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Abstract Mapping organic carbon (OC) stores in marine sediments is a management priority to potentially
minimize the anthropogenic release of organic carbon from the seabed. Sediment OC content shows high
regional variability, shaped by a complex interplay of physical, chemical, biological and anthropogenic factors.
In this study, we present an assessment of the drivers and patterns of sediment OC across European regional
seas, with a particular focus on the role of large-scale habitats, substratum characteristics, and environmental
conditions. To investigate these relationships, we integrated data sets encompassing sediment OC, benthic
habitats, sediment substrata and 11 environmental variables. Applying machine learning techniques, we
identified wave exposure (estimated from wave fetch), light availability, seafloor geomorphic features, and
maximum bottom water temperature as the most important environmental predictors of sediment OC content
across European regional seas. While the model captured broad spatial patterns in sediment OC, it did not
resolve local scale variability, making it better suited for regional assessments than for site-specific predictions.
Overall, the highest OC contents were found in sediments underlying vegetated habitats such as Posidonia
oceanica and other seagrass meadows as well as in mud, and mixed sediment substrata. OC hotspots were
generally located in inshore areas with low wave fetch and temperature; these include areas of the Baltic Sea,
North Sea, Adriatic Sea, Barents Sea, and the Black Sea. Our data-driven approach provides a robust foundation
for identifying OC-rich sediments, which are critical for conservation planning and assessing anthropogenic
impacts on marine OC.

Plain Language Summary Marine sediments store large amounts of organic carbon. To protect
these carbon stores, it is important to understand where they occur and what controls their distribution. In this
study, we combined a large-scale sediment organic carbon data set with environmental data and applied
machine learning to map organic carbon content across European seas. We found that carbon-rich sediments are
most common in coastal areas with wave exposure, water clarity, seabed geomorphology, and temperature
identified as key environmental drivers. These results provide an important tool for identifying carbon-rich
areas and supporting marine conservation planning.

1. Introduction

Contemporary climate change is driven by greenhouse gas emissions from the burning of fossil fuels, which
originate from organic carbon (OC) stored in soils and sediments over millions of years (Eyring et al., 2021). In
the ocean, biological activity fixes carbon dioxide and transfers parts of it to the sediment (Buesseler et al., 2007).
To avoid further contributing to anthropogenic greenhouse gas emissions and related climate change, it is
important to reduce human activities that release and accelerate the degradation of sediment OC, such as
infrastructure development, seabed dredging, fisheries bottom trawling, and mining (Epstein et al., 2022; Lgnborg
etal., 2024; Wu et al., 2026). Marine protected areas (MPA), where such disturbances should be prohibited, could
therefore play an important role. Thus, in this study, we mapped the OC content in marine sediments to support
MPA planning across all European seas.

Marine sediments play key roles in the global carbon cycle, containing around 2,322 petagrams (Pg) of OC in the
top 1 m (Atwood et al., 2020). While marine sediments serve as an important OC reservoir, they are generally
efficient in degrading received material, leading to low storage (from <<0.1 to 1% of the received OC) over
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decades or longer (LaRowe et al., 2020; Wakeham & Canuel, 2006). In general, burial efficiency (i.e., the fraction
of OC preserved) depends on both intrinsic OC characteristics (e.g., molecular structure) and external controls,
including organic matter input rates, sediment accumulation rates, the hydrodynamic energy regime, and the
environmental conditions to which the organic matter is exposed (Blair & Aller, 2012; Canfield, 1994). Burial
efficiency typically increases from the open ocean toward inshore environments, reflecting higher organic matter
supply and more rapid burial, resulting in approximately three times higher OC stocks per unit area in coastal
sediments compared to the open ocean (Burdige, 2007a, 2007b).

The OC content of marine sediments is typically expressed as the percentage of the sediment dry mass (%OC). It
varies widely (from <0.1% to >30%) depending on the local geomorphology, physical, chemical and biological
conditions (Burdige, 2007a, 2007b). OC in marine sediments is derived from both marine and terrestrial sources,
with the proportion of terrestrial material generally decreasing with distance from shore (Burdige, 2007a, 2007b).
In open ocean systems, only around 25% of the OC produced in the water column reaches the sediments (Dunne
et al., 2007), whereas in coastal and shelf sediments (waters <200 m depth), up to 98% can reach the sediment
before being degraded (Tegler et al., 2024).

The reactivity of the sediment OC pool generally decreases with increased water depth, sediment depth and age
(e.g., Smeaton & Austin, 2022; Wellsbury et al., 1997). However, OC cycling and storage are influenced by
multiple intercorrelated factors, including hydrodynamic energy, organic matter chemical composition,
sedimentation and supply rate, sediment fauna, flora and microbial activities, seabed lithology and granulometry,
as well as the chemistry, hydrology and biology of the surrounding water column (Burdige, 2007a, 2007b). Due to
this complexity, OC degradation and storage is highly variable even over smaller scales (Blair & Aller, 2012),
making it challenging to disentangle the interplay between controlling factors over time and space.

The capacity of marine sediments to store OC is part of the “blue carbon” concept, which has been defined as “all
biologically driven carbon fluxes and storage in marine systems that are amenable to management” (Weyer
et al., 2019). Blue carbon research has focused on the management of vegetated coastal habitats to protect and
potentially increase their capacity to capture carbon dioxide and retain OC while also supporting biodiversity and
other key ecological functions (e.g., Howard et al., 2023). The challenges and opportunities of such “blue carbon”
strategies were recently summarized (Gattuso et al., 2023; Williamson & Gattuso, 2022). Beyond the rooted
coastal vegetated habitats in saltmarshes, mangroves and seagrasses, OC storage pathways and management
potentials are being explored for macroalgae, tidal flats, and marine sediments in general (Howard et al., 2023). In
addition to further studies on how protection may affect marine sediment OC levels, there is a need for a greater
understanding of the factors controlling these and how OC levels vary across diverse seafloor habitats.

