
Frontiers in Marine Science

OPEN ACCESS

EDITED BY

Nathan John Waltham,
James Cook University, Australia

REVIEWED BY

Rene Friedland,
Leibniz Institute for Baltic Sea Research
(LG), Germany
Jan Vanaverbeke,
Royal Belgian Institute of Natural
Sciences, Belgium
Arthur Capet,
University of Liège, Belgium

*CORRESPONDENCE

Knut Heinatz

knut.heinatz@studium.uni-hamburg.de

SPECIALTY SECTION

This article was submitted to
Global Change and the Future Ocean,
a section of the journal
Frontiers in Marine Science

RECEIVED 13 October 2022

ACCEPTED 30 December 2022
PUBLISHED 16 January 2023

CITATION

Heinatz K and Scheffold MIE (2023) A first
estimate of the effect of offshore wind
farms on sedimentary organic carbon
stocks in the Southern North Sea.
Front. Mar. Sci. 9:1068967.
doi: 10.3389/fmars.2022.1068967

COPYRIGHT

© 2023 Heinatz and Scheffold. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

TYPE Brief Research Report

PUBLISHED 16 January 2023

DOI 10.3389/fmars.2022.1068967
A first estimate of the effect
of offshore wind farms on
sedimentary organic carbon
stocks in the Southern North Sea

Knut Heinatz* and Maike Iris Esther Scheffold

Institute of Marine Ecosystem and Fishery Science, University of Hamburg, Hamburg, Germany
Offshore wind farms (OWFs) can increase the transfer and stock of organic carbon

(OC) in the surrounding sediments during their operational phase, while their

construction and decommissioning release carbon. To answer the question

whether sediments of OWFs trap more OC than they release, we estimate the

net carbon effect over the entire life cycle (construction, operational and

decommissioning phases) of OWFs in the Southern North Sea. Based on existing

studies we compare the increased OC flux due to the colonization of organisms at

the foundations of wind turbines and the OC loss due to sediment-disturbing

activities during construction and decommissioning. Our results show that the

areal intensity of carbon release in the disturbed areas is about 43.5 times higher

than that of carbon trapping in the entire area of the OWFs. However, since the

disturbed areas only account for about 0.50 ± 0.06% of the total area of the OWFs,

in absolute terms about 4.6 ± 1.4 times more carbon is trapped in the sediment of

the OWFs than is released. Due to limited data availability and the resulting need for

extensive assumptions, our estimates only represent orders of magnitude. We

therefore provide sensitivity estimates that define the limits of our calculations in

terms of disturbance depth, remineralisation ratio, scour protection measures and

heterogenous OC contents. In addition, we identify shortcomings of our

extrapolation. Further research, especially more advanced impact assessments

of construction and decommissioning processes must follow to improve the

understanding of impacts of OWFs on sedimentary OC.

KEYWORDS

construction phase, decommissioning, operational phase, wind park, offshore wind
turbine (OWT) monopile, sediment disturbance, enviromental impacts
Introduction

The global solar and wind energy sectors, including offshore wind, are booming (Mangi,

2013; Szulecki et al., 2016; Voormolen et al., 2016), as the expansion of these renewable

energy sources is necessary to ensure compliance with the Paris Climate Agreement (United

Nations, 2015). In the European Union (EU), the number of offshore wind farms (OWFs) is

expected to increase 40-fold by 2030 (Global Wind Energy Council, 2015), with most of these
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OWFs built on the sediments of the continental shelf of the North Sea.

Continental shelf sediments are globally significant CO2 storage areas

and potentially provide an important, yet largely overlooked, climate

regulation service via the Earth’s carbon cycle (Diesing et al., 2017;

Smeaton et al., 2021). Hence, it is crucial to understand how OWFs

impact shelf sediments such as those of the North Sea and whether

they increase or decrease sedimentary carbon stocks.

