the way to the evaluation of the relative importance of oceanographic conditions on the summer biodiversity patterns of planktonic fish stages in the SoS, with special emphasis on the role that surface current strength and local mesoscale features may have in supporting biodiversity hotspots.



Material and methods


Ichthyoplankton data

The study area is located in the SoS, off the southern Sicilian coast (Figure 1), covering a surface of about 25,000 km2.




Figure 1 | Map of locations of the sampling stations. Data collected from sites marked with squares, available for each one of 16 summer surveys carried out over the period 2001–2016, were used in the present study. Different colors refer to the bottom depth, red for stations with bottom depth ≤ 200 m (“Shelf”) and green for stations with bottom depth > 200 m (“Slope”). The sites of all stations sampled in the summer surveys 2001–2016 and listed in Table 1 are also displayed with black circles for the sake of comparison (see Figures S1, S2 and related discussion).



Oceanographic data and ichthyoplanktonic samples were collected in 16 annual oceanographic surveys carried out during the summer period on board of the R/V “Urania” (2001–2014) and R/V “Minerva Uno” (2015–2016). Table 1 shows the list of surveys, including information on the survey periods and on the total number of sampled stations by year (range: 119–229). Average duration time of the surveys is about 18 days, and the central day of the surveys is 14 July.


Table 1 | List of ichthyoplankton summer surveys carried out in the study area during the period 2001–2016.



The sampling was based on a systematic station grid of 6 × 6 nautical miles on the continental shelf (bottom depth < 200 m) and on a grid of 12 × 12 nautical miles for the offshore areas with bottom depth greater than 200 m. However, to the sake of the present study, the analyses used only data from 37 sampling sites that were sampled in each one of the annual summer surveys that were regularly carried out over the period 2001–2016, 19 of them located on the continental shelf of the study area (“shelf” sub-region) and 18 over bottom depths greater than 200 m (“slope” sub-region) (Figure 1). In total, data from n. 592 sampling hauls (i.e., 37 sites multiplied by 16 years) were used for this study (about 22% of the stations listed in Table 1). This choice was driven by the need of ensuring comparability across years, to get unbiased estimates of diversity indices, not affected by the variable sampling effort over time both in terms of number of stations and extension of covered area.

Plankton samples were collected using a bongo net (Bongo40, with 40-cm opening) towed obliquely from the surface to 100-m depth or to 5 m from the bottom in shallower stations and equipped with a 200-μm mesh size net. Stations were sampled 24 h a day, to minimize bias in the catch of fish species that, during the larval stage, typically may show relatively large diel vertical migration patterns (Olivar et al., 2001; Sabatés et al., 2008; Olivar et al., 2014). All the samples used were from the same side and cod-end collector of the Bongo. Samples were immediately fixed after collection and preserved in a 10% buffered-formaldehyde (and/or 70% alcohol) and sea-water solution for further sorting in laboratory by stereomicroscopy.

Fish larvae were sorted from the rest of the plankton and identified, as far as possible, to the species taxonomic level. Taxonomic identification was based on Bertolini et al. (1956); Moser and Ahlstrom (1996); Costa (1999), and Tortonese (1970). However, because of heterogeneity in the capabilities of resolving the species (and/or genus) taxonomic level in sorted larvae across years (2001–2016), with the aims of the present paper, detected taxa were grouped at the family level (for a total of 49 different families identified in the selected sampling stations).

For the evaluation of rank abundance, raw counts of larval specimens were firstly standardized to numbers per square meter. Mean larval densities estimates were derived for each family and by year from the counts based on estimates of the volume of seawater filtered by mechanical flowmeters (General Oceanics Inc., FL, USA) and the tow depth for each sample.



Oceanographic data

A set of environmental parameters was selected and used for investigating on their influence on the temporal and spatial changes in biodiversity of local ichthyoplankton assemblages.

