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SUMMARY

Digital tools are mushrooming in the renewable energy sector, as a solution for ecological monitoring and
as a tool for implementing biodiversity-positive solutions. Despite high expectations for positive impact in
sectors such as offshore wind, there has been little consideration of how digitalization shapes biodiversity
governance. We argue that realizing the potential of emerging digital technologies for ecological sustain-
ability in the offshore wind sector will require a critical reflection about the assumptions and limitations
of digital biodiversity governance approaches. Drawing on literature and examples of digital tools, we argue
that the current governance approaches falls short of what’s needed to tackle the ecological impacts of
offshore wind. Our perspective proposes four guiding principles for a more collaborative, ecosystem-
based way forward. Following these principles could help to realize digital technologies’ promise of
sustainable outcomes in the offshore wind sector and in other sectors facing trade-offs between rapid

development and ecological impact.

INTRODUCTION

The offshore wind energy sector is a key component of the
global renewable energy transition, but growth in this industry
has been closely followed by concern about the ecological
impacts of wind farm development and operation.’ The
offshore wind industry has recognized that ecological sustain-
ability is one of the key priorities for research and innovation
to reverse the loss of biodiversity,” following the 2022
Kunming-Montreal Global Biodiversity Framework® and Euro-
pean Union Mission on Ocean and Water Restoration.®
Ecological concerns also fuel public opposition to offshore
wind farms,”*® making it clear that ecological sustainability is
a prerequisite for public support, and hence for fulfilling the
ambitions for upscaling of offshore wind farms.

Certain ecological effects of wind farm development and
operation are increasingly well understood, including negative
impacts to many species at the individual- and population-
level due to disruptions in ecological processes in the seabed,
water column, and air as well as certain positive ecological
effects, including artificial reef formation, and reduction of
ecosystem pressures due to closure of prior economic ac-
tivity®® (Figure 1). Still, there remains a great deal of uncer-
tainty, especially related to cumulative effects of wind farm
operation over long time periods, the interaction of effects
from multiple wind farms over a large spatial extent, and the
interaction of wind farm impacts with multiple simultaneous
stressors.'>"" Progress toward ecological sustainability is
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hindered by unresolved questions about the nature and
magnitude of direct and indirect impacts, how and by whom
any impacts should be managed, and, ultimately, whether
the climate crisis justifies rapid expansion in the face of
ecological uncertainty.?'?

Effective biodiversity governance must engage with these
uncertainties (Figure 1). However, strategies for sustaining
biodiversity are frequently restricted to a static assessment
of potential impacts prior to wind farm construction, often
following prescriptions of national conservation laws.'®'
This approach to biodiversity governance leaves little possibil-
ity for adaptation in response to emerging environmental im-
pacts. Therefore, marine ecologists have called for measures
to improve the capacity to adjust biodiversity governance
based on up-to-date information, including monitoring of
environmental indicator variables and continuous interpreta-
tion of monitoring results.'>"”

To this end, governments, scientists, and private actors
have increasingly developed and applied smart operations
and big data gathering and analysis methods.'®2° These tech-
nologies include but are not limited to drones, radar, and sen-
sors and cameras on wind turbines, as well as digital infra-
structures for managing and interpreting the big data produced
by these methods (Table 1; Figure 2). The common expec-
tation is that digital innovation will contribute to better under-
standing and enhancement of marine biodiversity and thereby
foster sustainable coexistence between wind energy develop-
ment and ecosystems.”' But to date, the academic evidence

iScience 29, 114881, March 20, 2026 © 2026 The Author(s). Published by Elsevier Inc. 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
mailto:helena.solman@wur.nl
https://doi.org/10.1016/j.isci.2026.114881
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2026.114881&domain=pdf
http://creativecommons.org/licenses/by/4.0/

¢? CellPress

OPEN ACCESS

iScience

Figure 1. lllustration of direct and indirect impacts associated with offshore wind farm development and operation

is scattered and there has been a lack of critical evaluation of
how digital technologies contribute to solving ecological chal-
lenges in offshore wind farms.