There is growing evidence that OWFs affect the physical

properties of the water column (Broström, 2008; Christiansen et al.,

2022) and the sediment (Hiscock et al., 2002; Ivanov et al., 2021), as

well as the benthic fauna (Coates et al., 2014; Degraer et al., 2020) in

their immediate surroundings, potentially altering the natural carbon

stocks in the sediment. For instance, the presence of turbine

foundations introduces artificial hard substrate into areas of natural

soft bottom, creating a new type of habitat (Krone et al., 2013). This

new habitat, the foundations, is rapidly colonized by epifaunal

communities consisting mainly of suspension feeders, in the North

Sea most notably the blue mussel Mytilus edulis, which accounts for

up to 90% of the biomass of epistructures at some sites (Slavik et al.,

2019), and the amphipod crustacean Jassa herdmani (Mavraki et al.,

2022). This new epifaunal colonization leads to a significant transfer

of organic carbon (OC) in the form of fecal pellets and biomass

sinking from the structures onto the sediments surrounding the wind

turbines (Krone et al., 2013; De Borger et al., 2021; Mavraki et al.,

2022). Using a 3D hydrodynamic model developed by Ivanov et al.

(2021); De Borger et al. (2021) found that this leads to a 10-11%

increase in OC accumulation in the upper 10 cm of the sediment and

an increase in anoxic mineralization processes in the vicinity of the

OWFs. As a result, the OWFs installed on the sediments of the

Belgian Part of the North Sea became local carbon sinks compared to

the baseline scenario (areas without OWFs) and have increased the

total amount of OC in the upper 10 cm of the sediment by 28,715 tons
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(De Borger et al., 2021). Other colonizing organisms also contribute

to the increase of OC stocks in the sediment of OWFs. For example, J.

herdmani contribute with an additional flux of 255 to 547 tons of

carbon per year into the sediment of OWFs in the waters of Belgium,

the Netherlands and Germany (Mavraki et al., 2022).

However, this is not the entire story of the impact of OWFs on

sediment carbon stocks (Figure 1). First, the construction of OWFs is

expected to release carbon accumulated in the sediment, as this work

involves a range of sediment-disturbing activities (OSPAR

Commission, 2008) that resuspends sedimentary carbon. Second,

after an expected wind turbine lifetime of ~ 20 years (Nghiem and

Pineda, 2017), the concession holder must restore the concession area

to its original conditions (Kruse et al., 2019). De Borger et al. (2021)

already described that during decommissioning, sediment-disturbing

activities can cause the release of accumulated carbon into the water

column, where it can be remineralised and potentially escapes to the

atmosphere. About 50% of the currently installed capacity of wind

turbines (including many OWFs) will reach the end of their

operational life by 2030 (Nghiem and Pineda, 2017). Hence, the

entire life cycle (construction, operation, decommissioning) of OWFs

needs to be considered to assess the impact of these anthropogenic

constructions on natural carbon stocks. However, so far, no attempt

has been made to quantify the impact of construction and

decommissioning on carbon stocks in shelf sediments.

Therefore, we provide a first estimate of the magnitude of carbon

release from the sediment as a result of construction and

decommissioning processes for OWFs located in the Southern North

Sea (SNS). Combined with the values of trapped carbon during the

operational period described by De Borger et al. (2021) and Mavraki

et al. (2022), we estimate the net effect (per area and turbine) on the

sedimentary OC stock after an entire life cycle of OWFs (20 years) and

upscale these calculations for the OWF areas in the whole SNS.
FIGURE 1

Impacts of different life cycles (construction phase, operational phase, decommissioning phase) of OWFs on the sediment and the resulting trapped and
released organic carbon (OC) in the upper 1 m of the sediment. *The period refers only to the duration of sediment-disturbing activities of individual
elements of OWFs, such as individual cables and individual turbines, and not to time needed to install the entire wind farm or to the duration of all
processes involved in construction or decommissioning, i.e. the time for installation of the rotor blades is not considered, for example.
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Methods

Basic assumptions

We focus on the SNS (Figure 2) as 63% of OWFs in EU waters are

located in this area and it is expected to remain a hotspot for further

OWF development in the EU (Slavik et al., 2019).

