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Abstract

:

The results of our preliminary studies indicated that the diets of predatory fishes can be bioindicators of faunistic changes in ecosystems and indirectly of changes taking place in aquatic environments in the Pomeranian Bay. We examined the diet composition of top predators Gadus morhua, Sander lucioperca, Perca fluviatilis, and the mesopredator Neogobius melanostomus. The diet composition of the perch, pikeperch, and round goby in the Pomeranian Bay was analyzed for the first time. Our findings indicated that perch, an euryphagous species, is the best potential bioindicator because it is present in the area studied most of the year and has a low to moderate feeding index (FI). Baltic cod, also an euryphagous species, could be a good bioindicator in the areas where it is abundant and occurs frequently, but not in the Pomeranian Bay, where it is caught mainly in the fall. Round goby, which is present in the area studied and had a low FI, is a stenophagous species that preys mainly on benthic species, while pikeperch had a very high FI and the least number of prey species in its diet. The results of trophic interaction analysis among the predators analyzed and their non-native/invasive prey are also provided.
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1. Introduction


Aquatic ecosystems can be affected by climate change and stressors of anthropogenic origin, including pollution, intensification of transport, commercial fishing, eutrophication, and hydrotechnical constructions [1,2,3,4,5]. Coastal fish communities are also increasingly impacted by habitat degradation, recreational fishing, boating, food web interactions, and hazardous substances [6], while water warming and freshening in the future will also exert additional stress on coastal marine systems [7]. The occurrence of alien or invasive aquatic species, which could be an effect of the stressors mentioned above (mainly from the intensification of marine transport and climate warming), is another important challenge for environment stability [2,8]. Ship ballast water is recognized as one of the primary transport vectors for the global transfer of aquatic organisms and is now regarded as the major vector of introductions of non-indigenous species (NISs) [9,10,11].



Using fishes for environmental monitoring has a relatively long history, for example, Sweden and Finland began using them in the 1960s and 1970s, but these investigations focused on chemical contamination and biochemical analyses of fish tissues [12,13,14,15]. More recently, scientists have found that predatory fish can be used as living devices for sampling organisms co-occurring with them because their diet should include the taxa of prey available to them, modified by environmental conditions [16]. Fish stomach content is a compelling data source that can provide information about predator diets, prey fish distribution, predator–prey preferences, and changes in diets over time. Predatory fishes, which are at the apex of the trophic pyramid, indicate more or less clear changes in the environment through changes in the frequency and composition of diet components [16,17,18]. It is a comparatively easy method for monitoring long-term environmental changes, especially when using commercially important fish species [19].



When climate change is considered, ocean warming can increase metabolic costs within food webs for predators. Previous studies have demonstrated that this stressor can alter the structure and drive the collapse of marine trophic pyramids. Climate change affects aquatic environments, creating new food webs, which can be observed in predator diets. Yet, surprisingly, the impacts of climate change on predator diets remain poorly understood [20,21,22].



Diet analysis of piscivorous fishes like Atlantic cod, Gadus morhua, is an accepted bioindicator of ecosystem change, for example in the St. Lawrence Bay area. Highly significant changes in cod-consuming euphausiids and Atlantic herring would need to be included in the development and interpretation of ecosystem-based management models for this ecosystem [19]. Another species, the Greenland halibut, Reinhardtius hippoglossoides, was used as a bioindicator of environmental changes in the waters surrounding Greenland. Increased water temperature resulted in the migration of Atlantic cod toward colder waters, resulting in the decrease in cod predation pressure on Pandalus spp. shrimp, on which Greenland halibut started to feed [23,24]. Coastal predatory fishes are also of key importance for provisioning ecosystem services in the Baltic Sea [6]. Changes in the cod diet in the southern Baltic Sea [25] were caused by a long period without inflows of saline waters from the North Sea in the 1980s, and cod started to feed intensively on sprat, Sprattus sprattus, because of a lack of bottom invertebrate prey, the abundance of which depends on saline water inflows. In addition, according to many sources, European perch is commonly used as an indicator species in environmental monitoring programs because it is a key species in coastal fish communities in the Baltic Sea [5,6,26,27,28,29].



The epicontinental, enclosed, non-tidal Baltic Sea is one of the largest brackish water areas in the world, with a surface area of about 415,266 km2. It is a shallow sea, with a maximum depth of 460 m and a mean depth of 60 m [30]. The Pomeranian Bay in the southwestern Baltic Proper (Bornholm Basin) is a large, shallow basin off the Polish and German coasts with a mean depth of 13 m [31]. Salinity at the bottom layers ranges between 7.2 and 7.6 (average 7.4), while at the surface layers its range is between 3.9 and 7.3 (average 6.2). Water temperature in the bottom layers ranges from 7.0 to 22.3 °C (average 16.0 °C), while the surface layers range between 7.8 and 23.4 °C (average 16.4 °C) [32]. The Pomeranian Bay region has riverine water input and water exchange with adjacent open seawaters (Beszczyńska-Möller, 1999) [33]. There are 60 species of fishes and lampreys (Więcaszek et al., 2023) [34]. Top predators in the Pomeranian Bay include Baltic cod, G. morhua L., which is a typical marine species, while pikeperch, Sander lucioperca (L.), and European perch, Perca fluviatilis L., are freshwater fish species that also inhabit brackish waters [35]. The mesopredator round goby, Neogobius melanostomus (Pallas, 1814), one of the most wide-ranging invasive fishes on Earth, is a euryhaline species that can inhabit both freshwater and saline environments [36].



