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Abstract

:

Simple Summary


An increasing number of different habitats leads to an increasing number of species and has been considered a key driver for biodiversity. However, there is no common understanding on how to measure habitat diversity. In this study, we tested a newly proposed measure of substrate heterogeneity by classifying changes on the seafloor with underwater video imaging. This analysis showed that the presence of small patches of different soft sediment types was associated with elevated species richness and a higher rate of occurrence of rare species.




Abstract


Many studies show that habitat complexity or habitat diversity plays a major role in biodiversity throughout different spatial scales: as structural heterogeneity increases, so does the number of available (micro-) habitats for the potential species inventory. The capability of housing species (even rare species) increases rapidly with increasing habitat heterogeneity. However, habitat complexity is not easy to measure in marine sublittoral sediments. In our study, we came up with a proposal to estimate sublittoral benthic habitat complexity using standard underwater video techniques. This tool was subsequently used to investigate the effect of habitat complexity on species richness in comparison to other environmental parameters in a marine protected area situated in the Fehmarn Belt, a narrow strait in the southwestern Baltic Sea. Our results show that species richness is significantly higher in heterogeneous substrates throughout all considered sediment types. Congruently, the presence of rare species increases with structural complexity. Our findings highlight the importance of the availability of microhabitats for benthic biodiversity as well as of the study area for regional ecosystem functioning.
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1. Introduction


Species composition and species richness of faunal communities are well known to depend on different environmental factors with respect to the considered spatial scale [1]. For example, diversity and species richness of endobenthic macrofauna assemblages in the Baltic Sea are mainly influenced by salinity at regional scale of hundreds of kilometers (i.e., the entire sea or its southwestern part, stretching through several sub-basins [2,3]). By contrast, on a sub-regional scale of tens of kilometers, substrate characteristics and other factors, often masked by water depth, become more important [4,5]. However, many terrestrial, limnic, and marine studies show that habitat complexity, or habitat diversity, plays a major role in biodiversity throughout different spatial scales (e.g., [6,7,8]): as structural heterogeneity increases, so does the number of available (micro-) habitats for the potential species inventory [9]. The effect of the available number of habitats might not only be additive in the sense that the species inventory of the different habitats is added in a small area, but also that highly specialized species might even be endemic in these areas [10]. Furthermore, ecosystems that are more complex show higher levels of multiple ecosystem functions than ecosystems with low habitat diversity [11]. The capability of housing species (even rare species) increases rapidly with increasing habitat heterogeneity. On the other hand, common and rare species potentially play an important role in ecosystem functioning, either by offering novel contributions to functional diversity or via functional redundancy [12]. In addition, in natural or anthropogenic stress phases, communities with an extensive set of functional traits have a higher probability of surviving and contribute to the stabilization of the system [13].



However, habitat complexity is not easy to measure in marine sublittoral sediments. On larger scales, seafloor morphology is often used as a proxy to capture habitat heterogeneity [14]. On smaller scales, heterogeneity in sediment characteristics can be a key factor for determining species diversity (e.g., [5]). Nevertheless, sediment heterogeneity is often not captured in standardized sampling with a low number of replicates at individual stations. Hence, sediment composition in heterogeneous areas can be determined by significantly increasing the number of repetitions in physical sampling, leading to a huge amount of additional effort [15]. Another challenge arises in connection with the amount of sediment that is taken to analyze sediment characteristics. Taking a small sub-sample for sediment analysis often does not represent the full range of the present grain size span. This is why sediment and infauna samples are often taken separately to guarantee enough sample material for both analyses [16]. However, taking separate samples to estimate substrate heterogeneity may lead to potentially significant spatial mismatches between biogenic and geological data and may restrict the ability to cover the full range of available sediment structures. In addition, potentially important geogenic and biogenic structures such as boulders, pebbles, macrophyte meadows, and bivalve shells are often overlooked. An alternative, efficient way to estimate habitat complexity of a patch is through the use of underwater video that often accompanies the physical sampling [17].



In our study, we came up with a proposal to estimate sublittoral benthic habitat complexity using standard underwater video techniques. Data derived using this tool were subsequently used to investigate the effect of habitat complexity on species richness in comparison to other environmental parameters in an area with steep environmental gradients at a relatively small spatial scale of a few tens of kilometers.




2. Materials and Methods


2.1. Study Area


The Natura 2000-site “Fehmarn Belt” (EU-code DE 1332-301, hereafter referred to as marine protected area, MPA) is located in the southwestern Baltic Sea and covers an essential part of a narrow strait between the Danish island Lolland and the German island Fehmarn (Figure 1). It covers an area of 280 km² and is characterized by a steep depth gradient. The Fehmarn Belt is part of the Baltic transition zone that is influenced by the inflow of saline water from the Atlantic and the outflow of brackish water from the Baltic Proper [18,19]. More than two-thirds of the water volume exchanged between the North Atlantic and the Baltic Sea passes by the Belt Sea and, hence, through Fehmarn Belt [20].



Seafloor morphology and surface sediment structure in this area are formed out of glacial and postglacial processes. While the eastern and the southwestern parts of the MPA mainly consist of wide areas of muddy sand and sandy mud, the central part of the area is characterized by a high grain size heterogeneity [21]. This part of the study area consists of a large abrasion platform with the lowest water depths of 10 m cut by a deep valley (Vinds Grav channel) from east to west. The highest water depth here is around 40 m [22], filled with fine-grained deposits. Coarse lag deposits dominate the abrasion platform north of the incision. Boulders, pebbles, shell gravel, and sand of different grain size form a highly patchy mosaic of microhabitats. Sediment classes can change within meters. Similar deposits can be found south of the valley but with increasing distance, closer to the coast of Fehmarn, sand partly covers the lag deposits. A remarkable geological feature is a field of sand ribbons and drowned dunes of a height up to 2 m [23]. The sand dunes generally consist of medium-to-coarse sand with finer grain sizes dominating in higher depths below 18 m. In addition, accumulating Arctica-shells and floating kelp also increase habitat variability in this ribbon field.
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Figure 1. Map including the expected distribution of sediment types (after Tauber, 2012 [24]) and the location of sampling stations. Circles indicate 162 sampling locations (further referred to as stations) used for statistical analyses and the construction of general linear models, with circle colors referring to the results of the sediment type classification (crosses indicate samples excluded from the initial dataset (n = 355) due to the criteria listed in Section 2.2). The blue line indicates the border of the Natura 2000-site and the white area indicates unmapped seabed in Danish waters. 
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2.2. Infauna and Sediment Data


Samples were collected during various projects at different spatial locations between 2012 and 2018. The locations (subsequently called stations) were selected in order to representatively cover the expected distribution of all major surface sediment types in the study area based on existing mapping, literature review, and the authors’ experience (see Figure 1). Although the sampled stations included both monitoring stations and randomly placed mapping stations, the applied sampling method remained the same over the seven years. At each station, at least one sample for infauna and one for the analysis of sediment properties was collected using a Van Veen grab (sampling area 0.1 m²), and one short video survey was conducted on the same day within a vicinity of 50–100 m.



