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Abstract
Purpose  The global capacity of offshore wind energy is rapidly expanding, with the North Sea leading this growth. How-
ever, this region also hosts some of the world’s oldest offshore wind farms, requiring decommissioning in the coming years. 
Apart from their benefits for energy generation, constructing and decommissioning offshore wind farms physically affect the 
marine ecosystem. This study aims to develop characterization factors to quantify impacts on marine benthic biodiversity, 
assessing changes in species richness and accounting for both positive and negative effects.
Method  The study utilizes data on species richness at 17 artificial offshore structures and reference seabed sites in the North 
Sea. Polynomial models are developed to express the species richness on the structure as a function of structure age. The study 
considers two construction scenarios and three decommissioning scenarios and compares species richness on the artificial 
structure to the reference seabed. Additionally, it investigates species composition changes in different taxonomic groups 
and alien species. The richness models are used to develop characterization factors for biodiversity impacts, expressed as 
the time-integrated potentially disappeared fraction of species.
Results and discussion  The developed characterization factors quantify potential loss or gain of species across taxonomic 
groups, enhancing the representation of biodiversity in life cycle assessment. While species richness on offshore structures 
generally increases over time, the net biodiversity impacts depend on the seabed type on which the structure is constructed. 
The characterization factors indicate that for sandy seabed, species richness on the structure exceeds that of the reference 
seabed after ~13 years. However, over a 25-year lifetime, construction on sandy seabed generally results in a net species 
loss due to declining species richness after the peak at a 13-year lifetime. Construction on hard seabed supports a net gain 
of species. Furthermore, characterization factors indicate that partial decommissioning will preserve 80–99% of the species 
richness on turbine structures. The net effect on ecosystem functioning is yet unclear, depending on, e.g., recolonization 
opportunities, reference state, and interaction with other marine activities.
Conclusion  The developed characterization factors quantify both positive and negative biodiversity impacts from habi-
tat changes associated with offshore wind farm construction and decommissioning in the North Sea, thus providing a basis 
for understanding and managing the ecological consequences of offshore wind farm projects. The findings indicate that the 
construction and decommissioning activities will cause changes in the total species richness and the richness of alien species 
and shifts in richness between taxonomic groups. 
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1  Introduction

The global capacity of offshore wind energy is rapidly 
expanding, supporting the sustainable transition of the 
energy system (WilLiams & Zhao 2023). The North Sea is 

a front-runner in this expansion, and today, it holds about 
two-thirds of the global offshore wind capacity (IEA 
2019). Wind farms in the North Sea are, therefore, the 
focal point of this study. Countries bordering the North 
Sea have pledged to multiply the capacity of wind farms 
in the North Sea by eight times the levels of 2023 before 
2050 (Henley 2023). Alongside the continuous expansion, 
the North Sea holds some of the world’s oldest Offshore 
Wind Farms (OWFs), which will need decommissioning 
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in the coming years and decades (Lacal‐Arántegui et al., 
2019). Studies have shown that the presence, construc-
tion, and decommissioning of OWFs can have both posi-
tive and negative impacts on marine biodiversity, depend-
ing on the conservation priorities and species composition 
(Dannheim et al. 2020; De Mesel et al. 2015; Degraer 
et  al. 2020; Spielmann et  al. 2023; Wilson & ElLiott 
2009). Research suggests that the North Sea was, prior 
to industrialization, extensively covered with rock reefs, 
coarse peat banks, and oyster beds, providing essential 
hard substrate habitats (Hofstede et al. 2022; Olsen 1883; 
Thurstan et al. 2023). However, many of these habitats 
have been largely destroyed due to human activities, 
including trawling, oyster dredging, and the extraction 
of marine boulders (Bennema et al. 2020; Lengkeek & 
Bouma 2010; Støttrup et al. 2017). OWFs and other artifi-
cial marine structures have been identified to provide hard 
substrate habitats similar to those of natural occurrence, 
and studies indicate that they can be beneficial for the 
North Sea environment (Degraer et al. 2020; Smyth et al. 
2015). However, whether OWF structures can be consid-
ered positive or negative for the marine environment will 
depend on the habitat that was there before construction 
and how the structures are decommissioned (Hernández 
C. et al., 2021; van der Molen et al. 2014; Wilson and 
ElLiott 2009). The construction of OWFs can take place 
in different substrate and habitat types, e.g., in a sandy 
seabed or rocky seabed. The decommissioning can fol-
low different scenarios varying from complete removal 
to leaving larger parts of the structure in the sea, and 
each of these scenarios will impact the marine ecosystem 
and biodiversity differently (Hall et al. 2020; Smyth et al. 
2015; Spielmann et al. 2023). To make informed deci-
sions regarding the construction and decommissioning 
impacts of OWFs, quantifying and assessing the associ-
ated impacts on marine biodiversity is necessary.

Life Cycle Assessment (LCA) is a suitable tool for 
quantifying the environmental impacts of products and 
processes and can support decision-making by high-
lighting impact hotspots, reduction potentials, and risks 
of shifting the burdens between different environmental 
impact categories (e.g., reducing the climate impacts but 
increasing the impacts on biodiversity) (de Baan et al. 
2013; Hauschild et al. 2018). LCA consists of four phases, 
including the goal and scope definition, life cycle inven-
tory (collection of data on resource uses and emissions), 
Life Cycle Impact Assessment (LCIA), and interpretation. 
In LCIA, the environmental impacts of the considered sys-
tem are quantified using Characterization Factors (CFs). 
Today, impacts on biodiversity from some of the main 
anthropogenic pressures, such as land use change (Kui-
pers et al. 2021), climate change (de Visser et al. 2023; 
Li et al. 2022), and pollution (Oginah et al. 2023), can 

be quantified using LCIA at the damage level. However, 
CFs for quantifying the impacts of marine habitat changes 
associated with OWF construction and decommissioning 
are currently not existing but highly needed, consider-
ing the extensive expansion of OWFs in the North Sea 
(Stranddorf et al. 2024). Woods and Verones (2019) devel-
oped CFs for marine ecosystem damage from anthropo-
genic seabed disturbance, covering activities like offshore 
mining and trawl fishing, but the method is not applicable 
to the marine habitat changes associated with OWF con-
struction and decommissioning. Li et al. (2023) developed 
CFs for the impacts of seabed occupation and the absence 
of trawling on benthic organisms due to the existence of 
OWFs and showed that the existence of artificial reefs pro-
vided by OWFs could lead to a doubling of species rich-
ness. However, they did not cover the impacts of habitat 
changes associated with construction and decommission-
ing. Spielmann et al. (2023) investigated the impacts of 
OWF decommissioning on benthic biodiversity, and their 
results imply that leaving parts of the OWF structure in 
place when decommissioning will conserve a considerable 
amount of species richness. However, they did not develop 
CFs based on their findings.

In this study, we develop the first CFs to assess the 
impacts of habitat change on marine benthic biodiversity 
associated with the construction and decommissioning of 
OWFs in the North Sea. The benthic species are representa-
tive of the marine life potentially affected by habitat changes 
associated with OWFs as the structures directly affect the 
seabed communities and provide hard substrates for marine 
growth, which affects the demersal and pelagic species via 
food chains (Desprez 2000; Heery et al. 2017). The impacts 
are expressed as a Potentially Disappeared Fraction of spe-
cies integrated over time (PDF.year), which is a common 
unit for biodiversity impacts in LCA (Finkbeiner 2011; 
Hanafiah et al. 2013; Huijbregts et al. 2016; Woods et al. 
2016) and the recommended unit of the Global Guidance 
on Environmental Life Cycle Impact Assessment Indicators 
(GLAM) (UNEP 2019). PDF is a convenient metric as it 
can be quantified across taxonomic groups and environmen-
tal compartments (Verones et al. 2022). LCA traditionally 
only covers negative impacts, but as man-made structures 
like OWFs may act as artificial reefs, providing habitat for 
multiple species, there is a need to enable the quantifica-
tion of potential benefits for marine biodiversity (Dannheim 
et al. 2020; Degraer et al. 2020). To allow for quantifica-
tion and assessment of both the benefits for and impacts on 
marine benthic biodiversity, our CFs cover increases and 
decreases in species richness. The impacts are calculated in 
relation to reference sites with sandy seabed or hard sedi-
ments (stone reef) and over the lifetime of offshore struc-
tures. The impacts highly depend on the baseline used in 
the assessment method, and it is, therefore, relevant to state 
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that samples representing the reference sites were collected 
in 2008–2015 and are thereby representative of the seabed 
after the heavy industrialization of the North Sea. Addition-
ally, we present a method to convert the relative impacts to 
absolute impacts (species.year) to make the impacts compat-
ible with impacts of other systems.