Such evaluation has only recently become more feasible
with the emergence of research on the general implications
of digitalization on biodiversity governance,>*>? and to our
knowledge, there have been no attempts yet to zoom into the
role of digitalization at the intersection of biodiversity and
offshore wind. This is surprising considering that many of the
European Union (EU)-level regulatory instruments and funding
mechanisms —such as the Digital Europe Program and the Eu-
ropean Green Deal—specifically call for inclusion of the social
next to the digital aspects in the energy transition and biodiver-
sity is foundational to societal welfare. Meanwhile, offshore
wind energy developers increasingly invest in digital tools for
biodiversity monitoring and management to develop interven-
tions for net-positive biodiversity impacts.>**** For example,
SSE Renewables, in partnership with Microsoft and Avanade,
is launching a digital research initiative off the Dutch coast
to study wind farm impacts on the ecosystem, with trials
showing promising results in species identification, population
monitoring, and distribution analysis.’® In contrast, marine
ecologists working for non-governmental organisations such
as Doggerland in the Netherlands,*® emphasize need for con-
servation without economic developments and warn against
possible greenwashing of offshore wind as a “saver” of marine
biodiversity.
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The result is an emerging paradigm of fragmented digital
monitoring with experimental interventions carried out by a het-
erogeneous variety of public and private actors.>® ¢ This frag-
mented research environment is a barrier to iterative learning,
adaptation, and upscaling of biodiversity monitoring and man-
agement based on direct and indirect impacts of these technol-
ogies. Another point of concern is that data from biodiversity
monitoring in this fragmented environment are often hard to
access and difficult to compare, leaving little capacity to learn
about the limitations of what the data represent and how they
could be used to inform future strategies for biodiversity.

We argue that realizing the potential of emerging digital tech-
nologies for ecological sustainability in the offshore wind indus-
try will require expanding beyond assessment of specific digital
technologies and moving toward assessment of the overall shift
to digital approaches. This cannot be achieved under the
current paradigm of fragmented monitoring and intervention
but rather requires a collaborative ecosystem-based approach.
To this end, we integrated empirical literature on offshore wind
with theory on both digital transitions and adaptive biodiversity
management to derive four core principles of a collaborative
ecosystem-based approach for digital biodiversity governance
of offshore wind. We propose that these core principles can
guide more effective adoption of digital technologies in biodi-
versity governance of the offshore wind industry. Further, we
suggest that the process of deriving these principles illustrates
how theory on digital transitions can inform sectors facing
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Table 1. Examples of digital technologies that are emerging in the offshore wind energy sector for the purpose of biodiversity

monitoring and management

Digital technology

Application in offshore wind

Examples of projects and companies
involved

Al for species recognition

Animal-borne sensors

Environmental DNA (eDNA)

Radars, sensors, and drones with cameras
for smart environments

loT-enabled buoys

Autonomous robotics and satellite imaging

Digital twins and machine learning

analyzes images and acoustic data to
identify and track marine species in wind
farm areas

records animal movements,
characteristics, and/or external
environmental variables at the animal’s
location in real time via sensors worn by
animals

detects the presence of species in water
around wind farms to monitor biodiversity
and migration patterns, enabled by
advanced computational methods

tracks bird and bat movements to reduce
collision risks with turbine blades

measures water quality, temperature, and
currents to study habitat conditions near
turbines

maps changes in marine ecosystems, such
as seabed habitats and algae growth,
around wind farm areas

marine imaginary, scenario building, and
building of virtual prototypes and “twins” of
marine ecosystems for understanding
impacts of wind energy and other
developments

Spoor (software) and Vattenfall (energy
company) collaborated to develop Al
method for tracking sea birds at Aberdeen
Bay Offshore wind farm (Vattenfall Media
Relations, 2023)*

animal-borne sensors tracked migratory
movements in species including fishes,
birds, and turtles relative to offshore wind
farm locations?®

BeWild project, autonomous underwater
vehicle that samples eDNA,; innovation by
Fugro®*

the Ecowende project, a joint venture by
Shell, Eneco, and Chubu, is deploying these
digital technologies to track birds and bats
in real-time, to enable shut-down-on-
demand to minimize collision risks®®

SmartBuoy were developed by Cefas to
monitor marine biodiversity changes - the
Biodiversity Consultancy used this
technology together with a software
provided by Spoor at Hywind Tampen
offshore wind farm?°

in collaboration with energy companies,
Sensemakers has deployed these
technologies to assess the ecological
effects of wind farm structures, such as
potential reef formations and habitat
changes®’

Azure Digital Twins by SSE Renewables,
Microsoft and Avenade develop a virtual
environment for monitoring ecological
impacts and testing different solutions for
mitigation and compensation®®

To our knowledge, there has been no effort to systematically review such examples; consequently, the table provides examples rather than a compre-

hensive overview.

trade-offs between rapid development and ecological impact
more broadly.

