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Abstract

Many jurisdictions are currently pursuing renewable sources of energy from
the ocean, including offshore wind farms (OWFs). While these could have
direct positive effects for global climate change by reducing fossil fuel con-
sumption, there could be unintended consequences for fisheries and conserva-
tion. These include the potential loss of fishing grounds (and the consequent
spatial displacement of fishing effort) and the potential loss of fishery-
independent survey data in OWF areas. Because fishing and other types of ves-
sel traffic are often limited in the OWF area, OWFs may also serve as other
effective area-based conservation measures (OECMs), an important type of spa-
tial protection in the context of the Convention on Biological Diversity 30 X 30
initiative. We used spatially explicit population models of groundfish fisheries
on an idealized coastline in a management strategy evaluation to investigate the
effects of OWF placement on conservation objectives (increased fish biomass)
and fishery objectives (maintaining fishery yield). We simulated the loss of fish-
ing grounds on 10% of the coastline, and the concurrent loss of 10% of
fishery-independent survey data, introducing uncertainty and bias into stock sta-
tus estimates. This produced two effects in the model: initial loss of fishery yield
due to the closure and reductions in fishing effort when the loss of data triggered
precautionary measures in the harvest control rule. Additionally, we assessed
scenarios with different placements of the OWF relative to high-quality fish hab-
itat, as OWFs could be placed without fish habitat considerations in mind. As
expected (given the sustainable harvest rates we simulated), we found that plac-
ing the OWF on high-quality habitat produced the greatest negative effects of
fishing grounds and fishery-independent data on fishery yields, but placing the
OWF on low-quality habitat caused it to be ineffective as an OECM (in terms of
increasing fish population biomass). Additionally, the loss of survey data had a
greater effect for less mobile fish species. Our findings highlight the expected
trade-offs between the fishery and conservation (i.e., OECM) consequences of
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OWF expansion and the need to compensate for the loss of fishery-independent
data by accounting for species distributions relative to habitat in survey indices.
KEYWORDS
fishery-independent surveys, marine spatial planning, offshore wind farms, other effective
conservation area-based measure (OECM)

INTRODUCTION rather on understanding how the rapid growth of OWFs

Spatial management has emerged as a pivotal component
of global marine conservation endeavors. Most notably,
the 2022 Conference of the Parties to the Convention on
Biological Diversity produced a commitment to protec-
ting at least 30% of the planet’s land and ocean by 2030,
commonly referred to as the “30 by 30” goal (UNFCCC,
2022). Ideally, achieving such ambitious objectives would
be accompanied by the implementation of adaptive man-
agement strategies to effectively balance economic and
environmental considerations (Grafton & Kompas, 2005;
Walters & Hilborn, 1978; White et al., 2011). Along the
coastlines of the United States, offshore renewable energy
represents a prime new example of marine spatial man-
agement, particularly the development of spatial zones
for the placement of offshore wind farms (OWFs). OWFs
are widespread in Europe, where a variety of studies have
investigated the effects of OWFs on fish ecology and
social-ecological systems (e.g., Breton & Moe, 2009;
Burkhard & Gee, 2012; Wilhelmsson et al., 2006).
However, there has been little research on the conse-
quences of OWF installation on fishery closures and
fisheries data collection. The installation of an OWF and
associated restrictions of fishing vessels in the area
carries the potential to alter fish ecology, disrupt fishing
patterns, and limit the collection of fishery-independent
survey data (Allen-Jacobson et al., 2023; Piits et al.,
2023). On the other hand, these OWF areas may also
qualify as “other effective area-based conservation mea-
sures” (OECMs). OECMs are spatial areas that may not
have been originally designed with conservation goals but
can still produce conservation outcomes, such as meeting
the 30 by 30 target (Garcia et al., 2022). Consequently, if
OWEF areas are to be considered OECMs for the purpose of
meeting the 30 by 30 goals, we must assess the factors that
determine OWF effectiveness in achieving conservation
goals.

The expansion of offshore wind energy presents a
number of potential impacts on marine ecosystems.
These include stressors such as energy extraction, electro-
magnetic fields, physical infrastructure, device dynamics,
acoustics, and chemical effects (Farr et al., 2021).
However, our focus is not on those consequences but

may affect fisheries and fishery management; this under-
standing is essential for informed decision-making and
scientific efforts aimed at monitoring changes in our
oceans and coastlines. The spatial planning surrounding
OWFs could include minimizing overlap with existing
fishing grounds, but even so, the eventual dynamic con-
sequences for fishery stocks and management practices
are not well known, as can be the case for marine
protected area (MPA) design (Field et al.,, 2006; White
et al., 2011). Nonetheless, the eventual fishery and con-
servation outcomes of OWF areas are of interest, even if
those are not part of the design process (as they would
not be for any OECM, by definition).

