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Seasonal Variability in Benthic–Pelagic Coupling: Quantifying Organic Matter Inputs to the Seafloor and Benthic Macrofauna Using a Multi-Marker Approach
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The exchange between the water column and the seafloor is a complex process, and is particularly intensive in the shallow waters of highly productive coastal areas, where the temporal variability in the inputs of pelagic organic matter will determine many aspects of the benthic community structure. However, few studies have focused on the seasonality of inputs of organic matter to the seafloor, and on the consequent dynamics and time scales of response of benthic consumers. We conducted a 1-year study where we repeatedly sampled multiple organic compounds traditionally used as markers to study the link between the pelagic organic matter inputs and the seafloor, and the potential response of benthic macrofauna to seasonal trends in phytoplankton biomass. We simultaneously quantified the particulate organic matter in the water column, the sinking material and different seafloor compartments, and analyzed it for pigments, organic carbon and nitrogen content, C/N ratio, and stable isotopes. Seafloor sediment was also analyzed for total lipids, and the dominant macrobenthic species for isotopic signatures. Results showed a major deposition of fresh organic matter during the spring bloom followed by more degraded organic matter inputs during the late summer bloom and even lower quality of the organic matter reaching the seafloor during winter. Strong positive relationships between water column and sedimentary pigments suggest that phytoplankton was the main source of carbon to the seafloor. The isotopic signatures of the dominant macrobenthic species suggest a fast response to the organic matter inputs from the water column. However, different species responded differently to the deposition of organic matter. Macoma balthica and Marenzelleria spp. fed on more reworked and degraded sedimentary material, while Monoporeia affinis showed a shift in the feeding habits according to its life stage, with adult individuals feeding on fresher material than juveniles did. Our study highlights the seasonal variability of the benthic–pelagic coupling and the utility of a multi-marker approach to follow the temporal inputs of organic matter from the water column to the seafloor and benthic organisms.
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INTRODUCTION

Nearshore pelagic conditions influence benthic coastal processes through an active and efficient transfer of organic matter from the water column to the seafloor (Kopp et al., 2015). Benthic–pelagic coupling plays a major role in determining the production, biological structure, and food web stability of both systems (Graf, 1992; Marcus and Boero, 1998; Griffiths et al., 2017). Phytoplankton production is the largest source of particulate organic material sinking to the seafloor and the most important driver of benthic communities, which are fuelled by this input. During phytoplankton blooms, a large part of the algal biomass is deposited on the seafloor providing an input of fresh organic matter to the benthos (Grebmeier et al., 1988; Tamelander et al., 2008). In coastal environments of the Baltic Sea, the euphotic zone can export up to 70% of the primary production to the benthic systems (Lignell et al., 1993). These organic matter depositions play a major role in the seasonal variation of seafloor biogeochemical cycles and food-web dynamics, which constitute important coastal ecosystem services (Kopp et al., 2015; Griffiths et al., 2017; Kauppi et al., 2017; Ehrnsten et al., 2019). Macrobenthic fauna often rapidly consume the organic matter inputs (Jumars and Wheatcroft, 1989; Witte et al., 2003) but our quantitative understanding remains limited.

The quantity and quality of the pelagic inputs on the seafloor largely depend on temporal variations in phytoplankton stocks and community composition, which can influence the diet patterns and growth of the benthic community (Nascimento et al., 2009; Zhang et al., 2015). In the Baltic Sea, the spring bloom is a well-documented event (Groetsch et al., 2016) that accounts for a large flux of matter from the pelagic habitat to benthic communities (Ólafsson and Elmgren, 1997) with a marked influence on the macrofauna activity and nutrient remineralization (Kauppi et al., 2017; Middelburg, 2018). In addition, the less regular and smaller late summer bloom entails an important secondary input to the benthos, although with smaller extent and lower nutritional quality than the spring bloom (Nascimento et al., 2009; Gustafsson et al., 2013).

Benthic macrofauna communities are particularly important contributors to the coastal filter and retention of the land-derived nutrients that reach the sea, and several studies have demonstrated the influence of benthic invertebrates on benthic–pelagic coupling and nutrient cycling in the Baltic Sea (Norkko et al., 2015; Gammal et al., 2017, 2019; Kauppi et al., 2017). However, coastal areas are under increasing pressure from multiple stressors, such as eutrophication and climate change that are affecting the timing, quality, and intensity of phytoplankton blooms (Griffiths et al., 2017; Tamelander et al., 2017). Changes in the occurrence and nature of the pelagic blooms will alter the duration, quality and quantity of organic material transfer to the benthos, and consequently the function of benthic macrofauna communities (Griffiths et al., 2017; Ehrnsten et al., 2020). Hence, there is a need to gain insights into the seasonal variations in organic matter inputs to understand the role of seafloor sediments in the coastal ecosystem functioning.

Specific organic compounds (e.g., pigments, lipids, carbon, and nitrogen content), have traditionally been used as markers for describing the quality and transformation pathways of organic matter (Le Guitton et al., 2015). Chlorophyll a can be used as indicator of “freshness” of the inputs of organic matter to the seafloor (Boon and Duineveld, 1996), and lipids constitute an important fraction of the total sedimentary organic matter that can be used to determine the quality of particulate organic matter (Christodoulou et al., 2009). Furthermore, stable isotopes (δ13C and δ15N) have typically been used to estimate the inputs of terrestrial and marine organic carbon to the sediment (Goñi et al., 2000; Fry, 2006), and to track the energy pathways from different sources of primary production through the pelagic and benthic food web (Tamelander et al., 2008; Morata et al., 2011; Karlson et al., 2014). A multiple marker approach can thus help to increase our understanding of the seasonal variation in benthic–pelagic coupling as these markers reflect inherent differences in the time scales over which they are integrated (Morata et al., 2008; Le Guitton et al., 2015).

It is well known that primary production varies greatly throughout the year with seasonality. Consequently, it is expected that the fresh inputs of organic matter to the seafloor will vary seasonally, thus affecting the uptake of the benthic fauna. In contrast to a relatively large number of microbial related studies, few studies have focused specifically on the dynamics and time scales of response of benthic macrofauna to pelagic production (Lessin et al., 2019). In fact, most of the studies on benthic–pelagic coupling, particularly in boreal environments such as the Baltic Sea, have been temporally limited to one or two seasons (Tamelander and Heiskanen, 2004; Morata et al., 2011; McTigue et al., 2015) or limited to only quantifying the inputs and not the actual potential uptake in the benthic system. Here, we study how the seasonal water column blooms will affect the sedimentation process by repeatedly sampling (i.e., 1–4 times per month) over almost an entire year to provide a better understanding of the nature and extent of benthic–pelagic coupling in coastal areas. We quantified the particulate organic matter in the water column, the sinking particulate matter and different seafloor compartments, and analyzed it for pigments, carbon and nitrogen content, C/N ratio, and stable isotopes. Seafloor sediment was also analyzed for total lipids, and the dominant macrobenthic species for isotopic signatures. We applied this multi-marker approach to quantify temporal variations in the deposition of pelagic organic matter and the potential benthic uptake of organic matter on the seafloor of the Baltic Sea.