Continuous vertical profiles of temperature data were acquired in all Bongo40 plankton stations to characterize the physical properties of the water column. The collected downcast data were obtained by a multiparametric SBE 11 plus CTD probe and were quality-checked and processed according to the Mediterranean and Ocean Data Base instructions (Brankart, 1994), using the Seasoft-Win32 software. From the set of available environmental information collected in CTD casts, the parameters used in this study were bottom depth, temperature, and salinity.

As most of the larvae in the Mediterranean Sea during the summer are mainly concentrated in the mixed layer (Palomera, 1991; Mazzola et al., 2000), in this study, the 10-m depth was used as reference for temperature and salinity conditions in the selected stations. Specifically, the average values of the available measurements from the first 10 m of the water column were used, which can also be considered as representative of the surface conditions, as during the summer, the mixed layer depth (MLD; in m) is typically deeper than 10 m. The MLD (in m) itself is an additional parameter considered in the data analysis, and its value has been derived from each CTD profile using the algorithm described in Kara et al. (2000), as it is known to be an important driver for the definition of the potential spawning habitat (Planque et al., 2007).

The impact of mesoscale oceanographic features such as upwelling, cold filaments, and fronts on the ichthyoplankton spatial distribution (Torri et al., 2018; Patti et al., 2020) was also taken into account. Actually, oceanographic structures can influence the distribution of chemical and physical properties of the water column with a potential effect on larval survival and development (Cuttitta et al., 2004; Cuttitta et al., 2016a; Cuttitta et al., 2016b; Cuttitta et al., 2018). Therefore, the surface circulation features were evaluated by using data about the absolute dynamic topography (ADT; in cm) (daily data; spatial resolution: 0.125 × 0.125 degrees) and the derived u and v components of geostrophic currents, produced by Copernicus Marine Environment Monitoring Service (CMEMS; http://marine.copernicus.eu/). ADT data are representative of important oceanographic features such as mesoscale eddies and meanders (Pujol and Larnicol, 2005), which are able to affect primary production and can act as physical barriers for the larval distribution or be responsible for their dispersal offshore. In addition, the absolute geostrophic current speed (GCS; in cm s−1) was derived from the zonal (u) and meridional (v) components of surface current and used as an additional potential predictor in the subsequent modeling approach.

Finally, information about the sea surface chlorophyll-a concentration (Chl-a; in mg m−3) was also applied, as Chl-a is a good proxy of primary productivity (Joint and Groom, 2000) and indirectly can be helpful in depicting the presence of favorable feeding conditions for larvae. High-resolution (1 × 1 km) satellite daily data available for download from CMEMS were used for this purpose.

For all the satellite-based information, the available data were extracted for each plankton station included in the analysis, based on the spatial and temporal position of the associated sampling hauls.



Data analysis

The analysis of temporal and spatial changes in biodiversity of larval fish assemblages can be addressed using measures of α diversity, which evaluates the change over time in the size and in the structure, and of β diversity, which aims at assessing the compositional change within the assemblage (Whittaker, 1960; Whittaker, 1972).

For measuring changes in α diversity over the 16 year long period considered in this study, we firstly applied Family richness (Fr), by evaluating the number of taxonomic groups at the family level by station. In addition, for each sampling station, the Shannon diversity index (H’, at the family level) was calculated. When needed, the two indices were averaged by year and by sub-area (“shelf” and “slope” sub-regions) and were also used to evaluate potential spatial patterns in the study area in relation to the environmental conditions. Calculations were done using the function diversity in the R package vegan (Oksanen et al., 2020; R Core Team, 2022).

Compositional shifts in the assemblages (β diversity) were evaluated by the Jaccard pair-wise dissimilarity index (Jaccard, 1908; Magurran, 2004; Magurran et al., 2019), based on presence/absence (0/1) data at station level. In particular, temporal trends were evaluated using plots in which the first year of the time series (2001) was compared with each one of the successive years (Dornelas et al., 2014). Spatial patterns were also investigated as well, calculating the index by sub-area (“shelf” and “slope”).