TOWARD A COLLABORATIVE, ECOSYSTEM-BASED
APPROACH FOR OFFSHORE WIND BIODIVERSITY
GOVERNANCE

The literature on digital environmental governance offers strong
theoretical framing to interpret the shift toward digital technolo-
gies in the biodiversity governance of offshore wind. Implications
of digitalization have now been thoroughly explored in research on
other domains of environmental governance; in brief, digitalization
tends to transform not only who is engaged in governance but
also what is included in the scope of environmental governance
and how data are collected, interpreted, and applied.?®*%*°
The work of Kloppenburg et al.>° establishes a clear framework

to critically evaluate the shift toward digital technologies in biodi-
versity governance in the offshore wind sector, laying necessary
groundwork for assessment and adaptation of these technologies
to better realize their intended outcomes.

In this article, we first examine the offshore wind sector in
light of the literature on digital transformations to explore un-
derlying causes for the insufficiency of the current digital biodi-
versity governance paradigm. Next, we integrate theory on
digital transitions with literature on adaptive biodiversity
management to propose a collaborative ecosystem-based
approach that engages more holistically with the direct and in-
direct impacts of digital technologies on biodiversity gover-
nance in the offshore wind industry. We argue that this
approach helps to evaluate the digital technologies’ promise
of moving toward more sustainable outcomes for biodiversity
in offshore wind development.
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Figure 2. lllustration of proposed features that characterize a collaborative, ecosystem-based approach to digital biodiversity governance in

the offshore wind sector

Digital technologies transform what is included in the
scope of biodiversity governance

The integration of new digital technologies causes shifts in biodi-
versity governance.”' Most immediately, digital technologies
offer increased capacity for data collection and analysis. From
advanced sensors that collect data as diverse as bioacoustics,
fish movement, water quality, and much more*?; to advanced
models that automate the interpretation of these data43; to the
capacity to remotely curtail or alter wind farm operations in
response to real-time detection of biodiversity threats,** digital
technologies truly revolutionize how much we know, and can
do about, the biodiversity crisis.

However, rapid adoption of new monitoring technologies risks
an overemphasis on particular variables due to their compati-
bility with digital monitoring tools, rather than their ecological
relevance. As succinctly put by Turnhout and Purvis*®: “there
is the risk of mistaking what is easily counted for what counts.”
This has already been observed in the case of offshore wind,
with monitoring technologies tending to focus narrowly on a
limited number of species.*® Neglect of more meaningful moni-
toring targets could functionally increase the appearance of
compliance with biodiversity governance requirements, but
would essentially act as a placebo by neglecting additional vari-
ables that could more accurately indicate ecosystem health.*”

These consequences amplify as digitalization supports transi-
tion toward algorithmic forms of governance.’®*° Advanced
models can act as a “black box,” where the extent of meaning
and uncertainty associated with the original variables become
lost, hindering further development.>® Without critical consider-
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ation of the range of variables and perspectives represented
in modeling, algorithmic governance practices such as digital
twinning can legitimize and reinforce solutions that do not recog-
nize or account for remaining uncertainties.”’

Finally, the implications of variable selection are exacerbated
by the current paradigm of fragmented, ad hoc adoption of
digital technologies. While localized selection of monitoring
variables enables private actors to detect local-scale biodiver-
sity impacts, it creates challenges for coordinated action at
broader scales, including evidence synthesis, collaboration,
and integrated action, making it difficult to validate impact
claims and outcomes of biodiversity enhancing strategies.
At the same time, rapid adoption of novel monitoring and
management tools comes with a risk that conventional moni-
toring approaches will be overlooked or abandoned. There is
risk in interrupting existing long-term datasets®? and reducing
investment in higher cost, smaller data, but valuable research
approaches.®® This includes ecological experiments that inves-
tigate causality of impacts, which is essential for designing
future monitoring and interventions.

Digital technologies transform how biodiversity data are
collected, interpreted, and applied

An additional promise of digital biodiversity monitoring is the
capacity to extend monitoring over greater spatial extents, sup-
porting research on impacts at broad scales and informing coor-
dinated actions across the boundaries of individual wind farms
or government jurisdictions.®*>° Similarly, digital technologies
offer the technical capacity for real-time action, automating the
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process of moving from data to intervention.** However, the
literature on digital transitions suggests that the adoption of
digital tools is not sufficient to produce these intended out-
comes; rather, such adoption must be supported with robust
research addressing questions such as Which variables prompt
intervention, and how were they chosen? How are thresholds
for intervention selected? How will it be determined whether
the action was sufficient?

