OFFSHORE
WIND FACTS

‘ COASTAL AND MARINE HABITATS

What you should know:

e Coastal areas are very important habitats for supporting a wide array of ocean and land-based
species, as well as protecting coastlines from the effects of erosion. Offshore wind development can
disturb coastal habitats with its related submarine cabling infrastructure, but regulations and best
practices can substantially minimize potential disturbance.

e Some species move up and down in the water column (area from water surface to seafloor) at
different stages of life or in response to changes in ocean temperatures, prey availability, or
day/night cycles. Changes to the ocean environment can alter the movement of species in the water
column.

e Climate change poses a major threat to coastal and marine ecosystems through rising sea levels
and increased acidity in the ocean. Increased atmospheric carbon dioxide (COz2) levels cause the
oceans to become more acidic, which prevents coral growth and impacts organisms that create
calcium carbonate shells and exoskeletons.

e Studies have found that offshore wind structures can cause varying changes to the hydrodynamics
of the water column depending on the local environment (visit Deeper Dive: Ocean Hydrodynamics
to read more). These changes have the potential to alter the productivity of phytoplankton and the
distribution of larvae in the water column. However, it is often difficult to determine whether such
changes are caused by offshore wind turbines or by the broader effects of climate change.

e Offshore wind farm infrastructure is located in coastal areas, prompting the review of state agencies
via the Coastal Zone Management Act and other regulations. For a summary of the role of federal
and state jurisdictions with respect to offshore wind, review this Congressional Research Service

summary report.

Habitats Overview

Estuarine and Coastal

Although coastal habitats only make up 3% of all marine ecosystems in the U.S., covering approximately
146,000 square miles (Pew Charitable Trusts, 2022), they are biodiverse and provide essential ecosystem
services. The coastal habitats of concern in the U.S. are coastal dunes, rocky shorelines, wetlands (salt
marshes and mangrove forests), estuaries, seagrass meadows, kelp forests, oyster reefs, and coral reefs.
These diverse habitats are home to a myriad of wildlife groups, including terrestrial and marine
invertebrates, fishes, marine and terrestrial mammals, plants, reptiles, amphibians, and birds. Estuarine and
coastal ecosystems are responsible for ecosystem services, including erosion control, pollution control, and
providing nursery habitats for a wide range of wildlife (Barbier et al., 2011). For example, seagrass beds on
both U.S. coasts are defined as Essential Fish Habitat (EFH) per the National Oceanic and Atmospheric
Administration’s (NOAA) Fishery Management Plans (NOAA, n.d.-a). Valuations of the ecosystem services
provided by seagrasses vary, but estimates taking into account their connection to revenue from
commercial/recreation fisheries, tourism, and coastline protection have valued seagrass services as high as
$140,752 per hectare (Dewsbury et al., 2016). Seagrasses also provide essential habitat for the juvenile life
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stage of a variety of important fish species, including Atlantic cod, pollock, winter flounder, white hake, and
red hake.

Seafloor

The seafloor is the solid surface underlying ocean waters. It begins in shallow coastal zones and transitions
to the deeper continental shelf and slope, extending all the way to the bottom of submarine canyons and
trenches (Figure 1). Habitat types on the seafloor, also known as benthic habitats, differ based on depth,
bottom type, and the amount of light reaching these habitats. Coastal zone and continental shelf habitats,
like coral reefs and kelp forests, are usually very productive and nutrient-rich with a high diversity of marine
organisms. One reason deeper parts of the ocean and seafloor tend to be less productive and less
biodiverse due to lower light penetration. While soft-bottom habitats are a predominant feature in the deeper
ocean, there are also rocky outcrops, sea mounts, and hydrothermal vents. These more complex habitats
host a variety of marine organisms adapted to deeper, darker benthic zones (NOAA, n.d.-b). Benthic
organisms include those that live on top of the seafloor (e.g., coral, algae, seaweed, barnacles, crabs, and
sea stars), as well as those that live within the sediment or substrate (e.g., microorganisms, worms, clams,
and certain types of crustaceans). Other fish and invertebrate species are closely associated with benthic
habitats, meaning they are exclusively found near these seafloor habitats. They use these habitats for
feeding, spawning, and/or protection.
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Figure 1. Seafloor features from a depth of 0 to 35,00 feet (NOAA, n.d.-b).

Open Water Column

The water column, which is the mass of water that extends from the seafloor to the ocean surface, is also
home to many marine organisms. Species that occupy this water column are referred to as pelagic (some
species are pelagic only during specific life stages). The pelagic environment can be further divided into two
zones, the neritic zone and the oceanic zone (Figure 2). The neritic zone ranges from the surface of the
ocean down to a depth of about 660 feet. The abundance of light, phytoplankton, and nutrients in this upper

APRIL 2024 2



OFFSHORE
WIND FACTS

water column zone support a diverse array of organisms that are essential to ocean ecosystems. In the
deeper oceanic zone, which starts at the depth of 660 feet and extends to the ocean floor, the diversity and
abundance of marine organisms decreases. This is because species distribution in the water column is
highly dependent on light, nutrient availability, temperature, salinity, and pressure, which all vary with depth
(Sayre et al., 2017).

Coastal Ocean Blua Water

Coast | Neritic Zone |

Pelagic
Environment

Figure 2. Pelagic and benthic environments in the ocean (Sayre et al., 2017).

Climate Change Effects

Climate change can impact coastal ecosystems through ocean acidification, increased temperatures, and
sea-level rise.

