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Fish spawning and nursery habitats are critically important for the maintenance and conservation of viable fish stocks. Understanding habitat use of breeding fish is therefore important. This study examines the spatial distribution of Eurasian perch (Perca fluviatilis) egg strand occurrence and larval density in 18 brackish water post-glacial land-uplift lagoons in the northern Baltic Sea. The aim of the study was to quantify spawning habitat characteristics and evaluate how geomorphological, hydrological, and biological parameters affect perch breeding. Egg strand occurrence was assessed by snorkeling whereas fish larvae and zooplankton were sampled using horizontal surface hauls. Egg strand and larval density increased with higher habitat isolation, i.e., bay morphology had a decisive role in determining early recruitment success. Moreover, egg strand occurrence and larval density correlated positively with water temperature, charophyte cover and negatively with salinity. The zooplankton community structure differed among lagoon types but neither zooplankton density nor diversity showed a clear association with egg strand or fish larvae abundance. However, cladocerans and copepods were abundant in the most enclosed bays, and their density correlated positively with perch larval density. Our findings comply with earlier studies highlighting the importance of bay isolation for fish recruitment strength. We call for a foreseeing coastal management planning, that apart from considering current status and trends, also integrates decadal long projections of isostatic land-uplift processes in conservation decisions to secure the long-term persistence of the best spawning and nursery areas.
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1 Introduction

Elucidating fish recruitment is a complicated undertaking and requires the integration of many processes that vary over space and time (Kaemingk et al., 2014; Zimmermann et al., 2019). In response to this variation, fish breeding success can be highly stochastic, affecting fish stock size and ultimately fish yields. Exploring species-environment relationships to identify the characteristics of essential fish habitats (EFH) is important for maintaining viable fish populations also allowing their use (Kraufvelin et al., 2018). Key to maintaining strong populations on a global scale is a better understanding of the factors that support or obstruct fish recruitment biology, and on a regional scale, by locating the most important spawning and nursery grounds and allocating protection measures to secure their future state (Saulamo and Neuman, 2002; Olsson et al., 2011). The task is challenging, as EFHs are highly heterogeneous and dynamic and as fish reproduction is a fragile life-history event controlled by many stochastic factors (Wang and Eckmann, 1994).

Coastal lagoons in the Baltic Sea are expanses of coastal waters typically showing a high variability in geomorphology, hydrology, chemistry, and biology. Lagoons are partially separated from the sea; usually by a threshold or a narrow inlet that limits water exchange with the adjacent sea area (Munsterhjelm, 1997). Shallow post-glacial land-uplift lagoons in the Baltic Sea that go through natural succession are continually formed along the coastline. Through isostatic land uplift, they go through a process of increasing isolation to eventually become completely landlocked (Munsterhjelm, 1997). Shallow post-glacial land-uplift bays are in many ways dynamic and complex ecosystems (Munsterhjelm, 1997; Tolvanen et al., 2004). They are important spawning and nursery areas for many freshwater fish, such as pike Esox lucius, roach Rutilus rutilus, white bream Blicca bjoerkna and bleak Alburnus alburnus (Lappalainen and Urho, 2006, Snickars et al., 2009; Donadi et al., 2020; Pursiainen et al., 2021). Several environmental parameters change in the freshwater – brackish water interchange that characterizes coastal lagoons (Tolvanen et al., 2004; Hansen et al., 2008). These changes may either promote or suppress fish breeding. As coastal lagoons lie in the interface between land and sea, they are highly productive. However, they also integrate several adverse effects of human land and sea use that weaken their ecosystem integrity. Human incited changes in watershed and shoreline areas compromise the capacity of these habitats to maintain structure and ecosystem function, such as their function as fish spawning and nursery habitats (Sundblad and Bergström, 2014).

Eurasian perch (Perca fluviatilis) is a widely distributed freshwater fish in the Baltic Sea and a valued target fish for both commercial and recreational fisheries (Hansson et al., 2018, Lappalainen et al., 2020). Together with roach (Rutilus rutilus), perch dominates the gill-net test-fishing catches in number and biomass in coastal areas of the northern Baltic Sea (Lappalainen et al., 2000). Despite their dominance, the population size of perch is in many areas declining (Nilsson et al., 2004; Ljunggren et al., 2010; Bergström et al., 2016; Nelson et al., 2018, Olsson et al., 2019) likely reflecting changes in the spawning grounds (Snickars et al., 2010) and changes in predation pressure (Kokkonen et al., 2019; Donadi et al., 2020; Veneranta et al., 2020). Spawning fish typically congregate in enclosed shallow bays with a lush underwater vegetation where seawater temperature is higher and less variable than in the surrounding open sea area (Karås, 1996). After breeding, they commonly migrate back to their feeding areas outside the lagoons (e.g. Tibblin et al., 2012). Perch has a limited home range (Böhling and Lehtonen, 1984), leading to small scale spatial genetic variability among populations (Olsson et al., 2011; Hall et al., 2022). With a limited home range, the conditions in the spawning grounds become vital for population maintenance where only a few breeding areas may contribute disproportionately to the regional fish population size, underscoring the importance of local management actions that secure the integrity of the local breeding grounds. In the Gulf of Finland, Kallasvuo et al. (2017) estimated that 80% of perch larvae are produced in an area that comprises only 2.4% of the total coastal area. Despite the increased need for characterizing EFHs, information is still lacking to assess the role of coastal habitats for early fish production (Kraufvelin et al., 2018).