Despite decades of research, relatively few large-scale studies have attempted to link sediment OC contents and
environmental drivers to determine the main regulating factors. However, several regional-scale studies have
provided new insights, demonstrating that sediment OC distribution is mainly controlled by factors such as
distance to the coast, sediment type, hydrodynamic energy, and sedimentation rates (e.g., Diesing et al., 2017,
2025). In this study, we utilized a recently established marine sediment OC database (Graversen et al., 2025),
combined with information on environmental conditions and habitats, to identify key drivers controlling sediment
OC content over large scales within European regional seas. Furthermore, it linked OC content with stocks and
mapped sediment OC hot and cold spots within European regional seas. Our findings revealed how sediment OC
content varies depending on environmental controls, including wave exposure, light availability, seafloor
geomorphic features, and bottom-water temperature. In addition, substratum (e.g., sandy vs. muddy sediments)
and habitat characteristics (e.g., seagrass meadows) further influence sediment OC content. This information may
help support a more efficient conservation planning of marine environments.

2. Material and Methods
2.1. Data Compilation and Variables

For analysis and modeling, this study utilized data sourced from the sediment OC data set for European regional
seas (Graversen et al., 2025), which include the Baltic Sea, the Black Sea, the North-east Atlantic Ocean, and the
Mediterranean Sea. This consisted of directly determined sediment % total organic carbon (%OC) data extracted
from sediment core samples, and where available, ancillary data such as temperature, habitat and water depth.
This data set is compiled from direct contributions from experts and authors of previously published studies,

LONBORG ET AL.

2 of 18

851807 SUOWILLIOD 3AIIERID 3deot[dde aup Aq peusenob ae spoile VO ‘8sn 40 S8|ni o A%eiqiT8ulUO /8|1 LD (SUORIPUOD-PUE-SWB)ALIOD"AB | 1M Afe.q1Bu|UO//Sty) SUORIPUOD pue sWB | 8us 88s *[9z02/80/22] Uo AriqiTauliuo A8|im @AeB|y 0d epepseAIUN A 00TE00999202/620T OT/I0pAL0d" A3 |1m Al jeul|uo'sgndnBey/sdny wo. pepeojumoq ‘g ‘9202 ‘vZ26i6T



| . Yed N |
MMI
ADVANCING EARTH
AND SPACE SCIENCES

Global Biogeochemical Cycles 10.1029/2026GB009100

international and national databases, and scientific papers. Specific information required for inclusion in the final
database (latitude, longitude, sediment depth intervals, and method for sediment retrieval) along with further
details and a full list of ancillary data has been provided previously (Graversen et al., 2025).

Our analysis is restricted to marine sediment environments; thus, any %OC data from saltmarshes were removed
due to their transitional marine-terrestrial nature, and algae meadows were also excluded due to the limited
number of samples and their main occurrence in rocky habitats. Additionally, some erroneous values for dry bulk
density (DBD, n = 270) and habitat classifications were corrected for a subset of entries (n = 258). Therefore, the
final data set comprised 50,541 data-points with OC, which were filtered to include only the top 10 cm of the
sediment. Depth-weighted averages of DBD and %OC were calculated for each core down to 10 cm. Values from
individual depth intervals were weighted by their respective thicknesses, ensuring that thicker intervals
contributed proportionally more to the overall average. This method accounts for unequal interval lengths. This
resulted in 22,427 averaged data points. It should be noted that many sediment cores (54%) only had information
regarding %OC for the top ~2 cm of sediment. Consequently, the averages (2.05% for 2 cm vs. 1.95% for 10 cm)
and medians (1.30% for 2 cm vs. 1.28% for 10 cm) for these samples are, as shown in Figure S1 in Supporting
Information S1, slightly higher than if information down to 10 cm had been available for all cores. However, %OC
did not differ significantly between sites with interval length <2 cm and >2 cm (Wilcoxon rank-sum test:
W =62,940,317, p = 0.240). This %OC data set formed the basis for our analysis. Additionally, as we (a) did not
identify any systematic differences in overall %OC content between vegetated and unvegetated sediments, and (b)
are primarily interested in large-scale patterns, we chose to treat all data (vegetated and unvegetated) as a single
combined data set in the statistical analysis.

The data set contained 1,171 paired %OC and DBD (g*cm™) measurements, allowing the calculation of OC
standing stocks for the top 10 cm sediment layer by multiplying the weighted average %OC for those data points
by their weighted average DBD. These OC stocks were then related to %OC to evaluate if the relationships for
%0C also applied to OC stocks. However, as DBD was available for only a small subset of the data set, we did not
use these data to estimate OC stocks across the whole study area and instead focused on %OC in our analysis.
Additionally, due to the limited number of OC accumulation rate observations (n = 89), these data were not
incorporated into our analyses of large-scale patterns.

