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The identification of carbon pools and the quantification of carbon stocks is necessary to (1) track changes in ecosystem dynamics, (2) inform science-based ecosystem and blue-carbon management, and (3) evaluate ecosystem and food web models. However, estimates of organic carbon stocks in marine ecosystems are incomplete or inconsistent. Therefore, we provide a first consistent estimate of relevant organic carbon stocks of a distinct marine ecosystem- the Baltic Sea. We estimate its contemporary standing stocks of 18 non-living and living organic carbon pools using data from literature and open-access databases. In contrast to existing data, our estimates are valid for the entire Baltic Sea, include necessary pools and are verifiable, as we describe data sources, methods and the associated uncertainties in detail to allow reproduction and critical evaluation. The total organic carbon (TOC) in the Baltic Sea ecosystem amounts to 1,050 ± 90 gC/m2 (440 ± 40 Mt). The non-living stocks account for about 98.8% and the living stocks for 1.2% of the TOC. Our estimates indicate that benthos has the highest living organic carbon stock and that the stock of particulate organic carbon (POC) has been underestimated in some previous studies. In addition, we find a partially inverted biomass distribution with a higher stock of primary consumers than primary producers. Our estimates provide a baseline of the size and distribution of the organic carbon in the Baltic Sea for the current period. Analyses of inorganic carbon stocks and the interplay between inorganic and organic stocks must follow to further define the baseline of total carbon stocks in the Baltic Sea.
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INTRODUCTION

The identification of carbon pools and the quantification of carbon stocks is necessary to (1) track changes in ecosystem dynamics, (2) inform science-based ecosystem or blue carbon management, and (3) evaluate ecosystem and food web models. To meet these needs in the Baltic Sea, we identify living and non-living organic carbon pools of the Baltic Sea ecosystem and quantify their contemporary stocks.

The semi-enclosed, brackish Baltic Sea lies in the northern part of Europe and covers an area of about 420,000 km2; including the Danish Strait and the Kattegat. With an average depth of ∼53 m (Jakobsson et al., 2019) and a high surface-to-volume ratio it is relatively shallow compared to other marine systems. Surrounded by nine countries and with a drainage system about four times larger than its sea surface, the Baltic Sea system is influenced by the input of river freshwater and terrestrial organic material, while the water exchange with the neighboring North Sea is limited. Due to a strong meridional gradient of environmental factors, physical and biological characteristics differ within the Baltic Sea and shape very different habitats (i.e., Snoeijs-Leijonmalm and Andrén, 2017). Anthropogenic pressure, such as climate change, overfishing and eutrophication, is increasingly changing the Baltic Sea ecosystem and thus the size and distribution of its carbon stocks.

Previous studies have not or not sufficiently quantified the organic carbon stocks of the relevant carbon pools in the entire Baltic Sea. Most studies focus on small ecosystems or basins within the Baltic Sea rather than on the Baltic Sea ecosystem as a whole. Carbon stocks are estimated for small scales (Kumblad et al., 2003; Tomczak et al., 2009), different basins (Elmgren, 1984; Sandberg et al., 2004; Niiranen et al., 2013), and/or for a specific subset of carbon pools (Kuparinen et al., 1996; Carstensen et al., 2003; Boström et al., 2014).
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Almost all of today’s carbon stock estimates are by-products or input parameters of other studies where carbon stocks are only a secondary object of interest. This has two consequences. First, organic carbon stocks are often based on limited data such as values of single years (Bossier et al., 2018), data with low spatial coverage (Bauer et al., 2018) or adopted values from other, mostly older, publications (Baird et al., 1991; Sandberg et al., 2000). Second, data and methods used for estimating carbon stocks are not sufficiently described (Sandberg et al., 2000; Harvey et al., 2003; ICES, 2005a). In most cases, it is not possible to reproduce the carbon estimates nor to evaluate the references, assumptions and constraints of methods and data.

The existing estimates of organic carbon stocks are either not valid for the entire Baltic Sea ecosystem and its area, do not contain all relevant carbon pools, are based on limited data or cannot be reproduced. To fill this gap, we provide the first consistent stock estimate of 18 currently existing living and non-living organic carbon pools of the Baltic Sea ecosystem presented in mass/area (gC/m2). With our estimates, we establish a reproducible baseline for the current period that is needed to evaluate the ecosystem models of the Baltic Sea and to estimate changes in the size of organic carbon stocks and their distribution within the organic carbon pools of the Baltic Sea.



MATERIALS AND METHODS

We identify 18 organic carbon pools in living biomass and non-living organic matter important for the carbon cycling in the Baltic Sea. The living pools include organisms responsible to build up organic biomass out of inorganic carbon (primary producers) and organisms that consume living organic carbon pools or decompose extrinsic organic material to build up their biomass (consumers and detrivores). We include pools of high biomass and pools of commercially relevant species as well as pools of lower biomass that potentially influence processes of organic carbon cycling or act as mediators between different pools as suggested by Lutz and Martin (2014) and Atwood et al. (2015).

We differentiate species-specific carbon pools for higher trophic levels directly addressed by anthropogenic activities and management, for example with species-specific catch advice and population monitoring. Although these species of higher trophic levels are possibly of small standing stock, they are included as they potentially provide different marine ecosystem carbon services and could link human activities and larger carbon stocks (Lutz and Martin, 2014; Schmitz et al., 2014). Vice versa, we combine several species as homogeneous pools if they are not addressed by species-specific management and only contribute to the carbon cycle via the food web and by sinking. We do not specify age groups because we estimate the standing stock biomass of the living pools and not age-specific food consumption or distribution patterns.

We select particulate and dissolved organic carbon in the water column (POC, DOC) and particulate organic carbon in the upper sediment as non-living pools. The sediment carbon stock is calculated for the top layer (10 cm) that is above the average mixing depth of 5–10 cm of the Baltic Sea (Bunke et al., 2019) and thus still involved in the carbon cycling via natural and anthropogenic mixing processes. This restriction follows the methods of former studies estimating marine sediment carbon stocks (Burrows et al., 2017; Diesing et al., 2017; Luisetti et al., 2019). However, this limit does not reflect a natural limit of organic carbon and our estimate only represents a fraction of the total organic sediment carbon stock.

We estimate the contemporary standing stock. Therefore, we average biomass or carbon concentrations over timespans covered in the individual data sets (on average ∼15 years) to omit seasonal and interannual variability. However, we acknowledge that changes in the organic carbon stocks may have occurred in the past and are likely to occur in future due to anthropogenic drivers in this region (Tamelander et al., 2017; Lønborg et al., 2020).

To estimate the standing stocks of the living and non-living carbon pools per area of the Baltic Sea in gC/m2, we use existing data from various literature and open-access databases. In the following, we conceptually describe how we aggregate the data over time and space and discuss the validity of our estimates. Data, calculations, carbon conversion factors and codes for data processing can be found and downloaded at PANGAEA (Scheffold and Hense, 2020).


Data Formatting

Data for our chosen individual pools are available in different formats and units, for example in number of individuals per area (mammals), carbon content per dry weight (sediment carbon) or in absolute values of wet weight (fish, benthos, sediment carbon and zooplankton) (Table 1). In a first step, we convert these different units into wet weight/carbon per area or volume.


TABLE 1. Data specifications of the original data.
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We divide all absolute values by associated areas (benthos and fish) or sampled volumes (zooplankton). For this purpose, we use either information on spatial extents or sampled volumes from the associated literature or we calculate areas using bathymetric data of NOAA with the R-package marmap (Pante and Simon-Bouhet, 2013).

For mammals, we multiply the number of sighted individuals per area by a mean weight per individual. We calculate this mean weight based on age- and sex-distribution data of the Baltic Sea for gray seals [∼94 kg based on Lundstedt-Enkel et al. (2008) and Kauhala et al. (2012)] and harbor seals [∼42 kg based on Härkönen and Heide-Jørgensen (1990) and Härkönen et al. (1999)]. To approximate the mean weight of ringed seals (∼58 kg), we use data on sex- and age-distribution from the northwestern coast of Hudson Bay and from Svalbard (Holst et al., 2006; Krafft et al., 2006). Although different seal populations have different sex- and age-distributions, we assume that the characteristics are comparable. For harbor porpoises, we use an average weight of 65 kg reported by Miller and Wahlberg (2013).