To allow for more detail, the CFs are developed for eight 
different taxonomic groups and alien species, enabling 
assessment of the species composition on the offshore struc-
ture, compared to the reference sandy or hard substrate sea-
bed. Alien species (as opposed to native species) are species 
that have spread or moved beyond the limits of their native 
geographic range into an area in which they do not naturally 
occur (Blackburn et al. 2014). Alien species are not neces-
sarily harmful to the ecosystem in which they are located, 
but if they become dominant compared to naturally occur-
ring species, they can have a harmful effect on the ecosystem 
and are then classified as invasive alien species (Pysek et al. 
2020). To identify if an alien species is invasive, information 
on their influence on local ecosystems is needed, but this 
was not possible to obtain in this study. However, prevention 
of alien species introduction has been found to be the most 
effective way of minimizing the risk of invasion (Borgelt 

et al. 2024; Early et al. 2016; Leung et al. 2002). The occur-
rence of alien species is, therefore, included as an indicator 
of invasion risk.

2 � Methodology

2.1 � Habitat change scenarios

Our study considers the habitat changes occurring in rela-
tion to OWF construction and decommissioning (Fig. 1). 
The study does not consider the activity of construction 
or decommissioning itself (i.e., disturbance of machinery, 
etc.), but merely the habitat before and after construction 
or decommissioning. We included two scenarios for habi-
tat changes occurring as a consequence of construction: 
(I-C) The OWF is constructed on a sandy seabed, and (II-
C) the OWF is constructed on hard substrates. The North 
Sea is today dominated by sandy seabed and only about 
10% is covered by harder substrates like gravel and rocks 
(Coolen et al. 2018; European Commission 2024). Sce-
nario I-C is, therefore, expected to be the most common 
scenario for construction. Furthermore, we consider three 

Fig. 1   Construction and decommissioning scenarios. Exemplified for 
a monopile structure, but the principle can be adapted to other foun-
dation types. The foundation structure includes a vertical part (in this 
example the monopile), oftentimes constructed of steel. Additionally, 
it includes scour protection of materials like stones or concrete boul-

ders. The construction scenarios of this study consider construction 
on a sandy seabed (I-C) or a hard substrate seabed (II-C). The decom-
missioning scenarios include removing everything, leaving a sandy 
seabed (I-D), leaving the scour protection (II-D), or leaving the scour 
protection and 5 m of the vertical structure (III-D)
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scenarios for decommissioning, including variations in 
how much of the wind turbine foundations and the scour 
protection is removed. Scour protection refers to materials 
like rocks or concrete placed around the turbine foundation 
to prevent seabed erosion and maintain the foundation’s 
integrity against currents and waves (Whitehouse et al. 
2011). The scenarios for the habitat changes occurring in 
relation to decommissioning scenarios are as described 
by Spielmann et al. (2023): (I-D) The scour protection is 
removed, and the foundations are cut 1 m below the sea-
bed, leaving no artificial hard substrates above the seafloor. 
This alternative reflects the general decommissioning 
requirements, e.g., in Germany (Spielmann et al. 2023). 
(II-D) The scour protection is left in situ, and the struc-
ture is cut 1 m below the seabed. This scenario reflects 
decommissioning considerations as implemented in the 
UK (Britton 2013; Drew 2011). (III-D) The scour protec-
tion is left in situ, and the foundations are cut 5 m above 
the seabed. Scenario III-D has not been practiced in the 
North Sea and is merely included as an academic exercise 
to investigate the potential effects of leaving parts of the 
foundation and the scour protection in place. The scenarios 
described for construction and decommissioning pertain 
solely to the turbine structures. To assess the impacts of 
habitat changes throughout the entire lifetime of an OWF, 
a construction scenario (I-C or II-C) can be combined 
with a decommissioning scenario (I-D, II-D, or III-D). 
The seabed habitat between the turbines within the OWF 
will either remain unchanged or be transformed from hard 
substrates to sandy seabed. The richness of sandy and hard 
seabed within the wind farm is considered comparable to 
the richness of the reference sites.

This study does not consider different removal tech-
nologies but merely investigates the impacts of chang-
ing habitat substrates. Furthermore, the study does not 
consider other partial decommissioning alternatives like 
“topping” (the upper section of the structure is removed 
and deployed on the seabed), “toppling” (laying down the 
structure on the seafloor), or “tow-and-place” (the entire 
structure is removed and deployed on the seabed some-
where else) (Claisse et al. 2015; Fowler et al. 2018), as 
these are deemed unlikely for the North Sea under the 
current policies (OSPAR Commission 1998; Spielmann 
et al. 2023). 

2.2 � Data collection and processing

This study used the “Biodiversity Information System of 
benthic species at ARtificial structures” (BISAR) dataset 
(Dannheim et al. 2025). BISAR contains data on benthic 
macrofauna collected in environmental impact studies, sci-
entific projects, and species inventories conducted in the 
North Sea between 2003 and 2019. The dataset includes data 

collected from 17 artificial offshore structures, including 
seven OWFs, nine oil and gas platforms, and one research 
platform, including a total of 3864 samples and 890 spe-
cies. The offshore structures were mainly located on sandy 
substrates (11 structures), some on coarse substrates (5 
structures), and one oil/gas platform on muddy sand. Speci-
fications on the habitat types surrounding the structures can 
be found in the Supplementary Information 1 (SI1). Further-
more, BISAR contains samples from two sandy seabed sites 
(sandy seabed reference) and one geogenic reef (hard sub-
strate reference). As the database is a compilation of several 
individual datasets, aspects such as the sampling approaches 
(applied devices and methods), time of sampling (age of 
structure age, season, number of samples), and data gather-
ing and storage are not identical for all samples in BISAR. 
Samples were collected on the offshore structure foundations 
by scraping off the organisms attached to the structure within 
a frame of 0.04 to 0.0625 m2, varying between structure 
sites. Scour protection and the geogenic reef were sampled 
by scraping or collecting stones. The sandy seabed was sam-
pled using Van Veen grabs or a box corer, which captures 
a seabed sample by penetrating the sediment and collecting 
the natural stratification. The samples were conserved in eth-
anol or borax-buffered formalin and brought to a laboratory, 
where all specimens were identified to the lowest possible 
taxonomic level, often to species level.

The response variable in the focus of this study is spe-
cies richness, which is used as an indicator of biodiver-
sity. For each sample, species richness was calculated as 
the number of unique instances of AphiaIDs across all 
taxonomic levels in the sample. The AphiaID is a unique 
identifier assigned to each taxon in the World Register of 
Marine Species (WoRMS) (HoRton et al. 2021) and helps 
track marine species names and ensure consistency in 
species data management (Vandepitte et al. 2015). BISAR 
includes information on location, installation date of the 
structure, foundation type (gravity, monopile, jacket, or 
tripod), sampling date, sampling technique, sampling 
depth, area sampled, species identified (AphiaID), and 
number of individuals identified. These parameters will 
hereinafter be referred to as “potential explanatory varia-
bles.” In this study, additional “potential explanatory vari-
ables” were added: distance to the seabed was calculated 
based on water depth and sampling depth, and distance 
from the coast was calculated based on the location, using 
the “dist2coast” package for R (Kaiser 2022); structure 
age was calculated based on the installation date and sam-
pling date. The additional variables were added based on 
Spielmann et al. (2023), who indicate their relevance for 
the species richness. All data processing was carried out 
using the software R version 4.3.2.