The hypothesis of our study is that predatory fish diets can be bioindicators of faunistic changes in ecosystems, and thus, they are indirectly bioindicators of changes occurring in aquatic environments. If the hypothesis is true, the question is which species of predatory fishes in the Pomeranian Bay—Baltic cod, European perch, pikeperch, or round goby, which all occur more or less permanently in this area—can tell us the most about environmental changes in the area. The additional goal of this study was to identify trophic interactions among these predators and their prey of non-native origin.




2. Materials and Methods


Material for this study was collected from the Pomeranian Bay (ICES IIId, subdivision SD 24). In the first phase of surveys (2012–2014), fishes were collected during commercial fish species monitoring surveys conducted from RV SNB-AR-1 with trawls (mesh size 10–20 mm) at depths of 5.0 to 12.8 m. Fishing routes (A, B, C, F, G, R, V, W, and Z) covered the area of 53°55′ N–54°15′ N and 14°15′ E–14°35′ E. In the second phase of surveys (2018–2019), fishes were collected during commercial catches (vessel DZI-97) as by-catch. The commercial fishing vessel also used trawl nets (30 mm mesh size in the cod end) in the area of 53°57′ N–54°10′ N and 14°19′ E–14°47′ E at depths of 5.5 to 12.0 m (Figure 1; Table S1).



2.1. Material


Catches were conducted from June to December, three times a year (once in summer, fall, and winter). After preliminary analyses of feeding index (FI), species abundance in the study area, and prey taxa spectrum, the diet of the European perch was chosen for further detailed analysis. Perch catches were conducted in 2012–2014 three times a year and in 2018–2019 only in September and November, because in winter the FI for perch was the highest.



Studies of pikeperch and round goby were concluded after two research years—2012 and 2013. Historical material from 2007 for round goby was also included in this study. Studies of Baltic cod were concluded in 2014; however, examinations were repeated in September 2019 (25 specimens) prompted by fishers reporting a high abundance of the invasive Harris mud crab, Rithropanaepeus harrisii, in cod stomachs in the study area.



A total of 1061 fishes (Baltic cod, pikeperch, European perch, and round goby) were examined, including 467 specimens of perch, 176 specimens of cod, 143 specimens of pikeperch, and 95 specimens of round goby. The characteristics of the species examined and the times of the catches are presented in Table 1 and Table 2.




2.2. Methods


In the laboratory, the TL and SL of the fish specimens were measured to the nearest 0.1 cms. The fishes were also weighed to the nearest 0.1 g. Next, the fishes were dissected ventrally, and the alimentary tract (esophagus and stomach) content was examined under a Nikon SMZ 1000 zoom stereo microscope with a magnification of 0.5–8× and a Motic K-Series with a magnification of 6–31×. Prey organisms were identified to the lowest possible taxonomic level, which was generally to the species level, except for a few prey items that were highly digested. Pieces of food items were weighed and measured (if possible), and otoliths were collected to confirm prey fish identification [37]. The taxonomical keys of Fish and Fish [38], Hayward and Ryland [39], and Barnes [40] were used to identify the prey.



The number of round goby fish in the stomachs of perch was counted. If possible, the TL of the round goby was measured. When the caudal fins were destroyed and only SL was measured, TL was reconstructed with the equation of the correlation between the SL and TL. Similarly, when only otoliths (sagittae) were found, TL was reconstructed using the equation of correlation between otolith length and round goby TL (Więcaszek et al., 2020) [36]. In 46 cases, single otoliths from round gobies were found (or only single otoliths could be extracted from gobies’ skulls), and in 30 cases, two otoliths each from round gobies (left and right) were recovered. The correlation between perch and round goby prey TL was also calculated, and its statistical significance was verified with Student’s t-test.



The following indices concerning the food of fishes were determined [41,42]:




	-

	
Feeding index (FI)—the coefficient that determines the fraction of empty stomachs from all stomachs examined in percentage shares (in length classes) is calculated as follows:


  F I =    ∑   S   E     ∑ S    × 100 ,  



(1)




where SE—number of empty stomachs, S—number of all stomachs; in our study, empty stomachs were defined as the absence of any organic matter in the alimentary tracts;




	-

	
The frequency of prey occurrence in the stomachs of predators (N) is calculated as follows:


  N   %   =      n   i     n    × 100  



(2)




where (in particular length classes of predators) N—percentage contribution of prey taxon ni—number of stomachs of predatory fish species containing i-th prey species, n—number of stomachs of all predatory fish species;




	-

	
The percentage index of prey weight in the stomachs of predatory fish species (W) is calculated as follows:


  W   %   =    ∑   W   i     ∑ W    × 100  



(3)




where W—weight of all prey in stomachs of predatory fish species and Wi—weight of i-th prey in particular predatory fish species stomachs.