The aim of this study was to explore the factors affecting perch recruitment variability in 18 coastal lagoons of different successional stage. Specifically, we wanted to clarify (1) if the number of egg strands and larval density differ across lagoon types, and (2) elucidate what environmental and biological parameters correlate with this variation. Based on previous studies (Snickars et al., 2010; Donadi et al., 2020; Pursiainen et al., 2021), we hypothesized that we would find perch strands in all included bays but that bays in the late stage of land-uplift succession would outperform those that are in an earlier stage. From historic records, we know that > 500 egg strands were found (Eero Aro, unpublished data) in a single outer open bay (also part of this study) suggesting that perch breeding occurs abundantly in outer sea areas as well. We also hypothesized that larval density would be higher in the more isolated bays, driven primarily by an initially higher number of egg strands, but secondarily by a higher survival rate among perch larvae in more stable conditions with also better feeding conditions (Ljunggren et al., 2010). This study provides information on the early breeding biology of perch and identifies the habitat characteristics that support a viable perch population. The questions we ask are by no means new. Effects of variations in bay morphometry on perch recruitment in the Baltic Sea have been studied in relation to hydrology (Karås, 1996), vegetation (Snickars et al., 2010; Bučas et al., 2022), human impact (Sandström et al., 2005) or a combination of these (Donadi et al., 2020). While most of the previous studies have independently tried to answer specific aspects of perch reproductive biology in the Baltic Sea, only few have analyzed the factors controlling roe and early larval abundance simultaneously (see however Ljunggren et al., 2010; Snickars et al., 2010). Moreover, in most studies relating habitat quality and fish production, research has targeted juvenile stages not specifically larvae (see however Snickars et al., 2010). Results from this study provide baseline information on the early recruitment biology of perch and helps in the management and conservation planning of this important species. A central goal in ecological research is to find unifying explanations for population variability in space and time. However, most research findings are context-dependent – i.e. the strength (weak, intermediate or strong) and direction (-, 0 or +) of relationships between dependent and independent variables often vary with changing biological and environmental settings. Replicating research questions and comparing findings is crucial for progressing science at large, i.e. for finding generic explanations for ecological pattern (Camerer et al., 2018) and for finding the best management solutions that may vary over space (Hall et al., 2022).




2 Materials and methods

Field surveys were conducted from late March to the end of June in 2020 and covered 18 shallow land-uplift bays located in a vast archipelago area of SW Finland (59,8280/23,0687 – 59,9071/23,6173) (Figure 1). The isostatic land-uplift in the area is around 30-40 cm per century (Eronen et al., 2001). Selected lagoons varied in size, habitat isolation and position in the archipelago area and they were grouped into three distinct morphological groups according to Munsterhjelm (1997). The three different groups were: 1) Juvenile Flads or semi-Open bays characterized by a good water exchange with the surrounding sea area, 2) Flads with a distinct threshold and narrowing of the inlet and 3) Glo-Flads that are temporally separated from the adjacent sea by land or by a dense reed (Phragmites australis) belt. These three groups represent different stages of lagoon land-uplift succession and differ profoundly regarding biotic and abiotic parameters. To each bay type, we included 6 bays that were dispersed as best as possible over the entire study area. In each of the 18 lagoons, several independent factors were measured to characterize the lagoons. These included bay morphology (average depth, surface area and bay openness), hydrology (salinity, cumulative temperature and turbidity) and biological characteristics (vegetation cover and character, zooplankton abundance and composition). Morphological characteristics were measured in field or calculated using orthophotos offered by the National Land Survey of Finland. Depth measurements are based on previous research (Rosqvist et al., 2010), and in cases when no previous records were available, they were measured using a handheld sonar. From orthophotos, reed cover was also estimated. Bay topographic openness (To) was estimated according to Persson et al. (1994) by calculating the quotient of the narrowest cross-sectional area (At) of the inlet and the surface area (a) of the lagoon x 100.

	




Figure 1 | Map of the study area showing the location of the three bay types Open bays, Flads and Glo-Flads (or Glos). Lower panel, schematic representation of the bay succession stages (Munsterhjelm, 1997).





2.1 Hydrological sampling

Several abiotic parameters were measured to characterize the 18 lagoons. Automatic HOBO temperature loggers located at 0.5 m depth, recorded sea temperature every 4th hour from early April to early June in each of the 18 lagoons. Cumulative temperatures based on daily averages (heatsum d°C) were then used in statistical testing. Salinity (PSU) measures were taken by hand every second week during the spring and early summer (April – June). Turbidity (NTU – Nephelometric Turbidity Unit) was measured at four occasions in April and May with a turbidimeter (Hach 2100P; Hach Co, USA). Hydrological data collected between early April and early May were used when analyzing egg strand data. For larval density, measurements taken in entire May were additionally included.