We retrieve all data about the OWFs of the SNS (e.g. size, number

of turbines, capacity, status) from 4C offshore (2022), a company

specialized in marine energy consultancy. We divide the OWFs into

three categories based on their status as of 2022: category I (including

fully commissioned, under construction, pre-construction), category

II (including consent application submitted, consent authorized,

concept/early planning) and category III (development zones)

(Figure 2). As the completeness of information varies greatly

between these categories (see Supplementary 1, T1-T4), we focus

our calculations on categories I and II and only address category III

briefly given the high degree of incomplete data and uncertainties of

category III OWFs.
Calculations

Operational phase

Over an area of currently installed OWFs of 238 km² and 399

turbines, the additional amount of OC fixed in the top 10 cm of

sediment in the Belgian part of the North Sea amounts to 28,715 tons

due to blue mussels (De Borger et al., 2021) and 700 to 1,500 t (35 to

75 t/year for the Belgian turbines in the North Sea) due to J. herdmani
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(Mavraki et al., 2022). Extrapolating this result, an average of 74.7 ±

1,1 tons per turbine (29,800 ± 400 tons divided by 399 turbines) of

additional OC could be captured by OWFs in the SNS. Multiplying

the amount of additional carbon per turbine with the estimated

number of turbines for OWFs of categories I and II, we obtain the

amount of OC that is trapped in the OWFs in the SNS after the

operational phase of 20 years.
Construction and decommissioning phases

Since very little qualitative let alone quantitative information are

available on the construction and especially the decommissioning

processes, we have to simplify the complexity of the involved

processes. We do not distinguish between the different sediment-

disturbing activities (such as disposal of spoil, explosive, drilling, the

legs of jack-up barges and anchorage of construction vessels) during

construction and decommissioning, as their impacts are likely to be

similar (Hiscock et al., 2002; OSPAR Commission, 2008). In addition,

we only use the areas affected during drilling of foundation holes and

cable laying. For other activities, the extent to which they affect the

sediment is even less known. Spielmann et al. (2021) described that

the foundation structure will be cut off 1 m below the seabed during

decommissioning. Therefore, we only include the first meter of

sediment in our calculations. Although deeper layers are likely also

affected, most studies on organic carbon distribution in the sediment

only consider the first 10 cm of sediment, so data on the properties of

the deeper sediment layers, e.g. OC content, are very limited.

For calculating the effect of OWF construction and

decommissioning on the OC stocks, we first quantify the number of

turbines and the lengths of inner and export cables as well as the

associated disturbed sediment areas.

We focus on monopiles foundations, since these are by far the

most used foundations for offshore wind turbines in the North Sea

and are expected to be primarily used in the future (Grow, 2022). In

some of the category II OWFs, we are missing turbine numbers. In

these cases, we calculate the average capacity per turbine using already

complete information (available: expected capacity of OWFs, number

of turbines) and divide the total capacity of the category II OWFs with

the average capacity per turbine. The diameter of the central drill used

for monopile foundations ranges from 5.1 to 8.5 m (Acteon, 2022).

Since monopiles will become even larger in the future (XXL

monopiles) and turbines construction and decommissioning affect

sediments beyond their diameter, we use a diameter of 9 m for our

calculations, which results in a disturbed area of 63.62 m² per

foundation, both for construction and decommissioning. Scour

protection measures installed around turbines, when removed,

increase the disturbed sediment area. S ince the exact

decommissioning of these structures is still unclear and leaving

them in place is a quite realistic option, as Spielmann et al. (2021)

shows in 4 out of 5 of their decommissioning scenarios, we calculate

without these structures. However, we perform additional sensitivity

estimates including the area of scour protection in the “Discussion”.