The composition of the diets was subjected to statistical inference in the R environment [43]. To analyze the overlap of the predator feeding niches and to assess similarity and to compare diet composition among the species and length classes, all taxa of prey were split into 13 groups of higher taxa (Table 3).



The overlap of feeding niches was calculated for the fish predators examined with the following formula:


    α = ( ∑     p   i a   ∗   p   j a     ) / [ ( ∑   p   i a   2   ) ∗ ( ∑   p   j a   2   ) ]   2    



(4)




where pia—weight contribution of food items in the feed of i-th predator and pja—weight contribution of food items in the feed of j-th predator [44,45,46]. Value α oscillates between 0 (totally different niches, not overlapping) and 1 (niches totally overlapping) [47].



In the analysis of similarity concerning the diet composition of all predators, and, separately for perch among the length classes, Ward’s hierarchical agglomerative clustering method and Euclidean distance were used in R [43,48].



Additionally, graphical analysis proposed by Costello [49] with Amundsen’s amendment [50] was performed to assess the proportion of food items in the perch diet. This method consists of a two-dimensional representation of prey percentage contribution of weight on the y axis and the frequency of occurrence on the x axis.



A comparative analysis of perch diet according to size class was performed to check for the possible influence of body size on feeding habitats and to determine whether it was a food generalist or specialist.



To check the relationship between the frequency of perch prey and predator length class, sex, and season of the year, the higher taxa and bulk taxonomic groups of prey were analyzed with the RcmdrPlugin. HH packet [51]. Comparison charts among the years of study for the higher prey taxa were performed with the ggstatplots package.



The diets of European perch and the remaining fish predators were also used to identify trophic interactions among them and their prey of non-native/invasive origin in the area studied.



In order to explain the influence of physicochemical variables of water downloaded from the website https://www.satbaltyk.pl [52] accessed on 16 September 2024, the FactoMineR package was used [53]





3. Results


3.1. Analysis of All Predators Diet


A total of 29 prey species were identified in the diets of all predatory fishes, while some prey species from higher taxa, such as Polychaeta, Mysidacea, Amphipoda, Decapoda, Mollusca, Clupeidae, and Pleuronectidae, were unidentified (Table 3). The highest number of prey species was found in the Baltic cod diet (17 species and 5 unidentified species from higher taxa), followed by the European perch diet (15 species and 2 unidentified species from higher taxa), the round goby diet (9 species and 2 unidentified species from higher taxa), and the pikeperch diet (8 species and 2 unidentified species from higher taxa) (Tables S2 and S3).





 





Table 3. Higher taxonomic groups of prey.






Table 3. Higher taxonomic groups of prey.











	Lp
	Name
	No. of

Species
	Characteristics





	1
	Polychaetes (Polychaeta)
	At least one
	All taxa from this class (most often undetermined)



	
	Crustacea:
	
	



	2
	Mysids (Mysidacea)
	3
	Neomysis integer, Praunus flexuosus, Mysis mixta; Mysidacea indet *.



	3
	Isopods (Isopoda)
	1
	Idotea sp.



	4
	Amphipods (Amphipoda)
	6
	Corophium volutator, Echinogammarus ischnus, Gammarus duebeni, Gammarus locusta, Gammarus zaddachi, Pontogammarus robustoides; Amphipoda indet.



	5
	Decapods (shrimps)(Decapoda)
	3
	Crangon crangon, Palaemon elegans, Rhithropanopeus harrisii



	6
	Molluscs (Mollusca): (Bivalvia and Gastropoda)
	5
	Cerastoderma glaucum, Mytilus sp., Mya arenaria, Macoma balthica, Peringia ulvae; Mollusca indet.



	
	Actinopterygii:
	
	



	7
	Clupeids (Clupeidae)
	2
	Clupea harengus, Sprattus sprattus, and Clupeidae indet.



	8
	European smelt Osmerus eperlanus (Osmeridae)
	1
	Osmerus eperlanus



	9
	Sand eels (Ammodytidae)
	2
	Ammodytes tobianus and Hyperoplus lanceolatus



	10
	Round goby Neogobius melanostomus (Gobiidae)
	1
	Neogobius melanostomus



	11
	Flatfishes (Pleuronectidae)
	1
	Platichthys flesus and Pleuronectidae indet.



	12
	Small pelagic fishes—SPF
	
	O. eperlanus + clupeids



	13
	Small benthic fishes—SBF
	
	Sand eels + N. melanostomus + flatfishes



	
	Others
	4
	Very rare taxa, recorded in single samples or in single predator stomachs; not included in the analysis: Amphibalanus improvisus, Zoarces viviparus, Sander lucioperca, Pomatoschistus minutus








The tree diagram of diet similarity among all four predatory fishes is presented in Figure 2. The round goby feeding niche overlaps minimally with the other predatory species. The pikeperch diet also stands out from both those of the round goby (to a greater extent) and perch and cod (to a much lesser extent). This was confirmed by the results of analysis based on the trophic groups of fishes (Table 4), which showed the similarity of the round goby diet composition compared to that of Baltic cod and pikeperch as close to null, while compared to European perch it was 0.06. The highest similarity (0.65) of diet composition was found between cod and perch. The similarity between the cod and pikeperch diets was much lower (0.32), while that between pikeperch and perch was very low (0.22).