In addition to advancements in data collection, digital technol-
ogies also transform the process by which data are analyzed,
interpreted, and integrated into governance.*® Major examples
include an enhanced ability to standardize and share data®®
and automation of data interpretation and subsequent interven-
tions.** While acknowledging the potential offered by digital
approaches, literature on digital transitions highlights a need to
research not only the potential benefits of this transformation
but also unintended consequences and indirect effects.*’®”
For instance, the fragmented nature of offshore wind biodiversity
governance can create barriers to data sharing and integration,
including insufficient incentivization for private actors.*® Ineffec-
tive data sharing can lead to redundancy across multiple actors,
lack of integrated actions, and even opposing interventions insti-
gated by different actors.*® This poses a challenge not only for
governments in deciding which interventions are to be prioritized
and upscaled, but also for developers who want to avoid the risk
of investing in interventions that do not work.

In general, digitalization brings new urgency to questions
about who holds power to interpret, shape, and makes deci-
sions about data, and about how intended sustainable out-
comes are defined.®**° Digital data infrastructures allow for
the accumulation of huge amounts of data that can become
difficult to oversee and understand; as Kloppenburg et al.>°
state, “data-collection technology has become so powerful
that there is a risk of drowning in environmental data.” The
sense of control and efficiency conferred by harnessing large
amounts of data comes with a risk that decisions about its
use in governance are seen as neutral, and that the underlying
assumptions and indirect implications are ignored. We argue,
however, that in-depth research into these implications will
be critical to iterate and improve biodiversity governance of
the offshore wind sector.

Digital technologies transform who participates in
biodiversity governance

Lastly, digitalization transforms the range of actors engaged
in governance. It is often expected that digital technologies
will open governance processes to broader participation.
Indeed, digital tools for communication and participation, such
as interactive data dashboards, have enabled stakeholders
to visualize wind farm impacts and trade-offs in real-time.*°
However, the potential of digital technologies to democratize
governance is coupled with a risk that they can instead reinforce
existing power imbalances.®*®° As argued in the strand of
literature on responsible research and innovation,®'®? the
design and implementation of technologies like digital tools
risk reflecting the priorities of technological and scientific
experts while marginalizing the perspectives of the stakeholders,
such as those of local fishers or conservation advocates.
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Achieving greater participation requires a critical and collabora-
tive perspective that can identify and respond to these risks.®®

As has been seen in other sectors,®® digitalization has
induced shifts from state to non-state or private actors in the
biodiversity governance of offshore wind. As private investment
in digital technologies has increased, wind energy companies
have more often taken on proactive voluntary self-regulation
and investment in digital technologies rather than acting mainly
in response to government directives.’> The independent
governance actions of a larger number of private actors have
produced a heterogeneous landscape of monitoring initiatives,
akin to several small and unstandardized experiments in moni-
toring and management approaches.®® This transition effec-
tively concentrates governance among actors who can afford
to invest in participation, while potentially overlooking those
without this form of access and limiting the potential for collab-
orative oversight. This system risks disincentivizing transpar-
ency, creating conditions where data and research results
may be more likely to be presented if they are seen as demon-
strating positive biodiversity impact, while results revealing
uncertainties and risks may not be shared. Finally, we caution
that a fragmented and uncritical implementation of digital tech-
nologies limits the capacity to detect and respond to long-term,
cumulative, and indirect effects of wind farms; likewise, a frag-
mented landscape of digital biodiversity governance is not
conducive to evaluating indirect effects of the digitalization
process itself. Detection of and response to these impacts
requires collaboration that spans outside of the wind industry
to include other marine industries, governance entities, conser-
vation researchers, and the public.®""%:6°