Cables are buried in trenches approximately 2 m wide (OSPAR

Commission, 2008). Based on data collected from the Amrumbank

West wind farm (RWE, 2022), 3.33 km inner cables are used per

square kilometer and 1.25 km per turbine. To calculate the absolute
FIGURE 2

Study area in the SNS. OWFs are divided into three categories based on
their construction and planning status as of 2022. Category I includes
fully commissioned, pre-construction and under construction wind
farms (green), category II includes consent application submitted,
consent authorized and concept/early planning wind farms (orange) and
category III includes development zones (blue) (edited map from 4C
offshore (2022)). For our calculations, we focus on OWFs of category I
and II.
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area of inner cabling for different OWFs, we multiply 3.33 km km-2

and 1.25 km per turbine by the total area of the OWFs and the

number of turbines respectively and average the resulting two values,

as this is closest to the reference area of the Amrumbank West wind

farm (Supplementary 1, T6).

Since there is a large information gap regarding the onshore

export cables and the additional offshore platforms, we have followed

the report by the Bundesamt für Seeschiffahrt und Hydrographie

(2017), which, however, only refers to German OWFs. Summing the

reported values of export cables (4.18 km2), additional offshore

platforms (600 m2 per platform) and so-called crossing structures

(900 m2 per structure), the export cable area amounts to 4.55 km2 for

a total of 31 German offshore wind farms. Based on this calculation,

we estimated the export cable area per OWF, allowing us to

extrapolate the total export cable area for all OWFs in the SNS.

Even though the extrapolation is subject to many uncertainties, it is

necessary to include the export cables in the calculations, since they

account for a considerable part (22.86%) of the disturbed area

(Supplementary 1, T9).

After estimating the disturbed areas, we calculate the standing

stock of particulate organic carbon (POC) in the sediment of the

OWFs that is resuspended due to sediment-disturbances and

remineralized in the water column. In the absence of data on the

effect of construction or decommissioning on resuspension and

remineralisation processes and thus on carbon release, we used data

on the effects of bottom trawling on carbon release from Luisetti et al.

(2019), as this process potentially disturbs sediment in a similar way.

Following Luisetti et al. (2019), we do not include changes in benthic

remineralisation processes for simplicity. The general equation for

calculating carbon release in kgC m-2 from bottom trawling according

to Luisetti et al. (2019) is (Eq. 1):

Carbon   release = POCStock � depth  � 1 − POCresusp

� �
where the POC stock (POCStock) in kgC m-3 is the product of the

POC content (POCC) in % and the dry bulk density (DBD) kg m-3

and the fraction of this stock that is remineralised is determined with

the inverse of the resuspended POC (POCresusp) in %. To obtain the

amount of remineralized OC for the construction phase, we use POCC

and DBD data from Diesing et al. (2017) and a POCresusp value given

by Luisetti et al. (2019). Due to the spatial non-uniformity of sediment

types with different POCC, we resolve mud, sand and gravel within the

OWF sediments using sediment information provided by Wilson

(2017) and the coordinates of category I and II OWFs, which we

determine with the European Atlas of the Seas (European Union,

2022) (Supplementary I, T26 and Supplementary III). Based on the

sediment distribution within rectangles around these coordinates

(latitude and longitude ± 0.3° for larger and ± 0.1° for smaller

OWFs), we calculate the percentages of mud, sand and gravel

across all OWFs (summary in Supplementary 2). With these

percentages, we calculate the average POCC and DBD for all OWFs.

Although the resolution is still coarse and the rectangles are a

simplification, we consider our method acceptable because we are

interested in orders of magnitude, and changes in the size of the

rectangles do not significantly alter the result of the percentages. For

the construction phase, we calculate the release of carbon as follows

(Eq. 2):
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0:261%  �1, 475
kg
m3 � 1m� 1 − 0:755ð Þ

and for the decommissioning phase with the additional OC

trapped in the upper 10 cm according to De Borger et al. (2021)

(Eq. 3):

0:261%  �1, 475
kg
m3 � 0:9m

� �
+ 0:287%  �1, 475

kg
m3 � 0:1m

� �� �
� 1 − 0:755ð Þ

We subsequently multiply the carbon release per area with the

estimated disturbed sediment areas to determine the absolute amount

of OC that is lost after construction and decommissioning.
Results

The following estimates refer to OWFs within categories I and II.