Infauna samples were sieved using a 1 mm mesh sieve and fixated using a 4% buffered formaldehyde seawater solution. In the lab, samples were sorted using a binocular with a 10-fold magnification, and individuals were identified to the lowest possible taxonomical level (mainly species level) and counted. Taxonomy followed the World Register of Marine Species (WoRMS).



In contrast to the expected sediment types depicted in Figure 1, the final attribution of stations to the four sediment types was based on grain size distribution measurements using granulometric analyses. The considered sediment types were (i) muddy substrate (median grain size d50 < 63 µm), (ii) fine sand (d50 63–250 µm), (iii) medium sand (d50 250–500 µm), and (iv) coarse sand and gravel (d50 > 500 µm). The chosen number of classes was determined by the intention to have a sufficient number of stations within each class at the end and to adhere to the commonly accepted (coarse) sediment grain size classification. Sandy and gravelly sediments were dry-sieved automatically over a cascade of 10 sieves with differing mesh sizes ranging from 63 µm to 2 mm. Grain size distribution of muddy sediments was analyzed without chemical treatment by laser-diffraction particle size analyzer CILAS 1180L (3P Instruments GmbH & Co. KG, Odelzhausen, Germany). Parameters describing cumulative grain size distribution (namely median grain size, sorting, and skewness) were then calculated by using a skewed s-shape function, fitted to the cumulative grain size data with the least sum of squares method, applying a special fitting algorithm (the description is given in [25]). However, due to locally heterogeneous sediment conditions, additional information on sediment composition of the infauna sample was taken from the on-board optical sediment description. Samples were rejected from the analysis if a substantial mismatch occurred between the parameters of sediment sample and the on-board description of the sediment of infauna sample.



Depending on the particular aim of the project, one or three replicates were taken per infauna sampling event. However, only one randomly selected infauna sample per location and sampling event was included in the analysis to avoid spatial dependencies. To eliminate the overwhelming effects from epibenthic communities, samples with hard substrate (boulders exceeding approximately 5 cm in diameter) or kelp were also excluded from the analysis before randomly selecting one sample per site. Overall, 162 stations (unique sampling events at location) with infauna and sediment information were finally included in the analysis (Figure 1).



Unattached sessile epibenthic specimens as well as specimens that were not identified to species level were excluded from the following analysis. In addition, oligochaetes were excluded, as they were identified to species level only in some of the campaigns. In contrast, a few genera were included if they were never identified to species level and if the genus was known to be represented by a single species in the regional dataset (e.g., Autolytus, Phoronis, Edwardsia). Additionally, the frequency was determined, which represented the percentage of stations at which a species occurred. Rare species received special attention in the following analysis and were here defined as species occurring at fewer than four stations, corresponding to a frequency of <2%, and at none of the stations present in the abundance exceeding 3 individuals per sample (0.1 m²).



Video transects were taken using a towed system with a SeaViewer underwater camera. Until 2014, an analogous camera was used that was subsequently replaced by an HD camera of the same make. The video platform was equipped with additional light and towed over ground behind the floating vessel with the viewing direction ahead. The towing speed depended on the currents and wind speed and varied between 0.2 and 0.7 kn. The seabed was usually recorded for 5 minutes at approximately 0.5 m above the ground, depending on turbidity conditions. Only the first five minutes of the video were analyzed if the recording time exceeded this time span. Seafloor structures were categorized as follows: large boulders (hard substrates >50 cm), cobble/small boulders (hard substrates 5–50 cm), coarse gravel (2–5 cm), fine gravel (<2 cm), coarse or medium sand, fine sand, mud, bivalve shells (undestroyed or large pieces), and shell gravel. As the system was not equipped with laser pointers, no area calculation was possible. Consequently, the apparent occurrence of abiotic features was classified by estimation of the coverage using the following classes: absence of the feature, occasional occurrence (coverage <1% of the seafloor), frequent occurrence (1–10% coverage), dense occurrence (10–50%), and very dense occurrence (≥50%). For consistency in the video analysis and to avoid introducing observer-specific artefacts, the same person analyzed all the videos. As the video analysis only allows for a semi-quantitative approach, the substrate heterogeneity was described categorically. The four categories were defined as follows (see also Table 1 for schematic presentation):




	
No heterogeneity (none): Other than the dominant (very dense) substrate class, at most one additional feature occurs occasionally;



	
Low heterogeneity: Other than the dominant (very dense) substrate class, at most three additional features occur occasionally, or at most two additional features occur occasionally or frequently;



	
Medium heterogeneity: Other than the dominant (very dense) substrate class, at most five additional features occur occasionally, or at most three additional features occur frequently of which one feature might occur densely;



	
High heterogeneity: Any other combination, including at least four feature classes. Often, no single feature exceeds 50% coverage.









2.3. Analyses and Statistics


In this study, the species richness parameter was chosen to represent the species diversity. This metric is commonly used in studies addressing effects of habitat heterogeneity and complexity on biodiversity [26,27,28]. The Shannon–Wiener Index could alternatively be used [29,30], but equitability in distribution of species among a sample was outside the focus of this study.



All analyses were performed within the R environment [31]. Tests for normality in species richness were performed using a Shapiro–Wilk test [32]. Kruskal–Wallis and pairwise Mann–Whitney tests were used to initially evaluate the overall differences in species richness between the sediment types and substrate heterogeneity classes [33,34].



To compare diversity properties and account for possible sampling effort bias in estimating the expected number of observed species per sediment type, species-accumulation (rarefaction) curves were derived using the specaccum command of the R package vegan [35]. Default specaccum settings were used.



The dependency of species diversity on different environmental factors was tested using generalized linear models (GLM). GLM was chosen as the modelling method, as it was expected to have a higher power than linear models when analyzing count data [36]. The Shapiro–Wilk normality test suggested that species richness was not normally distributed. First, Poisson distribution was assumed for species richness (supported by the results of the Wilcoxon rank sum test) and correlations between numerical predictor variables were explored (see Supplementary Materials, Explanatory Text S1 for test results and Figure S3 for correlation graphs between numerical predictor variables). To reduce the complexity and find the best model, non-significant predictors were dropped, and backward selection based on the AIC information criterion [36] was carried out as the final step. However, the best-fitted Poisson model indicated overdispersion. To evaluate overdispersion, the DHARMa R package was used [37]. The variance was 3.8 times larger than the mean: plotted Pearson residuals considerably exceeded 1 (see Supplementary Materials, Explanatory Text S2). In order to address the detected overdispersion, we changed our distributional assumption to the negative binomial. To check if the distribution assumption could considerably influence our results, we also estimated the dispersion parameter within the model using the quasi-Poisson family. As there was no substantial difference in the interpretation, we focused on the outcome of the negative binomial model in the results, whereas the results of both dispersion-adjusted final models, side by side, are reported in the Supplementary Materials (Explanatory Text S2).