FOUR PRINCIPLES OF COLLABORATIVE DIGITAL
ECOSYSTEM-BASED GOVERNANCE

Based on the abovementioned insights from the literature on
digital transitions,**%*®* we propose that digital biodiversity
governance of offshore wind, along with other sectors of the
blue economy, must be implemented and iteratively evaluated
in a collaborative, ecosystem-based approach. As argued
above, governance of marine biodiversity in the offshore wind
energy sector has not yet taken into account transformations
related to digitalization, even though programs such as EU
Digital Europe Program specially highlight the digital aspect
of energy transition and tends to overlook the importance of
societal actors, including experts, decision-makers, and stake-
holders involved in biodiversity governance. Our approach
responds to this gap while building on the principles of open
science and FAIR data®® and answering calls to better integrate
issues of inclusion, representation and justice, in EU Green
Deal policy.®” To define our approach, we integrate theory on
digital transitions with literature on adaptive biodiversity
management, in which biodiversity interventions are iteratively
adapted in response to information that is learned through
ongoing monitoring and management.'>'® To this end, we
propose the following four interrelated principles that charac-
terize collaborative digital ecosystem-based governance (sub-
sequently abbreviated as CoDE governance) of biodiversity in
the offshore wind sector (as visualised in Figure 3).
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Figure 3. The four proposed principles of collaborative ecosystem-
based digital biodiversity governance are (from top to bottom)
Setting ecosystem-based biodiversity goals.

Standardizing and sharing biodiversity data across borders.

Balancing real-time and long-term actions.

Inclusive and transparent collaboration.
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Setting ecosystem-based biodiversity goals

We argue that CoDE governance will prioritize the complex
and dynamic relationships between different species and their
habitats when setting goals for biodiversity monitoring and man-
agement. Because digital technologies change the biodiversity
metrics for which it is relatively easy to collect large quantities
of monitoring data, it will be critical to test assumptions about
metrics chosen to act as proxies for ecological health®® and to
invest in efforts to overcome taxonomic and other biases.*'"®®
This can include both traditional monitoring methods and
the incorporation and refinement of newer methods, such as
eDNA.®° With finite resources for monitoring, participatory and
multi-stakeholder methods should be followed to set priorities
for monitoring.*®’° Among other considerations, prioritization
can address knowledge gaps; practical issues, such as the likeli-
hood of detecting a signal given current monitoring capacities;
and the need to balance monitoring goals, such as general and
targeted monitoring.*® Best practices for adaptive monitoring
should be followed to retain the value of long-term datasets while
adjusting to new information as needed.®?

Setting biodiversity goals can be done with a help of advanced
modeling approaches that are increasingly used to interpret
monitoring data and inform management goals and actions.
For example, digital twins could help to optimize measures for
biodiversity management by evaluating different strategies,
such as turbine shutdowns during high-risk periods for bird
collisions,”" or to assess their ecological benefits before imple-
mentation. Even with thoughtful selection of monitoring vari-
ables, the advanced modeling approaches used to draw infer-
ence from large monitoring datasets should follow best
practices to understand uncertainties in the modeling, validate
model outputs, and better understand how results can be
extrapolated between wind farms, regions, and other varying
contexts. Without sufficient communication among researchers
and relevant stakeholders about both the meaning and limitation
of modeling results, there are risks on the one hand that
models will be rejected as untrustworthy and on the other than
that they will be unquestioningly accepted without critical
evaluation of the parameters included or uncertainties in model
outputs.”>"® Advanced analysis approaches, including digital
twins, can be planned to feedback toward data collection;
models should be used to identify important knowledge gaps
that can inform future monitoring. This iterative process will
strengthen the capacity for comprehensive simulations and
predictions of ecological impacts.””

Setting biodiversity goals with the help of digital technologies
should happen alongside both long-running conventional
monitoring programs and small-data experimental ecology
studies.”® There are many examples of experimental studies
relying on conventional data collection approaches being
used to determine the data needs for future monitoring.”®””
In one illustration of the integration of conventional monitoring
into government recommendations, the Scottish government
issues clear guidance for continuation of long-running conven-
tional monitoring surveys and for their integration with newer
digital approaches.”®"®

Finally, we argue that social science research that explores
the values and priorities of diverse stakeholders and the public
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is essential to inform the scope of digital biodiversity gover-
nance. This includes shaping the definitions of biodiversity and
of sustainable outcomes that are used to set goals for action
and monitoring.”>*>"® Beyond this, diverse social science
research is further critical to understand the ways that biodiver-
sity data are taken up into varied components of governance
ranging from data management to interpretation to applica-
tion.®° Ultimately, in line with Westerlaken,*' we argue that social
science should be an integral part of projects that design digital
tools for biodiversity governance.

