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The anchovy (Engraulis encrasicolus, Linnaeus, 1758), one of the most important small pelagic fish species in the Adriatic, is currently described as a species that can be considered overfished. From 2013 to 2020, samples of anchovy eggs and larvae were collected through scientific surveys during the summer months. The collected ichthyoplankton data were combined with environmental data (measured satellite sea surface temperature and chlorophyll data, numerically simulated salinity, maps of primary production) to identify anchovy spawning habitats and environmental conditions affecting the anchovy early life stages. For this large dataset, a nonlinear method called Growing Neural Gas Network analysis was used to explain the multiple dependencies between anchovy and the explanatory environmental variables and represent them in 9 patterns called Best Matching Unit (BMU). Obtained values of anchovy early life stages abundances (eggs/m2; larvae/m2) showed a clear negative trend, which was easily observed both in the time series and in the annual spatial distributions. Among all measured environmental parameters that were previously mentioned, salinity showed a significant increase, which can be attributed to the cyclonic phase of the bimodal oscillatory system of the Adriatic and Ionian Seas. The calculated BMUs showed several interesting results that shed new light on previous findings: (a) there is a split between the richer northern and poorer southern parts of the Adriatic in terms of anchovy eggs and larvae abundances, (b) the Kvarner Bay, the west coast of Istria and the area around Dugi otok are consistently rich spawning grounds, (c) decreased abundance in the southern areas is a result of the influence of salinity, (d) an increase in chlorophyll can lead to an increase in egg count, (e) the positive effects of upwelling can be negated by an increase in salinity, (f) increased primary production is followed by increased egg count. Upwelling, as one of the factors that can influence larval and egg abundance by bringing nutrients up from the seafloor, showed increased spatial and temporal variability during the investigated period, which depended on the wind regime. Our analysis showed that neural network analysis can successfully describe the effects and interplay of environmental factors on the abundance of anchovy early life stages.
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Introduction

Ensuring reproductive success is a guarantee of the fish populations persistence. Fish early life stages – eggs and larvae, had the highest vulnerability and mortality rates so choosing a spawning ground, where optimal biotical and abiotical conditions will ensure renewal of species, is crucial. Many migratory fish species seem to embrace a reproductive strategy known as natal homing. This strategy implies that fishes tend to spawn at the same geographical location where environmental conditions were most suitable year by year (Papi, 2006).

The anchovy (Engraulis encrasicolus, Linnaeus, 1758), along with sardine, is ecologically (ensures the transfer of energy from lower to higher trophic levels) and economically (contribution of its catches in overall landings of the Mediterranean and the Black Sea was 28.4% (2016 – 2018; FAO, 2020)) very important small pelagic fish species. This fish species is a short-living, fast-growing income-breeder which is also known as a highly fecund batch spawner with a protracted spawning season that in the Adriatic Sea lasts from March to September with its peak in April-July (Zorica et al., 2020). Multidecadal fluctuations of the anchovy population inhabiting the Adriatic Sea as well as the whole Mediterranean were perceived (FAO, 2020) and tackled by many scientific researchers. Recently observed climate changes (Grbec et al., 2015; Iona et al., 2018) induced alternation in the Adriatic ecosystem and thus most likely affected marine organisms. By now, it is known that the variability of environmental factors might indirectly/directly affect the anchovy population through limiting nutrition conditions (poor food quantity and quality; Basilone et al., 2017), changes in its reproductive strategy and recruitment strength (Santojanni et al., 2006; Zorica et al., 2013; Maynou et al., 2020; Patti et al., 2020).

Overviewing the literature, it was obvious that there are a lot of biological and fisheries studies on anchovy in the Adriatic Sea and worldwide, but still, only a few studies attempted to link and elucidate its accommodation to environmental parameters (Brochier et al., 2009; Martín et al., 2012; Patti et al., 2020; Fernández-Corredor et al., 2021; Fujita et al., 2021). Bearing in mind, that according to the last and available stock assessments for the Adriatic Sea anchovy is currently fished at biologically unsustainable levels (FAO, 2020) we found it crucial to investigate its area of spawning. Thus, the main goal of this study was to collect all available biological and environmental data to identify anchovy spawning habitats and their environmental conditions that underpin the Adriatic anchovy population dynamic. The complexity of such a high-dimensional, multiparametric data set required an analysis method that could easily deconvolve and classify nonlinear patterns. For this purpose, a computational method from the field of neural networks was used: the Growing Neural Gas Network (GNGS) (Martinetz and Schulten, 1991). Neural networks have already been used in the Adriatic to analyze microbial diversity (Šantić et al., 2021) and food web structures (Šolić et al., 2018), to reveal different patterns in surface currents (Mihanović et al., 2011), in long time series of ocean salinity and temperature (Matić et al., 2018), and finally in ocean color data (Kovač et al., 2014). The use of GNGS allowed to explain multiple dependencies that are not easily described by linear methods. In particular, when we consider the increase in salinity in the Adriatic (Mihanović et al., 2021) and the trend of global warming that strongly affect the Adriatic (Giorgi, 2006; Pastor et al., 2018). Another hypothesis to be investigated is the impact of the inter-year variability of the upwelling process in the eastern Adriatic on the primary production and consequently on the abundance of anchovy early life stages (Regner et al., 1987). Obtained knowledge should improve the development of conservation strategies throughout habitat protection or even the introduction of marine protected areas. Namely, according to the literature protection of spawning individuals and their areas of spawning has shown to have positive effects on population structure (Palm et al., 2007; Pedersen et al., 2009; Taylor et al., 2012).