The closure of fishing areas due to offshore wind
placement has dynamic implications for both fishers and
managers (Agardy et al., 2011). One immediate conse-
quence of the placement of OWFs is limitations on vessel
traffic to avoid collision or entanglement with physical
infrastructure, including both statutory safety zones and
precautionary behavior by vessel owners and captains
(e.g., Yu et al., 2020). For example, European regulations
prohibit vessel access within a radius of 500 m surround-
ing OWF structures (European Commission, 2019),
though we note there are also some efforts to colocate
OWF and some fishery gear types (Bonsu et al., 2024). In
general, these navigation restrictions will lead to the dis-
placement of fishery effort from the OWF area to other
locations. Additionally, at least in the United States, it is
generally the case that large vessels used in fishery-
independent scientific surveys are not able to operate in
OWF areas. Drawing upon the established theoretical
understanding of spatial fishery closures (e.g., Botsford
et al., 2019; White et al., 2011), we can investigate whether
the closures associated with OWFs will advance spatial
conservation goals. For instance, it is plausible that the
total biomass of fishery stocks might rise as a result of the
de facto closure. This type of protection benefit has been
reported in some types of OECMs, such as military exclu-
sion zones where vessel traffic and fishing are restricted
(Esgro et al., 2020). Conversely, the concentration of
displaced fishing effort may have a net negative impact on
fishery yield, contingent on the prevailing fishery manage-
ment regime (Holland & Brazee, 1996; White, Botsford,
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Hastings, & Largier, 2010). Moreover, by reducing the spa-
tial domain over which fishery-independent surveys can
be conducted, the closure of these areas could adversely
stock assessments used for fishery management purposes
(Methratta et al., 2020). For example, a reduction in sam-
pling area would affect survey design and sampling meth-
odologies while potentially introducing unforeseen biases
as well as increased uncertainty (Field et al., 2006).

The MPA literature offers valuable insights into these
questions, as OWFs and MPAs both represent closure
areas within the ocean, albeit with different objectives.
Prior theoretical and empirical studies have thoroughly
investigated the expected effects of closure area size, lar-
val connectivity, adult fish movement, and fishery man-
agement on population dynamics within protected areas,
including the temporal dynamics of changes in biomass
and fishery yield (reviewed by Baskett & Barnett, 2015;
Botsford et al., 2019; Griiss et al., 2011; White et al., 2011,
2025). Based on that body of literature, we could gener-
ally predict how spatial closures for OWFs should inter-
act with fisheries. For example, if a fishery is being
overharvested, a spatial closure might initially reduce fish-
ery yield but should eventually increase it because of
increased reproductive output in the newly protected part
of the stock (Hopf et al., 2023). If the fishery is managed
sustainably, we would anticipate a spatial closure to cause
modest decline in fishery yield due to the redistribution of
fishing effort. These effects would be more dramatic for
more sedentary species and of lower magnitude for highly
mobile species (reviewed by White et al., 2011, 2025).

Here, we address two aspects of spatial closures that
have not been thoroughly investigated. The first is
that strategic models of population dynamics in MPAs
generally assume that habitat is homogenous, or that
MPAs are intentionally placed in locations of high-
quality habitat (e.g., Beger et al., 2010; Botsford et al.,
2001; White, Botsford, Moffitt, & Fischer, 2010).
However, OWF placement is based on constraints related
to prevailing winds, bathymetry, and the proximity of
coastal infrastructure. While marine spatial planning sur-
rounding OWFs may sometimes also include information
on fishery landings or fish habitat, OWFs could ulti-
mately represent spatial closures in habitat of higher or
lower quality for fish (Pinarbasi et al., 2019). Here, we
investigate the theoretical consequences of protecting
areas without regard to habitat to understand the over-
arching conditions and species for which an OWF might
function as an OECM. Second, the potential loss of
fishery-independent data due to OWF closures could
affect estimates of stock status and therefore fishery man-
agement via associated harvest specifications based on
estimates of stock status (Field et al., 2006). We investi-
gate how the closure of OWF areas might influence

fishery management strategies for those specific species
and assess the costs and benefits. While the specific
details of vessel restrictions vary among OWFs, we
assumed for the purpose of our modeling that both fish-
ing and scientific survey vessels were equally excluded
from OWF areas.

We used population models to simulate the fishery
costs and conservation benefits associated with OWFs,
from the perspective of precautionary management goals
of keeping both fish biomass and fishery yield above
pre-specific reference levels. To do this, we took a man-
agement strategy evaluation approach in which we
modeled the process, observation, and management
response to observation (Punt et al., 2016). We focused
on groundfish fisheries specifically because they may be
particularly affected by OWF development. Groundfish
themselves may be affected by OWF development be-
cause many species are relatively sedentary compared to
more migratory and pelagic species and are long-lived
and slow-growing, which can cause long time lags before
population responses to perturbations are fully realized.
In addition, the fishing grounds used by many vessels
targeting groundfish are relatively consistent over time,
making the potential for displacement due to OWF
potentially greater than for fisheries using a wider range
of fishing grounds (Warlick et al., 2025), and the trawling
gear used in many groundfish fisheries is particularly
incompatible with moored OWF infrastructure (as oppo-
sed to, say, fixed gear traps for crustaceans; Bonsu
et al., 2024). Therefore, the effects of OWF displacement
on groundfish fisheries could include changes in habitat
quality, altered fishery dynamics, and the associated chal-
lenges in maintaining effective fishery management strat-
egies amid evolving spatial closures. Our primary goal
was to identify how the closure of areas for OWFs might
influence fishery management outcomes and to identify
the overarching conditions and species for which an
OWF might function as an OECM. To accomplish this,
we employed a model representing an idealized continu-
ous coastline habitat, and we assessed the impacts of
OWF closures on fisheries for species with a range of life
histories, with OWF closures in different locations rela-
tive to high-quality habitat for those species.