Standardizing and sharing biodiversity data across
borders
CoDE governance also prioritizes the natural boundaries of eco-
systems, which rarely align precisely with the boundaries of wind
farms or governance units. Digital infrastructures that support
standardization, sharing, and integration of data, such as the
digital twin of the North Sea, can drive research and interventions
that span the boundaries of both individual wind farms and
government jurisdictions.**®" The utility of these data infrastruc-
tures is contingent, however, on the inclusion of a wide variety
of actors and adherence to best practices, including the FAIR
data guidelines.®*®® The broader field of biodiversity monitoring
has made substantial progress in envisioning a culture of biodi-
versity monitoring that is networked, integrative, collaborative,
and increasingly digital (e.g., Internet of Animals); this is a sound
starting point for developing similar networks in the realm of
offshore wind biodiversity governance.>®:84:8°

In light of the high level of private investment in digital gover-
nance approaches, we emphasize the need for research and
policy actions that incentivize the sharing of privately held data.
We stress that private companies are expected to benefit from
openly sharing biodiversity governance data; high standards for
data transparency ensure that companies have greater capacity
to respond to public demand for sustainability as a prerequisite
for offshore wind development.®®847 Third party boundary orga-
nizations that act as a bridge between industry, governments, and
societal interest groups can play an important role in facilitating
progress in this area; examples include the Responsible Offshore
Science Alliance (https://www.rosascience.org/) and the Offshore
Coalition for Energy and Nature (https://offshore-coalition.eu/).

Importantly, transboundary data standardization and sharing
generates capacity for monitoring and research that is inte-
grated across boundaries. We encourage remote monitoring
approaches to be deployed to assess critical biodiversity ques-
tions that can only be answered at broad spatial scales,
including the cumulative impacts of multiple wind farms, the
impact of multiple overlapping stressors, and ecological
impacts in whole marine ecological systems such as the
North Sea basin."" Currently, academic research partnerships
offer especially strong examples of successful transboundary
research (e.g., NorthWind [https://www.northwindresearch.
no/] and WOZEP [https://www.noordzeeloket.nl/en/functions-
use/offshore-wind-energy/ecology/offshore-wind-ecological-
programme-wozep/]). These and similar research programs
can serve as models for transboundary data sharing, research
cooperation, and partnership in development of policy
guidance.
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The ultimate objective of transboundary collaboration should
be the development of coordinated biodiversity governance
actions to detect and respond to impacts that span across
governance jurisdictions.>*#%%” This includes building capacity
to move beyond monitoring for potential impacts and toward
active transboundary conservation practices, mitigation of nega-
tive impacts and finally compensation for damage, as a last
resort. Examples of such actions include collision avoidance,
noise reduction, cooling systems, entanglement mitigation,
and habitat enhancement®® as well as estimation and manage-
ment of cumulative ecological effects.®® With transboundary ac-
tion, there is a particular need to invest in capacity building for
nations with fewer resources and less power to implement moni-
toring programs and to ensure that a transboundary perspective
is not employed to justify actions that disproportionately reduce
environmental or economic health of such nations. %%

Balancing real-time and long-term action
CoDE governance further recognizes the temporal dynamics
of marine ecosystems at multiple scales. One major promise of
digitalization in biodiversity governance is a shortened lag time
between data collection, interpretation, and intervention. The
most prominent example in offshore wind is “smart” curtailment
of wind farm operation in response to automated sensing of acute
impacts to avian populations.**”" While promising, it is essential
that technical development of these innovations is followed
closely by robust impact assessment, including ongoing critical
evaluation of the assumptions built into these automated work-
flows and of limitations in the range of perspectives that informed
their development. There are many critical questions about such
workflows that cannot be answered on a technical level: for
example, how is an acceptable level of impact determined and
how is an optimal balance between energy production and avian
mortality defined? Advances in the ability to detect and respond
to surpassed thresholds lend urgency to the definition of mean-
ingful biodiversity metrics and the identification of societally and
scientifically relevant threshold values, a process which requires
engagement across sectors and research disciplines.”%°'%2
While the promise of real-time response to biodiversity impacts
has been a focus of digitalization to date, we argue that digital
innovation also offers critical capacity to address knowledge
gaps related to long-term socioecological impacts. A long-range
perspective is essential to understand cumulative impacts and
indirect impacts that emerge over long time spans, as well as to
avoid a shifting baseline effect that can cause short-term moni-
toring to miss signals of long-term change. Long-term, cumulative,
and indirect impacts of offshore wind remain an area of great un-
certainty®; these impacts are difficult to research in part because
they require a scope of data collection, management, and interpre-
tation that in many cases goes beyond the capacity or interests
of any single actor.”® Digital technologies therefore offer critical
capacity to address these long-range monitoring and manage-
ment objectives, but this potential can only be realized through a
collaborative, ecosystem-based approach.