2.2 Estimating egg strand number and macrophyte cover

To estimate macrophyte cover and number of perch egg strands, a snorkeler swam along the shoreline in each bay at depths between ca 0.5 – 1.5 meters. Dominating macrophyte coverage was estimated in portions along the transects and the occurrence of perch egg strands was counted. In small and shallow bays, perpendicular transects from shore to shore to the length axis of the lagoon were additionally included. Observations were made on either side of the snorkeler, each within a space of 1 m from the snorkeler. The distribution of egg strands was observed biweekly from 29th March to 1st June in all bays. The first egg strands were observed on the 17th of April. In bays with few or no observations, surveys were extended to the end of June whereas in bays with a high number of strands, counting was terminated when the peak in encountered strands was passed, and when only few new egg strands were observed. In deeper bays with no or a few strands, perpendicular transects were additionally surveyed to assure that there were no strands deeper down. Since no egg strands were found in these perpendicular transects, the effort was not included in the abundance estimates. From each bay, the highest number of strands found in a single survey event was used in final analyses. Abundance values for egg strands were CPUE-corrected by the length of the snorkeling distance to standardize the effort among different bays. Since fish breeding success varies highly among years, all 18 bays were re-visited in 2021 (21st April – 4th May) and egg strands were counted to estimate the annual consistency of egg strand number among the different bays. No other measurements were taken in 2021.




2.3 Sampling fish larvae

Larval perch and zooplankton samples were collected between 30th April and 27th May. The exact timing of the hauls was done based on the embryonic development stage in the roe. Hauling was initiated within a week after the first signs of hatched eggs. Perch larvae display ontogenic shifts in habitat use. Immediately after hatching, they show low mobility and are found as passive drifters in the near surface zone (Urho, 1996). Fish sampling was conducted at five haphazardly dispersed locations within each bay. Sampling was conducted from shore by using a remotely operated boat, or alternatively, from a boat that carried a conical haul (200-μm mesh, mouth aperture 50 cm in diameter) at the end of a 30 m rope. Five horizontal transects of 30 m length where then hauled at a speed of approx. 1 ms-1. Target size of perch in larval sampling was between 5-7 mm. Before collecting the sample, fish trapped in the net were washed down with seawater and the retained sample was preserved in a 4% buffered formalin seawater solution. In laboratory, all fish larvae were identified to species and their total length (TL) was measured to the nearest 1 mm. Larval sampling was done at two occasions, with ca one - two weeks intervals. In a subset of bays with either many or no egg strands, sampling was done a third time to assure that there were no later peaks in larval occurrence. When analyzing the data, we combined the average counts from two sampling rounds that had the highest density.




2.4 Plankton community

For early life history stages in fish, food availability and food quality are critical determinants of habitat quality. To assess the gross food composition, zooplankton hauls were taken parallel with perch larval sampling. Using horizontal hauls (100-μm mesh, mouth aperture 25 cm in diameter) and a towing speed of ca 1ms-1, three replicate plankton hauls were sampled at different parts of the 18 bays. Each haul was 4 m in length. Upon sampling, the plankton net was washed down with seawater and the retained sample was preserved in 70% ethanol (round 1) or in 5% acid Lugol solution (round 2). In laboratory, plankton were counted and identified from subsamples to the main zooplankton groups that constitute the larval fish diet. Some species were included only as genera due to taxonomic ambiguity or uncertainty in species identification. The plankton was also assigned to three size groups and only plankton smaller than 0.5 mm were included in the analyses, as small percid larvae have been shown to be gape limited (Bremigan et al., 2003; Kestemont and Henrotte, 2015). It is noteworthy that this study wasn’t designed to describe the dynamics of the plankton community in the different bays – for which a more frequent, and extended sampling scheme would have been needed. The plankton sampling was designed to grossly picture the zooplankton density and composition at the time when perch larval abundances on average peak in this system.




2.5 Statistical analyses

Since many dependent and independent variables were measured only at the bay level and therefore lacked within bay replication (e.g., egg strand number, bay morphometric characteristics, temperature), we treated each bay as the smallest sampling unit. The only exception were the plankton data, where analyses were based on individual samples. We applied parametric univariate ANOVA techniques to test for differences in response and independent variables among the different bay groups. In most cases, variables were transformed by log+1, forth- or square root to meet assumptions for normal distribution and homogeneous variance. In case these assumptions could not be met, Kruskal-Wallis tests were performed. In ANOVA, we used a posteriori Student-Neuman-Keuls (SNK) tests to reveal the occurrence and direction of pairwise differences. In all cases, analyses were carried out on balanced data.