After analyzing FI (Table 5), the frequency of occurrence of species in the area studied, and the prey taxa spectrum (Tables S2 and S3), the diet of perch was chosen for further detailed analysis. Perch had a moderate FI (average 35.3%, with the highest ranges in winter), and it is present in the Pomeranian Bay during most of the year. Figure 3A, which presents the diet composition of all the perch specimens examined, indicates that, as a species, perch did not specialize in feeding on a few taxa of prey, nor was it as an opportunistic species that consumes any prey encountered. It is rather an “intermediate” species with a relatively broad spectrum of prey (17 taxa).



Baltic cod had the lowest FI values (4.3%) with the broadest spectrum of prey taxa (22) (Table 5 and Table S2). Nonetheless, it occurs in the Pomeranian Bay mainly in August and from September to December, as is illustrated in Figure 4, which shows the efficiency of cod specimens per hour of trawling in 2011–2019. Round goby, which had a low FI (13.9%) (Table 5) and is present in the Pomeranian Bay during most of the year [54], showed a relatively narrow prey spectrum (11 taxa) limited mainly to Mollusca (Table S2). Pikeperch had the highest FI (51.4%) with the relatively small number of 12 prey taxa (Table 5 and Table S2).




3.2. Analysis of the European Perch Diet


A detailed distribution of perch length classes (TL) is presented in Figure 3. The most numerous were perch of 15–25 cm TL (over 65% of the sample), while the least numerous were the largest perch (1.5% of the sample).



The perch diet in 2012–2015 and 2018–2019 is presented in Figure 4 and in Table S3. In the whole sample, the most frequent prey was decapods, followed by small benthic fishes (SBFs), round goby, mysids, and amphipods. In terms of the weight ratio, SBF and decapods predominated markedly. Isopods, polychaetes, and other species were the least important (Figure 3A).



The strongest distinctiveness (both in prey taxa frequency of occurrence and weight proportion) was noted in the smallest perch specimens and then, to a lesser degree, in the largest ones (Figure 5). In perch from the 2nd to 4th length classes, close similarity was noted both in the prey taxa frequency of occurrence (Figure 5A) and weight contribution (Figure 5B). The similarity between the largest perch and the medium-sized perch (2nd to 4th length classes) was much closer to the smallest ones.



Among the smallest perch (10.0–14.9 cm) (Figure 3B), the most important diet component was mysids (both in frequency and weight ratio), but their contribution decreased as fish length increased. Decapods were the second most important (both in weight ratio and frequency), while their importance increased with perch length. The SBF contribution (with round goby and pleuronectids) was low but increased with perch length. The least important diet components were isopods, polychaetes, and mollusks. There was a high contribution of small pelagic fishes (SPF), that is, clupeids and smelt, in the smallest perch, but this decreased markedly in the next length class, then slowly increased in significance up to the 4th length class. For perch 15.0–19.9 cm of TL (Figure 3C), the most important diet components were decapods, then SBF and round goby (both in weight ratio and frequency) and mysids (but only in frequency). The least important were polychaetes, clupeids, mollusks, and amphipods. For perch 20.0–24.9 cm TL (Figure 3D), the most important diet components were decapods, then SBF and round goby (both in weight ratio and frequency), and then amphipods (but only in frequency). The least important were mollusks, mysids, and others. For perch 25.0–29.9 cm TL, the most important diet components were decapods and then SBF and round goby (both in weight ratio and frequency), while the least important were mollusks, mysids, and clupeids (Figure 3E). For the largest perch (Figure 3F) (30.0–34.9 cm TL), the most important prey was SBF, then round goby (both in weight ratio and frequency), while decapods were found most frequently. The least important were pleuronectids.



Plots of interaction among length class, study season, and predator sex for higher prey taxa and the weight contribution to perch diets for invertebrate and fish prey are illustrated in Figures S1 and S2, respectively. The analysis of weight contribution in the seasons of the year studied revealed that the highest contributions of all groups of invertebrates were in the summer (Figure S1). Decapods (Figure S1A1), a very important taxon in the perch diet, were present in all perch length classes from summer to winter (Figure S1A2), with the highest weight in stomach content noted in summer. Perch females strongly dominated the sex distribution, followed by males and juveniles (Figure S1A3). Mysids, the second most important taxon in the perch diet, were present in the stomach content of perch from the 1st to 4th length classes (Figure S1B1) from summer to winter with a distinct peak in summer (Figure S1B2), and they were recorded more frequently in males (Figure S1C3). Mollusks were present in perch from the 1st to 4th length classes (Figure S1C1) and were recorded in diets in summer and autumn (Figure S1C2), with the highest mass noted in the stomach content of juveniles and females (Figure S1C3). Amphipods were recorded in perch diets in fish from the 1st to 4th length classes (the highest biomass was recorded in the 3rd length class) (Figure S1D1) in summer, autumn, and winter (the highest biomass was recorded in fall) (Figure S1D2), with the highest prey weight noted in the stomachs of females and males (Figure S1D3).



