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We studied the spatio-temporal impacts of physical and chemical environmental variables (depth, sediment type, salinity, temperature, oxygen, total phosphorus, and total nitrogen) on soft-sediment zoobenthos in the open coastal Gulf of Finland during 2001–2015. The study included 55 sampling-stations covering the east-west gradient of the Finnish coastal zone. The chosen environmental variables significantly influenced the distribution of the species in space and over time. Some zoobenthic taxa formed assemblages with each other, occurring in similar environmental conditions, while Gammarus spp. and Chironomidae clearly differed from other taxa in regards to ecological requirements. We showed the critical influence of oxygen (normoxia, hypoxia, anoxia) on individual species, some better adapted to low oxygen conditions (e.g., Chironomidae) than others (e.g., Monoporeia affinis). The nutrient concentrations in the surface sediment also significantly affected the benthic assemblage patterns. The number of species in space and time increased with increasing oxygen concentrations. This study clearly shows that in order to maintain healthy marine communities, it is essential to counteract excess nutrient inputs and their indirect effects on sufficient O2 conditions for the benthic habitats.
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INTRODUCTION

Anthropogenic environmental changes, including hypoxic or anoxic benthic habitats driven by eutrophication, and worsened by global climate change-related effects, are threatening coastal ecosystems (Rönnberg and Bonsdorff, 2004; Diaz and Rosenberg, 2008). The Baltic Sea is one of the most eutrophicated sea areas in the world (Andersen et al., 2017; Reusch et al., 2018; Heiskanen et al., 2019), and its easternmost sub-basin, the Gulf of Finland (from here on referred to as GoF), is affected by oxygen depletion, which fluctuates on a yearly basis (e.g., Bonsdorff et al., 1997; Conley et al., 2011; Carstensen et al., 2014). The spatial and temporal dynamics of oxygen depletion are determined by the physical drivers of the adjacent Baltic Proper (Lundberg et al., 2005; Carstensen et al., 2014). As oxygen is a limiting factor for the biota at the seabed, the benthic fauna in the GoF is in a state of constant change largely driven by the fast changes in oxygen conditions.

Oxygen depletion is often divided into anoxia (near-total lack of oxygen) and hypoxia, which is a concept depending on the sensitivity of organisms to oxygen-deficiency. The minimum oxygen concentration for marine benthic macrofaunal life has often been set to 2 mg L–1, but in reality, the hypoxic conditions occur up to > 6 mg L–1 for the most sensitive species (Vaquer-Sunyer and Duarte, 2008). Caused by the high variability of oxygen conditions in the GoF, the benthic macrofauna are frequently eliminated, and the benthic habitats are recolonized by species tolerating low oxygen conditions. As a result, the most affected areas seldom host the late-successional species native to the area (Rumohr et al., 1996; Villnäs and Norkko, 2011). The near-bottom oxygen content, temperature, salinity, depth, sediment organic content, nutrients and sediment types, among other factors, are proven to be important environmental factors shaping zoobenthic communities (e.g., Bonsdorff et al., 2003; Laine, 2003; Laine et al., 2007; Vaquer-Sunyer and Duarte, 2008; Rousi et al., 2011, 2013; Villnäs and Norkko, 2011; Grebmeier et al., 2015).

The GoF is a sub-basin with a strong east-west gradient in nutrient inputs (HELCOM, 2009). The City of St. Petersburg in the east has historically been a major source of nutrients into the area, and even though the inputs have recently significantly decreased, the eastern nutrient inputs were still significant during our study period. The nutrient inputs from rivers and cities have accumulated to sediments and caused direct and indirect eutrophication effects such as phytoplankton blooms, decreased water transparency, changes in benthic faunal composition and reduced extent of submerged aquatic vegetation (Raateoja and Setälä, 2016; HELCOM, 2018).

We investigated what the coastal monitoring data collected yearly by the Finnish environment administration [Finnish Environment Institute (FEI) and Centre for Economic Development, Transfer and Environment (ELY-centre)] between the years 2001–2015 reveals about the spatio-temporal effects of eutrophication and other abiotic environmental variables on benthic fauna, and to which extent the data is useful for advising management on the marine environment. Furthermore, we wanted to study how the zoobenthic assemblages act as indicators for certain environmental conditions. Based on multivariate statistical analyses on long-term and wide-scale biotic and environmental data, we analyse and illustrate how much of the variation in oxygen concentrations at the seabed can be attributed to nutrient concentrations, hypoxia and global change related factors, such as variations in temperature and salinity.

The monitoring program was originally established to monitor the water quality of the Finnish coastal waters, and starting from 2011, it was also used to implement the European Water Framework Directive (EC/60/2000). It further serves the marine assessments for the EU Marine Strategy Framework Directive (EU/52/2008) and the regional sea convention (HELCOM, 2018).