MATERIALS AND METHODS


Study Area

Storfjärden is situated on the Hanko Peninsula, SW coast of Finland (59° 51.331′ N, 23° 15.794′ E), and located at the entrance to the Gulf of Finland (Supplementary Figure S1). Storfjärden is an approximately 33-m-deep bay characterized by muddy sediments with direct connection to the open sea and can therefore experience large variation in hydrography due to upwelling events. Storfjärden can also be influenced by significant freshwater runoff (Tamelander and Heiskanen, 2004). All sampling was conducted from the hovercraft R/V Saga (February and March 2016, during conditions with sea ice) and from the R/V Saduria (from April to November 2016) (Table 1). We sampled once per month during autumn and winter (i.e., February, September, October, and November) and repeatedly (2–4 times per month) during spring and summer (i.e., from March to August) across the water column, the sinking particulate matter and the seafloor compartments (Table 1). All samples were frozen upon arrival in the laboratory and stored at −20°C until further analyses.


TABLE 1. Summary of the samples collected across the water column, the sinking particulate matter, and the seafloor compartments on the different sampling dates (X).
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Water Column Sampling and Characterization

Vertical profiles of water column temperature and salinity were obtained at each sampling occasion by CTD casts (miniCTD Valeport®) from the surface to the seafloor (∼33 m). Samples for water column pigments and suspended particulate organic matter (SPOM) were collected intensively from February to November 2016 (see Table 1) at 0.5, 2, 4, and 7 m depths using a Ruttner-type sampler. The vertical export of pigments and POM was determined by means of short-term (24 h) deployment of sediment traps positioned at 20 m depth (Table 1). The traps (KC Maskiner og laboratorieudustyr) consisted of parallel cylinders with an inner diameter of 7.2 cm (height: diameter ratio of 6.25) mounted in a gimballed frame equipped with a vane. For deployment, the cylinders were filled with GF/F filtered seawater with salinity adjusted to 10 (ambient salinity ca. 6) by addition of NaCl. No preservatives were added to the traps. Degradation of OM inside the traps is considered negligible given the short exposure time.



Sediment Sampling

Seafloor sediment samples (n = 4) for pigments, POM, and lipids were collected randomly and regularly from February to November 2016 (Table 1). We used either a LIMNOS-Sediment Sampler (February and March) or a GEMAX corer for soft sediment (April to November) (Supplementary Figure S2), depending on the weather conditions. First, dissolved oxygen (DO, mg l–1) and temperature of the overlaying water retained in the sediment corers were measured (YSI ProOdo®) (Supplementary Figure S2). Then, each core was sliced in three layers to quantify the organic matter at different depths in the sediment (Supplementary Figure S2): layer 1 corresponding to the first top millimeters containing an organic fluff layer (∼0.4 cm), layer 2 corresponding to the next 1 cm (∼0.5–1.5 cm), and the deepest layer 3 (corresponding to ∼5–6 cm) as a contrasting comparison with the organic matter rich surface layers. Sediment from each layer was split into three similar fractions: for pigments (i.e., chlorophyll a and phaeopigments), for total lipids, and for C/N analyses. Fractions for pigment analyses were wrapped in foil immediately after slicing to avoid pigment degradation, and all samples were stored (−80°C) and then freeze-dried.



Benthic Macrofauna Sampling

Benthic macrofauna was collected from February to March using a LIMNOS-Sediment sampler (n = 3) and from April to October 2016 using a Van Veen grab sampler (n = 3) (Table 1). We sieved the sediment through a 0.5 mm sieve and the most common fauna, i.e., Macoma balthica (mollusc bivalve), Monoporeia affinis (amphipod crustacean), and Marenzelleria spp. (polychaete) were collected. These species are long-living motile or semi-motile suspension and deposit feeders inhabiting the uppermost 5 cm of the sediment with a key role on sediment bioturbation, organic matter burial, and nutrient recycling (Byrén et al., 2002; Josefson et al., 2012; Norkko et al., 2012; Kauppi et al., 2017). Adult and juvenile individuals of M. affinis were captured in different life stages during the sampling and separated accordingly (by visual size differences). The very abundant bottom-living midge larvae Chironomus spp. was also collected from the same sediment samples. The midge larvae constitute a large invertebrate biomass of the Baltic Sea and are considered a good indicator of eutrophication, organic rich sediments and oxygen depletion (Johnson et al., 1993).



Pigment Analysis: Water Column, Sediment Traps, and Sediment

Aliquots of the water column and sediment trap samples were filtered in triplicate on GF/F filters for determination of chlorophyll a (chl a) and phaeopigments (phaeo) from February to October 2016 (Table 1). Pigments were extracted in 96% ethanol over night at room temperature. The extracts were stored at −20°C for maximum 7 days after which fluorescence was measured on a Cary Eclipse Varian spectrofluorometer before and after acidification of the sample with 1N HCl (Parsons et al., 1984). Fluorescence readings were related to a standard of known concentration (Sigma C-6144). An integrated value of the total chlorophyll a and total phaeopigments (i.e., Tchl a, and Tphaeo; mg/m2) over the surface (0.5–7 m) water column was estimated to facilitate the interpretation of results and comparisons with the seafloor sediment. Numerically dominant phytoplankton species/groups were determined by microscopy of live samples using 200× magnification. The phytoplankton data are not quantitative, but it is expected that the numerically dominant groups identified will account for the highest biomass proportion.

Sediment subsamples (∼0.5 g) were placed into centrifuge tubes and 10 ml of 90% acetone was added to extract chl a and phaeo from the sediment. Tubes were stored at 4°C in darkness for 24 h and shaken periodically. Prior to analyses, the tubes were centrifuged at 3,000 rpm for 10 min at 20°C to ensure that absorption at 750 mm was <0.005. The supernatant (3 ml) was analyzed in a spectrophotometer (Shimadzu UV-VIS model) before and after acidification with two drops (100 μl) of 1N HCl to determine chl a and phaeo, respectively.



Lipid Extraction

Total lipids were extracted from sediment subsamples (∼0.2–0.5 g) by direct elution with a chloroform-methanol solution (2:1, v/v) and analyzed according to Zöllner and Kirsch (1962). This method is based on a spectrophotometric assay that allows analysis of small samples. It is based on the reaction of lipid degradation products with aromatic aldehydes, which results in a red coloration that can be quantified at 520 nm. In the case of POM, it is essential to extract the lipids from the bulk sample before performing the assay. This is because interference by non-lipid compounds (e.g., carbohydrates) results in high nonspecific absorbance after heating the sample in sulfuric acid and addition of the vanillin reagent, and thus in unreliable results (Gessner and Neumann, 2005). Quantification of total lipids was made using linear concentration-response regressions from known concentrations of standards solutions of pure cholesterol (SIGMA, C-8667) ranging from 0 to 15 μg ml–1.