METHODS
Overview

Our overall objective was to quantify the potential
responses of fisheries species to OWF-like spatial clo-
sures. We were interested in two aspects of this issue.
First, we wanted to explore the anticipated impacts on
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fisheries yield and the accuracy of fisheries status assess-
ments arising from the loss of fishery-independent data
in OWF areas. Second, we wished to examine the
expected conservation outcomes of these closures, that is,
the degree to which an OWF could be considered an
OECM by effectively elevating biomass relative to areas
not contained within an OWF. The MPA literature has
thoroughly investigated the relationship between MPA
size, spacing, animal movement, fishery management,
and the ecological effects of MPAs on fished popu-
lations (e.g., Rassweiler et al., 2012; Thomas et al.,
2014; Vandeperre et al., 2011; White et al., 2011, 2025).
These studies have consistently demonstrated that
MPA size plays a crucial role in influencing not only
the abundance and diversity of marine species within
protected areas, but also the potential positive spillover
effects which contribute to sustainable fisheries man-
agement in surrounding areas. With that in mind, we
did not explore those variables.

For the purposes of this paper, we define an area of
higher habitat quality as one with potential for greater
population density. Most guidance for MPA design
emphasizes their placement in areas of high habitat qual-
ity (Leslie, 2005), and so most model analyses of MPA
effects have assumed they are in “good” habitat (e.g.,
Botsford et al., 2001; though see Game et al., 2008 for a
notable exception). By focusing on these key issues: loss
of fishing grounds, loss of data, and placement relative
to high-quality habitat, we attempted to isolate the
direct impact of OWF placement on fisheries, indepen-
dent of other factors that are known to influence the
relationship between fisheries and closure areas under
specific conditions.

We used a management strategy evaluation approach
to simulate population dynamics, observation, and man-
agement response to observation. Our model had three

components: process, observation, and management
sub-models (Figure 1; additional model details and equa-
tions are given in Appendix S1). The process sub-model
describes the spatially explicit metapopulation dynamics
of groundfish species on a linear coastline. The popu-
lations have age-structured growth, reproduction, and fish-
ery selectivity; adult fish move within home ranges that
can span habitat patches, and patches are also connected
by larval dispersal, with density-dependent post-settlement
mortality of new recruits. We represented differences in
habitat “quality” between patches by varying the maxi-
mum density of recruits that can survive in each patch.
The model assumes that fishing harvest mortality is from
a fleet that allocates effort in response to spatial differences
in fish abundance. The observation sub-model simu-
lates the collection of fishery-independent survey data
on the population’s biomass at multiple locations along
the coastline. Finally, the management sub-model uses
a harvest control rule that sets limits on fishing effort
based on the estimates of population status from the
fishery-independent survey data. We now explain these
components in greater detail.

Archetypal species

We simulated population dynamics for five different
archetypal species, which were simplified representations
of groundfishes on the U.S. Pacific coast. Two key aspects
of life history that affect the population dynamic response
to spatial closures are home range movements and
lifespan (i.e., natural mortality rate). In our model we did
not attempt to represent more complex migratory behav-
iors that some groundfish species are thought to exhibit
over the multiyear time scales encompassed by our simu-
lations, including ontogenetic and spawning migrations.

Process Model Observation Model ~ Management Model
Age-structured Fishery- Harvest
fish population independent ‘ Control

@ | (yeart) survey Rule
&\
S Growth and natura _1
& fowth and natura Seltargel F
Density-dependent mortality F
settler mortality
(imited by habitat) Fishing mortay | e | F16t MOvEMENt
(gravity model)

Reproduction and
larval dispersal

FIGURE 1

Overview of the components of the management strategy evaluation model.

85U8017 SUOWIWIOD BAIER.D 8|qedt|dde auyy Aq pausenob ae ssppie YO ‘88N JO S8|ni 1oy Ariq1T8UIUO AB[IAN UO (SUORIPUOD-PUR-SWBH WD A8 1M Are1q 1 Ut |UO//:SdNY) SUORIPUOD Pue SWIB 1 84} 89S *[5202/80/T0] U0 AriqiT8UllUO AB[IA ‘SIninsu| eLOWe N 8| pied Aq 98802 '2S99/200T 0T/I0p/W0d A8 |im ArIq Ul |UOS euINo fess//:sdny wo.y papeo|umod ‘2 ‘G20z ‘62680512



ECOSPHERE

50f15

This modeling choice reflects both a lack of information
on the scale and tempo of those movements, and the chal-
lenge of representing such movements within the idealized
seascape of our model domain. Thus, our model results
should be interpreted as reflecting archetypal groundfish
species with fast/slow life histories and small/large
home range movements, rather than specific species.
The archetypes we modeled were inspired by ecologi-
cally and economically important fisheries that might
be expected to show variable response patterns fol-
lowing implementation of OWFs. The five representa-
tive U.S. Pacific coast groundfish species we chose
were Sablefish (Anoplopoma fimbria), Dover Sole
(Microstomus pacificus), Lingcod (Ophiodon elongatus),
and Widow and Yellowtail Rockfishes (Sebastes
entomelas and Sebastes flavidus).

