

[image: Estimating and scaling-up biomass and abundance of epi- and infaunal bivalves in a Swedish archipelago region: Implications for ecological functions and ecosystem services]
Estimating and scaling-up biomass and abundance of epi- and infaunal bivalves in a Swedish archipelago region: Implications for ecological functions and ecosystem services





ORIGINAL RESEARCH

published: 24 January 2023

doi: 10.3389/fmars.2023.1105999

[image: image2]



Estimating and scaling-up biomass and abundance of epi- and infaunal bivalves in a Swedish archipelago region: Implications for ecological functions and ecosystem services



Youk Greeve 1*, Per Bergström 1, Åsa Strand 2 and Mats Lindegarth 1



1 Tjärnö Marine Laboratory, Department of Marine Sciences, University of Gothenburg, Strömstad, Sweden, 2 IVL Swedish Environmental Research Institute, Kristineberg Center, Fiskebäckskil, Sweden




Edited by: 

Renato Crespo Pereira, Fluminense Federal University, Brazil

Reviewed by: 

Kevin Alexander Hovel, San Diego State University, United States

Ilana Rosental Zalmon, State University of the North Fluminense Darcy Ribeiro, Brazil

*Correspondence: 

Youk Greeve
 youk.greeve@gu.se

Specialty section: 
 
This article was submitted to Marine Biology, a section of the journal Frontiers in Marine Science



Received: 23 November 2022

Accepted: 09 January 2023

Published: 24 January 2023

Citation:
Greeve Y, Bergström P, Strand & and Lindegarth M (2023) Estimating and scaling-up biomass and abundance of epi- and infaunal bivalves in a Swedish archipelago region: Implications for ecological functions and ecosystem services
. Front. Mar. Sci. 10:1105999. doi: 10.3389/fmars.2023.1105999




Introduction

As suspension-feeders, bivalves play a key role in maintaining regulatory functions of coastal ecosystems, which are linked to important ecosystem services. The functions attributed to bivalves depend on the life habits of a species (epi- or infauna) and their abundance and biomass. To properly quantify and assess these functions, detailed information the distribution, abundance and biomass at the ecosystem scale is critical. Amongst others, this requires an understanding on how environmental conditions shape special patterns in distribution. In this study we investigate this fundamental information on the Swedish west coast, an area where this information is lacking.



Methods

A survey which was designed to representatively sample both epi- and infaunal bivalves from randomized locations in various habitat types was conducted. Specifically, abundance and biomass of all species were recorded in the intertidal (0-0.5 m) and the shallow subtidal zone (0.5-2 m). The sites were distributed over an offshore gradient and at two exposure levels. This sampling structure allowed to extrapolate the results to an ecosystem level though information on the areal extent of these habitats using GIS layers.



Results

It was found that even though there exist a great variability among sites, in general epifaunal bivalves outweigh infaunal bivalves approximately 3 to 1. In terms of abundance, the ratio is more or less reversed and infaunal species occur in greater numbers. Most bivalves were found at an intermediate level of exposure, but due to the areal extend of the sheltered inner-archipelago this was the most important habitat for bivalve abundance and biomass. It was also found that invasive epifaunal oyster Magallana gigas and the invasive infaunal clam Ensis leei both dominated their respective groups in terms of biomass.



Discussion

Though the survey was relatively small, these results serve as a valuable insight of the relative importance of epi- and infaunal bivalves in this region. This gives understanding on which species and habitats are particularly important for ecosystem functions and services related to bivalves. This also provide a starting baseline for attempts to quantify ecosystem services provided by certain species or groups of bivalves in the future.
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1 Introduction

Coastal marine ecosystems are characterized by strong physical and chemical gradients which interact to create a large variety of benthic and pelagic environments that are key for habitat forming species and their associated communities. Complex interactions between these species further shape the physical, chemical and biological state of these coastal ecosystems (e.g. Sueiro et al., 2011; Velasco-Charpentier et al., 2021), altering important functions and processes (Meadows et al., 2012; Guy-Haim et al., 2018). Functions which are especially relevant in the coastal zone include benthic and pelagic primary production, which enhance the concentration of organic carbon into the system (Falkowski et al., 1998), secondary production and decomposition that contribute to nutrient cycling (Ramesh et al., 2015) and modification of benthic habitats by creating more structural complexity (Sueiro et al., 2011) and by reworking sediments (e.g. bioturbation and irrigation), which increases fluxes of oxygen in the sediment and facilitates resuspension (Aller, 1988; Norling et al., 2007).

Coastal ecosystems have had profound contributions to the organization and welfare of human societies. Historically the most obvious contributions include the provision of food (e.g. fish, shellfish, seabirds and mammals) and efficient routes for transport and trade (Martínez et al., 2007). However, increasing anthropogenic pressures such as climate change and competition for space and resources from a diverse set of sources and users are putting more and more coastal ecosystems and their functions at risk (Jackson et al., 2001; Harley et al., 2006; Lotze et al., 2006; Duarte et al., 2008; Cloern et al., 2016). The concept of ecosystem services was proposed to describe and quantify contributions of ecosystems towards the wellbeing of human society, which would lead to more effective policy making [Costanza et al., 1997; Bouma & Van Beukering, 2015; but see also the related concept “natures contribution to people” (Díaz et al., 2018)]. Identifying such services helps high-lighting not only the use values that can be values that can be traded on a market such as food provision, but also includes non-use values (e.g. cultural and regulatory services), which can rarely be traded but are still valuable or essential to people, societies and ecosystems (Gómez-Baggethun et al., 2010; Barbier et al., 2011). Better understanding of the contribution of these services to human welfare, and particularly the ecological processes and functions upon which they are based, is critical for efficient management of coastal areas including protection and restoration of valuable services (Forêt et al., 2018).