The samples from OWFs were taken at structure ages 
between 1 and 11 years, at oil and gas platforms between 
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2 and 43 years, and at the research platform between 1 and 
4 years. To cover both construction and decommission-
ing, the database should span over the longest structure 
lifetime possible. As the structures of OWFs are similar 
to oil and gas platforms regarding structural design, the 
habitats provided by OWF structures are largely compa-
rable to those offered by oil and gas platforms (Lemasson 
et al. 2022; Stranddorf et al. 2024). Therefore, data from 
all structure types were pooled. We used data from 1 to 
25 years, as data from older structures were very scarce, 
reducing the total sample size from 3,864 to 3,555. The 
correlation between species richness and each potential 
explanatory variable was explored through visual inves-
tigations (scatter plots with fitted curves and boxplots) 
and correlation assessments (SI1) to identify which 
parameters influence species richness. We also investi-
gated if the composition of species in different taxonomic 
groups changed with the sampling depth and the structure 
type. Structure age was identified as the only parameter 
strongly correlating with the richness on the structure.

2.3 � Taxonomic groups and alien species

The taxa identified in the BISAR database were grouped 
based on their phylum. However, to have a large enough 
database for further development of species richness mod-
els, only phyla with 15 or more species were considered in 
this study. An overview of the number of species identified 
within all phylum groups can be found in SI1. In total, eight 
taxonomic groups (based on phylum) had a sufficient size 
(Table 1). Furthermore, this study investigates the change 
in the presence of alien species, as the occurrence of alien 
species is used as an indicator of invasion risk. We did this 
by comparing the BISAR species to the list of alien spe-
cies in the North Sea from the MarINvaders Toolkit (Lonka 
et al. 2021; Verones et al. 2023). The list was extracted from 
MarINvaders on the 1 st of October 2024. The MarINvaders 
Toolkit integrates data on marine (alien) species from four 
existing databases: Ocean Biodiversity Information Sys-
tem (OBIS 2025), The World Register of Marine Species 
(WoRMS) (HoRton et al. 2021), Global Invasive Species 

Database (GISD 2025), and NatCon (Molnar et al. 2008). 
The OBIS database is used to identify if there is an occur-
rence of the respective species in the selected ecoregion (in 
this study, the North Sea), and each species is then searched 
for in the latter three databases to potentially identify as 
alien. In total, 41 alien species appeared in the BISAR data-
base (see list in SI1).

2.4 � Species richness models

To enable the development of CFs expressing the impacts on 
species from the changes in habitat substrates associated with 
construction and decommissioning, models expressing the 
change in species present on the structure and in the seabed are 
needed. For the development of species richness models, the 
data was divided into five datasets, reflecting different habitat 
situations as represented in Fig. 1: Situations 1 and 4, samples 
from sandy seabed outside of the wind farms (669 samples); 
Situation 2, samples from the geogenic reef (11 samples); Situ-
ation 3, samples from the full artificial structure, meaning the 
vertical structure and scour protection (1,667 samples); Situ-
ation 5, samples from the scour protection and the bottom five 
meters of the structure (736); and Situation 6, samples from 
the scour protection (587 samples). For each dataset, richness 
models were formulated for the total species richness, alien 
species, and for each taxonomic group separately. Situations 
1 and 2 represent baselines where artificial structures are not 
present and are also used to represent the seabed between the 
turbines within the OWF. The data used to represent Situa-
tions 1 and 4 are the same, as it is assumed that if all OWF 
components are removed, the area will be (re)turned to a sandy 
seabed uninfluenced by artificial structures. It should be noted 
that the sample size of the dataset representing Situation 2 is 
considerably smaller than the other datasets, and its statistical 
power is considered low (power = 0.52, compared to Situation 
1). The sampling procedures are different for sampling sandy 
and hard bottom seabed, and hard bottom sampling is gener-
ally considered more technically difficult, which may influ-
ence the data grounds for this habitat type (Coolen et al. 2022; 
MichaeLis et al. 2019). The results of the scenario considering 
construction on a hard substrate seabed should, therefore, be 

Table 1   Taxonomic groups 
considered in this study, 
grouped based on phylum. The 
number of species identified in 
the dataset (n) per taxonomic 
group is indicated in brackets

Phylum Species groups

Porifera (n = 15) Sponges
Cnidaria (n = 89) Sea anemones, corals, sea firs, and jellyfish
Annelida (n = 226) Segmented worms
Mollusca (n = 172) Snails, slugs, mussels, oysters, cockles, clams, and squid
Arthropoda (n = 243) Crustaceans and sea spiders
Bryozoa (n = 52) Sea mats, horn wreck, and lace corals
Echinodermata (n = 30) Starfish, brittle stars, sea urchins, and sea cucumbers
Chordata (n = 15) Sea squirts, fish, lancelets, and mammals



	 The International Journal of Life Cycle Assessment

interpreted bearing this in mind. The statistical power of all 
datasets can be found in SI1.

The richness of species group g in Situation 1 or 2 (sandy 
or hard seabed) and within the seabed of the OWF ( Rsb,x,g ) is 
defined as the mean richness across all samples from seabed 
type x, and where n is the number of samples from the consid-
ered seabed type (Eq. 1). The richness of species group g on 
the full artificial structure (Situation 3), including the vertical 
structure and scour protection ( Rfull,g(t) ) is formulated as a 
second-degree polynomial model fitted to the richness of each 
species group g in year t (Eq. 2). �0,full,g , �1,full,g , and �2,full,g are 
the model parameters that define the polynomial relationship. 
The richness of species group g in the new habitat following 
the decommissioning a structure with age t ( Rdecom,g(t) ) is for-
mulated differently depending to the chosen decommissioning 
scenario (Eq. 3). In the case of partial removal (Situation 5 or 
6), it is formulated as a second-degree polynomial model fitted 

to the richness of each species group g in year t for the given 
partial removal scenario p (leaving scour protection or leaving 
scour and 5 m of the foundation). �0,p,g , �1,p,g , and �2,p,g are 
the model parameters that define the polynomial relationship. 
In case of complete removal (Situation 4), it is equal to the 
richness on a sandy seabed type, Rsb,sandy,g (Eq. 1). The unit of 
richness is species/turbine or species/OWF seabed, depend-
ing on whether the assessment covers the habitat changes 
related to the turbine structures or the seabed in between the 
structures.

(1)Rsb,x,g =

∑n

i=1
Ri,x,g

n

�

species

turbine
or

species

OWF seabed

�

(2)

Rfull,g(t) = �0,full,g + �1,full,g ∙ t + �2,full,g ∙ t
2, t ∈ [1 ∶ 25]

[

species

turbine

]

(3)Rdecomm,g(t) =

{

�0,p,g + �1,p,g ∙ t + �2,p,g ∙ t
2, t ∈ [1 ∶ 25]

Rsb,sandy,g� (for complete removal)

[

species

turbine

]

The richness models for scour protection and for scour 
protection + 5 m of the foundation ( Rdecom,t,g ) were con-
strained never to exceed the richness of the full structure. 
Additionally, the richness is constrained to never go below 
0. The constraints were modeled using constrained optimiza-
tion in the software R, utilizing the constrOptim function. 
The constraints apply to the total richness, the richness of 
aliens, and the richness within each taxonomic group.