Study area

Circulation in the Adriatic Sea (Figure 1), a semi-enclosed part of the Mediterranean Sea, follows a cyclonic pattern: the East Adriatic Current (EAC) flows in along the east coast and the West Adriatic Current (WAC) flows out along the west coast (Orlić et al., 1992; Cushman-Roisin et al., 2001). In addition to the northern Adriatic and east coast rivers, the Bimodal Oscillatory System (BiOS) has a major influence on salinity and nutrient loading, especially during ingression periods when the salty Levantine Intermediate Water (LIW) is transported towards the Adriatic Sea by cyclonic gyre in the Ionian Sea (Gačić et al., 2010; Mihanović et al., 2015; Batistić et al., 2019; Mihanović et al., 2021). In the summer wind regime over the Adriatic, three winds are mainly observed: the southeasterly (SE) scirocco, the northeasterly (NE) bora wind, and the superimposition of Etesian winds with the land-sea breezes that result in the northwesterly (NW) wind (Pandžić and Likso, 2005; Klaić et al., 2009). Their intensity is reduced compared to winter, resulting in low wind mixing, which causes a strong stratification in the sea (Buljan and Zore-Amanda, 1976). As a result of the listed conditions, the eastern part of the Adriatic Sea is characterized by low chlorophyll concentrations in summer, precisely this area is considered as an oligotrophic sea (Kovač et al., 2014; Kovač et al., 2018).




Figure 1 | Map of the bathymetry of the Adriatic Sea showing the locations of sampling sites for anchovy eggs and larvae collected during the summer surveys from 2013 to 2020 in the eastern Adriatic Sea (Croatian fishing area), with a map of the bathymetry of the Mediterranean Sea and surrounding topography (upper right corner). Each sampling year is shown in a different color. The area of the west coast of Istria is marked with a blue circle, Kvarner Bay yellow, the area near the Dugi otok white, Jabuka pit red, the area around the island of Vis black and the area around the island of Mljet cyan. The mouth of the river Neretva is marked by a letter N and the mouth of the river Zrmanja by a letter Z.





Characteristics of anchovy spawning in the Adriatic sea

The spawning season of anchovy in the Adriatic Sea lasts from March to November, while the peak of its spawning occurs between April and July, depending on environmental factors (Sinovčić and Zorica, 2006; Zorica et al., 2013). In their study, they found a significant correlation between gonadosomatic index and upper layer salinity in the two preceding months. Moreover, according to previous findings (Moyle and Cech, 1988; Regner, 1996; Maynou et al., 2020), the onset of spawning in fish species living in warm areas is often associated with sea temperature, which eventually interacts synergistically with all other environmental parameters (wind mixing, stratification, chlorophyll a, plankton abundance, etc.). Since the beginning of the modern scientific investigation of the Mediterranean Sea, much work has been done to establish the relationship between anchovy populations and environmental parameters (Palomera et al., 2007; Bellido et al., 2008; Basilone et al., 2013; Maynou et al., 2014; Patti et al., 2020). Similar studies have been conducted in the Adriatic Sea, one of the richest basins for small pelagic fishes in the Mediterranean Sea. (Regner, 1972; Vučetić, 1975;  Piccinetti et al., 1980; Regner, 1985; Regner, 1996; Zorica et al., 2019). Of particular importance is the study of the early stages of anchovy as an extremely vulnerable developmental stage, highly susceptible to environmental changes that can consequently affect the adult population (Costalago et al., 2015; Basilone et al., 2017). Overviewing the literature, the main spawning areas of Adriatic anchovy are located in coastal waters whose depth does not exceed 200 m (Gamulin and Hure, 1983; Regner, 1985). The more abundant west coast spawning area extends from the Gulf of Trieste through the Gulf of Venice to the Gargano Peninsula (Regner, 1985). As for the less abundant east coast, which is the focus of this study, the areas around the island of Palagruža, near the island of Vis (Regner, 1996), the Kvarner Bay (especially the Kvarnerić basin), the area along the outer coast of the island of Dugi otok and the central Dalmatian islands stands out due to their anchovy early life stages richness compared to their surroundings (Sinovčić, 2000; Zorica et al., 2015; Zorica et al., 2019; Zorica et al., 2020). A wide range was found when measuring temperature (11.6-27.6°C) and salinity (9.1-39.6) during the spawning season in the area of eastern Adriatic, which can describe both brackish and extremely saline waters characteristic of both summer and winter seasons (Regner, 1996).




Materials and methods


Ichthyoplankton sampling

Over the last eight years (2013-2020) each summer in the period between June-July scientific expedition “Mediterranean International Bottom Trawl-Surveys (MEDITS)” was carried out along the eastern Adriatic Sea (Croatian fishing ground). Throughout this survey, ichthyoplankton sampling was also performed. Namely, each year 50 to 65 ichthyoplankton samples were collected during daylight hours on board the RV “Bios Dva” (Table 1; Figure 1). Standard vertical plankton tows were made using a WP2 sampler (mouth opening, 0.255 m2; mesh size, 0.200 mm; custom made by artisan manufacturer Zoran Jurić, Dubrovnik). The WP2 net was put vertically down during a calm sea to a depth of 100 m or to 5 m above the seabed in marine areas with less than 100 m depth. Plankton samples were put in a marked plastic container, preserved in 4% buffered formalin/96% ethanol and transported to the laboratory.


Table 1 | Overview of sampling surveys done along the eastern Adriatic Sea (Croatian fishing ground) – date, number of sampling station as well as number of positive stations where anchovy early life stages (eggs and larvae) were collected, overall number of collected anchovy eggs and larvae per survey, their abundance ranges and mean values with its standard deviations (SD).





Biological analysis

In the laboratory, anchovy eggs and larvae were isolated from the ichthyoplankton samples under a stereomicroscope Zeiss SteREO Discovery.V12 and their abundance was standardized to numbers per square meter using the function given by Tanaka (1973).