Prey fish species were recorded most often in the summer and fall, while in winter, only round goby and SBF were noted. Clupeids (Figure S2A1–A3) were present in perch mainly in the 3rd length class exclusively in summer and mainly in the stomachs of females. Round goby fish (Gobiidae) (Figure S2B1–B3) were present at similar levels from summer to winter, more frequently in females and, to a lesser extent, in males. Pleuronectids (Figure S2C1–C3) were present in the stomach content only of female perch in the summer and fall. SBF (including Gobiidae and Pleuronectidae) (Figure S2D1–D3) were present mainly in the stomachs of females from summer to winter. SPF (including clupeids and smelt) were recorded in the perch diet in the summer and fall, mainly in the stomachs of juvenile and female perch (Figure S2E1–E3).



A comparison of the weight contribution of higher prey taxa in the perch diet during this study is presented in Figure S3. In the case of mollusks (Figure S3A), a continuous decline in the mean weight of Mollusca was noted from 2014 to 2019. Mysids (Figure S3B) were present in the perch diet in 2012–2014 and in 2019, with the highest mean weights in 2013 and in 2014, while the lowest weight was recorded in 2019. Amphipods (Figure S3C) were recorded in perch stomach content in 2013–2014 and 2018–2019, with the highest mean weight noted in 2018 and the lowest in 2019. Decapods (Figure S3D) were the most frequent prey taxa of perch and were recorded in 2012–2014 and 2018–2019, with the highest mean weight in 2012 and in 2013, while the lowest was in 2014 and in 2018. Round goby (Figure S3E) was recorded in 2012–2014 and 2018–2019. The highest mean weight of round goby was noted in 2013, while the lowest was in 2018. Pleuronectids (Figure S3F) and SPF (Figure S3G) were found only in 2012 and 2014. SBF (Figure S3H) trends were the same as those of round goby (Figure S3E).



From the PCA chart (Figure S4) explaining a total of almost 99% of the variation, it is clear that salinity positively affects the abundance of Neogobius melanostomus, Pleuronectidae, Clupeidae, Amphipoda, empty stomach, and also Decapoda. In addition, the temperature has a positive effect on Mollusca and Mysidacea. In contrast, the content of O2 (mg), PO4, NO3, and NO2 (taken together) in water negatively affects the abundance of Mollusca.




3.3. Relationships in the Food Web among Predatory Species and Their Invasive/Alien Prey Species


Relationships in the food web among predatory species and their invasive/alien prey species are presented in Figure 6. In this food web, in addition to short predator–prey food chains, there are also long, three-node food chains through the round goby. Seven alien species were recorded as follows: soft-shell clam, Mya arenaria (Mollusca and Bivalvia); rockpool prawn, Palaemon elegans; Harris mud crab (Crustacea and Decapoda); barnacle, Amphibalanus improvisus (Crustacea and Cirripedia); Pontogammarus robustoides; Echinogammarus ischnus (Crustacea and Amphipoda); and round goby (Actinopterygii and Gobiidae).



All the top predators in this study had round goby in their diets, and it was most frequent in perch alimentary tracts, followed by those of Baltic cod. It was noted least frequently in the pikeperch diet and was the only invasive species found in the diet of this species.



During the five years of study, in the diet of 75 perch, 154 specimens of round goby were recorded both as whole fish or only as otoliths (76 sagittae). The distribution of round goby numbers and their TL range in perch length classes by study year are illustrated in Table 4. Round goby was present in all perch length classes. The TL of prey ranged from 1.46 cm to 8.28 cm. The most round goby was noted in perch in the 15.0–19.9 cm TL class—35.1%; they were also numerous in the subsequent 20.0–29.9 cm TL class—approximately below 30%. The least numerous round goby was in the smallest and largest perch (approximately 6.4% in total). The most round goby was recorded in the perch diet in 2013 (98 individuals), and then their number decreased to 4 in 2018 and increased to 26 in 2019. The largest round goby (mean 5.79 cm TL) was noted in 20–24.9 cm perch and then in 30–34.9 cm perch (mean 5.32 cm TL), while the fewest round goby was noted in the smallest perch (mean 2.06 cm TL). The correlation between perch and round goby TL was not statistically significant.



The perch diets also included single specimens of the alien decapod rockpool prawn, which was noted once in 2013, 2014, and 2019, while Harris mud crab was noted only in two stomachs in 2019. Single specimens of soft-shell clam were noted in 2018 and 2019, while the barnacle was found only once in fall 2012.



In addition to round goby, the Baltic cod diet included the following alien crustaceans: amphipods (E. ischnus and P. robustoides), the decapod rockpool prawn, and soft-shell clam. Additional studies in 2019 revealed the presence of the Harris mud crab in 90% of Baltic cod stomachs (from one to five specimens per fish).



The analysis of the round goby diet indicated the presence of single specimens of soft-shell clam, barnacle, and Harris mud crab.





4. Discussion


4.1. New Tools for Measuring Ecosystem Dynamics Using Analyses of Aquatic Predators Diet


Recently, the rapid pace of environmental change has forced the development of a new suite of tools for measuring ecosystem dynamics. Knowledge about factors influencing trophic interactions is fundamental to understanding food web dynamics. As sentinel species, marine top predators can provide insight into ecosystem functioning and predict future change. An understanding of trophic links in marine food webs is important for identifying the prey resources used by predators and important prey that might affect their survival and resource partitioning [16,26,55,56].