Bivalves are regarded as important components in many of the world’s coastal ecosystems (Dame, 2016). Through their ubiquity and ability to form dense assemblages, they can have multiple effects on the functions of ecosystems and typically contribute in multiple ways to the structure and services of ecosystems (Smaal et al., 2018). Firstly, by feeding on suspended particles they can affect the water column clarity (Peterson and Heck, 2001; Newell, 2004) and exert top-down control of phytoplankton communities (Prins et al., 1997; Riisgård et al., 2007; Grabowski et al., 2012). At the same time, nutrients are captured from the pelagic and transported to the benthos where they are further processed by bacterial communities, supporting important benthic-pelagic processes (Norkko et al., 2001; Kellogg et al., 2014; Ehrnsten et al., 2020). Furthermore, many bivalve species provide and modify habitat for other species, thus supporting the maintenance of biodiversity (e.g. Norkko et al., 2001; Norling and Kautsky, 2007; Humphries et al., 2011; Norling et al., 2015; McLeod et al., 2019) and sometimes have a stabilizing effect on coastal sediments by attenuating shear stress caused by waves and currents, thus mitigating coastal erosion (Wiberg et al., 2019). Finally, but not least important, harvesting or farming of bivalves provide valuable food, income and cultural values to human societies in most coastal areas of the world (van der Schatte Olivier et al., 2020). In many densely populated areas, however, human exploitation of wild bivalve populations has been extensive in recent history (MacKenzie et al., 1997). This has resulted in deterioration of many habitats, particularly those dominated by various types of oysters (Beck et al., 2011), which has led to a great reduction in their associated services (Coen et al., 2007; Grabowski et al., 2012; zu Ermgassen et al., 2013). Now, a greater appreciation and understanding for the ecological roles of bivalves exists, and a shift towards viewing bivalves as an integral component of coastal ecosystem function and health has occurred, from solely that of secondary producers and a source of nutrition. Among other things, this has resulted in numerous efforts to restore and maintain the associated services from bivalves, either through the restoration of natural populations or strategic aquaculture placement (Humphries et al., 2016; Bersoza Hernández et al., 2018).

The majority of bivalves can be categorized into two functional groups based on their position and mode of living in benthic habitats: epifaunal and infaunal species (Gosling, 2004). Infaunal bivalves are species that burrow either partially or completely in soft sediments. In contrast, epifaunal species live on top of the sea floor, generally attached to natural or artificial hard substrates and conspecifics. Despite the fact that most bivalve species are filter-feeders, it is important to note that the mode of living has fundamental consequences for how they interact with the environment and how they contribute to ecosystem services. For example, epifaunal bivalves typically provide structural complexity for other species and trap fine sediment within the shell matrix of their aggregations, hence support biodiversity (Norkko et al., 2006), organic enrichment of sediment and sediment stabilization (van der Zee et al., 2016; Christianen et al., 2017). Infaunal bivalves on the other hand, depending on the species, their densities and the environmental conditions, can either contribute to the bioturbation (i.e. erodability) and bioirrigation of the sediment (Norkko and Shumway, 2011), or can facilitate the build-up of organic matter (Bouma et al., 2009). Both processes affect the oxygenation and thus bacterial heterotrophic and chemolithotrophic activity within the sediment (Hansen et al., 1996; Newell et al., 2002), and thus contribute to the nutrient cycling processes.

Evidently, many ecological functions are to some degree species-specific and variable among functional groups, and the ecological importance of a species or a functional group will hence vary with their spatial distribution and abundance, both in terms of population density (e.g. habitat provision and modification) and biomass (e.g. filtration capacity) (Whitlatch et al., 1997; Beadman et al., 2004; Ciutat et al., 2007; Sandwell et al., 2009). Thus, to understand the role of different types of bivalves and the potential importance of various ecological processes, such as filtration, habitat modification and production, representative and quantitative data on the distribution of species and, importantly, overall representation, is critical.

Despite the ecological and economic importance of many bivalve species, quantitative information on the distribution and composition of bivalve species from Swedish coastal waters is surprisingly scarce and no targeted monitoring exists of the shallow subtidal and intertidal inhabited by the variety of bivalve species known to occur in the region. Information from these habitats comes mainly from qualitative surveys on the extent of mussel and oyster beds performed or commissioned by regional authorities (summarized in: (Lindegarth et al., 2014; in Swedish), or from occasional research studies, usually in a restricted area and focusing on one or a small number of species (e.g. Evans & Tallmark, 1977; Möller & Rosenberg, 1983; Lindegarth et al., 1995; Wrange et al., 2010; Bergström et al., 2021). With Evans and Tallmark (1977) being the only exemption, we are not aware of any studies assessing and comparing the abundance and biomass of epi- and infaunal species in this region. This lack of representative, synoptic data on all major bivalve ecosystem components represents an obstacle to the understanding of the quantitative importance of the bivalve community in coastal waters.

Therefore, the aim of this study was to quantify the distribution and abundance of all macroscopic in- and epifauna bivalve species within a wide range of sheltered and exposed, intertidal and shallow subtidal, benthic habitats on a northern part of the Western Swedish Skagerrak coast. It was predicted that there would be differences in abundances and biomass between epi- and infaunal bivalves and the levels of exposure, depth and along the inshore-offshore gradient.



2 Method



2.1 Study area

Epibenthic and infaunal bivalves were sampled in a 15 km2 archipelago area in the Kosterhavet National Park on the west coast of Sweden (
Figure 1
). The area is divided by the ≈ 2.7 km wide and 200 m deep Kosterfjord. The eastern part of the area consists of a mosaic of small islands and skerries around the main islands Öddö, Tjärnö and Rossö (from here on “Tjärnö”). The inner parts of this area are generally more sheltered compared to the areas close to the fjord. West of the Kosterfjord, samples were taken around the Koster islands (from here on “Koster”). This area is a similarly diverse mosaic of exposed and sheltered, rocky and sedimentary habitats, but overall, the area is more exposed and rugged than the sites east of the fjord.




Figure 1 | 
Map of study area and sampling sites on the Swedish west coast. Shallow habitat (<2 m depth) is shown in blue for exposed, and yellow for sheltered. Sampled sites are shown as circles in blue for exposed and yellow for sheltered. Note that small differences in exposure can be obscured by the symbols for sample locations.



The tidal range in this area is small (± 0.3 m), but due to differences in atmospheric pressure and winds the water level may vary by up to 1.0 m. In general, surface salinity varies over the year between 20-30 PSU, and temperature varies among seasons between 0-21°C, but strong spatial gradients in both temperature and salinity are expected to occur within the area. Shallow waters habitats (<2 m deep) in this area are usually near or within small bays and beaches, with a wide variety of substrate conditions ranging from bare rock to silty bottoms. The prevailing wind direction comes from the south-west, which determines the level of wave exposure experienced by any particular stretch of coastline together with its orientation and fetch.