Overall, nine environmental parameters were tested in the initial model. The sediment variables loss on ignition, median grain size, skewness, and sorting were derived from the sediment analysis. Median grain size (in µm) indicated two outliers (values above 1500 µm): their influential effect was removed by transforming variable to phi units before entering the model [38]. Salinity and water depth were taken from measurements accompanying the sampling event. Slope and bathymetric position index (BPI) were derived from the bathymetry map by BSH [39], using the benthic terrain modeler extension (BTM, version 3.0) in ArcGIS [40]. Finally, substrate heterogeneity was estimated as described above and included as a 4-level categorical variable into the model (categories: none, low, medium, high). Sampling year and season (spring and summer) were included in GLM to test effects of temporal trends and seasonality.



Prior to entry into the model, numerical predictors were tested for collinearity using Spearman rank correlation (as mentioned above), and for the set including categorical predictors, the rule of Generalized Variance Inflation Factor GVIF (1/(2 × Df)) < 2.2 (as equivalent to simple variance inflation value VIF < 5) was applied. Values of GVIF suitable for categorical predictors were adjusted to make them comparable across different numbers of parameters, as recommended by Fox and Monette [41]. Potentially important environmental parameters, such as oxygen depletion or the portion of particular grain size fraction in the sediment, were excluded from the analysis after testing for variable collinearity.



In order to obtain more insights on where the differences captured by the final model came from, a post hoc test was carried out for between-subject factors and interactions. For post hoc test, the emmeans R package [42] was used with the default settings of Tukey method for comparing estimates.





3. Results


3.1. Overall Species Inventory


Overall, 199 species were identified, with polychaetes (79 species), molluscs (54), and crustaceans (39) being the main contributors to species richness (Figure 2). Few species were present throughout the area, with Scoloplos armiger (147 records, frequency 90.7%), Kurtiella bidentata (140, 86.4%), Diastylis rathkei (131, 80.9%), Ophiura albida (122, 75.3%), and Abra alba (122, 75.3%) being the most commonly occurring species. Overall, only 18 species were present in more than half of the stations. On the other hand, 25 species were identified in a singular sample and 48 species could be considered as rare in our dataset, following the definition given above (i.e., those occurring at frequency below 2% and with abundance at any station not exceeding 3 individuals per 0.1 m² sample). A complete list of species is provided in the Supplementary Materials—File S1. Of all the 199 species observed, 84 species were shared between all 4 sediment types considered, 9 were found only in mud, 2 were unique for fine sands, 14 for medium sands, and 15 for coarse sediments.




3.2. Species Richness in Different Sediment Types


Species richness varied between 6 and 70 species identified per 0.1 m², with a median of 27 species per sample. Median species richness per sediment type per sample varied between 17 taxa and 38 taxa per 0.1 m², with the lowest values in muddy substrate and the highest values in fine and medium sand (Figure 3). Although species richness in mud was significantly lower than in all other substrates (p < 0.001), no significant difference between the other sediment types were detected., Shapiro–Wilk tests for normality failed, indicating a non-normal distribution of species richness for all sediment types (Supplementary Materials—File S1).



Results from the species area curves (rarefaction analysis) for different sediment types consistently showed the lowest species richness in muddy substrates (Figure 4). The course of the species area curves for fine sand flattened earlier than the course for medium sand and coarse substrates. At an area of 1 m² (10 samples), 72 ± 10 species were identified in muddy substrates, whereas species richness exceeded 100 m−2 in fine sand (104 ± 8), medium sand (109 ± 6), and coarse substrate (108 ± 11). In muddy substrates, a comparable number of species (105 ± 8) could only be found by aggregating 25 samples (corresponding to a cumulative sampled area of 2.5 m²). At this spatial scale, the species richness in fine sand (129 ± 2) was also significantly lower than in medium sand (142 ± 5) and coarse substrate (146 ± 4).




3.3. Testing the Relevance of Other Environmental Parameters


A negative test for normality indicated that other parameters in addition sediment type might influence the species richness of benthic communities in the investigation area. To explore the relative importance and explanatory power of both sediment type and substrate heterogeneity and to test for the influence of other parameters, a GLM was performed.



We included the years of sampling treated as a continuous variable in the GLM, in order to evaluate the presence of any temporal trend. Stations were sampled either in spring (n = 36) or in summer (n = 126). To test seasonality, we also included the season and its interaction with the sediment type. Mud results, in particular, suggested a significantly higher mean number of species in spring. However, this seasonal difference must be treated with caution, as it could be caused by the lower number of spring samples and be an artefact of an admittedly unbalanced sampling design, especially as the summer observations with the highest values of species richness in mud were statistically treated as outliers (see boxplot in Supplementary Materials). The post hoc analysis results (Supplementary Materials, Tables S3–S5) provided more insights on the significant between-classes differences of this interaction term: pairwise comparison of individual classes revealed only significantly lower number of species in spring observed in coarse sediment type compared to summer values in fine and medium sand sediment types in our dataset.



Median grain size (in phi units) had no significant effect on species richness when sediment type was included as a predictor and was dropped from the final model (the effect plot for this variable in the full model can be found in Supplementary Materials—File S1). The variable year was significant and had a negative estimate, suggesting some consistent reduction in species richness during the study period, particularly in “coarse” substrate and “fine” sand. Here, it is important to acknowledge the limits of this statistical inference due to possible temporal pseudoreplication. Sediment type and substrate heterogeneity both had significant effects on species richness. In particular, ‘none’ or ‘low’ heterogeneity showed the strongest linkage to a lower species number (Table 2 and Supplementary Materials—File S1). Common parameters describing seafloor topography (BPI and slope) where dropped from the final model for species richness.



