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Abstract: Shallow, semi-enclosed coastal systems are particularly prone to eutrophication. Depend-
ing on local site conditions and historical nutrient legacies, sea-based measures might be necessary in
addition to land-based nutrient removal. In this study, C:N:P ratios were combined with open-source
bathymetric information and linked with the prevailing geomorphological and sedimentological
regimes to gain insights into nutrient hotspots and understand their sources and fate in coastal
waters. Land-based sediment samples were taken behind outlets at three sites in Eckernförde Bay
(Baltic Sea), and complemented with ship-based sampling at locations approximately 8 m and
12 m water depth. The total carbon, nitrogen and phosphorus concentrations in surface sediments
increased at deeper sites. This suggests that an increased downslope particle transport and deposi-
tion regime, based on local geomorphology, might influence nutrient hotspots to a larger extent than
proximity to sources (e.g., outlets). Overall, the recorded C:N ratios (mean = 28.12) were closer to
the ratio of terrestrial plants than those of marine phytoplankton, indicating allochthonous sources
of organic matter.
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1. Introduction

Shallow, semi-enclosed coastal systems, including lagoons and transitional waters,
provide a variety of ecosystem services while being subject to various kinds of anthro-
pogenic pressures at the same time [1]. Eutrophication, defined as the increased rate of
primary production and accumulation of organic matter, remains a lasting challenge in
these ecologically and economically important ecosystems [1,2]. Eutrophication results
from excess inputs of nitrogen and phosphorus. However, in semi-enclosed systems,
the problem is aggravated by enhanced water residence time [3,4]. The resulting al-
gal blooms limit light penetration and reduce water transparency, and adverse impacts
of eutrophication can range from the die-off of submerged vegetation and the devel-
opment of anoxic zones to mass fish mortality [5]. Oxygen depletion is intensified if
calm and warm conditions prevail and mixing through waves, currents or turbulence is
low [6–8].

In order to reduce nutrient loads and manage coastal water systems, it is necessary
to identify the nutrients’ origins, i.e., allochthonous or autochthonous [9,10], and adjust
potential mitigation measures accordingly. In shallow, semi-enclosed coastal systems, the
sediment surface area to water volume ratio is high. Major biogeochemical processes
take place at the water–sediment interface, and sediments are sensitive components that
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can act as triggers for processes in the water column [1,11]. However, the monitoring
focus remains often on the water column and less on the sediment. Yet, sediment data, in
particular, could be helpful in gaining a better understanding of system dynamics. The
ratios of carbon, nitrogen and phosphorus have been widely used as source indicators
of organic matter in a variety of coastal waters with salinity gradients, e.g., [10,12–14].
Redfield et al. (1963) [15] showed that marine phytoplankton has a C:N ratio of 6.6:1
and a C:P ratio of 106:1. In contrast to this, C:N ratios for terrestrial plants with soft
tissue range from 10:1 to 110:1 and C:P ratios range from 300:1 to 1300:1 [16]. Stable
isotopic analyses are another important source of information beyond elemental ratios
that could reduce uncertainties regarding nutrient sources. However, decision-makers
must weigh cost-benefit analyses that include individual financial feasibility and the
availability of laboratory equipment. Thus, simple information on nutrient concentrations
in sediments and their ratio in combination with bathymetric data could be a first step
in supporting coastal nutrient management. The geomorphology and hydrodynamic
environments impact land–sea material transport processes. Fine-grained particles, often
richer in phosphorus and organic matter, tend to be transported in suspension and settle
in deeper, quieter areas [17].

The objectives of this study are (1) to determine total phosphorus (P), total nitrogen (N)
and total carbon (C) concentrations in surface sediments of a shallow, semi-enclosed coastal
system along the Baltic Sea (Eckernförde Bay), (2) to characterize C:N:P ratios along land-
to-sea transects, and (3) to derive indications for potential nutrient hotspot areas from
bathymetric data. The goal is to gain first insights into land-to-sea trends and approach
the question of whether autochthonous or allochthonous sources are dominant in this
transitional waterbody.