The relationship between the two response variables, number of egg strands and perch larvae abundance, and the explanatory environmental variables was assessed using distance-based linear modelling, DISTLM in PRIMER-e v7 package (Anderson et al., 2008). Skewness of variables was first tested in SPSS and variables were transformed by log+1, fourth root, square root, or inverse transformation to minimize skewness. Prior to all multivariate tests, Draftman plots were used to evaluate for multi-collinearity and skewness of data and where Pearson´s correlations approached 0.9, one of the highly correlating variables was removed (see Anderson et al., 2008). As environmental variables had different measurement scales, the data was normalized prior to testing. R2 was calculated for each explanatory variable, and the most parsimonious model was selected according to the Akaike Information Criterion (AIC). We tested our DistLM models also with BIC as selection criterion that corroborated almost perfectly models based on AIC. The Best procedure was used to examine the value of the selection criterion for all possible combinations of environmental variables that best explained the variation in response variables. In the DistLM model, the zooplankton variable was represented by the summed abundance of cladocerans and copepods (including nauplii) for each bay. A total of 9999 unrestricted permutations of raw data were used in all analyses.

For graphical illustration of results, we used correlation-based principal coordinates analysis (PCO) on normalized data to condense and summarize the differentiation among the three bay types and using vector overlays to show which of the environmental variables that best describes the similarities among bays. PCOs were run for both abiotic and biotic parameters. In these analyses, we used Spearman’s correlations at 0.2 to indicate the variables were most responsible for the differences among bay types.

For zooplankton, Shannon-Wiener diversity index (with log base e), zooplankton richness and density were calculated for all samples and tested for potential bay differences with a two-factor nested Analysis of Similarity test (ANOSIM). ANOSIM was chosen over PERMANOVA as PERMDISP indicated heterogeneity in dispersion among groups that couldn’t be rectified using transformations. These univariate tests were done on matrices based on Euclidean distances with 9999 permutations. To test for differences in zooplankton community composition among the different bay types, we used Analysis of Similarity tests with lagoons (random factors) nested within bay types (fixed factors). Bray-Curtis similarity matrices based on fourth root transformed abundance data were used. Canonical Analysis of Principal coordinates was then used to visualize the distinctiveness among a priori groups indicated by ANOSIM. CAP is a constrained ordination that computes the axes that best separate a priori groups and uses cross-validation (leave-one-out diagnostics) to provide a measure of classification accuracy. The appropriate axis (m = 10) was applied by maximizing the leave-one-out allocation success. Species responsible for differences among bay types in CAP plots were identified by the strength of their correlation with canonical discriminant axes and species correlations of 0.4 were then visualized as overlay vectors.





3 Results



3.1 Bay morphometry

Lagoon area (ANOVA, F2,15 = 0.878, P = 0.44), shoreline length (One way ANOVA, F2,15 = 0.716, P = 0.51) and lagoon volume (One way ANOVA, F2,15 = 2.6, P = 0.11) didn’t differ among bay groups (see Table 1). Average depth differed among groups (One way ANOVA, F2,15 = 4.24, P = 0.035) as Glo-Flads were shallower than both Flads and Open bays. Obviously, as inlet threshold depth defines bay successional stage, the deepest threshold was found in the Open bays and the shallowest in the Glo-Flads (Kruskal-Wallis, H = 12.63, P = 0.002). Topographic openness was lower in Glo-Flads compared to Open bays (Kruskal-Wallis, H = 12.01, P = 0.002). Multivariate tests – testing for all geomorphological parameters - found significant differences among the lagoon types (PERMANOVA, pseudo-F = 4.92, P< 0.001). Pair-wise tests separated Glo-Flads from Open bays (P = 0.002). For the other bay combinations, there were no significant differences but strong trends indicating some degree of separation (P = 0.06 in both cases). The differences in bay morphology were seen in the PCO ordination (Figure 2) where Open bays and Glo-Flads, were grouped at different ends of the multivariate data cloud, while Flads were found between these extremes. The two first PCO-axes explained together 87% of the variation in the data cloud. PCO1 discriminated lagoons mainly based on threshold depth and average depth while Shoreline length was best discriminated along PCO2.


Table 1 | Summed characteristics for the main environmental variables.






Figure 2 | Principal Coordinate Ordination showing location and dispersion of different bay types based on bay geomorphology (A) and hydrology & vegetation (B).






3.2 Hydrology

Cumulative temperature (heatsum d°C) in April and early May differed significantly among all lagoon types, with Glo-Flads being the warmest, followed by Flads and Open bays (One way ANOVA, F2, 15 = 14.57, P< 0.001, Table 1). The pattern was stable over the summer season (One way ANOVA, F2, 15 = 14.00, P< 0.001), showing high correlation between April and the remaining part of the growth season (Pearsons correlation, N = 18, r = 0.95, P< 0.001). Sea temperature increased sharply after spring, with the fastest increase in the Glo-Flads, followed by Flads and Open bays (Figure 3). Salinity differed among lagoons (One way ANOVA, F2, 15 = 8.59, P = 0.003), with Glo-Flads having the lowest average salinity. Post-hoc tests showed that there were no salinity differences between Flads and Open bays. Turbidity (One way ANOVA, F2, 15 = 1.09, P = 0.36) didn’t differ among lagoon types.