To obtain sediment carbon concentrations, we multiply particulate organic carbon contents per dry weight (POC%) and dry bulk densities (DBD) for accumulation, transport and erosion bottoms for every centimeter down to 10 cm. If only POC% or DBD is provided, we use the DBD-POC% and POC%-POC concentration correlations given by Leipe et al. (2011) for Baltic Sea sediments. Since these correlations do not cover sediments with POC contents below 2.5%, we additionally use the mud content-POC% correlation by Leipe et al. (2011) and mud content-POC concentration correlations given for a variety of sediments with POC% < 2.5% by Flemming and Delafontaine (2016).

The plankton data require three steps of formatting. First, to separate the data of phytoplankton (purely autotrophic) and protozooplankton (mixo- to heterotrophic), we identify protozooplankton based on non-exclusive literature research on trophic status and occurrence during the year. For example, mixotrophic species in late summer, winter and spring months belong to protozooplankton. Due to a large amount of phytoplankton and protozooplankton data, we do not expect the manual sorting to severely bias our stock estimates.

Second, plankton data often include several entries per site and date. These are either species-specific subsamples of the same measurements (same depth range, date, site) or measurements for different depth ranges (0–1 m, 2–5 m). We sum species-specific subsamples to obtain bulk concentrations.

Third, phytoplankton and protozooplankton data were not measured at all depths between 20 and 40 m. We use a linear regression to approximate missing concentrations. Although the vertical profile of phytoplankton concentrations is far from being linear, we only lack values below 20 m. The probability that sub-surface maxima occur at these depths is low as several studies show a euphotic zone with primary production of maximum 20 m depth (i.e., Feistel et al., 2008; Snoeijs-Leijonmalm et al., 2017; Purina et al., 2018; Vanharanta et al., 2020). Thus, the use of a linear regression is appropriate in this case.

To distinguish between living and non-living organic particles in POC in the water column, we multiply the POC concentrations in the surface waters by the seasonal detritus content (December–February 0.63, March–May 0.64, June–August 0.80, September–November 0.92) given by Andersson and Rudehäll (1993) or the corresponding mean detritus content (0.75 ± 0.12). We consider the living content for the upper 20 m only since we assume that the POC below the upper 20 m of the water column is detrital and migratory zooplankton species, sub-surface phytoplankton as well as dormant resting stages occasionally caught during POC measurements are non-living or metabolically inactive. Although a simplification, we consider this assumption sufficient for quantifying the stock.



Quantification of Stocks

Following the formatting of the data, the data come in three spatial specifications: volume-specific with a certain depth range (Case 1), area-specific with a certain depth range (Case 2) or area-specific without any associated depth (Case 3). Case 1 pools contain phytoplankton, protozooplankton, zooplankton, bacteria, POC, DOC and sediment organic carbon. Case 2 data are associated with the benthic environments including macrophytes and benthos. The last case contains fish and mammals.

For case 1 stocks except the sediment stock, we assume that a wet-weight/carbon concentration per volume specified for a certain depth range applies to each covered 1m-thick water layer j and average all concentrations of the same layer j. We obtain a mean concentration per layer j (Kj) (Figure 1, 1. Assumption and 1. Calculation) that applies to the volume of the layer j (Vj) (Figure 2).
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FIGURE 1. Calculation of the mean concentration per layer, sediment or surface area (Kj) for case 1, 2, and 3 pools. A, B, C, D, wet weight or carbon per m3/m2; Aj, sediment area within layer j or associated surface area; Vj, volume of the layer j; and Kj, mean concentration.
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FIGURE 2. Calculations and assumptions for case 1 stocks. ASj, absolute stock of layer j; AStotal, total absolute stock of the entire volume Vtotal; Stotal, total stock in g/m2; Vtotal, total volume; Vj, volume of the layer j; Aj, area of the layer j; Kj, mean concentration of layer j in g/m3; σKj, standard deviation of the mean concentration per layer j; Ktotal, weighted concentration of all layers covered by the data; σKtotal, standard deviation of the mean concentration; and ABaltic, area of the Baltic Sea.


Since the total absolute stock (AStotal) is the sum of the absolute stocks (ASj) of all layers, a larger Vj translates into a higher share of absolute stock of that layer (ASj) of the total stock (Figure 2). To calculate the mean concentration of the total data-covered volume (Ktotal), we thus weight all Kj according to the ratio of Vj to the total volume (Vtotal). This volume-ratio translates into a ratio of the area of each layer j (Aj) and the sum of all areas covered by the data since all layers are 1 m thick (Figure 2, 2. Calculation). Ktotal is the sum of the products of each Kj with the associated area ratio [Aj/sum(Aj)] (Figure 2, 2. Calculation). For case 1 stocks, Aj is the lid of the volume between the upper depth of the layer and 459 m (maximum depth of the Baltic Sea). To obtain the stock per m2 (Stotal), we multiply Ktotal with Vtotal and divide it by the area of the Baltic Sea (420,000 km2).

For the sediment stock, carbon concentrations are given for different sediment depths and bottom types in different basins. We calculate a weighted concentration ([image: image]) for each covered 1 cm-thick layer of sediment down to a depth of 10 cm by weighting the carbon concentrations with the corresponding areas of transport, erosion and accumulation bottoms in the different basins (Figure 3, 1. Calculation), which we calculate with the percentages in Table 11.1 by Carman and Cederwall (2001). The total sediment stock is the sum of each [image: image] multiplied with 1 cm (Figure 3, 2. Calculation).
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FIGURE 3. Calculation of the weighted mean concentration per 1 cm-thick sediment layer for the sediment stock. EB, Erosion Bottom; TB, Transport bottom; AB, Accumulation bottom; [image: image], concentration for the 1 cm-thick layer j and the basin-specific area of different sediment types [image: image]; [image: image], uncertainty of the concentration for j and [image: image]; [image: image] mean weighted concentration for j; [image: image], uncertainty of the weighted mean concentration for j; and Stotal, total sediment stock in g/m2.


The calculations for case 2 and 3 are similar since both stocks are associated with areas. The main difference is that case 2 stocks apply to sediment areas with additional depth ranges (i.e., 2–3 m, 0–10 m). For case 2, we thus assume that concentrations given for a certain depth range apply to the sediment area lying within each 1 m-thick layer covered by the depth range, i.e., 10 g/m2 for 0–2 m applies to the sediment area lying within 0–1 m and 1–2 m (Figure 1). Case 3 concentrations, given for a certain location or basin, apply to the entire surface extent of the associated area. Kj is the mean of all concentrations given for each sediment or surface area (Figure 1). For benthos (case 2), associated areas for the considered depth ranges in different basins are given. We thus weight Kj for benthos ([image: image]) similar to the weighting of the bottom types for the sediment stock (Figure 3) before calculating Ktotal (Figure 4, 2. Calculation).
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FIGURE 4. Calculations and assumptions for case 2 and case 3 stocks. ASj, absolute stock of layer j; AStotal, total absolute stock of the entire area Atotal; Stotal, total stock in g/m2; Atotal, total area; Aj, sediment (case 2) or surface area (case 3); Kj, mean concentration of the area in g/m2; σKj, standard deviation of the mean concentration per area; Ktotal, weighted concentration of all areas covered by data; and σKtotal, standard deviation of the mean concentration.


To calculate Ktotal for case 2 and 3 we proceed similarly to case 1, we weight the mean concentrations Kj or [image: image] with area ratios (Figure 4, 2. Calculation). We assume that the mean concentration Ktotal in g/m2 is the resulting stock estimate and if no spatial restriction applies, the stock is used for the entire Baltic Sea area (Figure 4, 3. Assumption).

Finally, we convert wet weight to carbon units by applying the conversion factors we aggregate from the literature (Supplementary Material S1). We use specific carbon conversion factors if available, as it is the case for benthos (depth depending carbon conversion factors by Carman and Cederwall, 2001, Supplementary Material S2). We determine the associated uncertainties by propagating the standard deviations of each layer.