2.2 Sampling design

To estimate representatively, abundance and biomass of bivalves in the area, and to evaluate the importance of spatial variability and of selected environmental factors, a total of 20 sites were sampled in the archipelago from the 13th of July to 20th of August 2021. The sites were stratified with respect to area (“Tjärnö” vs “Koster”), wave-exposure (“Sheltered” vs “Exposed”) and depth (“Shallow” vs “Deep”). Potential sampling sites were selected by checking for areas that were shallower than 2 meters with a length of at least 100 meters, using digital nautical charts and satellite images. Wave-exposure was determined from available digital maps of modelled, classified exposure (Albertsson et al., 2006). In total 69 “Sheltered” (ultra-sheltered to very sheltered) and 57 “Exposed” (sheltered – moderately exposed) sites in the “Tjärnö” area and 15 sheltered and 95 exposed sites in the “Koster” area were identified (see 
Figure 1
). Five sites for each level of area and exposure were randomly selected for sampling. Each site was also stratified by depth with “Shallow” samples taken at depths of 0-0.5 m and “Deep” samples between 0.5-2 m. The start- and endpoints of each 100-meter stretch where a site would be sampled were predetermined on the map to avoid selection bias in the field. Working from one point of the 100-meter stretch to the other, one infaunal and one epifaunal sample were taken at about equal intervals (≈10 m) along the shore (n=10 each for epi- and infauna). The exact depth of each sample was assigned using random numbers in order to get representative samples within the defined depth strata. Local tidal level was checked regularly during field work and sampling depth was adjusted accordingly.



2.3 Bivalve sampling

At each site, ten epibenthic samples were taken per depth stratum using a 1x1 m metal quadrat, which was laid on the substrate surface, with the middle of the square at the randomly selected sampling depths (n=10). All epibenthic bivalves within the quadrat were collected. “Shallow” samples were collected while wading and “Deep” samples were collected by snorkelling. In each quadrat the percental cover of substrate categories mud, sand, gravel, shell hash and rock were recorded. In a few cases of very dense epibenthic bivalve cover, subsamples of the quadrat were taken instead using smaller quadrats positioned randomly.

Infaunal bivalves were sampled using sediment cores. “Shallow” cores were taken using a PVC tube with a diameter of 30.15 cm (0.07 m2). The cores were pushed ≈20 cm into the sediment or as far as it would go, and the content was dug out and sieved in the field using a sieve with a 4 mm mesh size. “Deep” cores were taken from a small boat using a steel pole corer with a diameter of 9.8 cm (0.008 m2). In order to obtain comparable sampling areas in both depth strata, 9 pole cores (0.068 m2) were taken within a radius of ±1 m at each of the 10 sampling positions. Note that infaunal samples could only be taken at sites where sedimentary habitats were found and therefore these data are partially unbalanced among sites. Bivalve samples were in labelled containers and transported to the Tjärnö Marine Laboratory where they were kept frozen at -20°C until further analysis.



2.4 Laboratory analyses

Bivalves were counted and identified to species level when possible. After being allowed to defrost, total wet weight was determined, and soft tissues were removed. The tissue was dried at 40°C for a minimum of 48 hours or until constant in weight. The dry weight was noted and the tissue was then burned at 560°C for 6 hours and weighed again after cooling down in a desiccator. Ash free dry weight (AFDW) was calculated by subtracting the weight of the ash from the dry weight. Occasionally, individuals were too small or broken to remove the flesh reliably. In such situations the tissue was burnt with the shell with the assumption that the weight of the shell would remain constant during the burning procedure and would be subtracted together with the weight of the ash. AFDW and abundance values were standardized to grams and individuals per m2 by dividing them by the surface area of the sample method.



2.5 Data analyses

The bivalve communities were described using frequency, biomass and abundance of individual species. In addition, the species composition and its reliance on environmental factors (substrate types and wave-exposure) was assessed at the scale of sites using constrained ordination by distance-based redundancy analysis (dbRDA; Legendre & Anderson, 1999). Tests were performed using distance based multiple regression (DistLM; Mcardle and Anderson, 2001) in PRIMER v6 software with PERMANOVA+ (Anderson et al., 2008). Dissimilarities in species composition among sites were estimated using Bray-Curtis dissimilarities calculated on 4th root transformed abundance data. Three sites (two “Koster-Exposed” and one “Tjärnö-Exposed”) were excluded from this analysis as no bivalves were found at these sites. Quantitative measures of exposure were estimated a posteriori from the mean of the values extracted from the same wave-exposure layer (Albertsson et al., 2006) used to classify the sites at the coordinates of each sample. Exposure, together with the other variables (mean rock, mud, sand, gravel, and hash cover from the quadrat samples) were transformed to   and checked for collinearity using the variance inflation factor (VIF; Critical threshold =3). The number of permutations for DistLM was set to 9 999 and a marginal test was used to test significance of environmental factors.

The combined effects of the site classifications Area (Koster, Tjärnö), Exposure (Exposed, Shallow) and Depth (Shallow, Deep) on mean biomass and abundance of infaunal and epifaunal bivalves were tested using analysis of variances (ANOVA, SS type II) with four factors:

	

where the response variable y

ijklm
  is abundance or biomass, A

i
 is the effect of the ith area, E

j
 is the jth exposure class, D

k
 is the kth depth stratum, Site(AE)
l(ij) is the lth site within area i and exposure j and ϵ

ijklm
 is the deviation not explained by any factor or interaction. After inspection of residuals, it was decided to transform biomass and abundance with a log10(y+1) transformation. In the case of the epifauna the total number of samples was 400 (a=2 areas, b=2 exposure levels, c=2 depth strata, d=5 sites, n=10 replicates), but because no infauna samples were taken at locations where the substrate was rocky or in other ways impossible to sample with a core, the data for the infaunal bivalves had less samples (a total of 225) and hence became unbalanced. The same analyses were applied also to the percent cover of the three most important substrate types (Rock, Sand and Mud) that were estimated from the quadra samples. This was done to quantify and test for differences in habitat characteristics among areas, exposures and depths at different sites and the substrate availability for the two groups of bivalves. All statistical analysis was done in R 4.1.3 (R Core Team, 2022) unless otherwise stated.