The influence of substrate heterogeneity on species richness was illustrated using a boxplot (Figure 5). In homogeneous substrates, species richness barely exceeded 20 species per 0.1 m² (median: 14 species per 0.1 m²). Species richness significantly increased by adding a few additional structural elements (substrate heterogeneity (GeoClass) ‘low’, median: 22 species per 0.1 m²) and even more at medium and higher substrate heterogeneity (38 per 0.1 m² for substrate heterogeneity (GeoClass) ‘medium’ and 37 for substrate heterogeneity (GeoClass) ‘high’). Looking separately at the four substrate classes described above revealed a similar pattern in all substrates (Figure 6). In all substrate classes, species richness was considerably lower in homogenous sediments or at low heterogeneity. However, due to the low number of samples in some combinations of substrate class and heterogeneity level, the significance of this pattern could not be verified. Results of the post hoc analyses (Supplementary Materials Figure S8) gives more detailed insights on species richness differences in independent categorical variables and interactions.




3.4. Occurrence of Rare Species


Overall, 80 records of 48 rare species were identified. Based on the number of records and the number of samples, the rate of rare species detected per sample was calculated. The rate successively increased from homogeneous substrates (0.22 rare species per sample) to 0.83 rare species per sample in very heterogeneous substrates, when summarized across all sediment types. The occurrence of rare species differed between the sediment classes. The lowest probability of finding a rare species was discovered in fine sand (0.11 rare species per sample), whereas statistically more than one rare species could be identified per sample in coarse substrates (1.17). Moreover, the probability of finding a rare species was highest in highly heterogeneous coarse substrates if heterogeneity and sediment classes were considered separately (Table 3).





4. Discussion


In this study, we tested a newly proposed measure of substrate heterogeneity. It was derived from the frequency of morphological structures on the seafloor recorded with underwater video, and it was attributed to seafloor heterogeneity at a spatial scale somewhat larger than that of a standard grab sample (roughly 40 m2 vs 0.1 m2 [17]). Our results suggest that the sediment information value from a grab sample can be limited, especially when the sediment in the grab is homogenous but comes from an overall heterogeneous surrounding.



The data used in this study were not based on experiments, but rather on various projects that have been carried out within the study area over several years. Such an approach often carries the risk of an unrepresentative distribution of stations with regard to the relevant environmental gradients. We acknowledge that the results should be interpreted with caution due to a possible temporal pseudoreplication. Also, in this study, the data points were not evenly distributed along the considered substrate gradient and the substrate heterogeneity classes. However, the fact that the combinations of sediment type and heterogeneity class were not evenly distributed in the data mainly originates from the genesis and the amount of sediment supplied [43]. The coarse sediments were relicts of glacial deposits and were granulometrically poorly sorted by nature. Permanent hydrodynamic forces, winnowing the fine fraction that accumulated in low energetic areas (e.g., depressions, stone shadow), reinforced the heterogeneity of lag sediment-dominated areas. The coverage of the southern abrasion platform with mobile sands and, thus, a homogenous sediment distribution was related to the availability of large amounts of reworked nearshore sediments [23]. In this study, we also included only one replicate per sampling event in the analysis. This absence of replication may increase uncertainty in our results and cause limited reliability, due to unaccounted patchiness and existing fine-scale variability in benthic fauna distribution, which should be kept in mind.



Additionally, the comparatively large period of seven years and the fact that the data originate from different seasons increases the included natural variability in the biological data and, consequently, the associated uncertainty in the results. As the Fehmarn Belt is situated at the entrance of the Baltic Sea, inhabiting communities are frequently influenced by protruding saline waters from the Kattegat and Skagerrak. These water masses potentially carry pelagic larvae and also adult specimens with them, temporarily complementing the autochthonous species inventory. However, as both homogeneous and heterogeneous sediments have been sampled throughout the full time span, it is unlikely that this had significant impact on the overall pattern of the results.



In our study, we have focused on substrate characteristics and included comparatively few factors of water chemistry and physics that potentially may also affect species richness in the region. However, the included factors are known to be the most important for the distribution in the southwestern Baltic Sea and many other not included factors are known to be correlated with water depth; in particular, if the values describing them are derived from oceanographic models, this often remains the only option [44,45]. Additionally, other studies have shown that the available spatial resolution of such data (e.g., for drivers such as water currents or organic load) cannot act as a useful predictor on the considered scale of tens of kilometers [46]. Nevertheless, seasonal oxygen depletion mainly occurs in the deeper parts of the Fehmarn Belt and may (temporarily) reduce species richness in the predominantly homogenous muddy sediments. In addition, physical disturbance caused by anthropogenic activities, e.g., by demersal trawling, may have a negative impact on species richness (e.g., [47]). Bottom trawling mainly occurs on homogenous muddy and sandy sediments in the western and eastern parts of the study area [48], where species richness was detected to be comparably low. Nevertheless, due to limitations in our ability to adequately quantify the magnitude of this pressure in this area (c.f. [49]), its potential influence on species richness was not quantified here and needs to be addressed in future studies.



The way to estimate habitat complexity varies considerably between different studies dealing with marine benthic habitats [9,14,50]. The diversity in approaches is partly related to the particular considered spatial scale and the availability of data to describe the habitat complexity. However, no common understanding on how to measure habitat diversity is available and, consequently, the studies are often hardly comparable. In our study, we used a simple classification scheme of structures and substrates detected using underwater video. As one person analyzed all videos and the same approach was applied to all records, the approach can be considered as standardized within the study. However, the selection of the included features and their classification remained subjective. One potentially crucial issue is the handling of the surrounding boulders inhabited by their own epibenthic-dominated communities [46]. As the target of the study was to detect the influence of substrate heterogeneity on soft sediment communities, we tried to avoid including samples randomly taken on boulders or patches of dense stones by excluding all stations with a corresponding description of the substrate. Nevertheless, the presence of small stones in the samples could not be ruled out. As small stones are often populated by species-poor communities [46,51] that correspond to those often found on large bivalve shells, which are in turn considered as structuring elements in soft sediments, it was unfeasible to a priori deselect all sessile species. Consequently, a few sessile and many characteristic accessory species of hard-substrate communities were found in the sample and significantly contributed to overall species richness, observed especially in heterogeneous substrates. Large shells from Arctica islandica are the dominating biogenic hard substrate and can be found throughout the whole study area. They provide settling space for small epibenthic species, such as barnacles, tunicates, and epibenthic bivalves, and shelter for mobile or tube-building species, e.g., of polychaetes genera Harmothoe and Flabelligera. Likewise, the surrounding geogenic hard substrates such as boulders and cobbles add to the species inventory of the soft-sediment communities. This happens either by detached biogenic material, such as floating algae or pieces of sponge colonies, carrying specimens that inhabit them or by mobile species. However, not only the presence of geogenic hard substrate and its epibenthic community, but also the presence of different soft sediment types on small patches significantly raised species richness. The positive effect of habitat heterogeneity on biodiversity has been demonstrated for both hard-bottom and soft-bottom in previous studies on benthic systems [8,52,53,54]. Explanations for the mechanisms behind this effect include a greater number of niches due to increased microhabitat availability and, associated with greater surface area, a higher productivity and sampling effect [7]. High substrate heterogeneity may form greater variation in space sizes, providing habitable space to organisms with a wider variety of body sizes, thereby leading to higher species richness [50,55]. Furthermore, Kovalenko et al. [7] argue that increasing habitat complexity may decouple trophic interactions and subsequently increase ecosystem stability. Overall, our findings are in line with the results of other studies from marine and brackish waters (e.g., [8,14]). It could be shown that the variety of ecological niches in the heterogeneous areas in MPA Fehmarn Belt not only raise local biodiversity but additionally, and more importantly, provide habitats for rare species that were not found in homogeneous sediments. The role of these rare species in ecosystem function and stability is still not fully understood, but most studies concordantly highlight their potential role in functional redundancy and, consequently, in securing ecosystem resilience [11,13]. Consequently, the integrity of the heterogeneous areas and the inhabiting communities in the Fehmarn Belt can be of special interest, not only for nature conservation, but also for ecosystem function of the whole area.