2. Materials and Methods
2.1. Study Site

Eutrophication and hypoxia remain major environmental challenges in the Baltic Sea
region [18]. The Baltic Sea is a geologically young, non-tidal shallow sea with an average
depth of 52 m [19–21]. It is a brackish sea with strong salinity gradients from west to east,
lowering the biodiversity towards the east [22]. Residence time for the water in the Baltic
is long (~35 years) and sporadic inflows of saline and oxygen-rich water from the North
Sea are particularly important for bottom water conditions [23,24]. Morphological shaping
during the last glaciation resulted in the formation of shallow bays, lagoons and estuaries
along the German coast [25]. This study focuses on Eckernförde Bay in Schleswig-Holstein,
Germany, and investigates carbon, nitrogen and phosphorus nutrient concentrations along
land-to-sea gradients behind three outlets: Hemmelmarker See, Goossee and Aschauer
Lagune (Figure 1). As a result of shore-parallel sediment transport, spit formation in
Eckernförde Bay started and former lagoons, like the Hemmelmarker See and the Goossee,
were cut off from Baltic influences [26]. The sizes of the catchment areas are 7.34 km2

for the Hemmelmarker See, 11.61 km2 for the Goossee and 44.7 km2 for the Aschauer
Lagune [27,28]. All sites suffer from eutrophication [26], and outlets are still a major
pathway for phosphorus inputs [29]. Another important nutrient pathway in the region is
groundwater inflow [29,30] and more than 22% of the seafloor of Eckernförde Bay is affected
by freshwater and active fluid venting [31]. Major phytoplankton blooms in Eckernförde
Bay generally occur in early spring and autumn, while minor blooms are observed during
summer [32–34]. Eckernförde Bay also suffers from seasonal hypoxia and associated fish
kills [35].
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F) was provided by the Federal Maritime and Hydrographic Agency of Germany (German: Bun-

desamt für Seeschifffahrt und Hydrographie, BSH). Background maps were provided by Open 

Street Map. 
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Figure 1. Overview of study sites. Sampling (red dots) took place along land-to-sea transects
at Eckernförde Bay, a shallow, semi-enclosed coastal water system in the Baltic Sea (A,B). Surface
sediments were taken directly behind the outlets of the Goossee, the Hemmelmarker See and Aschauer
Lagune (3 replicates each) at shallow water depths (<8 m depth, 3 replicates each) and a little deeper
(<12 m depth, 3 replicates each). Photos in (C) show outlets. Bathymetry with a 10 m resolution
(D–F) was provided by the Federal Maritime and Hydrographic Agency of Germany (German:
Bundesamt für Seeschifffahrt und Hydrographie, BSH). Background maps were provided by Open
Street Map.

2.2. Sediment Sampling Taking into Consideration Local Bathymetry

Surface sediment samples were taken along land-to-sea gradients in Eckernförde Bay
at three sites: (1) the outlet Hemmelmarker See, (2) the outlet Goossee and (3) the outlet As-
chauer Lagune (Figure 1). At each site, samples were taken behind the outlet (3 replicates),
in <8 m water depth (3 replicates) and in <12 m water depth (3 replicates), resulting in a total
of 27 samples. Ship-based sediment samples during R/V Littorina cruise L1022a were taken
with a Van Veen Grab on 6 July 2022. In addition, freely available bathymetry provided by
the Federal Maritime and Hydrographic Agency of Germany was used to choose suitable
sites at the transition from very shallow to deeper waters (Figure 1D–F). This approach is
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transferable to other coastal waters, and bathymetric data inter alia for European waters
is available at https://emodnet.ec.europa.eu/en/bathymetry (accessed on 20 April 2023),
and for U.S. waters at https://woodshole.er.usgs.gov/data/submergedlands/ (accessed
on 20 April 2023). Furthermore, the National Oceanic and Atmospheric Administration is
the primary source of bathymetric data for the world’s oceans (https://www.ncei.noaa.
gov/products/seafloor-mapping, accessed on 20 April 2023). Physical description of mean
grain size and sorting (after Folk and Ward 1957) based on data from the Federal Maritime
and Hydrographic Agency of Germany is for all sites fine silt, moderately sorted. Overall,
for the Eckernförde Bay, a wave-dominated basin, the grain size distribution in surface sedi-
ments follows the bathymetry with medium to fine sands on slopes and marine mud below
the wave base [36]. For land-based sampling on 10 July 2022, a Hydrobios stainless-steel
corer was used. All sampling sites were not vegetated (neither by seagrass nor by emergent
or submerged macrophytes behind the outlets). The samples were sieved (<2 mm), dried
at 40 ◦C and ground. The total carbon and total nitrogen were quantified by combustion
in a CN Analyzer (Euro EA 3000). Samples were not treated with acid; thus, carbonates
could contribute to the total carbon concentrations and we measured total carbon (not or-
ganic carbon). The total phosphorus was analyzed by photometric determination (Specord
50 Plus, Analytik Jena GmbH+Co. KG, Jena, Germany) of phosphorus based on DIN EN
ISO 6878 after acid (HNO3) microwave digestion (MARS 6). Following Qu et al., 2014 [37],
the total carbon, nitrogen and phosphorus concentrations (mg kg−1) were transformed to a
unit of mmol kg−1 and C:N, C:P and N:P ratios were calculated as molar ratios rather than
mass ratios.