Ocean Acidification

Ocean acidification is the process in which CO: in the atmosphere is absorbed into the ocean; as
atmospheric COzlevels increase, the oceans become more acidic. In fact, the ocean absorbs about 30% of
the COzthat is released into the atmosphere (NOAA n.d.-c; Feely et al., 2004; Sabine et al., 2004) and
therefore plays a crucial role in mediating the global climate. Reef-building organisms are a major
component of benthic habitats, playing a crucial role in supporting ecosystem function. As the oceans
become more acidic, organisms that form skeletons or shells out of calcium carbonate, such as corals,
bivalves (e.g., mussels, clams, oysters), and echinoderms (e.g., sea stars, sea urchins) will struggle, leading
to major changes in the composition of benthic communities (Birchenough et al., 2015). The increasing
acidification of the ocean is problematic for organisms that create calcium carbonate shells and skeletons
because more acidic water means there is less available calcium carbonate in the water for these
organisms to use. A more acidic environment can also make maintaining these calcium carbonate
structures more difficult. For example, Foster et al. (2016) found that juvenile corals that were exposed to
more acidic waters had less structurally complex, deformed, and weaker skeletons overall (Figure 3).
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Figure 3. A and B represent x-ray and scanning electron microscope (SEM) images of a normal single polyp juvenile coral skeleton and
| and J represent x-ray and SEM images of a single polyp coral skeleton exposed to high levels of carbon dioxide, or acidic conditions
(Foster et al., 2016).

Increased Temperatures

Higher ocean temperatures will also affect the distribution of benthic species, shift the timing of
reproduction, and may even result in mortality (Birchenough et al., 2015). In a meta-analysis of the
responses of European benthic organisms to climate change impacts on a regional scale, Hoppit and
Schmidt (2022) found that calcifying organisms (as discussed above) were the most vulnerable to the
effects of ocean acidification and warming through decreased growth rates, reproduction, and survival; while
fleshy algal species appeared to be resilient to climate change stressors.

In response to warming ocean temperatures, Beaugrand and Kirby (2018) predicted that pelagic marine
organisms would demonstrate behavioral or physical adjustments and changes in distribution and
abundance. Changes in ocean temperature would lead to shifts in the vertical distributions of species such
as pelagic copepods (a type of zooplankton) which may affect the feeding behaviors of larger organisms
that depend on them. For example, pelagic copepods may move downward in the water column, further
from the surface, to escape temperatures that are too warm. When habitat conditions (e.g., temperature,
salinity, and nutrient availability) become unsuitable for a given pelagic species, they will spend energy and
time finding more suitable habitat. This could cause populations to diminish, disappear or, if capable,
completely relocate. Thermal habitat modeling by Morley et al. (2018) on over 600 marine species predicted
that many species would undergo poleward distribution shifts in search of cooler waters as a result of rising
global temperatures. At an ecosystem level, climate change impacts in the pelagic environment may lead to
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changes in biodiversity and ecosystem functioning, changes in food web dynamics, and shifts in the
locations of large-scale ecosystem boundaries (Beaugrand & Kirby, 2018).

Ocean circulation patterns may also be altered by rising sea surface temperatures (Goreau et al., 2005).
Changes in regional circulation patterns affect both benthic and pelagic habitats through changes in water
temperature, current, food availability, and changes in how pelagic larvae disperse and settle into benthic
habitats (Przeslawski et al., 2008). Climate change stressors can affect reproductive success directly by
altering the physical transport of larvae or indirectly via physiological effects on larval viability and
development (Przeslawski et al., 2008). For benthic organisms already experiencing reproductive stress,
altered patterns of mass transport could lead to extreme population reductions (Birchenough et al., 2015).
Increased temperatures have also been linked to increased storm intensities and prolonged hurricane
seasons (Buis, 2020; National Centers for Environmental Information [NCEI], 2021) which can threaten the
persistence and resiliency of marine coastal habitats.

Sea-level Rise

Sea-level rise will also impact coastal habitats, especially salt marshes. Salt marshes are essential habitats
for temperate coastal and estuarine species alike. They consist of salt marsh grass meadows on the banks
of rivers and coastal inlets. These coastal wetlands act like sponges and reduce coastal flooding and
erosion while providing valuable nursery habitat for commercially important shellfish and fishes (U.S.
Environmental Protection Agency (EPA), 2022). Marsh grass keeps the mucky, fine sediment intact while
trapping sediment suspended in the water column, allowing the marsh to grow both vertically and
horizontally over time. For a marsh to survive, its surface must be able to rise in elevation at rates
comparable to the local sea-level rise (Raposa, et al., 2016). Marsh surfaces can rise primarily through the
accumulation of organic and inorganic matter (Raposa et al., 2016); however rising sea levels may outpace
the growth of the marsh. When the high tide water level is higher than the top of the marsh, saltwater pools
are formed and eventually kill the marsh grass. As the water evaporates, it leaves behind a briny pool. This
prevents further growth and alters the habitat for local species, thus leading to the eventual degradation of
marsh habitat (NOAA n.d.-d).

Offshore Wind Effects

Any infrastructure project, including the development of offshore wind farms, can have impacts on the
immediate environment. Areas of impact can include estuaries and coastal habitats, the seafloor, and the
water column.

Estuarine and Coastal

The submarine cables that feed power back to the mainland are the main way that offshore wind projects
will interact with and impact coastal habitats and wildlife. As currently designed, each wind farm will have
cables that export power from the wind turbines and service platforms to the shore. Depending on the
project, landfall can be at one or multiple coastal locations. As cable corridors cross through the coastal
waters, installation activities can become a concern. Installation activities can include the development of
nearshore cable routes and the burying of the cables at onshore landfall sites. These activities can
negatively impact habitats by disturbing the bottom sediment, or by causing direct mortality during cable-
laying activities.