Figure 3 | Temperature evolution (mean ± SE) in the three bay types. On average, Glo-Flads were 2.4 oC degrees warmer than Open bays whereas Flads were 1.3 oC degrees warmer than Open bays.






3.3 Vegetation cover and zooplankton community structure

While the total macrophyte cover, estimated in April, was homogeneous among the lagoons (Kruskal-Wallis H = 0.71, df = 2, P = 0.7), the coverage of the carophyte Chara tomentosa differed (Kruskal-Wallis H = 7.94, df = 2, P = 0.019), with the highest coverage in Glo-Flads and least in the Open bays. Again, pairwise comparisons didn’t reveal any other group differences. Reed area estimated from orthophotos showed no bay effects (One way ANOVA, F2, 15 = 3.19, P = 0.2), but the quotient between bay size and reed area was larger in Glo-Flads compared to the two other bay types (Kruskal-Wallis H = 5.98, df = 2, P = 0.05). For hydrological factors combined with vegetation variables, PERMANOVA demonstrated that there were significant differences among different bay types (PERMANOVA, pseudo-F = 4.67, P< 0.001). Pairwise comparisons revealed significant differences between Glo-Flads and Flads, as well as between Glo-Flads and Open bays, but there were no differences between Flads and Open bays. The dissimilarity among bays regarding hydrology and vegetation cover was seen in the PCO ordination (Figure 2) where the different bay types, and especially Glo-Flads and Open bays were grouped at different ends of the multivariate data cloud. The two axes in the PCO explained together 69% of the overall variability with temperature, Chara tomentosa, reed cover and salinity contributing with variability along PCO1 and macrophyte cover and turbidity along PCO2.

Zooplankton abundance (ANOSIM Global R = -0.015, P = 0.51), richness (ANOSIM Global R -= 0.003, P = 0.48) and diversity (ANOSIM Global R = -0.066, P = 0.77) didn’t differ among lagoon types. While the overall zooplankton community differed among the Glo-Flads and Open bays and between Glo-Flads and Flads (ANOSIM Global R = 0.271, P = 0.003, Figure 4), there were no differences in the overall species composition between Flads and Open bays. Out of 62 species, species groups or crustacean life stages, the most abundant were rotifers constituting between 70% (Open bays) and 48% (Flad) of all zooplankton individuals (Figure 4). Copepod nauplii were highly abundant in Flads and Glo-Flads, but they were proportionately few in Open bays. Calanoida (including also juveniles) and cladocera were particularly abundant in Glo-Flads compared to the two other bay types, whereas bivalve veliger larvae were common only in Open bays. The highest zooplankton abundances were mainly attributable to copepoda nauplius, Keratella quadrata, Keratella cochlearis, Synchaeta spp and juveniles of both cyclopoda and calanoida. In especially Glo-Flads, Bosmina sp and Podon sp were also frequent.




Figure 4 | Box-whisker plots for the most numerous plankton groups. The box extends from the first to the third quartile. The line in the box is the median whereas the dot displays the mean. Whiskers show 1.5 times the interquartile range (IQR). Cladocera, calanoida and cyclopoida include adult forms. Calanoida juvenile are separated from copepoda nauplius stages.



CAP (Figure 5) demonstrated that the distribution of the zooplankton community in the three bay types was well discriminated among the a priori groups, however showing some overlap. Cross-validation revealed that 73% of samples were correctly classified. Most of the misclassifications was related to Flads. As Flads lie between Glo-Flads and Open bays morphologically and hydrologically, one third of the samples from Flads were misclassified as either Glo-Flads (11%) or Open bays (22%). In Glo-Flads, 80% of samples were correctly classified, whereas the corresponding number was 72% in Open bays. In Glo-Flads, only one sample was misclassified as Open bay and in Open bays, none of the samples were classified to the Glo-Flad type.




Figure 5 | Canonical Analysis of Principle Coordinates on Bray-Curtis similarity matrices of 108 zooplankton samples collected from three bay types. Vectors represent Pearson correlation with species contributing most to observed patterns (only correlations > 0.4 are shown).






3.4 Abundance of perch egg strands and larvae

A total of 1453 perch egg strands and 6024 perch larvae were found in the 18 bays. Strands typically occurred between 0.1 and ca 2 m depth, the vast majority around 0.5-0.7 m. Strands were mostly found on vegetation, much less on submerged branches or on tree-trunks, in a few lagoons also on bare bottoms. Egg strands occurred mostly on clean reeds without epiphytes, but they were also very common on the charophyte Chara tomentosa (Appendix 1). There was a large bay type effect on both the number of egg strands (Kruskal-Wallis H = 9.47, df = 2, P = 0.009) and on the abundance of larvae (Kruskal-Wallis H = 12.51, df = 2, P = 0.002), with the highest occurrences in Glo-Flads followed by Flads (Figures 6, 7). Only a few strands or larvae were found in Open bays. Pairwise tests showed that the significant difference among the lagoon types regarding egg strands was driven by differences between Glo-Flads and Open bays, with no difference between Flads and Open bays. Glo-Flads had additionally more larvae than Flads. The number of egg strands in the different bays correlated very strongly between the years 2020 and 2021 (Spearman’s rho = 0.95, P< 0.001) indicating a recurrent pattern in observations. Also, egg strand and larval number showed a high correlation (Spearman’s rho = 0.92, P< 0.001), suggesting that both methods (egg strand counting and larval sampling) corroborated each other and differentiated productive from unproductive bays. The size of the perch larvae in samples ranged from 4 – 9 mm in early May, to 6 – 14 mm in late May.