2.3. Statistical Analysis

All statistical analyses were conducted in R version 4.1.3 (www.r-project.org, accessed
on 20 April 2023). For the correlation matrix, Spearman’s rank correlation coefficient was
used as the data was not normally distributed and thus the preconditions for Pearson’s
correlation coefficient were not given (R package ‘corrplot’ [38]). The Kruskal–Wallis test
was used to compare C, N and P concentrations and ratios within and across groups.
This test is used when the requirements for an analysis of variance are not met. Pairwise
group comparisons were conducted using the Wilcoxon test in a post-hoc analysis (p value
adjustment method: Bonferroni).

3. Results

Overall, the total carbon, nitrogen and phosphorus concentrations are higher at deeper
sites compared to land-based samples, with the highest values at the deep Aschau site and
the lowest behind the outlet at the Aschauer Lagune (Table 1, Figure 2). Carbon, nitrogen
and phosphorus concentrations are strongly correlated (Figure 3). Comparisons across
groups showed that there were no significant differences between sites considering only the
labels ‘Aschau, Goossee, Hemmelmark’ (Kruskal–Wallis test, p-values all >0.05). However,
there were significant differences for C, N, P concentrations concerning the distance from
land (p-values all <0.05). Pairwise post-hoc comparisons using the Wilcoxon rank sum test
showed that, for C, N, P concentrations, the sites at <12 m water depths always differed
significantly from the sites behind the outlets, whereas, for N, the site at <8 m water depth
differed significantly from the land-based samples.

C:N:P ratios are shown in Table 2 (for comparison data, see Table 3). The Spearman’s
correlation matrix (Figure 3) shows a significant positive correlation between the C:P and
N:P ratios, whereas the C:N ratio is negatively correlated with the N:P ratio. Regarding the
ratios, there were no significant differences between sites nor between distances to land
(Kruskal–Wallis test, p-values all >0.05). A sole exception was the N:P ratio where the sites
at <12 m water depths differed significantly from the sites behind the outlets (Wilcoxon
rank sum test, p < 0.05).

https://emodnet.ec.europa.eu/en/bathymetry
https://woodshole.er.usgs.gov/data/submergedlands/
https://www.ncei.noaa.gov/products/seafloor-mapping
https://www.ncei.noaa.gov/products/seafloor-mapping
www.r-project.org
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Table 1. Mean carbon, nitrogen and phosphorus concentrations with standard deviations for all sites
sampled.

Site Bathymetry C [%] N [%] P [%]

Aschau (behind outlet) 0.092 ± 0.018 0.009 ± 0.002 0.007 ± 0.001
Aschau <8 m 2.970 ± 0.333 0.176 ± 0.016 0.046 ± 0.001
Aschau <12 m 2.656 ± 0.119 0.119 ± 0.015 0.043 ± 0.002
Goossee (behind outlet) 0.589 ± 0.034 0.013 ± 0.002 0.019 ± 0.001
Goossee <8 m 0.093 ± 0.014 0.011 ± 0.002 0.016 ± 0.001
Goossee <12 m 0.948 ± 0.073 0.038 ± 0.006 0.025 ± 0.004

Hemmelmark (behind outlet) 0.405 ± 0.017 0.008 ± 0.001 0.022 ± 0.005
Hemmelmark <8 m 1.271 ± 0.694 0.072 ± 0.026 0.029 ± 0.005
Hemmelmark <12 m 1.865 ± 0.372 0.102 ± 0.015 0.041 ± 0.002
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Figure 2. Total carbon (A), total nitrogen (B) and total phosphorus (C) concentrations [%] in surface
sediments at three different sites (from left to right: Aschau, Goossee, Hemmelmark) and three
different distances from the outlets at Eckernförder Bay, Baltic Sea. In each plot, the left box shows
the most distanced location with <12 m water depth (dark blue), the middle box shows the site with
water depths <8 m (turquoise) and the right box shows the sediment samples directly behind the
outlets (green).