2.2. Comparison of %0OC With Seabed Habitat Classes

To investigate the relationship between seabed types and OC, we combined the European regional seas OC
data set with habitat and substratum layers from the European Marine Observation and Data Network
(EMODnet). Specifically, we assessed whether broad-scale seabed maps for Europe (EUSeaMap; Vasquez
et al., 2023) and the EMODnet Geology seabed map (Kaskela et al., 2019) could reveal differences in the OC
distribution. Two categorical variables were examined: substratum, based on the “Folk 7” sediment classification
plus vegetated habitats (e.g., Posidonia oceanica and other seagrass meadows), and bare sediment biological
zones, defined by the European Nature Information System v2007-11 classification (Davies et al., 2004). Sub-
stratum data were assigned using a hierarchical approach: habitat information from the OC database, followed by
EMODnet Geology, EUSeaMap, and finally local habitat maps. In cases of missing or unlikely data (e.g., rock
collected in sediment cores), alternative data sources were used. Biological zone classification followed a similar
priority order, favoring local habitat maps and EUSeaMap. Data points were plotted in ArcMap 10.1 and spatial
joining was used to extract this information for each individual OC data point. Once this information was merged
into the %OC data set, descriptive statistics and box plots were generated to allow comparison.

2.3. Wave Exposure Model

Wave exposure of areas within 5 km of the shoreline (inshore) for Europe and the Arctic was calculated using
100-m resolution land mass data sets (Burrows et al., 2023). Offshore wave exposure was derived using a 5-km
resolution land mass data set projected using UTM30N for European and Atlantic waters, and a WGS84/Arctic
Polar Stereographic projection for the Arctic. Land cells were identified and excluded from further analysis.
Wave exposure indices were calculated at a fine scale (50-100 m, 1-2 arcseconds) by modeling wave fetch (i.e.,
the distance to the nearest land in all directions) around focal grid cells using a modified version of an earlier
model (Burrows, 2012; Burrows et al., 2008). The model involved searches for the nearest land around each cell
over gridded search domains up to a maximum of 200 km. Initially, the minimum distance to land in each sector to
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the maximum wave fetch was set. For every cell in the search, the distance and angular direction from the focal
coastal cell were calculated. If the cell was a land cell and the distance to that cell was less than the minimum
recorded for that sector, the minimum distance for the sector was updated to the new value. Wave fetch was then
expressed as the summed distance to the nearest land around each point.

2.4. Other Environmental Data

Six environmentally relevant predictor variables for the benthic realm (i.e., along the sea bottom) were extracted
from the Biological and Oceanographic Rasters for Analysis of Climate and Environmental data set (Bio-
ORACLE v3.0; Assis et al., 2024): maximum and minimum bottom water temperature, salinity, seawater speed,
diffuse attenuation coefficient (Kd490; i.e., reduction in light intensity at 490 nm) and dissolved oxygen con-
centrations. These data were augmented with five additional variables: bathymetry (derived from the digital
terrain model of EMODnet), slope, distance to shore, seafloor geomorphic features (Harris et al., 2014) and
average annual surface runoff (Fekete et al., 2002). All environmental layers were resampled to a common
resolution of 0.015° (approx. 1,670 X 1,500 m in the south; 1,670 X 290 m in the north) using bilinear inter-
polation, ensuring smooth transitions by averaging values from the four nearest cells. This approach standardized
spatial resolution while preserving gradients in continuous data. Prior to modeling, Pearson's correlation coef-
ficient was derived between all pairs of predictors to indicate their relationships.

2.5. Statistical Analysis

As the %OC data set was not normally distributed, as determined by the Kolmogorov—Smirnov test, the non-
parametric Wilcoxon rank-sum test was used to assess whether %OC differed between the upper ~2 cm and
deeper sediment layers.

Prior to modeling, a single weighted average of %OC was assigned per 0.015° grid cell by calculating the average
%O0OC of all the data points within each grid cell from the sediment OC data set. This resulted in 9,726 unique sites
with pixel-based %OC, ranging between 0.01% and 18.30%.

The machine learning boosted regression trees (BRT) algorithm was used to model %OC against the set of
predictor variables. This algorithm is renowned for its high performance, scalability, and regularization and
monotonic forcing capabilities, which effectively prevent overfitting (Gouvéa et al., 2024; Lamichhane
et al., 2019). The response variable was the log-transformed %OC (log (%OC + 1e—16)). Positive constraints
were applied for bathymetry, the diffuse attenuation coefficient, minimum and maximum temperature, river
runoff and salinity, whereas negative constraints were applied for dissolved oxygen concentrations, distance to
shore, seawater speed, slope and wave fetch. To assess model robustness and quantify uncertainty, a boot-
strapping procedure (n = 7 iterations) was employed. Within each bootstrap iteration, the data set was randomly
partitioned into training (80%), validation (10%), and independent testing (10%) subsets. Hyperparameter tuning,
a crucial step in machine learning, was performed using a “grid search” (Assis et al., 2022; Gouvéa et al., 2024).
Models were trained with various parameter combinations (learning rate: 0.05—1.0; tree complexity: 2—6; number
of trees: 50-500; minimum number of node partitioning: 1-25) on the training subset and the combination that
maximized performance on the validation subset. A final model for each bootstrap iteration was then trained with
the respective training data sets using these optimized hyper-parameters.