2.5 � Development of characterization factors (CFs)

The Potentially Disappeared Fraction of species (PDF) 
within species group g due to habitat changes related to 
the turbine (tb) structures is expressed for the construction 
(Eq. 4), decommissioning (Eq. 5), and the whole lifetime 
(Eq. 6) for a turbine structure with a lifetime of t years. 
For construction impacts, the reference state of richness is 
the richness on the seabed that was there before construc-
tion ( Rsb,x,g ). For decommissioning, the reference state of 
richness is the richness on the full structure at the time of 
decommissioning ( Rfull,g(t1) ). The new state in relation to 
construction is the richness on the full structure ( Rfull,g(t) ). 
The new state in relation to decommissioning ( Rdecom,g(t) ) 
is the richness of either the scour protection and the bot-
tom 5 m of the water column structure, the scour protec-
tion alone, or the sandy seabed. The lifetime impacts are 
calculated as the sum of the impacts from the construction 
and the impacts from decommissioning using the richness in 
the seabed prior to construction as the reference state. The 
impacts of habitat changes occurring within the seabed of 
the OWF ( PDFOWFsb,s,g(t) ) are expressed for each species 

group g in Eq. 7. Here, s represents the considered life cycle 
stage(s) (construction, decommissioning, or lifetime), the 
terms pre and post refer to the seabed before and after the 
considered life cycle stage, and t is the considered time. For 
impacts of habitat changes in the seabed related to construc-
tion and lifetime, t0–t1 refers to the lifespan of the structure. 
For impacts of habitat changes related to decommissioning 
and lifetime, t1–t2 pertains to the time considered after the 
structure has been decommissioned.

The proposed factors express the local Potentially 
Disappeared Fraction of species (PDF) at the new state 
compared to the original state, integrated over the con-
sidered timeframe (PDF.year). The integration over time 
expresses that the species may locally disappear within 

(4)

PDFtb,construction,g(t) = ∫
t1

t0

Rsb,x,g − Rfull,g(t)

Rsb,x,g

dt

[

PDF.year

turbine

]

(5)

PDFtb,decommissioning,g(t) = ∫
t2

t1

Rfull,g(t1) − Rdecom,g(t)

Rfull,g(t1)
dt

[

PDF.year

turbine

]

(6)
PDFtb,lifetime,g(t) = ∫

t1

t0

Rsb,x,g − Rfull,t,,g(t)

Rsb,x,g

dt

+ ∫
t2

t1

Rsb,x,g − Rdecom,t,g(t)

Rsb,x,g

dt

[

PDF.year

turbine

]

(7)

PDFOWFsb,s,g(t) =
Rsb,pre,g − Rsb,post,g

Rsb,pre,g

dt

[

PDF.year

OWF seabed

]
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the considered timeframe but may return when the struc-
ture no longer occupies the area. The modeling of the fac-
tors for PDF is conceptually illustrated in Fig. 2, where t0 
expresses the time of construction, t1 is the time of decom-
missioning, and t2 is the considered time after decommis-
sioning. In the period after construction and until decom-
missioning, the species richness may increase or decrease, 
depending on the taxonomic group. After decommission-
ing, the level of richness is assumed to be stable, as data 
and studies proving other developments in richness are 
lacking.

Since every turbine foundation within an OWF is 
commonly constructed in the same way, the richness is 
expected to be the same on all foundations in the OWF. 
Importantly, the sum of the impacts from construction and 
decommissioning will not equal the lifetime impacts, as 

they do not apply the same reference state to represent the 
original state of richness (the denominator). Therefore, 
Eqs. 4 and 5 can only be used to zoom in on a specific 
lifecycle stage, whereas Eq. 6 can be used to assess the 
biodiversity impacts from the local habitat changes associ-
ated with the entire structure lifecycle.

Based on the factors for PDF, we developed Characteriza-
tion Factors (CFs) expressing the PDF for the entire OWF, 
considering both the impacts from habitat changes associated 
with the turbine structures ( PDFtb,s,g(t) ) and the seabed within 
the OWF ( PDFOWFsb,s,g(t) ) (Eq. 8). s represents the considered 
life cycle stage(s) (construction, decommissioning, or lifetime) 
and g is the considered species group. ntb is the number of tur-
bines within the assessed OWF, Atb is the area of the footprint 
of one turbine, including foundation and scour protection, Asb 
is the area of the seabed within the OWF, and AOWF is the area 
of the whole OWF, including turbine and seabed.

(8)CFOWF,s,g(t) =
PDFtb,s,g(t) ∙ ntb ∙ Atb + PDFOWFsb,s,g(t) ∙ Asb

AOWF

[

PDF.year

OWF

]

The relative impacts ( CFOWF,s,g(t) expressed in PDF.year
OWF

 ) 
can be converted to absolute impacts ( species.year

OWF
 ), which 

will make the impacts compatible with the metric used in, 
e.g., the LCIA method ReCiPe (Huijbregts et al. 2016). The 
absolute impacts on species richness within each species 
group g associated with the life cycle stage(s) s (construc-
tion, decommissioning, or lifetime) can be calculated using 
Eq. 9. Rorig is the original state of richness, i.e., Rsb,pre,g for 
habitat changes associated with construction and lifetime, 
and Rfull,t,g for habitat changes related to decommissioning.

(9)CFspecies,OWF,s,g(t) = Rorig ∙ CFOWF,s,g(t)

[

species.year

OWF

]

3 � Results

3.1 � Species richness models

From the correlation assessments (Sect. 2.2. and SI1), we 
found that the total species richness on the vertical structure 
and on the scour protection is only clearly correlated with 
the structure’s age. Furthermore, we did not find a relation-
ship between the composition of species in different taxo-
nomic groups and the sampling depth and structure type. 
Therefore, we consider the species composition to spread 
evenly along the structure depth and to be equal on different 
structure types. As we did not find a relation between the 

Fig. 2   Conceptual illustration 
of the PDF modeling. Y-axis: 
the Potentially Disappeared 
Fraction of species (PDF), and 
x-axis: time in years. t0 is the 
time immediately following the 
completion of construction, t1 
is the time of decommission-
ing, and t2 is the considered 
time after decommissioning. 
A positive PDF means a loss 
of species, and a negative PDF 
means an increase of species
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area sampled and the number of species present, we con-
sider the richness to be independent of the sampling area. 
Therefore, the richness models for the different taxonomic 
groups were expressed as a function of the structure’s age.

Species richness models were formulated independently for 
each species group (total richness, alien species, and the eight 
taxonomic groups). Thus, the models for taxonomic groups 
should primarily be used to indicate the richness development 
within the specific taxonomic group over the structural age and 
how the richness of different taxonomic groups relates to each 
other. Summarizing the richness across all taxonomic groups 
will not necessarily equal the total richness, and thus, the total 
richness should be calculated using the model for total richness.

3.1.1 � Species richness on the structure

The species richness present on the full structure can be 
expressed using Eq. 2, and the model parameters �0,full,g , 
�1,full,g , and �2,full,g are presented in Table 2 under the header 
“Full structure.” The species richness on the scour protection 
and on scour protection + 5 m can be expressed using Eq. 3. 
The model parameters �0,p,g , �1,p,g , and �2,p,g (p = scour pro-
tection or p = scour and 5 m of the foundation) are presented 
in Table 2 under the headers “Scour protection” and “Scour 
protection + 5 m.” The rows of the table present the model 
parameters for each species group, g.

Model statistics can be found in SI1. �0 parameters express 
the intercept, meaning the richness when the structure age t = 
0. For Annelida, the intercept is < 0, which was accounted 
for in the CF development by setting all values below 0 to 
0. �1 parameters represent the linear coefficient, determining 
the direction and steepness of the slope at t = 0. �2 parameters 
express the quadratic coefficient, indicating if the relationship 
is U-shaped ( �2>0) or inverted U-shaped ( �2<0).