MATERIALS AND METHODS

Specific Hypotheses

The overarching aim of this study was to investigate how zoobenthos are distributed in time and space in the monitoring area during 2001–2015. An additional aim was to investigate, if the composition of the assemblages can be accounted for by environmental variation, i.e., by the changes in the physical and chemical drivers of the system. Our hypotheses were: (1) Variables of anthropogenic origin (oxygen, total nitrogen or total phosphorus) or their combinations drive the trends in the abundances of zoobenthos in the GoF; (2) The spatial trends are stronger than the temporal trends in physical and chemical environmental variation in explaining the dynamics of the zoobenthic assemblages; (3) Zoobenthic assemblages are appropriate as integrative indicators for physical and chemical environmental variation.

STUDY AREA

The studied area is located in the Finnish coast of the GoF, Baltic Sea (Figure 1; Position: 59°72∼390 000 km2 and mean depth of 54 m, and the GoF is an eastward-elongated basin in the northern Baltic Sea, with mean depth of 37 m and area of ∼29 500 km2. The mean bottom salinity of the Baltic Sea varies from 32‰ in the Danish Straits to 3–9‰ in our study area (Leppäranta and Myrberg, 2009). Because of strong stratification of the water column in the Baltic Sea, the deeper waters of the main basin, namely the Baltic Proper are almost continuously hypoxic and the heavy and saline bottom water is regularly pushed to GoF in relation to salt water intrusions from the North Sea (Carstensen et al., 2014; Reusch et al., 2018). In the GoF the halocline is situated at approximately 60 m depth (Alenius et al., 1998). According to our calculations on average 4663 km2 of seabed (19%) lies below that, and is thus susceptible to rapid and wide-spread temporary hypoxia/anoxia. The Baltic salinity and oxygen conditions depend on changes in vertical mixing and major inflows of saline water from the North Sea through the Baltic Proper (Leppäranta and Myrberg, 2009), and hypoxia/anoxia is further strengthened by persistent eutrophication of the system (Carstensen et al., 2014; Reusch et al., 2018; Heiskanen et al., 2019).
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FIGURE 1. Map of the study area and the sampling stations in the Finnish coast of the Gulf of Finland, the Baltic Sea.



The Finnish monitoring program for the coastal macrozoobenthos has been carried out in the GoF since 2001. The benthos samples typically include only a few species due to frequent periods of hypoxia and of the brackish-water conditions of the study area, where many marine and freshwater species live on the edges of their distribution range. For this study, 55 zoobenthic sampling stations were chosen as these included measurements of oxygen, temperature, salinity, total phosphorus and total nitrogen. Samples with no observed macrofaunal life were also included in the study.

Sampling of Zoobenthos

Zoobenthos was sampled using the coastal research vessel R/V Muikku. One quantitative benthic sample was taken at each station during each sampling event. The sample was taken using a van Veen grab sampler, with grab area of 0.1 m2. The sediment consistency (%) of each van Veen sample was visually evaluated, and sediment types were determined according to the Wentworth (1922) classification method into small stones (pebbles), gravel, sand, silt, mud, and clay (mud had the same grain size as clay, but its organic material consistency was higher). Samples were sieved on a 1 mm mesh, and the sediment remains and animals were stored in 70% alcohol for further analysis in the laboratory. Each of the sampling stations was characterized by east-west location (longitude), seabed depth (meters), and location in a coastal gradient (inner archipelago, outer archipelago, open sea).

Water Quality

The water quality in the study area has been measured by regional ELY-centres and by FEI. Available data on oxygen, temperature, salinity, total phosphorus and total nitrogen, at less than 1 m above the bottom, was compiled for the study period. Possible effects of the chosen water quality variables (oxygen, total phosphorus, total nitrogen, salinity, and temperature) on zoobenthos were studied both coinciding with the timing of zoobenthic sampling, and using a 1 year time-lag between the environmental conditions and the fauna, as the preceding year may have affected the juvenile phases of the zoobenthos, which may still be visible in the samples of the following year. Hence, the study period for the environmental factors also included the year 2000. The concentration of oxygen (mg L–1) was determined by the Winkler titration method, salinity was determined by conductometric titration and total phosphorus (μg L–1) and total nitrogen (μg L–1) were determined using spectrophotometry (Creative Commons/ELY-centres and FEI).