Environmental and oceanographic data

Satellite level 3 Chlorophyll-a (Chl-a) concentration (mg m-3) data were obtained from the Ocean Colour Climate Change Initiative project (www.oceancolour.org/). Version 5.0 provided a spatial resolution of 1 km at a daily interval. The data were generated by a combination of the OCI, OCI2, OC2 and OCx algorithms (Sathyendranath et al., 2019).

Daily gap free level 4 satellite maps of sea surface temperature (SST) were downloaded from the Copernicus Marine Service data portal (http://marine.copernicus.eu). Remotely sensed SST datasets are statistically interpolated at a resolution of 1.11 km (Buongiorno Nardelli et al., 2013).

To determine the daily mean values of salinity in the Adriatic Sea, the results of the physical reanalysis of the Mediterranean Forecasting System were also downloaded from http://marine.copernicus.eu. The system is based on the Nucleus for European Modelling of the Ocean (NEMO) model with a 4 km horizontal grid resolution and 141 unevenly spaced vertical levels, with monthly mean discharges of the 39 rivers and accompanied by a variational data assimilation scheme for temperature and salinity vertical profiles and satellite sea level measurements (Simoncelli et al., 2019).

For each sampling location, the nearest wet spot was found in the NEMO model grid for a given day. In order to exclude the direct influence of meteorological factors, salinity values were extracted at a depth of 10 m from the selected wet grid point. The depth of 10 m is also the lower limit of the vertical distribution of anchovy eggs and the upper limit of the vertical distribution of larvae (Regner, 1985). The monthly mean salinity values for each July were also calculated at a depth of 10 m to provide a meaningful representation of the spatial distribution of salinity during the study period.

A similar procedure was performed for satellite SST data. For Chl-a, the procedure was slightly modified due to data gaps. Instead of one extraction point, an area with an additional 8 surrounding points (a 9 km2 box) was selected and the mean value was taken. In this way, the availability of Chl-a data was increased by an average of 10% per year compared to the case where only one extraction point was used.

Maps of primary production for the Adriatic Sea were obtained from global datasets of marine phytoplankton primary production based on the Ocean Colour Climate Change Initiative v4.2 monthly composites for the period from 1998 to 2020. This is a novel combination of high-quality multi sensor satellite measurements of ocean color with multiple in situ observations of photosynthetic phytoplankton parameters with the aim of calculating the extent of primary production for the global ocean (Kulk et al., 2020; Sathyendranath et al., 2020; Kulk et al., 2021b). The spatial resolution of the monthly products of marine primary production (mg m-2 d-1) was 9 km and the data were provided as netCDF files (Kulk et al., 2021a).



Growing neural gas

The Growing Neural Gas Network (GNG) is an unsupervised artificial neural network closely related to Self-Organising Maps (SOM) (Kohonen, 1982; Martinetz and Schulten, 1991). GNG operates on a principle that generates a certain number of winning neurons (called Best Matching Units, BMUs) based on the input data, i.e., it compresses the higher dimensional input to a lower dimension of neurons while preserving the structure of the data vector. In this work, the GNG method extracted characteristic temporal and spatial patterns from datasets comprising two anchovy variables measured in situ, one environmental modelled and two variables measured by satellite over an 8-year period. The main feature of GNG is its flexibility compared to SOM, i.e., no prior neuron distribution is required to find patterns in the input data. This feature makes GNG much more useful for anomaly detection (Šolić et al., 2018; Šantić et al., 2021). GNG analyses were performed using SOM Toolbox version 2.0 for MATLAB. Input data initially included five variables (number of anchovy eggs per square meter, number of anchovy larvae per square meter, Chl-a concentration, SST and salinity values) for a total of 473 stations. The five ecological variables were arranged as the five columns in an array, with rows representing 360 stations that resulted after removing 113 rows that contained members with NaNs. GNG training was extended to 3000 epochs with an initial step of 0.1 and the number of BMUs was set to 9. When the calculated BMUs were matched with the input data, the spatiotemporal order of the BMUs was determined. Corresponding statistics were calculated that included the annual frequency of each BMU and the range of associated environmental variables.



Upwelling detection method

Sea upwelling is a process when colder water from the deeper layers of the water column reaches the surface. In this surface region, the surface sea temperature has lower values than that of the surrounding sea. Therefore, the areas where upwelling occurs can be easily identified by satellite measurements of sea surface temperature (SST). In the coastal area of the eastern Adriatic, upwelling has been determined by analyzing the measured vertical profiles of temperature and density (Regner et al., 1987) and by analyzing satellite images of SST (Gačić et al., 1997). This process can be characterized as wind-induced coastal upwelling (Bergamasco and Gačić, 1996). During the summer months, upwelling is a consequence of winds such as bora (Cushman-Roisin and Korotenko, 2007), sirocco (Poulain et al., 2004) or NW winds (Beg Paklar et al., 2021) , which give a transient feature to the upwelling areas but strong enough to leave a signal in quasi-steady field (Gačić et al., 1997).