In total, these OWFs cover an area of 12,010 km², including 6,434

wind turbines. The total area affected by sediment-disturbing

activities amounts to 60 ± 7 km². The area of foundations accounts

for 0.68 ± 0.08% (0.4 km²), that of inner cabling for 76 ± 8% (46 ± 7

km²) and that of export cables and offshore platforms for 22.9 ± 2.4%

(14 km²) of the total area of disturbed sediments.

The areal intensity of carbon release within disturbed areas (1,700

± 500 t km-2) is 43.5 times more intense than the areal intensity of

carbon trapping within OWFs (40.0 ± 0.6 t km-2). However, since

only 0.50 ± 0.06% of the total area of the OWFs are affected by

sediment-disturbing activities, while the operational phase increases

the OC content in the whole area, multiplying the area-specific values

by the affected areas results in 481,000 ± 7,000 t OC being trapped in

the sediments of OWFs at the end of the operational phase (after 20

years), while only 100,000 ± 40,000 t carbon is released into the

atmosphere during the construction and decommissioning phases

(Table 1; Figure 3). This means that in absolute terms 4.6 ± 1.4 times

more carbon is trapped than is released after an entire life cycle.
Discussion

Our estimation of the net carbon effect of OWFs over their entire

life cycle indicates that the sediments within the area of the OWFs

trap more OC than they release. This outcome can be explained by the

varying temporal and spatial scales of the different phases and

processes of the life cycle of the OWFs in our calculation. About

0.50 ± 0.06% of the area where the OC accumulates during the

operational phase (total area of the OWFs) is affected by sediment-

disturbing activities during the construction and decommissioning

phases (Figure 3). Additionally, OWFs are operated for at least two

decades, while sediment-disturbing activities only have an effect for

days to weeks at individual spots. Therefore, the additional OC

entering the sediments during 20 years of operational phase (De

Borger et al., 2021) is not released again, since most of the area of the

OWFs remains untouched during decommissioning. In other words,

to shift the net effect in OWF areas from sink to source, the area

affected by sediment-disturbing activities would have to increase by

4.6 (category 1) to 2.0 (category 2) (Supplementary I, T25). Despite

the uncertainties in the calculations of the inner and export cables and
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FIGURE 3

Impacts of different life cycles (construction phase, operational phase, decommissioning phase) of OWFs on the sediment and the resulting trapped and
released organic carbon (OC) in the upper 1 m of the sediment. The area affected during the different life cycles is highlighted (light brown). The absolute
values apply to the entire area of the OWFs in the Southern North Sea (SNS). For the construction and decommissioning phases, we round the values to
one figure after the first significant figure to illustrate their minor differences.*The period refers only to the duration of sediment-disturbing activities of
individual elements of OWFs, such as individual cables and individual turbines, and not to time needed to install the entire wind farm or to the duration of
all processes involved in construction or decommissioning, i.e. the time for installation of the rotor blades is not considered, for example.
TABLE 1 Carbon released and trapped during the different phases of the life cycle of OWFs in the SNS.

Category Total area of OWFs [km2] Area disturbed [km2] Life cycle Absolute carbon
released ↑
trapped ↓

[t]

Category I 6,171 38 ± 5 Construction 33,000 ± 14,000 ↑

Operational 362,000 ± 5,000 ↓

Decommissioning 33,000 ± 13,000 ↑

Category II 5,839 22 ± 5 Construction 19,000 ± 9,000 ↑

Operational 118,500 ± 1,600 ↓

Decommissioning 20,000 ± 9000 ↑

Sum category I and II 12,010 60 ± 7 Construction and Decommissioning 100,000 ± 40,000 ↑