Stable Isotope Analysis: δ13C and δ15N

Samples of water column SPOM and sediment trap samples were filtered in triplicate through pre-combusted (450°C, 4 h), HCl-washed, and pre-weighed GF/F filters. Filter samples were dried at 60°C over night, weighed for total mass (total particulate matter, TPM) and packed in tin capsules. Analyses of C and N content and stable isotope ratios were performed on a Europa Scientific ANCA-MS 20-20 15N/13C mass spectrometer.

Sediment samples were ground to fine powder with a mixer-mill (Retsch MM400) and subsamples (∼12 mg) were encapsulated in tin-cups. Total carbon (%TC) and δ13C determination, and total nitrogen (%TN) and δ15N analyses were performed by the Stable Isotope Facility from the University of California (UC Davis), using an elemental analyzer interfaced to a continuous flow isotope ratio mass spectrometer (IRMS). All stable carbon and nitrogen isotope values are reported in delta (δ) notation, in units of per mil (‰), where δ = [(Rsample/Rstandard) − 1] × 1,000. R = 13C/12C and 15N/14N, and the internationally accepted standards are Vienna Peedee belemnite (11,179 × 10–6 ± 20) and air (3,670 × 10–6 ± 40) for carbon and nitrogen, respectively (Sharp, 2015). The reproducibility on the bulk sediment samples was ±0.2‰, as determined by the standard deviation of multiple analyses. The presence of carbonates in this area is negligible, so acid was not added to remove the inorganic carbon of the samples. Immediately after the benthic sampling (see below), macrofauna individuals were kept alive overnight in filtered and aerated seawater (∼5°C) for evacuation of gut contents. Several macrofauna individuals of the same size were pooled into three replicate samples (when possible) to obtain sufficient material for stable isotopes analyses. Samples were dried at 60°C for 48 h, ground to fine powder and subsamples (∼1 mg) were encapsulated in tin-cups. Same procedure as for the sediment samples was used for the macrofauna samples. Note that acid was not added to remove the inorganic carbon of the samples, since the presence of carbonates in this area is negligible. In previous studies, we analyzed acidified and non-acidified samples, and we verified that differences were not significant (unpublished data).



Data Analysis

We explored POM quality in terms of organic matter degradation and microbial reworking based on the timescales of molecule degradation rates (Le Guitton et al., 2015): (1) Short time scales: pigments have higher degradation rates compared to lipids. Therefore, pigment derived parameters, such as the chl a/phaeo ratio can be used to assess the freshness of the organic matter (e.g., ratios >0.5 indicate fresh organic matter). (2) Intermediate time scales: lipids have a lower degradation rate compared to pigments, but a higher one compared to the bulk organic matter and amino acids (Veuger et al., 2012). (3) Long time scales: the C/N ratio can be used to represent POM quality on the long term. The C/N ratio increases from 6 to 7 for marine phytoplankton up to values as high as 10 with ongoing organic matter decomposition (Henrichs, 2005). Finally, sedimentary stable isotopes integrate signals at a longer time scale than other organic compounds (e.g., pigments and lipids). Stable isotopes provide time-integrated information on diet and habitat use. For instance, higher (or less negative) δ13C values (i.e., C-enriched) indicate that the organic material reaching the benthos is degraded (of marine origin) compared to lower δ13C values (i.e., C-depleted) that are indicative of fresher material (and more terrestrial origin) (Fry, 2006).

We examined potential correlations either for the same markers between different compartments (e.g., chl a in the water column vs chl a in the traps) or for different markers but in the same compartment [e.g., particulate organic carbon (POC) vs particulate organic nitrogen (PON) in the water column]. Normality was tested, and in case of compliance, parametric correlations (Pearson) were applied; otherwise, non-parametric correlations were used (Spearman). We applied generalized linear models (GzLM) to explore the temporal trend of the variable responses (pigments, carbon and nitrogen, total lipids, and stable isotopes) across the sedimentary layers. Time was considered as a continuous predictor co-variable and sediment layer was considered as a fixed factor (three levels) in the model. Model assumptions (i.e., homogeneity, normality, and independence) for the residuals were visually checked. Analyses were carried out in R 3.5.1 (R Development Core Team, 2019). All mean average values in the results section are presented as mean ± standard deviation (mean ± sd).




RESULTS


Water Characterization

Salinity values were reasonably constant throughout the sampling dates (Supplementary Figure S3), with an average salinity of 6.04 ± 0.43 at ∼32 m, and 5.39 ± 0.41 at the sea surface (∼0.3 m). There was large seasonal variability in temperature, and an abrupt change in temperature (ΔT = 6.6°C between 0.3 and 32 m) was already recorded by mid-May (Supplementary Figure S3). This temperature change was maintained and increased in magnitude throughout the summer, reaching the maximum difference (ΔT = 13.3°C) at the end of July (Supplementary Figure S3). Temperature and DO in the bottom water immediately above the seafloor (measured in the cores) were negatively related (R = −0.59; p < 0.01) and showed a seasonal trend (Supplementary Figure S4). The lowest DO (6.3 ± 0.1 mg/l) and the highest temperature (13.1 ± 0.3°C) were recorded in late summer (Supplementary Figure S4).



Pigment Analysis: Chlorophyll a, Phaeopigments, and chl a/phaeo Ratio

Minimum values of the depth-integrated chlorophyll a (i.e., Tchl a) from the water column measurements were detected early in the year (Figure 1A). The first phytoplankton peak was recorded in spring (6 April) with a Tchl a concentration of 97.9 mg m–2 (Figure 1A and Supplementary Table S1), dominated by diatoms (Supplementary Table S2). A second peak (76.9 mg m–2) was recorded on 16 May (Figure 1A and Supplementary Table S1), and it was equally dominated by flagellates, diatoms, and dinoflagellates (Supplementary Table S2). The surface water Tchl a in June and July was on average 23 ± 8.6 mg m–2 (Supplementary Table S1). A third peak (57.6 mg m–2) dominated by dinoflagellates (Supplementary Table S2) was recorded in late summer (Figure 1A and Supplementary Table S1). There was a decrease in the pigment concentrations right after the late summer bloom (8 August), followed by a phytoplankton biomass increase that remained stable from September to November (Figure 1A). Total phaeopigments (Tphaeo) showed a similar pattern to Tchl a (Figure 1B), indicating that the blooms consisted of both fresh, but also degraded phytoplankton. However, the ratio values were >1 throughout the study (Figure 1C and Supplementary Table S1), indicating the “freshness” of the sinking material. The water column phytoplankton peaks were also captured in the traps during the same days except for the water column peak on 6 April that it was approximately 12 days later (i.e., 18 April in the traps) (Figure 1D and Supplementary Table S1). In the traps, phaeopigments showed a similar pattern to chl a (Figure 1E), and the ratio was always >1 (Figure 1F). We found a positive and significant correlation for chl a concentration between the water column and the traps (Table 2).