Due to the transient nature of the upwelling that occurs along the eastern and western coasts of the Adriatic, the choice of method for automatic detection of upwelling based on satellite SST data had to be robust. Instead of detection based on a spatial analysis, such as the calculation of the difference between a single pixel and the zonal mean temperature (Lehmann et al., 2012; Sproson and Sahlée, 2014) or the calculation of the SST gradient (Vazquez-Cuervo et al., 2017), detection based on an SST time series analysis was used in this work. From the downloaded L4 1 km satellite data, the daily SST values at each sampling location pixel in the L4 grid for each month of July during the period from 2013 to 2020 were compiled into one dataset. Thus, a dataset with a temporal dimension of 248 daily SST fields for the Adriatic Sea was obtained, from which the we computed, at each location, a July L4 satellite SST time average over all Julys in 2013-2020 period. Upwelling in the SST field was detected by calculating the difference between each pixel in the daily SST field and the calculated mean values over time. Although upwelling in the Adriatic is a phenomenon predominantly associated with the coast, it has also been observed over the eastern part of the Jabuka Pit (Beg Paklar et al., 2021), which can be classified as the open sea. For this reason, no additional condition was applied to limit the detection of upwelling only to the immediate vicinity of the coast, as was done in Lehmann et al., 2012. The detection threshold for upwelling was set to a difference of -2°C, which best describes the areas of strong upwelling that are most common in the area of Kvarner and the central Adriatic (Jabuka Pit and Dugi otok). For each July in the observed 8-year period, the number of days each pixel had a calculated temperature difference equal to or less than the detection limit was counted. Thus, a monthly map of upwelling frequency was constructed. Areas with a difference of -2°C could also be seen in other parts of the Adriatic. They have been excluded because they are outside the scope of this research interest and mostly the number of upwelling days in these areas was negligible compared to the number of days in active upwelling areas.




Results


Descriptive statistics of anchovy egg and larval abundances and environmental variables

Throughout these eight summer scientific surveys (2013-2020) 473 ichthyoplankton samples were collected (approximately 60 samples per expedition; Table 1, Figure 1). Out of all collected ichthyoplankton samples, about 74% of them had anchovy eggs and larvae. Overall, 6183 anchovy eggs and 4317 anchovy larvae were collected. On positive stations the anchovy egg abundance across the whole investigated period varied from 4 to 864 eggs/m2, while the mean egg abundance per survey went from 36.10 ± 30.37 eggs/m2 (2016) to 145.27 ± 198.80 eggs/m2 (2013). The range of anchovy larvae abundance within the investigated period was 4 to 952 larvae/m2. Considering this abundance at the survey level on an annual basis, the lowest mean value of larval abundance was recorded in 2018 (14.46 ± 12.64 larvae/m2), while the highest value (115.11 ± 160.04 larvae/m2) was recorded in 2013, when the highest value of abundance of anchovy eggs was also recorded (145.27 ± 198.80 eggs/m2). The lowest mean value of egg abundance was recorded in 2016 (36.10 ± 30.37 eggs/m2). Overviewing the obtained abundances of anchovy early life stages (eggs and larvae) over the investigated period of eight years, a clear decrease (negative trend for both variables) was observed (Supplementary Figure 1). A negative trend can also be observed visually by looking at the spatial distribution of anchovy eggs and larvae in the period 2013 - 2020 (Figure 2, 3). It manifested itself most clearly in the decrease of medium egg abundance (100 - 500 eggs/m2) from 20 percent share in total abundance to 5 percent during the 8-year period, in the increase of low egg abundance (1 - 100 eggs/m2) from 40 to 70 percent, while the number of stations without egg capture remained constant in the interval of 20 - 30 percent (Figure 2). The same pattern was also seen for anchovy larval abundances, with similar percentages and their decrease or increase for the same abundance classes for eggs (Figure 3). High values for eggs and larvae (500 - 700 eggs/m2 or larvae/m2, respectively) were either at the level of few occurrences or did not occur at all in some years. All anchovy and environmental data were summarized year by year in a boxplot (Figure 4). Outliers were skipped to provide a more meaningful report. 2013 was the year with the largest interquartile range (IQR) for larvae and the second largest for egg (Figures 4A, B). 2015 had the largest IQR for eggs (Figure 4B). Annual medians for eggs fluctuated closely around the median of the entire egg dataset throughout the study period (median value was 16), while annual medians for larvae peaked in 2017 (median value was 36) and then dropped dramatically to a value of 4 in 2020. Most striking, however, is the decline in IQR for both variables during the observation period. For eggs, this value is two and a half times lower in 2017 and twice as low in 2020 as in 2013, while for larvae it is almost ten times lower in 2020.The mean Chl-a value remained almost constant during the observation period, but in the last two years its IQR decreased compared to previous years (Figure 4C). In contrast to the anchovy variables, the SST annual medians and IQRS values did not show large fluctuations (Figure 4D). The medians of salinity varied between 37.8 and 38.5 between 2013 and 2018 with similar IQR values, but in 2019 and 2020 the medians reached 38.6 and 38.8 with a large decrease in IQR values (Figure 4E).




Figure 2 | Distribution of Adriatic anchovy eggs collected in the eastern Adriatic Sea during summer surveys from 2013 to 2020 (A–H). The abundance of eggs (eggs/m2) is represented by different circle sizes and colors.






Figure 3 | Distribution of Adriatic anchovy larvae collected in the eastern Adriatic Sea during the summer surveys from 2013 - 2020 (A–H). The abundance of larvae (larvae/m2) is represented by different circle sizes and colors.






Figure 4 | Boxplots of Adriatic anchovy egg (eggs/m2) (A) and larval abundance (larvae/m2) (B) collected through the summer surveys and the associated values of satellite Chlorophyll-a (mg/m3) (C), satellite sea surface temperature (°C) (D) and modeled salinity (E) for the period 2013 - 2020.





Relationships between the abundance of anchovy eggs and larvae and environmental parameters

GNG analysis cataloged the abundance of anchovy eggs and larvae along with salinity, SST, and Chl-a in 9 BMUs. To better illustrate the relationship between the analyzed variables, the BMUs anomalies were calculated and presented with bar graphs (Figure 5A). The procedure for calculating the anomalies was as follows: for each variable cataloged in nine BMUs, a separate normalization of the real values was performed, i.e., a standardized difference from the mean values was made. The reason for this was that they contribute equally when calculating the neural gas and besides that, they do not have a dimension. The occurrence of BMU was calculated as the smallest distance between BMU and particulate data vector. After that, for each BMU, we calculated the overall frequency of occurrence for the entire period (shown later in the text) and the frequency of occurrence for each year separately (Figure 5B). The BMUs were plotted on the map of the Adriatic Sea for each analyzed year to get a better insight into the spatio-temporal variability of all input variables and their connection to the dynamics of the Adriatic Sea (Figure 6). In addition, BMU values were plotted in Supplementary Figure 2 and presented in Supplementary Table 1.