The significance of linear trends in yearly larval standardized abundance and family richness was tested by applying a Bonferroni adjustment, to account for multiple testing and decreasing chances for a type I error (Miller, 1981).

Generalized additive models (GAMs; Hastie and Tibshirani, 1990) were used to examine the influence of environmental conditions on α and β diversity over time.

GAM is a semi-parametric extension of GLM, where the only underlying assumption made is that the functions are additive and the linear predictor is the sum of smoothing functions. This makes GAM very flexible, and they can fit very complex functions. Dependent variables were Family richness (Fr) and Shannon index (H’) for α diversity and Jaccard index for β diversity. Family richness has been modeled considering Poisson as discrete probability distribution and “log” as the link function between the stochastic and systematic parts of the model, whereas Gaussian distribution and the “identity” link have been implemented for Shannon and Jaccard indices. Explanatory variables used in GAMs were bottom depth, temperature, and salinity (at 10 m), surface Chl-a, MLD, ADT, GCS, and year. The potential non-linear relationships between covariates and the dependent variables were investigated by cubic regression splines. In addition, because one of the objectives of the analysis was to evaluate the role of the frontal feature characterizing the Eastern part of the study area as a retention mesoscale structure potentially able to favor biodiversity hotspots, latitude and longitude of sampling stations were also included among the independent variables.

Model estimations were based on a backward stepwise selection, starting from the entire set of explanatory variables that were chosen for the present study.

GAMs were implemented using the R package “mgcv” (Wood, 2011).




Results

In the selected group of 592 sampling hauls (37 sampling sites × 16 annual surveys) considered in this study, out of a total of 12,713 larvae sorted from the samples, 9,519 of these were identified (classified in 15 orders, 49 families, 64 genera, and 68 species), distributed in 6,046 larvae from stations located in the shelf area and 3,473 larvae from stations in the slope area. Four main ecological groups were singled out, i.e., meso-bathypelagic (M/B), demersal (D), pelagic/epipelagic (P/EP), and small pelagic (SP). The latter was the most abundant one, with 3,386 identified fish larvae from just two species (European anchovy, Engraulis encrasicolus, and Round sardinella, Sardinella aurita), which jointly represented more than 35% of the total number of identified larvae in the whole study area and which were mainly found in the continental shelf stations (about 75% of their total abundance was concentrated in that area for both the two species). There were also 2,916 demersal fish larvae (shelf, 2,127; slope, 789) grouped into 33 demersal families with 34 genera and 443 pelagic/epipelagic fish larvae (shelf, 304; slope, 139) grouped into five families with seven genera. Meso-bathypelagic fish larvae were 2,707 in number (shelf, 1,038; slope, 1,669) and grouped into nine families with 18 genera. They jointly represented about 29.1% of total abundance (49.0% in the slope area).

Larval density by unit surface (10 m2) and relative abundance aggregated at the family level and distributed by sub-regions (“shelf” and “slope”) are given in Table 2.


Table 2 | Average density (#/m2) and relative abundance (%, percentage) of larval fish families identified in the 37 selected stations over the summer surveys 2001–2016, by sub-areas.



The total number of fish larvae sampled in the 37 stations included in this study across the 16 summer surveys over the period 2001–2016 fluctuated from a maximum of 860 in 2004 to a minimum of 382 in 2015, with a slight but significant (p < 0.05) decreasing trend that is due to the shelf sub-region, characterized by generally higher abundances compared to the slope sub-region (not shown). The same patterns are evident in Figure 2A, where yearly average larval density standardized by unit surface is shown instead. Again, the overall significant (p < 0.05) decreasing pattern is due to shelf stations, as larval density in slope stations does not indicate any significant trend in time.




Figure 2 | (A) Average total larval surface density (# m−2) and (B) trends in Family richness (Fr) in summer surveys (from 2001 to 2016). The general trend in the entire study area (37 selected stations) is shown, as well the trends in the continental shelf area (19 stations) and in the slope area (18 stations) (see Figure 1).