Statistical Analyses

In total, 523 samples of zoobenthos were included in the study, with eleven distinct taxa representative enough to be included in the species-specific analyses (there were few more species observed occasionally, but they occurred in less than 2% of the samples, and were thus omitted): the bivalve Limecola (Macoma) balthica; the gastropod Hydrobia spp.; the crustaceans Monoporeia affinis, Pontoporeia femorata, Gammarus spp. and Saduria entomon; the polychaetes Marenzelleria spp., Bylgides sarsi and Hediste diversicolor; the priapulid Halicryptus spinulosus, and chironomid larvae of the family Chironomidae (Diptera). Environmental factors used to explain the variation of zoobenthos in the analyses were depth (continuous), year (continuous), longitude (continuous), coastal gradient (categorized: inner archipelago, outer archipelago, open sea), sediment types (separately as dummy variables: small stones, gravel, sand, silt, mud, clay), total phosphorus (continuous), total phosphorus in the preceding year (continuous), total nitrogen (continuous), total nitrogen in the preceding year (continuous), oxygen content (continuous and categorized), oxygen content in the preceding year (continuous and categorized), temperature (continuous), temperature in the preceding year (continuous), salinity (continuous) and salinity in the preceding year (continuous).

The Plymouth Routines in Multivariate Ecological Research (PRIMER 6.0) was used to conduct the Multidimensional scaling (MDS), the SIMPROF-test with the cluster dendrogram, the BEST-analysis, and the similarity percentages (SIMPER) analysis (Clarke and Gorley, 2006). The species matrix was log-transformed [Log(X + 1)] and the environmental variables were normalized for all of the analyses, and a resemblance matrix (measuring resemblance between every pair of samples), using Bray Curtis distance measure, by variables (taxa) of the community data was used to conduct the MDS -analysis and the SIMPROF-test. A second resemblance matrix (using Euclidean distance) was created based on environmental data per stations and used for SIMPER and BEST-analyses.

Multidimensional scaling and SIMPROF-test were used to investigate the association of zoobenthic species in space and time. The analyses were conducted on the resemblance matrix (using Bray Curtis distance), based on the abundance log-transformed data. In order to investigate how the zoobenthic species were distributed in multidimensional space, and whether there was any specific structure in the community data (i.e., whether the studied taxa formed assemblages, sharing habitats), we first conducted an MDS run and the SIMPROF-test with Bray-Curtis similarity procedure, and then visualized the results (Clarke and Gorley, 2006). MDS represents the studied taxa as points in a 2-dimensional space based on their ecological similarity (distances) (Clarke and Gorley, 2006). SIMPROF-test examines if there is statistically significant evidence of clusters in the species data; the output is a dendrogram displaying the grouping of taxa into decreasing number of clusters based on their ecological similarity (Clarke and Gorley, 2006).

As oxygen at the seabed is prerequisite for benthic life, and species have differing tolerances to oxygen deficiency (see e.g., Vaquer-Sunyer and Duarte, 2008), we carried out a SIMPER -analysis to specifically analyse the assemblage structure in distinct oxygen categories. Oxygen was classified into 10 different categories (1 = 0–1, 2 = 1–2, 3 = 2–3, 4 = 3–4, 5 = 4–5, 6 = 5–6, 7 = 6–7, 8 = 7–8, 9 = 8–9, 10 = 9–10 mg L–1). To further visualize the impact of O2 on zoobenthos abundance patterns, each studied species was measured against O2 to investigate whether the abundance of species was related to O2.

The BEST-analysis, which is based on Euclidean distance measures, was conducted to investigate which variables of the spatial and temporal environmental factors and their combinations that “best” matched the observed assemblage structure. The BEST-routine maximized rank correlations between environmental and biotic matrices to identify environmental variables that accounted for the highest proportion of variation among benthic assemblages (Clarke et al., 2008). All of the environmental variables were included to investigate which of the variables or their combinations significantly correlated with the observed assemblage pattern. The Best analysis was used to supplement the CCA-analysis. The analysis searches over subsets of abiotic variables for a combination that optimizes the match between assemblages and associated environmental variables (Clarke and Gorley, 2006).

The R statistical language with vegan library was used to conduct Constrained Correspondence Analysis (CCA) to study the specific influence of the chosen environmental variables on the zoobenthic species (Oksanen et al., 2018). CCA catches only the variation which can be explained by the chosen environmental variables or constraints. The analysis is based on chi-square distances and conducts weighted linear mapping (Legendre and Legendre, 2012; Oksanen et al., 2018). The species matrix was log-transformed [Log(X+1)] for the analysis. The first analysis was run using all of the environmental variables. In addition, one more analysis was run excluding the variables which strongly correlated with salinity, namely depth, longitude, temperature and the archipelago gradient (inner, outer, open sea). The included variables in this second analysis were year, mud, clay, sand, gravel, oxygen concentration during the same year and the preceding year, phosphorus during the same and the preceding year, nitrogen during the same and the preceding year and salinity during the same and the preceding year.