3.1.2 � Richness on seabed types

 The species richness ( Rsb,x,g ) of species group g in seabed 
type x (sandy or hard) was calculated as the mean across all 
samples using Eq. 1. The results are listed in Table 3, and 
the 95% confidence intervals are given in brackets. The sea-
bed richness represents the richness in the reference state of 
marine habitats in the North Sea, where artificial structures 
are not present. Additionally, it represents the seabed within 
the OWF where no turbine structures are placed. The mean 
richness is about twice as high in the sandy seabed compared 
to the hard seabed, which is mainly due to a high presence of 
species in the taxonomic group Annelida. The sandy seabed 
also has a higher richness of Mollusca, Arthropoda, and Echi-
nodermata. Cnidaria, Arthropoda, and Bryozoa dominate the 
hard seabed, and the presence of alien species is about 12.5 
times higher in the hard seabed compared to the sandy seabed.

Table 2   Model parameters for the polynomial models for richness on the structural sections

Species group (g) Full structure Scour protection Scour protection + 5 m

�0 �1 �2 �0 �1 �2 �0 �1 �2

Total richness 7.9 × 10
0

2.1 × 10
0 −3.4 × 10−2 5.6 × 100 2.4 × 100 −4.0 × 10−2 5.3 × 100 2.4 × 10

0 −4.1 × 10−2

Porifera 2.0 × 10−1 2.8 × 10−2 −1.3 × 10−3 1.3 × 10−1 −8.3 × 10−3 3.0 × 10−4 2.0 × 10−1 −1.7 × 10−2 5.5 × 10−4

Cnidaria 1.2 × 10
0 3.9 × 10−1 −1.0 × 10−2 6.4 × 10−1 4.5 × 10−1 −1.2 × 10−2 6.0 × 10−1 4.5 × 10−1 −1.2 × 10−2

Annelida −7.0 × 10−1 1.1 × 100 −3.2 × 10−2 −2.0 × 100 1.2 × 100 −3.2 × 10−2 −2.0 × 100 1.2 × 100 −3.2 × 10−2

Mollusca 1.4 × 100 3.8 × 10−1 −9.0 × 10−3 1.3 × 100 3.4 × 10−1 −8.1 × 10−3 1.1 × 100 3.1 × 10−1 −7.3 × 10−3

Arthropoda 3.2 × 100 6.5 × 10−1 −7.8 × 10−3 1.7 × 100 7.2 × 10−1 −7.8 × 10−3 1.6 × 100 7.2 × 10−1 −8.0 × 10−3

Bryozoa 1.0 × 100 1.0 × 10−1 −5.5 × 10−4 1.0 × 100 1.1 × 10−1 −6.8 × 10−4 1.0 × 100 1.1 × 10−1 −8.3 × 10−4

Echinodermata 7.9 × 10−1 1.1 × 10−1 −2.7 × 10−3 6.3 × 10−1 8.9 × 10−2 −1.4 × 10−3 6.3 × 10−1 8.9 × 10−2 −1.4 × 10−3

Chordata 2.6 × 10−1 1.6 × 10−2 −5.6 × 10−4 1.4 × 10−1 −1.7 × 10−2 1.1 × 10−3 1.3 × 10−1 −1.3 × 10−2 7.9 × 10−4

Aliens 2.5 × 100 2.6 × 10−1 −9.5 × 10−3 2.2 × 100 2.9 × 10−1 −1.0 × 10−2 2.1 × 100 2.8 × 10−1 −1.0 × 10−2

Table 3   Average richness at the two considered seabed types (sandy 
or hard), output from Eq.  1. The brackets indicate 95% confidence 
intervals

Species group 
(g)

Sandy seabed Hard seabed

Total richness 30.0 [27.5–32.6] 16.1 [6.42–25.8]
Porifera 0 0.0909 [–0.112–

0.293]
Cnidaria 2.15 [1.68–2.61] 4.36 [2.50–6.22]
Annelida 22.3 [19.2–25.4] 1.82 [0.262–3.37]
Mollusca 6.81 [5.75–7.88] 1.27[–0.348–2.89]
Arthropoda 6.63 [6.04–7.21] 4.73 [1.20–8.26]
Bryozoa 0.274 [0.195–0.353] 1.91 [1.15–2.67]
Echinodermata 2.51 [2.13–2.88] 0.273 [–0.162–0.707]
Chordata 0.0213 [0.00562–0.0371] 0.818 [0.231–1.41]
Aliens 0.210 [0.162–0.259] 2.45 [1.44–3.47]
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3.2 � Characterization factors

We developed CFs for the relative impacts (PDF.year/OWF) 
on the total species richness, the richness of alien species, 
and the richness within each taxonomic group (Table 1) 
from habitat changes associated with construction, decom-
missioning, and the lifetime of an OWF with a lifetime of 
1–25 years (Eq. 8). Additionally, we presented a method to 
convert the relative impacts to absolute impacts (species.
year/OWF) (Eq. 9). In Sect. 3.2.1., we present an example 
of relative impacts (PDF.year) for an OWF with a lifetime 
of 25 years, as this is expected to be the standard lifetime for 
OWFs. For the decommissioning and lifetime impacts, we 
consider 1 year after the decommissioning (t2 in Eqs. 5 and 
6). The relative and absolute CFs for each species group at 
each lifetime can be found in SI2, together with CFs of the 
decommissioning and lifetime impacts considering a longer 
period (25 years) after decommissioning. SI2 also presents 
an interactive tool where impacts are provided based on wind 
farm specific information (age of decommissioning, number 
of turbines, and area of the turbines and the whole OWF).

For some taxonomic groups, it was not possible to cal-
culate CFs. This applies to the taxonomic group Porifera in 
scenarios where the pre-construction state was sandy seabed 
(sandy seabed reference), as no Porifera are present in sam-
ples from the sandy seabed, and thus Rsd,sandy,g in Eqs. 4 and 
6 will be 0. In PDF modeling, only species groups that are 
present in the reference site are considered in the impact 
modeling (Kuipers et al. 2025). It also applies to the lifetime 
impacts of all taxonomic groups going from sandy seabed 
(pre-construction) to sandy seabed (post-decommissioning), 
as the model assumes that the state after decommissioning 
will be the exact same as before construction.

The CFs are given in the unit PDF.year or species.year per 
OWF. Thus, positive numbers indicate a potential decrease 
in species, while negative numbers indicate a potential 
increase in species during the considered period. The com-
position of species present in the reference seabed may be 
very different from the species composition on the struc-
tural parts, resulting in very large increases/decreases within 
some taxonomic groups. Furthermore, our CFs express the 
impacts integrated over time, while many other CFs express 
the impacts per year.

3.2.1 � Relative impacts for and OWF with a lifetime of 25 
years

To apply the developed CFs, inventory information regard-
ing the OWF age at the time of decommissioning (t), number 
of turbines (ntb), footprint area per turbine structure (Atb), 
and the total area of the OWF (AOWF) needs to be provided. 
In this example, we present the relative impacts (PDF.year) 
for an OWF with the following inventory: t = 25 years, ntb = 

80 turbines, Atb = 707 m2 (diameter of circular footprint: 30 
m), and AOWF = 20 km2. The seabed between the turbines 
within the OWF is considered to be maintained as the sea-
bed type on the site prior to construction. For interpretation 
of the results, it is important to note that the impacts from 
habitat changes related to construction and decommissioning 
apply different reference states (richness in seabed before 
construction and richness on the full structure at decom-
missioning age, respectively) and are, therefore, not directly 
additive. To assess the impacts of habitat changes throughout 
the entire lifetime of the OWF, the lifetime impacts should 
be considered, as this applies the same reference richness for 
both construction and decommissioning impacts (the rich-
ness in seabed prior to construction).