Figure 2B shows the trend in Family richness (Fr) over the considered period in the 37 selected stations. The total number of families exhibits a significant decreasing trend (p < 0.01), from about 28 families at the early 2000 to 22 families at mid 2010. However, the overall decreasing trend is mainly due to stations located at bottom depths greater than 200 m (“slope” sub-area; p < 0.001). It is worth noting that, when using information from all the sampling stations listed in Table 1, family richness exhibited a very similar decreasing trend (p < 0.05) (Figure S1, Supplementary Material). The same applies to larval density (Figure S2, Supplementary Material). In general, the results of the comparisons show that the trends in biodiversity observed in the 37 selected stations are representative of the patterns characterizing all the sampling stations listed in Table 1.

The average number of families in the 37 selected stations over the period 2001–2016 is Fr = 25.1 (Fr = 20.6 in the 19 stations of shelf area; Fr = 19.1 in the 18 stations of slope area). Out of the total number of 49 identified families, just 11 taxa were always present in the time series, with 22 taxa found in at least half of the years. The taxa accumulation curve over the whole study area shows the asymptotic value (Fr = 49 families) after the first 10 years of the time series (Figure S3).

Temporal trends of Shannon index (H’) and Family richness (Fr) are very similar. Namely, H’ is significantly decreasing (p < 0.05) over the considered periods (2001–2016), and as already observed for Fr, the overall pattern based on all the selected stations is mainly driven by stations in the slope area (Figure S4).

The spatial pattern of average total larval density (sum of specimens from all the identified families by unit surface) and of average Fr by sampling station over the entire period 2001–2016 are shown in Figure 3. Higher concentrations of larval stages are found in the southeastern part of the study area (Figure 3, left panel). The same region appears to represent a biodiversity hotspot (Figure 3, right panel).




Figure 3 | Left panel: Average larval density (# m−2). Right panel: Average Family richness (Fr) by sampling station over the period 2001–2016.



Finally, the average yearly Jaccard dissimilarity is shown in Figure S5. The rate of compositional changes (sensu; Magurran et al., 2019) appears to be quite of high throughout for the whole investigated period in both shelf and slope areas, but it does not indicate any significant linear trend through time, even when information is separated by sub-area (Figure S5). However, a marked decreasing drift is apparent in the last year of the time series (2016).

Rank abundances (and proportions), reported in Figure S6, evidenced that larval densities in shelf area are about two times higher than in the slope region and are dominated by Engraulidae (one species, European anchovy), Clupeidae (one species, Round sardinella), and Gobiidae, representing more than 50% of collected larvae. Engraulidae and Clupeidae are quite abundant even in the slope area (jointly accounting for about 20% of that sub-region), where the leading families are Gonostomatidae (mostly represented by just one identified species, Cyclothone braueri) and Myctophidae (assembling 15 species), together accounting for more than 40% of larval abundances.

Polar rank plots of Figure S7 show for the shelf area an alternation over the length of time series in the dominance of the two most abundant species in the larval fish assemblages, i.e., European anchovy (Engraulidae) and Round sardinella (Clupeidae). Conversely, in the slope area, the abundances of the two above small pelagic species appear to be mostly synchronous and are generally lower compared to the shelf area, with greater interannual fluctuations. The most abundant family in the slope area is Gonostomatidae, followed by Myctophidae. However, the occurrence of the latter two families is quite high in the shelf area as well, although with a lower stability in rank abundance. In addition, comparing Figure 2A with Figure S7, it is worth noting how the peaks in total larval density of the slope area detected in years 2001, 2004, 2009, and 2015-2016, as well as its “lows” in 2002, 2008, 2010, and 2014, are also linked to the impact of neritic families (i.e., Clupeidae, Engraulidae, and Gobiidae).