We obtained parameters regarding life history (growth,
maturity, and natural mortality), fishery selectivity, and
estimated exploitation rate from the most recent stock
assessments available for each (Table 1; Adams et al.,
2019; Kapur et al., 2021; Stephens & Taylor, 2017; Taylor
et al., 2021; Wetzel & Berger, 2021). In these species, esti-
mated adult home range diameters range from 4 m
(Lingcod) to 2.5 km (Sablefish). Similarly, there is a wide
range in natural mortality rate (M) and lifespan; from
M = 0.42 year”" in Lingcod (implying a life expectancy of
2.39 years; maximum age observed between 13 and
18 years old) to M = 0.1 year ' in Widow Rockfish (life
expectancy of 10 years; maximum age observed 50 years)
(Hannah et al., 2008). The expectation is that less mobile
species may benefit more from spatial protection within
OWF closures, though closed areas might also contribute
recruits to fished areas through larval transport.
Additionally, shorter lived species are expected to accumu-
late biomass more rapidly within closed areas and boost
larval supply to fished areas earlier in the process (Barceld
et al., 2021; White et al., 2011, 2014).

Spatial domain

We implemented a spatially explicit model along an ide-
alized linear coastline with a simulated environment of
100 distinct 1-km patches, following the example of simi-
lar models used to develop general guidelines for MPAs
(Botsford et al., 2001; Moffitt et al., 2013; White, Botsford,
Moffitt, & Fischer, 2010). To avoid artifacts from the edge
of the habitat domain, we rendered the coastline as effec-
tively infinite, with larval and adult movements looping
around the domain edges (as in White, Botsford,
Moffitt, & Fischer, 2010). We assumed that the OWF
would be placed in the first 10 patches on the “south”
end of the spatial domain; this assumption can also be
interpreted as placing the OWF in the middle of the
domain, as we looped movement between the northern
and southern edges. As mentioned before, we did not
vary the size of the closure because the effects of closure
size are well known (i.e., general closures that are larger
relative to the scales of adult movement and larval trans-
port will lead to greater increases in fish biomass inside
the protected area but cause greater reduction in fishery
yields if the fishery was not overharvested; White,
Botsford, Moffitt, & Fischer, 2010). That amount of closed
area represents 10% of the coastline.

Process model

We created age-structured models of fish populations
using parameter values from the most recent stock
assessments for each species (Table 1). Fishing mortality
had age-dependent selectivity, which was based on the
trawl fishery for each species (Appendix S1: Figure S1).
We assumed that fishing effort was set by a harvest con-
trol rule that specified a target spawning biomass per
recruit (SPR), which we translated into an instantaneous

TABLE 1 Parameter values providing a basis for archetypal species used in model simulations, and literature references for values.

Parameter Definition Dover sole
M Natural mortality (year ~1) 0.117
Amax Maximum age (years) 50

L, Asymptotic maximum length (cm) 48.5

k von Bertalanffy growth (year 1) 0.117

c Mass at length coefficient (kgxcm™94)  2.97 X 107°
d Mass at length exponent 3.33

on Home range diameter (km) 0.0175

Widow Yellowtail
Lingcod Sablefish Rockfish Rockfish
0.418 0.07 0.14 0.0843
25 70 54 64
103.645 57 50.34 52.2
0.193 0.41 0.15 0.17
2.802%x107%  3315x107°  1.7355x 107> 2.87 x 107*
3.2766 3.27264 2.9617 2.822
0.00425 2.5 2.5 0.4625

Note: Sources for home range diameter are Dover Sole, Hagerman (1952); Lingcod, Tolimieri et al. (2009); Sablefish, Ehresmann et al., 2018; Widow Rockfish,
Ressler et al. (2009); and Yellowtail Rockfish, Pearcy (1992). Sources for all other parameters are: Dover Sole, Wetzel and Berger (2021); Lingcod, Taylor et al.
(2021); Sablefish, Kapur et al. (2021); Widow Rockfish, Adams et al. (2019); Yellowtail Rockfish, Stephens and Taylor (2017).
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fishing mortality rate (F, year ') for each model species.
SPR is calculated as the average fecundity of a recruit
over its lifetime under a particular fishing harvest rate,
relative to the average fecundity of a recruit over its life-
time in the absence of fishing. This approach derives
from the principle that sustainable harvest requires a
conservative level of demographic replacement (Botsford
et al., 2019). The usual target SPR in U.S. Pacific coast
groundfish management is 0.5, and we used that as our
baseline SPR target in simulations (Pacific Fisheries
Management Council, 2024).

Once a target SPR and the corresponding F were
determined, we assumed that was the average F over the
spatial domain, but the level of fishing in any given spa-
tial cell could vary with fleet movements. We assumed
that fishing effort was redistributed among patches using
a gravity model, in which fishing effort redistributes each
year based on the spatial distribution of catch per unit
effort (CPUE) in the prior year, until at equilibrium
CPUE is equal at all locations (Walters & Bonfil, 1999).
This tends to lead to “fishing the line” effects at the
boundaries of protected areas, such that fishing intensity
is higher close to the boundary of the protected area
where species density is higher (Cabral et al., 2017,
Kellner et al., 2007).