Some of the case 2 and 3 pools do not occur in the entire Baltic Sea. The stocks of these pools, calculated as described above, thus only apply to their habitat. To project these stocks to the entire Baltic Sea, we multiply the values with spatial limitation factors, the ratios between the areas where the stocks occur and 420,000 km2, thus artificially “diluting” them. Macrophytes only grow on light exposed coastal seabed (mostly above 10 m). This coastal stripe is further restricted by a combination of sediment types, salinity, wave exposure, temperature and ice cover (Al-Hamdani and Reker, 2007). We use a mean area of 2,020 ± 410 km2 of seagrass beds reported by Green and Short (2003) and Boström et al. (2014) as macrophytes habitat and a spatial limitation factor of 0.0048. We further assume that benthos do not live in areas with permanent oxygen concentration below 2 mlO2/l and dilute our benthic stock using a spatial limiting factor of 0.83 (83%), based on the mean anoxic and hypoxic areas by Hansen et al. (2007), Carstensen et al. (2014a, b), and Hansson et al. (2017). Populations of harbor seals and ringed seals occur in selected areas only. We calculate spatial-limiting factors of 0.30 for harbor and 0.46 for ringed seals based on the reported habitats. We do not use spatial limitations of the chosen fish species in the Baltic Sea, although some fish species might favor specific habitats and occur in some areas more frequently.



Validity and Limitations of Our Estimates

One limitation of our estimates is our assumption of a homogeneous Baltic Sea. We temporally and spatially average the carbon concentration and overwrite heterogeneous signals, meridional gradients and area-specific properties. The assumption of homogeneity is very simplified but we consider it sufficient because we include heterogeneous signals in our uncertainty estimates where possible and are interested in the magnitudes rather than concrete numbers of the Baltic organic carbon stocks. However, our estimated distribution and size of the organic carbon stocks apply to the Baltic Sea ecosystem as a whole and sub basins might show very different magnitudes and distributions of organic carbon stocks.

The main limitation of our estimates is the lack and inhomogeneity of data in space and time. Although the Baltic Sea is well monitored, there are large data gaps and few comparable data and reported uncertainties. In addition, sampling data is inhomogeneous in space and time. To work with such a dataset, we have to assume that the data represent the actual state of the Baltic Sea and are “perfect” (i.e., we do not take the frequency nor the spatial clustering of observations into account).

Even if our estimate represents the most comprehensive estimate of total organic carbon (TOC) in the Baltic Sea, we could not quantify the stocks of all pools in the Baltic Sea due to lack of data (e.g., for some fish species and sediment DOC) and to avoid double counting (e.g., for macrophytes associated sediments and benthic bacteria). Further data and research are needed to complete the estimate of TOC in the Baltic Sea.

Our stock estimates reflect orders of magnitude. The estimates apply to the selected groups on the scale of the entire Baltic Sea ecosystem and the area of the Baltic Sea (420,000 km2). Our estimates can be used to evaluate and compare the carbon stocks in the Baltic Sea for the selected pools, as they are all calculated under the same assumptions. Any comparison with historical data sets or other regions must take into account our assumptions and resulting limitations. Comparisons should not overestimate the accuracy of our estimates and should take into account the risks of non-quantifiable uncertainties sensu Hauge (2011).



RESULTS AND DISCUSSION


Non-living Carbon Stocks

We summarize results and associated uncertainties in gC/m2 in Table 2 and in Mt in Figure 5. The estimated TOC stock in the selected pools valid for the entire Baltic Sea area (420,000 km2) amounts to 1,050 ± 90 gC/m2. The non-living organic stocks are by far the largest, contributing about 98.8%. The largest singular stock is sediment carbon with 830 ± 90 gC/m2 (79.1% of TOC), followed by a DOC stock of 196 ± 4 gC/m2 (18.7% of TOC) and a POC stock of 10.8 ± 1.2 gC/m2 (1% of TOC).


TABLE 2. Organic carbon concentration and stock estimates with the associated uncertainties in gC/m3 and gC/m2 for the identified organic carbon pools with references volumes and areas and explanatory aspects.

[image: Table 2a]
[image: Table 2b]
[image: Table 2c]
[image: Table 2d]


[image: image]

FIGURE 5. The carbon cycle of the Baltic Sea with the relevant living and non-living organic carbon stocks in Mt. Carbon stock estimates of the living pools are scaled and indicate their magnitudes. Colors of bubbles indicate diet preferences. Fluxes between the pools are not quantified.


Our estimate of the sediment carbon stock of the upper 5 cm (410 ± 60 gC/m2) is of similar magnitude as basin-specific estimates of previous studies (Table 3) although they differ in some respects.


TABLE 3. Basin-specific estimates from previous studies compared to our stock estimates.

[image: Table 3]There is no estimate of the organic sediment carbon stock for the upper 10 cm for the entire Baltic Sea yet. To assess whether our estimate of 830 ± 90 gC/m2 is appropriate, we compare our result with the sediment carbon stock of the Northwest European (NWE) continental shelf by Diesing et al. (2017). Our estimate is above the estimated range of 206–793 gC/m2 by Diesing et al. (2017) (10 cm) and twice the estimated mean of 476 gC/m2. The most likely explanation for the difference lies in the higher carbon contents (POC%) of the Baltic Sea sediments used in this study (0.44–11%) compared to POC% of the NWE shelf of 0.03–2.74% used by Diesing et al. (2017). Higher sedimentary POC% values are reasonable, since the Baltic Sea sediments show generally higher TOC contents compared to global values (Bunke et al., 2019). This is also reflected in Atwood et al. (2015) describing the Baltic Sea as a carbon hotspot (high carbon stock per unit area). Based on this assessment of Atwood et al. (2015) and the similarity of our estimate to previous basin-specific assessments, we conclude that our estimate is appropriate.

In contrast to many studies using average POC% or at least average dry bulk densities (DBD) for the sediment profile, we incorporate DBD and POC% changes with sediment depth. Although this method is more accurate since POC%, DBD and thus POC concentrations are known to change with sediment depth, our approach is subject to uncertainties as we use correlations for POC% below 2.5% (for erosion and transport bottoms) that are not specific for the Baltic Sea. To account for the uncertainty of our approach, we set the uncertainty of sediment POC concentrations associated with POC% below 2.5% to ±30 gC/m2, based on the variability of the POC%-POC concentration correlation given by Leipe et al. (2011). However, the coarse resolution of sediments (erosion, transport and accumulation bottoms) is another source of uncertainty and more research on depth-depending DBD, POC% and POC concentrations for all relevant sediment types in different depths and distances from the shore are needed.

Our DOC stock is of similar magnitude but lower than most of the basin-specific stock estimates (Table 3). The difference to our stock estimates is probably due to the fact that these estimates are based on a higher DOC concentration (4.5 gC/m3 by Sandberg et al., 2000) than ours. We can only assume that this higher DOC concentration is due to a higher data proportion of surface water and/or of the growing season.

Compared to the stock estimate for the entire Baltic Sea of 75 ± 2 TgC corresponding to 179 ± 4 gC/m2 by Gustafsson et al. (2014), our estimate of 196 ± 4 gC/m2 is of similar magnitude. The estimated DOC concentration by Legge et al. (2020) used for the mean depth of the study area of Diesing et al. (2017) results in 40–88 gC/m2. Our estimate is about 2–5 larger than the estimate of the NWE shelf. This is close to reported 3–4 higher DOC concentrations in the Baltic Sea compared to open ocean systems (Hagström et al., 2001) due to high riverine DOC inputs (Kulinski and Pempkowiak, 2011; Deutsch et al., 2012) and to high residence times of water (Savchuk, 2005) and refractory DOC (Seidel et al., 2017). Besides, our average DOC concentration of 3.88 ± 0.07 gC/m3 (before depth integration) is within the estimated concentrations for the Baltic Sea of 3.2–4.6 gC/m3 (Hagström et al., 2001; Nausch et al., 2002; Hoikkala et al., 2015). These similarities suggest that our DOC stock estimate is reasonable.

Among previous studies on organic carbon stocks of the Baltic Sea (Table 3), a basin-specific POC stock estimate is only available for the Baltic Proper by Wulff and Ulanowicz (1989). Our estimate of 10.8 gC/m2 is very similar to their result. A more detailed comparison is not possible as data and method description in Wulff and Ulanowicz (1989) is missing.