In order to assess the overall importance of epi- and infaunal bivalves in terms of their biomass and abundance in different environmental contexts (e.g. areas and levels of exposure), estimates of mean bivalve biomass and abundance,  , proportions of habitat availability, P

ijk
 , and areal extent of each combination of exposure and area, Ar

ij
 (in the 0-2 m depth range) were combined. The latter was obtained from a standardized GIS-layer provided by the Swedish authorities (Albertsson et al., 2006). In order to compensate for the fact that shallow and deep samples represented depth ranges of 0-0.5 and 0.5-2 m respectively, estimated abundances were weighted by ¼ and ¾ for the two depths (w

i
). For infauna the available sedimentary habitat, P

ijk
 , was estimated from quadrat samples ( ), while for epifauna P

ijk
 =1 as this faunal component is found on both soft and hard substrates (all data are provided in the 
Supplementary Table S1
). The importance of epi- and infaunal bivalves in different environmental contexts were calculated as:

	




3 Results



3.1 Composition and distribution of substrates

In general, the observations from the quadrats showed that the a priori stratification of exposure- and depth-classes was ecologically meaningful despite being made from GIS-maps (
Figure 2
). For example, the cover of hard substrata in exposed areas in Tjärnö and Koster ranged from ≈40-80%, with higher values in the shallow stratum as expected. Similarly, mud was exclusively observed at sites classified as sheltered with a predominance at depths between 0.5-2 m (i.e. ≈60 and 30% in Tjärnö and Koster respectively). Sandy sediments were more evenly distributed at levels of 20-40%. These patterns were also largely supported by statistical analyses (
Table 1
). Thus, significant differences in the cover of rocky, sandy, and muddy substrates between the two exposure levels and depth strata were found (
Table 1
). Rock was significantly higher in exposed sites and at shallow depth. The patterns of mud opposed that of rock, having more cover in shallow sites and at deeper depth. In general, there were no significant differences of sediment cover between the two areas Koster and Tjärnö, nor interactive effects with exposure and depth, indicating that the quantitative criteria used to define levels of exposure and depth, were in fact comparable in terms of physical impacts in both Tjärnö and Koster. Nevertheless, the significant variability observed among sites for all variables indicates that there were also other uncontrolled variables that influence the substrate characteristics of shallow sites in the study area (
Table 1
).




Figure 2 | 
Average cover of rock [(A), including boulders and stones], sand (B) and mud (C) measured using visual inspections in 1x1 m sampling quadrats (mean ± SE).




Table 1 | 
Analysis of variance results of the cover of rock (including boulders and stones), sand and mud measured by visual inspection.





3.2 Species composition of bivalve communities

In total 17 species of bivalves (11 infaunal and 6 epifaunal) were observed during this study (
Table 2
). In terms of the number of sites where the species occurred, Mytilus edulis was the most prevalent epifaunal species with a 75% occurrence rate. The most common infaunal species was Polititapes aureus with an occurrence rate of 40% of the sites. While all infaunal and epifaunal species were observed in the Tjärnö area, only 11 species were found in Koster. Overall, the contribution by epifaunal species to the total biomass was considerately larger than that of infauna in both Tjärnö (88%) and Koster (75%) (
Table 2
). The total biomass of both epifaunal and infaunal bivalves was more than three times higher in Tjärnö compared to Koster (2093 versus 678 grams) and the total abundance, however, was only 1.8 times higher in Tjärnö compared to Koster (3639 versus 2044 individuals).


Table 2 | 
Summary of infaunal and epifaunal bivalve species observations: #site occurrences (of a maximum 10), relative biomass and abundance in Tjärnö and Koster.



Visual inspections of the dbRDA-plots did not show any clear separation among areas or exposure classes (
Figure 3
). If anything, it appeared that the exposed sites in Koster were located in the high end of the second axis (which appears to be associate with large values of exposure and cover of rock; 
Figure 3B
). A total of 36% of the variability was explained by the two first axes and the importance of the first axis was approximately twice that of the second axis (41 vs 24% of the explained variability). Interestingly, all infaunal species tended to be negatively correlated with the first and second axes (excluding species with a correlation coefficient<0.3 and those observed in less than four sites; 
Figure 3A
). This correspond with sites dominated by large cover of sand, gravel and shell hash, but with small cover of rock and independently of mud (
Figure 3B
). This pattern was further corroborated by the DistLM showing significant correlation between community structure on one hand and exposure, rock and sand on the other (p<0.05; 
Table S2
). Occurrence of epifaunal species were largely correlated by the second axis (
Figure 3A
). In particular, the native species, Ostrea edulis and Mytilus edulis, were associated with the presence of gravel, while the recently introduced Magallana gigas, appeared to be more of a generalist.




Figure 3 | 
Ordination plots of distance-based redundancy analysis (dbRDA) correlation vectors for (A) species (excluding those occurring at<4 sites and with correlations<0.3, epifaunal indicated represented by bold letters) and (B) environmental variables. Distances are based on Bray-Curtis of 4th root transformed means.







3.3 Biomass and abundance of epi- and infaunal communities

Although the patterns of biomass in relation to depth and exposure appear similar in epi- and infauna, it is clear that the main part of the biomass is associated with the epifaunal species (
Figures 4A, C
). On average, the epifaunal biomass was ≈7 times larger per square meter (of suitable habitat) than that of the infauna in both levels of exposure in Tjärnö and Koster. In contrast to analyses of substrate characteristics, detailed analyses using ANOVA revealed that patterns of biomass of epi- and infauna were more complex and unpredictable in relation to area, depth and exposure (
Table 3
). For both types of fauna there was a substantial and significant variability among sites within area and level of exposure. Despite the fact that both types of fauna generally demonstrated larger means in the deeper stratum, this pattern was only fully consistent and significant for infauna.




Figure 4 | 
Average biomass (AFDW g•m-2, A, C) and abundance (#•m-2, B, D) of epifauna (top) and infauna (lower)(mean ± SE). Note the different scales on the response axes between epi- and infauna.




Table 3 | 
Analysis of variance results of biomass (AFDW g·m-2) and abundance (#·m-2) of epi- and infaunal bivalves.



Also, for the spatial patterns of total abundance, there was partial consistency between epi- and infauna (
Figures 4B, D
). However, the relative importance of the two types of fauna in terms of abundance was reversed compared to that of the biomass. Thus, the average abundance of infauna, in areas where sedimentary habitats were available, was on average ≈3 times that of epifauna. Similarly to biomass, there was substantial variability among sites but there were also complex interactions among the main effects for both epi- and infauna (
Table 3
). The numerically more important infauna showed a different response to depth in exposed and sheltered areas; infauna was virtually absent at shallow depths in exposed sites. Epifauna on the other hand, was absent all the way down to 2 m in exposed sites in Koster, while in Tjärnö epifauna was most abundant in exposed areas (
Figures 4B, D
).