Seafloor

Activities during the construction phase of offshore wind farms may also affect the seafloor and associated
marine organisms. Some of these activities include the installation of wind turbine foundations, seabed
preparation (e.g., sand wave dredging, boulder clearance), and power cable emplacement. These activities
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can disturb habitats by causing the direct mortality of benthic organisms, converting habitats from soft-
bottom to hard-bottom (or vice versa), and/or by causing sediment transport and deposition. Foundation
installation typically occurs over soft-bottom substrates. If fish and invertebrates associated with soft-bottom
seafloor habitats are unable to avoid the installation activity, they would be subject to potential impacts.
Removal of seafloor features that serve as habitat for some fish species could lead to reduced habitat
suitability and displacement. Cable installation activities would generate localized plumes of suspended
sediments that may negatively affect benthic species, with egg and larval life stages being the most
sensitive (Michel et al., 2013). Depending on the levels of sediment redeposition, impacts on benthic
habitats and slow-moving or sessile (permanently attached i.e., polyps) benthic organisms are typically
localized and temporary.

While direct impacts to benthic marine organisms may occur during the construction and installation phases,
the recovery of most benthic habitats and new habitat formation are expected to occur relatively quickly after
construction, as documented in several studies (Desprez, 2000; Dernie et al., 2003; de Marignac et al.,
2009; HDR, 2020). For example, seafloor features such as sand waves and depressions are dynamically
shaped by natural sediment transport processes (Dalyander et al., 2013) and thus, expected to recover from
construction disturbances within a short period of time. Based on the monitoring programs at the Block
Island Wind Farm, researchers concluded that direct environmental impacts from construction were
negligible; however, at four years post-construction, the presence of the wind turbine foundations were
found to have a variable localized impact on the benthos (the flora and fauna found on the bottom, or in the
bottom sediments, of the seabed). These localized impacts include a super-abundance of blue mussels and
other organisms growing on some of the turbine foundations, organic matter enrichment of the sediment
immediately surrounding the turbines, and an influx of structure-oriented fish species, such as black sea
bass (HDR, 2020). For more on the reef effect see Fish and Invertebrates or Recreational and Commercial

Fishing.

Open Water Column

The post-construction effects of offshore wind farms on the water column and associated marine organisms
include: impacts from cooling water intake systems (CWIS), the reef effect from added hard substructures,
and potential changes in hydrodynamics (due to the presence of new structures). For further discussion on
ocean hydrodynamics, refer to the Spotlight Question below.

Water intake at the CWIS of power plants have been found to have minimal effects on populations of
benthic marine organisms and fish (White et al., 2010; Barnthouse, 2013) and heated effluent discharge
from these systems is generally limited to the immediate vicinity of the offshore converter stations. As
offshore wind development increases, each project will need to determine the potential level of impact and
respective mitigation measures during the environmental permitting review. For more information on CWIS
effects as part of offshore wind farm operations, see Fish and Invertebrates.

The added hard substrates from wind turbine foundations and the rocks placed around the base of the
foundations to prevent sand erosion may increase populations of marine organisms attracted to such
structures, potentially leading to increased biomass near the turbine foundations. Studies have found
increases in the density, biomass, and diversity of benthic species attributed to the presence of offshore
wind farm structures (Degraer et al., 2020; Methratta & Dardick, 2019).

Spotlight Question: Can offshore wind impact ocean hydrodynamics?

Ocean hydrodynamics (the scientific study of the motion of liquids) consists of a complex system of
currents, occurring both in the surface waters of the first few hundred meters of the ocean and in the deeper
waters below. The upper surface of the ocean is characterized by wind driven currents, where ocean water
is pushed by moving air masses. Deep ocean circulation is referred to as “thermohaline circulation”, as it is
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largely dictated by the temperature (“thermos”) and salinity (“haline”) of sea water. Less dense, warmer
water flows towards the surface, while denser, colder water sinks. Both current systems are driven by
differences in air or water temperature on regional and global scales. As climate change continues to cause
global temperatures to rise, these currents may change, which will have repercussions on weather patterns
across the planet. Such impacts can lead to changes in species distributions, food production, and water
availability (Toggweiler & Key, 2001; Luo & Rothstein, 2011).

Current knowledge on the effects of offshore wind farms on hydrodynamics is primarily based on modeling
studies focused on European wind farms. The regional oceanography and wind farm structure geometries of
these wind farms differ significantly from the wind energy areas and planned offshore wind developments in
the U.S. (NASEM, 2023). In general, hydrodynamic effects can be categorized based on the affected spatial
scale and consist of localized turbine effects, wind farm effects, and regional effects (Figure 4) (NASEM,
2023).
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Figure 4. Spatial scales of wind energy development hydrodynamic effects (NASEM, 2023)

Hydrodynamic effects on a turbine scale may include:
e turbulent mixing;
e weakened stratification;
e temperature change;

e and an increase in suspended sediments (Dorrell et al., 2022; Schultze et al., 2020; Vanhellemont &
Ruddick, 2014).

On the wind farm scale, the cumulative effect of multiple wind turbines may include:

e ocean surface wind speed reductions (Golbazi et al., 2022);
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e ocean current speed reductions (Christiansen et al., 2022); and
e reduced stratification over a region within the vicinity of a wind farm (Floeter et al., 2017).

The National Academies of Sciences, Engineering, and Medicine (NASEM) evaluated potential
hydrodynamic impacts on regional ecology from offshore wind developments off the U.S. East Coast
(specifically around Nantucket Shoals) and determined that the impacts on ecosystems from the installation
and operation of offshore wind farms would be difficult to distinguish from natural variability on a regional
scale (NASEM, 2023). This is largely due to major oceanographic changes already occurring on the East
Coast from 20+ years of climate change, including warming of surface and bottom temperatures that alter
the intensity of seasonal stratification of the water column. The NASEM study emphasizes that more
research is still needed to understand the effects of offshore wind energy projects on regional
hydrodynamics and ecology. The oceanography in this region is dynamic and constantly evolving, and more
complex hydrodynamic models need to be developed and/or validated.