Figure 6 | Box-whisker plots for roe and perch larvae data. The box extends from the first to the third quartile. The line in the box is the median whereas the dot displays the mean. Whiskers show 1.5 times the interquartile range (IQR).






Figure 7 | Map showing the (A upper panel) distribution of egg strands and larvae (B lower panel) among the different bay types (green Glo-Flad, yellow — Flad and blue Open bay).



The results of the DistLM models are summarized in Table 2 (Correlation matrix (-1 to 1) is summarized in Appendix 2). Marginal tests between egg strand number and environmental variables identified nine potential environmental variables that explained a considerable portion of the variation in egg strand occurrence in the different lagoons. Among the significant explanatory variables, Chara tomentosa (59%, P< 0.001), threshold depth (53%, P< 0.001), temperature (51%, P< 0.001) and salinity (45%, P = 0.002) appeared to be the most important factors determining egg strand occurrence when tested alone without the influence of other variables. The overall Best solution (R2 = 0.9) based on AIC selection criterion was found by including all variables except reed cover. For perch larvae, threshold depth (59%, P< 0.001), salinity (55%, P< 0.001), temperature (47%, P = 0.001), relative reed area (46%, P = 0.002), Chara tomentosa (41%, P = 0.004), depth (26%, P = 0.029), cladocera and copepoda density (24%, P = 0.038), and bay volume (23%, P = 0.044) showed significant relationships when considered alone and ignoring the influence of the other variables. The overall best solution (R2 = 0.93) included all variables except shoreline length, Chara tomentosa cover, macrophyte cover and turbidity.


Table 2 | Results of DistLM.



As hydrological and vegetation structure/coverage are highly influenced by bay morphology, and as bay morphology unlikely affects egg strand and larval numbers per se, we finally tested the influence of only hydrological and vegetation variables without including the influence of bay morphology. In these reduced analyses, DistLM produced models with salinity, Chara tomentosa and temperature as the best predictors in the most parsimonious models for egg strand number (R2 = 0.73). For larvae, salinity, turbidity and reed cover were included in the overall best model (R2 = 0.74).





4 Discussion

One of the most challenging, yet important, tasks in fisheries ecology and management is to identify the factors that cause variation in the early life history stages of fish (Zimmermann et al., 2019). Here we show that (1) bay geomorphology and (2) succeeding changes in hydrology and benthic vegetation to a large extent drive the occurrence of perch egg strands and larval abundance. We also show that (3) there is a significant difference in zooplankton community structure among different bay types indicating different feeding conditions for early perch larvae. Based on historic records, we initially hypothesized that we would find perch egg strands in all studied bays, but that well developed bays would outperform those that represent earlier stages. We also predicted that environmental variables, mainly temperature, would cause a higher survival rate among larvae in the more isolated bays where sea temperatures generally are higher and more stable. Consistent with our first hypothesis, the most enclosed bays, i.e., Glo-Flads showed the highest occurrence of egg strands and larvae, followed by Flads. In Open bays, however, both egg strands and particularly larvae were almost absent. Due to the shortage of larvae in Open bays, we couldn’t test how bay type affects larval survival over time. A general pattern emerged throughout the study with significant differences between Glo-Flads and Open bays, but results were more obscure when comparing other bay combinations. This was expected as Flads are intermediate structures between Glo-Flads and Open bays (see Figure 2) where some Flads show characteristics closer to Open bays, others show characteristics reminding Glo-Flads.

Previous research on the relationship between environmental variability and perch breeding (Snickars et al., 2010) and recruitment success (Karås, 1996; Snickars et al., 2009; Ljunggren et al., 2010) have shown that there are many environmental variables that should be accounted for when predicting perch reproduction success in the northern Baltic Sea. In line with several other studies (Blomqvist, 1984; Karås, 1996; Snickars et al., 2009; Pursiainen et al., 2021), we show that bay morphology is an overarching factor that separates productive bays from unproductive. Our results explicitly highlight the importance of the late bay succession stage for perch breeding success in the outer archipelago area of the northern Baltic Sea. Our results revealed a substantial variation in egg strand and larval abundance among different bays that correlated significantly with many predictor variables in marginal DistLM tests. The summed temperature (Heatsum) was a highly significant predictor in marginal tests, with a relatively high explanatory power. Temperature is known to affect fish hatching, survival and larval growth throughout embryonic (Saat and Veersalu, 1996) and larval stages (Guma'a, 1978; Wang and Eckmann, 1994). Salinity was also a strong predictor in marginal and overall best models, correlating negatively with larval density and egg strand abundance. These results are consistent with e.g., Snickars et al. (2009) who showed a negative relationship between salinity and the abundance of older juvenile perch. Reproductive migrations of perch between brackish and freshwaters are well documented in the Baltic Sea suggesting that perch larvae and juveniles have different salinity requirements than the adults (for further reading on salinity effects see e.g. Christensen et al., 2016; Christensen et al., 2019; Hall et al., 2022). Tibblin et al. (2012) showed that while brackish water conditions (7‰) didn’t affect hatching success, salinity had negative effects on the survival of perch larvae and later juveniles, and this negative effect also included resident brackish water forms. Tibblin et al. (2012) concluded that freshwater habitats along the Baltic Sea coast may be important for the overall Baltic Sea perch stock size. Kokkonen et al. (2019) for their part, suggested that perch reproduction may be limited to restrained areas close to the coast, where salinity is lower than offshore. These predictions fit well with results in this study where Glo-Flads were the only lagoon type where larvae were systematically found in high numbers compared to saltier Flads and Open bays.