5. Conclusions


To conclude, heterogeneous seabed forms structure habitat three-dimensionally, increase species richness, and buffer ecosystem functional diversity, thereby resisting fluctuating environmental factors. Areas with such a high multidimensional diversity are likely to be of outstanding importance in times of global overfishing, climate change, and exploration of offshore space and resources. The Fehmarn Belt is one these areas in the Baltic Sea, and its ecological development requires special attention to secure the future provision of related ecosystem services.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/biology12060825/s1: Figure S1: Description of the occurring substrates at the study site; Explanatory Text S1: Testing the suitability of Poisson distribution; Figure S2: Poisson distribution; Figure S3: Checking predictors for collinearity; Table S1: Generalized Variance Inflation Factors; Figure S4: Effect plots for each predictor in the field model; Explanatory Text S2: Dispersion analysis and evaluation of how much the coefficient estimations are affected by overdispersion; Figure S5: Plot of estimated variance against the mean (Pearson residuals) for the best fitted Poisson model; Figure S6: DHARMa nonparametric dispersion test via sd of residuals fitted vs. simulated for the best fitted Poisson model: (dispersion = 3.8552, p-value < 0.0001) and plots of scaled residuals; Table S2: Results of GLM using the Quasipoisson family and alternatively used Negative Binomial instead of the Poisson model; Figure S7: DHARMa nonparametric dispersion test via sd of residuals fitted vs. simulated for negative binomial model (dispersion = 0.88992, p-value = 0.424) and plots of scaled residuals; Figure S8: Effect plots for each predictor in the final negative binomial model remained very similar; Tables S3–S5: Results of post-hoc tests for the final negative binomial GLM model. Upper triangle: p values adjust = “tukey”; diagonal: [Estimates] (emmean); lower triangle: Comparisons (estimate) earlier vs. later; Figure S9: Boxplot comparing the number of species in spring and summer; Figure S10: Positioning of stations sampled in mud; Figure S11: GLM results and effect plots for each predictor in the full model with the two influential points (outliers); Figure S12: Effect plots for each predictor in the full model with median grain size transformed in phi units; Table S6: List of species.





Author Contributions


Conceptualization, A.D. and M.L.Z.; methodology, A.D. and M.G.; validation, M.G. and K.R.; formal analysis, A.D., M.G., and K.R.; investigation, A.D. and K.R.; data curation, A.D. and K.R.; writing—original draft preparation, A.D. and K.R.; writing—review and editing, K.R., M.G., S.P. and M.L.Z.; visualization, A.D., M.G. and K.R.; project administration, K.R.; funding acquisition, A.D. and M.L.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Federal Agency for Nature Conservation (BfN), grant number 3 519 532 202. M.G. was partly supported by grants 03F0848A and 03F0937A (MGF Baltic Sea projects, funded by the German Federal Ministry of Education and Research). The publication of this article was funded by the Open Access Fund of the Leibniz Association.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The infauna data are going to be available via an online portal of the Federal Agency for Nature Conservation at the end of 2023 (contact: kathrin.heinicke@bfn.de).




Acknowledgments


We gratefully acknowledge the valuable work of all colleagues deployed in the sampling campaigns and laboratory analyses, including the staff of our research vessel Elisabeth Mann Borgese. We are also grateful for the support of the section physical and marine geology of the IOW for their help with the environmental data. We express our thanks to the anonymous reviewers for numerous constructive comments that greatly helped to improve the earlier version of the manuscript and to Irina Steinberg for correcting the English.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Cochrane, S.K.J.; Andersen, J.H.; Berg, T.; Blanchet, H.; Borja, A.; Carstensen, J.; Elliott, M.; Hummel, H.; Niquil, N.; Renaud, P.E. What Is Marine Biodiversity? Towards Common Concepts and Their Implications for Assessing Biodiversity Status. Front. Mar. Sci. 2016, 3, 248. [Google Scholar] [CrossRef]

	



Gogina, M.; Nygård, H.; Blomqvist, M.; Daunys, D.; Josefson, A.B.; Kotta, J.; Maximov, A.; Warzocha, J.; Yermakov, V.; Gräwe, U.; et al. The Baltic Sea Scale Inventory of Benthic Faunal Communities. ICES J. Mar. Sci. 2016, 73, 1196–1213. [Google Scholar] [CrossRef]

	



Zettler, M.L.; Friedland, R.; Gogina, M.; Darr, A. Variation in Benthic Long-Term Data of Transitional Waters: Is Interpretation More than Speculation? PLoS ONE 2017, 12, e0175746. [Google Scholar] [CrossRef]

	



Glockzin, M.; Zettler, M.L. Spatial Macrozoobenthic Distribution Patterns in Relation to Major Environmental Factors—A Case Study from the Pomeranian Bay (Southern Baltic Sea). J. Sea Res. 2008, 59, 144–161. [Google Scholar] [CrossRef]

	



Martins, M.G.; Faria, J.; Rubal, M.; Neto, A.I. Linkages between Rocky Reefs and Soft-Bottom Habitats: Effects of Predation and Granulometry on Sandy Macrofaunal Assemblages. J. Sea Res. 2013, 81, 1–9. [Google Scholar] [CrossRef]

	



Buhl-Mortensen, L.; Vanreusel, A.; Gooday, A.J.; Levin, L.A.; Priede, I.G.; Buhl-Mortensen, P.; Gheerardyn, H.; King, N.J.; Raes, M. Biological Structures as a Source of Habitat Heterogeneity and Biodiversity on the Deep Ocean Margins. Mar. Ecol. 2010, 31, 21–50. [Google Scholar] [CrossRef]