Table 2. Summary of sediment C, N and P stoichiometry in Eckernförder Bay, Baltic Sea. RCN = Carbon:
Nitrogen ratios, RCP = Carbon: Phosphorus ratios, RNP = Nitrogen: Phosphorus ratios, RCNP = Carbon:
Nitrogen: Phosphorus ratios. All ratios were calculated as molar ratios (atomic ratios) rather than mass
ratios (cf. Qu et al., 2014).

Site Bathymetry RCN RCP RNP RCNP

Aschau (behind outlet) 12.50 ± 1.77 13.44 ± 0.54 2.85 ± 0.54 13.4:2.9:1
Aschau <8 m 19.64 ± 0.79 63.96 ± 4.49 8.40 ± 0.45 63.9:8.4:1
Aschau <12 m 26.16 ± 1.97 61.61 ± 2.15 6.11 ± 0.52 61.6:6.1:1
Goossee (behind outlet) 55.34 ± 8.47 30.37 ± 2.14 1.45 ± 0.25 30.4:1.5:1
Goossee <8 m 9.49 ± 0.31 5.66 ± 0.61 1.54 ± 0.13 5.7:1.5:1
Goossee <12 m 29.13 ± 2.63 37.83 ± 3.99 3.35 ± 0.20 37.8:3.4:1
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Table 2. Cont.

Site Bathymetry RCN RCP RNP RCNP

Hemmelmark (behind outlet) 59.74 ± 7.92 19.37 ± 3.52 0.87 ± 0.26 19.4:0.9:1
Hemmelmark <8 m 19.67 ± 3.45 41.88 ± 13.28 5.36 ± 0.84 41.9:5.4:1
Hemmelmark <12 m 21.39 ± 3.55 44.89 ± 6.05 5.46 ± 0.47 44.9:5.5:1
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of circles represent correlation coefficients. Spaces with non-significant coefficients were left blank
(confidence level of 0.95). R package corrplot was used (Wei and Simko 2021).

4. Discussion
4.1. Source and Fate of Nutrients

Total carbon, nitrogen and phosphorus concentrations in surface sediments at Eck-
ernförde Bay increased at deeper sites compared to land-based samples behind outlets
(Table 1). This suggests that oceanographic regimes and geomorphological structures might
drive nutrient deposition instead of solely proximity to nutrient sources (e.g., outlets). The
modelled residence time of water parcels at the sampled sites in Eckernförde Bay varies
between 21 and 42 days depending on the season [35]. Bathymetry (Figure 1) helps to
analyze the current geomorphology and to identify preferred mass transport pathways
and deposition opportunities. Surface sediment distribution and mean grain size follow
the bathymetry [36], and the deepest area of Bay (26–28 m), where we did not sample, is
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covered by mud [31]. Thus, nutrient and organic matter concentrations might even increase
with increasing depth and decreasing sediment grain size. In the area under consideration,
there are neither sufficiently accurate wave data nor sediment transport measurements
available to make any statements about the annual mean sediment transport [26]. However,
dominant, local sediment transport behind the three outlets is parallel to the shoreline
with minor transport from land-to-sea at the Aschauer Lagune and the Hemmelmarker
See but not at the Goossee [39]. This might explain why nutrient concentrations in surface
sediments were always higher at the deeper sites of Aschau and Hemmelmark and why
this signal was not as pronounced for Goossee. Nutrient loads in the watershed are still
high and outlets represent a major nutrient source [29]. However, directly behind the
outlets at all three sites, the high nutrient input is not reflected in the sediment. Possibly,
nutrients are translocated away from sources and deposited under calmer conditions at
deeper sites. A similar land-to-sea pattern was observed by Emeis et al., 2000 [40], where
maximum phosphorus concentrations were recorded in the deeper waters of the Gulf of
Gdańsk (Baltic Sea), whereas, close to the coast, phosphorus concentrations were much
lower. The outlets of Aschau and Goossee are regulated by sluice gates, whereas water from
the Hemmelmarker See is channelized below ground via a concrete culvert (see photos
in Figure 1C). Flow velocity is enhanced in these strongly altered outlets compared to
naturally developed river mouth estuaries with wetlands. Due to longer water residence
times, wetlands are generally more efficient in nutrient retention than streams [41], and
restoration measures should regard the hydrological connectivity of streams and wetlands
in terms of nutrient retention [42].

Table 3. Comparison data for C:N:P ratios from studies conducted with surface sediments in coastal
waters. Comparison data is listed in descending order based on C:N values. * Values averaged over
all sites.