The predictive performance of each final model was assessed on its corresponding independent test set using the
coefficient of determination (R%), Pearson's correlation coefficient (r), and Root Mean Squared Error. Model
interpretation involved calculating the average relative importance of each predictor variable and generating partial
dependence plots for the most influential predictors, averaged across all bootstrap iterations. Finally, an ensemble
prediction approach was used by applying all trained bootstrap models (n = 7) to the aligned environmental
predictor raster stack covering the European regional seas. The pixel-wise average and standard deviation of
predictions across this model ensemble were calculated and mapped to represent the final spatial estimate of %OC
and its associated uncertainty. All analyses were performed in the R programming language (R Core Team, 2023).
The source code is permanently available at https://github.com/jorgeassis/modellingOrganicCarbon.
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Table 1
Descriptive Statistics for the Sediment Percentage Organic Carbon (%OC) Data Included in the Analysis

Organic carbon (in %)

All data <10 cm Bare sediment Posidonia oceania Other seagrass meadows
N 50,541 22,427 21,707 107 613
Min <0.1 <0.1 <0.1 0.1 0.0
Max 22.1 22.1 22.1 13.3 21.0
Average 2.5 2.0 2.0 3.3 2.2
Median 14 1.3 1.3 1.5 0.7
IQR 2.0 2.0 2.0 5.0 2.5

Note. The number of samples (N), minimum (Min), maximum (Max), average, median, and Interquartile Range (IQR) are
shown for all, top 10 cm, bare sediments, as well as Posidonia oceanica and other seagrass meadow sediments.

3. Results
3.1. Sediment Organic Carbon

Focusing on the top 10 cm across the European regional seas, the OC content ranged from <0.1 to 22.1%, with a
median of 1.3% and an average of 2.0%, values consistent with the overall data set representing all sediment
depths (Table 1; Figure S2 in Supporting Information S1). Most samples (97.8%) were collected from areas
classified as bare sediment, whereas smaller proportions originated from seagrass meadows (2.7%, excluding P.
oceanica) and P. oceanica habitats (0.5%). The DBD exhibited an exponential decline with increasing %OC
across the entire data set as well as within individual habitats (Figure 1 and Figure S3 in Supporting Informa-
tion S1). The fitted model tended to overestimate DBD across most of the %OC range, except at very low and very
high %OC where it tended to underestimate (Figure 1 and Figure S3 in Supporting Information S1). The average
calculated marine sediment OC stock in the upper 10 cm was 0.89 kg C per m?, with an interquartile range (IQR)
of 0.25-1.22 kg C per m?, and a maximum stock of 8.75 kg C per m>. The calculated OC stocks were positively
correlated with %OC in the top 10 cm of the sediment (Figure 1 and Figure S3 in Supporting Information S1),
although variability increased at higher %OC levels. Deviation from the regression line in the log-log plot of OC
stocks versus %OC revealed two distinct clusters characterized by high and lower OC content, respectively
(Figure 1 and Figure S3 in Supporting Information S1).

3.2. Organic Carbon Across Habitats

Using the information from EMODnet, we separated the “bare sediments” into six distinct sediment classes and
five biological zones representing the gradual change in environmental conditions with depth (Tables 2 and 3;
Figure 2). For the sediment classes, there was a substantial variability in %OC within each class (Table 2;
Figure 2). Although the average and median were generally comparable, slightly higher average %OC were

”

observed in “P. oceanica,” “‘Seagrass meadow (other),” “mud” and mixed sediments” (Table 2). Similarly, the
%OC content varied considerably across the biological zones (Table 3; Figure 2). Slightly higher average %OC

were found in the “Littoral,” “Infralittoral” and “shallow circalittoral” biological zones (Table 3; Figure 2).

3.3. Wave Exposure Model Results

In this study, wave exposure was calculated for coastal areas within 5 km of the shoreline, which represented 62%
of the sediment %OC sampling points (13,970 out of 22,428). Overall, the geographical patterns of the average
wave fetch index and wave exposure aligned with general expectations. Coastal locations had the highest average
wave fetch values, whereas more wave-protected locations, such as those sheltered by islands or located further
offshore, showed lower values. In particular, inlets and fjords had a notably lower wave fetch index, reflecting
their sheltered position and often being close to more exposed shorelines. Additionally, offshore locations with
greater water depth also tended to have lower wave fetch. The highest wave fetch values were obtained along
straight open coastlines with uninterrupted exposure (Figure S4 in Supporting Information S1).
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Figure 1. Relationships (a) between the percentage organic carbon content (%OC) and dry bulk density (DBD (g cm™>)) and
(b) Log-Log relationship between %OC and calculated OC stocks (kg m~2) are shown. Data from different habitats (bare
sediments, Posidonia oceania and other seagrass meadows) are indicated by color. For habitat-specific (bare sediments,
Posidonia oceania and other seagrass meadows) plots please see Figure S3 in Supporting Information S1.

3.4. Environmental Drivers

Our analysis of the main predictors was based on in situ observations and direct measurements of sediment %OC
(Graversen et al., 2025). While the location of these data points were precise, the EMODnet substrata and habitat
classifications (1:50k; Vasquez et al., 2023) and the environmental predictor variables (5-km resolution; Assis
et al., 2023) were coarser in scale. This difference in spatial resolution is important to consider when interpreting
the variability in %OC as it introduces uncertainty in the obtained results. Specifically, combining point-based
observations with spatially gridded model outputs and climatological data sets could lead to scale-related dif-
ferences, where local heterogeneity in sediment characteristics and environmental conditions is not fully captured
by the larger-scale predictors. The relationship between observed and model-predicted log-transformed %OC
levels showed that the model explained 53% of the deviance (Figure 3). The average relative contribution of each
environmental predictor to explain the large-scale variability in %OC, derived from the BRT analysis, was used to
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Table 2

Descriptive Statistics for the Sediment Percentage Organic Carbon (%0C)
Data per Sediment Class (Folk 7 Classification; See Figure S7 in Supporting
Information S1) and Vegetated Habitat

rank the predictors (Figure 4). The most important predictor was wave fetch
(32% + 1%), followed by the diffuse (light) attenuation coefficient
(14% + 1%), seafloor geomorphic features (10% + 1%), and maximum
temperature (9% + 1%) (Figure 4). Distance from shore, bathymetry, oxygen

Sediment class N  Min Max Average Median IQR  concentrations, and river runoff each explained between 5% and 7% of the
Posidonia oceanica ol 01 154 13 L1 43 variability (Figure 4). All other environmental predictors contributed less than
‘ ' ‘ ' . 5% to the explained variation (Figure 4).