The R statistical language with “MASS” library was used to fit Gaussian generalized linear models (GLM) with species, in order to find out the effect of chosen predictor variables (the same variables as in BEST and CCA) on individual species abundance patterns (Venables and Ripley, 2002). GLM is a linear regression method that allows for response variables that have non-normal distributions (Venables and Ripley, 2002).

RESULTS

Similarity of Species in an Environmental Space

The MDS-ordination and the SIMPROF-test with the cluster dendrogram showed the similarity of species distribution in an environmental space (Figures 2, 3 and Table 1). H. spinulosus and Hydrobia spp., as well as S. entomon and M. affinis were likely to co-occur in the study area. In addition, Limecola (Macoma) balthica, M. affinis and S. entomon often shared habitats together. Furthermore H. diversicolor, H. spinulosus and Hydrobia spp. formed a cluster with each other. P. femorata and B. sarsi formed a cluster. Marenzelleria spp., Limecola balthica, S. entomon and M. affinis also formed a cluster together Figure 3 and Table 1. According to the results, only clusters formed by B. sarsi and P. femorata as well as Gammarus spp. and Chironomidae were non-significant. Chironomidae displayed a unique ecological niche, and they did not have high similarity with any other species. In addition, the stations with no observed macrofaunal species present (severe hypoxia or anoxia) were clearly different from the stations with species.
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FIGURE 2. MDS-ordination on the similarity of the species (Marenzelleria spp., Bylgides sarsi, Hediste diversicolor, Halicryptus spinulosus, Limecola (Macoma) balthica, Hydrobia spp., Saduria entomon, Monoporeia affinis, Pontoporeia femorata, Gammarus spp., Chironomidae and variable “No species” (referring to samples lacking macrofaunal specimens) in an environmental space. 2D stress level of the test was 0.08, indicating sufficient statistical validity of the test. Bray Curtis similarity measure was used to define the similarity of species. Similarity levels of 20% (continuous line) and 40% (dashed line) are illustrated by contours.
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FIGURE 3. A cluster dendrogram output of the SIMPROF-test (see Table 1) with Bray Curtis similarity measure (x-axis) and variables (y-axis). “No species” refers to samples with lacking macro-benthic specimens. Taxa abbreviations: Mar – Marenzelleria spp., Limbal – Limecola (Macoma) balthica, Saden – Saduria entomon, Monaff – Monoporeia affinis, Hedi – Hediste diversicolor, Halspi – Halicryptus spinulosus, Hydrob = Hydrobia spp., Bylsar – Bylgides sarsi, Pontfem – Pontoporeia femorata, Gamm – Gammarus spp., Chir – Chironomidae. The red dashed lines refer to variables which cannot be significantly differentiated.



TABLE 1. SIMPROF-test results including relevant parameters. The results refer to the cluster diagram in Figure 3.
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Effects of Environmental Variables on the Benthic Community Composition

The following significant correlations appeared between environmental variables: depth was correlated with archipelago gradient (r = 0.83), salinity (r = 0.72; illustrating the strong stratification in the Baltic Sea), temperature (r = −0.59) and nitrogen (r = −0.22). Nitrogen was also correlated with oxygen (r = −0.50) and phosphorus (r = 0.75). Phosphorus was also correlated with oxygen (r = −0.54). Archipelago gradient was also correlated with temperature (r = −0.55) and salinity (r = 0.63). Gravel was correlated with oxygen (r = 0.29). Salinity was also correlated with temperature (r = −0.59) and longitude (r = −0.24).

The CCA model was significant (p = 0.001, χ2 = 1.07). Four of the first axes were significant; axis one (p = 0.001, χ2 = 0.40), axis two (p = 0.001, χ2 = 0.28), axis three (p = 0.005, χ2 = 0.14) and axis four (p = 0.009, χ2 = 0.12). The results showed that several driving factors significantly affected the species abundances in our study area (Table 2). In order of significance these were depth, longitude, year, mud, archipelago gradient, temperature of the previous year, clay, oxygen of the same and previous year (equal), temperature of the same year, total nitrogen of the same year, sand, total nitrogen of the previous year, and total phosphorus of the same year. All of the fore mentioned factors were statistically significant. Figure 4 illustrates the effect of the statistically significant variables on the studied zoobenthos.