TABLE 2. Correlations (R) between the same organic compounds across the three sampling compartments (i.e., water column, sediment traps, and seafloor sediment surface) from February to November 2016 (see Table 1).
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FIGURE 1. Temporal variations (from February to November 2016) of chlorophyll a and phaeopigment concentrations and the chlorophyll a/phaeopigment ratio in the depth-integrated water column particulate organic matter (0.5–7 m) (A–C), sediment traps (at 20 m) (D–F) and seafloor sediment (three different layers) (G–I) in Storfjärden bay (∼33 m deep). Gray shadow indicates bloom periods and a possible time lag between compartments. Mean values ± SD are shown for the traps and the sediment layers (chl a) and depth integrated values for the water column (Tchl a).


The surface sediment layer 1 showed significantly higher chl a concentrations (estimate = 65.90, t = 18.36; p < 0.01) than the deepest layers (Figure 1G). The maximum chl a in layer 1 was detected on 16 May (Figure 1G and Supplementary Table S3), following the pigment peaks detected in the water column (6 April; Figure 1A) and the traps (18 April; Figure 1D). The pigment concentration in layer 1 doubled from early April (39.75 μg g–1) to May (82.80 μg g–1), and then it was continuously high from May to the end of July, decreasing rapidly from August to November to values comparable to the previous winter (Figure 1G and Supplementary Table S3). Significant positive correlation was found between the chl a in layer 1 and the traps (Table 2). Unlike the water column and the traps, phaeo concentrations in the seafloor were higher than chl a concentrations, occasionally up to five times higher (Figure 1H), and the chl a/phaeo ratio was always lower than 0.5 (Figure 1I). However, the doubling of both chl a and chl a/phaeo ratio during spring suggests a large input of new organic material to the sediment (Figures 1G,H).



Particulate Organic Matter: POC, PON, and C/N Ratio

The highest value of TPM in the water column was recorded on 6 April (Figure 2A and Supplementary Table S4), concurrent with the peak of chl a (Figure 1A). The POC estimated from the TPM in the water column ranged between 2.5 and 13.9%, with maximum values reached on 6 April and 16 May (Figure 2A and Supplementary Table S4), correlating with chl a (Table 3). The PON correlated highly with the POC (Table 3), and we detected the highest values during spring (Supplementary Figure S5 and Supplementary Table S4). The lowest C/N ratio was recorded on 6 April (Figure 2B) coinciding with the spring diatom-dominated bloom (Figure 1A), and reflecting the input of nutritious matter rich in nitrogen. We found the highest C/N ratios on 17 February and 16 May (coinciding with the second spring bloom dominated by flagellates, dinoflagellates, and diatoms) (Figure 2B and Supplementary Table S4).


TABLE 3. Correlations (R) between the different organic compounds within the same sampling compartment (i.e., water column, sediment traps, and seafloor sediment surface).
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FIGURE 2. Temporal variation (from February to November 2016) of the particulate organic carbon content (% of the total particulate matter, TPM), and the molar C/N ratio in the water column (A,B) and sediment traps (C,D), and total carbon (%) and the molar C/N ratio from the seafloor sediment layers (E,F). Additionally, sedimentation of TPM in the water column (A) and sediment traps (C) was bar-plotted. Mean values ± SD are shown. Note that for the water column and sediment traps most dates only have one replicate (see Supplementary Table S4), and samples were not taken in November 2016.


The highest value of TPM in the traps was recorded on 20 June (Figure 2C and Supplementary Table S4). The POC% estimated from the TPM in the traps followed a similar pattern to that described for the water column (Figures 2A,C and Table 2). The POC% in the material collected by the traps (on average 5.3 ± 2.2%) started increasing in April and we registered the maximum POC%, and C/N, on 16 May (Figures 2C,D and Supplementary Table S4). There was a time lag between the water column and the sediment traps regarding the POC (Figures 2A,C) similar to the time lag for chl a concentrations (Figures 1A,D). A spring peak of POC was recorded in the traps on 18 April (Figure 2C), 12 days after the first POC% peak was recorded in the water column (Figure 2A). The maximum POC% was simultaneously detected in the water samples and sediment traps on 16 May (Figures 2A,C). The PON% from the traps showed as similar trend as the POC% (Table 3), with the highest value detected on 16 May (Supplementary Figure S5 and Supplementary Table S4). Most of the sampling dates showed a C/N < 8 (i.e., relatively fresh material), particularly from June onward (Figure 2D). The highest C/N ratio was recorded on 16 May, and it was comparable to the peak recorded in the water column on that date (Figures 2B,D).

The total sedimentary carbon (TC) and nitrogen (TN) sedimentary values showed a narrow range of fluctuation over time compared to the water column or the sediment trap ranges (Figure 2E and Supplementary Figure S5). The highest sedimentary TC (estimate = 6.51, t = 103.2; p < 0.001) and TN (estimate = 0.87, t = 145.5; p < 0.001) were always recorded in layer 1 (Figure 2E and Supplementary Figure S5). A decrease in TC and TN with sediment depth is expected because of the remineralization of the organic matter. Sedimentary TC increased (estimate = 0.02, t = 4.13; p < 0.001) and TN decreased (estimate = −0.02, t = −5.63; p < 0.001) over time in layer 1 (Figure 2E and Supplementary Figure S5). Positive correlations were observed between TN and the pigments (i.e., chl a and phaeo), and between TC and phaeo (Table 3). We detected the maximum value in the seafloor C/N ratio (on average 8.8 ± 0.4; Supplementary Table S5) on 6 June (Figure 2F), while the peak in the water column and the traps occurred on 16 May (Figures 2B,D).



Total Lipids in the Seafloor

There were no significant differences in the total lipid content between sediment layers (Figure 3; p > 0.05, GzLM). However, the lipid content increased over time for all sediment layers (i.e., layer 1: estimate = 3.60, t = 2.37; p < 0.05; layer 2: estimate = 2.85, t = 1.44; p < 0.05; layer 3: estimate = 5.1, t = 1.44; p < 0.001) with several peaks registered in summer (Figure 3 and Supplementary Table S6). After summer, there was a general decrease in the lipid content with a (highly variable) maximum at the end of the sampling period across layers (Figure 3 and Supplementary Table S6).