Seagrass meadow (other) 492 0.1 21.0 2.7 1.3 3.1
Mud 2441 <01 168 23 1.9 1.6 To explore the individual effects of these environmental predictors, we
Sy 2192 <01 13.9 15 11 13 constructed partial dependence plots (Figure 5). These revealed that the main
' ’ ’ ' ’ environmental predictor variables (wave fetch, the diffuse attenuation coef-
Muddy sand 2804 <0.1 11.4 1.3 0.8 1.2 . . . .
ficient, seafloor geomorphic features and maximum temperature) had mark-
Sand 2071 <0-1 2.7 18 08 29 edly different impacts on the %OC (Figure 5). Low wave fetch supported high
Coarse sediment 544 <01 69 07 05 08 %OC while increasing exposure led to a gradual decline in %OC, plateauing
Mixed sediment 539 0.1 168 23 1.7 2.3 at high exposures (Figure 5). A higher diffuse attenuation coefficient,
NA 10353 <01 22.1 23 15 22 reflecting more turbid waters, was associated with increasing %OC, also

Note. See Section 2.2 for data sources. The number of samples (V), minimum
(Min), maximum (Max), average, median, and Interquartile Range (IQR) are
shown. NA, sediment class not available.

Table 3

Descriptive Statistics for the Sediment Percentage Organic Carbon (%OC)
in Bare Sediments per Biological Zone (See Davies et al. (2004) for
Definitions of the Biological Zones and Section 2.2 for Data Sources)

reaching a plateau at high levels (Figure 5). %OC decreased gradually with
maximum temperature up to around 25°C, followed by a stepwise decline
until around 29°C (Figure 5). %OC also declined as a function of increasing
distance from shore although it tended to increase with bathymetry toward
deeper seafloor habitats (Figure 5). Higher %OC levels were also coupled with declining oxygen concentrations
and higher river runoff (Figure 5). Differences in seafloor geomorphic features had different effects on the %OC
levels, with basins, canyons and glacial troughs having a minor positive impact, whereas ridges had a negative
impact (Figure 6).

Pearson's correlation matrix showed correlation coefficients (r) between the explanatory variables in our data set,
ranging from O (indicates no linear relationship) to 1 (indicates a perfect positive linear relationship) and direction
() of the relationship between the two variables. The matrix showed intercorrelation among some environmental
predictor variables, such as wave fetch and bathymetry, implying that their impact could be masked because they
both generally change together with distance to shore (Figure 7). This highlights the need to consider these re-
lationships before interpreting potential cause and effect relationships.

The model-predicted map of sediment %OC across European regional seas (Figure 8a) showed higher %OC
levels, especially in coastal regions, including the Baltic Sea, North Sea, Adriatic Sea, Barents Sea, and Black Sea
(Figure 8a). To assess the uncertainty of the model-predicted maps, we calculated the standard deviation across
the seven bootstrap model predictions, with higher values indicating less agreement among models and therefore
higher associated uncertainty. Higher uncertainty, indicating lower model agreement, was observed at the edge of
our study area in the mid-North Atlantic Ocean, in the Black Sea, and especially in inshore regions (Figure 8b).
We also visualized spatial patterns in model error using a raster map of average prediction residuals (observed
minus predicted %0OC), averaged across sample location and bootstrap models (Figure S5 in Supporting Infor-
mation S1). While some individual high residuals were found in the North Sea
and Baltic Sea, no consistent spatial bias was evident. Boxplots of residuals
by European regional seas (Figure S6 in Supporting Information S1) further
confirmed that, although variability exists, there was no systematic over- or
under-prediction in specific geographic areas (Figure S6 in Supporting In-

formation S1). Thus, while the model captured general large-scale patterns, it

Biological zone N Min Max Average Median IQR K K oo C
did not fully account for the very large spatial variability in %OC.
Littoral 2617 <0.1 22.1 2.5 1.7 2.4
Infralittoral 2747 <0.1 16.7 2.5 1.5 32 . .
4. Discussion
Shallow circalittoral 3,256 <0.1  14.8 2.2 1.3 32
Deep circalittoral 8565 <0.1 18.0 18 1.1 16 The capacity of marine sediments to trap and store organic carbon (OC) varies
Deep sea 3036 <01 160 15 14 14 widely acToss both temporal énd spatlal. scales. Th?s varlablll'ty is Flnven bya
complex interplay of geological, physical, chemical and biological factors
NA 2206 <0.1 21.0 2.1 1.2 24

both in the overlying water column and within the sediments themselves

Note. The minimum (Min), maximum (Max), average, median, and Inter-
quartile Range (IQR) are shown. NA, biological zone not available.

