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Abstract

:

The spatial and temporal variability in the dietary preferences of juvenile three-spined stickleback Gasterosteus aculeatus were studied across the typical coastal habitats of Keret Archipelago, Kandalaksha Bay(the White Sea). The sampling of fish using a beach seine was conducted in the late July–early August period and in late August. Additionally, zooplankton samples were collected to conduct a quantitative assessment of the abundance of potential prey items. The similarity percentage (SIMPER) analysis was applied to the data obtained from the stomach content and revealed the five planktonic taxa most prominently contributing to the diet of juvenile sticklebacks. Among these, the copepod Temora longicornis was the most important prey item at marine sites, while Acartia longiremis dominated the diet of fish in the marine lagoon. The calculation of the selectivity index revealed that some taxa (such as A. longiremis) were always avoided by juvenile fish, whereas the selectivity of some taxa increased in late August. In general, juvenile sticklebacks demonstrated a pronounced individual variation in their selectivity, even when a particular prey item was selected positively during the whole period of study. Our data highlight that despite the predominant consumption of easily available prey by juvenile sticklebacks, they demonstrate taxonomic- and size-specific prey selectivity.
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1. Introduction


The survival of juvenile life stages is critical for the successful recruitment of fish populations [1,2,3]. At the spawning and nursery grounds, the survival of juveniles can be a strong influencing factor on habitat type and trophic relationships with adult fishes of the same and other species, especially regarding predation and competition [4]. The abundance and diet of adult and juvenile fish at a particular spawning ground can be strongly dependent on the type of spawning ground. Wave explosion, water turbidity, substrate, availability of shelter, predator pressure, and availability of food resources are all factors shaping the quality of fish spawning grounds [5,6,7,8].



The indented coastline of Kandalaksha Bay, the White Sea, is an important spawning area for many common species, such as herring Clupea pallassii [9,10], smelt Osmerus dentex [11], and two species of sticklebacks: nine-spined stickleback Pungitius pungitius and three-spined stickleback Gasterosteus aculeatus [12]. These latter two species belong to an ecological group of ‘small fishes’, which are an important element of coastal and pelagic food webs [13,14,15,16]. Studies of the dietary preferences of sticklebacks, as mostly demersal fishes during the spawning season and pelagic during the rest of the year, are important for better understanding benthic–pelagic coupling in temperate and subarctic marine ecosystems. The marine populations of the three-spined stickleback are migratory—these fishes spend most of the summer in inshore areas and are pelagic species during the other months of the year. Adults lay eggs in mid-June, larvae hatch within one week, and then juveniles grow in the inshore and nearshore areas until late summer and early autumn [17]. Recent studies, based on combinations of the conventional stomach content analysis, carbon and nitrogen stable isotope analysis, and environmental DNA analysis, demonstrate that the diet of adult sticklebacks at spawning grounds includes benthic and planktonic taxa with pronounced shifts within the spawning season [18,19,20].



Previous studies of the diet of juvenile White Sea G. aculeatus at nursery grounds focused on the most suitable habitat for this species—dense beds of eelgrass and Zostera marina [21]. However, as sticklebacks use several types of intertidal habitats as nursery grounds, including Z.marina, rockweeds Fucus spp. and Ascophillum nodosum, semi-isolated marine lagoons and even rocky shores [17,22], it is important to understand how each type of spawning and nursery ground affects the trophic behavior of growing juveniles. By comparing the dietary preferences of juvenile fish with the structure of nearshore zooplankton communities, this paper focuses on the comparative analysis of the feeding patterns of three-spined stickleback juveniles across various typical nursery grounds for this species in early and late phases of active juvenile growth in nearshore waters during their first summer.




2. Materials and Methods


Samples were collected in August 2014 over two periods of the G. aculeatus spawning season, particularly 1.08–2.08 (hereafter—date 1, or early August) and 18.08–20.08 (date 2, or late August) at six sites differing by dominant intertidal habitat (Table 1, Figure 1). Sampling was implemented using a beach seine with the length and height of wings at 7.5 and 1.5 m, respectively; the mesh size was 5 mm from knot to knot in the wings and 1 mm in the codend. The seine was pulled from the shoreline with a rowing boat to an approx. 30-m distance from the shore and then pulled towards the shore to encircle the 120 square meter area.



In order to calculate the abundance of sticklebacks per square meter in a way that is comparable with other studies on sticklebacks in the White Sea using the same sampling equipment [18,22], the catch efficiency coefficient equal to 0.6 (the ratio of fish caught in relation to the total number of fish in the catch area) was applied. In a few cases, sticklebacks were caught using hand nets. From the seine net, two samples were collected. One consisted of 50 mL of fish to evaluate the abundance and size structure of juvenile sticklebacks. The other was collected for the evaluation of juvenile diets. The number of fish used for diet analysis is presented in Table 1. Exceptions were the samples from Keret and Krugliash at date two, when the abundance of fish was low, and all juveniles from the seine net were collected.