[image: image]

FIGURE 3. Temporal dynamic (from February to November 2016) of total lipids concentration (μg/g of sediment) in the seafloor sediment per layer (layer 1: 0–0.4 cm, layer 2: 0.5–1.5 cm, and layer 3: 5–6 cm). Mean ± SD are shown.




Stable Isotopes in the Water Column, Sediment Traps, and Sediment

We observed a seasonal shift of the δ13C values of water column SPOM, increasing from the lowest winter values to the highest spring peak on 16 May (Figure 4A and Supplementary Table S7). The maximum variation of the carbon isotope (Δδ13C) was approximately 10‰ (Figure 4A), indicating a large enrichment of carbon from winter to spring. We also detected two small peaks in April and August (Figure 4A) corresponding to peaks in pigment concentrations (Figure 1A). There were significant correlations between δ13C and Tchl a, POC and PON within the water column (Table 3). The δ15N of SPOM showed a variable range of values over the year (i.e., 0.40–6.09‰), with the maximum value (6.09 ± 2.48‰) registered on 2 May (Figure 4A and Supplementary Table S7).
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FIGURE 4. Temporal variation (from February to November 2016) of the δ13C and δ15N in the water column (A), sediment traps (B), and seafloor sediment layers (C,D). Mean values ± SD are shown. Note that samples for the water column and sediment traps were not taken in November 2016.


The δ13C values of the sediment traps showed a similar pattern to that described for the water column (Figures 4A,B), reflecting a coupling between compartments (Figure 5 and Table 2). Similarly, δ13C values were significantly correlated with chl a, POC and PON in the traps (Table 3). The maximum δ13C of sediment trap material was recorded on 16 May (Figure 4B and Supplementary Table S7). In addition, we detected a second δ13C peak on 20 June (Figure 4B). The maximum variation of carbon (Δδ13C) in the traps was ∼7‰ with a minimum recorded on 29 March (Figure 4B and Supplementary Table S7). The δ15N values of the traps showed a narrow temporal fluctuation, with a maximum peak (11.36 ± 1.22‰) registered on 11 July (Figure 4B and Supplementary Table S7).
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FIGURE 5. Median and percentiles (10th, 25th, 75th, and 90th) with error bars of the stable isotopes δ13C (A) and δ15N (B) for the main particulate organic sources collected from the different compartments (SPOM from the water column, POM from the sediment traps, and seafloor POM from the different sediment layers) and the main benthic consumers (Macoma balthica, Marenzelleria spp., and Monoporeia affinis in both adult and juvenile stages) over time (from February to November 2016).


The δ13C sedimentary values showed significant differences between layers (layer 1 = layer 2 > layer 3; p < 0.001) (Figure 4C). The δ13C values in layer 1 (estimate = 0.02, t = 4.13; p < 0.001) and layer 2 (estimate = 0.01, t = 2.71; p < 0.001) increased significantly from winter to early summer (20 June) tracking the organic matter inputs (Figure 4C and Supplementary Table S8). The maximum temporal variation (Δδ13C) in the superficial layer was low ∼1 ‰ (Figure 4C). Similar to the traps (Figure 4B), we detected a δ13C peak on 20 June (Figure 4C and Supplementary Table S8). Therefore, the sedimentary δ13C was more enriched in spring (of the organic matter that reaches the seafloor over time concurrent with the bloom-onset) than in winter. In contrast, δ15N showed a very narrow (Δδ15N = 0.47‰) fluctuation over time (Figure 4D and Supplementary Table S8). There were significant differences between layers (layer 1 > layer 2 > layer 3; p < 0.001) with a maximum value (5.54 ± 0.12‰) registered on 16 May for layer 1. The sedimentary δ15N values decreased over time from higher values in winter/spring toward lighter values in summer/autumn for layer 1 (estimate = −0.02, t = −5.63; p < 0.001) and layer 3 (estimate = −0.01, t = −3.1; p < 0.01) (Figure 4D). Layer 1 showed significant correlations between δ15N and chl a, phaeo, TC, and TN (Table 3).



Benthic Macrofauna Uptake: Stable Isotope Analysis

In general, benthic species tracked the changes in the sedimentary δ13C signal (p ≤ 0.05), particularly M. balthica (R = 0.52), Marenzelleria spp. (R = 0.56), and M. affinis (R > 0.7) (Figures 5, 6). Chironomus spp. did not reflect the change in δ13C of any of the potential sources and its isotopic composition was on average much lower (i.e., −42.1 ± 3.3‰) than any other species or source (Figure 6 and Supplementary Tables S7–S9), likely due to a diet that includes carbon derived from biogenic methane (Grey and Deines, 2005; Hershey et al., 2006). Both, M. balthica and Marenzelleria spp. experienced a gradual increase in δ13C over time comparable to the increase on the seafloor (Figures 4C, 6). Selected sampling dates spanning specific pre-bloom, peak-bloom, and post-bloom periods in the water column show a clear variation in the δ13C values of M. balthica and Marenzelleria spp. (Figure 7). High δ13C values (i.e., less negative) of these two species coincided with the highest δ13C values detected on 20 June in the seafloor (Figure 7 and Supplementary Tables S8, S9), and with their δ13C signatures very close to each other on that date (Δδ13C: layer 1 vs. M. balthica = 1‰ and layer 1 vs. Marenzelleria spp. = 0.28 ‰) (Figure 7 and Supplementary Figure S6). The maximum Δδ13C recorded was less than ∼1‰ in the case of M. balthica and ∼2‰ in the case of Marenzelleria spp. for the whole study period (Figures 6, 7). The isotopic composition of M. affinis was masked by ontogenetic differences in the diet of this species. Thus, adult individuals of M. affinis fed on lower δ13C values (i.e., more negative) than the juveniles (Figures 5–7). The average δ13C value of the adults (−24.88 ± 1.96‰) was closer to the average isotopic signature in the traps (−26.2 ± 1.71‰) than to other sources (Figure 5), and increased slightly over time in parallel to the sinking of organic matter (Figures 6, 7 and Supplementary Table S9). The juvenile individuals, present during summer, consumed more reworked material (i.e., higher δ13C) (Figures 6, 7 and Supplementary Table S9). The δ13C value (−21.39 ± 0.62‰) of the juveniles was closer to the seafloor sediment signature (−23.62 ± 0.15‰) than to any other source (Figures 5–7), although slightly more enriched (i.e., direct feeding). Both, M. balthica and Marenzelleria spp. showed higher δ15N values across all sampling dates compared to M. affinis (Figure 7 and Supplementary Table S9). However, the highest δ15N value registered in the traps on 11 July (Figure 4D and Supplementary Table S7) was also detected in the juvenile forms of M. affinis (Figures 6, 7 and Supplementary Table S9).
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FIGURE 6. Mean (±sd) values of the stable isotope δ13C signals estimated from the four benthic macroinvertebrate species (deposit feeders: Chironomus spp., Marenzelleria spp., Macoma balthica, and Monoporeia affinis in adult and juvenile stages) sampled over time (February to November 2016).
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FIGURE 7. Isotopic distribution of the organic sources collected from the different compartments (POM from the water column, POM from the sediment traps, and seafloor POM from surface layer 1) and the main benthic consumers (Macoma balthica, Marenzelleria spp., and Monoporeia affinis in both adult and juvenile stages) over selected sampling dates encompassing specific periods of pre-bloom, peak-bloom, and post-bloom. Mean values ± SD are shown.