(Burdige, 2007a, 2007b). Generally, sediment OC content tends to decrease
with increasing distance from shore and water depth (Burdige, 2007a, 2007b).
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Figure 2. Boxplots of the average percentage organic carbon (%OC) for the top 10 cm sediment per (a) sediment class and
vegetated habitat and (b) per biological zone. The lines in the box plot represent median values, the limits of the boxes
represent 25-75 percentiles, and the whiskers represent the data range. Definitions of the sediment classes and biological
zones are provided in Section 2.2 and Appendix 1 of the Supporting Information S1.

Given the high variability, identifying the key drivers of OC levels across large spatial scales remains a major
challenge. In our analysis, we matched sediment OC data with environmental variables to identify potential large-
scale drivers of OC distribution at the scale of European regional seas. Below, we discuss how the main predictors
identified in our analysis (wave fetch, diffuse attenuation coefficient, seafloor geomorphic features, maximum
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Figure 3. Relationship between the logarithm (Log-Log) of observed and model-predicted sediment percentage organic
carbon (%OC; deviance explained: 0.529).

temperature) may influence sediment OC over these spatial scales, as well as the associated variability and the
potentials and limitations of large-scale models and maps of sediment OC.

4.1. Drivers of Large-Scale Variability

The main predictors of sediment OC content identified in our study were broadly consistent with previous
regional studies from European seas, which highlight hydrodynamic energy, sediment type, and depositional
conditions as key controls (e.g., Diesing et al., 2017, 2025). The importance of wave exposure (estimated from
fetch) found in this study aligns with these previous findings, reflecting the role of low bottom shear stress and
low-energy environments in promoting OC accumulation. However, the relative importance of these predictors
differ between studies, likely due to variations in environmental settings, spatial resolution, and predictor se-
lection. Overall, our results showed that large-scale patterns were mainly governed by interactions between
hydrodynamic conditions, local productivity, sediment properties, and seafloor geomorphology.

Among the environmental predictors analyzed, wave exposure emerged as the single most important factor
explaining variation in sediment OC levels. This intuitively makes sense, as increased wave activity and current
velocity, can hinder deposition, enhance erosion, and promote the degradation of sedimentary OC (de Haas
et al., 2002; Lgnborg et al., 2024; Zhao et al., 2024). Similarly, the influence of seafloor geomorphic features on
%OC levels reflects how the seafloor morphology, including features such as mounds, depressions, and canyons,
impacts water movement and thereby deposition, erosion, and degradation (e.g., Bao et al., 2018; Sun et al., 2024;
Wei et al., 2022). In particular, geomorphic features that reduce hydrodynamic energy and create low-turbulence
zones, such as submarine canyons, can enhance OC retention and accumulation (de Haas et al., 2002; LaRowe
et al., 2020). Therefore, regions characterized by low wave exposure and specific seafloor geomorphic features
tend to exhibit higher sediment OC content, which can be attributed to: (a) increased sedimentation rates allowing
a larger fraction of OC to reach the sediment, (b) reduced resuspension and remobilization of the OC already
deposited which also minimizes physical reworking and oxygen exposure time slowing down degradation (Blair
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Figure 4. Average (in %; +standard deviation) relative importance of different relevant environmental predictor variables
extracted from the Biological and Oceanographic Rasters for Analysis of Climate and Environmental data set (Bio-ORACLE
v3.0) on the sediment percentage organic carbon (%OC) content in European regional seas.

& Aller, 2012), and (c) generally increased water stratification which can promote seasonal hypoxia slowing
down the sediment OC degradation (Lee, 1992).

The observed link between higher light diffuse attenuation coefficients and elevated OC in our analysis may be
explained by several non-exclusive mechanisms. The diffuse attenuation coefficient quantifies the rate at which
light diminishes as it penetrates the water column and is therefore a key determinant of the depth at which
photosynthesis can occur (Kirk, 1994). The coefficient is influenced by the amounts of optically active substances
(e.g., phytoplankton, colored dissolved organic matter, and inorganic particles; Bowers et al., 2004), and diffuse
attenuation typically decreases with distance from shore. Our finding that higher diffuse attenuation (i.e., more
turbid waters), typical of coastal waters, was associated with elevated sediment OC suggests that these areas,
characterized by higher terrestrial inputs and sedimentation rates, tend to accumulate more OC. Additionally,
elevated diffuse attenuation in some offshore regions may reflect localized increased biological activity and
enhanced export production (Buesseler et al., 2007), which could also contribute to higher sediment OC levels
offshore.

Maximum bottom water temperature also emerged as a key environmental predictor in our analysis, with warmer
conditions associated with lower sediment OC content. This relationship was supported by previous studies
showing that temperature influences OC storage both directly and indirectly. In deeper waters, elevated tem-
peratures intensify surface water stratification, thereby reducing the upward movement of nutrient-rich water
from deeper layers into the surface, leading to potential nutrient limitation of primary production, which can result
in a reduced vertical flux of OC to the sediments (Sarmiento et al., 2004). Temperature also affects the rate of
metabolism, composition and productivity of planktonic and benthic communities, which in turn influences OC
delivery to sediments (Gillooly et al., 2001). Moreover, microbial degradation of OC is temperature-dependent,
with higher temperatures increasing the degradation rate of OC (Lgnborg et al., 2018). Temperature also affects
oxygen dynamics both directly, by modulating oxygen solubility, and indirectly, by altering respiration rates and
ocean ventilation (Robinson, 2019). Oxygen availability is an important factor regulating sediment OC
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Figure 5. Partial dependency plots depicting the individual effect of each environmental predictor variable extracted from the
Biological and Oceanographic Rasters for Analysis of Climate and Environmental data set (Bio-ORACLE v3.0) on the

sediment percentage organic carbon (%OC) content in European regional seas.
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of different landscape geomorphic features (abyssal, basins, canyons, escarpments, glacial troughs, ridges, shelves and
slopes) predictor variables on the sediment percentage organic carbon (%OC) content in European regional seas.