TABLE 2. The constrained variation and the statistical significance of the environmental variables used in the CCA –analysis, when all of the 20 variables were included.
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FIGURE 4. A CCA biplot depicting the effect of the statistically significant environmental variables (see Table 1), on the distribution and abundance of zoobenthic species (Mar – Marenzelleria spp., Bylsar – Bylgides sarsi, Halspi – Halicryptus spinulosus, Hedi – Hediste diversicolor, Gamm – Gammarus spp., Monaff – Monoporeia affinis, Pontfem – Pontoporeia femorata, Saden – Saduria entomon, Macbal – Limecola (Macoma) balthica, Hydrob – Hydrobia spp. Chir – Chironomidae).



When depth, archipelago gradient, temperature and longitude were omitted from the CCA (because of the strong correlation with salinity), the model was also significant (p = 0.001, χ2 = 0.80). The four first axes were significant; axis one (p = 0.001, χ2 = 0.31), axis two (p = 0.001, χ2 = 0.23), axis three (p = 0.004, χ2 = 0.10) and axis four (p = 0.010, χ2 = 0.09). Salinity was the most significant variable in this analysis (p = 0.001, χ2 = 0.14). In addition to salinity, mud (p = 0.001, χ2 = 0.13), year (p = 0.001, χ2 = 0.12), nitrogen of the same year (p = 0.001, χ2= 0.08), O2 of the same year (p = 0.001, χ2 = 0.08), O2 of the previous year (p = 0.001, χ2 = 0.06), clay (p = 0.002, χ2 = 0.05), salinity of the previous year (p = 0.002, χ2 = 0.03), and sand (p = 0.030, χ2 = 0.03) were significant driving factors.

The CCA was supplemented with the BEST-analysis, which used Euclidean distances to find the “best” match between among-sample assemblage pattern and the related environmental factors driving it. The results indicated that sampling year, clay, silt, and sand had the highest Spearman rank correlation with the associated biotic matrix. The combined effect of these four variables accounted for 32% of the observed biological pattern.

Effects of Environmental Variables on the Species

The abundance of zoobenthos was differently affected by the studied environmental variables. In summary, the CCA results show that, Chironomidae was positively correlated with high temperatures and nutrient concentrations (Figure 4). Chironomidae also seemed to favor closeness to shore and relatively shallow depths with muddy sediments. Limecola (Macoma) balthica, B. sarsi, H. spinulosus and P. femorata were positively correlated with high O2 concentrations. They were most abundant in the western parts of the study area in high salinity and during the earlier study years with less hypoxia present, but they did not favor muddy bottoms. The amphipods of the genus Gammarus seemed to favor high temperatures and high phosphorus content with 1 year’s time lag. The isopod S. entomon and the amphipod M. affinis were driven mostly by clayey or gravelly bottoms, and in addition occurred mostly in higher oxygen contents in deeper open sea stations. Marenzelleria occurred mostly in muddy bottoms during the later survey years and was most abundant in the eastern parts of the study area.

The GLM results (Supplementary Material 1) show that year (r = 0.096), clay (r = 0.134), mud (0.074) and oxygen content with a time lag of 1 year (0.061) significantly affected the abundance of Marenzelleria spp. Longitude (r = −0.000) and mud (r = −0.010) significantly affected the abundance of B. sarsi. Temperature (r = 0.008), mud (r = −0.008), total nitrogen with a time lag of 1 year (r = −0.000), and oxygen content with a time lag of 1 year (r = −0.007) significantly affected the abundance of H. diversicolor. Longitude (r = 0.000) significantly affected the abundance of H. spinulosus. Mud (r = −0.073), longitude (r = −0.000) and oxygen content (r = 0.031) significantly affected the abundance of Limecola (Macoma) balthica. Sand (r = 0.271), oxygen content (r = 0.027) and temperature with a time lag of 1 year (r = 0.031) significantly affected the abundance of S. entomon. Oxygen content (r = 0.047), year (r = 0.023), salinity with a time lag of 1 year (r = −0.129), clay (r = 0.045) and mud (r = −0.030) significantly affected the abundance of M. affinis. Mud (r = −0.008), year (r = 0.004) and longitude (r = −0.000) significantly affected the abundance of P. femorata. Mud (r = −0.014) and oxygen content with a time lag of 1 year (r = −0.011) significantly affected the abundance of Hydrobia spp. Temperature with a time lag of 1 year (r = 0.058), year (r = 0.028), total nitrogen (r = 0.001) and total phosphorus (r = −0.001) significantly affected the abundance of Chironomidae. In addition year (r = 0.079), longitude (r = −0.000), oxygen (r = 0.081) and sand (r = 0.349) significantly affected the number of species on the study sites. Gammarus spp. was the only taxon that did not significantly respond to the studied variables.