Figure 5 | (A) Bar chart of Adriatic anchovy egg and larval abundance, environmental (Chl-a) and oceanographic (SST and salinity) variables cataloged in nine best matching units (BMUs) and represented by anomalies. (B) Bar chart of the frequency of occurrence of nine BMUs for each year in the 2013 - 2020 survey period.






Figure 6 | Spatial distribution in the eastern Adriatic Sea of the nine Best Matching Units (BMUs) for each year during the 2013 - 2020 survey period (A–H). BMUs are represented by a different color and are divided into three different groups, identified by different symbols: X, denoting BMUs with elevated salinity and low numbers of eggs and larvae (1, 8, 9) ) (less abundant BMUs in further text) ; o, denoting BMUs with elevated abundance of eggs and larvae (2, 3, 4, 5, 7) (more abundant BMUs in further text); +, denoting BMUs with low salinity and low numbers of eggs and larvae (6).



BMU1 represented a pattern that occurred in 16% of all cases. It was characterized by a negative anomaly for eggs and larvae, Chl-a and SST, but with the highest positive anomaly for salinity. It occurred in the central and southern Adriatic Sea in 2013, 2015, 2018 and 2019 within 10-30% of cases and in 2020 with more than 50% of cases. Considering the BMU values, extremely low concentrations of eggs and larvae were observed, coupled with a Chl-a concentration of 0.2 mg/m3, SST of 23°C and salinity of 38.7, which is the highest value of all BMUs.

BMU2 accounted for only 2% of the total cases. The main features were the highest positive anomaly in egg count combined with positive anomalies in larvae, Chl-a and salinity and a negative anomaly in SST. It occurred in 2013 in Kvarner Bay and near the island of Vis, in 2015 near the island of Mljet, and in 2020 north of the island of Vis. The BMU values showed the largest number of eggs (about 600), the second largest number of larvae (about 150), accompanied by average values for Chl-a (0.25 mg/m3) and SST (23.4°C) and the second largest value for salinity (38.59).

BMU3 described the pattern with the rarest occurrence with a proportion of only 1%, characterized by the highest positive anomaly for larvae, the second highest anomaly for eggs and positive anomalies for all other parameters. It occurred from 2013 to 2016 in the Kvarner Bay and near the islands of Vis and Mljet. The BMU values confirmed the BMU anomalies, with the second highest number of eggs (about 200) and the highest number of larvae (about 600) coinciding with the average values for Chl-a, SST and salinity.

BMU4 occurred in 7% of the total cases. Looking at the annual percentages, they ranged from zero (2013) to about 5% (2014, 2016, 2017 and 2018) to 15% in 2020 and almost 30% in 2015. It had the highest overall positive anomalies for Chl-a and SST, accompanied by a positive anomaly for eggs and negative anomalies for larvae and salinity. From 2014 to 2020, it always occurred in the area of the west coast of Istria, with some occurrences in Kvarner Bay and the area of Dugi otok. In terms of values, this BMU had the highest Chl-a concentration (0.48 mg/m3) and the highest SST (26°C) with salinity slightly above 38. The number of eggs was the third highest (82) and the number of larvae was low (34).

BMU5 is the second most common pattern with 17% of occurrence. It is described with positive larval and Chl-a anomalies paired with negative anomalies for SST, salinity and eggs. It occurred in all years except 2019 and varied in frequency from a few percent (2015) to more than a quarter of annual cases in 2016 and 2017. A look at the BMU map showed that BMU5 had a similar distribution pattern to BMU4: it mainly included the west coast of Istria, the Kvarner Bay and the area of the island of Dugi otok. BMU values for Chl-a, SST and salinity did not deviate much from the other BMUs, while the number of larvae was third in total abundance.

BMU6 was in terms of anomalies total opposite to BMU3 with negative anomalies for all variables and it had 14% of total incidence. When its annual percentage exceeded 20%, it appeared in the areas of the Jabuka Pit, the island of Vis, and west of the island of Mljet (2014, 2015, 2018). In the cases where it appeared in a very small percentage, it was usually near the mouth of the river Neretva (2013, 2017, 2019). BMU6 had the lowest salinity of 37.62, along with low numbers of eggs and larvae.

BMU7 occurred in 6% of cases. The main features were a mildly positive anomaly for anchovy eggs paired with a markedly positive anomaly for Chl-a. Negative anomalies ranged from mild for larvae and salinity to markedly negative for SST. Annual frequency never exceeded 13%, with the caveat that it did not occur in 2016. The spatial scope included the area of the island of Dugi otok, the eastern parts of the Jabuka Pit and a few occurrences near the mouth of the Neretva River. BMU7 had the lowest value for SST (22.85°C), the second highest for Chl-a (0.37 mg/m3), increased egg count (64) with lower values for salinity and larvae compared to the other BMUs.

BMU8 was characterized by negative anomalies for egg and larval numbers and Chl-a, but with positive anomalies for SST and salinity. Its total abundance was 16%. It was most abundant south of the island of Vis and in the area of the island of Mljet. In 2013 and 2020 there was no occurrence of this BMU, while in other years annual abundances varied from 12 in 2015 to 35% in 2016. As for the values, the most important features were the second highest SST value (25.43°C), high salinity (38.43), one of the lowest values for Chl-a (0.18) and a very low number of eggs and larvae.