In each annual time step of the model, the local popu-
lation in each habitat patch spawns larvae (based on an
age-specific fecundity relationship); those larval propa-
gules disperse along the coastline according to a dispersal
kernel (see next paragraph) and then settled into adult
habitat where they experience intra-cohort density-
dependent mortality following the Beverton-Holt rela-
tionship. We assumed that given the density of settling
larvae in patch i at time ¢, S;,, the density of surviving
recruits, R;,, depends on the density-independent survival
term o and the maximum recruit density, p; We
represented variation in habitat quality along the spatial
domain by letting f; be proportional to habitat density in
patch i, essentially setting the maximum fish density
in each patch (as in White et al., 2014). The settler-recruit
relationship is then

Rn:&_ 1)

’ s,
(1+%2)

The recruits, R;, then become the first age class in the
population in that patch and time step: Ny ;; = R; .

We assumed that larval dispersal followed a Gaussian
dispersal kernel (Siegel et al., 2003), but given the
assumed widespread dispersal in all of these species
(i.e., the stock assessments assume they are well-mixed
populations), we used kernels with a mean of zero and a

SD of 10, which represents a scenario with relatively
widespread dispersal and no possibility of self-persistence
within a protected area (Botsford et al., 2019; White,
Botsford, Hastings, & Largier, 2010). Adult movement
was simulated as in Moffitt et al. (2013), which assumes
adult fish assigned to each model cell (after having settled
there following the larval/juvenile dispersal period) use
that cell as the center of their home range but spend time
in neighboring cells (and experience the fishing pressure
there) in a home range that follows a normal distribution
with a SD chosen to approximate literature reports of the
diameter of species’ home ranges (Botsford et al., 2019;
Rassweiler et al., 2012; Thomas et al., 2014; Vandeperre
et al., 2011; White, Botsford, Moffitt, & Fischer, 2010).

To examine the possibility that OWFs could be placed
irrespective of key fishery habitats, we simulated three
different scenarios in which the distribution of habitat
quality varied over space, relative to the OWF location.
By “habitat quality” in this context we mean the propor-
tion of a spatial cell which is suitable habitat for the spe-
cies (e.g., for the rockfish species this could be the
proportion of that cell that is hard rocky reef instead of
soft sediment substrate). There are many ways this type of
scenario could be imagined, so we simulated conditions in
which the distribution of suitable habitat followed a nor-
mal distribution along the two-dimensional coastline, with
the maximum habitat quality (the mean of the normal dis-
tribution) falling at 5, 30, or 55 km from the southern edge
of the spatial domain, with a SD of 10 km (Figure 2). This
leads to three different OWF placement scenarios: one in
which the best habitat is inside, one in which the OWF is
near to the best habitat, and one in which the OWF is far
from the best habitat. In each scenario, we scaled the f;
term (the maximum recruit density in the settler-recruit
relationship, Equation 1) so that it had a value of 1 at the

Inside Near Far

S

OWF Fished area

FIGURE 2 Diagram illustrating the spatial domain of the
model, representing an idealized linear coastline with an offshore
wind farm (OWF). Ten percent of the coastline is closed to fishing
due to the OWF (pink) and fishing is permitted in the remainder
(blue). The coastline is effectively infinite because both larval and
adult fish movement wrap around the edge of the coastline to the
other end of the domain. Vertical black arrows indicate the center
of the three habitat distribution scenarios (i.e., the location of the
patch with the highest habitat density).
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peak of the normal probability density function, so that
maximum recruit density ranged between zero and one.

Observation model

Our analysis included simulating a fishery-independent
survey to assess trends in biomass to inform the harvest
control rule. We simulated a scenario in which the
population was sampled annually at 10 locations
spaced every 10 km starting at 5 km from the edge
(i.e., at the 5, 15, 25, ... 95 km positions); the biomass
density estimates at each location are averaged to esti-
mate a mean stock biomass density for the entire spa-
tial domain. After the installation of the OWF, one of
the 10 survey locations was lost. Many modern
fishery-independent surveys employ more complex
sampling designs, such as a depth- or habitat-based
stratified random design (e.g., Keller et al., 2017), and
it is also possible to account for spatial variation in
habitat quality when aggregating survey data (e.g., Bell
et al., 2022; Switzer et al., 2023). Therefore, our
approach was intended to approximate a simpler, more
general case in which a proportion of the survey
domain is excluded from sampling, and there is no
attempt to reweight or correct later survey data to
account for that exclusion; this allows us to gauge the
cost of failing to take those additional steps.

We assumed that biomass sampling included mea-
surement error that followed a normal distribution with
a CV of 0.2 (we explored other values for the CV and
found that they changed the results in predictable ways,
so we did not explore the sensitivity of results to that
value).

Management model

We used a management model that had a simple control
rule based on the fishery-independent survey estimates of
biomass, with a goal of keeping biomass above a
pre-specified biological reference point. Following the
current practice for groundfish management in the US
West Coast, we implemented a “40-10" fishery control
rule (Pacific Fisheries Management Council, 2024).
This rule sets a target SPR of 0.5 when estimated bio-
mass is above 40% of the unfished value (B,) and then
ramps down the target SPR linearly from 0.5 to 0 when
biomass is between 40% and 10% of B, and completely
suspends fishing when biomass is below 10% of B,. In
all simulations, we initialized models so that they were
at a sustainably harvested steady state at the target 50%
SPR prior to OWF implementation. We simulated a

management model in which assessment of target bio-
mass happened every 4 years, and the harvest control
rule was applied following that assessment. This is
clearly a simplified representation of how fishery
stocks are assessed; we are not simulating a full
data-integrated assessment process, and we recognize
that fishery-independent surveys are usually used to
create an index to estimate trends in abundance rather
than absolute biomass. Nonetheless, this is a simple
and straightforward way to capture the effect of lost
data on management decisions.