Simultaneously to juvenile stickleback sampling, we also collected zooplankton samples to analyze the density of planktonic food organisms. One replicate per site was collected with a plankton net (mesh size 93 µm) by filtering 100 L of the surface water.



The diet of juvenile sticklebacks was evaluated using standard stomach content analysis [18], and the subsequent calculation of standard indices was calculated either per sample (usually 30 fish, see Table 1) or per individual fish.



The following indices were used: feeding intensity measured as the fullness index (FI, ‱ or FI) [23,24], the frequency of occurrence (%Fi), the percentage of biomass (%Ii), the percentage number (%Qi), and the number of taxa from the stomach content significantly contributing to the diet (D-index). The partial feeding intensity index (PFI), expressing the fullness contribution of each prey category, was then assigned, summing up to the total stomach fullness [25,26]. Based on stomach content data, the D index was also calculated, indicating the number of ‘effective taxa’, i.e., the taxa significantly contributing to the diet of fish [27].



The role of individual objects in the diet (i.e., prey selectivity) was also calculated using the following Equation (1) [28,29]:


  E =   (   r   i   −   p   i   )   (   r   i   +   p   i   )    



(1)




where E is the selectivity index, ri is the proportion of prey species i in fish stomachs, and pi is the proportion of prey species i in the sea.



As a result, the E index represents the relative composition of the prey items in the stomach content and in the environment. The selectivity index was calculated based on either the food spectrum of individual fish within the sample or averaged per sample. The selectivity index generally varies between −1 and 1, with negative values indicating avoidance and positive values indicating active selection. Following several recent studies on food selectivity in aquatic species [30], E index values between −0.25 and +0.25 were considered as indicating non-selective feeding with E ≥ +0.25 indicating the preference for specific prey items, and E ≤ −0.25, and avoidance of particular prey items.



Statistical analyses were performed using standard spreadsheet software (MS Excel 2013), STATISTICA v7.0, PAST v.411 [31], and R version 4.2.3. Separate factorial ANOVA analyses were implemented to reveal the differences between sampling dates and sites using various parameters, e.g., the TL, FI, and D index, for the contribution of prey items to the food spectrum. The assumptions of ANOVA analyses were evaluated with Fisher’s post hoc comparisons. The relationships between FI and the abundance of juveniles and the E index of each prey item and TL of juveniles were evaluated using linear regression analysis. A two-way ANOSIM test was applied to explore the differences between the diet of juvenile sticklebacks by date and site [32]. ANOSIM generates a test statistic, R, and the magnitude of R is indicative of the degree of separation between groups, with a score of 1 indicating complete separation and 0 indicating no separation [33,34]. Similarity percentage analysis (SIMPER) was used with the Bray–Curtis dissimilarity metric to examine which prey items mostly contribute to the diet of juvenile sticklebacks [33].




3. Results


3.1. Size Structure and Abundance of Gasterosteus aculeatus Juveniles


Two-factor ANOVA results revealed some significant differences in juvenile length across the sites studied and the two periods of observation (F5,1186 = 10.68, p < 0.0001). The mean total length (TL) of juveniles increased by 15–25% in August at two eelgrass Zostera marina bed sites (Seldianaya: from 16.5 ± 0.2 to 20.7 ± 0.3; Letnaya: from 16.4 ± 0.4 to 18.9 ± 0.1 mm). In Koliushkovaya lagoon, where dense eelgrass beds are also present, the mean length increased from 16.7 ± 0.4 to 19.1 ± 0.2 mm (Figure 2). An increase in TL was also observed at the rockweed site Podpakhta from 15.4 ± 0.3 to 16.3 ± 0.3 mm, yet the significance level was lower than for eelgrass and lagoon sites. On the other two sites, TL did not change significantly. At these two sites, represented by rockweeds (Krugliash) and an intertidal rocky shore (Keret), the density of juveniles was lower in late August compared to the eelgrass bed sites. Data on the density of juveniles at all sites during the two periods of study is shown in Figure 2.




3.2. Feeding Intensity of Gasterosteus aculeatus


Feeding intensity, measured as the stomach fullness index (FI), significantly varied between early and late August (ANOVA, F5,311 = 8.88, p < 0.01) and between the sites within each of the two periods of sampling (early August: F5,174 = 5.74, p < 0.001; late August: F5,137 = 5.91, p < 0.001). The proportion of empty stomachs in juvenile sticklebacks never exceeded 20% and did not vary between the data and station, with a 9% mean for all sites in early August and 6% in late August.



FI varied between early and late August at all sites except Podpakhta and Koliushkovaya (Figure 3). At Seldianaya, FI decreased by 2.7 times from 447.5 ± 91.6‱ in early August (maximum value across all six sites) to 165.9 ± 30.8‱. At the other three sites, FI increased in late August, and at Krugliash (the rockweed site), mean FI increased 4.7 times from 85.3 ± 22.6‱ to 401.8 ± 101.6‱. Based on the regression analysis, the FI of individual fishes was significantly and inversely proportional to the abundance of juveniles (F1,321 = 9.429, R2 = 0.029 p = 0.0023).