Inclusive and transparent collaboration

The ecosystem-based governance described above cannot be
effectively realized by single actors in isolation; rather, it calls
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for collaborative action carried out by a network of actors repre-
senting diverse perspectives. Therefore, the final principle of
CoDE governance is inclusive and transparent collaboration.
Care must be taken to ensure that collaboration networks do
not reinforce power imbalances and exclude critical perspec-
tives.'#%° Best practices for collaboration in research and gover-
nance should be followed: these include inclusion of diverse
perspectives and broad consideration of environmental and
societal outcomes’>®%; adherence to principles of scientific
rigor, including open science®; and an iterative, adaptive
approach that incorporates multiple lines of evidence and ac-
counts for uncertainty.”®

While the fragmentation caused by the growing predomi-
nance of private actors in offshore wind biodiversity gover-
nance does pose challenges for collaboration, we stress that
industry actors can play a significant role as actors within a
collaborative paradigm.®**"** A strong example comes from
the FME NTRANS and FME NorthWind projects in Norway,
which conducted a multi-month co-creation process to engage
industry partners in transdisciplinary, action-oriented dialogue
about developing a role of offshore wind industry in Norway.*®
Interdisciplinary and international academic collaborations
further showcase the effective incorporation of a wide range
of research perspectives (e.g., BeWild [https://www.wur.nl/en/
project/bewild-measuring-biodiversity-at-offshore-wind-farms.
htm] and ULTFARMS [https://ultfarms.eu]).

Understanding how digital technologies can deepen public
participation in progress toward sustainable outcomes should
be a critical focus for future research. Though offshore wind is
a subject of great public interest and opinion,”°” it is relatively
removed from day-to-day visibility for much of the public.
Already, interactive digital communication tools have made it
easier for stakeholders and the public to visualize data and, in
some cases, observe decision processes in real time.**:%®
For example, a digital twin has informed low-conflict pathways
for offshore wind energy plans in Tasmania, highlighting the
potential of these tools for knowledge integration and positive
stakeholder and community engagement.®®

Approaches such as participatory mapping and serious games
provide novel ways for stakeholders to engage with wind farm
impacts by simulating scenarios and evaluating various decisions.
Building on this, we encourage more research on virtual environ-
ments and tools that allow stakeholders to interact with complex
ecosystems.'?° For such technologies to contribute to fair out-
comes, there is a need to develop meaningful participatory
processes to ensure that they are equitable, inclusive, and have
the capacity to facilitate authentic participation.*>° Digital
tools for participatory science can also empower the public to
participate directly in monitoring.'®" Although there are many
examples of participatory monitoring in marine environments,
there is room for much more development specifically focused
on offshore wind."%?

IMPLEMENTATION OF CoDE GOVERNANCE
PRINCIPLES IN THE OFFSHORE WIND ENERGY SECTOR

In this paper, we proposed a set of principles for collaborative,
ecosystem-based governance of offshore wind energy sector.
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Here, we demonstrate how these principles could be applied
at different stages of wind energy systems life cycle: from the
stage of design, through the stage of planning and management
up until the stage of decommissioning. At each stage, there are
different opportunities for using digital technologies to improve
decisions about how, where and by whom biodiversity is gov-
erned in offshore wind farms. We name examples of tools and
speculate about how they could help experts across different
fields and stakeholders to collaborate and co-produce knowl-
edge about biodiversity and impacts of offshore wind. This
list of examples is not meant to be exhaustive but inspirational
for the readers looking to identify how they could apply these
principles in their daily work.

First, at the stage of design, we see an opportunity in using
digital twins for integration of data on the biodiversity and social
aspects of marine environments alongside data related to wind
farm infrastructure and operation. Moving beyond digitalization
of only technical aspects, experts and stakeholders could
provide inputs and gain insights about impact in real time and
in future scenarios. While this is surely an innovation that would
be useful for the sector, we suppose that it will require public
funding and oversight to assure access for stakeholders (e.g.,
fishers, conservationists, and developers). Oversight could
come in the form of a working group of stakeholders and experts
whose task would be to identify and define limitations and
possible bias in the process of design. This is to ensure that
digital twins open up, and not close down, opportunities for con-
servation and to increase the likelihood of positive impact and
co-benefits for stakeholders.