The relative impacts for the OWF assessed in this exam-
ple (Table 4 and Fig. 3) indicate that the habitat change 
associated with construction will cause a relative net loss 
in the total number of species if the initial seabed is sandy. 
This is especially due to Annelida species, which are highly 
present in the sandy seabed (on average 22 Annelida spe-
cies) and only to a small extent on the structure (varying 
from 0 to 9 species during the structure lifetime). The habitat 
changes from constructing the OWF on a sandy seabed will 
also cause a net loss of Mollusca and Echinodermata spe-
cies. The fraction of Cnidaria, Arthropoda, Bryozoa, and 
Chordata species will increase as a result of construction 
on a sandy seabed. Especially the fraction of Bryozoa and 
Chordata will increase largely as their presence in the sandy 
seabed is low (an average of 0.27 and 0.021 species, respec-
tively) compared to their presence on the structure (Bryozoa 
1.2–3.3, and Chordata 0.3–0.4 during the structure lifetime). 
If the initial seabed is hard, the construction will cause an 
increase in the total number of species present over the 25 
years of operation. The fraction of species in six out of eight 
taxonomic groups will increase (Porifera, Annelida, Mol-
lusca, Arthropoda, Bryozoa, and Echinodermata) while only 
two groups will decrease (Cnidaria and Chordata).

All decommissioning scenarios result in a net loss in the 
total number of species, but the impacts of decommissioning 
are generally small compared to the impacts of construction. 
This is largely because the decommissioning impacts in this 
example are only integrated over 1 year, while the construc-
tion impacts are integrated over a timeframe of 25 years. The 
impacts from partial removal are very small, thus leaving 
either the scour protection or the scour protection + 5 m of the 
foundation will maintain roughly the same richness as on the 
full structure. If the structure is completely removed, the loss 
in the total number of species will be larger, but increases are 
also observed for Annelida, Mollusca, and Echinodermata. 
As the impacts from habitat changes associated with decom-
missioning are small compared to the impacts from habitat 
changes related to construction, the lifetime impacts are close 
to the same as the construction impacts.
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In LCA, an increase in species is generally considered 
positive. However, as opposed to the other species, an 
increase in alien species cannot be considered positive as 
they may pose a risk to the native species and the ecosys-
tem’s functionality. The alien species should, therefore, 
be considered separately (Fig. 4). The construction of the 
OWF structures on a sandy seabed is associated with a 
potential increase in PDF over the considered 25 years of 
lifetime of − 1.2 PDF.year/OWF. This is the largest rela-
tive impact among all species groups and all construction 
and decommissioning scenarios. As the presence of alien 
species on the reference hard seabed is higher than on the 
sandy seabed, the relative impacts of constructing on a hard 
seabed are much smaller (−0.036 PDF.year). As for the 
other species groups, the impacts from decommissioning 
are very small compared to the impacts from construction 
( 2.6 × 10−5 − 2.6 × 10−3  PDF.year), and the two partial 
removal scenarios show that they will maintain roughly the 
same richness of alien species as on the full structure.

4 � Discussion

4.1 � CF application

To our knowledge, this study is the first to develop CFs for 
the benthic biodiversity impacts of the marine habitat changes 
associated with OWF construction and decommissioning in 
the North Sea. The developed CFs enable quantifying impacts 
and benefits on biodiversity expressed as potential loss or gain 
of species integrated over time. The developed CFs contribute 
to a better understanding of biodiversity impacts and a better 
representation of biodiversity in LCA. We applied the unit 
PDF.year, which is the applied and recommended unit of other 
LCIA frameworks, e.g., LC-IMPACT (Verones et al. 2020) 
and GLAM (UNEP 2019). We also enabled the impacts to be 
expressed in the unit species.year, which is the applied unit of 
the LCIA method ReCiPe 2016 (Huijbregts et al. 2016). Our 
CFs are therefore applicable in LCA and can be compared to 
other CFs expressing impacts on biodiversity as PDF.year or 
species.year.

The CFs are intended for application in research as well 
as in the offshore wind industry, e.g., by OWF developers, 
to support decisions around the construction and decommis-
sioning of OWFs in the North Sea. We, therefore, aim to 
make the needed Life Cycle Inventory (LCI) easily accessible 
to users. The LCI needed for application includes wind farm 
specific information including the OWF age at the time of 
decommissioning (1–25 years), number of turbines, footprint 
area per turbine structure, and the total area of the OWF. 
Additionally, the needed LCI includes the substrate type prior 
to construction (sandy or hard) and the expected decommis-
sioning strategy (complete removal, leaving scour protection, Ta
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or leaving scour protection + 5 m of foundation). It is essen-
tial to highlight that the CFs for construction and decommis-
sioning should only be applied to zoom in on the impacts of 
each habitat change scenario. To assess the impacts of habitat 
changes from both construction and decommissioning, the 
CFs for lifetime impacts should be applied.

4.2 � CF interpretation

Our richness models show that the richness in the sandy 
seabed is notably higher than in the hard seabed, primarily 
due to a high presence of species in the phylum Annelida. 
Within Annelida, species belonging to the taxonomic class 
Polychaeta are particularly abundant in sandy and muddy 
seabed types (Ager 2005; Ballerstedt 2005; MoRtimer-Jones 
2007). While the hard seabed and the artificial structures 
host species within all eight considered phyla, the sandy 

seabed does not host species from the phylum Porifera. 
Porifera can grow on both hard and sandy substrates, but 
at locations with much turbidity, they need a hard substrate 
to attach to (NOAA 2024). The hard seabed is especially 
dominated by Arthropoda species, namely those belonging 
to the taxonomic order Amphipoda, which are often found 
on hard substrates, including both natural and artificial reefs 
(Sedano et al. 2020). Amphipoda are also highly present 
on the turbine structure, where the richness is very mixed 
between different phyla.

Similarly to Spielmann et al. (2023), our results imply 
that the total species richness on the man-made structure 
increases over time, eventually surpassing the level of rich-
ness in both the sandy and hard seabeds. When only con-
sidering the total richness of species present in the habitat, 
the habitat formed by OWF structures after 25 years of life-
time (total richness = 40 species) is more comparable to the 

Fig. 3   Relative impacts for an 
OWF with a lifetime of 25 years 
(t), 80 turbines (ntb), 707 m2 tur-
bine footprint (Atb), and OWF 
area of 20 km2 (AOWF). The 
impacts are given in the unit 
PDF.year/OWF. Impacts are 
shown for the total richness and 
eight taxonomic groups from 
different scenarios for habitat 
change associated with A con-
struction, B decommissioning, 
and C the whole lifetime of the 
OWF. The impacts for decom-
missioning and lifetime are cal-
culated considering 1 year after 
decommissioning. Be aware that 
the scale of the x-axis differs for 
each of the three graphs. Unit: 
PDF∙year per OWF. Abbre-
viations: SP, scour protection; 
PDF, Potentially Disappeared 
Fraction of species
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sandy seabed (total richness = 30 species) than to the hard 
substrate seabed (total richness = 16 species). However, con-
sidering the composition of species, the habitat formed by 
OWF structures after 25 years of lifetime is more compara-
ble to a hard seabed than a sandy seabed. Additionally, the 
results imply that leaving the scour protection in situ when 
decommissioning will preserve 80–99% of the species that 
are present on the structure itself. However, the significance 
of the decommissioning impacts and the overall impacts of 
the habitat changes associated with OWFs should be inter-
preted in relation to the time-integrated impacts throughout 
the lifetime of the OWF.