	



Kovalenko, K.E.; Thomaz, S.M.; Warfe, D.M. Habitat Complexity: Approaches and Future Directions. Hydrobiologia 2012, 685, 1–17. [Google Scholar] [CrossRef]

	



Franz, M.; Ann Von Rönn, G.; Barboza, F.R.; Karez, R.; Reimers, H.-C.; Schwarzer, K.; Wahl, M. How Do Geological Structure and Biological Diversity Relate? Benthic Communities in Boulder Fields of the Southwestern Baltic Sea. Estuaries Coasts 2021, 44, 1994–2009. [Google Scholar] [CrossRef]

	



Burnett, M.R.; August, P.V.; Brown, J.H.; Killingbeck, K.T. The Influence of Geomorphological Heterogeneity on Biodiversity I. A Patch-Scale Perspective. Conserv. Biol. 1998, 12, 363–370. [Google Scholar] [CrossRef]

	



Burlakova, L.E.; Karatayev, A.Y.; Karatayev, V.A.; May, M.E.; Bennett, D.L.; Cook, M.J. Endemic Species: Contribution to Community Uniqueness, Effect of Habitat Alteration, and Conservation Priorities. Biol. Conserv. 2011, 144, 155–165. [Google Scholar] [CrossRef]

	



Alsterberg, C.; Roger, F.; Sundbäck, K.; Juhanson, J.; Hulth, S.; Hallin, S.; Gamfeldt, L. Habitat Diversity and Ecosystem Multifunctionality—The Importance of Direct and Indirect Effects. Sci. Adv. 2017, 3, e1601475. [Google Scholar] [CrossRef] [PubMed]

	



Jain, M.; Flynn, D.F.B.; Prager, C.M.; Hart, G.M.; Devan, C.M.; Ahrestani, F.S.; Palmer, M.I.; Bunker, D.E.; Knops, J.M.H.; Jouseau, C.F.; et al. The Importance of Rare Species: A Trait-Based Assessment of Rare Species Contributions to Functional Diversity and Possible Ecosystem Function in Tall-Grass Prairies. Ecol. Evol. 2014, 4, 104–112. [Google Scholar] [CrossRef] [PubMed]

	



Bolnick, D.I.; Amarasekare, P.; Araújo, M.S.; Bürger, R.; Levine, J.M.; Novak, M.; Rudolf, V.H.W.; Schreiber, S.J.; Urban, M.C.; Vasseur, D.A. Why Intraspecific Trait Variation Matters in Community Ecology. Trends Ecol. Evol. 2011, 26, 183–192. [Google Scholar] [CrossRef] [PubMed]

	



Zeppilli, D.; Pusceddu, A.; Trincardi, F.; Danovaro, R. Seafloor Heterogeneity Influences the Biodiversity-Ecosystem Functioning Relationships in the Deep Sea. Sci. Rep. 2016, 6, 26352. [Google Scholar] [CrossRef] [PubMed]

	



Mudroch, A.; McKnight, S.D. Handbook of Techniques for Aquatic Sediments Sampling, 2nd ed.; Taylor & Francis: London, UK, 2019; ISBN 978-0-367-44940-7. [Google Scholar]

	



Rumohr, H. Soft-Bottom Macrofauna: Collection, Treatment, and Quality Assurance of Samples; International Council for the Exploration of the Sea (ICES): Copenhagen, Denmark, 2009. [Google Scholar]

	



Beisiegel, K.; Darr, A.; Gogina, M.; Zettler, M.L. Benefits and Shortcomings of Non-Destructive Benthic Imagery for Monitoring Hard-Bottom Habitats. Mar. Pollut. Bull. 2017, 121, 5–15. [Google Scholar] [CrossRef]

	



Ojaveer, H.; Jaanus, A.; Mackenzie, B.R.; Martin, G.; Olenin, S.; Radziejewska, T.; Telesh, I.; Zettler, M.L.; Zaiko, A. Status of Biodiversity in the Baltic Sea. PLoS ONE 2010, 5, e12467. [Google Scholar] [CrossRef]

	



Matthäus, W. The History of Investigation of Salt Water Inflows into the Baltic Sea—From the Early Beginning to Recent Results. In Meereswissenschaftliche Berichte No 65, Marine Science Reports; Leibniz Institute for Baltic Sea Research Warnemünde: Rostock, Germany, 2006. [Google Scholar] [CrossRef]

	



Lass, H.U.; Schwabe, R.; Matthäus, W.; Francke, E. On the Dynamics of Water Exchange between Baltic and North Sea. Beitr. Meereskd. 1987, 56, 27–49. [Google Scholar]

	



Darr, A.; Heinicke, K.; Meier, F.; Papenmeier, S.; Richter, P.; Schwarzer, K.; Valerius, J.; Boedeker, D. Die Biotope Des Meeresbodens Im Naturschutzgebiet Fehmarnbelt. BfN-Schriften 2022, 636. [Google Scholar] [CrossRef]

	



Schwarzer, K.; Diesing, M. Erforschung der FFH-Lebensraumtypen Sandbank und Riff in der AWZ der Deutschen Nord-und Ostsee; Report of the Institute for Geosciences at the University of Kiel on behalf of BfN; University of Kiel: Kiel, Germany, 2006; pp. 6–68. [Google Scholar]

	



Feldens, P.; Diesing, M.; Schwarzer, K.; Heinrich, C.; Schlenz, B. Occurrence of Flow Parallel and Flow Transverse Bedforms in Fehmarn Belt (SW Baltic Sea) Related to the Local Palaeomorphology. Geomorphology 2015, 231, 53–62. [Google Scholar] [CrossRef]

	



Tauber, F. Meeresbodenrelief in der Deutschen Ostsee/Seabed Relief in the German Baltic Sea; Bundesamt für Seeschifffahrt und Hydrographie: Hamburg, Germany, 2012. [Google Scholar]

	



Bobertz, B.; Harff, J.; Wolff, J.-O. Sediment Facies and Hydrodynamic Setting: A Study in the South Western Baltic Sea. Ocean Dyn. 2004, 54, 39–48. [Google Scholar] [CrossRef]

	



de Juan, S.; Ospina-Alvarez, A.; Hinz, H.; Moranta, J.; Barberá, C. The Continental Shelf Seascape: A Network of Species and Habitats. Biodivers. Conserv. 2023, 32, 1271–1290. [Google Scholar] [CrossRef]

	



Pitacco, V.; Mistri, M.; Granata, T.; Moruzzi, L.; Meloni, M.L.; Massara, F.; Sfriso, A.; Sfriso, A.A.; Munari, C. Habitat Heterogeneity: A Confounding Factor for the Effect of Pollutants on Macrobenthic Community in Coastal Waters. Mar. Environ. Res. 2021, 172, 105499. [Google Scholar] [CrossRef] [PubMed]