Predators used for the bio-monitoring purposes should demonstrate biological traits such as euryphagous feeding habits, low FI, constant and sufficient abundance in areas of study, and they should not exhibit highly migratory behavior. Therefore, in our preliminary study, we tried to answer the question of which predatory fish species in the Pomeranian Bay could provide the most information on environmental changes in the area based on their diet. We tried to identify trophic links of predatory fishes to improve our understanding of marine ecosystem dynamics in response to the different stressors in the Pomeranian Bay. Climate change, inflows of saline waters from the North Sea, the occurrence of alien/invasive species, or pollutants that cause the extinction of sensitive species are such stressors [57].



Among the species studied, the Baltic cod, an omnivorous species [41,58,59,60], with the most numerous prey in its diet and a low FI in this study, seemed to be the best bioindicator. What also seemed to be important was that cod can readily change its diet in response to various changes in the environment [19]. However, in the Pomeranian Bay, it has been caught rarely in recent years and mainly in the fall. Its contribution to the research catches was low, oscillating between 25 and 35% of hauls [54]. Further, on 22 July 2019, the European Commission approved emergency measures to protect eastern Baltic cod and established a prohibition to target cod in ICES SDs 24–26 of the Baltic Sea, which remains in force today [61].



Round goby, which is present in the Pomeranian Bay almost throughout the year and had a low FI in this study, seemed to be suitable for monitoring purposes in this area but only for the benthic zone because it preys mainly upon invertebrates, especially Mollusca [62,63]. Pikeperch had the lowest number of prey in its diet and the highest FI. To date, there are very few data on the diet of subadult and adult pikeperch in the Baltic Sea. Studies on this species in Kiel Bay [64] revealed at least 11 prey taxa in its alimentary tracts; interestingly, round goby was a major food taxon during the study in 2011–2013. In our study, smelt was the dominant species, with round goby as the next most frequent prey item in the pikeperch diet.



Thus, the most suitable species for monitoring purposes in this area was perch, a species with a wide prey spectrum and moderate FI values that occurs almost throughout the year in the Pomeranian Bay, with presence in 88–97% of research hauls [54]. The perch pelagic larval phase is short at just a few weeks, and later stages do not appear to migrate long distances [65]. Perch is an omnivorous predator that can feed on zooplankton throughout its life span or turn to zoobenthos and then to the piscivorous stage, with some cases of cannibalism noted [66,67,68]. According to Jacobson et al. (2019), the first diet shift of Baltic perch from zooplankton to macroinvertebrates occurs at lengths of 4–7 cm, while the second diet shift from macroinvertebrates to fishes occurs at lengths of 5–25 cm; however, ref. [67] noted fishes in the diet of perch in the northern Baltic at a size of 3.8 cm TL. In the current study, prey fish (round goby and clupeids) were recorded in the alimentary tracts of the smallest perch (10.0–14.9 cm TL); however, in this length class, mysids dominated in the perch diet. With increased perch length, the contribution of mysids decreased along with increased amphipod significance in perch 20.0–29.9 cm TL. Pleuronectids appeared in perch 20–24.9 cm TL. Round goby and pleuronectids dominated in the diets of the largest perch (30.0–34.9 cm). In general, however, decapods, of which Crangon crangon was the most frequent and was noted in 48.7% of perch stomachs, were the most important diet component in perch studied, especially in perch of 15 cm TL (mainly in frequency of occurrence). Jacobson et al. [26] confirm the significance of macroinvertebrates in the perch diet (10.0–25.0 cm TL), indicating that large perch feed on a mix of small, medium, and large prey. The effect of perch food on their growth rate was described, for example, by Hansson [69]. In this study, in larger perch (from 24.9 cm TL), the most important prey by weight contribution was round goby. In 2018–2019, a few individuals were found in the perch diet (4 and 26, respectively); the results of monitoring surveys conducted by Więcaszek et al. [36] showed drastic decreases in round goby abundance in the Pomeranian Bay in these years, probably stemming from the very low proportion of females in the population studied in 2017–2018.



The number of all recorded prey taxa in Jacobson et al. [26] was 14, while Mustamäki et al. [67] found 42 taxa in the perch diet. The number of prey in a predator’s diet is highly significant in its role as a bioindicator.




4.2. Trophic Interactions among the Predators and Their Prey of Non-Native Origin


Which food components in predator diets can tell us the most about the environment they inhabit, and possible environmental changes in the years of this study are discussed below. Among different factors that can alter food web structure, the occurrence of NIS is a substantial one. The spread of invasive species contributes additional complexity to food webs, altering trophic linkages [70,71]. During the establishment phase, invaders may change previously important trophic pathways or create new ones. While predatory NIS in aquatic environments are studied widely, their role as prey items for native predators is often overlooked [72]. Nearly all NIS are eventually preyed upon by native predators; in turn, newly abundant prey items can increase predator fitness, as is demonstrated with native fish predators and the invasive round goby in the Laurentian Great Lakes [73]. Sometimes the increased resource leads to an increase in predator populations and results in increased predation on native species [74]. In addition, prey naivety toward invasive predators has been widely studied and reported [75], but far less attention has focused on predator naivety, although similar naivety may occur especially toward novel prey, which may result in low predation pressure on novel species [76].