The model was implemented in R version 4.3.2
(R Core Team, 2023), and the code is available in
Campbell (2025).

RESULTS

To simplify the presentation of results, we first present
the analysis using the parameter values for an archetypal
species like Sablefish here in the main text, which reveal
the general patterns that extend to other life histories in
predictable ways. We then describe the results for the
simulations using the life history parameters for the other
archetypal species in terms of their comparison to the
archetypal Sablefish results.

Fishery biomass distributions before and
after OWF implementation

At the steady state prior to OWF implementation, the dis-
tribution of fish biomass reflected the distribution of
favorable habitat (Figure 3a). Note in Figure 3, the inside
scenario, the distribution of suitable habitat is const-
rained by the southern boundary of the model domain,
so in order to maintain the same integral abundance of
habitat, the maximum abundance is somewhat higher at
the center of the habitat distribution than in the other
two scenarios.

In general, the effect of implementing an OWF was
an increase in biomass in that closure area, but the
degree of increase was dependent on the OWF’s prox-
imity to high-density habitat (Figure 3b). In the inside
and near scenarios, fish biomass increased within the
OWF (the left-most 10 km of the model domain) and
was slightly depressed immediately outside the OWF.
In the far scenario, there was no noticeable biomass
change within the OWF location after 20 years. How
those different outcomes arose is best understood by
examining the temporal population dynamics of fish-
ing activities following OWF implementation, as we do
in the next section.
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FIGURE 3 Distribution of the archetypal Sablefish species
biomass along the coastline (a) before (at a steady state) and

(b) 20 model years after offshore wind farm (OWF)
implementation, in scenarios with good habitat centered inside the
OWEF, near, and far from the OWF (indicated by color, as labeled in
panel a). Thinner lines (barely visible in some cases) indicate the
upper quartile (0.75) and lower quartile (0.25) of model simulation
results.

Fishery population trajectories over time

In the inside scenario, in which the OWF was placed in
an area of high-density habitat, the implementation led
to an immediate but gradual increase in fish biomass due
to the removal of harvest in that area (Figure 4a).
However, this increase was tempered by the displace-
ment of fishing effort into the remaining fished areas,
which reduced biomass there. While overall biomass
increased, the estimated mean stock biomass sampled in
the observation model of the fishery-independent survey
decreased due to the loss of survey data in the highest
quality habitat patches, where fish biomass was also
greatest (note the declining purple curve in Figure 4a).
The resulting perceived reduction in biomass (B/By) led
to the control rule reducing the target SPR and thus
F (Figure 4d), which caused an abrupt reduction in fish-
ery yields (Figure 4g). The sampled biomass then gradu-
ally increased slightly, mirroring the overall increase in
actual biomass over the subsequent years. After 20 years,
biomass had risen by 25% (Figure 4a), due both to the
increase in biomass inside the OWF and the reduction in
fishing effort by the control rule. During that 20-year
post-OWF period, the sampled biomass remained lower
than actual biomass, causing the control rule to keep
fishing effort lower than pre-OWF levels. Consequently,
yield remained low over the 20-year period, though it
gradually increased from the initial drop, reflecting spill-
over from the increased reproductive biomass in the
OWF (Figure 4g). Notice that the staggered trends in
the harvest rate in Figure 4d reflect the 4-year assessment
cycle in the management model.

In the near and far scenarios in which the OWF was
placed outside the region of highest habitat density, the
effects of the OWF on fish biomass and fishery yield were
quite minimal (Figure 4). In these scenarios, the overall
increases in fish biomass over 20 years were impercepti-
ble in the simulations using the Sablefish life history
parameters. In both cases, the loss of sampling from
regions of relatively lower biomass density resulted in an
upward bias in the observed biomass (Figure 4b,c), so the
control rule allowed SPR and the harvest rate to remain
at the pre-OWF target even after the closure. While the
target SPR did not change in these scenarios, there was a
small reduction in yield due to the loss of fishing grounds
(Figure 4h,i).

Summary across archetypal species
The model results for the simulations based on the other

four archetypal species were similar to those for the
archetypal Sablefish but varied with life history and
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FIGURE 4 Temporal trends in archetypal Sablefish species (a—c) relative mean biomass along the coastline (solid black curves) and
observed biomass from the simulated fishery-independent survey (purple curves), (d-f) target spawners per recruit (SPR), and (g-i) relative
fishery yield. Results are shown for three different habitat distribution scenarios: (a, d, g) the highest habitat density inside the offshore wind
farm (OWF), (b, e, h) the highest habitat density near the OWF, and (c, {, i) the highest habitat density far from the OWF. Dashed lines give
the 5% and 95% quantiles of the results (based on 100 simulations), the green vertical dashed line indicates the time at which the OWF was
established, and the purple line indicates the biomass estimated from fishery-independent sampling. Values of biomass and yield are
expressed relative to the value immediately prior to OWF implementation, and time is expressed relative to the OWF placement (year 0).