The model-based estimate of the POC of the Baltic Sea by Gustafsson et al. (2014) suggests much smaller values of 1.71 ± 0.17 gC/m2 (0.72 ± 0.07 TgC). Kulinski and Pempkowiak (2012) report surface water concentrations of 0.2–0.8 gC/m3 for shelf seas and 0.1–1.0 gC/m3 for the Baltic Sea. Our concentration estimate of 0.214 gC/m3 (before depth integration) is at the lower limit of these ranges, probably because we include deeper water layers with lower POC concentrations. In addition, our estimate fits POC concentrations of 0.08–0.48 gC/m3 (Legge et al., 2020) for the NWE shelf and a POC stock of 5.6–32.1 gC/m2 for the study area of Diesing et al. (2017).

A possible source for our relatively high POC stock is the used proportion of living particles in POC based on Andersson and Rudehäll (1993), who estimated the plankton content of POC in the northern part of the Baltic Sea. As the northern part of the Baltic Sea is less productive than the rest of the Baltic Sea, the planktonic contribution to POC of these parts might not be applicable for the entire Baltic Sea. However, since the mean contribution of phytoplankton to the POC of 25 ± 12% (based on Andersson and Rudehäll, 1993) is very similar to the estimated contribution of 10–30% given by Arteaga et al. (2016) for high latitude (>40°N) and productive marine ecosystems, we consider the planktonic content of POC of 25% as non-critical.

However, the proportion of living particles based on Andersson and Rudehäll (1993) does not include bacteria and zooplankton. To account for these living particles, we recalculate the POC stock with a living content of 50% as lower limit, following the estimate of Hagström et al. (2001) that less than 50% of the particulate organic matter is alive. The resulting POC stock is 9.6 ± 0.6 gC/m2. With a more realistic living content of 36% (ratio of the sum of all estimated pelagic stocks and the sum of all pelagic stocks plus POC), the POC stock is 10.4 ± 0.7 gC/m2. If we additionally include living bacteria below the surface waters by applying a bacterial content of 7% below 20 m depth (ratio of estimated bacteria and bacteria plus POC), the POC stock is 10.2 ± 0.6 gC/m2. All three stocks are smaller (−11%, −4%, and −6%) than our estimate using the percentages of Andersson and Rudehäll (1993) but of similar magnitude. Hence, the proportion of living particles does not lead to a strong overestimation and cannot explain the difference to the estimate of Gustafsson et al. (2014). Due to the small differences and the lack of measured seasonal and mean bacterial and zooplankton content of POC, we keep our original estimate. However, we set the uncertainty of our POC stock at ±1.2 gC/m2 to include our estimate of the lower limit (with 50% living content).

The relative variability of the POC stock is higher than, for example, of the DOC stock (Kulinski and Pempkowiak, 2012). Seasonal and spatial signals are more pronounced and our spatially limited data could influence the outcome disproportionally leading to an overestimation. However, our mean POC concentrations/stocks of the growing (0.286 gC/m3/14.4 gC/m2) and non-growing season (0.109 gC/m3/5.5 gC/m2) for the entire water column are similar to previous values (Nausch et al., 2005; Naumann et al., 2018). In addition, the mean of these two concentrations of 0.198 gC/m3 (10.0 gC/m2) is close to our estimate including seasonal and mean data. We conclude that seasonal signals do not skew our estimate disproportionally.

Our DOC:POC ratio of ∼18 further supports the reasonability of our POC estimate, as it is within the global range of 10–20 given by Kulinski and Pempkowiak (2012). The ratio of 100 by Gustafsson et al. (2014) is well above this global mean ratio. One could argue that this is reasonable due to the higher DOC stocks of the Baltic Sea. However, our DOC estimate agrees well with the one of Gustafsson et al. (2014) and thus the discrepancy is not due to differences in the DOC stocks. Besides, productive systems generally have higher POC stocks and lower DOC:POC ratios (Biddanda et al., 2001). Thus, our estimated DOC:POC ratio and consequently the POC stock are reasonable.



Living Organic Carbon Stocks

Living pools contribute about 1.2% (12.6 ± 1.9 gC/m2) to the TOC stock.

Phytoplankton and macrophytes are the major primary producers of the Baltic Sea, providing the energy basis for the food web. The carbon stock of the primary producers accounts for 4.2 ± 1.6 gC/m2 [0.39% of TOC and 33% of living total organic carbon (lTOC)].

Even though phytoplankton concentrations vary significantly in time and space, our stock estimate of phytoplankton of 3.7 ± 1.5 gC/m2 is very similar to the basin-specific estimates (Table 3). In addition, our mean phytoplankton concentration value of 0.13 ± 0.05 gC/m3 (before depth integration) agrees well with the mean biomass concentration values of 0.12 gC/m3 and 0.13 gC/m3 based on Wasmund et al. (2000) and Wasmund et al. (2016).

Macrophytes stock estimates are not available for the entire Baltic Sea. Our estimated stock of 89.5 ± 2.9 gC/m2 for the reported seagrass areas in the Baltic Sea (2,020 km2) (Table 2) is similar to estimated 85 gC/m2 for macrophytes areas in the North Atlantic by Fourqurean et al. (2012). It also fits well within the reported dry weight range of ∼50–300 gDW/m2 (20–120 gC/m2) for vegetated areas with phytobenthos (Kautsky et al., 2017).

However, Kautsky et al. (2017) estimate an absolute macrophytes stock of ∼0.99 Mt (for BB, BS plus BP), while our estimate for the entire Baltic Sea is only 0.2 ± 0.2 Mt, which is about 5.5 times smaller. The difference lies in the selection of areas covered with macrophytes. In our estimate, we use ∼0.5% of the entire Baltic Sea based on Green and Short (2003) and Boström et al. (2014) as a reference area. If we use 2% of the Baltic Sea area instead, similar to the share of vegetated areas in the NWE shelf (see supplement of Legge et al., 2020) and to 1–2% of global coverage presented in Krause-Jensen et al. (2018) and Attard et al. (2019), our undiluted stock of 89.5 gC/m2 is valid for 8,400 km2. The diluted and the absolute stock for the entire Baltic Sea consequently amount to 1.79 ± 0.06 gC/m2 and 0.75 ± 0.02 Mt. Since these 2% are not verified for the Baltic Sea, we keep our estimate. Nevertheless, it is likely that we underestimate the vegetated areas and thus the macrophytes stock of the Baltic Sea. We use the stock estimate with 2% coverage as an upper limit.

Macrophytes may locally enhance carbon contents of sediments compared to the not vegetated state and are associated with sediment carbon stocks of 251–4,324 gC/m2 for the upper 25 cm (Jankowska et al., 2016; Röhr et al., 2016). To avoid double counting, we do not consider macrophyte-covered sediments separately, but when assessing macrophyte losses, the consequences for the associated sediment stocks must be considered.

The primary consumers, herbivores and detrivores, make up 7 ± 1 gC/m2 (0.64% of TOC and 53% of lTOC). Interestingly, benthos, including meio- and macrobenthos, shows the highest living carbon stock (0.42% TOC and 35% lTOC). The estimate of benthos is of similar magnitude as the basin-specific estimates (Table 3), although the heterogeneous signals for the different basins are strong. The large carbon stock of benthos implies a strong benthic-pelagic coupling with productivity-controlled export fluxes of organic material that feed the benthos. The eutrophic Baltic Sea has strong export fluxes, due to its high bottom surface to volume ratio, high benthic-pelagic connectivity (Kopp et al., 2015; Tamelander et al., 2017; Ehrnsten et al., 2019) and temporarily decoupled zooplankton and phytoplankton peak biomass (Dahlgren, 2010). These fluxes lead to high food supply for benthos but also, if in oversupply, to decreasing oxygen concentrations in bottom waters. Allochthonous organic material can provide an additional energy resource that supports such a high benthic stock (Wikner and Andersson, 2012).