BMU9 described 21% of the samples and was the most frequent pattern overall. In terms of anomalies, it had the same distribution of positive and negative anomalies as BMU8, but at the same time, the salinity for this BMU was higher than the SST value. It covered the area north of BMU8 and extended from the island of Vis through the Jabuka pit to the northern edges of the island of Dugi otok. In 2016 and 2017 it was present in one-third of the occurrences and in 2019 it was the most common BMU with more than half of the occurrences. BMU values were similar to BMU8, but salinity was slightly higher. Upon closer examination, it was found that these 9 BMUs can be divided into three new categories that facilitate further discussion (Figure 6; Supplementary Figure 2). The three new groups were identified by different symbols: X, for BMUs with increased salinity and low numbers of eggs and larvae (1, 8, 9) (less abundant BMUs in further text); o, for BMUs with increased abundance of eggs and larvae (2, 3, 4, 5, 7) (more abundant BMUs in further text); +, for BMU with low salinity and low numbers of eggs and larvae (6).



Salinity in the eastern part of Adriatic Sea

Looking at the monthly averages of the modelled spatial distribution of salinity at 10 m depth during the study period, three different patterns can be identified in the eastern part of the Adriatic. In the first pattern, salinity in most eastern areas ranged between 38.3 and 38.6 (2013, 2015, 2016). The second pattern was characterized by lower salinity values (below 38.3) (2014, 2017, 2018) and the third pattern had predominantly salinity values of 38.6 (2019, 2020).



Upwelling in the eastern part of Adriatic Sea

In July, in the eastern part of the Adriatic, there was a strong spatial and temporal variability in the occurrence of upwelling areas identified by the upwelling detection method (Figure 8). Spatially, there were three distinct areas extending from north to south: the area of the Kvarner Bay in the north, the area of the Jabuka Pit and the island of Dugi otok in the middle, and the area around the island of Mljet in the south. Regarding the number of days in which the upwelling occurred, three divisions were made: strong upwelling with a number of days greater than and equal to seven, weak upwelling with a number of days less than seven and non-existent with zero occurrences. The strong upwelling in July 2013 (Figure 8A) and in July 2020 (Figure 8H) was caused by frequent bora winds in the Kvarner Bay area and by frequent NW winds in the areas of the Jabuka Pit, the island of Dugi otok and Mljet (DHMZ, 2013; DHMZ, 2020). The years between 2013 and 2020 in the eastern part of the Adriatic were characterized by the complete absence of upwelling (2014, 2016, 2017 and 2019) (Figures 8B, D, E, G) or weak upwelling (2015 and 2018) (Figures 8C, F) caused by a small number of days with bora and NW winds (DHMZ, 2013; DHMZ, 2014; DHMZ, 2015; DHMZ, 2016; DHMZ, 2017; DHMZ, 2018; DHMZ, 2019).



Primary production in the eastern part of the Adriatic Sea

To obtain a downright result from the monthly fields of primary production, the anomalies of primary production were calculated by subtracting the mean value for the entire period 2013 – 2020 from each monthly field and dividing the result by the standard deviation of the entire period. The obtained spatial distribution of primary production anomalies in June for the eastern part of the Adriatic showed us a significant spatio-temporal variability for the observed period (Figure 9), ranging from a strongly increased production in the whole observed area (2013), to a slightly increased production in the areas of Kvarner Bay, Dugi otok and Jabuka Pit (2015, 2017 and 2018), to a weaker or stronger decrease (2014, 2016, 2019 and 2020). The observed productivity decline spanned too short a period to statistically verify the negative trend, but the decline in 2014 coincides with the start of the new regime of reduced productivity (Kovač et al., 2018).




Discussion

Anchovy, as a highly important fishery species in the Adriatic Sea, but also worldwide, has been monitored for decades through national monitoring programs that refer to catch data and data from echosounder surveys. Based on the collected data, Adriatic anchovy stock assessments have been made and nowadays its stock is defined as overexploited and in overexploitation (GFCM, 2021). Although standardized ichthyoplankton surveys have not been routinely conducted in the Adriatic Sea, from 2013 till today ichthyoplankton sampling has been carried out within the summer scientific expedition “Mediterranean International Bottom Trawl-Surveys (MEDITS)” to provide spatio-temporal insight in anchovy early life stages occurrences and abundances which may shed light on the lately recorded diminished reproductive potential. Successive ichthyoplankton sampling during the summer months (June-July) over the last eight years (2013 – 2020) revealed the presence of anchovy eggs and larvae over the entire continental shelf of the eastern Adriatic Sea (Croatian fishing ground). This, as well as the values of their abundance ranges (4 – 864 eggs/m2; 4 – 952 larvae/m2), were consistent with previous findings (Gamulin and Hure, 1983; Regner, 1985) for this study area. Between years, abundances of early life stages of anchovy were found to fluctuate slightly but generally showed a decreasing trend over the years. (Supplementary Figure 1). This declining trend in anchovy early life stages coincides with the declining trend in estimated spawning stock biomass that has been associated with fishing pressure (GFCM, 2021). Although fishing mortality could be the cause of this decline, the observed fluctuation in their abundance could also be related to a coincidence/inconsistency between the peak of spawning and the sampling period. Previous scientific studies that investigated the long-term variability in the number of anchovy eggs and larvae in the Mediterranean Sea or the Adriatic Sea and their relationship with ecological parameters mainly used linear methods such as regression, correlation and Generalized Additive Models to analyze four main parameters: SST, salinity, Chl-a concentration and depth (Fernández-Corredor et al., 2021). Our study broke with this common practice of linear methods and showed that nonlinear GNG can be used to explain multiple dependencies, which was also the first hypothesis in this work. We succeeded in describing the interplay between anchovy and environmental variables and presenting it in the context of more understandable patterns. SST, Chl-a and salinity were the main environmental parameters used. However, unlike in previous papers, depth was not considered. The reason for this was that any depth greater than 100 m during sampling was written as 100, resulting in the 100 m depth accounting for more than 30 percent of the measurements.