DISCUSSION

We studied the seasonal variability in the pelagic food supply to the benthos by identifying the quantity and quality of the organic matter deposition occurring during a year in Storfjärden bay (Finland). Here, we measured simultaneously a combination of organic compounds traditionally used as markers across the water column, the sinking particulate matter, the sediment layers and the dominant macrobenthic species. The use of multiple markers, covering multiple characteristic time scales, was key to understanding how seasonal changes in organic matter inputs can affect the benthic community. An understanding of the origin and fate of the organic matter deposited on the seafloor is critical for unraveling the dynamics of the benthic–pelagic coupling in such a highly productive coastal ecosystem.


Organic Matter Inputs Over Short-Time Scales: Chlorophyll a and Phaeopigments

We observed that the largest water column increases in the pigment concentrations occurred three times during the year; i.e., twice in spring (one peak in April and a second peak in May) and once in summer (a lower peak in August). The positive correlations between the SPOM (i.e., Tchl a) and the chl a concentrations collected by the traps as sinking particulate matter, and also between the sinking material and the sedimentary chl a, suggest that local primary production contributes significantly to the inputs of fresh organic matter to the benthic compartment. We estimated that the chl a concentrations in spring were ∼35 times (water column), 2.5 times (sinking matter), and ∼2 times (seafloor) higher than in winter (maximum values). The increase in the sedimentary chl a/phaeo ratio from winter to summer indicates both an increase in the quantity (i.e., higher biomass) and in the quality (i.e., fresher material) of the matter reaching the seafloor. Therefore, organic matter inputs were lower in autumn and winter, and the composition was more degraded compared to spring, indicated by the lower chl a/phaeo ratio of the traps. These results support the tight nature of benthic–pelagic coupling in seasonally variable coastal areas from high latitudinal locations (Oliver and Dayton, 1977; Morata et al., 2008; McTigue et al., 2015) such as the Baltic Sea (Tamelander et al., 2017).

Sedimentary pigments not only give an estimate of the amount of pelagic production exported to the benthos, but can also indicate how this organic matter degrades on the seafloor (McTigue et al., 2015). The sedimentary chl a/phaeo ratio did not exceed 0.5 during the year, indicating that despite fresher material arriving from the water column, the bulk sediment matter was still degraded compared to the high chl a/phaeo ratios (>0.5) in the water column and sinking material. We identified a time lag of about 12–15 days (based on our sampling frequency) between the pelagic phytoplankton peak and the subsequent seafloor deposition. We suggest that fresh material arrives at the seafloor during spring, which improves the quality of the organic matter, and that is reflected in the increase of the sedimentary chl a/phaeo ratio (∼twofold) from winter to spring. This is supported by observations of phytoplankton viability showing that a large proportion of the sinking phytoplankton (collected by sediment traps) consists of intact and living cells (Elovaara et al., 2020). Despite this fresh input in chl a from the water column, the amount of phaeopigments accumulated in the seafloor was much higher than the chl a concentration (up to five times). We expect that Storfjärden, a typical muddy accumulation bay, can accumulate large amounts of degraded matter (including degradation products of chlorophyll) for long periods in the sediments (Morata et al., 2008). Therefore, fresh inputs of chl a are quickly metabolized either by bacterial or macrofaunal activity and/or diluted in the large bulk of sedimentary phaeopigments once they reach the seafloor (Boon and Duineveld, 1996; Boon et al., 1998; Morata et al., 2011). The chl a in the sediment surface layer (i.e., layer 1) was higher and more variable than in the other layers (i.e., layers 2 and 3), suggesting a limited sedimentary transport of pigments between layers and a rapid consumption of the sedimentary matter (Renaud et al., 2007). Recent evidence of food-limitation in shallow coastal areas highlights the importance of sedimentary organic matter as a key food source for the benthic system that may buffer the dependence on seasonal inputs from the water column (Ehrnsten et al., 2019).



Organic Matter Inputs Over Intermediate Time Scales: Lipids as Sedimentary Markers

The positive correlation between sedimentary chl a and sedimentary lipids suggests a phytodetritus origin of the organic matter supporting a benthic detritus-based food web (Kürten et al., 2013). Based on our results, fresh matter arrived at the seafloor, readily available to be exploited by the benthic fauna relatively soon after the two spring blooms (April and May). Pigments have higher degradation rates compared to lipids (Le Guitton et al., 2015), and they were quickly consumed in the first sediment layer. Sedimentary lipids across the three sediment layers changed nearly simultaneously through time, indicating a strong bioturbation effect and longer degradation rates compared to pigments. Note that on 16 May a fresh input of matter in the form of chl a occurred, and it was transmitted almost simultaneously through the water column, the sinking particulate matter and the seafloor. However, the total lipid concentration showed low values at that specific date, and it was only several days later that an increase for total lipids was detected in the sediment. These results are in line with our expectations, since lipids are used as an intermediate temporal scale marker (Le Guitton et al., 2015).



Organic Matter Inputs Over Long-Time Scales: C/N Ratio and Stable Isotopes

We detected two peaks of POC and PON in both the water column and the sediment traps during the spring blooms (i.e., April and May). Sedimentation of TPM was quite stable during most of the year, and a clear peak was observed in the sediment traps after the spring blooms (20 June), likely related to a resuspension event caused by vertical mixing during summer, when a salinity increase between ∼20 m and the seafloor, and a decreasing surface temperature were simultaneously recorded (Supplementary Figure S3). The low POC content of the trapped material captured in June also indicates that the high early summer TPM was likely caused by resuspension of material from the bottom (Tamelander and Heiskanen, 2004). The strong positive relationship between TN and chl a in the seafloor could be reflecting the sinking of matter in the form of fresh biomass that increases the nitrogen content in the sediment. Similarly, a positive relationship between TC and phaeo could be indicative of the degradation of the organic matter in the seafloor.