3.4.  Ecosystem-wide distribution of epi- and infauna.

While the previous analyses describes the average amount of biomass and abundance of epi- and infauna in different geographic areas and levels of exposure where suitable habitats were present, a more realistic comparison of their importance require that (a) the relative occurrence of sedimentary and rocky habitats (P

ijk
 ) and (b) the areal extent of exposure and geographic strata (ArP

ij
 ) are accounted for (
Figure 1
). These analyses show that the exposed areas in Koster deviate from all other areas with on average small total bivalve biomass and abundance (<1 g and ≈1 # m2 respectively; 
Figures 5A, B
). In all other areas (sheltered areas in Koster and exposed and sheltered areas in Tjärnö), total biomass was on average 8-18 g AFDW/m2 for both depth strata combined. The majority (80-90%) of this biomass consisted of epifauna. This pattern was partly reversed in comparisons of abundance, where sheltered sites in both Tjärnö and Koster were dominated by infauna (≈75%). In exposed areas in Tjärnö, presumably low availability of sedimentary habitats mean that abundances are dominated by epifauna. Moreover, both total biomass and abundance were highest in exposed parts in Tjärnö and sheltered parts in Koster, both of which represents intermediate positions in the longitudinal inshore-offshore gradient in the study area.





Figure 5 | 
Total biomass (AFDW) and total abundance of epi- and infauna in sheltered and exposed parts of Tjärnö and Koster areas. The first row show biomass (A) and abundance (B) per m2 accounting for habitat availability, and the second row show the totals accounting also for areal extent (C, D). The third row show total biomass (E) and abundance (F) for each area excluding the two invasive species, Magallana gigas and Ensis leei. See text and 
Table S1
 for details about calculations and data.






Finally, in order to assess the potential importance of epi- and infauna, to overall population and ecosystem processes in different parts of this coastal gradient, information on the areal extent of 0-2 m habitats in sheltered and exposed areas in Tjärnö and Koster as quantified (
Figures 5C, D
). Note that the estimates of areal extent correspond to the somewhat arbitrary boundaries in 
Figure 1
, from which the sampling sites were randomly selected (data on areal extent are given in 
Table S1
). The calculations show that the contribution of the areas to the total bivalve biomass and abundance decrease in a similar way: Tjärnö (sheltered)> Tjärnö (exposed)> Koster (sheltered)> Koster (exposed) (
Figures 5C, D
). This pattern was of course partly explained by the fact that Tjärnö (sheltered) contributed with ≈54% of the area, which offsets the slightly lower estimates of total biomass and abundances compared to when data were expressed per square m (
Figure 5
). Note also that the second largest area (Koster (exposed) at ≈29%) had a negligible contribution to bivalve total biomass and abundance while the intermediately located areas, which where the smallest (≈9% each), contributed substantially.




4 Discussion

The general aim of this study was to quantify the distribution and abundance of bivalves in a wide range of benthic environments on the Swedish Skagerrak coast, with the goal to assess the potential of epi- and infaunal species as contributors to ecological processes and ultimately ecosystem services. In order to achieve this, the abundance and biomass of both epibenthic and infaunal bivalve communities were sampled and the data was combined with data on habitat availability and with GIS derived data on areal extent of the sampled habitats. This resulted in several new insights about the ecological importance of bivalves, in a range of coastal environments, and in the region as a whole, but also illustrated the benefits of structured sampling which enabled comparisons among faunal components and up-scaling of results to provide a system-wide comparison and assessment. This study addresses a major gap in knowledge on the relative importance of epi- and infaunal bivalves in terms of biomass and abundance. The ecological and methodological insights are also useful in a local, as well as a more general context.



4.1 Biomass

Depth was found to be of significant importance for the distribution of infaunal biomass. However, contrary to what was predicted, there were no significant differences for depth for epifauna and exposure and area for both in- and epifauna, even though there were remarkable differences between then in terms of absolute numbers. This is a result of the significant unexplained variation between sites, which seems to indicate that there are more complex patterns and processes that shape the bivalve communities in this area that were not captured in this study. One striking result of this study is that epifaunal bivalves were the dominant group in terms of average biomass per unit area in both Tjärnö and Koster. At the time of the study, there was ≈100 tonnes of bivalve biomass in the whole area (100 AFDW/0.8≈124 tonnes of shell free dry weight or 100/0.07≈1 400 tonnes of wet weight; conversion factors from Rumohr et al., 1987). 70% of the biomass was epifauna and 30% was infauna. The amount of biomass was highly variable among sites, but in general larger biomass was found at depths between 0.5-2 m both for infauna and epifauna. Accounting for the uneven distribution of infaunal habitat (measured as 100% rock), the highest bivalve biomass (10-15 g·m-2) occurs in the intermediate parts of the coastal gradient, i.e. in the exposed parts of Tjärnö and in the sheltered part of Koster areas, followed by the inner, sheltered parts of Tjärnö (≈8 g·m-2). Finally, scaling up these results using GIS-estimates of the extent of sheltered and exposed areas at 0-2 m depth, show that sheltered habitats in the inner parts of the archipelago contribute with ≈50% of the biomass in this region. Despite the fact that >90% of the deeper and ≈80% of the shallow parts of this area is covered by sediments, infaunal bivalves only contribute to 10-15% of the biomass.