Second, at the planning stage, we see a role for digital tools
to contribute to better decision-making about how wind farms
can co-exist with biodiversity. On a broader scale, digital tools
such as open source platforms could be developed to digitalize
and manage all wind energy projects in a given basin, e.g., the
North Sea. Such a platform should offer a transparent system
with open data, including environmental assessments, stake-
holder feedback, and regulation, that are accessible to all
parties. It should be available in different languages and funded
by public institutions at appropriate governance level, such as
national or EU. The innovation of a shared platform for a given
basin, the North Sea would allow operators, regulators, and
non-governmental organizations to view live data on biodiversity
indicators, turbine performance, and compliance metrics.

Furthermore, at the level of single, planned offshore wind
farms projects, new digital tools could be proposed by bidders
in the tendering process, to test new solutions for biodiversity
monitoring and decision-making (e.g., Al for species detection
and, remote sensing for habitat mapping). This process can be
open to innovation but should include standards for data quality,
interoperability, and transparency in tender documents. Addi-
tionally, tenders should mandate open data sharing where
possible so that regulators and stakeholders can verify findings
and proposed innovations can be developed and refined in
response to the best available knowledge, thereby informing
future experimentation.

Third, at the stage of management, we argue that digital
tools could help establish smart wind farms that are operated
in a way that minimizes negative and maximizes positive
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biodiversity outcomes, while creating new insights about
operations and impacts. In particular, we see a role for smart
curtailment to contribute to more bird and bat-friendly opera-
tions, as there is increasing evidence about the effectiveness
of the different systems for collision prevention. At the same
time, we encourage nuanced assessment of the impacts of
solutions like smart curtailment; for example, birds or bats
that will need to fly around wind farms are still likely to lose
parts of their habitat or incur higher energetic cost due to extra
flight time. Ongoing monitoring and refinement of interventions
such as smart curtailment is therefore an important objective
for digital biodiversity monitoring. As with previous digital
innovations, we argue that preferably data gathered about
biodiversity should be shared and made accessible for the
stakeholders and public.

Finally, at the stage of decommissioning, we suggest a
non-digital solution: to appoint a steward or organization to
critically evaluate the outcomes and impacts of digital biodiver-
sity innovations and provide recommendations to national gov-
ernments on how to adjust tenders and biodiversity-specific
concerns. This could be incentivized and implemented on
voluntary basis, and facilitated by national governments.

CONCLUSION

The Kunming-Montreal Global Biodiversity Framework calls
for transformative change to reverse the loss of biodiversity
and advance a vision of “living in harmony with nature.”'%
As trade-offs become apparent in society’s response to the
paired crises of climate change and biodiversity loss, the biodi-
versity impacts of the renewable energy sector have become
an area of increasing focus.'%*'%> This has been followed by
significant investment in digital technologies for biodiversity
governance, much of which is directed toward private
companies within the renewable energy sector.'®** The rapid
development of the offshore wind sector, followed by immense
investment in digital biodiversity governance innovation, exem-
plifies this trend.?°

The success of these innovations is a question of great
importance; in a departure from its previous iteration, the
2022 Global Biodiversity Framework explicitly recognized the
importance of private companies’ actions in achieving its
aims.**"%® Despite high expectations placed on new digital
technologies for biodiversity governance, however, there has
been little coherent effort to assess the impacts of the rapid
digitalization of biodiversity governance in the offshore wind
sector. Examining the offshore wind industry in light of the liter-
ature on digital transitions in environmental governance, we
argue that the emerging paradigm of ad hoc, fragmented digital
monitoring efforts is incompatible with effective biodiversity
governance that is grounded in the principles of adaptive man-
agement. To integrate digital technologies into biodiversity
governance in a way that meets the strong call to action of
the Global Biodiversity Framework, we call for a transition to
a collaborative ecosystem-based approach to digital biodiver-
sity governance in the wind energy sector.

We have focused on the case of offshore wind, but the
principles of collaborative ecosystem-based governance
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described here can be applied more broadly toward other
sectors facing trade-offs between rapid development and
ecological impact, both in the blue economy and beyond. We
anticipate that this approach, grounded in scholarship on
both adaptive biodiversity management and digital transitions,
can facilitate real progress toward the win-win for renewable
energy development and biodiversity.

Limitations of the study

As a perspective piece, this study offers a selective view of the
rapidly evolving field of digital biodiversity governance in the
offshore wind energy sector. Because developments in policy,
technology, and industrial practice are advancing quickly and
vary across regions, our account cannot capture all current or
emerging approaches. We also acknowledge that multiple
ways of seeing, knowing, and governing biodiversity coexist
across scientific, technical, regulatory, and local knowledge
communities. As such, the insights presented here should be
understood as one situated perspective among many, rather
than a comprehensive or definitive overview.
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