mobility in predicted ways primarily related to the spe-
cies’ lifespan and spatial scale of adult movement
(Appendix S1: Figures S2-S9). In Figure 5, we depict the
relative changes in biomass, harvest rate, and fishery
yield, averaged over 20 model years following OWF
implementation. In that figure, we have ordered the
archetypal species in decreasing size of the adult home
range. The simulations using parameters for archetypal
Dover sole, intended to represent species with small
home range diameter (i.e., less time spent in the fished

area) and a low natural mortality rate relative to the
archetypal Lingcod species, exhibited the greatest
increase in biomass due to OWF placement (Figure 5a).
Differences in the change in harvest rate among species
reflected the degree to which biomass was unequally dis-
tributed over space, and thus how much the loss of sam-
pling in the OWF area biased the survey estimate of
mean biomass, as well as what the relative biomass was
at the baseline target SPR of 0.5 (Figure 5b). For example,
the simulations using archetypal Dover sole parameters
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FIGURE 5 Summary of proportional change in (a) biomass, (b) target spawners per recruit, and (c) yield in each scenario (high-density
habitat centered in, near, or far from the offshore wind farm [OWF]), for each archetypal species. Values are averaged over the 20 years
post-OWF implementation. The changes are expressed as a proportion of the value of each variable immediately prior to OWF placement.

had more biomass concentrated in the high-density habi-
tat (due to the aforementioned combination of small
home range and low natural mortality rate), so the loss of
survey data in the OWF biased the estimated biomass
downwards considerably when the OWF contained the

highest density habitat (Figure 5b). Alternatively,
the long-lived archetypal Yellowtail Rockfish had very
high biomass relative to By even when fished at SPR 0.5,
so the loss of survey data was not sufficient to trigger the
harvest control rule (Appendix S1: Figure S3). With
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respect to fishery yields, the trend across species essen-
tially corresponded to home range size, with species with
larger home ranges exhibiting smaller relative decreases
in yield from the OWF, because the portion of the popu-
lation inside the OWF was still partially accessible to the
fishery. Across all species, the magnitude of biomass
increases and fishery yield decreases was greatest when
the OWF was centered on the highest quality habitat,
and negligible when the OWF was far from high-quality
habitat (compare across columns in Figure 5a).

DISCUSSION

The rapid expansion of OWFs along the US coastlines
has ignited a need for comprehensive research into their
potential impacts on fisheries and fisheries management.
Unlike traditional MPAs designed specifically for conser-
vation purposes, OWFs have the potential to promote
conservation and be classified as OECMs. Work has been
done within the United States showing that exclusion
zones for coastal military bases and NASA installa-
tions provide conservation benefits (Esgro et al., 2020;
Sullivan-Stack et al., 2022). Other nontraditional areas
that can have unintended conservation outcomes include
oil and gas rigs, aquaculture net pens, maritime transpor-
tation lanes, or around private property (Rogers-Bennett
et al., 2013; Sullivan-Stack et al., 2022). However, our
results highlight a crucial aspect of OECMs for fishery
species: the potential OECM will only have a conserva-
tion benefit (in terms of an overall increase in fish bio-
mass) when it closes high-quality habitat. This is an
intuitive result that mirrors results from the MPA litera-
ture: closing an area that includes a greater density of
essential habitat will produce a greater benefit for popu-
lation biomass. However, that benefit is accompanied by
a loss in fishery yields. In our analysis, the loss of yield
arose both because of the loss of fishing grounds as well
as the loss of fishery-independent data, which led to
greater restrictions on harvest.

Our research delved into the pressing issue of poten-
tial loss in sampling areas and its implications for fisher-
ies management. Using simulations based on archetypal
groundfish species, we highlighted the importance of
addressing both the loss of sampling data for stock assess-
ments and the placement of OWFs in relation to favor-
able habitats. We found that when the stock was fished
at the original, sustainable harvest rate of 50% SPR, the
initial loss in yield due to OWF closure was comparable
to the proportion of the stock that was found in the
excluded area. Thus, the initial loss in yield was greatest
when the OWF happened to be sited on the highest den-
sity habitat region of the coastline, and little change was

seen if the OWF was far from high-density habitat. That
initial loss in yield was gradually offset by larval spillover,
as fish inside the OWF lived longer and increased their
lifetime reproductive output, then exporting larvae to
fished area (Hopf et al., 2023). However, the fishery loss
was compounded by the loss of fishery-independent sur-
vey data within the OWF, which led to both biased and
less precise estimates of stock biomass. That effect was
also greatest when the OWF coincided with the highest
density habitat areas, because those areas supported the
greatest fish biomass. Losing those data led to (incorrect)
lower estimates of stock status and then reductions in the
harvest rate when the pre-specified harvest control rule
was applied. The magnitude of these effects varied among
fish species, with long-lived species with small adult
home ranges experiencing both the greatest increase in
population biomass due to the OWF closure and larger
reductions in fishery yield.