The biomass data presented here are representative for this region and the specific depth ranges and exposures levels that were included in this study. This type of sampling differs from previous studies done on the Swedish west coast, which had different objectives and have typically focused on smaller geographical areas and usually include either epi- or infaunal bivalves. Perhaps the most comparable data available is presented in Evans and Tallmark, 1977; Möller and Rosenberg, 1983 and Loo and Rosenberg, 1989. Firstly, Evans and Tallmark, 1977 found epifaunal biomass of 7.1 and 3.1 g AFDW·m-2 at one site in two consecutive years, compared to 5-15 g AFDW·m-2 in this study. The infaunal portion of the biomass in this study was also lower (3.1 and 0.3 g AFDW·m-2, 0-3 g AFDW·m-2 in this study). Secondly, in Möller and Rosenberg, 1983 biomass of two infaunal species varied over a six-year period at two sites depending on the survival of the recruitment of the previous year, but was most often between 1 and 10 g AFDW·m-2 around the same time of year of this study. It was also found that there was generally more biomass deeper than 0.5 meter than above it. Lastly, Loo and Rosenberg, 1989 reports about 22 and 5.5 g AFDW·m-2 (converted from WW with factors from Rumohr et al., 1987) of infaunal bivalve biomass at two sites. It must be clear that because of the differences in methods and objectives a comparison between those studies is not entirely correct. Nonetheless, it can be concluded that the finding on biomass per area reported here fall within the ranges that have been reported previously, which supports the validity of the results of this survey. In contrast this study allowed for up-scaling and direct comparison between epi- and infaunal bivalves.



4.2 Ecosystem functions

Although the relationships between biomass and filtration-rate or -capacity is non-linear and modulated by environmental factors and behavioral responses of bivalves, and despite the fact that measurement of filtration is complex in laboratory- and field-experiments, it is clear that the biomass of an individual or a bivalve community is a fundamental indicator of its filtration capacity (e.g. Kryger & Riisgård, 1988; and reviewed in Riisgård, 2001). Furthermore, because several critical ecosystem functions and processes are linked to filtration (e.g. water clearance, nutrient uptake and cycling and production), the observed patterns of biomass arguably have important implications also for many ecosystem services. First, the results indicate that overall, epifauna (mainly Magallana gigas, Mytilus edulis and Ostrea edulis) contributes to a larger extent to water clearance and removal of nutrients compared to infaunal species. This is true considering the total biomass per square meter in sampled sites but also when considering the areal extent of sheltered and exposed habitats in Tjärnö and Koster. Nevertheless, in certain sites, particularly at intermediate areas in the in- and offshore gradient, the contribution made by infaunal bivalves such as, Ensis leei, Mya arenaria and Macomangulus tenuis, appeared to match that of the epifauna. Studies targeting both functional groups with suitable sampling regimes in soft and rocky habitats, particularly those accounting for areal extent, are scarce (but see for example Seitz et al., 2006), but it has been found before that the contribution of biomass per unit area is greater for epifauna in Swedish coastal areas (Evans & Tallmark, 1977).

From the biomass we are able to conclude that the filtration capacity of both epi- and infaunal bivalves is markedly smaller in the exposed parts of Koster. While the scarcity of sedimentary habitat explains the low levels of infauna, the low biomass of epifauna is more surprising. Particularly because of the large densities of epifaunal biomass at similarly exposed areas in Tjärnö, which illustrates that the species can withstand such levels of hydrodynamic forces (note also that the very to extremely exposed areas in Koster were excluded from the study). Thus, in order to explain the lack of filter-feeding biomass in exposed areas in Koster, more complex models including factors correlated with the physical aspects of wave-exposure and the inshore – offshore gradient needs to be invoked. In general, such factors may include supply of food, supply of larvae, fluctuations in salinity and temperature or sedimentation (e.g. Lindegarth & Gamfeldt, 2005; Westerbom & Jattu, 2006; Lindegarth, 2007) but here, low epifaunal bivalve biomass (and abundance) could possibly be explained by waves modulating the effects of ecological interactions (e.g. competition, predation or “algal swiping”) acting on larvae, juveniles or adult bivalves (e.g. Underwood, 1999). Nevertheless, whatever the mechanism, it is clear that the end result of these patterns is a large difference among sheltered and exposed areas in their contribution to bivalve biomass and by extension to regulating services associated with filtration. These results emphasize the need to incorporate knowledge about the distribution and abundance of fauna, availability of habitats and areal extent when assessing relative contributions to ecological processes and ultimately to different types of ecosystem services. It is particularly interesting to note that, while the inner parts of this coastal gradient appear to contribute most both in terms of biomass and abundance, the relative importance of the two functional components are practically reversed.



4.3 Abundance

In general, the overall spatial patterns of density and total abundance resembles that of the biomass, however, in contrast to what was observed for the biomass the main part of abundance was made up of infauna rather than epifauna. While the epifaunal abundance, mainly consisted of two species (Mytilus edulis and Magallana gigas), infaunal abundance was more diverse and variable among habitats. In Koster the abundance was dominated by the tellinid, Macomangulus tenuis, the cockles Cerastoderma edule and C. glaucum. In Tjärnö, the same species and two additional ones (Mya arenaria and Polititapes aureus) were mainly observed, and in general the species abundance was more evenly distributed. Possibly, this can be attributed to the more exposed nature of the Koster islands, causing a thinner margin of suitable sediment and environmental conditions for infaunal species. The multivariate analyses showed that most infaunal species were positively correlated with sandy and gravelly sediments rather than those dominated by mud, which is common to sites in the sheltered parts of Tjärnö. It is possible that here the areal extend of this type of sediment is greater than in Koster, and probably less likely to be subjected to events of extreme wave energy, allowing for a more diverse assemblage of bivalves to occur.

While it can be argued that the contribution of bivalve to certain ecosystem services depends on the filter-feeding capacity and hence mainly on the biomass, others services are more closely linked to abundance and species composition. For example, the habitat forming role of epibenthic mussels and oysters and the importance for associated biodiversity is mainly dependent on their abundance and not primarily on the amount of filter-feeding tissue. Although abundances of epifauna was substantially smaller than that of infauna, particularly when accounting for the large areal extent of sheltered habitats in Tjärnö, they were abundant enough to form unique and particularly valuable biotopes (e.g. both mussel- and oyster-beds are included on the “OSPAR list of threatened and/or declining species and habitats”, OSPAR, 2008), and they provide substrate, shelter and foraging area for many associated invertebrates and fish species (e.g. Humphries et al., 2011; P. Norling et al., 2015; P. Norling & Kautsky, 2007). Note that this role of epifauna, supporting and maintaining biodiversity is potentially important both in rocky and sedimentary habitats. In contrast, infauna performs ecological functions exclusively burrowing in sedimentary habitats. Although less conspicuous than the epibenthic species, infaunal species can also act as ecosystem engineers by reworking the sediment, modifying small-scale topography and oxygen conditions (Rosenberg, 2001; Norkko and Shumway, 2011). Furthermore, many infaunal species in shallow habitats are important food-sources for e.g. wading birds. Large abundances of juvenile or adult infaunal bivalves attract and support a rich variety of birds specialized on feeding on bivalves, supporting terrestrial biodiversity and providing a pathway for energy and nutrient transfer to non-marine systems (van Roomen et al., 2012).