Distribution of Zoobenthos in Relation to Oxygen

The spatial distribution of the observed zoobenthic taxa was examined in relation to oxygen concentration (mg L–1) at the time of the zoobenthic-sampling. Even if oxygen levels varied yearly and spatially, a pattern emerged that the number of species increased with the increasing O2 concentration (Figure 5). Species-specific results show clear and specific adaptations to the gradient in oxygen levels (Figure 6). Pontoporeia femorata occurred at sites with O2 concentrations of ≥6 mg L–1. It was most abundant in areas with O2 concentrations of around 8 mg L–1 (up to < 70 ind. m–2) and 6 mg L–1 (∼ 48 ind. m–2).
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FIGURE 5. Average number of species (y-axis) per category of O2 mg L–1 (x-axis) and with standard error bars. Oxygen categories: 1 = 0–1, 2 = 1–2, 3 = 2–3, 4 = 3–4, 5 = 4–5, 6 = 5–6, 7 = 6–7, 8 = 7–8, 9 = 8–9, 10 = 9–10 mg L–1.
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FIGURE 6. Total sum of studied taxa ind. m–2 (y-axis) in distinct categories of O2 mg L–1 (x-axis). (A) Pontoporeia femorata, (B) Limecola (Macoma) balthica, (C) Monoporeia affinis, (D) Bylgides sarsi, (E) Halicryptus spinulosus, (F) Saduria entomon, (G) Gammarus spp., (H) Hydrobia spp., (I) Hediste diversicolor, (J) Marenzelleria spp., (K) Chironomidae.



Limecola (Macoma) balthica mainly occurred at sites with O2 concentrations of ≥4 mg L–1. It was most abundant in areas with O2 concentrations of around 7 and 8 mg L–1 (up to > 3400 ind. m–2).

Monoporeia affinis mostly occurred at sites with O2 concentrations of ≥4 mg L–1. It was most abundant in areas with O2 concentrations of around 7 and 8 mg L–1 (up to 1690 ind. m–2).

Bylgides sarsi was most abundant in 7 mg O2 L–1 (∼55 ind. m–2). It was also present in O2 concentrations of about 10 mg L–1 (∼10 ind. m–2). Its occurrence was not consistent along the oxygen gradient, as this species is mobile and tolerant to varying oxygen levels.

Halicryptus spinulosus was most abundant in 7–8 mg O2 L–1 (up to > 100 ind. m–2). Although the species was totally absent in anoxic stations or in O2 concentrations of 2–4 mg O2 L–1, it was randomly recorded in ∼1 mg O2 L–1 (up to ∼30 ind. m–2).

Saduria entomon mostly occurred in areas with O2 concentrations above 3 mg L–1. It was most abundant at sites with O2 concentrations of around 7 mg L–1 (>420 ind. m–2).

Gammarus spp. occurred in O2 concentrations of around 5 mg L–1 (∼10 ind. m–2) and 8 mg L–1 (∼250 ind. m–2). It was totally absent in the sampling sites with O2 concentrations of around 0, 2, 3, 4, and 9 mg L–1, but was randomly found in O2 concentrations of around 1, 6, and 7 mg L–1.

Hydrobia spp. mostly occurred in O2 concentrations of 5 mg L–1 (∼ 50 ind. m–2), but also randomly occurred in O2 concentrations of 1, 6, and 7 mg L–1.

The occurrence/distribution of H. diversicolor was random, with only a few individuals observed in the samples. It was found in O2 concentrations of 9, 6, and 1 mg L–1.

Marenzelleria spp. was most abundant (up to > 20000 ind. m–2) in ca. 4 and 5 mg O2 L–1. The species was also relatively abundant around 6 and 7 mg O2 L–1 (up to > 15000 ind. m–2). Marenzelleria was completely absent in anoxic stations but was randomly found in areas of very low oxygen concentration (1 mg O2 L–1).

Chironomidae occurred in all O2 concentrations. However, it was most abundant in stations with low O2 concentrations of around 1 mg L–1 (>1000 ind. m–2).

As a result of the SIMPER -analysis, characteristic assemblage compositions were described for each O2 concentration -level (Table 3). Only Chironomidae and Marenzelleria were high in abundance in the lowest O2 concentrations (0–1 and 1–2 mg L–1). In concentrations of up to 5 mg L–1 the assemblages were defined by Marenzelleria, Limecola (Macoma) balthica, S. entomon and Chironomidae. In O2 concentrations of 6–9 mg L–1 the assemblages were defined by Marenzelleria, S. entomon, M. affinis, Limecola (Macoma) balthica, B. sarsi, Chironomidae and H. spinulosus and these were also the most species-rich assemblages. The mean similarity of the sample communities decreased with higher O2 concentrations and community diversity (Table 3).