Mitigation Innovations

While some effects may be unavoidable, all potential impacts from an offshore wind project are evaluated
within a mitigation framework. The aim is to avoid, minimize, or mitigate adverse effects as much as is
feasible. Offshore wind developers use best management practices, modeling, surveying, and monitoring to
minimize impacts to coastal habitats during construction, installation, and operation. Seafloor, mapping, and
monitoring surveys are conducted for multiple reasons during the pre-construction, construction, and post-
construction phases of offshore wind farm development. Seafloor and mapping surveys are used to identify
habitat types in a project area, including potential sensitive habitats to avoid. Monitoring surveys are
conducted to assess the baseline conditions of the marine environment, the impacts of construction
activities, monitor the progress of habitat recovery, and document the development of new ecosystems
around installed structures. All this information is used by developers to appropriately site offshore wind
turbines and power cable routes, as well as to evaluate the state of affected areas and further mitigate
negative impacts.

Onshore cable installation is strategically placed to avoid impacting natural habitats and minimize vegetation
removal. For example, most onshore cable routes are planned to make use of previously developed land
(e.g., burying cables under pre-existing roadways). To protect wetland habitats and waterbodies, onshore
construction will be regulated to follow best management practices to control sediment and prevent erosion.
Further construction impacts are avoided in potentially sensitive habitats near landfall sites by using
horizontal directional drilling (HDD). The use of HDD involves a drill being placed underground in an entry
point away from a sensitive habitat, then drilling horizontally underneath the habitat, before emerging on the
other side of the habitat at a safe exit point. HDD allows cables to be placed underneath nearshore habitats
such as eelgrass beds, oyster reefs, intertidal zones, and coastal dunes without causing any damage.
Additionally, average burial depths of cable installation are between three to eight feet (1 to 2.5 m), well
below the aerobic sediment layer where most benthic infauna live, substantially minimizing their exposure to
electromagnetic fields (EMFs). To read more on EMFs, visit Deeper Dive: Electromagnetic Fields.

Fisheries and benthic habitat monitoring surveys are conducted to assess the baseline conditions of the
marine environment prior to the installation of turbines and submarine cables. This data is used to monitor
recovery of the environment after project installation, and inform the selection of the turbine locations and
the cable route. The route of the export cables through the water is designed to avoid areas of known
complex habitat. Complex habitat includes hard bottom, boulder, and reef locations where a large array of
marine life live. Offshore wind developers design their projects so the turbines and the cable routes are
located in soft bottom habitat, such as sand or mud, whenever possible. These habitats can recover more
quickly after a disturbance compared to complex hard bottom habitat. If interactions with complex habitat is
necessary, then turbines and cables may be micro-sited and carefully placed in between boulders or other
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structures. In the event that project infrastructure cannot be rerouted and boulders need to be removed,
they may be relocated to similar habitat nearby to promote recolonization.

Construction activities generate sand and sediment suspension in the surrounding waters, known as
turbidity. Modeling is conducted before construction to better understand the impacts turbidity and
sedimentation will have on the environment. Sediment transportation is modeled so that the area
experiencing turbidity is known before construction begins. The use of HDD is also expected to create
minimal sedimentation near submerged vegetation, and therefore sedimentation can be expected to be
comparable to natural levels near vegetated habitats.

Using a shared transmission system offshore is a potential method to efficiently facilitate the large-scale
buildout of offshore wind farms. This approach could reduce the cumulative environmental impacts of
offshore wind submarine cables by reducing the overall amount of cabling systems and installations needed
in the offshore environment, as well as reducing the number of landfall locations in the coastal environment.
There are several shared transmission projects proposed for offshore wind projects on the East Coast
(National Renewable Energy Laboratory (NREL) & Pacific Northwest National Laboratory (PNNL, 2024).

Further, emerging technologies like ECOoncrete ECO Mats, the Reef Ball Foundation Layer Cake, and the
Witteven + Bos Cod Hotel are being used to promote reef growth, act as shelter for benthic organisms,
and/or provide ecosystem support for specific species. For more on these specific mitigation innovations
see Fish and Invertebrates. For more on current and emerging mitigation technologies used in offshore
wind farms visit Wind Energy Monitoring and Mitigation Technologies Tool | Tethys (pnnl.gov).

APRIL 2024 9


https://econcretetech.com/applications/offshore-applications/
https://reefinnovations.com/products-specs/layer-cakes/
https://www.witteveenbos.com/projects/nature-inclusive-designs-for-offshore-wind-farms/
https://offshorewindfacts.org/report/fish-invertebrates/
https://tethys.pnnl.gov/wind-energy-monitoring-mitigation-technologies-tool?wind_hierarchy=16805&wind_industry=16803&field_wind_category_target_id=All&wind_phase=All&wind_stressor=All&wind_receptor=16810&field_development_status_target_id=All&wind_status=All&search=

OFFSHORE
WIND FACTS

References

e Akhtar, N., B. Geyer, B. Rockel, P.S. Sommer, & C. Schrum. (2021). Accelerating deployment of
offshore wind energy alter wind climate and reduce future power generation potentials. Scientific
Reports 11:11826.

e Barbier, E. B., Hacker, S. D., Kennedy, C., Koch, E. W., Stier, A. C., & Silliman, B. R. (2011). The value
of estuarine and coastal ecosystem services. Ecological Monographs, 81(2), 169-193.

e Barnthouse, L.W. (2013). Impacts of entrainment and impingement on fish populations: A review of the
scientific evidence. Environmental Science & Policy 31:149-156.

e Beaugrand, G., & R.R. Kirby. (2018). How do marine pelagic species respond to climate change?
Theories and observations. Annual Review of Marine Science 10(1):169-197.