Despite exceeding that of epifauna, the overall infaunal abundances were lower compared to data available from previous studies in the sampled area (e.g. Lindegarth et al., 1995). It is unlikely that this observation was a sampling artefact as the number of cores taken at each site in this study was evaluated to be sufficient to ensure that the probability of false negatives for occurrences of bivalves was acceptably low. For common infaunal species such the two cockle species Cerastoderma edule and C. glaucum, from these previous studies it was expected to find average densities of about 1-10 individuals·m-2. Taking 20 samples from each site (i.e. 1.4 m2) and assuming a Poisson distribution, this would amount to an average probability of false negatives of 50, 25 and<1% for densities of 0.5, 1 and 10 individuals·m-2. Average densities of the two Cerastoderma species were, however, found to be on the order of 0.1 individuals·m-2, i.e. one to two orders of magnitude smaller than expected. Both infauna abundance and biomass in this study appeared much lower compared to studies done in studies done in other areas (e.g. Beukema et al., 2001; Seitz et al., 2006). In the case of Beukema et al., 2001, our data corresponds with the absolute minimums in their area during a sampling period spanning over 25 years. Although these systems differ from the area in this study in for instance tidal ranges and the availability of shallow soft sediment habitat, the comparisons are remarkable and suggest fundamental differences in filter-feeding biomass that are related to these conditions. More data and analyses are necessary to assess whether this is a persistent long-term change in this area or part of natural fluctuation.

Population of infaunal bivalves are known to show strong temporal fluctuations, usually caused by mass die-offs (Burdon et al., 2014), which can be caused by several reasons, and subsequent increases after favorable years of new settlement (Beukema et al., 2001). From the current data, it is unclear whether there is in fact a substantial decline or if the observations made are normal fluctuations in abundances. The cause of such a decline, if unordinary, can be speculated. Earlier monitoring has revealed that this area has had increased occurrences of dense mats of filamentous algae in the genus Cladophora (Pihl et al., 1995). These algae spread quickly in protected bays in the summer months and persist for many weeks. These locations correspond well with habitat that is usually associated with infaunal bivalve species such as Cerastoderma spp. and Mya arenaria. Algae mats like these can theoretically smother infauna bivalves, restricting their access to food and oxygen (Perkins and Abbott, 1972). Another possible cause is an increase in the abundance of mesopredators that feed on juvenile bivalve spat (Möller and Rosenberg, 1983; Flach, 2003).



4.4 Invasive species

One interesting and potentially important result from this study is that both epi- and infaunal bivalve communities were dominated by invasive species, Magallana gigas and Ensis leei, particularly in terms of biomass. The total biomass was estimated to ≈100 tonnes AFDW (69 and 31 for epi- and infauna respectively). If M. gigas and E. leei are excluded, only ≈35% of the epifaunal and ≈40% of the infaunal biomass remains. Thus, assuming that these establishments have occurred without any competitive exclusion or otherwise caused decrease of native species, these two species have added 60-65% of filter-feeding biomass to this coastal area. Although these assumptions cannot be automatically accepted (see below), these are substantial contributions to benthic-pelagic coupling processes, particularly in sheltered parts of the Tjärnö area. Consequently, it can be argued that these changes may have had substantial effects on ecosystem functioning in these habitats, as for instance the Pacific oyster that has introduced a new source of habitat formation service to the region.

The Pacific oyster Magallana gigas (Thunberg 1793) is well known invasive species (Ruesink et al., 2005) and since its introduction to western Europe in the 1960’s, it has come to dominate coastal communities that were favored habitat for the native blue mussel Mytilus edulis (Fey et al., 2010; Holm et al., 2016; Reise et al., 2017). This study has shown that also in shallow habitats in the northern west coast of Sweden, it is now the dominating bivalve species. Current status of Pacific oysters on the Swedish west coast has developed comparatively recent, after a wide scale recruitment event observed in 2006 (Wrange et al., 2010). This event coincided with warm summer temperatures (Wrange et al., 2010) and based on DNA evidence (Faust et al., 2017), it is presumed to be a natural dispersal event. Prior reports of declining blue mussel populations in this area are thus unlikely to be attributed to the recent rise of the Pacific oyster (Baden et al., 2021). Pacific oysters now also appears to overlap considerably with the native and endangered flat oyster, Ostrea edulis (Linnaeus 1758) in the study area (Bergström et al., 2021). During this study these three species where often observed growing communally within the same cluster. Other studies report Pacific oysters living in what appears to be stable association with blue mussels (Reise et al., 2017) and flat oysters (Zwerschke et al., 2016; Christianen et al., 2018). This implies that there are interactions between Pacific oysters and the native oyster and mussel species, although the developments are too recent and there is done insufficient research to foresee how the invaders presence will affect the native species in Sweden in the long term.

Even though the arrival of the Atlantic jackknife clam Ensis leei (Huber 2015) was much earlier than that of the Pacific oyster, i.e. in the early 1980’s, much less is known about its route of invasion, in which habitats it now occurs and what the overall impact has been on the local benthic ecosystems. Similar to the Pacific oyster, the American jackknife clam has a wide salinity tolerance range (7-32 PSU, Maurer et al., 1974), and thus has invaded many varieties of coastal habitats in Europe to the extent where it is also dominating communities along the south-eastern coast of the North Sea and the Wadden Sea (Gollasch et al., 2015). In accordance, these results show this invader contributed to the largest part of the infaunal bivalve biomass in the study area. Like other studies describing its preferred habitat, it was encountered predominantly in clean, fine-grained sand in the sublittoral zone (Armonies and Reise, 1998; Beukema and Dekker, 1995). The species can form very dense assemblages, where it increases the accumulation of silt and organic content in the sediment (Dannheim and Rumohr, 2012), thus causing indirect changes to the benthic community (Armonies and Reise, 1998). Although there are no local extinctions of other species attributed to the arrival of the American jackknife clam, it coincides with a decline in other infaunal species along the Belgian and Dutch North Sea coast (Dekker and Beukema, 2012; Houziax et al., 2009). Additionally, it has been observed that in areas where it has become common, bivalve eating birds have made a switch to this new food source (Cadée, 2000, Caldow et al., 2007, Tulp et al., 2010). Future research should aim to map the distribution of this species further and investigate how it affects the native bivalve communities and coastal ecosystems in this area.