Our results show C/N ratio values ranging from 6 to 8 for most of the study period (water column, sinking particulate matter, and seafloor). These values indicate local inputs of organic matter typically associated with marine phytoplankton (Tamelander and Heiskanen, 2004; Morata et al., 2008). Our results also indicate the relative freshness of that material, since C/N ratio values ∼8 are still considered “fresh” material (Tahey et al., 1994), while ratio values as high as 10 are interpreted as decaying marine organic matter (Henrichs, 2005). The C/N ratios of the traps indicate that the major phytoplankton deposition events differed in terms of nutritional quality. Thus, deposition during the first part of the spring bloom (April) was characterized by low C/N ratios (<8) characteristic of growing phytoplankton, and diatom dominated blooms that provide fresh supply of matter (Tamelander and Heiskanen, 2004). The second deposition in May was related to a bloom shared by diatoms and cyst-forming dinoflagellates such as Peridiniella catenata (Elovaara et al., 2020) with higher C/N (∼11). The input of cysts and dinoflagellate-derived detritus possibly lowered the quality of the sinking material in May. Although the C/N ratio indicates phytoplankton as the main source of food during summer, the lower chl a/phaeo ratio suggests a more degraded composition of the input from the dinoflagellate-dominated summer bloom.

The δ13C signal provides a long-term indication of potential food quality that is complementary to the C/N ratio. High δ13C values of the water column during the productive period are related to the accumulation of phytoplankton biomass in the water column reflected in a positive relationship between δ13C and chl a concentration (Tamelander et al., 2009). In our study, δ13C values for the water column suspended biomass suggest a trimodal pattern with a small peak in April followed by a maximum in May, both in connection with the spring bloom, and a third small peak in late summer (Figure 4). This pattern agrees well with the pattern observed for the sinking organic matter (i.e., sediment traps). However, these peaks were not so obvious in the seafloor, where a δ13C maximum was detected on 20 June in the surface layer. Our study shows that the organic matter was more 13C-enriched near the seafloor (i.e., traps or seafloor) than in the water column (Figure 8). Higher δ13C values (on average) in the sediment compared to the water column (∼4‰) indicates a more degraded composition of the sedimentary material as POM sinks toward the seafloor (McTigue et al., 2015). Several reasons can be responsible for the organic matter enrichment in the seafloor. For instance, microbial degradation can cause δ13C-enrichment of the organic matter, but the extent that the microbial community processes organic matter prior to macrofaunal assimilation is poorly understood despite its previously postulated role in benthic food web dynamics (Lovvorn et al., 2005). The slightly more 13C-enriched sedimentary matter might also be related to an occasional resuspension event by bottom currents that become part of the near-bottom SPOM (McTigue et al., 2015). The resuspension of sedimentary material, which commonly occurs in the shallow coastal areas of the Baltic Sea (Blomqvist and Larsson, 1994), can also contribute to the sedimentary enrichment as it provides material that has been previously remineralized and reworked. Remineralized organic matter is known to be a main energy pathway, and together with primary producer-derived pelagic food, it is a fundamental food supply for some species of the macrobenthic community (Kürten et al., 2013). We hypothesize that the degradation of organic matter, causing increased base-line δ13C values occurs before benthic-faunal food web assimilation. Therefore, the peak of δ13C detected in the seafloor on 20 June, likely caused by a resuspension event as indicated by a vertical mixing flux (Supplementary Figure S3), is consistent with the simultaneous δ13C peaks in both the traps and in the seafloor during that date, and supported by the increase in TPM in the sediment traps (see above). Our results indicate that resuspension events are potentially important factors in seasonal benthic–pelagic organic matter cycling (Joensuu et al., 2020). However, we have not measured these events directly. We suggest that future studies need to include analysis of these events to obtain a better understanding of the seasonal variation in the organic matter transfer from the water column to the seafloor.
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FIGURE 8. Conceptual diagram depicting the major pathways of organic matter assimilation from primary producers (i.e., phytoplankton) in the water column to higher trophic levels (i.e., deposit feeders) proposed for Storfjärden bay (Finland). The δ13C values are given as the temporal average obtained in this study (Supplementary Tables S7–S9). In light gray, we show those compartments not measured in this study (e.g., zooplankton). Images are courtesy of the Integration and Application Network, University of Maryland Center for Environmental Science (ian.umces.edu/symbols/).


The maxima seen in δ15N coincided, with some time lags, with the minima of δ13C across the three compartments (i.e., water column, sinking particulate matter, and seafloor) and vice versa (Rolff, 2000). In the water column, although several peaks of δ15N were registered from late winter to the end of the spring bloom period, the range of change was less defined and more variable than that seen in δ13C. The δ15N values of the traps showed a steady seasonal increase to a maximum peak on 11 July followed by a rapid decline, reflecting temporal shifts in surface water productivity. Low seston δ15N values have typically been attributed to isotopic fractionation during the assimilation of nitrate by phytoplankton, while dramatic increases of δ15N values have been associated with microbial degradation activity (Ostrom et al., 1997; Morata et al., 2008). In this context, lighter δ15N values would indicate a higher portion of “fresh” algae in the sedimenting material, whereas heavier values would indicate a higher portion of aged or biologically processed organic matter (Fuentes et al., 2013). Sedimentary δ15N values showed a steady seasonal decrease from winter toward summer explained by the degradation of the increasing contribution of fresh sedimenting organic matter.