One source of uncertainty for the benthic stock is the extent of the estimated anoxic and hypoxic areas. With an estimated mean area of ∼17% of the Baltic Sea with oxygen concentrations below 2 mlO2/l [according to Hansen et al. (2007); Carstensen et al. (2014a, b), and Hansson et al. (2017)] our diluted stock is 4 ± 1 gC/m2. If we use the ∼30% of the Baltic Sea area below 3 mlO2/l [according to Hansen et al. (2007)], the diluted benthic stock is 3.7 ± 0.8 gC/m2. Since the hypoxic threshold in the Baltic Sea is generally defined as oxygen concentration below 2 mlO2/l (Diaz and Rosenberg, 1995) and the mean lethal oxygen concentration for benthos is ∼1.54 mlO2/l (Vaquer-Sunyer and Duarte, 2008), we use an area of 348,600 km2 (73%) as mean area with sufficient oxygen ratios. The estimated value associated with <3 mlO2/l is well suited as a lower limit of the benthos stock to account for sublethal oxygen concentrations.

Of the other consumer stocks, the protozooplankton stock fits best with the basin-specific estimates, while the bacteria are about three times larger. Estimates of zooplankton, protozooplankton and bacteria vary strongly between the basins (Table 3), due to inter alia the productivity gradient from the eutrophic southwest to the more oligotrophic northern part of the Baltic Sea. This also means that our estimated distribution and size of the planktonic carbon stocks, valid on the scale of the entire Baltic Sea, are not per se valid on a basin-scale since the Baltic Sea exhibits very different planktonic systems in its basins.

Our estimated ratio of pelagic autotrophs and heterotrophs supports the accuracy of our estimates. In contrast to some basin-specific studies (Table 3), the pelagic plankton system of the entire Baltic Sea shows a “bottom-heavy” pyramidal biomass distribution, with biomass decreasing with increasing trophic level. Phytoplankton has a larger biomass compared to its consumers (heterotrophic/autotrophic ratio of 0.6). This is consistent with the finding that eutrophied planktonic systems are dominated by phytoplankton biomass (Dortch and Packard, 1989) and support lower heterotrophic: autotrophic ratios (H:A ratios) than systems with lower phytoplankton biomass (Gasol et al., 1997). Accordingly, our H:A ratio of 0.6 fits reported H:A ratios for comparable phytoplankton biomasses by Gasol et al. (1997).

Our estimates of zooplankton and bacteria are in the same order of magnitude as other estimates for similar phytoplankton stocks (see Figure 2 in Gasol et al., 1997). Our zooplankton stock is about 1.4 times larger than that of bacteria fitting a zooplankton to bacteria ratio of 1.4 estimated for coastal systems by Gasol et al. (1997). In contrast to open ocean systems, coastal systems have a higher proportion of zooplankton biomass and a stronger coupling of primary production to the grazing chain than to the microbial loop. As most of the Baltic Sea resembles a coastal system rather than an open ocean system with its shallow water depth, the proximity of the coast and strong terrestrial influence, it is dominated by higher zooplankton than bacteria stocks (Gasol et al., 1997).

Interestingly, the unusually high DOC stock compared to open ocean systems does not lead to bacterial dominance in the planktonic system. The bacterial stock seems to be limited to some extent and unable to use the entire available DOC. Probable but not exclusive causes could be a high proportion of refractory DOC (Kuliński et al., 2016), light or temperature limited bacterial growth and/or competition between phytoplankton and bacteria for nutrients (Church, 2008). The large surface-to-volume ratio of bacteria is advantageous in nutrient-limited systems but does not bring any advantage in productive systems (Azam et al., 1983; Cotner and Biddanda, 2002). On the contrary, in areas with periodic nutrient input like the Baltic Sea, larger cells like phytoplankton are advantageous, as they can store nutrients (Cotner and Biddanda, 2002).

Protozooplankton plays only a minor role in coastal systems and its stock is on average 2–4 times smaller than that of zooplankton (Gasol et al., 1997). In our case, the protozooplankton stock is 4 times smaller. Since our protozooplankton stock is at the lower limit, this might indicate a stock limitation, such as top–down regulation by zooplankton. The ratio and the small difference to the mean of the basin-specific estimates suggest a reasonable protozooplankton stock.

The standing stock of secondary consumers (sprat, herring, flounder, plaice) and tertiary consumers (cod) amount to 1.6 ± 0.5 gC/m2 (0.002% TOC and 13% lTOC) and 0.08 ± 0.06 gC/m2 (<0.001% TOC and 0.6% lTOC). Our stock estimates of sprat and herring are smaller than the mean of the basin-specific estimates but within the uncertainty range. Similar to the weighted mean of the basin-specific estimates, our sprat stock is lower than the herring stock. This is further supported by the temporal development of the clupeid stocks (sprat and herring) reported by HELCOM, which are on average of similar size, with a recent trend toward higher herring stocks (HELCOM, 2017).

Due to different salinity tolerances, flounder is more abundant in the Baltic Sea than plaice (Ojaveer et al., 2010), which is reflected in our stock estimates. Further, the cod stock is significantly smaller than the clupeid stocks. This ratio is consistent with the Baltic Sea regime change from a cod-dominated to a clupeid-dominated system (Österblom et al., 2007). However, apart from these similarities, our estimates for flounder and cod are much smaller than the basin-specific estimates for the Baltic Proper. We can only assume that the reasons for these differences are limited data (i.e., for flounder only ICES units 24–25) and/or the high interannual and spatial variability of fish stocks, which is reflected in the broad range of basin-specific estimates (i.e., for cod 0.055–0.640 gC/m2, Table 3) and in the high uncertainties of our fish stock estimates. Although our fish-stock estimates are subject to considerable uncertainty, we use them nevertheless as they are the only available estimates for the entire Baltic Sea.

The Baltic Sea is home to about 230 species of fish. Due to lack of data, we cannot estimate the stocks of most of these species. Stocks of these fish species could be around 0.09–0.40 gC/m2 (including flounder and plaice), assuming that clupeids and cod represent 80% (Elmgren, 1984) to 95% (Thurow, 1980) of all fish stocks.

The standing stock of the highest trophic level accounts for 0.0015 ± 0.0004 gC/m2 (<0.001%TOC and <0.001% lTOC). The few basin-specific estimates given do not allow for a comparison and a discussion about the accuracy of our estimates. However, our overall estimates remain reasonable, as these stocks, due to their small size, do not significantly alter the TOC stock. Their importance for this stock quantification is small. However, this does not necessarily mean that their influence on carbon fluxes and their contribution to the carbon cycle (see Figure 5) is insignificant (Schmitz et al., 2014).

One of the most interesting results concerning all living stocks is that our estimated stocks form a partially inverted biomass pyramid with a higher stock of primary consumers than primary producers (Figure 6). This distribution is consistent with most basin-specific estimates (Table 2) and remains consistent if we add the upper limit of macrophytes of 1.79 gC/m2 (2% areal coverage) and the lower limit of benthos of 3.7 gC/m2 (30% lethal area).


[image: image]

FIGURE 6. Carbon stocks per trophic level valid for the entire Baltic Sea area. (A) With the macrophytes covering 2,020 km2 and benthos 349,349 km2 (areas < 2 mlO2/l) and total living carbon (lTOC) of 12.6 gC/m2. (B) With macrophytes covering 8,400 km2 (2% of entire Baltic Sea area) and benthos 295,105 km2 (areas < 3 mlO2/l) and lTOC of 13.3 gC/m2.


Recent studies suggest that inverted pyramids or some kind of top-heaviness may be more common than previously thought, even in environments with which they were not originally associated (Trebilco et al., 2016; Bar-On et al., 2018; Woodson et al., 2018). Responsible for the non-Eltonian/partly inverted biomass distribution in the Baltic Sea, and in the basin-specific studies, is the magnitude of the benthic biomass. While not all benthic species belong to the second trophic level, the majority of benthic species feed on primary producers or detritus and thus belong to the primary consumers (Sokołowski et al., 2012). We assume that the huge stock of benthos and the partly inverted biomass pyramid are consequences of allochthonous subsidies of riverine organic material (Bartels et al., 2018), lower turnovers rates of benthos, access to different resources due to moderate morphological complexity and omnivores feeding modes [as described for other systems by Trebilco et al. (2013, 2016) and McCauley et al. (2018)].



Contemporary Stocks and Future Changes

The quantification of organic carbon stocks is the first step. Analyses of inorganic carbon stocks, the interplay between inorganic and organic stocks and the processes governing the cycling of these stocks must follow to further define today’s baseline of carbon stocks in the Baltic Sea. With the help of such a baseline, the impact of measures on carbon stocks can be assessed. Such carbon impact assessments are a prerequisite for identifying losses of carbon stocks, discussing possible strategies to increase total carbon stocks as a mitigation measure and increasing incentives to leave natural resources untouched (Ajani et al., 2013). However, the value of carbon stocks to society has not yet been taken into account and needs to be defined. How socio-economic objectives and the conservation of carbon stocks can be reconciled or balanced against each other remains to be discussed.