e Birchenough, S.N.R., H. Reiss, S. Degraer, N. Mieszkowska, A. Borja, L. Buhl-Mortensen, U.
Braeckman, et al. (2015). Climate change and marine benthos: A review of existing research and future
directions in the North Atlantic. Wiley Interdisciplinary Reviews: Climate Change 6:203—223.

e Buis, A. (2020). How climate change may be impacting storms over earth's tropical oceans. Global
climate change: vital signs of the planet. https://climate.nasa.gov/explore/ask-nasa-climate/2956/how-
climate-change-may-be-impacting-storms-over-earths-tropical-oceans/

e Christiansen, N., U. Daewel, B. Djath, & C. Schrum. (2022). Emergence of Large-Scale Hydrodynamic
Structures Due to Atmospheric Offshore Wind Farm Wakes. Frontiers in Marine Science 9:818501.

e Daewel, U., N. Akhtar, N. Christiansen, & C. Schrum. (2022). Offshore wind farms are projected to
impact primary production and bottom water deoxygenation in the North Sea. Communications Earth &
Environmental 3, Article number: 292.

° Daylander, P.S., B. Butman, C.R. Sherwood, R.P. Signell & J.L. Wilkin. (2013). Characterizing wave-
and current- induced bottom shear stress: U.S. middle Atlantic continental shelf. Continental Shelf
Research, 52: 73-86.

e Degraer, S., D. Carey, J. Coolen, Z. Hutchison, F. Kerckhof, B. Rumes, & J. Vanaverbeke. (2020).
Offshore wind farm artificial reefs affect ecosystem structure and functioning: A synthesis.
Oceanography 33:48-57.

e de Marignac, J., J. Hyland, J. Lindholm, A. DeVogelaere, W.L. Balthis, & D. Kline. (2009). A
comparison of seafloor habitats and associated benthic fauna in areas open and closed to bottom
trawling along the Central California Continental Shelf. Marine Sanctuaries Conservation Series
ONMS-09-02. Silver Spring, Maryland: U.S. Department of Commerce, National Oceanic and
Atmospheric Administration (NOAA), Office of National Marine Sanctuaries.

e Dernie, K.M., M.J. Kaiser, E.A. Richardson, & R.M. Warwick. (2003). Recovery of soft sediment
communities and habitats following physical disturbance. Journal of Experimental Marine Biology and
Ecology 285-286:415-434.

e Desprez, M. (2000). Physical and biological impact of marine aggregate extraction along the French
coast of the eastern English Channel: Short and long-term post-dredging restoration. ICES Journal of
Marine Science 57(5):1428-1438.

e Dewsbury, B. M., M. Bhat, & J. W. Fourqurean. (2016). A review of seagrass economic valuations:
gaps and progress in valuation approaches. Ecosystem Services, 18, 68-77.

APRIL 2024 10


https://www.nature.com/articles/s41598-021-91283-3
https://www.nature.com/articles/s41598-021-91283-3
https://www.nature.com/articles/s41598-021-91283-3
https://www.nature.com/articles/s41598-021-91283-3
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/10-1510.1
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/10-1510.1
https://www.sciencedirect.com/science/article/pii/S1462901113000488?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1462901113000488?via%3Dihub
https://www.annualreviews.org/content/journals/10.1146/annurev-marine-121916-063304
https://www.annualreviews.org/content/journals/10.1146/annurev-marine-121916-063304
https://wires.onlinelibrary.wiley.com/doi/abs/10.1002/wcc.330
https://wires.onlinelibrary.wiley.com/doi/abs/10.1002/wcc.330
https://wires.onlinelibrary.wiley.com/doi/abs/10.1002/wcc.330
https://climate.nasa.gov/explore/ask-nasa-climate/2956/how-climate-change-may-be-impacting-storms-over-earths-tropical-oceans/
https://climate.nasa.gov/explore/ask-nasa-climate/2956/how-climate-change-may-be-impacting-storms-over-earths-tropical-oceans/
https://www.frontiersin.org/articles/10.3389/fmars.2022.818501/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.818501/full
https://www.nature.com/articles/s43247-022-00625-0
https://www.nature.com/articles/s43247-022-00625-0
https://www.nature.com/articles/s43247-022-00625-0
https://www.nature.com/articles/s43247-022-00625-0
https://www.sciencedirect.com/science/article/abs/pii/S0278434312002889?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0278434312002889?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0278434312002889?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0278434312002889?via%3Dihub
https://tos.org/oceanography/article/offshore-wind-farm-artificial-reefs-affect-ecosystem-structure-and-functioning-a-synthesis
https://tos.org/oceanography/article/offshore-wind-farm-artificial-reefs-affect-ecosystem-structure-and-functioning-a-synthesis
https://tos.org/oceanography/article/offshore-wind-farm-artificial-reefs-affect-ecosystem-structure-and-functioning-a-synthesis
https://tos.org/oceanography/article/offshore-wind-farm-artificial-reefs-affect-ecosystem-structure-and-functioning-a-synthesis
https://coastalscience.noaa.gov/data_reports/a-comparison-of-seafloor-habitats-and-associated-benthic-fauna-in-areas-open-and-closed-to-bottom-trawling-along-the-central-california-continental-shelf/
https://coastalscience.noaa.gov/data_reports/a-comparison-of-seafloor-habitats-and-associated-benthic-fauna-in-areas-open-and-closed-to-bottom-trawling-along-the-central-california-continental-shelf/
https://coastalscience.noaa.gov/data_reports/a-comparison-of-seafloor-habitats-and-associated-benthic-fauna-in-areas-open-and-closed-to-bottom-trawling-along-the-central-california-continental-shelf/
https://coastalscience.noaa.gov/data_reports/a-comparison-of-seafloor-habitats-and-associated-benthic-fauna-in-areas-open-and-closed-to-bottom-trawling-along-the-central-california-continental-shelf/
https://coastalscience.noaa.gov/data_reports/a-comparison-of-seafloor-habitats-and-associated-benthic-fauna-in-areas-open-and-closed-to-bottom-trawling-along-the-central-california-continental-shelf/
https://coastalscience.noaa.gov/data_reports/a-comparison-of-seafloor-habitats-and-associated-benthic-fauna-in-areas-open-and-closed-to-bottom-trawling-along-the-central-california-continental-shelf/
https://www.sciencedirect.com/science/article/abs/pii/S0022098102005415?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0022098102005415?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0022098102005415?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0022098102005415?via%3Dihub
https://academic.oup.com/icesjms/article/57/5/1428/660948?login=false
https://academic.oup.com/icesjms/article/57/5/1428/660948?login=false
https://academic.oup.com/icesjms/article/57/5/1428/660948?login=false
https://academic.oup.com/icesjms/article/57/5/1428/660948?login=false
https://www.sciencedirect.com/science/article/abs/pii/S2212041616300316?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S2212041616300316?via%3Dihub