Study Site RCN RCP RNP Source

Eckernförde Bay, Baltic Sea, Germany
(coastal waters close to outlets) 28.1 35.5 3.9 This study *

Yellow River Delta, Yellow Sea, China
(at farmland converted into wetland) 40.5 71.2 2.0 Qu et al., 2014 [37]

Yellow River Delta, Yellow Sea, China
(at newly formed wetland) 26.5 42.6 1.6 Qu et al., 2014 [37]

Gulf of Trieste, Northern Adriatic Sea, Italy 13.3 563.0 Faganeli et al., 1988 [43]
Darss-Zingst-Bodden Chain, Baltic Sea, Germany (at

reed fringe zone, Dabitz) 11.4 112.6 25.4 Karstens et al., 2016 [44]

Bothnian Sea, Baltic Sea, Sweden 11.4 78.0 6.8 Carman and Cederwall 2001 [45]
Bothnian Bay, Baltic Sea, Sweden 11.2 90.6 8.1 Carman and Cederwall 2001 [45]

Nakaumi, coastal lagoon, Sea of Japan, Japan 10.2 143.0 14.2 Yamamuro 2000 [46]
Shinji, coastal lagoon, Sea of Japan, Japan 9.6 89.0 9.3 Yamamuro 2000 [46]

Gulf of Finland, Baltic Sea, Finland 9.6 68.7 7.2 Carman and Cederwall 2001 [45]
Pojo Bay, Baltic Sea, Finland 9.6 51.0 Heiskanen et al., 1999 [47]

Shallow part of the Gulf of Gdansk, Baltic Sea, Poland 9.3 82.2 Łukawska-Matuszewska and Bolałek 2008 [48]
Baltic proper, Baltic Sea, Sweden 9.2 118.8 12.9 Carman and Cederwall 2001 [45]

Pomeranian Bight, Baltic Sea 8.7 93.0 10.7 Emeis et al., 2000 [40]
Darss-Zingst-Bodden Chain, Baltic Sea, Germany (at

reed fringe zone, Michaelsdorf) 8.6 145.7 43.9 Karstens et al., 2016 [44]

Deeper part of the Gulf of Gdansk, Baltic Sea, Poland 8.2 560.7 Łukawska-Matuszewska and Bolałek 2008 [48]
Daya Bay, South China Sea, China 7.7 49.7 6.5 Chen et al., 2021 [49]

Nutrients in coastal waters are derived from a variety of sources, including allochtho-
nous input from the watershed via outlets or autochthonous sources from planktonic and
benthic primary production [46]. Organic matter degradation enhances oxygen depletion
and can amplify eutrophication problems; thus, identification of potential sources is impor-
tant for managing coastal water systems [47]. C:N ratios at our study sites were highest
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close to the outlets of the Goossee and Hemmelmarker See, which may be attributed to a
higher proportion of land-derived organic matter (cf. [40]). Overall, the recorded C:N ratios
were closer to the ratio of terrestrial plants (10–100, [16]) than those of marine phytoplank-
ton (6.6:1, [15]) for both sea-based and land-based samples. Comparison data from surface
sediments in other shallow, semi-enclosed coastal systems (Table 3) show a wide range
of C:N ratios from 8.2 up to 40.5. Our C:N:P ratios were closest to those of newly formed
wetland sites in the Yellow River Delta, underlining the terrestrial influence. However,
this signal could not be observed for C:P or N:P ratios (Table 2). Thus, the interpretation
of C:N:P ratios as a proxy to explain the source of organic matter (autochthonous vs. al-
lochthonous) is more complex. Phosphorus is a redox-sensitive element: Under anoxic
conditions, bacterial sulphate reduction stimulates iron reduction and leads to phosphorus
release from the sediment to the water column [50–53]. The transition from oxic to anoxic
conditions at deeper, calmer sites, and fine-grained sediments and the associated redox-
sensitive phosphate release could result in increasing N:P and C:P rations, as observed
at our study sites in the deeper areas. Anoxia and bacterial sulphate reduction prevail
in most of the sediments in Eckernförde Bay [54]. A similar pattern was detected in the
Gdansk and the Gotland Basin of the Baltic Sea, where increases in C:P sediment ratios
indicated phosphate losses from the sediment ([40,48]; Table 3). The release of phosphorus
from anoxic sediments in the deeper Baltic Sea like the Gotland Basin was identified as
a major source of phosphorus [40]. Our ability to control this driver of re-eutrophication
is limited as anoxia in the deeper Baltic Sea is primarily influenced by salt water inflows
from the North Sea [55]. The results of this study show that the problem of phosphorus
reflux might not be limited to very deep areas but could also occur in coastal waters, which
require different management options.