CONCLUSION

We present the first detailed quantification of all relevant living and non-living organic carbon stocks for the entire Baltic Sea ecosystem. In addition, we describe in detail data sources, methods and the associated uncertainties that allow reproduction and critical evaluation of our estimates.

Apart from the estimates themselves, some interesting aspects stand out. Our estimated POC stock is higher than some previous studies suggest. Whether this potential difference in magnitude has consequences for the carbon cycle of the Baltic Sea remains to be investigated. Some earlier basin-specific studies in the Baltic Proper show a higher zooplankton than phytoplankton biomass. We cannot confirm this for the entire Baltic Sea ecosystem. Besides, productive, coastal and eutrophic systems are generally not associated with inverse biomass distributions. However, we do find such a partially inverse biomass distribution if benthos is considered. Therefore, we need to rethink biomass distribution and investigate the mechanisms that can lead to such a partially inverse biomass distribution in eutrophic systems such as the Baltic Sea.

Challenges for the quantification of carbon stocks are uncertainties and data limitations. Although the Baltic Sea is well monitored, the differences in the available data are enormous and limit our estimates. In particular, data on planktonic, microbial, benthic and fish biomass as well as on macrophytes-covered areas and sediment properties need to be improved. For benthic bacteria and macrophytes-associated sediments, not sufficient data are available to avoid double counting with the sediment stock. In addition, we need to improve carbon-concentration estimates, find common reporting and calculation methods and communicate uncertainties to avoid misinterpretation of the accuracy of carbon stock estimates. Because of the variability and scarcity of data and the resulting wide range of assumptions and calculations, we do not aim for concrete numbers, nor do our estimates represent concrete numbers, but rather orders of magnitude.

The present study provides estimates of the contemporary organic carbon stock. This quantification can be seen as a baseline for further studies focusing on the stability of these stocks and their response to ongoing environmental changes. Given the ongoing anthropogenic activities and management strategies in the Baltic Sea, carbon stocks and their responses need to become more relevant for impact assessments.
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2. Assumption:
The concentration K; is valid for the entire sediment area of each Im-thick layer
covered by the data (case 2) or for the entire associated surface area (case 3).

2. Calculation:

The concentration Kyo¢q; applicable to the total area Ayoq; is calculated by the
sum of the area-weighted Kj of all surface or sediment areas A;. The different
areas are weighted by calculating the ratio of each A; and the sum of all 4;. 4; of
case 2 are calculated as the sediment areas lying within the upper and the lower
depth of each 1m-thick layer covered by the data.

Case 2: sediment areas Case 3: surface areas

#_@ > <

Concentration per layer: [K;] = £ Absolute stack perlayer: [S;] =g

mZ
AS, = A; - Ky AS, = A, - K, AS3 = Az Ky
L= s
AS, = A, - K, AS, = A, - K, Arotar = ZI,AI

J

Kiotat * Atotat = Krotal 'ZA]' =Ky A+

7
4
Keotar = Z K; S A
J

J

Kiorar applies to the total data-
covered sediment or surface areas.

J

Kiotat =

9
[Keotat] [Stota] = -

m2

3. Assumption:
If no spatial restriction of habitat applies, we assume that K, is valid for the
entire surface area of the Baltic Sea. In this case Kyprq1=Stotar» the stock per m2
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In case of the sediment stock, we weight the concentrations (per m?) for each 1 c¢m thick
layer with the areas of the different bottom types per basin.
Basin 1:

Example: first layer

Given: concentrations in K{ in g/m* and areas A} of the different sediment types of first layer
for two basins. Areas of different sediment types per basin are calculated using Table 11.1 in
Carman and Cederwall (2001).

lem

A a2 g A 45 A$

1. Calculation: Weighted mean concentration of the sediment for the layer j.

1
K o= Kl. A 2, Sz i j —
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2. Calculation: sediment carbon stock estimate in gC/m>
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2. Assumption:
The concentration Kj is valid for the entire volume of the associated I m thick
layer j.

2. Calculation:

The concentration K;,;q applicable to the total volume V4, is calculated by the
sum of the volume-weighted K; of all layers j. The different volumes (1m - 4;) of
the different layers j are weighted by calculating the ratio of each A; and the sum
of all A;. A; are calculated as the lids between the upper depth of the layer j and
459m.

Depth
covered by

Concentration per layer: [K ] = —3 Absolute stock per layer: [AS

a8, = 4, - 1m - K, AS, =A; Im K, AS;= A3 1m - Ks
AStotar = Z AS; Viotar = 1m - Z_Aj
7 j
Vi
Krotat * Veotar = K1 Vi + Ky - Vy + - Lot

Keotal -ZA]--lm= Ky Ap-1m 4o
7

K, Z<K 4 )
total = S A
7 Z;4

A N

5 (o )
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3. Calculation:

Multiplication of K;p¢q; and Vigeq to obtain the absolute stock AS;y;q; Dividing
ASiorar by the surface area of the Baltic Sea or multiplying Kyq; with 1m and
the ratio of Apgic and the sum of all 4; gives the stock Syorq; in g/m* The last
step is the multiplication with the carbon conversion factor (supplement S1) to
convert wet weight to carbon units.

s _ AStotal _ X Veotar _ =K ZA Suora] = g
total = = Reotal * total * totall = 75
Apaitic Apaitic A Baltic m

Kiotar applies to the data-
covered volume Vigtqr-

0Kotal = g
[Kiotral = -5
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Original data: A, B, C, D in wet weight/carbon per m* (case 1) and m? (case 2 & 3).

A+B
1=T
Case 1 _A+B+D
2= 3
(. _BtC
)
_A+B+C
! 3

Case 3

1. Assumption: A concentration is valid for the volume of every 1m thick layer
within the measured depth for case 1. A concentration is valid for the entire sediment
area lying within each Im-thick layer within the data-covered depth (case 2). A
concentration is valid for the entire associated surface area.

1. Calculation: Mean concentration K; per volume V; of the layer j (case 1). Mean
concentration K; per sediment area A; of the layer j (case 2). Mean concentration K;
per surface area A (case 3).
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Pool = a reservoir containing a substance

Stock = amount of a substance (here carbon) in a reservoir (pool)
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Down to 40 m
depth

Down to 400 m
depth

Downto 10 m
depth

Down to 4 m depth

Down to 350 m

depth

No information

No information

No information

Spatial coverage/
Location of data points

Baltic proper (BP), BP
including western Baltic
and Kattegat, Gdansk
Deep, Bornholm Deep,
Gotland Deep, Bothnian
Sea (BS), Bothnian Bay
(BB), Arkona Basin, Bay of
Mecklenburg, Libeck
and Kiel

BP and Gotland Basin,
Bornholm Deep, Arkona
Basin, Bay of
Mecklenburg, Libeck and
Kiel, Gulf of Riga (GoR),
Bothnian Sea

BP, BB, BS, GoR and Gulf
of Finland (GoF)

Entire Baltic Sea (excluding
BS and BB)

Baltic Sea basins except
BS

Entire Baltic Sea (excluding
BS and BB)

Entire Baltic Sea

Coastal areas of Finland
and Denmark, GoF, Puck
Bay and the archipelago of
Lule& (BB), Askd

Coastal areas of Finland
and Denmark, GoF, Askd,
Puck Bay

Major Baltic Sea basins

ICES management units
22-32

20-24
28.1
25-29 and 32

24-25

Temporal
coverage

2001, 2009-2011,
and 2014-2015
(literature-based
review covering
1977-2011)

2001, 2009-2011,
2013-2016, and
1993-2005

Data not older than
1990, 2013-2014

2002 and
2008-2017

1983-1984 and
1987

2002 and
2008-2017

1979, 1981 and
1987 until 2017
1976, 2010-2011,
and 2012-2014
(literature- based
review covering
1990-2010)

2010-2011 and
2012-2014
(literature- based
review covering
1990-2010)
1980s, 1990s, and
2000-2013