GAM output

Results from GAM runs on the whole dataset (shelf + slope subareas) and by sub-area are presented in Figures 4, 5 for the two indices of α diversity.




Figure 4 | GAM output for the dependent variable Fr (Family richness). Sub-panels refer to model output obtained using (A) all data (shelf + slope), (B) shelf data only (bottom depth ≤ 200 m), and (C) slope data only (bottom depth > 200 m). Only significant factors are shown.






Figure 5 | GAM output for the dependent variable H’ (Shannon diversity index). Sub-panels refer to model output obtained using (A) all data (shelf + slope), (B) shelf data only (bottom depth ≤ 200 m), and (C) slope data only (bottom depth > 200 m). Only significant factors are shown.



Specifically, the output of GAMs for the dependent variables Fr (Figure 4A) and H’ (Figure 5A) applied on all selected stations were almost coincident. The analysis of both metrics agreed in confirming the already observed general decreasing trend in biodiversity over time, at least up to 2012 (see also Figures S1, S4) and the west–east increasing diversity gradient already evidenced by Figure 3 (positive effect of greater than average values of longitude), and in showing an optimal temperature value at about 23°C–24°C and a negative effect of relatively large Chl-a values (concentration greater than 0.1 mg m−3). The only difference is the significant positive impact on family richness of “greater than average” salinity values, whereas salinity was not significant in the best model estimated for Shannon diversity index.

More detailed information was obtained by applying the same models to the shelf and slope sub-regions separately.

In the shelf area, the decreasing diversity over time and the effect of longitude are confirmed for both Fr (Figure 4B) and H’ (Figure 5B), and, in addition, the positive impact on biodiversity at increasing bottom depth is evidenced. The GAM model for Fr also indicated a positive response at relatively lower ADT values, which locally are generally associated to coastal upwelling conditions.

In the slope area (bottom depth >200m), the decreasing diversity over time is even more pronounced and the only additional significant factor is GCS, for both Fr (Figure 4C) and H’ (Figure 5C). Specifically, a negative impact on family richness for low current speed (values < 10 m s−1) is evident, as well a positive effect on Shannon index for current speed higher than 14.5 m s−1.

Finally, the GAM outputs for the dependent variable “Jaccard dissimilarity” are shown in Figure 6. Specifically, plots in Figure 6A refer to all available data (shelf + slope), Figure 6B to shelf data only (bottom depth ≤ 200 m), and Figure 6C to slope data (bottom depth > 200 m).




Figure 6 | GAM output for the dependent variable Jaccard dissimilarity index. Sub-panels refer to model output obtained using (A) all data (shelf + slope), (B) shelf data (bottom depth ≤ 200 m), and (C) slope data (bottom depth > 200 m). Only significant factors are reported.



Results suggest a general significant decreasing compositional change (lower dissimilarity values), which is related to the last years of the time series (from 2012 onward). The observed temporal response mimics the one related to the longitudinal gradient. In addition, Jaccard dissimilarity shows a decreasing trend up to the bottom depth of about 400 m, which turns to be increasing for higher values. Finally, higher compositional changes in the shelf area (Figure 6B) are positively correlated with surface current speed and with intermediate longitude values, whereas in the slope sub-region (Figure 6C), the only significant factor is bottom depth, evidencing higher compositional changes at greater depths (> 600 m).




Discussion

Larval fish assemblage refers to ichthyoplankton data collected in continental shelf and slope areas of the SoS over 16 consecutive years (summer surveys carried out from 2001 to 2016). In particular, the sampling covered the depth layer of 0–100 m of the water column, identifying demersal, pelagic/epipelagic, meso/bathypelagic, and small pelagic species from 49 different fish families. Because of the limitations in species/genus identification that were related to the variable sorting skills of dedicated personnel over the relatively long period included in the analysis, the present study was based on larval information assembled at the family level. However, the role of the single families in affecting the detected patterns in terms of biodiversity indices was specified, also investigating whenever possible on the species involved in the changes of biodiversity indices.