TABLE 3. Zoobenthic species contributing to the similarity of assemblages defined by O2, and the average similarity (%) of assemblages in 9 different O2 categories (0–1, 1–2, 2–3, 3–4, 4–5, 5–6, 6–7, 7–8, 8–9 mg L–1; category 10 only included one species and was thus omitted).
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DISCUSSION

We found that the benthic species occurrence and abundance were primarily affected by depth (representing salinity and temperature, as both correlate with depth), east-west gradient (representing salinity), sampling year (temporal aspect), coastal zone (representing depth and closeness to shore; spatial aspect), seabed substrate (representing grain size and sediment organic content), and chemical factors (O2 concentration, nitrogen concentration, phosphorus concentration and temperature). In support for our first hypothesis, the eutrophication process affects the zoobenthic assemblage composition: even if nutrient concentrations were significant explanatory variables, it was best manifested through the indirect secondary effects of eutrophication, i.e., changes (reductions) in oxygen concentration as a consequence of increased sedimentation of pelagic primary production and thus increased oxygen demand (Griffiths et al., 2017). As the sampling was temporally infrequent (annual), and the water chemical variables were not always measured during the same day as zoobenthic samples, it cannot be ruled out that higher levels of correlation and direct influence of the chosen environmental factors would have been seen closer to the zoobenthos sampling time (e.g., Weigel et al., 2015), although time-series studies with once-per-year sampling have proven to be fruitful before in this marine to brackish-water region (Rousi et al., 2013; Törnroos et al., 2019).

We were able to show relevant results with just one zoobenthic sample per station per year. Cuff and Coleman (1979) found that one sample with van Veen grab from a site was representative enough, provided the spatial coverage of sampling sites was sufficient, which was the basis for the sampling-design in our study. Our data is based on long-term coastal monitoring data, and the monitoring program is primarily designed for observing regional environmental changes. In support of the faunal samples, this study included information on sediment types, and there is a correlation between soft sediment (mud, soft clay and silt) and sediment organic content (e.g., Leipe et al., 2011; Hossain et al., 2014), i.e., the softer the sediment, the higher the organic content. Thus the factor “sediment type” in our study explains the part of the variability which can be associated with organic content.

The Environmental Variables Driving the Zoobenthos Abundance Trends in the GoF

Our results showed that both spatial and temporal variables accounted for the distribution of zoobenthos in the study area, the Finnish coastal region of the GoF (Figure 1). In support of our second hypothesis, the spatial variables (i.e., depth, east-west gradient) were more important than the temporal dynamics (sampling year) (Bonsdorff, 2006; Laine et al., 2007). According to the CCA-analysis, depth was the most important driver for the abundance of the zoobenthos; also longitude, year, mud, archipelago gradient, salinity, temperature, clay, oxygen, sand, and nutrients significantly affected zoobenthos distribution patterns. In the BEST-analysis, sampling year and the sediment-fraction clay accounted for most of the variation in abundance, but also sand and silt were significant drivers. The important role of substrate according to BEST was somewhat surprising as the sediments were mainly characterized as mud/clay, and a wider variety of substrates was not registered in the study area in spite of the large spatial scale of coverage over hundreds of kilometers (Figure 1). In contrast, Rousi et al. (2011) showed that spatial heterogeneity in coastal soft-sediment systems can be high even over small spatial scales in complex and mosaic archipelago areas. This classification of the substrates into gravel, sand, mud and clay is in line with the biotope definitions made in the Baltic Sea (HELCOM, 2013), and shows that assessments of the state of the substrate-based benthic biotopes can be done by coastal zoobenthic monitoring programs. Such an assessment is also required as part of the EU MSFD (EU-COM, 2017).

The BEST-analysis, which used Euclidean distance measure between environmental variables and zoobenthos, differed clearly from the CCA -analysis which used Chi-square distances between the environmental variables and respective zoobenthic assemblages. Euclidean distance is based on geometry, and Chi-square distance is based on differences between objects in the proportional representation of the species (Quinn and Keough, 2002). Canonical partitioning such as CCA is more suitable when studying community composition among sites, because it correctly estimates the different portions of community composition variation, whereas geometric distance underestimates the variation explained by environmental variables (Legendre et al., 2005).