To provide a comprehensive assessment of habitat 
changes associated with OWFs, our modeling framework 
includes both the turbine structures and the seabed within 
the OWF area. The seabed between turbines is assumed to 
remain largely undisturbed, with species richness modeled as 
equivalent to reference sites outside the OWF. This assump-
tion is necessary due to the limited availability of long-term 
data on species richness development within the OWF 
seabed. The CFs are calculated based on the proportional 
contribution of these habitat components, considering the 
number of turbines (ntb), the footprint area per turbine (Atb), 
and the total OWF area (AOWF). The relative impact is, there-
fore, strongly influenced by the density of turbines within 
the wind farm (ntb/AOWF), where a larger total OWF area 
relative to the number of turbines results in lower overall 
impacts. This framework allows for the interpretation of the 
impacts considering the broader habitat conditions within 
the OWF, as opposed to only considering the localized habi-
tat changes around turbine structures. The time-integrated 
impacts on the total species richness from construction on a 
sandy seabed increase until year 13, after which the impacts 

start decreasing (see SI1 and SI2). This pattern is driven by 
the fact that the richness on the full turbine structure exceeds 
the richness of the sandy seabed after year 13. For construc-
tions on the hard seabed, the time-integrated impacts start 
decreasing after year 4, when the richness on the structure 
exceeds the richness on the hard seabed. From year 10, the 
impacts of the construction on hard seabed started to be neg-
ative, meaning a total increase in species richness during the 
considered period. The lifetime impacts for constructions on 
sandy seabeds, calculated for 1 year after decommissioning, 
decrease after year 12 but never reach a total gain of species 
during a lifetime of 25 years. For a structure constructed on 
a hard seabed, the lifetime impacts will reach a total gain 
of species already after a lifetime of 9 years. If considering 
25 years after decommissioning (see results of this in SI2), 
a total gain of species will be reached for the structure in 
sandy seabed, if the structure stands for at least 19 years 
after decommissioning, and for the structure in hard seabed, 
if it stands for at least 6 years after decommissioning.

As the impacts from decommissioning apply another 
baseline (the full structure) than the construction and life-
time impacts do (the seabed), the impacts from decom-
missioning cannot be directly compared to the impacts of 
construction and lifetime but merely be used in an isolated 
assessment of the decommissioning phase. The richness is 
assumed to be steady after decommissioning, meaning that 
the impacts from decommissioning will be the same every 
year. The time-integrated impacts of decommissioning will, 
therefore, develop linearly over time. This assumption has 
been made due to the lack of data following decommission-
ing, and we highly recommend future decommissioning 
projects to gather appropriate data on the ecological devel-
opment after decommissioning.

Fig. 4   Relative impacts on alien 
species for an OWF with a life-
time of 25 years (t), 80 turbines 
(ntb), 707 m2 turbine footprint 
(Atb), and OWF area of 20 km2 
(AOWF). The impacts are given 
in the unit PDF.year/OWF. The 
impacts are shown for habitat 
changes associated with A con-
struction, B decommissioning, 
and C the whole lifetime of the 
OWF. The CFs for decommis-
sioning and lifetime are calcu-
lated considering 1 year after 
decommissioning. Be aware that 
the scale of the x-axis differs for 
each of the three graphs. Unit: 
PDF∙year per OWF. Abbre-
viations: SP, scour protection; 
PDF, potentially disappeared 
fraction of species
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4.3 � Conservation priorities

Whether the newly established habitat can be considered 
positive or negative depends on what is regarded as the 
desired state. For many offshore structure projects, the legal 
requirements are that the site should be returned to its origi-
nal state, i.e., the state prior to construction, when decom-
missioning (Schläppy et al. 2021; Watson et al. 2023). As 
large parts of the North Sea are covered by sandy seabed 
(Coolen 2017), the sandy seabed may often be interpreted as 
the desired state. However, studies indicate that larger areas 
of the North Sea have previously been covered by rock reefs 
(Coolen 2017; Houziaux et al. 2011; Olsen 1883) and oyster 
reefs (Houziaux et al. 2011; Thurstan et al. 2023), provid-
ing hard substrate habitats. But due to anthropogenic activi-
ties such as trawling (de Groot 1984; Lengkeek and Bouma 
2010), oyster dredging (Bennema et al. 2020; Berghahn and 
Ruth 2005; Watson et al. 2006), and extraction of marine 
boulders as raw materials for construction on land (Kris-
tensen et al. 2017; Støttrup et al. 2017), the hard substrate 
habitats have been disturbed and largely destroyed. On the 
grounds of this, it can be argued that compared to its natu-
ral state, the North Sea lacks hard substrates today (Coolen 
2017) and that it is desired to increase the presence of hard 
substrates in the North Sea. The desired state should, how-
ever, be dependent on the location and should be determined 
prior to the construction of an OWF.

4.4 � Alien species

The presence of alien species can cause changes in native 
species extinction probabilities, genetic composition, behav-
ior patterns, richness and abundance, phylogenetic and tax-
onomic diversity, and ecosystem productivity (Blackburn 
et al. 2014). Thus, a high presence of alien species may pose 
a risk to the natural ecosystem. To enable an indication of 
such risks, we covered alien species in a separate species 
group. However, alien species are not necessarily harmful 
species but merely species that do not naturally occur in 
the considered area (Blackburn et al. 2014). The presence 
of alien species is thereby not necessarily problematic, but 
if the alien species become dominant over the native taxa, 
they can be considered invasive and may pose a threat to the 
ecosystem (Bulleri & Airoldi 2005).

Our models show that the presence of alien species on 
the OWF structures is much larger than in the reference 
hard seabed (at year 25: 1.2 times) and especially in the 
sandy seabed (at year 25: 14 times larger). This is compa-
rable to the findings of Degraer et al. (2020), who explain 
that the vertical habitats going from the seabed and above 
the water surface are largely new to the open sea and offer 
a niche for alien species to extend their distribution and/or 
strengthen their population. Adams et al. (2014) indicate 

that the creation of hard substrates in an environment domi-
nated by sandy mobile substrates can favor hard substrate 
species by creating new dispersal pathways and thereby 
facilitate species migrations. This is called the “stepping 
stone effect” and can fundamentally impact the population 
structure and aid passage for alien and potentially invasive 
species (Adams et al. 2014). An observed example of the 
stepping stone effect is the spread of the barnacle Balanus 
perforatus, which has spread from the south of the North Sea 
to the northern part of the North Sea by the connection of 
man-made reefs (De Mesel et al. 2015; Glasby et al. 2006). 
Importantly, Dauvin (2024) investigated if there are grounds 
for claiming that there is a greater frequency of alien inva-
sive species in OWFs than in other marine habitat types and 
concluded that the evidence of such an effect still needs to 
be documented.

4.5 � Limitations of the developed CFs

Our CFs represent species richness, which is one of many 
measures of biodiversity impacts. Other relevant param-
eters include species abundance, area or volume of habitat, 
biomass, or reproductivity, species functionality, which all 
cover different aspects of biodiversity (Li et al. 2023; Smyth 
et al. 2015; Woods et al. 2016). Multiple parameters should 
be considered to get an exact picture of an ecosystem’s 
biodiversity level (Finkbeiner 2011). However, in LCA, it 
is desired to have one indicator for ecosystem quality, i.e., 
biodiversity impacts, to increase comparability between 
different assessments. However, PDF.year and species.year 
only cover the species richness and generally assume that 
an increase in richness is positive, while a decrease in rich-
ness is negative. We argue that whether an impact can be 
considered positive or negative is highly dependent on the 
composition of species and the desired habitat.

The CFs developed in this study only cover benthic 
species. However, studies indicate that the established 
artificial habitats also attract mobile species, e.g., finfish 
species (Bergström et al. 2013; Carey et al. 2020; Reu-
bens et al. 2014), which use the structures as a shelter and 
the benthic species as a food source. Our CFs do not allow 
for quantification of such associated effects, but they 
should be considered when applying our CFs. Addition-
ally, the offshore structures may affect the ecosystem in 
the surrounding areas, especially if other hard substrates 
are present nearby (Degraer et al. 2020; Wilhelmsson & 
Malm 2008). This is also not considered in our CFs.