More than one-third of the total number of collected larvae were from two small pelagic species, anchovy (family Engraulidae) and round sardinella (family: Clupeidae), a proportion that over the continental shelf area increased up to 42.0% (Table 2). However, the presence of meso/bathypelagic taxa was important and ubiquitous as well in both the shelf and slope sub-areas. After Clupeidae and Engraulidae, the most abundant families were Myctophidae (assembling 15 species) and Gonostomatidae (mostly one single species, Cyclothone braueri), jointly accounting for about 25% of the total in the whole study area (41.2% in the slope sub-region) (Table 2).

In terms of larval densities (Figure S6), Engraulidae (one species, Engraulis encrasicolus), Clupeidae (one species, Sardinella aurita), and Gobiidae alone accounted for more than 50% of the total taxa in shelf sub-area, where the spawning habitats of fish species from these families are located. Here, the highest average yearly larval concentration (up to 100 m−2) was found for anchovy, whose preferring spawning grounds in the study area occur at bottom depths shallower than 100 m (Quinci et al., 2022). In the slope area, the maximum average density (about 55 m−2) was observed for Gonostomatidae. The prevalence of Gonostomatidae in the offshore stations is in agreement with the spawning behavior of the dominant species (Cyclothone braueri) belonging to this family (Yoon et al., 2007) and with the spatial distribution of its larval stages (Torri et al., 2021). However, it is worth noting how Engraulidae and Clupeidae are quite abundant even in the slope area (jointly accounting for about 20% of the total) and that even other typically coastal species belonging to Labridae, Sparidae, and Gobidae are frequently found offshore.

In general, the observed patterns in the distribution of dominant species in both shelf and slope sub-areas are consistent with data reported for the Western and Central Mediterranean in previous studies (Torres et al., 2011; Cuttitta et al., 2016a; Cuttitta et al., 2016b; Cuttitta et al., 2018; Torri et al., 2018; Torri et al., 2021; Quinci et al., 2022), although further insights on the potential impact on the composition of larval assemblages by advection phenomena from/to the two sub-areas, as induced by local mesoscale oceanographic variability, are given herein. In particular, our analysis evidenced the impact of key hydrodynamic features on the ichthyoplankton biodiversity characterizing the SoS. The selection in the GAM analysis of surface current among the significant environmental factors able to affect biodiversity levels reflects this effect. However, it is interesting to note how the long-term data used in this study further support the dominance of larval stages of Clupeidae and Engraulidae in Sicilian and Tunisian waters of the SoS already found in previous investigations using much more time-limited datasets (Cuttitta et al., 2018). This is in contrast with the dominance of mesopelagic species observed in western Mediterranean (Torres et al., 2011), in the southern Tyrrhenian Sea (Cuttitta et al., 2016a), and in the Gulf of Sirte (Cuttitta et al., 2018). In addition, when considering all the stations over the period 2001–2016 listed in Table 1, the calculated yearly average taxa (family) richness (Fr = 33.4) is comparable with data (Fr = 34) reported in Cuttitta et al. (2016a), which refer to one survey carried out in the same area during the summer of 2009.

In general, the observed high abundance of myctophids and gonostomatids in the upper 100 m of the water column, even in the shelf area, confirms the epipelagic zone as an important environment for the development of larval stages of mesopelagic fishes, despite the typical depth distribution of the adult fractions of the corresponding fish populations (Watanabe et al., 2002; D’Elia et al., 2016).