Zoobenthos as an Integrative Indicator of Human Impacts

The monitoring and assessment of zoobenthos is part of the national Finnish program in support of EU water and marine policies (EU WFD and EU MSFD). The assessments provide advice on the level of human impacts on the marine and coastal environment, and are used to justify management measures. According to our results, the zoobenthos respond species-specifically to temporal oxygen deficiency, which is driven by regional coastal eutrophication and dynamics between offshore hypoxic areas and the coast. In addition, nutrient concentrations in the sampling area significantly affected the community composition. Even though the response to total phosphorus and nitrogen concentrations can also indicate an indirect effect reflecting the more general level of eutrophication, these factors give sufficient evidence that zoobenthic assemblages are good environmental indicators for eutrophication assessments in combination with physical and chemical environmental drivers (Villnäs and Norkko, 2011). Similar results have been shown for many coastal areas in Europe and other parts of the world (e.g., Zimboura and Zenetos, 2002; Bonsdorff et al., 2003; Cardoso et al., 2007; Perus et al., 2007; Foden et al., 2011; Howarth et al., 2011, and Snickars et al., 2014). The effects of oxygen, salinity and temperature on the zoobenthos have also been studied in the open sea area of the GoF by Laine et al. (1997, 2007), and the results from these deeper areas more frequently experiencing hypoxia support our findings. Our study highlights the temporal and spatial effects of nutrients and oxygen in the coastal Gulf of Finland, which is directly influenced by local nutrient loading and the fluctuating waters of the adjacent deep Baltic Proper, and the highly stressed coastal systems of the innermost parts of the gulf (Maximov et al., 2015).

Climate change-related variables, such as increasing temperature and reduced salinity in estuarine environments, have been shown to impact the distribution patterns of zoobenthos (e.g., Vaquer-Sunyer and Duarte, 2008; Rousi et al., 2013; Snickars et al., 2014; Grebmeier et al., 2015). We found implications of the significant effects of temperature and salinity on several of the studied species. Long-term and large-scale severe eutrophication may also be enhanced by both climate change-induced increases in precipitation and subsequent runoff of nutrients from land (Diaz and Rosenberg, 2008), and due to higher oxygen demand in the sedimentary systems in response to increased temperature (Vaquer-Sunyer and Duarte, 2008). On a larger scale, the basic changes seen in the GoF mirror those recorded along the entire Baltic Sea gradient (Andersen et al., 2017; Reusch et al., 2018), where the zoobenthos forms a continuum of gradual change dictated by the natural environmental gradients and amplified by eutrophication, oxygen deficiency and global change-related factors (Rumohr et al., 1996; Bonsdorff and Pearson, 1999; Bonsdorff, 2006; Gogina et al., 2016).

The Role of Oxygen in Shaping the Zoobenthic Assemblages

Along with biotic factors, such as ambient population dynamics, recolonization of benthic habitats after disturbance is dependent on abiotic factors of the surrounding areas (Zajac and Whitlatch, 1982). Our results clearly show that oxygen (normoxia, hypoxia, anoxia) is a strong predictor for species diversity and occurrence in the zoobenthic assemblage. Different taxa have specific tolerance ranges which can be predicted from the oxygen measurements in the same year and the previous year. This suggests that zoobenthic indicators can describe and mirror the benthic physical and chemical conditions over longer time spans even if the O2 conditions have likely fluctuated during the period, which is in support of our third hypothesis.

The analysis showed that only the larvae of dipteran chironomids were well adapted to live in very low O2 conditions (all the other recorded benthic species thrived in higher O2 concentrations) as their tolerance to oxygen deficiency is evidently better, in part due to their high oxygen-binding capacity in response to their high levels of hemoglobin (Ha and Choi, 2008).

We conclude that the zoobenthos monitoring of the outer coastal waters of the GoF supports the assessments of the state of marine environment and that the zoobenthic assemblages are influenced by not only the sedimentary substrates but also variables related to eutrophication, closeness to shore, salinity and water temperature. Oxygen is one of the main environmental variables shaping the species composition, and we showed how species richness declined in the relatively species-poor benthic community as oxygen declined.
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Linkage option used was “group average”. Resemblance measure used was Bray
Curtis similarity. There were 999 simulation permutations, and the significance
level was set to 5%. “Variables” refers to the taxa: 1 = Halicryptus spinulosus,
2 = Hedliste diversicolor, 3 = Bylgides sarsi, 4 = Marenzelleria spp., 5 = Hydrobia
spp., 6 = Limecola (Macoma) balthica, 7 = Saduria entomon, 8 = Gammarus
spp., 9 = Pontoporeia femorata, 10 = Monoporeia affinis, 11 = Chironomidae,
12 = No species. Values over 12 are assemblages and these assemblages form
larger assemblages. “Similarity” refers to the Bray Curtis similarity measure. “Pi(w)”
refers to the summed absolute distances between the real similarity profile and
the simulated mean profile; it is the test statistics. If w is larger than any of the
999 simulated similarity values, there is evidence of group structure. “p” refers to
statistical significance level, withdrawn from w. ***P < 0.001.
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