OFFSHORE
WIND FACTS

e Dorrell, R.M., C.J. Lloyd, B.J. Lincoln, T.P. Rippeth, J.R. Taylor, C.P. Caulfield, J. Sharples, J.A.
Polton, B.D. Scannell, D.M. Greaves, R.A. Hal & J.H. Simpson. (2022). Anthropogenic mixing in
seasonally stratified shelf seas by offshore wind farm infrastructure. Frontiers in Marine Science
9:830927.

e Feely, R. A., Sabine, C. L., Lee, K., Berelson, W., Kleypas, J., Fabry, V. J., & Millero, F. J. (2004).
Impact of anthropogenic CO2 on the CaCOs3 system in the oceans. Science, 305(5682), 362-366.

e Floeter, J., J. E. E. van Beusekom, D. Auch, U. Callies, J. Carpenter, T. Dudeck, S. Eberle, A.
Eckhardt, D. Gloe, K. Hanselmann, M. Hufnagl, et al. (2017). Pelaqic effects of offshore wind farm
foundations in the stratified North Sea. Progress in Oceanography 156:154—-173.

e Foster, T., Falter, J. L., McCulloch, M. T., & Clode, P. L. (2016). Ocean acidification causes structural
deformities in juvenile coral skeletons. Science advances, 2(2), e1501130.

e Golbazi, M., Archer, C. L., & Alessandrini, S. (2022). Surface impacts of large offshore wind farms.
Environmental Research Letters, 17(6), 064021.

e Goreau T.J., R.L. Hayes, & D. McAllister. (2005). Regional patterns of sea surface temperature rise:
implications for global ocean circulation change and the future of coral reefs and fisheries. World
Resource Review 17:350-374.

e HDR. (2020). Benthic and epifaunal monitoring using wind turbine installation and operation at the
Block Island Wind Farm, Rhode Island — project report. OCS Study BOEM 2020-044. Final Report to
the U.S. Department of the Interior, Bureau of Ocean Energy Management, Office of Renewable
Energy Programs. 263 pp.

e Hoppit, G. & D.N. Schmidt. (2022). A regional view of the response to climate change: a meta-analysis
of European benthic organisms’ responses. Frontiers in Marine Science 9:896157.

e JohnsonT.L., J.J. van Berkel, L.O. Mortensen, M.A. Bell, I. Tiong, B. Hernandez, D.B. Snyder, F.
Thomsen, & O. Svenstrup Petersen. (2021). Hydrodynamic modeling, particle tracking and agent-
based modeling of larvae in the U.S. Mid-Atlantic Bight. US Department of the Interior, Bureau of
Ocean Energy Management (BOEM). OCS Study BOEM 2021-049.

e Lentz, S.J. (2017) Seasonal warming of the Middle Atlantic Bight Cold Pool. Journal of Geophysical
Research-Oceans 122:941-954.

e Luo, Y. &L. M. Rothstein. (2011). Response of the Pacific Ocean circulation to climate
change. Atmosphere-ocean, 49(3), 235-244.

e Methratta, E.T., & W.R. Dardick. (2019). Meta-analysis of finfish abundance at offshore wind farms.
Reviews in Fisheries Science & Aquaculture 27:242-260.

e Michel, J., A.C. Bejarano, C.H. Peterson, & C. Voss (2013). Review of Biological and Biophysical
Impacts from Dredging and Handling of Offshore Sand. U.S. Department of the Interior, Bureau of
Ocean Energy Management, Herndon, Virginia. OCS Study BOEM 2013-0119. 258 pp.

e Miles, T., S. Murphy, J. Kohut, S. Borsetti, & D. Munroe. (2021). Offshore wind energy and the Mid-
Atlantic Cold Pool: A review of potential interactions. Marine Technology Society Journal, 55(4), 72-87.

e Morley, JW., R.L. Selden, R.J. Latour, T.L. Frolicher, R.J. Seagraves, & M.L. Pinsky. (2018).
Projecting shifts in thermal habitat for 686 species on the North American continental shelf. PLoS ONE
13(5): e0196127.

e National Academies of Sciences, Engineering, and Medicine (NASEM). (2023). Potential
Hydrodynamic Impacts of Offshore Wind Energy on Nantucket Shoals Regional Ecology: An Evaluation
from Wind to Whales. Washington, DC: The National Academies Press.