An important variable explaining differences among bays were the occurrence, structure, and coverage of the macrophyte vegetation. While the total macrophyte cover didn’t predict the occurrence of egg strands and larvae, reed cover and Chara tomentosa cover were significant predictors in DistLM marginal tests. As a substrate spawning fish, rigid erect structures are a precondition for successful breeding for perch (Snickars et al., 2010) and in many places rigid macrophytes were either absent or densely covered by ephemeral nuisance algae (Appendix 1). In bays with both bare and covered reeds, egg strands were always found on reeds that were free from algal cover and cut by ice just below the water surface. Aneer (1987) showed that nuisance algae can reduce the survival of Baltic herring eggs, mainly through toxic exudates released by the algae. Nilsson et al. (2004) showed that brown algae negatively affect pike hatchability. Snickars et al. (2010) found that reed belts are a preferred spawning substrate whereas Chara tomentosa wasn’t. We didn’t test preferences, but egg strands were commonly found on Chara tomentosa in all Glo-Flads and in Flads with Chara tomentosa. In some of the Glo-Flads, Chara tomentosa was the main spawning substrate, even in bays where its overall coverage was low (Appendix 1). Chara tomentosa clearly provided an alternative substrate for spawning fish and its presence predicted well the occurrence of egg strands. Eutrophication has led to an overall loss of plant coverage as light conditions have weakened the depth distribution of plants leading to the loss of structurally complex and rigid structures, such as Chara tomentosa (Munsterhjelm et al., 2008), possibly also reducing the extent of valuable spawning areas. Chara tomentosa is rigid and develops early in spring, much earlier than many annual aquatic plants. The reduced coverage of Chara tomentosa may therefore reduce the availability of the best surface areas for perch to breed on.

Perch breeding success may also be linked to available feeding resources (Karus et al., 2022) and food availability can create large fluctuations in perch recruitment (Wang and Eckmann, 1994; Ljunggren et al., 2010). Past studies have consistently shown that the percid fish larvae and juveniles show a positive selection for copepods and cladocerans (e.g. Graeb et al., 2004; Fulford et al., 2006 with references, Karus et al., 2022). The zooplankton diet of perch also shifts during the ontogeny from small species such as rotifers and copepod nauplii to medium sized zooplankton such as copepods and small cladocerans (Treasurer, 1990; Wang and Eckmann, 1994; Skrzypczak et al., 1998; Bremigan et al., 2003; Fulford et al., 2006; Jolley et al., 2010). Karus et al. (2022) showed that growth rate of perch was slowest in environments where they are forced to feed on small zooplankton, such as rotifers (see also Fulford et al., 2006; Jolley et al., 2010). Wang and Eckmann (1994) showed, experimentally, that newly hatched perch feed on rotifers and algae, 1-week old perch shift to copepod nauplii and copepodites. Perch larvae older than 12 days no longer ingest rotifers but consume copepods and larger cladocerans. Graeb et al. (2004) showed that the growth and survival of newly hatched (5 – 7 mm) to 12 mm yellow perch was the greatest when feeding on copepod nauplii and adult copepods. Larvae larger than 12 mm grew fastest and had the highest survival rate when feeding on adult copepods and cladocerans. Graeb et al. (2004) predicted that the recruitment of small percid larvae will be best where both adult copepods and copepod nauplii are abundant. Differences in zooplankton community composition across different spawning habitats can affect larval survival and growth, even in systems with an equal density of zooplankton (Fulford et al., 2006). While we couldn’t find a difference in overall zooplankton density, diversity, or richness among the bay types, the structure of the zooplankton community differed, indicating that the feeding conditions and the nutritional value among bays may also differ. In Flads and Glo-Flads, copepods were very common representing ca 50% and 40% of the zooplankton community in the respective bay types. Copepods were proportionately few in Open bays, comprising only 8% of the zooplankton community. In Glo-Flads, cladocerans were proportionately well represented. Taken together, although this study wasn’t planned to address causative patterns, and we didn’t measure fish feeding, our findings corroborate previous research suggesting that food composition and availability may correlate with perch breeding success (Ljunggren et al., 2010).