	



Sunday, J.M.; Fabricius, K.E.; Kroeker, K.J.; Anderson, K.M.; Brown, N.E.; Barry, J.P.; Connell, S.D.; Dupont, S.; Gaylord, B.; Hall-Spencer, J.M.; et al. Ocean Acidification Can Mediate Biodiversity Shifts by Changing Biogenic Habitat. Nat. Clim. Chang. 2017, 7, 81–85. [Google Scholar] [CrossRef]

	



Almond, P.M.; Linse, K.; Dreutter, S.; Grant, S.M.; Griffiths, H.J.; Whittle, R.J.; Mackenzie, M.; Reid, W.D.K. In-Situ Image Analysis of Habitat Heterogeneity and Benthic Biodiversity in the Prince Gustav Channel, Eastern Antarctic Peninsula. Front. Mar. Sci. 2021, 8, 614496. [Google Scholar] [CrossRef]

	



Sanvicente-Añorve, L.; Leprêtre, A.; Davoult, D. Diversity of Benthic Macrofauna in the Eastern English Channel: Comparison among and within Communities. Biodivers. Conserv. 2002, 11, 265–282. [Google Scholar] [CrossRef]

	



R Core Team. R: A Language and Environment for Statistical Computing 2019. Available online: https://www.r-project.org/ (accessed on 29 November 2019).

	



Shapiro, S.S.; Wilk, M.B. An Analysis of Variance Test for Normality (Complete Samples). Biometrika 1965, 52, 591–611. [Google Scholar] [CrossRef]

	



Kruskal, W.H.; Wallis, W.A. Use of Ranks in One-Criterion Variance Analysis. J. Am. Stat. Assoc. 1952, 47, 583–621. [Google Scholar] [CrossRef]

	



Mann, H.B.; Whitney, D.R. On a Test of Whether One of Two Random Variables Is Stochastically Larger than the Other. Ann. Math. Stat. 1947, 18, 50–60. [Google Scholar] [CrossRef]

	



Oksanen, J.; Blanchet, F.G.; Kindt, R.; Legendre, P.; Minchin, P.R.; O’Hara, R.B.; Simpson, G.L.; Solymos, P.; Stevens, H.; Wagner, H. Vegan: Community Ecology Package (Version 2.3-3) 2016. Available online: https://CRAN.R-project.org/package=vegan (accessed on 18 November 2022).

	



Akaike, H. Information Theory and an Extension of the Maximum Likelihood Principle. In Proceedings of the 2nd International Symposium on Information Theory, Tsahkadsor, Armenia, 2–8 September 1971; Petrov, B.N., Csák, F., Eds.; Akadémiai Kiadó: Budapest, Hungary, 1973; pp. 267–281. [Google Scholar]

	



Hartig, F.; Lohse, L. DHARMa: Residual Diagnostics for Hierarchical (Multi-Level/Mixed) Regression Models (R Package Version 0.4.6). 2022. Available online: https://CRAN.R-project.org/package=DHARMa (accessed on 26 May 2023).

	



Zuur, A.F.; Ieno, E.N.; Elphick, C.S. A Protocol for Data Exploration to Avoid Common Statistical Problems. Methods Ecol. Evol. 2010, 1, 3–14. [Google Scholar] [CrossRef]

	



BSH Bathymetry-Grid Coverage German EEZ Baltic Sea 2018. Available online: https://www.geoseaportal.de (accessed on 26 May 2023).

	



Walbridge, S.; Slocum, N.; Pobuda, M.; Esri, D.J.W. Unified Geomorphological Analysis Workflows with Benthic Terrain Modeler. Geosciences 2018, 8, 94. [Google Scholar] [CrossRef]

	



Fox, J.; Monette, G. Generalized Collinearity Diagnostics. J. Am. Stat. Assoc. 1992, 87, 178–183. [Google Scholar] [CrossRef]

	



Lenth, R. Emmeans: Estimated Marginal Means, Aka Least-Squares Means (R Package Version 1.7.2) 2022. Available online: https://CRAN.R-project.org/package=emmeans (accessed on 26 May 2023).

	



Feldens, P.; Schwarzer, K.; Hübscher, C.; Diesing, M. Genesis and Sediment Dynamics of a Subaqueous Dune Field in Fehmarn Belt (South-Western Baltic Sea). Marbg. Geogr. Schr. 2009, 145, 80–97. [Google Scholar]

	



Gogina, M.; Glockzin, M.; Zettler, M.L. Distribution of Benthic Macrofaunal Communities in the Western Baltic Sea with Regard to Near-Bottom Environmental Parameters. 1. Causal Analysis. J. Mar. Syst. 2010, 79, 112–123. [Google Scholar] [CrossRef]

	



Darr, A.; Gogina, M.; Zettler, M.L. Detecting Hot-Spots of Bivalve Biomass in the South-Western Baltic Sea. J. Mar. Syst. 2014, 134, 69–80. [Google Scholar] [CrossRef]

	



Beisiegel, K.; Darr, A.; Zettler, M.L.; Friedland, R.; Gräwe, U.; Gogina, M. Understanding the Spatial Distribution of Subtidal Reef Assemblages in the Southern Baltic Sea Using Towed Camera Platform Imagery. Estuar. Coast. Shelf Sci. 2018, 207, 82–92. [Google Scholar] [CrossRef]

	



Sciberras, M.; Parker, R.; Powell, C.; Robertson, C.; Kröger, S.; Bolam, S.; Geert Hiddink, J. Impacts of Bottom Fishing on the Sediment Infaunal Community and Biogeochemistry of Cohesive and Non-Cohesive Sediments. Limnol. Oceanogr. 2016, 61, 2076–2089. [Google Scholar] [CrossRef]

	



Transparency for a Sustainable Ocean. Available online: https://globalfishingwatch.org/ (accessed on 15 March 2023).