APRIL 2024 11


https://www.frontiersin.org/articles/10.3389/fmars.2022.830927/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.830927/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.830927/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.830927/full
https://www.science.org/doi/10.1126/science.1097329
https://www.science.org/doi/10.1126/science.1097329
https://www.sciencedirect.com/science/article/abs/pii/S0079661117300381
https://www.sciencedirect.com/science/article/abs/pii/S0079661117300381
https://www.sciencedirect.com/science/article/abs/pii/S0079661117300381
https://www.sciencedirect.com/science/article/abs/pii/S0079661117300381
https://www.science.org/doi/10.1126/sciadv.1501130
https://www.science.org/doi/10.1126/sciadv.1501130
https://iopscience.iop.org/article/10.1088/1748-9326/ac6e49
https://iopscience.iop.org/article/10.1088/1748-9326/ac6e49
https://www.researchgate.net/publication/242145207_Regional_patterns_of_sea_surface_temperature_rise_implications_for_global_ocean_circulation_change_and_the_future_of_coral_reefs_and_fisheries
https://www.researchgate.net/publication/242145207_Regional_patterns_of_sea_surface_temperature_rise_implications_for_global_ocean_circulation_change_and_the_future_of_coral_reefs_and_fisheries
https://www.researchgate.net/publication/242145207_Regional_patterns_of_sea_surface_temperature_rise_implications_for_global_ocean_circulation_change_and_the_future_of_coral_reefs_and_fisheries
https://www.researchgate.net/publication/242145207_Regional_patterns_of_sea_surface_temperature_rise_implications_for_global_ocean_circulation_change_and_the_future_of_coral_reefs_and_fisheries
https://espis.boem.gov/final%20reports/BOEM_2020-044.pdf
https://espis.boem.gov/final%20reports/BOEM_2020-044.pdf
https://espis.boem.gov/final%20reports/BOEM_2020-044.pdf
https://espis.boem.gov/final%20reports/BOEM_2020-044.pdf
https://www.frontiersin.org/articles/10.3389/fmars.2022.896157/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.896157/full
https://espis.boem.gov/final%20reports/BOEM_2021-049.pdf
https://espis.boem.gov/final%20reports/BOEM_2021-049.pdf
https://espis.boem.gov/final%20reports/BOEM_2021-049.pdf
https://espis.boem.gov/final%20reports/BOEM_2021-049.pdf
https://agupubs.onlinelibrary.wiley.com/doi/10.1002/2016JC012201
https://agupubs.onlinelibrary.wiley.com/doi/10.1002/2016JC012201
https://www.tandfonline.com/doi/full/10.1080/07055900.2011.602325
https://www.tandfonline.com/doi/full/10.1080/07055900.2011.602325
https://www.tandfonline.com/doi/full/10.1080/23308249.2019.1584601
https://www.tandfonline.com/doi/full/10.1080/23308249.2019.1584601
https://espis.boem.gov/final%20reports/5268.pdf
https://espis.boem.gov/final%20reports/5268.pdf
https://espis.boem.gov/final%20reports/5268.pdf
https://espis.boem.gov/final%20reports/5268.pdf
https://www.ingentaconnect.com/content/mts/mtsj/2021/00000055/00000004/art00009;jsessionid=6tb1rp1u25okk.x-ic-live-02
https://www.ingentaconnect.com/content/mts/mtsj/2021/00000055/00000004/art00009;jsessionid=6tb1rp1u25okk.x-ic-live-02
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0196127
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0196127
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0196127
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0196127
https://www.nationalacademies.org/news/2023/10/briefings-to-congress/potential-hydrodynamic-impacts-of-offshore-wind-energy-on-nantucket-shoals-regional-ecology---an-evaluation-from-wind-to-whales
https://www.nationalacademies.org/news/2023/10/briefings-to-congress/potential-hydrodynamic-impacts-of-offshore-wind-energy-on-nantucket-shoals-regional-ecology---an-evaluation-from-wind-to-whales
https://www.nationalacademies.org/news/2023/10/briefings-to-congress/potential-hydrodynamic-impacts-of-offshore-wind-energy-on-nantucket-shoals-regional-ecology---an-evaluation-from-wind-to-whales

OFFSHORE
WIND FACTS

National Centers for Environmental Information (NCEI). (2021). 2020 North Atlantic hurricane season
shatters records: Putting the most active season in recorded history in context.
https://www.ncei.noaa.gov/news/2020-north-atlantic-hurricane-season-shatters-records

National Oceanic and Atmospheric Administration (NOAA). (n.d.-a). Essential fish habitat.
https://www.fisheries.noaa.gov/national/habitat-conservation/essential-fish-habitat

National Oceanic and Atmospheric Administration (NOAA). (n.d.-b). Office of Education resource
collections: Ocean floor features. Ocean floor features | National Oceanic and Atmospheric
Administration (noaa.gov).

National Oceanic and Atmospheric Administration (NOAA). (n.d.-c). What is Ocean Acidification?

National Oceanic and Atmospheric Administration (NOAA). (n.d.-d). NOAA National Ocean Service
Education: Estuaries tutorial.

National Renewable Energy Laboratory (NREL) & Pacific Northwest National Laboratory (PNNL),
(2024). Atlantic Offshore Wind Transmission Study. March, 2024.
https://www.nrel.gov/docs/fy240sti/88003.pdf

Pew Charitable Trusts. (2022). America’s coastal habitats are beautiful, vital, and worth protecting.

Platis, A., S. K. Siedersleben, J. Bange, A. Lampert, K. Barfuss, R. Hankers, B. Canadillas, R.
Foreman, J. Schulz-Stellenfleth, B. Djath, T. Neumann, & S. Emeis. (2018). First in situ evidence of
wakes in the far field behind offshore wind farms. Scientific Reports 8(1):2163.

Przeslawski, R., S. Ahyong, M. Byrne, G. Worheide, & P. Hutchings. (2008). Beyond corals and fish:
the effects of climate change on non-coral benthic invertebrates of tropical reefs. Global Change
Biology 14:2773-2795.