Currently, over 120 non-native aquatic species are recorded in the Baltic Sea, and approximately 80 of them have established viably reproducing populations in some parts of the Baltic [77]. Seven alien/invasive species from about 30 taxa identified were found in the diets of the predators in the present study. All top predators in this study preyed on the invasive round goby. The recent successful establishment of this species in the Baltic Sea poses questions about its own trophic niche, competition with native benthivores, how commercially important fish species could be affected, and how the round goby creates novel trophic links within the food web (Rakauskas et al., 2020) [78]. Recent studies showed that the round goby plays the roles of predator, competitor, and prey [79]. In this study, round goby was both prey and predator, but it was not a competitor for the species studied. In the Baltic Sea, it has become a significant component of the diets of the following piscivorous fishes: European perch [5,78,80,81,82,83]; pikeperch; Baltic cod; shorthorn sculpin, Myoxocephalus scorpius; turbot, Scophthalmus maximus; brill, Scophthalmus rhombus; and pike, Esox lucius. It is also preyed upon by piscivorous birds [62,84]. Round goby in Latvian waters of the Baltic Sea dominated the warm season (spring–fall) diet of piscivorous fishes, for example, Baltic cod and perch [62]. In the present study, round goby was found in the alimentary tracts of perch mostly in late summer and fall (September–October).



All other alien species found in the alimentary tracts of predators (perch, cod, and round goby) in the current study, like soft-shell clam, barnacle, A. improvisus, and Chaetogammarus ischnus (currently Echinogammarus), are considered invasive in the Baltic Sea [85,86,87]. Soft-shell clam appeared in the Baltic Sea approximately 700 to 750 years ago [88,89,90], and despite this long period of time since its invasion, [87] claims that this species can compete with mollusks of similar ecology, like Macoma balthica and Cerastodermum glaucum. The sessile barnacle, a nineteenth-century invader, is now one of the few species that builds stable biogenic structures, which can be assumed to be a bioindicator of climate change in the Baltic Sea, because available evidence suggests that both larval stages and juvenile to adult stages are likely to respond positively to the warming and freshening of coastal areas that are predicted by near-future climate change models since the species has a broad salinity tolerance, albeit with a preference for brackish conditions (Nasrolahi et al., 2016; Leppäkoski and Olenin 2000) [7,91].



Pontogammarus robustoides is an example of an alien species that is an effect of anthropogenic stressor activity, as it was introduced intentionally to the aquatic environment as a valuable food for fishes in, among other areas, the Curonian Lagoon. From there, it has spread along the Baltic coast [92], including the coastal part of the Pomeranian Bay.



Another NIS in the diets of the fishes studied was the Harris mud crab, one of the most successful brachyuran invaders in the world [93], whose invasion in the Baltic Proper presents an opportunity to investigate how a novel prey item becomes part of native predators’ diets because there are no native crab species in this area [72,94]. The first confirmed public observations of the mud crab in fish stomachs were noted in 2011 in the Archipelago Sea (Northern Baltic), and it was found most frequently in perch digestive tracts (Puntilla-Dodd et al., 2019; Luonnonvarakeskus 2014) [72,95]. In the present study, a single specimen of this species was recorded in the perch diet in 2019, but earlier, single mud crab specimens were only noted in the round goby diet in 2007. In addition, it was found in the diet of Baltic cod in high abundance, but only in 2019, and this was the first report to date of this data in the available literature.



To date, no negative effects of the appearance of rockpool prawn have been noted in Poland; however, it has replaced the native shrimp, Palaemon adspersus, in many sites in the Puck Bay and in the Vistula Fens [96]. This species tolerates temperatures higher than those most suitable for P. adspersus, and, as opposed to the latter, it is able to survive in many different habitats because of its higher physiological tolerance, dispersal ability, smaller size, and higher mobility [97,98].



In turn, the common eelpout, Zoarces viviparous, noted in this study in perch and pikeperch alimentary tracts (only in 2013), is a cold-water relict species that can indicate climate change. The common eelpout, a native eurythermal species and a nonmigratory inhabitant of shallow areas of the coastal zone, is one of key species presently affected by warming trends. A recent study provided further evidence that variations in eelpout abundance were associated with sea temperatures [99]. Common eelpout was noted in predator alimentary tracts only in 2013, and this may be proof of the worsening state of the Baltic Sea due to climate warming. In the 1990s, the eelpout population was abundant throughout the Baltic Sea, and it was used as a sentinel species in monitoring emissions of harmful substances [100,101]. Since 2005, the abundance of this species has decreased markedly [54]. The large scientific knowledge base and considerable experience of long-term chemical and biological effects monitoring and specimen banking make eelpout a suitable species for Good Environmental Status in the Baltic and North Seas [102].



Regarding the biological effects of global warming, it is important that perch exhibit a unique sensitivity to temperature and is relatively specialized for specific water depths and temperature ranges. Predation success increases with temperature, and this effect is more pronounced in perch than in other co-occurring piscivores [81]. Rowiński et al. [66] report that environmental warming can lead to increased body depth in young perch, which, with associated differences in swimming dynamics and niche utilization, may be among the effects that fishes will face in the future that will affect fitness, population viability, and species displacement.