3.3. Stomach Content Analysis


In total, 31 prey items were found in the stomachs of juvenile sticklebacks. The number of taxa found in the stomachs varied between sites and dates from 7 to 17, with an overall mean value of 13. The mean number of taxa per individual varied between 2.4 and 5.1 (mean = 3.9). The maximum taxonomic diversity in the stomach contents was observed in fish from Seldianaya and a minimum in Koliushkovaya. The mean number of taxa mostly contributing to the diet (evaluated using the D index) per fish was 2.7 (with a maximum of 3.5 and minimum of 1.9) based on abundance and 2.4 taxa (max 3.2, min 1.6) using the biomass of food items. The two-factor ANOVA demonstrated that the D index and number of taxa in individual stomachs of stickleback juveniles varied between the dates of sampling and sites (F5,282 = 5.58, p < 0.0001). The list of taxa mostly contributing to the diet varied between sites (Figure 4). The D-index did not show a significant correlation with FI (R = −0.04, p > 0.05 using abundance data and R = 0.07, p > 0.05 using biomass data).



The similarity percentage (SIMPER) analysis revealed five planktonic taxa that mostly contribute to the diet of juvenile sticklebacks. Of these, 22% of the heterogeneity among samples was explained by the abundance of Temora longicornis (Müller O.F., 1785), 9% was explained by Acartia longiremis (Lilljeborg, 1853), 13% by Podon leuckarti (G.O. Sars, 1862), 13% by Copepoda juv. (nauplii and copepoditii Copepoda), 6% by Microsetella norvegica (Boeck, 1865), and 13% by benthic Orthocladiinae larvae. The total heterogeneity among samples was 88%, and the changes in biomass of the above-mentioned species in the stomach content explained 75% of the spatial and temporal differences between the samples.



The most important planktonic component of the diet of juveniles was T. longicornis, observed in the stomach contents of juvenile sticklebacks at marine sites, contributing, on average, 32% to the total biomass of stomach contents (varying between 17 and 60%). It contributed to the significantly different diets between sites and sampling periods (ANOVA, F5–311 = 21.32, p < 0.0001). The only site where T. longicornis did not contribute significantly to the stomach content was Koliushkovaya lagoon, where A. longiremis prevailed in the diet of juvenile sticklebacks.



In early August, the highest proportion of this species in stomachs was found in Seldianaya (two-way ANOVA post hoc p < 0.05). In late August, the proportion of T. longicornis at Seldianaya was similar, and an increased proportion of this species in stomachs was observed at Keret (two-way ANOVA post hoc p < 0.001) and Podpakhta (two-way ANOVA post hoc p < 0.01).



The most important component of benthic feeding was Orthocladiinae larvae, contributing, on average, 17% to the stomach contents and reaching a maximum of 38%. No variation in the consumption of this species by stickleback juveniles was observed between sites and dates if a complete dataset was taken into use in the analysis (two-way ANOVA, F5–311 = 3.46, all post hoc p > 0.05). However, among the early August samples, a higher proportion of Orthocladiinae was observed in Seldianaya (ANOVA post hoc p < 0.01).



In general, planktonic taxa prevailed in the stomach contents both by density (up to 98%) and biomass (up to 95%) (see Figure 4 for details). Benthic species (nine taxa) significantly contributed to biomass (from 5% to 46%) only at a few sites and for a short period of time. Two-factor ANOVA demonstrated that the proportion of planktonic components in the diet of fishes did not vary between these two periods of observation (F5,282 = 2.5, p = 0.43) but varied between sites (F5,282 = 2.5, p < 0.05). The only site where benthic taxa significantly contributed to the diet of juvenile sticklebacks by biomass at both periods of observation was Krugliash (36% and 46%, respectively). The length of the juveniles (TL) did not have a significant effect on the proportion of benthic versus planktonic taxa in the stomach contents found using one-way ANOVA (F18,275 = 1.53, p = 0.07).



The two-way ANOSIM analysis implemented using the partial fullness index (PFI) revealed that both the date and site of sampling significantly affect the diet of juvenile sticklebacks (Table 2). Similar analyses conducted on three other input data (%Ii, %Qi, presence-absence of taxa) also yielded highly significant (p < 0.0001) R values for both the date (ANOSIM R values between 0.51 and 0.52) and site (R values between 0.23 and 0.29) factors. The diet of sticklebacks varied between sites significantly in each of the two sampling periods according to a one-way ANOSIM analysis (Table 2). Pairwise comparisons revealed that in early August (Date 1), all sites differed significantly from each other. In late August (Date 2), two pairwise site comparisons did not reveal significant differences (Letnaya-Keret) and (Keret-Podpakhta); the remainder were significant (Table 2).