Benthic Macrofauna Uptake Using Stable Isotopes as Long-Term Footprints

Long-term temporal studies on benthic response to food inputs have showed that the benthic community is capable of rapid increases in activity (i.e., days to weeks) as an immediate response to bloom sedimentation (Graf, 1992; Renaud et al., 2008; Kauppi et al., 2017). In the Baltic Sea, the isotopic signal of the blooms have been successfully used as tracers of the dietary origin of benthic consumers (Karlson et al., 2014), and no time lag in the response between producers and invertebrate consumers have been observed on a monthly basis (Nordström et al., 2009). In our study, temporal variation of the δ13C in the benthic fauna reproduced well the isotopic pattern of the seafloor, suggesting a tight seasonal coupling within the benthic compartment. Macrobenthic species clearly responded fast to the organic matter inputs from the water column in accordance with previous studies (Witte et al., 2003). However, there was a species-specific response to the deposition of organic matter, showing a different dependency on fresh inputs from phytoplankton blooms. Previously, a number of isotope tracer experiments suggested potential intra- and interspecific trophic resource selectivity among the benthos (Ólafsson et al., 1999; Rossi et al., 2004; Byrén et al., 2006; Karlson et al., 2014). Our field based study showed a similarity in δ13C between the seafloor sediment and the macrobenthic deposit feeders (on average), particularly M. balthica and Marenzelleria spp. (Figure 8). The isotopic signature of the sediment traps was also closer to these benthic species compared to the δ13C signature of the water column (Figure 8). The organic matter that reaches the seafloor can be resuspended and reworked, and efficiently exploited by the benthic fauna. Thus, M. balthica expressed δ13C values closer to the sediment surface values (offset by 0.5–1‰), suggesting a constant uptake of this type of material, and hence lower dependency on freshly deposited material. Deposit-feeding invertebrates such as M. balthica can switch feeding behavior (i.e., from deposit to suspension feeding) according to the availability of food (Kamermans, 1994; Rossi et al., 2004). Storfjärden is a deep aphotic muddy basin where microphytobenthos, a natural fresh food source for M. balthica with high δ13C values (Rossi et al., 2004), is not readily available due to the lack of light. However, there is a large microbial community to feed on. In addition, M. balthica is known to stimulate the growth of its own food source (i.e., bacteria and diatoms) by “gardening” (Reise, 1983). Moreover, M. balthica is an efficient bioturbator facilitating rapid degradation of organic matter by reworking the surface extensively, and potentially stimulating microbial communities (Volkenborn et al., 2012) with strong effects on the exchange of inorganic nutrient fluxes (Norkko et al., 2013). Marenzelleria spp. possibly exploit fresh inputs during the early stage of the phytoplankton bloom, indicated by a small (∼1‰) offset to the trap material in April, but likely shifting to deposit feeding from the sediment surface following the spring bloom (Figure 7 and Supplementary Figure S6). These polychaete species are known to dominate the benthic community after the spring bloom, and their high biological activity can explain a significant high proportion of the seafloor nutrient regeneration of this study area (Kauppi et al., 2017). Moreover, Marenzelleria spp. have also been shown to efficiently subduct deposited spring bloom organic matter to deeper sediment layers due to their bioturbation activities (Josefson et al., 2012), hence potentially contributing to building a fresh food bank in the sediment for other species. Some studies have indicated that benthic fauna assimilate a carbon source that is 13C-enriched relative to phytoplankton (Lovvorn et al., 2005; McTigue et al., 2015). It has been proposed that resuspended material often dominates the diet of benthic suspension feeders in the Baltic Sea, as opposed to the traditional view that phytoplankton are their primary food source (Lauringson et al., 2014).

It has been suggested that local primary production, despite having a striking effect on the growth of the M. affinis individuals, is not enough to subsidize populations of M. affinis in the Baltic Sea, and that resuspension and lateral transport of organic material have a key role in supporting the amphipod population. In our study, the isotopic signature of M. affinis was dependent on the life stage of this species and the sampling period. Thus, juvenile individuals of this crustacean species, mainly present during summer, showed a more C-enriched signal compared to the seafloor sediment (on average) or to the other consumers (Figure 8). This suggests that juveniles of this species could be consuming more reworked material than the rest of the benthic species, likely after it has been reworked by the microbial community. Adult individuals of M. affinis expressed the most variable isotopic signal among all the species over time (Δδ13C ∼2‰). Mature individuals of M. affinis are known to have circadian migrations in the water column, while juveniles are more likely bound to the sediments (Donner and Lindström, 1980), which can explain their specific isotopic signatures. Thus, the δ13C signal of the adult amphipods can be allocated somewhere in between the sinking material and the seafloor signals (Figure 8). This result indicates that a mixture of both sources could be simultaneously exploited by this species at the adult stage. In general, adult individuals of M. affinis had lower δ13C values (i.e., more negative) than juveniles, suggesting that adults fed on fresher material than juveniles did. The smallest offset in δ13C values between M. affinis and the traps are coincident with the main spring bloom event and subsequent deposition, suggesting a fast uptake of newly deposited material from the diatom-dominated bloom. However, after the summer bloom and during autumn, early stage adults showed a similar isotope signal as juveniles, most likely due to the more degraded or reworked sedimentary material occurring later in the year. Our study monitored for a full year and with a very high frequency the seasonal variation of the transfer of organic matter from the water column to the seafloor using a range of tracers. However, we did not measure all the processes and components involved with the benthic–pelagic coupling, such as the significant contribution of zooplankton (Figure 8) to the organic matter cycling and vertical export (Lovvorn et al., 2005; Tamelander et al., 2008). Hence, there are many aspects related to benthic–pelagic coupling, including also, for example, food web interactions, resuspension dynamics, and microbial processes that need resolving for a more complete picture of these critically important processes.




CONCLUSION

Very few seasonal benthic–pelagic coupling studies have examined the temporal variability in the quantity and quality of the organic matter inputs from the water column to the surface coastal sediments. We sampled intensively a combination of organic compounds typically used as markers to track the response and carbon uptake of the dominant benthic macrofauna to the seasonal variability of the pelagic contribution to the shallow sediments of the Baltic Sea. We showed the importance of the spring blooms in the benthic–pelagic coupling and the secondary role of the summer bloom as a more degraded input to the benthos. In general, there was a direct link between the local pelagic phytoplankton inputs and the deposition of organic matter to the benthos. However, it was only several days later (i.e., 12–15 days based on our sampling frequency) that the spring bloom of fresh organic matter was detected in the sediment. Macrobenthic species responded fast to the organic matter inputs from the water column, but differed in terms of uptake of freshly deposited and reworked sedimentary material. Thus, M. balthica and Marenzelleria spp. exploited a larger proportion of more reworked and degraded sedimentary material as part of their diet, while changes in the feeding habits between the different life stages of M. affinis indicated that adults fed on fresher material than juveniles did. The occurrence and nature of the pelagic blooms are sensitive to human activities that will alter the duration, quality and quantity of organic material transfer to the benthos (Griffiths et al., 2017). The consequences of such changes for the seafloor communities are unknown, although we can expect that many benthic biological processes will be affected. It has recently been suggested that climate change can potentially weaken benthic–pelagic coupling in the future due to shifts in the composition of pelagic production and the reduction in POC export to the seafloor (Ehrnsten et al., 2020). These changes in the pelagic system will have direct consequences for benthic macrofaunal biomass and coastal ecosystem functioning. The multiple marker approach is a useful tool to track natural and human-induced changes in the seasonal pelagic organic matter supply to the seafloor, and to understand the ability of seafloor sediments and associated benthic consumers to adjust to such changes.
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Total particulate matter and sedimentary lipids showed no significant correlations. Tchl a and Tphaeo: integrated value of the total chlorophyll a and total phaeopigments
over the water column (mg m~—2) and sediment traps (mg m~2 d~1); chl a and phaeo, chiorophyll a and phaeopigments in the sediment (wg g~'); POC and PON,
particulate organic carbon and nitrogen (%); TC and TN, total carbon and nitrogen (%). *p <0.05; **p<0.01. n.s. = not significant.
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We sampled once per month during autumn and winter (February, September, October, and November 2016) and repeatedly (2—4 times per month) during spring and
summer (from March to August 2016).
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cant. Total particulate matter showed no significant correlations. POC and PON,
particulate organic carbon and nitrogen (%).