One of the results of the GNG analysis that catches the eye is the variability of the spatial distribution of BMUs, which shows us that there is a line that divides the Adriatic Sea into two parts: the northern one, where the more abundant BMUs predominate, and the southern one, where the less abundant BMU predominate (Figure 6).The increased abundance of eggs in the Kvarner Bay and near the mouth of the Zrmanja River is consistent with previous studies (Zorica et al., 2015; Zorica et al., 2020), but the constant classification of the west coast of Istria as an area richer in anchovy eggs and larvae is a novelty. It can be said that the average position of the dividing line was at the southern end of Dugi otok, but this position was not fixed in all years, as it fluctuated in the north-south direction. In 2020, it shifted significantly to the north (Figure 6H), as shown by the extension of less abundant and saltier BMUs to the southern edge of Kvarner Bay. The main features of this BMUs, are a positive anomaly for salinity, a negative anomaly for Chl-a, and low numbers of eggs and larvae. This northward push of salinity-dominated BMUs is well supported by the descriptive statistics for salinity, which show a sharp increase in salinity at all stations over the past two years (Figure 4E) and a previously documented overall high salinity in the Adriatic Sea (Mihanović et al., 2021). The aforementioned northerly propagation of higher salinity values in the last two observed years is even more evident in the modeled salinity fields from which the salinity values included in the GNG analysis were extracted (Figure 7). The increase in salinity was mainly due to the BiOS cyclonic regime that brought salty LiW into the Adriatic and dominated during the period 2013-2020, with the exception of 2017 and 2018. The year 2017 was characterized by a transitional phase of BiOS, when the inflow into the Adriatic continued but salinity was still high due to very dry conditions and low river discharge (Beg Paklar et al., 2020; Mihanović et al., 2021). In 2018, BiOS changed to an anticyclonic regime. This change was also captured by GNG, as indicated by the prevalence of the lowest salinity BMU6 in the central Adriatic in 2018 (Figure 6E). Apart from the influence of BiOS, BMU6 successfully mapped the effects of the increase in freshwater due to the combination of river inflow and rain in 2014 (Figure 6B) (Mihanović et al., 2018; Kokkini et al., 2020) and the average lower salinity values in the southern Adriatic in 2015 (Figure 6C) (Mihanović et al., 2021). BMU from more abundant class located near the mouth of the Neretva River associated a slightly increased egg abundance with river flows that brought freshwater and decreased salinity in 2013, 2018 and 2019 (Supplementary Table 2). In the central Adriatic near the island of Dugi otok and the Jabuka Pit, the influence of more frequent upwelling, which brought colder water to the surface, was evident in 2013, 2018, and 2020 (Figure 8). From previous studies, these areas are considered important spawning areas due to the abundance of upwelled nutrients (Regner et al., 1987;  Sinovčić, 2000; Zorica et al., 2015; Zorica et al., 2019; Zorica et al., 2020). When looking at BMUs with a focus on salinity, we found that lower numbers of eggs and larvae were associated with BMUs with higher salinity values (above 38.4), which we classified as less abundant BMUs, and with BMU6 with lower salinity (37.6) (Supplementary Figure 2 and Supplementary Table 1).Together, they accounted for nearly 60% of total BMU cases from 2013 to 2020, and during the observed period, their annual cumulative share not only never fell below 55%, but reached as high as 90% in 2019 (Figure 5B)¸ For the more abundant BMUs, but not those with extreme values (2, 3), salinity ranged from 38.10 to 38.26, and their cumulative proportion showed a downward trend toward 10% in 2019 (Figure 5B). Together, they accounted for nearly 30% of the total BMU cases from 2013 to 2020 during the investigated period. BMUs from the more abundant class but with extreme abundance of eggs and larvae (2, 3) were an exception to the salinity effects observed for the other BMUs of the same class. Their cumulative abundance was about 3% and, in some years, they were not observed at all (2015, 2016, 2017, 2018) (Figure 5B). In terms of salinity, their values 38.59 and 38.42 were higher than the salinity values for less abundant but more frequent BMUs such as 4, 5 and 7. Considering only the salinity part of the BMU analysis, we see that a dome-shaped relationship was observed for the BMUs comprising 97% of the analysis, where the most frequent but not the most abundant BMUs were associated with salinity values between 38.1 and 38. 3. It was known from previous studies in the Adriatic Sea that anchovy eggs were found in environments where salinity reached values between 9.1 and 38.7 (Betulla Morello and Arneri, 2016) and a positive correlation between abundance and salinity was found in a small-scale study area (Mandić et al., 2019), but in this work, we uncover a nonlinear relationship between abundance and salinity, which is particularly important when considering the increase in salinity in the Adriatic Sea, which is mainly driven by the decrease in river outflow, lower precipitation, and the influx of saline water from the Mediterranean Sea (Mihanović et al., 2021; Matić et al., 2022). Besides for salinity, anchovies also showed high tolerance for temperature during spawning (peak values were observed in a range between 18 and 28°C) (Betulla Morello and Arneri, 2009). Similar results were found using GNG in this paper, where no strong relationship between abundance and temperatures was observed. BMUs with increased abundance of eggs and larvae covered the entire temperature range: from the lowest value 22.84°C associated with river inflow and upwelling to the highest value of 26°C. The third environmental parameter we attempted to link to abundance was satellite-measured Chl-a. Compared to the two previously analyzed parameters, it showed a significant positive relationship with abundance, consistent with previous studies (Maynou et al., 2020). In all BMUs classified as more abundant, Chl-a levels exceeded 0.2 mg/m3. These values represent a significant increase in Chl-a concentration in an oligotrophic environment such as the eastern part of the Adriatic Sea (Kovač et al., 2018). Previously in this paper, we investigated what is behind anchovy spawning by examining three environmental parameters and their interplay by GNG analysis. Of the physical processes going on in the background, we looked at the BiOS during salinity analysis. And during the SST analysis, the importance of upwelling became clear (Figure 8). This was especially true for more abundant BMU7, which had lower SST values, higher Chl-a values, egg and larval abundances, and was located in areas previously known for upwelling (Gačić et al., 1997) (Figure 6). BMUs from all three groups were observed on the outer coast of Dugi otok and the eastern part of the Jabuka Pit in strong upwelling years 2013 and 2020 and in weak upwelling years 2015 and 2018. The strong upwelling in 2013 had no significant effect on the increase in abundance of eggs and larvae in the Jabuka Pit, as we can see from the distribution of less abundant BMUs. The reason is that in 2013 extremely high air temperatures were measured in this part of the Adriatic, so the areas under the influence of upwelling did not have an overall low SST, considering the whole period of investigation (DHMZ, 2014a). Closer to the mainland, where upwelling is more frequent, more abundant BMUs with the lowest SST values were found. 2015, although with far fewer upwelling days compared to 2013, had a similar distribution of BMUs in the eastern Jabuka Pit. Another year of weak upwelling, 2018, had a different spatial distribution of BMUs in the area compared to previous years: more saline but less abundant BMUs were replaced by less saline and also less abundant BMUs, but egg-rich and low SST BMUs appeared near the mainland. And finally, when we look at 2020 with a pronounced upwelling in the same area, we see that less abundant BMUs are the most common, while the more abundant BMUs are rare. Thus, the GNG analysis shows that upwelling influence on abundance can be diminished by the influence of salinity. This phenomenon was most easily seen by comparing the July 2013 and 2020 maps: strong upwelling is observed (Figures 8A, H), but high salinities covered the entire Adriatic Sea in 2020 (Figure 7H), resulting in lower primary production (Figure 9H) and lower abundance of eggs (Figure 2H) and larvae (Figure 3H) compared to 2013 (Figures 9A, 2A, 3A).We found a positive relationship between egg and larval abundances and Chl-a concentration, but this only raises the question of primary production. Previous analyses of long-term data showed that primary production can affect anchovy spawning with a delay of up to 2 months (Regner, 1996; Zorica et al., 2013). To test this claim, anomalies in primary production were examined in July (Figure 9) for the direct relationship and in April, May and June (Supplementary Figures 3, 4 and 5) for the delayed relationship. In the most productive years of 2013 and 2015 (Figures 4A, B), there was a strong positive anomaly since May for the entire basin (2013) and for the north-eastern part of the Adriatic basin (2015), culminating in very high primary production in July in both years. This was reflected in a large number of stations along the entire eastern coast where a large number of eggs were sampled (Figures 2A, C; 3A, C), or, in terms of BMUs, in an increased spread of more abundant BMUs. In the case of 2018, a different time shape has appeared. April, May and June had positive anomalies of primary production in the eastern part of the Adriatic, but in July the value of the anomaly decreased. Thus, the question of which month makes a greater contribution to spawning abundance, the current month or the previous one, cannot be answered accurately by looking at the monthly mean values. However, using this tool, it can be clearly stated that abundance increases in areas where there has been a large primary production up to two months prior to sampling. And conversely, which is particularly observable for 2014 and 2019, negative primary production before and during sampling is reflected in lower abundance.