3.4. Food Resources: Zooplankton


In total, 25 zooplankton taxa were recorded during the study, varying between 1 and 15 taxa per site. The taxonomic diversity of planktonic communities at marine sites was similar across the two periods of investigation. The most abundant taxa at marine sites were M. norvegica, T. longicornis, Oithona similis and P. leucartii. This group of taxa was observed at all sites except Koliushkovaya lagoon, yet the contribution of each taxon to the general abundance values was different across the sites and the two periods of study (Figure 4). In Koliushkovaya lagoon, only one zooplankton species was found—A. longiremis.



The diversity of zooplankton measured with the D-index using abundance (N) and biomass (B) values varied between sites and dates. According to the two-way ANOVA (factors ‘site’ and ‘date’), both the abundance and biomass of zooplankton varied significantly between sites (ANOVA, F1–5 = 2.62, p < 0.05), and the biomass of zooplankton significantly varied between the dates of sampling (ANOVA, F1–5 = 6.64, p < 0.05). The highest abundance and biomass values of zooplankton were observed in the lagoon (ANOVA post hoc p < 0.05). While no significant differences were found between zooplankton abundance at marine sites, eelgrass beds tend to show higher values in early August, while rocky shore and rockweed sites had a higher zooplankton abundance in late August (Table 3).




3.5. Food Selectivity


The calculation of Ivlev’s selectivity index E based on the food spectrum of individual fish yielded the following results. In early August (Figure 5), negative values of the E index lower than < −0.25 (i.e., avoidance of prey items) were observed for A. longiremis and O. similis at most sites, indicating that these species were found in zooplankton communities but were absent in the stomach contents of juvenile sticklebacks. The only exception for A. longiremis was marine lagoon Koliushkovaya, where E values varied between zero and −0.25. In M. norvegica, a mean value lower than <−0.25 was observed only at the eelgrass site of Seldianaya; at other sites, E varied between −0.25 and +0.25 for this species. Positive E values higher than 0.25 (prey selectivity) were observed for T. longicornis and P. leuckartii at the rockweed site of Podpakhta and for T. longicornis at another rockweed site, Krugliash. At the lagoon site, Copepoda juv. were selected by sticklebacks against a background of high negative values of E observed at other sites.



In late August, the stickleback still demonstrated an avoidance of A. longiremis and O. similis at most sites. Juvenile copepods (Copepoda juv.) were predated selectively at the lagoon and rockweed site Krugliash. The selective predation of stickleback juveniles on M. norvegica was also observed at Krugliash as well as at Seldianaya. No clear selectivity of T. longicornis was observed in late August; P. leuckartii was avoided at Seldianaya and positively selected at the rocky shore site of Keret (Figure 5).



Using the E index based on the values averaged per sample revealed that A. longiremis and O. similis were avoided by juvenile sticklebacks in early and late August. In A. longiremis, the values of the E index varied between −0.14 and −1 and were −1 for O. similis at all sites and dates. The early August values of E for T. longicornis were positive at all sites, reaching +1 and varied between −0.2 and +0.9 in late August. Similarly, the E index was positive for P. leuckartii in early August, but a highly negative (−1) value was demonstrated for Seldianaya in late August in contrast with other sites (Figure 5). Linear regression analysis did not reveal relationships between the TL of fish and the E index of each prey item.





4. Discussion


4.1. August Planktonic Food Resources of Juvenile Sticklebacks


In general, the zooplankton of the studied sites was represented by a boreal warm-water mass-related taxa assemblage typical of the coastal areas of the White Sea in summer [35]. The dominant group was Copepoda, reaching 90–100% of the total biomass and density of the whole zooplankton community with the addition of taxa belonging to Cladocera. These results correspond well with major studies of zooplankton in the region that describe Copepoda as the major contributing group to White Sea zooplankton [36,37].



The absolute zooplankton biomass varied between 38.5 and 5040 mg/m3 with a general mean of 779 mg/m3. When Koliushkovaya lagoon was excluded from the analysis, due to the exclusive dominance of A. longiremis, the total biomass of zooplankton in ‘open’ marine sites was 281 mg/m3. These values correspond well to the within-decadal variation in zooplankton biomass in Kandalaksha Bay between 140 and 257 mg/m3 [38]. These studies also indicate that zooplankton biomass is generally higher in coastal areas compared to the open sea [35].



Among the nursery grounds studied, the highest total biomass of zooplankton was observed in eelgrass (Zostera marina) beds. As dense eelgrass thickets significantly reduce water currents, this community located on the edge of subtidal and intertidal zones forms a unique habitat for both planktonic and benthic species [39,40]. Locally calm hydrodynamic conditions provide an optimal habitat for zooplankton [41,42] and, thus, support the extensive food resources for juvenile sticklebacks for which eelgrass beds are also a most important nursery habitat.




4.2. Size Structure and Abundance of Juvenile Sticklebacks at Nursery Grounds


The studied G. aculeatus nursery grounds can be subdivided into three types on the basis of stickleback juvenile abundance: habitats with constant abundance throughout the juvenile nearshore growth season, either constantly high or low, and habitats where the abundance of juveniles decreased from early to late August.