degradation, with anoxic conditions (0 pmol O, L™") generally leading to slower and less efficient degradation
compared to oxic conditions (>60 pmol O, L") (Jessen et al., 2017). However, some studies suggest that OC
degradation rates may be similar under oxic and anoxic conditions (Lee, 1992). Overall, our results indicate that
elevated temperatures reduce the sediment OC content. This likely reflects the combined influence of reduced OC
delivery, altered biological production, enhanced macrofaunal bioturbation, microbial degradation, and changes
in oxygen availability. However, our analysis does not allow us to determine the relative importance of these
individual processes on sediment OC.

4.2. Spatial Variability and Relationships

Our map of the spatial distribution of sediment OC content across European regional seas (Figure 8a) clearly
showed that %OC levels were higher in inshore regions compared to offshore regions, with elevated levels in the
Baltic Sea, North Sea, Adriatic Sea, Barents Sea and Black Sea (Figure 8a). These patterns could largely be
explained by nearshore freshwater land runoff and greater inputs of OC from terrestrial sources (Burdige, 2005).
Additionally, coastal waters have higher primary productivity, both planktonic and benthic, largely driven by
nutrient inputs from rivers and in places upwelling (Lgnborg et al., 2021), which increases the flux of OC to
coastal sediments. In contrast, in the open (offshore) ocean, only a small fraction of the OC produced in the sunlit
surface layers reaches the sediment due to longer degradation pathways and physical dispersion (Buesseler
et al., 2007). Furthermore, inshore sediments are more exposed to hydrodynamic forces such as waves, tides, and
currents, which affect the transport, resuspension, deposition and degradation of OC (Bao et al., 2018; de Haas
et al., 2002; Sun et al., 2024). Therefore, our findings, suggest that wave- and current-sheltered environments
(e.g., fjords and bays) have higher sediment OC content, whereas wave-exposed systems (e.g., rocky intertidal
habitats) with frequent resuspension, effective sediment sorting toward coarser material, and larger export, have
lower OC content (Bao et al., 2018; de Haas et al., 2002). Especially high-energy regions, with repeated cycles of
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Figure 7. Pearson correlation matrix between all the tested pairs of environmental predictor variables levels in European
regional seas which were extracted from Bio-ORACLE v3.0. Color indicates correlation strength and positive/negative
direction.

sediment erosion and redeposition, are effective at degrading OC, with studies showing that more than 95% of the
OC supplied by primary production and riverine inputs can be degraded within these systems (de Haas
et al., 2002). The influence of these processes on the sediment OC was also, as discussed above, reflected in the
identified relationship between sediment OC and wave fetch, and to a lesser extent river input, though the latter
only explained a minor part of the observed variability.

The relationship between %OC and OC stocks observed in our study (Figure 1) suggests that %OC may serve as a
coarse proxy for OC storage in sediments across large data sets, especially when levels are relatively low.
However, it does not fully capture OC stocks, as DBD has a strong influence on stock calculations (e.g., Chatting
et al., 2025), which is critical for estimating inventories. Because the OC stocks were calculated from the %OC
and DBD (or the total dry mass of the sediment), they were inherently related. In addition, our study showed large
variability in %OC, and DBD, which varied both spatially and temporally depending on the sediment grain size
and packing, which can be influenced by processes such as wave action and bioturbation (Flemming &
Delafontaine, 2000).

Matching the locations of individual sediment samples with habitat information from broad-scale maps revealed
substantial variability in OC content within each group (Tables 2 and 3; Figure 2). Sediment OC content can vary
considerably over small spatial scales due to factors such as local differences in grain size, hydrodynamic regime,
terrestrial input, organic matter supply, and benthic faunal activity. In addition, the broad-scale habitat and
substrata maps used in this study represent generalized classifications derived from a combination of models,
interpolations, and heterogeneous data sources, which limit their representation of local fine-scale variability or
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patchiness in sediment characteristics. This natural variability, together with the scale mismatch between indi-
vidual sampling points and broad-scale habitat maps, as well as classification uncertainty, likely contributes to the
observed within-class variability and it makes it uncertain when linking sediment OC to mapped seabed habitats.
Sediments associated with P. oceanica and other seagrass meadows had slightly elevated OC levels relative to
other habitats. This observation aligns with previous studies highlighting the role of vegetated marine habitats,
particularly P. oceanica meadows, as important OC stores (e.g., Mcleod et al., 2011). The reason for different OC
storage capacity in vegetated compared to unvegetated areas is because seagrass attenuates wave energy, pro-
motes sedimentation, and thereby regulates sediment properties and facilitates sediment OC storage, while their
roots and rhizomes also stabilize the sediments and reduce resuspension (Vizzini et al., 2019). The ability of P.
oceanica meadows to build up sediments, via vertical growth of the underground structures, makes these
meadows more efficient than other seagrass meadows in storing OC (Fourqurean et al., 2012). However, despite
the generally higher OC content observed in vegetated habitats, our data show considerable variability within
these systems, reflecting local spatial heterogeneity in the conditions. As such, individual sediment samples from
vegetated areas may exhibit OC levels comparable to, or even lower than, those from unvegetated habitats, as
evident in our study (Tables 2 and 3).