1974-2017

1991-2017
1977-2017
1975-2018

1978-2004

Number of data
points after
formatting

60

59

42

4,089

31

3,677

5,331

49 aboveground

39 belowground

62

44

111

27

Source

Schneider et al., 2003;
Nausch et al., 2006;
Gustafsson et al.,
2014; Maciejewska and
Pempkowiak, 2014;
Hoikkala et al., 2015;
Szymczycha et al.,
2017

Andersson and
Rudehall, 1993; Donali
et al., 1999; Schneider
et al., 2003; Nausch
et al., 2006;
Maciejewska and
Pempkowiak, 2014;
Szymczycha et al.,
2017; Cisternas-Novoa
etal., 2019;
Winogradow et al.,
2019

Carman and Cederwall,
2001; Leipe et al.,
2011; Flemming and
Delafontaine, 2016;
Nilsson et al., 2019

Biomass data of the
International Council for
the Exploration of the
Sea (ICES, 2018c)
Virtanen, 1985; Gast
and Gocke, 1988;
Heinénen, 1991

ICES biomass data
(ICES, 2018¢)

ICES biomass data
(ICES, 2018d)

Kautsky et al., 1981;
Risén et al., 2013;
Bostrom et al., 2014;
Jankowska et al., 2014,
2015, 2016; Dahl et al.,
2016; Rohr et al., 2016
Bostrém et al., 2014;
Jankowska et al., 2014;
Dahl et al., 2016; Rohr
etal., 2016

Carman and Cederwall,
2001; Gogina et al.,
2016

Annex Table A in ICES
(2018b)

Annex Table A in ICES
(2018b)

ICES, 2005b
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Bornholm Basin, Arkona
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Kattegat
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1999-2017
2002-2018

1994-2017
2000-2012

2003-2014

2000-2014

2000-2014
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1995-2006

37

37

70

25

425

25

ICES, 2018a

ICES, 2013, 2017

HELCOM Gray Seal
database HELCOM
(2019)

HELCOM Ringed Seal
database HELCOM
(2015)

HELCOM Harbor Seal
database HELCOM
(2015)

Sveegaard, 2011;
Benke et al., 2014
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DOC 266 266 280 280 190 264 5 196
POC 11 11 11 10.8
SOC (5 cm) 400 465 310 290 440 70 410
SOC (10 cm) 830
SOC (NA) 609 609
P 1.07 1.07 1.06 4.00 4.00 1.65 1.01 1.07 1.35 1.13 6.40 3.39 0.73 0.18 4.00 1.23 0.17 0.06 1.56 3.7 0.6 3.7
Bacteria 0.21 0.21 0.20 0.42 0.42 0.21 0.34 1.03 0.14 0.98 0.74 0.04 0.68 0.4 0.1 0.85
PzZpP 0.09 0.07 0.07 0.14 0.07 0.31 0.31 0.34 0.05 0.89 0.01 0.35 0.26 0.06 0.29
ZP 0.21 0.21 0.58 4.18 9.21 0.21 1.36 1.43 1.19 0.68 0.07 0.21 0.08 0.05 0.10 0.05 1.1 1.2 1.2
MP 0.021 0.021 0.019 0.020 0.020 0.485* 0.020 0.010 0.153* 0.010 0.053* 0.08 0.05 0.4
Benthos 5639 5639 5523 5520 5520 0.359 4.580 3.210 2.980 8.976 7.032 3.360 5.120 0.089 0.360 0.110 0.044 53 0.7 4.0
Sprat 0.293 0.293 0.700 0.275 0.991 0.513 0.546 0.915 1.158 0.73 0.1 0.649
Herring 0.293 0.293 1.010 0.725 0.516 0.959 0.962 0.200 1.703 0.99 0.13 0.9
Flounder 0.126 0.126 0.058
Plaice 0.005
Cod 0.505 0.505 0.120 0.640 0.197 0.178 0.111 0.055 0.341 0.26 0.08 0.08
Seals 0.00005 0.00005 0.00006 0.00006 0.00090 0.00007 0.00012 0.00014 0.00983
Gray seal 0.00090 0.00122 0.00066
RS 0.00027
HS 0.000053
HP 0.00048
Pel. AT 1.07 1.07 1.06 4.00 4.00 1.65 1.01 1.07 1.35 1.13 6.40 3.39 0.73 0.18 4.00 1.23 0.17 0.06 1.56 3.7 3.7
Pel. HT 0.51 0.49 0.85 4.60 9.77 0.49 1.67 1.74 1.19 1.36 1.11 0.40 1.95 0.79 0.15 1.08 1.76 2.34
Pel. HT:Pel. AT 0.5 0.5 0.8 1.2 24 0.5 1.6 1.3 1.1 0.2 0.3 0.5 0.5 0.6 0.9 0.7 0.5 0.6
B:P 0.2 0.2 0.2 0.1 0.1 0.2 0.1 0.3 0.2 0.2 0.6 0.2 0.4 0.1 0.2
B:PzZP 2.3 3.0 2.9 3.0 3.0 1.0 2.8 17 4.0 1.9 71:3 2.9
B:zZP 1 1 0.3 0.1 0.1 1 0.5 14.7 0.7 12.3 14.8 0.4 13.6 0.4 0.7

We further provide a weighted mean of the previous estimates and the associated uncertainty. All stocks are given in gC/m2 . Gray-hatched fields are sums of the stocks of several species. Benthos includes meio- and
macrobenthos. The stock estimates of Harvey et al. (2003) and Bauer et al. (2018) were converted to carbon units using literature-based carbon conversion factors (S1). Italic rows contain information not displayed in the
original data. *Estimates of Kautsky and Kautsky (2000) were given in 10° kgC. We divide these absolute numbers by the areas of the associated basins lacking other area information. Abbreviations: SOC = Sediment
organic carbon, P = Phytoplankton, PZP = Protozooplankton, ZP = Zooplankton, MP = Macrophytes, RS = Ringed seal, HS = Harbor seal, HP = Harbor porpoise, Pel. AT = Pelagic autotrophs, Pel. HT = Pelagic
heterotrophs and B = Bacteria.
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Harbor Seal Data covered depth: not applicable
Conversion factor: 0.15 + 0.03 gC/gWwwW

Basin stocks: Reference area:

0.028 + 0.003 ind./km? area with sightings 125,280 km?
1.18 + 0.19 kg/km?

0.00018 = 0.00005 gC/m?

Comments:

Average weight per individual:

42 + 5 kg/ind. after Harkénen and
Heide-Jargensen (1990) and Harkénen
et al. (1999).

Covered area: about 125,280 km?.

Average stock: entire Baltic Sea area 420,000 km?
0.000053 + 0.000014 gC/m?

Harbor Porpoise Data covered depth: not applicable
Conversion factor: 0.15 £+ 0.02 gC/gWwwW

Using spatial limitation factor 0.298 (area of
125,280 km? divided by the area of the
entire Baltic Sea 420,000 km?).

Average stock: Reference area:
0.05 + 0.02 ind./km? entire Baltic Sea area 420,000 km?
3.2 + 1.6 kg/km?

0.00048 + 0.00025 gC/m?

Bold estimates in gray fields are the main results of this study. If not stated differently, all areas are calculated with R.

Comments:

Average weight per individual:

65 kg/ind. after Miller and Wahlberg (2013).
Covered area: about 118,335 km?.

As no other data was applicable, weighted
harbor porpoise carbon per square meter
estimated for the Belt and the Baltic Proper
is assumed valid in the entire Baltic Sea.
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Results and relevant explanatory aspects

Data covered depth: 0-459 m
Conversion factor: no conversion factor used as original data came in carbon units

Average concentration: Reference volume: Comments:
3.88 + 0.07 gC/m° water volume of 211,77 km?3 Unintegrated mean over the water column
of 459 m depth.

Average stock: Reference area: Multiplied with the volume of 211,77 km?
196 + 4 gC/m? entire Baltic Sea area 420,000 km? and divided by 420,000 km?.

Data covered depth: 0-459 m
Conversion factor: no conversion factor used as original data came in carbon units

Average concentration: Reference volume: Comments:
0.214 + 0.014 gC/m° water volume of 211,77 km?3 Unintegrated mean over the water column
of 459 m depth.