	



Schönke, M.; Clemens, D.; Feldens, P. Quantifying the Physical Impact of Bottom Trawling Based on High-Resolution Bathymetric Data. Remote Sens. 2022, 14, 2782. [Google Scholar] [CrossRef]

	



St. Pierre, J.I.; Kovalenko, K.E. Effect of Habitat Complexity Attributes on Species Richness. Ecosphere 2014, 5. [Google Scholar] [CrossRef]

	



Michaelis, R.; Hass, H.C.; Mielck, F.; Papenmeier, S.; Sander, L.; Gutow, L.; Wiltshire, K.H. Epibenthic Assemblages of Hard-Substrate Habitats in the German Bight (South-Eastern North Sea) Described Using Drift Videos. Cont. Shelf Res. 2019, 175, 30–41. [Google Scholar] [CrossRef]

	



Hewitt, J.E.; Thrush, S.F.; Halliday, J.; Duffy, C. The Importance of Small-Scale Habitat Structure for Maintaining Beta Diversity. Ecology 2005, 86, 1619–1626. [Google Scholar] [CrossRef]

	



Matias, M.G.; Underwood, A.J.; Hochuli, D.F.; Coleman, R.A. Independent Effects of Patch Size and Structural Complexity on Diversity of Benthic Macroinvertebrates. Ecology 2010, 91, 1908–1915. [Google Scholar] [CrossRef] [PubMed]

	



Menge, B.A.; Lubchenco, J.; Ashkenas, L.R. Diversity, Heterogeneity and Consumer Pressure in a Tropical Rocky Intertidal Community. Oecologia 1985, 65, 394–405. [Google Scholar] [CrossRef]

	



Tokeshi, M.; Arakaki, S. Habitat Complexity in Aquatic Systems: Fractals and Beyond. Hydrobiologia 2012, 685, 27–47. [Google Scholar] [CrossRef]








[image: Biology 12 00825 g002 550] 





Figure 2. Composition of collected organisms. Polychaetes, molluscs, and crustaceans contributed most to species richness. 
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Figure 3. Boxplot showing species richness per grab and sediment type (mud, fine sand, medium sand, and coarse substrate). Boxes indicate the 25–75% interval, whiskers the 5–95% interval. Note that the black lines represent the median values that differ from the mean. Corresponding number of samples per category are given above each bar. Outliers are marked with circles. 
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Figure 4. Species area curves for the four sediment types: mud (n = 53), fine sand (n = 27), medium sand (n = 53), and coarse substrate (n = 29), with vertical bars indicating the confidence interval at each step. A sample covers 0.1 m². 
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Figure 5. Boxplot showing species richness per grab and substrate heterogeneity class, as defined in Table 1. Boxes indicate the 25–75% interval, whiskers the 5–95% interval. Note that the black lines represent the median values that differ from the mean. 
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Figure 6. Boxplot showing species richness per grab separately for sediment types mud, fine sand (top line), medium sand, and coarse substrate (bottom) per substrate heterogeneity class. Boxes indicate the 25–75% interval, whiskers the 5–95% interval. Note that the black lines represent the median values that differ from the mean. 
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Table 1. Classification of substrate heterogeneity using a number of substrate features identified in short video transects.
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Substrate

	
Number of Features Occurring




	
Heterogeneity Class

	
Occasionally

	
Frequently

	
Densely

	
Very Densely




	

	
(≤1%)

	
(>1–10%)

	
(>10–50%)

	
(>50%)






	
none

	
≤1

	
0

	
0

	
1




	
low

	
≤3

	
0

	
0

	
1




	
or

	
≤2

	
0

	
1




	
medium

	
≤ 5

	
0

	
0

	
1




	
or

	
≤2

	
1

	
1




	
or

	
≤3

	
1




	
high

	
>5

	
0

	
0

	
1




	
or

	
>3

	
≤1
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Table 2. Results of the final GLM obtained using negative binomial distribution to explore the dependency of response variable species diversity (number of species) on different environmental factors of interest, appearance of multiannual trends, and seasonal differences. Substrate heterogeneity classes are abbreviated as “GeoClass” in the table.






Table 2. Results of the final GLM obtained using negative binomial distribution to explore the dependency of response variable species diversity (number of species) on different environmental factors of interest, appearance of multiannual trends, and seasonal differences. Substrate heterogeneity classes are abbreviated as “GeoClass” in the table.





	
Model (AIC: 1246)




	

	
Estimate

	
Std. Error

	
t-Value

	
p

	
Significance






	
(Intercept)

	
307.1

	
93.2

	
3.30

	
0.001

	
***




	
Factor (GeoClass)—low

	
−0.37

	
0.09

	
−4.23

	
0.000

	
***




	
Factor (GeoClass)—medium

	
−0.05

	
0.09

	
−0.60

	
0.550

	




	
Factor (GeoClass)—none

	
−0.62

	
0.15

	
−4.04

	
0.000

	
***




	
Depth

	
−0.03

	
0.01

	
−2.69

	
0.007

	
**




	
Salinity

	
0.04

	
0.01

	
2.83

	
0.005

	
**




	
Year

	
−0.15

	
0.05

	
−3.26

	
0.001

	
**




	
Factor (sediment)—fine

	
−144.7

	
174.5

	
−0.83

	
0.407

	




	
Factor (sediment)—medium

	
−325.2

	
120.0

	
−2.71

	
0.007

	
**




	
Factor (sediment)—mud

	
−374.7

	
139.6

	
−2.68

	
0.007

	
**




	
Factor (Season)—summer

	
0.29

	
0.17

	
1.74

	
0.082

	
.




	
Year: (sediment)—fine

	
0.07

	
0.09

	
0.83

	
0.405

	




	
Year: (sediment)—medium

	
0.16

	
0.06

	
2.71

	
0.007

	
**




	
Year: (sediment)—mud

	
0.19

	
0.07

	
2.69

	
0.007

	
**




	
Summer: (sediment)—fine

	
−0.26

	
0.28

	
−0.92

	
0.356

	




	
Summer: (sediment)—medium

	
−0.15

	
0.22

	
−0.67

	
0.502

	




	
Summer: (sediment)—mud

	
−0.55

	
0.23

	
−2.44

	
0.015

	
*








* Significance codes: *** p < 0.001; ** p < 0.01; * p < 0.05; p < 0.1; Null deviance: 322.5 on 161 degrees of freedom; Residual deviance: 165.9 on 145 degrees of freedom.
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Table 3. Mean number of rare species per sample in different combinations of sediment classes and substrate heterogeneity. Numbers in brackets indicate the number of samples per combination. NA: combination not present.
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	Substrate

Heterogeneity
	Mud
	Fine

Sand
	Medium

Sand
	Coarse

Substrate
	Overall





	None
	0.23 (22)
	NA
	0 (1)
	NA
	0.22 (23)



	Low
	0.11 (18)
	0 (7)
	0.42 (12)
	0.83 (6)
	0.28 (43)



	Medium
	0.25 (8)
	0.21 (14)
	0.72 (25)
	0.50 (2)
	0.49 (49)



	High
	0.60 (5)
	0 (6)
	0.53 (15)
	1.33 (21)
	0.83 (47)



	Overall
	0.23 (53)
	0.11 (27)
	0.58 (53)
	1.17 (29)
	0.49 (162)
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