Raposa, K. B., Kutcher, T., Ferguson, W., Ekberg, M. C., Weber, R. L., & Chaffee, C. (2016). A
strategy for developing a salt marsh monitoring and assessment program for the State of Rhode Island.
Final report to the Rhode Island Department of Environmental Management and the Rhode Island
Coastal Resources Management Council. p, 27.

Sabine, C. L., Feely, R. A., Gruber, N., Key, R. M., Lee, K., Bullister, J. L. et al. (2004). The oceanic
sink for anthropogenic CO2. Science, 305(5682), 367-371.

Schultze, L. K. P., L. M. Merckelbach, J. Horstmann, S. Raasch, & J. R. Carpenter. (2020). Increased
mixing and turbulence in the wake of offshore wind farm foundations. Journal of Geophysical
Research: Oceans 125(8):¢2019JC015858.

Sayre, R. G., Wright, D. J., Breyer, S. P., Butler, K. A., Van Graafeiland, K., Costello, M. J., Harris,
P.T., Goodin, K.L., Guinotte, J.M., Basher, Z., Kavanaugh M.T., Halpin, P.N., Monaco, M.E., Cressie,
N., Aniello, P., Frye, C.E., & Stephens, D. (2017). A three-dimensional mapping of the ocean based on
environmental data. Oceanography, 30(1), 90-103.

Toggweiler, J. R., & R. M. Key. (2001). Thermohaline circulation. Encyclopedia of ocean sciences, 6,
2941-2945.

U.S. Environmental Protection Agency (EPA). (2022). Why are wetlands important?
https://www.epa.gov/wetlands/why-are-wetlands-important

Vanhellemont, Q. & K. Ruddick. (2014). Turbid wakes associated with offshore wind turbines observed
with Landsat 8. Remote Sensing of Environment 145: 105-115.

White, J.W., K.J. Nickols, L. Clarke, & J.L. Largier. (2010). Larval entrainment in cooling water intakes:
spatially explicit models reveal effects on benthic metapopulations and shortcomings of traditional
assessments. Canadian Journal of Fisheries and Aquatic Science 67:2014—2031.

APRIL 2024


https://www.ncei.noaa.gov/news/2020-north-atlantic-hurricane-season-shatters-records
https://www.fisheries.noaa.gov/national/habitat-conservation/essential-fish-habitat
https://www.noaa.gov/education/resource-collections/ocean-coasts/ocean-floor-features
https://www.noaa.gov/education/resource-collections/ocean-coasts/ocean-floor-features
https://www.noaa.gov/education/resource-collections/ocean-coasts/ocean-floor-features
https://www.noaa.gov/education/resource-collections/ocean-coasts/ocean-floor-features
https://www.noaa.gov/education/resource-collections/ocean-coasts/ocean-acidification
https://www.noaa.gov/education/resource-collections/ocean-coasts/ocean-acidification
https://oceanservice.noaa.gov/education/tutorial_estuaries/welcome.html
https://oceanservice.noaa.gov/education/tutorial_estuaries/welcome.html
https://www.nrel.gov/docs/fy24osti/88003.pdf
https://www.pewtrusts.org/en/research-and-analysis/articles/2019/10/16/americas-coastal-habitats-are-beautiful-vital-and-worth-protecting
https://www.pewtrusts.org/en/research-and-analysis/articles/2019/10/16/americas-coastal-habitats-are-beautiful-vital-and-worth-protecting
https://www.nature.com/articles/s41598-018-20389-y
https://www.nature.com/articles/s41598-018-20389-y
https://www.nature.com/articles/s41598-018-20389-y
https://www.nature.com/articles/s41598-018-20389-y
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2486.2008.01693.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2486.2008.01693.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2486.2008.01693.x
https://www.science.org/doi/10.1126/science.1097403
https://www.science.org/doi/10.1126/science.1097403
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2019JC015858
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2019JC015858
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2019JC015858
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2019JC015858
https://tos.org/oceanography/article/a-three-dimensional-mapping-of-the-ocean-based-on-environmental-data
https://tos.org/oceanography/article/a-three-dimensional-mapping-of-the-ocean-based-on-environmental-data
https://tos.org/oceanography/article/a-three-dimensional-mapping-of-the-ocean-based-on-environmental-data
https://tos.org/oceanography/article/a-three-dimensional-mapping-of-the-ocean-based-on-environmental-data
https://www.sciencedirect.com/science/article/abs/pii/B012227430X001112?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/B012227430X001112?via%3Dihub
https://www.epa.gov/wetlands/why-are-wetlands-important
https://www.sciencedirect.com/science/article/pii/S0034425714000224?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0034425714000224?via%3Dihub
https://cdnsciencepub.com/doi/abs/10.1139/F10-108
https://cdnsciencepub.com/doi/abs/10.1139/F10-108
https://cdnsciencepub.com/doi/abs/10.1139/F10-108
https://cdnsciencepub.com/doi/abs/10.1139/F10-108

OFFSHORE
WIND FACTS

APRIL 2024

13



	What you should know:
	Habitats Overview
	Estuarine and Coastal
	Seafloor
	Open Water Column

	Climate Change Effects
	Ocean Acidification
	Increased Temperatures
	Sea-level Rise

	Offshore Wind Effects
	Estuarine and Coastal
	Seafloor
	Open Water Column

	Spotlight Question: Can offshore wind impact ocean hydrodynamics?
	● Daylander, P.S., B. Butman, C.R. Sherwood, R.P. Signell & J.L. Wilkin. (2013). Characterizing wave- and current- induced bottom shear stress: U.S. middle Atlantic continental shelf. Continental Shelf Research, 52: 73–86.