The exposed rocky shore—Keret—was the least optimal nursery ground, where the abundance of juvenile fish was constantly low. On the contrary, eelgrass beds—Seldianaya, Letnaya—and the marine lagoon were the most optimal nursery grounds and also the most important spawning ground for adult sticklebacks [22]. While rockweed sites—Krugliash and Podpakhta—demonstrated a high abundance of juveniles in early August, these significantly decreased at the end of the growing season. At two of the three eelgrass bed sites studied (Seldianaya and marine lagoon Koliushkovaya), the abundance of juveniles was high during the whole growing season (Figure 2). The mean length of juveniles at all three eelgrass sites also increased by the end of August, indicating the successful growth and survival of fish. These results correspond well to data from aquarium experiments that demonstrate how juvenile sticklebacks prefer eelgrass to rockweed habitat. Eelgrass beds are presumed to provide shelter for juvenile sticklebacks and other juvenile fish from predators; thus, the survival rate of juveniles in this nursery habitat is high [39,40,43,44,45].




4.3. Feeding Intensity in G. aculeatus Juveniles


In this study, the feeding intensity of fish was evaluated using the index of stomach fullness (FI) [23,24]. Fish with empty stomachs never exceeded 20%, indicating both suitable conditions for feeding and active feeding behavior at the sites studied. Previously, higher values of 60–80% of fish with empty stomachs were reported. These values are linked to temperature conditions and the availability of food [46,47,48]. Our findings on FI variation among the sites studied and over the two periods of the stickleback spawning season correspond well with the data from Abdel-Malek, 1968 [48]. During that time, FI in juvenile sticklebacks varied between 50 and 456 ‱, producing very similar values to this study. Recent data on Baltic Sea populations also demonstrated similar values [20]. Feeding intensity was not related directly to the type of nursery ground but was related to the abundance of juveniles. Fish from samples with a lower abundance were characterized by a higher feeding intensity regardless of the period of sampling.




4.4. Stomach Content in Juvenile G. aculeatus


In total, 31 prey items were recorded in the stomachs of juvenile sticklebacks, varying between 7 and 17 in various nursery habitats. According to studies conducted in the 1960s [48], the number of taxa in the stomach contents varied between 5 and 25, indicating the same level of diversity of prey objects in the stickleback diet throughout a five-decade period between studies. In general, juvenile sticklebacks were found to be planktivorous, as planktonic taxa prevailed in the stomach content by abundance and biomass. Among the diversity of prey items, nine benthic taxa were found in the stomachs, rarely contributing up to 46% of biomass to the stomach content. Krugliash was the only site where benthic taxa were important for the stickleback diet during both early (36%) and late (46%) August.



The prevalence of planktonic diet in juvenile stickleback diet has previously been reported from the White Sea [21,43], the Baltic Sea [49], and freshwater lakes in the British Isles [50]. In adult White Sea three-spined sticklebacks, the diversity of prey items is also comparable [18], and similar values of the diversity of prey items were observed in nine-spined stickleback P. pungitius from lacustrine environments despite the fact that adult fish were mostly considered in the study [51].



The D index and number of taxa in individual stomachs varied significantly between the dates and sites and did not correlate with FI. The fish diet varied between early and late August, and no relationship between the size of fish (TL) and the taxonomic richness of prey items in stomachs was observed. No clear differentiation between the taxonomic richness of prey items consumed by stickleback juveniles in relation to the particular type of marine nursery ground was found. Nevertheless, within each sampling period, the diversity of prey items observed in the stomachs was significantly different between most sites, with minor exceptions indicating differences in the availability of prey items. The highest number of ‘effective’ taxa (i.e., mostly contributing to the diet of fish based on the calculation of the D index) was observed in Letnaya and Podpakhta (4.6 ± 0.16 and 4.5 ± 0.16), contrasting with the marine lagoon Koliushkovaya where the lowest number of effective taxa (2.52 ± 0.14) was found in fish diet. At the eelgrass site Seldianaya, the diversity of prey items was highest in early August and, on average, in late August. In the stomachs of individual fish, 2–5 prey items were observed, indicating that. despite the broad taxonomic range of potential prey items found in the stomachs at each site, these <5 prey items prevailed in the fish diet. According to our data, 70% of the fish diet was described as ‘effective’, and the other 30% were randomly consumed. Across all the sites studied, two taxa were the most important contributors to the diet of juvenile sticklebacks, namely T. longicornis and Orthocladiinae, similar to the data from Seldianaya obtained earlier [21], with the only exception of the marine lagoon, where A. longiremis overwhelmingly prevailed in the zooplankton. In late August samples, the proportion of T. longicornis was higher, probably indicating that, with the growth of individual fishes, their ability to catch this crustacean increased. The consumption of chironomid larvae (Orthocladiinae) via stickleback larvae probably indicates the patchy distribution of this prey item. Chironomids are common and an important element of fish diets in marine and freshwater ecosystems [4,50,51,52].