4.2. Management Implications

A remarkable long-term time series station in Eckernförde Bay (Boknis Eck) provides
a record of oxygen, nutrient and chlorophyll-a concentrations in the water column since
1957. Bottom water oxygen concentration continues to decline, although measured nutrient
and chlorophyll-a concentrations decreased [56]. It is argued that hypoxic conditions
in Eckernförde Bay are correlated with the high variability in wind-driven ventilation
rather than with a high variability in local respiration [35]. However, measurements at
Boknis Eck are conducted monthly and only in the water column: event-based phosphorus
pulses from anoxic sediments could be missed and thus eutrophication dynamics would be
misinterpreted. In the case that phosphorus release from anoxic sediments is a significant
source and driver of re-eutrophication, sea-based nutrient reduction measures would be
needed in addition to land-based measures.

For coastal waters, sea-based mitigation measures (also known as an ‘end-of-pipe
solution’) have been actively debated in recent years, e.g., [57–59]. Sea-based mitigation
measures are usually differentiated into hydrological engineering (e.g., manipulating water
residence time), geoengineering (e.g., aluminum injections in sediments) and ecological
engineering (e.g., mussel, algae or macrophyte culture) [60]. Ecological interventions that
generate habitats, such as the restoration of Zostera marina meadows or creating reefs
as habitats for Fucus spp., target not only nutrient reduction but offer other co-benefits
like carbon storage or wave attenuation [61]. The land–sea interface should be at the
center of restoration strategies. The connectivity of streams and their wetlands plays
an important part in the nutrient retention capacity [62]. Technological structures that
restrict the ecological connectivity between streams and wetlands, such as pipes or culverts,
need to be removed. Near-natural watercourse development and estuary formation with
open coastal wetlands should be initiated in order to partially restore biogeochemical
functioning [63]. Both seagrass meadows (Zostera marina) as well as coastal reed beds
(Phragmites australis) are typical Baltic ecotones, also found along the Eckernförde Bay, that
link terrestrial and aquatic ecosystems [64,65]. Land- and sea-based restoration actions are
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always connected due to reciprocal matter exchange and management of vegetative systems
should be a centerpiece not only with regard to biodiversity and blue carbon debates
but also with respect to eutrophication mitigation. Nutrient concentrations in surface
sediments and C:N:P ratios together with bathymetric data are first steps to approaching
the question of source and fate of organic matter and to identifying restoration hotspots.
However, resolution in this study was limited to 10 m and a higher resolution would be
more suitable to precisely identify local depositional regimes and sedimentation sinks. If
possible, studies using multiple tracers, such as elemental ratios in combination with stable
isotopic signatures, should be added to reduce uncertainties [16].

5. Conclusions

Our study results showed that total carbon, nitrogen and phosphorus concentrations
in surface sediments at Eckernförde Bay increase at deeper sites compared to land-based
samples behind stream outlets. High nutrient loads in the watershed and nutrient export
via outlets are not reflected in the sediment directly behind the outlets of the Goossee,
Hemmelmarker See and Aschauer Lagune. Nutrients might be translocated away from
sources and deposited under calmer conditions at sink sites. Overall, the recorded C:N
ratios were closer to the ratio of terrestrial plants than those of marine phytoplankton,
indicating allochthonous sources of organic matter. The interpretation of C:P or N:P ratios
is more complex: Phosphorus is a redox-sensitive element and is released again from
sediments under anoxic conditions. The transition from oxic to anoxic conditions at deeper,
calmer, finer-grained sites and the associated redox-sensitive phosphate release could
result in increasing N:P and C:P ratios. Thus, the problem of legacy phosphorus in the
Baltic is not limited to very deep areas like the Gotland Basin. This could be regarded
as a chance to test sea-based nutrient removal measures, which might be more realistic
and more feasible in shallow waters than deep waters. Merging interdisciplinary datasets
supports the identification of suitable sites for different restoration strategies, such as the
creation of Phragmites wetlands at restored estuaries and Zostera marina meadows in shallow
waters or reefs in deeper areas as habitats for Fucus spp. Linking regional, high-resolution
land-to-sea bathymetry with hydrodynamic data in the next phase could provide a deeper
understanding of geomorphological structures, sediment transport pathways and local
sedimentation sinks.
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