Figure 7 | Monthly average map of the modelled salinity at 10 m depth in the Adriatic Sea for the month July in the period 2013 – 2020 (A–H).






Figure 8 | Number of days for the month of July in 2013 - 2020 (A–H) when upwelling occurred, was determined using the upwelling detection method based on SST maps.






Figure 9 | Spatial distribution of phytoplankton primary production anomalies in the Adriatic Sea for the month of July in the period 2013 - 2020 (A–H).





Conclusions

Neural network analysis was used for the first time in the Adriatic Sea to analyze an 8-year multiparametric dataset of anchovy eggs and larvae together with environmental parameters such as Chl-a concentration, salinity and SST. The results showed us that this type of analysis helped us overcome the limitations of using linear methods and extract spatiotemporal patterns that explain the multi-year variability of egg and larval abundances in an oligotrophic sea like the Adriatic. We found that abundance is mainly influenced by the interaction interplay of Chl-a and salinity and that temperature does not play a direct role. However, the influence of temperature should not be ignored, even if it was not detected here, because warming of the Mediterranean Sea and consequently the Adriatic Sea can have direct effects on primary production, which affects the abundance of adult fish and consequently can affect on the recruitment success in the next season (Giorgi, 2006; Pastor et al., 2018; Patti et al., 2020). The long-term anchovy data series used in this work allowed us to link them to a climate index such as BiOS. In this work, the effects of climate change through salinity were well described, but the link with the transport of nutrients to the Adriatic Sea was missing. As for the recent increase in salinity, we have only just captured its impact, as we do not yet know how salinization will affect the environment in the long term. Although the analysis in this work has been exhaustive, other questions have arisen that can be addressed by incorporating other environmental parameters, such as nutrient data, phyto- and zooplankton sampling, vertical profiles of temperature, oxygen, Chl-a and salinity. Due to measurement gaps, we cannot always rely on satellite data and measured data are always more reliable than modelled data. The sampling strategy needs to be modified to cover as much of the spawning period as possible, focusing on areas of abundant spawning where station locations need to remain consistent over the years. With these enumerated methods and improvements, we will be able to fill in the large gaps in our knowledge of the early biology of anchovy, providing a more complete picture of how climate change is affecting anchovy stocks in the Adriatic.
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