4.3. Uncertainties and Variability

Our analysis is based on direct finer scale measurements of sediment %OC (Graversen et al., 2025) combined with
environmental and substrata data, including observations, models and climatology, at much coarser resolution
(Assis et al., 2023; Vasquez et al., 2023). This difference in resolution and data type is important to consider when
interpreting the variability in OC, as they introduce uncertainty in our results. To address this, we early on in our
machine learning analysis tested if using a finer (200 vs. 1,000 m pixels; data not shown) resolution would
improve the predictions. While the overall drivers, trends and conclusions were comparable for both resolutions,
the model error increased at a finer scale. Because the visual fit of modeled versus measured OC increased with a
coarser resolution, this was used in our analysis.

Model predictions of sediment OC showed spatial differences in the uncertainty, with higher uncertainties
observed in the North-East Atlantic Ocean, the Black Sea, and inshore regions. The higher uncertainty in the
North-East Atlantic Ocean and Black Sea is likely due to the limited availability of sediment OC data, which
increases uncertainty in the model predictions. In contrast, higher uncertainty observed in coastal areas is likely
linked to factors such as the naturally high environmental variability, differences in OC inputs and dominant
habitat, which result in larger sediment OC variability and consequently model uncertainty. Despite this vari-
ability, the model did not show any systematic over- or under-prediction in any specific geographic region
(Figure 8). This suggests that the model effectively captures broad scale patterns, but is unable to fully account for
the very large spatial variability in sediment OC levels.

An important factor known to influence sediment OC levels is the composition of inorganic particles (e.g., clay,
silt, carbonates) (Keil & Mayer, 2014). Unfortunately, we were unable to include this in our analysis due to the
limited amounts of data (only 8.7% of the OC observations contained information regarding grain size). Clay
particles, owing to their high surface area, have a greater capacity to absorb organic matter, often resulting in
elevated sediment OC levels, as also shown for our mud sediment class (Table 2). In contrast, sediments
dominated by sand typically exhibit lower OC content due to their reduced surface area and weaker adsorption
potential, as also evident for our “coarse sand” sediment class (Table 2). Adsorption of OC onto mineral surfaces
can protect organic matter from microbial breakdown and thereby enhance OC preservation. Inorganic mineral
composition also influences sediment redox gradients and oxygen accessibility, both of which influence OC
degradation. These factors were not directly considered in our analysis. However, the distribution, transport, and
deposition of inorganic particles are influenced by factors such as wave fetch and sediment class already
considered in our analysis. Thus, some of the effects of mineral composition may be indirectly captured through
these broader environmental variables. It is also important to recognize that sediment OC content can vary due to
local-scale factors not accounted for in our analysis. For example, the presence of bioturbating organisms can
increase sediment oxygen uptake and permeability, thereby reducing OC and the accumulation of reduced
compounds in sediment pore water (Volkenborn et al., 2007).

Our study provided a reasonable assessment of the main drivers and patterns of sediment OC content across
European regional seas. This information is particularly valuable in the context of proposing large networks of
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MPAs, where protecting OC-rich sediments can help ensure long-term OC retention as one component of MPA
priorities. However, OC content alone is insufficient to inform conservation prioritization and management of OC
retention. As areas with higher and lower OC will represent habitats with different species, and conservation aims
to protect all species, areas with high OC can only include a subset of the fauna and flora. Indeed, some areas with
high OC may be hypoxic or anoxic, and thus have low biodiversity. Factors such as OC reactivity, OC accu-
mulation rates, OC stocks (requiring associated information on DBD), existing anthropogenic pressures, recovery
potential, and interactions with biodiversity are also critical when evaluating the effectiveness of measures such as
MPAs. Additionally, the spatial resolution and associated uncertainty of the underlying data should be consid-
ered, as management decisions are often made at scales that may not align with the data used in this analysis. Our
findings also have implications for management relating to the sensitivity of sediment OC to climate change, such
as rising sea levels and temperatures, and to damaging human activities such as bottom trawling and dredging,
which can impact sediment OC (Epstein et al., 2022; Lgnborg et al., 2024). However, it is important to note that
our analysis focused on large-scale patterns and found high local-scale heterogeneity. As such, local biological
and environmental influences, including variations in species abundance, hydrodynamics, microclimate, and
geomorphology, are not fully captured. Therefore, caution is required when applying these findings to smaller
site-specific management contexts.

To improve the mapping and prediction of controls on sediment OC, we suggest that future data sets should
include additional ancillary data such as DBD and sediment nutrient content (nitrogen and phosphorus). These
variables are often lacking but are important for providing a better process understanding and improving model
performance. Furthermore, the use of more advanced algorithms (e.g., Al-based approaches) could refine OC
predictions.

5. Conclusions

Our results demonstrate that the primary environmental predictors of sediment OC at large spatial scales are wave
exposure, light transparency, seafloor geomorphic features, and maximum temperature. The highest OC contents
were generally observed in P. oceanica and other seagrass meadows as well as in mud, and mixed sediment
substrata. The predicted sediment OC across European regional seas indicated elevated levels, particularly in
inshore areas and in the Baltic Sea, North Sea, Adriatic Sea, Barents Sea, and the Black Sea. Therefore, OC rich
spots tend to occur in inshore regions characterized by low wave exposure and colder temperatures, in vegetated
habitats and in submarine canyons.
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