Operational 481,000 ± 7,000 ↓

Category III 22,581 100.4 ± 1.4 Construction 90,000 ± 40,000 ↑

Operational 737,000 ± 10,000 ↓

Decommissioning 90,000 ± 40,000 ↑

Sum all categories 34,591 160 ± 7 Construction and Decommissioning 280,000 ± 80,000 ↑

Operational 1,218,000 ± 17,000 ↓

The estimates for category III (light gray) are given for completeness only but are subject to large uncertainties and data gaps.
The quantified uncertainties in “Absolute carbon [t] release and trapping” are derived from the uncertainties in the disturbed areas and the sediment dry bulk density and POC content.
F
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scour protection measures, we consider it unlikely that the area we

have neglected takes up this order of magnitude.

One of the largest uncertainties in our calculations is the depth to

which disturbances are exerted. According to Hiscock et al. (2002),

the steel piles of the foundations are driven 10 - 20 m deep into the

seabed, and the cables are laid at a depth of 3 m. Keeping all other

variables constant and increasing the depth to 20 m for the

foundations and 3 m for the cables, our calculation results in about

3.1 times the amount of carbon per km² entering the water column

and being remineralized compared to the original calculation

(Supplementary 1, T15). The calculated deviation describes an

upper and unrealistically high limit, as the OC content of the

sediment decreases with depth, yet we consider it constant here.

Despite the overestimation, 1.50 ± 0.11 times more OC would be

trapped than released with increased disturbance depths.

To account for potentially higher OC levels in the sediment due to

different sediment types, we assess how a very high homogeneous

POCC would change our results. If the sediment consisted only of

gravelly mud (0.91% POCC) and all other conditions remained

constant, the carbon release per km² would be about 2.4 times

higher than in our original calculation but the sediments of the

OWFs would still trap 1.92 ± 0.15 more carbon than they release

(Supplementary 1, T17). Again, this sensitivity calculation presents an

upper limit, as the uniformly high POCC is unrealistic (Diesing

et al., 2017).

Given the significant uncertainties in estimating the carbon

release of sediment-disturbing activities, it is possible that more

sediment would be resuspended and more carbon than the assumed

22.5% of the resuspended sediment would be remineralized (Lovelock

et al., 2017). Luisetti et al. (2019) speculated that up to 100% could be

remineralized during bottom-trawling. Using 100% remineralization

would result in a 4.4 times higher carbon release per km² when

compared to the original calculation. Under these extreme

remineralization conditions, the sediments would trap about 1.0 ±

0.4 more OC than they would release, which is close to a net zero

balance. Since the sediment is only strongly disturbed for a

comparatively short time, it is very unlikely that 100% of the

resuspended material is remineralized (Black et al., 2022).

According to Coates et al. (2014), 2.174 times more OC is trapped

in a 15 m radius around the foundation compared to the remaining

OWF area (Supplementary 1, T7) during the operational phase. This

could potentially influence our result, especially if the removal of

scour protection measures increases the disturbance area around

turbines. Adjusting the increase of the OC content from an average

of 10% (De Borger et al., 2021) to 21.69% in a 15 m radius around

turbines and 9.98% in the rest (Supplementary I, T7) alone shows no

significant change in the ratio of stored to released carbon

(Supplementary 1, T10-T13). Therefore, we also increase the

disturbed area by the area of potential scour protection measures

(Supplementary 1, T10-T13). The protection measures differ in

material and size (25 - 40 m diameter) (OSPAR Commission, 2008;

Maar et al., 2009). We assume a width of 15 m (30 m diameter)

around the turbine. The inclusion of scour protection measures would

increase the disturbed foundation area by about 18 times during

decommissioning. Overall, however, this corresponds to only about

11.4% of the total disturbed area. The combination of horizontally
Frontiers in Marine Science 06
variable OC content and larger disturbed foundation area would still

trap 4.1 ± 1.2 times more carbon than it would release. Since it is still

debated if and how scour protection measures will be removed, as

mentioned before, this result also presents an upper limit.

Combinations of the above-mentioned changed variables lead to

negative net effects in each case (Supplementary 1, T20-T24). This is

plausible, as they all represent mainly unrealistic upper limits.