When Orthocladiinae is present in the stomach contents of juvenile sticklebacks, they represent the majority of the food biomass consumed, while T. longicornis occurs evenly across the individual fish within the sample. On average, three individuals of Orthocladiinae were observed per stomach of G. aculeatus, with a maximum of eight larvae. No differences in the consumption rate of Orthocladiinae were observed between the sites and dates of sample collection. A comparison of the consumption of other effective taxa by stickleback juveniles revealed that the consumption of P. leuckartii varied significantly among sites only, while the consumption of T. longicornis, M. norvegica, Copepoda juv., and A. longiremis varied between both sampling dates and sites. The observed spatial and temporal variability in the diet of juvenile sticklebacks corresponds well with the previous findings [29,48,49,53].




4.5. Prey Selectivity by Juvenile Sticklebacks in the White Sea


Prey selectivity has previously been studied in both adult and juvenile three-spined sticklebacks, yet these studies were mostly implemented using aquarium experiments or in freshwater environments and were more often focused on adult fishes. Yet, these studies contributed significantly to an understanding of the role of local hydrology in trophic preferences [54], the profitability and visual characteristics of prey items [55], and competition with other species within the same habitat [56,57], with a special focus on ecosystems where the three-spined stickleback is a non-native species [58,59]. As the body size of sticklebacks is comparable to many macroinvertebrate predators (e.g., insect larvae), potential overlaps in their dietary preferences were also considered [60]. One of the most detailed descriptions of dietary shifts in sympatric species of sticklebacks, including G. aculeatus, P. pungitius, G. wheatlandi, and Apeltes quadractus, was implemented at tidal saltmarsh spawning grounds in Canada [61]. This study considered seasonal dynamics in the selective feeding of sticklebacks from early summer when adults came to the spawning grounds in late August and when both adults and juveniles were present in the samples [61].



In our study, in early August, T. longicornis was selectively preferred by juvenile sticklebacks (Ivlev’s E index values up to 1) at all sites studied, based on the E index averaged per sample. Considering individually calculated E index values, similar results or neutral selectivity were obtained. The selectivity for T. longicornis (mean body size 0.56 ± 0.003 mm) varied among sites in late August when both ways of calculating the E index were applied. While E index values for average fish varied from −0.2 to + 0.9 at various sites, individual data yielded values between −0.42 and + 0.34, both indicating neutral or even avoiding a pattern of selectivity for this species. A similar seasonal variation in selectivity by sticklebacks was observed for P. leuckartii. At most sites, this species was selected positively during early August. In late August, the positive selectivity for this species was observed at Keret (reaching +0.64 by individuals and +0.8 by average fish). On the contrary, P. leuckartii was avoided by juveniles at Seldianaya in late August, according to both methods of calculating the E index.



Two prey taxa (M. norvegica and Copepoda juv.), as the smallest organisms in the stickleback diet, were considered, demonstrating opposing patterns of selectivity over the two periods of observation. The mean size of M. norvegica was 0.41 ± 0.001 mm, and Copepoda juv. was mainly represented by nauplii Copepoda (0.11 ± 0.001 mm). These taxa were among the prey items of mainly smaller juvenile sticklebacks. Both prey items were negatively or neutrally selected in early August (E from −0.75 to +0.06 for M. norvegica and from −0.8 to −0.16 for Copepoda juv.) and positively or neutrally selected in late August (E from +0.23 to +1 for M. norvegica and from −0.19 to +1 for Copepoda juv.). A plausible explanation for the change in dietary preferences of these fish might be that this shift is linked to changes in the abundance of prey items. In early August, both M. norvegica and Copepoda juv. each contributed about 15–20% to the total zooplankton biomass (Figure 4). Later, their abundance in the zooplankton decreased, but small sizes of juvenile sticklebacks were still present at the nursery grounds due to the extended spawning period (Figure 2). The observed decrease in the abundance of M. norvegica and Copepoda juv. in zooplankton might be related either to seasonal trends or be a consequence of selective feeding by juvenile sticklebacks.



Several dominant planktonic taxa were mostly avoided by sticklebacks. In both periods of observation, O. similis was avoided at all sites where this species was present in the zooplankton (see Figure 3 and Figure 4 for details). As the size of individual O. similis (0.4 ± 0.005 mm) is similar to M. norvegica, differential selectivity patterns for these two species can be linked to several factors. First, M. norvegica (as in many other Harpacticoida) is bright-colored (red to orange). As the same part of the spectrum is recognized by at least female sticklebacks during the mating season [62], this can potentially increase the visibility of this species for juvenile sticklebacks. Second, these species demonstrate very different swimming behaviors. Despite spending most of their time motionless, cyclopoids of the genus Oithona (e.g., O. plumifera) are able to jump fast for up to 20 body lengths (speed 22.1 mm/s) and almost exclusively upwards [63]. This behavior can be beneficial for O. similis to avoid attacks by sticklebacks. On the contrary, M. norvegica demonstrated a very slow swimming velocity (0.6 mm/s) [64], and even T. longicornis, almost always selected by sticklebacks, had a speed of 5.9 mm/s in adults, and lower values during early life stages [65].