4.5 Methodological considerations

Scaling up spatial patterns of biodiversity and understanding ecological interactions at the landscape level is a vital component for increasing the fundamental understanding of ecological functions and systems (e.g. Duarte et al., 2005; Kutti et al., 2013; Lohrer et al., 2015; Gonzalez et al., 2020), and for monitoring, conserving and restoring marine habitats (e.g. Schoch & Dethier, 1996; Bayraktarov et al., 2020). One manifestation of this is the recent increase in studies using empirical models often linked to remote sensing methods to predict and map the geographic distribution of species or habitats (e.g. He et al., 2015; Breiner et al., 2018). A wide variety of techniques (e.g. species distribution models (SDMs)) are available to predict both categorical (e.g. presence vs absence of species or habitats) and quantitative responses (e.g. abundance, biomass or rates of processes). In order be sufficiently powerful and precise these techniques require large amounts of data and access to suitable GIS-layers of relevant predictor variables.

In this study area, reliable GIS data of sufficient resolution was not available, particularly for substrate characteristics. Furthermore, sampling abundance and biomass of epi- and infaunal bivalves at a sufficient number of sites (i.e. ≈100 sites) for these more sophisticated models to be useful was not feasible. One limitation of this study is that the data collection is limited to a single year, when it is well documented that bivalve population tend to fluctuate annually. This means that the patterns we observed in this study could potentially vary on a yearly basis. Sampling all sites within the area in a short time frame does on the other hand ensure that these temporal changes do not cause uncertainties when combining data from several years, which potentially could obscure some of the patterns that were found in this study. By excluding temporal variation, it proved to be an efficient way to estimate and explore effects of exposure and depth on bivalves and habitats associated to these factors, and allowed us to evaluate random variability within and among sites.

Furthermore, by adopting a “top-down” approach (e.g. Hewitt et al., 2004), it was also possible to scale-up these representative samples and assess the importance of filter-feeding bivalves over the whole archipelago area, which is characterized by strong environmental gradients of wave-exposure, depth and a complex mosaic of soft and rocky habitats. Thus, despite not being able to predict and map biomass and abundance with a detailed resolution (e.g. at a resolution of 5-10 m), instead it was opted to make robust inferences about the importance of epi- and infaunal species at the scale of this coastal landscape, without having to rely on finding powerful and precise models. Key to this was the deliberate strategy to use a random sampling design, within objectively defined strata with known areal extent. Note, however, that data collected in this way can readily be used for more detailed prediction and mapping, in the event that sufficient data and GIS-information becomes available (e.g. Guillera-Arroita et al., 2015; Guisan et al., 2017; Breiner et al., 2018).




5 Conclusion

In conclusion, a sampling strategy based on (1) representative sampling, (2) a combination of appropriate sampling methods in soft and rocky habitats and (3) use of GIS for stratification and up-scaling, provided a robust framework for estimating the importance of benthic species in coastal landscapes. It was found that epifaunal species, overall, contributed significantly more to the total bivalve biomass in shallow coastal waters in the northern part of the Swedish west coast, and thus, most probably are chiefly responsible for the many ecosystem services associated with suspension feeding bivalves such as water quality and nutrient cycling. Although infaunal species amounted to less biomass in total, their abundances at certain sites still indicated these species are influencing local sediment processes and functions, especially in areas of intermediate exposure. Additionally, with these methods it was possible to give valuable information on the status of two invasive species who appear to dominate their respective functional groups in terms of biomass, and are now likely major contributors to the ecosystem functions and services related to suspension feeding and habitat formation.
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OEBPS/Images/table2.jpg
#Site occurrences Biomass (%) Abundance (%)

Koster Tjarno Koster Tjarno Koster Tjarno
Infauna
Abra alba 1 1 0 0 1 1
Cerastoderma edule 1 3 0 0 12 7
Cerastoderma glaucum 2 2 1 1 8 7
Ensis leei 1 4 20 6 6 4
Macoma balthica 0 2 0 0 0 1
Macomangulus tenuis 3 3 2 0 49 14
Mya arenaria 0 3i 0 4 0 10
Polititapes aureus 2 6 1 1 4 8
Spisula subtruncata 0 1 0 0 0 1
Thracia sp. 0 1 0 0 0 0
Venerupis corrugata 0 1 0 0 0 0
Total % infauna 25 12 80 54
Epifauna
Hiatella sp. | 2 [ 2 0 0 2 1
Magallana gigas 6 8 62 38 10 13
Mimachlamys varia 2 2 0 0 0 0
Miytilus edulis 6 9 6 47 6 30
Ostrea edulis 4 5 7 3 2 1
Pododesmus patelliformis 0 1 0 0 0 0
Total % epifauna 75 88 20 46
Total sum 678 2093 2044 3639

Total sums are given as g AFDW and number of individuals for biomass and abundance respectively.
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Epifauna Biomass Abundance

Source F E

Area =A 1 338 1.69 021 407 2.00 0.18

Exposure =E 1 292 146 024 229 112 030

Depth =D B 123 1.60 022 0.16 033 057

AE 1 047 0.23 0.63 035 0.17 0.68

AD 1 049 0.64 044 144 295 011

ED 1 0.98 127 028 0.64 132 027

AED 1 240 313 0.10 220 450 0.05

Site(AE) 16 2.00 1512 <0.001 204 1677 <0.001
DSite(A,E) 16 077 5.81 <0.001 049 4.02 <0.001
Residuals 360 0.13 0.12

Infauna Biomass Abundance

Source F

Area =A 1 0.02 0.06 0381 0.06 0.02 0.88

Exposure =E 1 023 0.74 041 024 0.10 076

Depth =D 1 134 1034 0.01 4.14 637 0.03

AE 1 045 141 025 1.02 042 053

AD 1 001 0.05 0.82 040 061 045

ED 1 043 3.28 0.10 5.10 7.84 0.02

AED I 028 2.16 0.17 074 114 031

Site(A,E) 14 032 330 <0.001 242 678 <0.001
DSite(A,E) 1 0.13 1.34 020 065 1.82 0.05

Residuals 192 0.10 036

Bold numbers represent significant results.
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Bold numbers represent significant results.
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