The time series analysis of family richness by sub-areas evidenced greater biodiversity losses especially in the slope area during the last years of available data, from 2011 onward. This trend is probably linked the reduced advection of neritic taxa from the continental shelf and/or oceanic taxa to coastal areas. This was firstly suggested by the detected significance of surface current speed in GAMs applied to slope stations for both Tr and H’. Actually, although mesopelagic larvae dominate in the slope regions, their presence is quite common even in continental shelf probably in relation to the impact of horizontal advections linked to semi-permanent oceanographic structures that typically characterize this region during the summer season. Specifically, in agreement to Torri et al. (2021), the meandering path of the AIS can shape the distribution of mesopelagic species, transporting planktonic stages on the Adventure Bank (northwestern shelf) and on the Sicilian-Maltese Bank (southeastern shelf). Here, the occurrence of both neritic and oceanic species typically leads to higher biodiversity levels. Conversely, the presence of larval stages of coastal species in the slope region is only due to temporary advection by local oceanographic structures affected by the atmospheric events (Bignami et al., 2008; Torri et al., 2018). As a result, a reduced advection from coastal to the offshore zone may limit the contribution of neritic species to the larval assemblage in the slope area, leading to lower overall diversity in that region.

The potential role of the reduced advection of neritic taxa on the decreasing trend in biodiversity during the last years of the time series appears to be further confirmed by the lower average current speed regime characterizing the southeastern part of the study area (Figure S8). Actually, larval data show that, over the period 2010–2016, not only the abundance of the main neritic taxa was lower in the slope area (Figure S7), but that, in addition, other less frequent coastal/neritic families such as Blennidae, Callionymidae, Centracanthidae, Pomacentridae, Scorpaenidae, and Triglidae were often not found at all in our plankton samples, so reducing the level of Tr and H’ indexes (Table S1).

However, GAMs also indicated a moderate but significant decreasing temporal trend of α diversity metrics even in the shelf sub-area, where important drivers of spatial variability in biodiversity are the two factors Temp10 and ADT. In particular, high Fr values were found at low ADT and intermediate water temperature (23°C–24°C). Low ADT values over the shelf area are locally associated to coastal upwelling conditions, which are able to pump nutrient-rich waters, so supporting higher primary productivity (Patti et al., 2010). The detected optimal temperature level suggests a detrimental effect on biodiversity induced by extremely low- or high-temperature regimes. In addition, the lower surface current speed regime that characterized even the shelf area during the last years of the time series also appears to be beneficial in reducing compositional changes in the larval assemblage, as also indicated by the significance of current speed in the GAM model applied to the Jaccard dissimilarity index. However, the most important driver of turnover in the larval assemblage appears to be the bottom depth, suggesting an enhanced stability of the community in the coastal waters of neritic zone, where more important is the contribution to biodiversity by coastal demersal species. In this framework, it is worth noting that the decreasing trend in α biodiversity in shelf area, at least up to year 2012 was found to be linked the reduced occurrence of oceanic taxa such as Ophidiidae, Sternoptychidae, and Triglidae (Table S2), supporting the role of the advection of fish larvae from meso-bathypelagic and mostly deep demersal species from the slope area toward the coastal area in modulating biodiversity levels.