Another species selectively avoided (E index values mostly around −1) by juvenile sticklebacks was A. longiremis at nearly all sites and over both periods. In zooplankton communities, this species reached about 60% of the total biomass, and in the marine lagoon, Koliushkovaya reached 100% of the total biomass. Considering that the FI of stickleback juveniles at this site was generally low (Figure 3), it is possible to assume that this is a case of forced feeding on the only available prey item despite high prey availability. The possible evidence for forced dietary preferences in the lagoon is that selectivity for the second prey item group available—Copepoda juv.—was highly positive despite its remarkably low abundance in the zooplankton. This probably indicates that when individual fish find the larvae of copepods (remarkably, this group can also include early stages of A. longiremis to some extent), feeding on them is preferred, and if not, the only available food is adult A. longiremis.



While a comparison of the two methods of calculating the E index mostly yielded similar results, the following three cases can be considered: (1) E index values calculated per individual and per average fish both simultaneously indicated either very high or very low positive selectivity, (2) each index indicated values within the ‘neutral’ selectivity zone between −0.25 and +0.25, (3) the averaged fish index indicated positive selectivity while the individual-based index indicated slightly negative or neutral selectivity. Individual variation in the prey selectivity for P. leuckartii by G. aculeatus at various sites in early August is a good example of these three patterns (Figure 6). Thus, the conventional way of calculating the E index, i.e., the values calculated per average fish at the nursery ground (i.e., local population), mostly indicated a general trend of prey selectivity by individual stickleback populations at each nursery ground. On the contrary, individual E values provided more accurate estimates and indicated sites and dates where various fish within the sample had different consumption levels of prey items by individuals within the local population.





5. Conclusions


This study provides several insights into the prey selectivity of the juvenile three-spined sticklebacks of Gasterosteus aculeatus in several types of nursery ground habitats during their early and late phases of active growth in inshore waters during their first summer in the White Sea.



Nursery grounds were classified into three categories based on the abundance of juvenile sticklebacks. Eelgrass beds were found to be the most optimal nursery grounds, with consistently high juvenile abundance and successful growth and survival. By contrast, exposed rocky shores were the least optimal, with consistently low juvenile abundance. The stomach content analysis indicated that the percentage of fish with empty stomachs was generally low, indicating suitable feeding conditions and active feeding behavior among juvenile sticklebacks. Feeding intensity was correlated with the abundance of juveniles, with a higher feeding intensity observed in samples with a lower abundance. The diet of juvenile sticklebacks was primarily planktonic. Benthic taxa played a significant role in the diet at specific sites, particularly in the rockweed habitat. The diversity of prey items varied between sites and sampling periods, with a few dominant prey items making up the majority of their diet. Juvenile sticklebacks exhibited prey selectivity, with preferences for certain prey items in early August. However, prey selectivity patterns varied among the sites and time periods, indicating the influence of local factors and prey availability. Some prey items, such as A. longiremis, were selectively avoided, while others, like T. longicornis and P. leuckartii, were positively selected. Seasonal changes in prey availability appeared to influence the dietary preferences of juvenile sticklebacks. This study found that selectivity for specific prey items shifted between early and late August, potentially in response to changes in prey abundance.
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Figure 1. The study area. 
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Figure 2. Density plots of size frequency distribution of juvenile three-spined stickleback Gasterosteus aculeatus at studied spawning grounds of Chupa inlet. TL (OX axis)—total length. The color of each density plot indicates two periods of sampling (dates 1 and 2; see Section 2 for details). Vertical dashed lines correspond to mean TL values. F-values and corresponding p-values are from one-way ANOVA tests used to compare mean TL between two periods of sampling. 
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Figure 3. Box plots of seasonal variation in the fullness index (FI, ‱) of juvenile three-spined stickleback Gasterosteus aculeatus (L.) at various spawning grounds. The horizontal bar in the middle of each box is the mean; the box indicates the quartiles (25th and 75th percentiles) of FI values, and the whiskers indicate the non-outlier range. 
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Figure 4. The structure of zooplankton communities (stacked bar plots) and the stomach contents (circle diagrams) of juvenile sticklebacks in early and late August. Habitat types of nursery grounds are indicated by symbols; lines connect a series of observations at each site. Percentage values indicated by the site names (e.g., Letnaya −96%) denote the percentage change in the abundance of juvenile sticklebacks at each site between the two periods of observation. The size of each bar plot is proportional to the total biomass of zooplankton at the two periods of observation; the size of each circle diagram is proportional to the FI (fullness index) of stickleback stomachs at each site. 
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Figure 5. Seasonal variation in Ivlev’s food selectivity index (E) in juvenile three-spined stickleback Gasterosteus aculeatus in early and late August. Dashed lines correspond to selectivity index values of −0.25 and +0.25. Filled bars represent the within-sample variation in the E index calculated per individual fish (E index mean ± SE); semitransparent bars represent the E index calculated per average fish in the sample. 
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Figure 6. Individual variation in prey selectivity (E index mean ± SE) for Podon leuckartii by juvenile three-spined stickleback Gasterosteus aculeatus in early August. Bars represent the individual E index values per fish studied; fish ID (OY axis)—the individual fish number in each sample. The top plates above location names correspond to the mean values of the E index per sample as in Figure 5 (E index mean ± SE and E index per averaged fish in sample), respectively. Dashed lines correspond to selectivity index values between −0.25 and +0.25. 
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Table 1. Basic information on sampling locations (geographic coordinates and intertidal habitat type) and the number of samples collected during the two sampling periods.
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Site