In our study, we defined taxonomic groups based on 
phylum, which groups organisms based on their fun-
damental characteristics (Samal et al. 2019). Another 
approach to grouping could be based on the function 
the species provide to the habitat or the ecosystem. The 
characteristics and functions of a species may be needed, 
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desired, or unwanted, depending on the desired state. 
Sabellaria spinulosa or Lanice conchilega (Annelida) 
are species with reef-building functions, as they create 
biogenic reefs themselves by building tubes from sand or 
shell fragments (Ager 2008; Jackson & Hiscock 2008). 
The blue mussel (Mytilus edulis) also possesses a reef-
building function, as its shells fall off the structure and 
create a habitat for other organisms (Krone et al. 2013). 
Species in the same phylum group have similar funda-
mental characteristics but may hold different ecosystem 
functions. Similarly, species with similar functions may 
belong to different phyla. Grouping based on functions 
may thereby be beneficial to investigate the ecosystem as 
a whole but would require assessing each species sepa-
rately, which is complex and timely.

The biodiversity impacts estimated using our CFs 
refer to the local potential net loss of species due to the 
offshore construction- and decommissioning-induced 
changes to marine habitats. It is important to underline 
that the impacts are local, as the species may still be glob-
ally present even though the species have disappeared at 
a local scale (Verones et al. 2022). However, if species 
are lost locally, the risk of global extinction may increase. 
Kuipers et al. (2019) and Verones et al. (2022) developed 
global extinction probabilities (GEP), a scaling approach 
to indicate the extent to which regional species loss in a 
respective area may contribute to global species extinc-
tion. However, among the taxonomic groups we consid-
ered in our study, only Enchinodermata and Bryozoa are 
partially covered by the existing GEPs. Expansion of the 
GEPs requires information on the range area of the con-
sidered species and the IUCN threat level of the species 
(Verones et al. 2022).

4.6 � Uncertainties and data needs

The samples representing the reference seabed (sandy and 
hard) were collected in 2008–2015 and are thereby repre-
sentative of the seabed after the heavy industrialization of 
the North Sea (Bennema et al. 2020; Lengkeek & Bouma 
2010; Støttrup et al. 2017; Thurstan et al. 2023). They can 
therefore not be claimed to represent a natural state of the 
North Sea. Furthermore, the database for the seabed types 
is not very strong, as BISAR currently only includes data 
from 2 sandy sediment sites and 1 geogenic reef (hard sea-
bed). The seabed within the OWF is assumed to remain 
unchanged compared to its pre-construction state, i.e., the 
reference seabed. Additionally, species richness within the 
OWF seabed is assumed to remain constant throughout the 
OWF’s operational lifetime. These assumptions are neces-
sary due to the lack of available data on seabed conditions 
within OWFs. However, it is likely that the richness of the 

different taxonomic groups is influenced by the presence of 
surrounding structures, though the specific nature of these 
effects remains uncertain. To enhance the model in this 
regard, systematic seabed sampling within OWFs is required 
and should be conducted throughout their operational lifes-
pan. Furthermore, the species richness is assumed to be 
uniform across all turbines. However, variations may arise 
due to factors such as differences in hydrodynamic condi-
tions affecting recolonization, varying degrees of protection 
among turbines, or differences in seabed characteristics and 
depths. The data used is expected to bring some uncertain-
ties to the study results. Firstly, the samples were collected 
over a period of 16 years by different researchers using dif-
ferent approaches, which is expected to have brought some 
inconsistency to the database. Secondly, the pooling of 
samples from different structures and foundation types to 
cover both construction and decommissioning for structures 
with ages of 1–25 years is expected to bring uncertainty 
to the results. The structural design and materials used for 
offshore structures like OWFs and oil and gas platforms are 
similar and thus comparable in terms of marine biodiversity 
impacts (Lemasson et al. 2022). Additionally, we did not 
find any correlation between structure type or foundation 
type and species richness. However, some essential differ-
ences between the two structure types may influence the 
species richness. For example, oil and gas platforms are typi-
cally constructed in deeper waters and further offshore and 
often discharge contaminants during their operational life-
time, which may affect the species richness on the structure 
(Ekins et al. 2006). Additionally, oil and gas platforms are 
rarely arranged close to each other in farms, like wind tur-
bines are, but have a larger footprint on the seafloor per unit. 
Thirdly, the samples from offshore structures only cover the 
organisms attached to the structure and the scour protection. 
They do not cover samples from the sand underneath the 
scour protection, which is expected to contain some species 
similar to the sandy seabed. We, therefore, expect that the 
species richness at an offshore structure would be higher if 
the species in the sand underneath the scour protection were 
also sampled.

Our approach to identifying alien species included compar-
ing the species present in the BISAR database to the IUCN list 
of alien species in the North Sea included in the MarINvad-
ers Toolkit (Lonka et al. 2021; Verones et al. 2023). The 
MarINvaders Toolkit is continuously updated according to 
updates in IUCN, and the impacts on aliens may vary depend-
ing on when the list was extracted. Our assessment is based 
on a list extracted in September 2024. We also investigated 
impacts on threatened species, using the same approach as 
for aliens. However, as only one threatened species (Homarus 
Gammarus) occurred in the BISAR database, the threatened 
species were excluded from this study.
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To validate the results of this study, we suggest focused 
investigations and data collection from offshore structures. 
The data collection procedures should be standardized in 
terms of sampling methods and data processing to ensure 
comparability between studies. Furthermore, for each struc-
ture and foundation type, the data should be collected con-
tinuously over time and over different parameters like depth, 
distance from the seabed, sampled area, and seasonality to 
enable a deeper investigation of the parameters’ influence 
on species richness. To expand the coverage of the CFs geo-
graphically, structures in other areas should be investigated, 
e.g., the Baltic Sea or the Formosa Strait, as they are some of 
the large development areas for OWFs (4C Offshore 2023).

5 � Conclusion

This study presents CFs for evaluating the impacts on marine 
benthic biodiversity from habitat changes associated with the 
construction, decommissioning, and whole lifetime of OWFs 
in the North Sea. The developed CFs enable the quantifica-
tion of both positive and negative impacts on marine benthic 
biodiversity, thus providing a basis for understanding and 
managing the ecological consequences of OWF projects. To 
allow for more detail, the CFs are developed for eight dif-
ferent taxonomic groups, as well as alien species. The study 
covers two scenarios for construction, i.e., constructing on 
a sandy seabed or a rocky seabed, and three scenarios for 
decommissioning, i.e., removing the entire structure, leav-
ing the scour protection, or leaving the scour protection and 
the bottom 5 m of the turbine foundation. The findings sug-
gest that the construction and decommissioning activities 
may lead to changes in the total species richness and the 
richness of alien species and shifts in richness between dif-
ferent taxonomic groups. Furthermore, the results indicate 
that the species richness on the OWF structure could exceed 
the richness on a sandy or rocky seabed if the structure has 
a lifetime of 13 years or more. However, considering the 
impacts integrated over the structure’s lifetime (expected to 
be 25 years in most cases), the study suggests that the con-
struction on sandy seabeds generally results in a net loss of 
species, while the construction on hard seabeds appears to 
result in a net gain of species. The CFs for decommission-
ing indicate that leaving the scour protection could maintain 
most of the total species richness. Whether the changes in 
species richness associated with habitat transformations can 
be regarded as positive or negative depends on the desired 
habitat, as the total species richness, presence of alien spe-
cies, and the composition of species within different tax-
onomic groups vary with the habitat type. We, therefore, 
highlight the importance of defining the desired habitat at 
the considered location, considering the taxonomic com-
position, and considering the total species richness. Future 

research should focus on expanding the CFs to cover more 
geographic regions and taxonomic groups and on collecting 
data continuously over time and different parameters like 
depth, distance from the seabed, sampled area, and seasonal-
ity to enable a deeper investigation of the parameters’ influ-
ence on species richness.
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