Average stock: Reference area: Multiplied with the volume of 211,77 km?
10.8 + 1.2 gC/m? entire Baltic Sea area 420,000 km? and divided by 420,000 km2.

Data covered depth: 0-10 cm
Conversion factor: no conversion factor used as original data came in carbon units

Average stocks per bottom type: Reference area: Comments:

Accumulation bottom: 138,600 km? Share of accumulation, erosion and
425 + 12 gC/m? (5 cm) transport bottom are 33, 50, and 17%
979 4 12 gC/m? (10 cm) (Aimroth-Rosell et al., 2011).
Transportation bottom: 210,000 km?

440 + 60 gC/m? (5 cm)

790 + 90 gC/m? (10 cm)

Erosion bottom: 714,00 km?
370 + 60 gC/m? (5 cm)

710 + 90 gC/m?2 (10 cm)

Average stock: entire Baltic Sea area 420,000 km? Weighted mean of the sediment carbon

410 % 60 gC/m? (5 cm) concentration of different bottoms types in

830 + 90 gC/m? (10 cm) different basins. Areas of bottom types are
taken from Carman and Cederwall (2001)
Table 11.1.

Data covered depth: 0-40 m
Conversion factor: 0.16 + 0.03 gC/gWwwW

Average concentration: Reference volume: Comments:
0.13 4+ 0.05 gC/m?3 water volume of 121,15 km3 Unintegrated mean over the water column
of 40 m depth.

Average stock: Reference area: Multiplied with the volume of 121,15 km?3
3.7 £ 1.5 gC/m? entire Baltic Sea area 420,000 km? and divided by 420,000 km?.

Data covered depth: 0-271 m
Conversion factor: no conversion factor used as original data came in carbon units

Average concentration: Reference volume: Comments:
0.017 + 0.002 gC/m? water volume of 211,73 km? Unintegrated mean over the water column
of 271 m depth.

Average stock: Reference area: Multiplied with the volume of 211,73 km?
0.85 =+ 0.09 gC/m? entire Baltic Sea area 420,000 km? and divided by 420,000 km?.
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Data covered depth: 0-40 m
Conversion factor: 0.07 gC/gWwwW

Average concentration:
0.010 + 0.003 gC/m?

Reference volume:
water volume of 121,15 km?

Comments:
Unintegrated mean over the water column
of 40 m depth.

Average stock:
0.29 + 0.09 gC/m?

Data covered depth: 0-400 m

Conversion factor: 0.09 £+ 0.02 gC/gWww

Reference area:
entire Baltic Sea area 420,000 km?

Multiplied with the volume of 121,15 km?
and divided by 420,000 km?.

Average concentration:
0.024 + 0.009 gC/m?

Reference volume:
water volume of 211,77 km?

Comments:
Unintegrated mean over the water column
of 400 m depth.

Average stock:
1.2 + 0.5 gC/m?

Data covered depth: 0-10 m

Conversion factor: 0.4 £+ 0.1 gC/gDW

Average stock:
Aboveground:

50.9 + 1.6 gC/m?
Belowground:

38.6 + 2.4 gC/m?
Total: 89.5 + 2.9 gC/m?

Reference area:
entire Baltic Sea area 420,000 km?

Reference area:
reported seagrass areas of
2,020 4 410 km?

8,400 km?

Multiplied with the volume of 211,77 km?
and divided by 420,000 km?.

Comments:
Area after Green and Short (2003) and
Bostrom et al. (2014).

About 2% of the Baltic Sea area.

Aboveground:

0.3 + 0.4 gC/m?
Belowground:

0.19 + 0.29 gC/m?
Total:

0.4 + 0.5 gC/m?
Aboveground:

1.02 & 0.04 gC/m?
Belowground:

0.77 + 0.05 gC/m?
Total: 1.79 + 0.06 gC/m?

entire Baltic Sea area 420,000 km?

entire Baltic Sea area 420,000 km?

Data covered depths: 0-30, 30-70, 70-120, and 120-350 m
Conversion factor: depth and basin depending conversion factors based on Carman and Cederwall (2001) (Supplementary

Material S2)

Using spatial limitation factor 0.0048
(reported areas 2,020 km? divided by the
area of the entire Baltic Sea 420,000 km?).
Sum of below-and aboveground stocks.

Using spatial limitation factor 0.02

(8,400 km? divided by the area of the entire
Baltic Sea 420,000 km?).

Sum of below-and aboveground stocks.

Average stock:
5.3+ 1.1 gC/m?

4 + 1 gC/m?

3.7 £ 0.8 gC/m?

Reference area:

area of 349,349 km?, excluding areas

<2 miOo/I

area of 295,105 km?, excluding areas

<3 IO/l

entire Baltic Sea area 420,000 km?

entire Baltic Sea area 420,000 km?

Comments:

Areas of permanently < 2 mlO»/ estimated
based on Hansen et al. (2007), Carstensen
et al. (2014a,b), and Hansson et al. (2017)
(706,51 =+ 4,300 km?).

Areas of permanently < 3 mlOy/| estimated
based on Hansen et al. (2007)

(124,896 km?).

Using spatial limitation factor 0.83 (oxic
areas of 349,349 km? divided by the area
of the entire Baltic Sea 420,000 km?

for < 2 mlOx/l).

Using spatial limitation factor 0.70 (oxic
areas of 295,105 km? divided by the area
of the entire Baltic Sea 420,000 km?

for < 3 miO/).
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Data covered depth: not applicable
Conversion factor: 0.15 £+ 0.04 gC/gWww

Average stock: Reference area:
0.649 + 0.299 gC/m? entire Baltic Sea area 420,000 km?

Data covered depth: not applicable
Conversion factor: 0.15 £+ 0.04gC/gWW

Comments:

As no other data was applicable, sprat
carbon per square meter estimated for
ICES management units 22-32 is assumed
to be valid in the entire Baltic Sea.

Average stock: Reference area:
0.9 + 0.5 gC/m? entire Baltic Sea area 420,000 km?

Data covered depth: not applicable
Conversion factor: 0.14 £+ 0.04 gC/gWww

Comments:

Weighted mean using area ratios of the
ICES management units 20-24, 28.1, 25,
and 29-32.

Average stock: Reference area:
0.058 + 0.019 gC/m? entire Baltic Sea area 420,000 km?

Data covered depth: not applicable
Conversion factor: 0.14 £+ 0.04 gC/WW

Comments:

As no other data was applicable, flounder
carbon per square meter estimated for
ICES management units 24-25 is assumed
to be valid in the entire Baltic Sea.

Average stock: Reference area:
0.005 & 0.003 gC/m2 entire Baltic Sea area 420,000 km?

Data covered depth: not applicable
Conversion factor: 0.16 £+ 0.04 gC/gWww

Weighted mean using area ratios of the
ICES management units 21-23 and 24-32.

Average stock: Reference area:
0.08 + 0.03 gC/m? entire Baltic Sea area 420,000 km?

Data covered depth: not applicable
Conversion factor: 0.15 + 0.03 gC/gWwwW

Comments:
Weighted mean using area ratios of the
ICES management units 22-24 and 25-32.

Average stock: Reference area:
0.050 + 0.007 ind./km? entire Baltic Sea area 420,000 km?
4.7 + 0.8 kg/km?

0.00066 + 0.00022 gC/m?

Data covered depth: not applicable
Conversion factor: 0.14 £+ 0.04 gC/gWww

Comments:

Average weight per individual:

94 + 8 kg/ind. after Lundstedt-Enkel et al.
(2008) and Kauhala et al. (2012).

Covered area: about 365,191 km?.

As no other data was applicable, weighted
gray seal carbon per square meter
estimated for covered areas is assumed
valid in the entire Baltic Sea.

Basin stocks: Reference area:

0.07 + 0.05 ind./km? area with sightings 192,619 km?
4.2 + 2.5 kg/km?

0.0006 4 0.0004 gC/m?

Comments:

Average weight per individual:

58 + 11 kg/ind. after Holst et al. (2006) and
Krafft et al. (2006).

Covered area: about 192,619 km?.

Average stock: entire Baltic Sea area 420,000 km?
0.00027 + 0.00018 gC/m?

Using spatial limitation factor 0.46 (area of
192,619 km? divided by the area of the
entire Baltic Sea 420,000 km?).