	
Coordinates

	
Intertidal Habitat

	
G. aculeatus Sample Size, Ind.




	
Date 1

	
Date 2






	
Keret

	
N 66.30261

	
E 33.69054

	
rocky shore

	
30

	
12




	
Krugliash

	
N 66.33070

	
E 33.54565

	
rockweeds

	
30

	
11




	
Koliushkovaya

	
N 66.31335

	
E 33.64348

	
lagoon, eelgrass bed

	
30

	
30




	
Letnaya

	
N 66.24456

	
E 33.79524

	
eelgrass bed

	
30

	
30




	
Podpakhta

	
N 66.29600

	
E 33.61527

	
rockweeds

	
30

	
30




	
Seldianaya

	
N 66.33765

	
E 33.62485

	
eelgrass bed

	
30

	
30











 





Table 2. Summary results of one-way analysis of similarities (ANOSIM) analyses based on partial fullness index (PFI) data.






Table 2. Summary results of one-way analysis of similarities (ANOSIM) analyses based on partial fullness index (PFI) data.





	
Factor

	
R-Value

	
p-Value






	
Date

	
0.33

	
0.0001




	
Site

	
0.27

	
0.0001




	
Date 1

	
0.38

	
0.0001




	
Date 2

	
0.37

	
0.0001




	

	
Pairwise, Date 1

	
Pairwise, Date 2




	

	
R-value

	
p-value

	
R-value

	
p-value




	
Keret-Krugliash

	
0.39

	
0.0001

	
0.44

	
0.0001




	
Keret-Koliushkovaya

	
0.73

	
0.0001

	
0.81

	
0.0001




	
Keret-Letnaya

	
0.44

	
0.0001

	
0.1

	
0.0851




	
Keret-Podpakhta

	
0.25

	
0.0001

	
0.13

	
0.0728




	
Keret-Seldianaya

	
0.5

	
0.0001

	
0.51

	
0.0001




	
Krugliash-Koliushkovaya

	
0.53

	
0.0001

	
0.55

	
0.0001




	
Krugliash-Letnaya

	
0.15

	
0.0002

	
0.41

	
0.0001




	
Krugliash-Podpakhta

	
0.12

	
0.0014

	
0.49

	
0.0002




	
Krugliash-Seldianaya

	
0.12

	
0.0005

	
0.5

	
0.0001




	
Koliushkovaya-Letnaya

	
0.75

	
0.0001

	
0.52

	
0.0001




	
Koliushkovaya-Podpakhta

	
0.57

	
0.0001

	
0.61

	
0.0001




	
Koliushkovaya-Seldianaya

	
0.55

	
0.0001

	
0.13

	
0.0001




	
Letnaya-Podpakhta

	
0.24

	
0.0001

	
0.15

	
0.0001




	
Letnaya-Seldianaya

	
0.16

	
0.0001

	
0.38

	
0.0001




	
Podpakhta-Seldianaya

	
0.18

	
0.0001

	
0.33

	
0.0001











 





Table 3. Mean + SE density (N, 1000*ind/m3) and biomass (mg/m3) of zooplankton at various types of stickleback nursery grounds in the White Sea.






Table 3. Mean + SE density (N, 1000*ind/m3) and biomass (mg/m3) of zooplankton at various types of stickleback nursery grounds in the White Sea.





	
Nursery Ground Type

	
Date 1

	
Date 2




	
N

	
SE N

	
B

	
SE B

	
N

	
SE N

	
B

	
SE B






	
lagoon

	
126

	
-

	
5040

	
-

	
30

	
-

	
1500

	
-




	
eelgrass beds

	
35.8

	
15.05

	
327.7

	
222.64

	
13.2

	
11.22

	
282.2

	
239.39




	
rocky shore

	
17.6

	
-

	
142.7

	
-

	
12.5

	
-

	
465.9

	
-




	
rockweeds

	
7.9

	
3.51

	
50.8

	
12.29

	
16.4

	
11

	
440.2

	
329.88
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