We concluded that the marine organism food web is subject to persistent changes connected with different environmental stressors that are not necessarily linked to fishing activities. What is important for knowledge about the sustainable management of ecosystems is that fish diet analyses also provide an opportunity to estimate abundance and assess the condition of organisms that are not fished commercially because, in practice, there are no programs to monitor noncommercial species [19]. Monitoring environmental changes through fish diet analyses should be a long-term, systematic process that continues for at least several decades in certain areas of research, bearing in mind that it is often ecosystem-specific.





5. Conclusions


	
The results of preliminary studies indicate that the European perch is the most suitable species for bio-monitoring faunistic changes in the coastal area of the Pomeranian Bay. Our findings suggest that in the Pomeranian Bay, annual sampling of European perch alimentary tracts offers a unique means of detecting changes in ecosystem functioning. In the current study, perch had a wide spectrum of prey, a moderate feeding index, and was present almost throughout the year in this area.



	
Seven alien/invasive species were found in the stomachs of the predators studied, which created new food webs (simple or more complex) in the Pomeranian Bay. All the top predators in this study preyed upon round goby.



	
The lack of sufficient information for fully understanding the life histories of species that are monitored in the Pomeranian Bay demands further research.
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Figure 1. Sampling locations and range: 54°15–53°55 N, 14°35–14°15 E, 53°57′ N–54°10′ N, and 14°19′ E–14°47′ E. 
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Figure 2. Tree diagram of the similarity of the diets of Baltic cod (1), pike-perch (2), European perch (3), and round goby (4) based on the mass of prey. 
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Figure 3. Costello’s plot interaction between frequency of occurrence and weight contribution among perch TL length classes: (A)—all fishes, (B)—1st class, (C)—2nd class, (D)—3rd class, (E)—4th class, (F)—5th class (see Table 2); N—number of prey; W—weight of prey. 
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Figure 4. Length class distribution of perch specimens examined. 
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Figure 5. Dendrogram of similarity among perch TL length classes by higher prey taxa frequency of occurrence (A) and weight contribution (B). 
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Figure 6. Food web of predatory fish species (Baltic cod, pikeperch, European perch, and round goby) and alien/invasive prey in the Pomeranian Bay. 






Figure 6. Food web of predatory fish species (Baltic cod, pikeperch, European perch, and round goby) and alien/invasive prey in the Pomeranian Bay.



[image: Water 16 02788 g006]







 





Table 1. Characteristics of fish species examined—number of fishes, length ranges, and study period.
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	Species
	No. of Fishes (♂/♀/Juveniles)
	TL (cm) Range
	SL (cm) Range
	Study Period





	Baltic cod, Gadus morhua
	173 (60/84/4)
	14.0–60.8
	12.9–57.1
	Fall 2012–fall 2014;

Fall 2019



	Pikeperch, Sander lucioperca
	143 (60/63/20)
	8.7–58
	12.2–51.5
	Fall 2012–fall 2013



	Round goby, Neogobius melanostomus
	75 (27/38/10)

105
	6.3–19.6
	5.0–17.4
	Summer 2012–summer 2013;

Archival data from 2007



	European perch, Perca fluviatilis
	467 (126/278/63)

In years of this study:

2012–98;

2013–166;

2014–113;

2018–142;

2019–148
	10.0–34.0
	8.5–30.0
	Fall 2012–summer 2014 (9 samples);

Late summer and fall 2018 (2 samples)

Summer and fall 2019 (2 samples)










 





Table 2. Length classes by total length (TL) in centimeters of fish species examined.
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	Class
	Baltic Cod G. morhua
	Pikeperch

S. lucioperca
	European Perch P. fluviatilis
	Round Goby

N. melanostomus





	(1)
	10.5–35.0
	10.0–19.9
	10.0–14.9
	6.3–11.9



	(2)
	35.1–45.0
	20.0–29.9
	15.0–19.9
	12.0–15.9



	(3)
	45.1–55.0
	30.0–39.9
	20.0–24.9
	16.0–19.9



	(4)
	55.1–65.0
	40.0–49.9
	25.0–29.9
	



	(5)
	
	50.0–59.9
	30.0–34.9
	







Note(s): in bold—the most numerous length classes.













 





Table 4. Analysis of feeding niche overlap among all four predatory fish.
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	Cod
	Pikeperch
	Perch
	Round Goby





	Baltic cod
	-
	0.34
	0.65
	0.02



	Pikeperch
	0.34
	-
	0.22
	0.01



	European perch
	0.65
	0.22
	-
	0.06










 





Table 5. Feeding index (FI) values for Baltic cod, pikeperch, and round goby throughout this study.
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	Species
	Feeding Index (%) Mean Value
	Range (%)





	Baltic cod
	4.3
	0.0–14.3



	Pikeperch
	51.4
	21.4–100.0



	European perch
	35.3

Winter season—50.9

Late summer season—25.0

Early fall season—35.1
	7.84–58.5



	Round goby
	13.9
	0.0–50.0
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