Several recent studies (e.g. Byström et al., 2015; Eklöf et al., 2020) have suggested that a reversed predator-prey relationship between three-spined sticklebacks and perch would limit perch recruitment, and effects should be most pronounced in open bays. Although increasing stickleback populations likely is a contributing factor to the overall decline of perch in the northern Baltic Sea and may explain some of the variation also seen in this study, we couldn’t observe any abundant shoals of sticklebacks that would alone explain the observed patterns. Stickleback population sizes have increased in the Baltic Sea (Bergström et al., 2015; Olsson et al., 2019) coinciding with a general deterioration of coastal habitats. Because of their moderate abundance in our study area early in spring, and difficulties in accurately estimating their population size, the effects of stickleback predation were not tested here.




5 Conclusions

Over the last decades, the quality and quantity of spawning areas for fish have changed due to the direct and indirect effects of human activities (Macura et al., 2016). Human interference typically leads to habitat degradation with adverse effects on aquatic communities in general and fish population productivity, especially among fish that rely on specific habitats (Sundblad and Bergström, 2014). Coastal modification and land cultivation in the watershed has led to severe eutrophication problems in the Baltic Sea at large (HELCOM, 2018) causing decreased water transparency with adverse effects on aquatic vegetation cover and its structural complexity (Munsterhjelm et al., 2008). Shoreline construction and recreation including boating have further increased with undesirable effects on spawning substrate availability (e.g. Eriksson et al., 2004; Sundblad and Bergström, 2014). Sundblad et al. (2013) suggested that nursery habitat availability and habitat limitation may itself explain almost half of the variation of the adult population size of perch. Dredging of inlets to Flads have counteracted the natural land-uplift process leading to a reduced formation and extent of Glo-Flads over entire archipelago areas. In this paper we have shown that the most isolated lagoons are the most productive systems pertaining to perch breeding. With accelerating human interference, and particularly interventions that hold back the natural creation of Glo-Flads together with the natural loss of existing Glo-Flads (Appendix 3), we are currently losing the spatial extent and cover of the some of the most productive fish breeding habitats. With a limited dispersal ability, limited home range and reproductive homing behavior (Hall et al., 2022), the loss of suitable spawning grounds may lead to breeding habitat limitation which potentially may underlie small regional population sizes of perch, perhaps even explaining the reported general decline of perch stock size on a Baltic Sea wide scale (e.g. Nilsson et al., 2004; Ljunggren et al., 2010). Today, there is an ongoing debate regarding the drivers for dwindling perch stocks in the Baltic Sea, including e.g. effects of cormorant predation and overfishing (e.g. Hansson et al., 2018; Veneranta et al., 2020). In line with Sundblad et al. (2013), we propose that attention should be directed towards understanding the local effects of habitat loss that may be the most important reason for dwindling predatory fish stocks in the Baltic Sea. We suggest that particularly the loss of Glo-Flads in outer archipelago areas of the Baltic Sea (Appendix 3) may be an important driver behind dwindling perch stocks in the more open parts of the archipelago. Consequently, conservation efforts should aim at securing the current state of Flads and Glo-Flads but they should also look decades or even centuries ahead to ensure the future creation of these habitats. Moreover, fisheries management should be better integrated into nature conservation efforts as the conservation coverage of EFHs are suboptimal in many Baltic Sea countries where conservation targets often restrict the focus to the habitats themselves, rather than looking at their functional value from a fisheries perspective (Kraufvelin et al., 2018). Setting joint objectives for fisheries management and nature conservation would be highly important for the protection of EFHs in the Baltic Sea (Kraufvelin et al., 2018). Further, better understanding of the share of perch stock sizes and larval production in small, limited reproduction areas in the outer archipelago areas contra production happening in estuaries or sheltered areas close to land is needed (Kallasvuo et al., 2017). Taken together, this article presents data that underpins the need for protection of the last development stage of coastal lagoons in the outer archipelago. As land-uplift in the northern Baltic Sea is an ongoing process, conservation actions should better include the land uplift process in the overall management and conservation planning. Planning should look decades or even centuries ahead to secure the long-term accessibility and integrity of these habitats that arise and vanish over time naturally.
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2 Volume 2.19 0.16 15 2 Volume 4.84 0.04 23
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Marginal tests and overall Best solutions are shown. Alternative models within 1 unit of the best model are additionally shown at the bottom of the table. Further on, the best single 1-3 variables
for modelling egg strand and larval perch numbers, using 1-3 variables are indicated with numbers (in italics) after the variable. E.g., for egg strands, using 1 variable, Chara tomentosa was the best
single variable explaining egg strand number R* = 0.59). With two variables, Chara tomentosa and Salinity explained 69% of the variation, whereas with 3 variables, additionally Reed coverage
was included (R*=0.73). For larvae, Threshold depth was the best single variable explaining larval number (R?=0.6). With two variables Threshold depth and Salinity explained the best (R?=0.74),
and using 3 variables Reed coverage was additionally included (R? = 0.79).
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7. Salinity (PSU) April-May 3540.9 5240.8 55+0.6
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