The differential trends between shelf and slope sub-areas also suggested to better investigate on other more specific spatial biodiversity patterns. Actually, Figure 3B evidenced the presence of a biodiversity hotspot in the frontal area characterizing the southeastern part of the study area, off the southernmost tip of Sicily (Cape Passero), as already reported by (Cuttitta et al. 2016a, Cuttitta et al. 2018). The observed pattern is further supported by the similarity between the response plots of the two explanatory factors Longitude and Salinity in Figures 4A, B, as it known that surface salinity locally presents a west–east increasing gradient that is induced by the motion of Atlantic Modified Water toward the Eastern Mediterranean basin (Robinson et al., 1999; García Lafuente et al., 2002). Therefore, the importance of concentration and retention processes locally induced by oceanographic features is confirmed by the present study (Figure 3A), not only in support of larval growth and survival, and related enhanced probability of recruitment success for many fish species as already shown by previous studies in the SoS (Torri et al., 2018; Patti et al., 2020; Russo et al., 2021; Torri et al., 2021; Russo et al., 2022; Cuttitta et al., 2022), but also more in general for sustaining high biodiversity levels (Figure 3B). Actually, frontal structures are generally responsible for plankton aggregation, so supporting the increase in feeding opportunities for fish larvae and inducing favorable conditions for their survival, as already observed in many other marine environments including the Mediterranean Sea (Bakun, 2006; Alemany et al., 2010; Avendaño-Ibarra et al., 2013; Erisman et al., 2017; Acha et al., 2018; Sato et al., 2018; Torri et al., 2018; Patti et al., 2020; Russo et al., 2021; Torri et al., 2021). In turn, this may account for the observed increased diversity in larval fish assemblages associated to spatial and temporal patterns of mesoscale oceanographic structures (Richardson et al., 2010; Rooker et al., 2013; Meinert et al., 2020). In the study area, the surface density front South of Cape Passero is dominated by temperature and is enhanced during the summer (Lermusiaux and Robinson, 2001; García Lafuente et al., 2005). Here, we speculate about the impact on larval biodiversity of the strength of density gradient across the front, which could be modulated by the alternating cyclonic and anti-cyclonic modes charactering the North Ionian Gyre (NIG) (Borzelli et al., 2009; Gačić et al., 2010; Gačić et al., 2013), whose effects on Sicilian intermediate waters have been recently investigated by Placenti et al. (2022). In particular, what we observed with data used in this study is higher biodiversity levels (and lower compositional changes as well) in the continental shelf stations of the frontal zone when the NIG is characterized by cyclonic circulation (years 2001–2005 and 2011–2016), a mode that is associated to enhanced advection of Atlantic Water (AW) to southern Levantine basin and a reduced deflection toward the Adriatic. Actually, in the same periods, the oceanographic conditions in the frontal zone were characterized by lower surface current speed (Figure S8) and higher temperature and salinity levels, testifying of a reduced inflow of AW in this area. However, the in-depth analysis of the relation between the quasi-decadal reversal of the NIG and larval biodiversity is out of the scope of the present paper and would deserve further insights.



Conclusion

In analyzing the temporal and spatial biodiversity patterns of larval fish assemblages in the SoS, this study may serve as a reference point for evaluating the role of changing environmental conditions on the community structure and ecosystem stability. In particular, the frontal feature characterizing during the summer the southeastern part of the study area, in favoring retention and concentration processes supporting growth and survival of early life stages, as already demonstrated in previous study on pelagic fish species, emerged as an important driver able to enhance biodiversity as well. Moreover, it has been shown that hydrological characteristics of the surface water affect ichthyoplankton biodiversity in coastal and offshore area, shading light on possible links with the quasi-decadal oceanographic variability patterns, such as the oscillation between anti-cyclonic and cyclonic phases characterizing the surface circulation of the Ionian Sea area, and encouraging further studies on possible future effects related to the climate change.
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OEBPS/Images/table1.jpg
Year Survey Period Number of Stations (BONGO40 hauls)

2001 ANSIC2001 7 July to 25 July 2001 143
2002 ANSIC2002 11 July to 31 July 2002 218
2003 ANSIC2003 11 July to 2 August 2003 166
2004 ANSIC2004 18 June to 7 July 2004 180
2005 BANSIC2005 7 July to 24 July 2005 170
2006 BANSIC2006 30 July to 10 August 2006 119
2007 BANSIC2007 28 June to 17 July 2007 161
2008 BANSIC2008 25 June to 14 July 2008 182
2009 BANSIC2009 3 July to 22 July 2009 149
2010 BANSIC2010 25 June to 14 July 2010 187
2011 BANSIC2011 8 July to 26 July 2011 134
2012 BANSIC2012 4 July to 23 July 2012 154
2013 BANSIC2013 26 June to 16 July 2013 229
2014 BANSIC2014 22 July to 9 August 2014 189
2015 BANSIC2015 16 July to 3 August 2015 157

2016 BANSIC2016 30 June to 14 July 2016 170