Nevertheless, we cannot eliminate the possibility that there are

combinations of the discussed variables that no longer lead to a

positive balance, but are realistic nonetheless. More research on the

horizontal and vertical sedimentary carbon distribution around

OWFs and the impacts of construction and decommissioning

processes on sedimentary carbon is therefore necessary for a

concluding evaluation of the conditions under which our result holds.

Apart from the variables mentioned above, the sign of the net

balance stands and falls with the amount of OC that is trapped in the

sediment by the sinking of fecal pellets and detritus. Unfortunately, this

amount is highly variable and poorly determined on larger scales such

as the SNS, as very heterogeneous factors determine the OC downward

flux. For example, OC flux into sediment depends on factors such as

local to regional hydrodynamics (Ivanov et al., 2020), water depth

(Ivanov et al., 2021), temperature (Mavraki et al., 2022), primary

productivity (Bayne et al., 1993), seasonality of organisms (Krone

et al., 2013), biomass density and habitable turbine surface areas

(Mavraki et al., 2022) and the duration of the operational phase,

which are unique to each OWF. Extrapolating the results of De

Borger et al. (2021) and Mavraki et al. (2022) for the Belgian OWFs

to the whole SNS is therefore our major shortcoming, as we implicitly

assume that the conditions in the Belgian part of the North Sea are

applicable to the whole SNS. This is certainly not the case, so the actual

OC sediment flux is likely to differ from our estimate. For example, fecal

pellet production could be lower at colder temperatures due to

decreased metabolic rates (Mavraki et al., 2022) in the northern part

of the SNS or in winter, or it could be reduced due to lower primary

productivity as a result of decreasing nutrients (De Borger et al., 2021).

Our extrapolation does not account for this heterogeneity. However,

since our estimated net balance would only be zero if inputs were

reduced by 4.6 in total, and since we focus on orders of magnitude and

especially the sign of the net balance, we consider our result sufficient

for the time being. However, future research should further focus on

smaller scales and add up the results of different OWFs to get the whole

picture. The equations and assumptions we have made can be adapted

to smaller scales and may help.

A final comment needs to be made about an even larger scale. Our

results only apply to the OWF areas of the SNS and do not represent

the overall impact of the OWFs on the whole SNS, as the effects

outside the OWF can be quite different and may cancel or amplify

each other. De Borger et al. (2021) have already demonstrated that

mineralization rates and carbon storage decrease in sediments outside

OWF areas. In addition, OWFs can also affect oceanographic, e.g.

oxygen levels (Daewel et al., 2022), and biological processes, e.g.

primary production (Slavik et al., 2019; Daewel et al., 2022), even in

adjacent areas. The consequences for carbon stocks in these areas are

currently unknown. Therefore, it is necessary to consider the whole

ecosystem and additional variables beyond the OWF areas to rule out

possible reallocations in the carbon pools and to answer the question
frontiersin.org

https://doi.org/10.3389/fmars.2022.1068967
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Heinatz and Scheffold 10.3389/fmars.2022.1068967
whether there is indeed additional trapping of atmospheric carbon

due to OWFs in the whole SNS.
Conclusion and outlook

Given the demand of many EU countries for an independent and

renewable energy source such as wind energy and the resulting

rapidly growing offshore wind industry, there is an urgent need for

specific studies on the impacts of OWF construction and

decommissioning on biogeochemical and ecological processes and

on sediments, as well as on the resulting carbon release. We provide a

first assessment of the net impact of OWFs on sediment OC stocks

over the entire life cycle of OWFs, indicating that sediments of the

OWFs trap more OC than they release.

To determine the net carbon balance under broader conditions

and to account for the heterogeneity of the SNS, the relevant

parameters need to be better constrained and quantified, especially

at smaller scales. Our results show that, in addition to their proven

mitigation potential as renewable energy, OWFs can promote carbon

storage and increase carbon stocks in OWF sediments.
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