The outcomes of the OWF simulation we conducted
echoed the findings in MPA literature, which has shown
that when fishery harvest rates are sustainable (i.e., not
overfishing), spatial management produces a trade-off
between conservation outcomes (maximizing fish bio-
mass), and fishery outcomes (maximizing yield; Holland
& Brazee, 1996; White, Botsford, Hastings, & Largier,
2010). The MPA literature suggests that if the pre-OWF
harvest rate were unsustainable then the closure could
be expected to lead to increases in both stock biomass
and yield, with the level of increase depending on
whether fishing effort was removed or reallocated fol-
lowing the closure (White, Botsford, Moffitt, &
Fischer, 2010). However, focusing on the case of sus-
tainable harvest rates in our analysis, the biomass-yield
trade-off was heightened by the loss of fishery-
independent data, particularly when those data would
have sampled the highest biomass density portion of
the stock. The potential for this type of data loss and its
effect on fishery management has been suggested pre-
viously (Field et al., 2006) but, to our knowledge, not
directly considered in models of management using
spatial fishery closures. Our analysis indicated that
species with small ranges of adult movement had
somewhat greater declines in expected fishery yield
due to the OWF than more mobile species, despite
increases in biomass inside the OWF area for all spe-
cies. The slow increases in fish biomass inside the
OWF and even slower increase in yield due to larval
spillover is consistent with findings from the MPA lit-
erature; the maximum level of larval spillover to fished
areas would not be reached for years after closure,
because of the time lag associated with new larval
recruits to the closed area reaching reproductive matu-
rity, and then time lag for the larvae they spawn that
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export to fished areas to reach the age at first capture
(Barcel¢ et al., 2021). The 20-year time horizon in our
simulations is a long time from the point of view of
management but short relative to those demographic
lags in these groundfish species.

Our study offers valuable insights into the potential
impacts of OWFs on groundfish populations, although it
is crucial to recognize the limitations and assumptions
inherent in our modeling approach. A notable constraint
is our reliance on a simplified habitat, omitting consider-
ations for factors such as depth and substrate type
(Juan-Jorda et al., 2009). Additionally, our model oper-
ates within a single-species framework, overlooking the
influence of interspecies interactions on population
dynamics in the real-world context (Baskett & Barnett,
2015; Pikitch et al., 2004). An embedded assumption in
our model is the assumed constancy of habitat suitability
for each species over time. Yet, real-world habitat quality
can fluctuate due to natural factors like variation in envi-
ronmental conditions and predation. Furthermore, our
model overlooks potential fish behavioral responses to
OWFs, such as avoidance or attraction, which could sig-
nificantly impact the distribution of groundfish popu-
lations and their interactions with OWFs (Bray et al.,
2016). Floating OWFs have the potential to be fish aggre-
gation devices which would create a biomass build up
within this closure area; however, it is unknown how
they will affect different species of fish. For example, the
floating OWFs that could be built on the West Coast may
have limited influence on groundfish species that are liv-
ing hundreds of meters below the primary OWF struc-
tures, but pelagic species that inhabit surface waters may
be attracted to the structures (Wilhelmsson et al., 2006).
Another limitation arises from our model’s failure to
explicitly represent the economic feedback dynamics of
the fishing fleet. We implemented a harvest control rule
that assumed a proportional relationship between fishing
effort and biomass; however, it disregarded real-world influ-
ences like economic conditions (Haynie & Pfeiffer, 2012).
For example, Dover sole is currently not fully exploited
because of market forces and co-occurrence with other
species with restrictive catch limits (Wetzel & Berger,
2021). These external factors can consequently affect the
observed impacts of OWFs on yield and target spawners
per recruit. Future research to develop more spatially
realistic models that specifically evaluate the species-
specific effects of OWFs will be informative. Despite
these acknowledged limitations, our research serves as a
valuable starting point for understanding the potential
fishery costs and trade-offs associated with OWF imple-
mentation. It can inform decision-making about OWF
development and guide further research efforts in areas
identified as needing more comprehensive investigation.

In particular, our work highlights the need to miti-
gate the potential loss of fishery-independent survey
data in large-scale OWF implementation. There are sev-
eral ways to approach that mitigation; for example, in
some regions, large-scale trawling surveys are excluded
from OWFs but smaller vessels are not, so sampling
conducted by those vessels (e.g., hook-and-line or video
survey) could be calibrated with trawling surveys prior
to OWF implementation to provide a substitute data
stream (Methratta et al., 2023). Another alternative
would be to include information on the spatial distribu-
tion of habitat features (e.g., in the form of a species
distribution model) when translating the survey data
into an index of abundance, so that the index could be
reweighted to account for lost sampling areas (Bell
et al., 2022; Switzer et al., 2023). However, any of those
solutions would need to be implemented prior to the
enforcement of area closures.

As we approach clean energy targets and the 30 by
30 goal to protect 30% of the world’s oceans by 2030,
OWFs will continue to play a significant role in marine
spatial planning. Our modeling study highlights the
conservation impact of closing areas for OWF develop-
ment due to fishing restrictions, suggesting that OWFs
could be classified as OECMs. However, they would
only tend to have conservation benefits (if benefits are
quantified in terms of increasing fish biomass) if they
were placed in areas that were previously fished. That
said, the guidance for identifying OECMs varies; for
example, Jonas et al. (2023) provide a list of possible
biodiversity benefits that do not really map onto the
single-species population dynamic results we have
produced.

Ongoing efforts nationwide aim to comprehensively
evaluate all the impacts of OWFs, including the eco-
nomic impact and involving stakeholders in this process
(e.g., Brunbauer et al., 2023; Chaji & Werner, 2023).
Management strategies may need to address potential
solutions to information loss, such as relocating sam-
pling locations or adopting innovative techniques. The
implications of OWF expansion extend to common
pool resource problems, demanding creative solutions
and in-depth research. This timely research topic con-
tributes significantly to the scientific literature,
assisting decision-makers in making forward-looking,
climate-conscious choices.
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