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Appendix C. Literature Review 

Habitat 
 

Guida, V., A. Drohan, H. Welch, J. McHenry, D. Johnson, V. Kentner, J. Brink, D. Timmons, E. 
Estela-Gomez. (2017).Habitat Mapping and Assessment of Northeast Wind Energy Areas. 
Sterling, VA: US Department of the Interior, Bureau of Ocean Energy Management. OCS Study 
BOEM 2017-088. 312 p. 

• The study assesses abiotic and biotic relationships that occur benthically for all eight proposed wind 
energy areas (WEAs) in MA, RIMA, NY, NJ, DE, MD, VA, and NC-KH.  Data collected from the 
NOAA NEFSC (benthic mapping, benthic grabs, CTDs, and trawl surveys), WHOI (HabCam IV 
camera system), and the UMass Dartmouth SMAST (drop camera survey) were combined to 
characterize sediment types, water quality parameters, and identify present fauna in each WEA.  
 

• Results (summaries of each WEA): 
• Massachusetts (743,000 acres): The area is dominated by primarily sandy bottom that tapers into 

mud nearest the southern end and gravel in the northwest corner.  A strong thermohaline tidal 
front is caused by the Nantucket Shoals.  Sand shrimp and sand dollars comprise most of the 
benthic epifauna.  The warm season dominant taxa are longfin squid, scup, spiny dogfish, while 
Atlantic herring were common during the cold season.  Recommendations for species of concern 
regarding habitat disturbances include black sea bass, Atlantic cod, sea scallop, and ocean 
quahog.  

• Rhode Island-Massachusetts (165,000 acres): The sediments in the area are primarily sandy, 
but turn to mud in the north end and a mix of sand, coble, and gravel in the center. The southern 
portion contains sand, mud, and gravel caused by glacial outwash.  Sand shrimp and sand dollars 
comprise most of benthic epifauna.  Little and winter skates dominated year-round catches.  This 
was coupled with longfin squid, scup, and spiny dogfish being most abundant during the warm 
season and Atlantic herring, yellowtail flounder, and ocean pout during the cold season.  Species 
of concern due to habitat disturbance include black sea bass, Atlantic cod, sea scallop, and ocean 
quahog.  

• New York (79,000 acres): The sediments in this area are almost entirely sandy bottom, with sand 
shrimp and sand dollars comprising 97% of the benthic epifauna.  Megafauna was placed in 71 
taxa, 33 of which are managed fisheries.  Little skate presence was dominant year-round.  
Longfin squid and sea scallop characterize summer catches, while mainly Atlantic herring are 
seen in winter.  Species of concern regarding habitat disturbance include black sea bass, longfin 
squid egg mops, sea scallops, surf clam, and ocean quahog.   

• New Jersey (344,000 acres): Sediments in this area are characterized mainly by a platform in the 
northern area, sand and gravel in the north and center, and a shelf valley with megaripples in the 
southern portion.  Grab sampling showed mostly polychaetes, with sand shrimp, sand dollars, and 
dwarf warty sea slugs accounting for 96% of the epibenthic fauna.  Atlantic croaker, longfin 
squid, and scup are the most abundant species in the warm season, while Atlantic herring, little 
skate, and spiny dogfish dominated the cold season.  Considerations should be given to black sea 
bass, sea scallop, and surf clam regarding potential habitat disturbances.  

• Delaware (96,000 acres): Bottom topography is strongly influenced by tidal action stemming 
from Delaware Bay.  This results in mega-ripples throughout the east and northwest portions of 
the lease.  Sediments otherwise are primarily sandy with gravelly areas.  An artificial reef of 
1000acres lies in the center, while a blue mussel reef is located in the northwest corner.  
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Polychaetes dominated grab sample infauna, while blue mussels, longclaw hermit crabs, New 
England dog whelk snails, and sand dollars characterized epibenthic catches.  Atlantic croaker, 
northern sea robin, and scup are the most abundant species in the warm season, while Atlantic 
herring, little skate, and spiny dogfish dominated the cold season.  Species of concern regarding 
wind turbine construction and operation include black sea bass, sea scallop, and surf clam.  A loss 
of mussel reef, artificial reef, stony corals, and sea whips as potential degradation of habitat was 
also noted.   

• Maryland (80,000 acres):  Sediments in the area are mainly comprised of megaripples, sand, and 
gravel, with muddy portions located in the center and south.  Grab samples were dominated by 
polychaetes, with epifauna consisting of mostly sand shrimp, New England dog whelk snails, and 
sand dollars.  Warm season fish species with the highest occurrences are Atlantic croaker, 
weakfish, and spot, with the cold seasons producing little skate, spiny dogfish, and spotted hake.  
Habitat disturbances from construction will most likely impact black sea bass, sea scallop, and 
surf clam.  This is in addition to sea whip habitat being made vulnerable.   

• Virginia (113,000 acres): Sediments in this site are primarily sandy but contain a muddy patch in 
the center and gravelly sand in the east.  Grab sample infauna was dominated by polychaetes.  
Epifauna consisted of mainly sand shrimp, unclassified snails, and dwarf surf clams in March 
2014, but switched to calico scallops, longclaw hermit crabs, New England dog whelk, and dwarf 
warty sea slugs in August 2015.  Warm season megafauna is mainly characterized by black sea 
bass, scup, and northern sea robin.  This changes to clearnose skate, spiny dogfish, and summer 
flounder in the cold seasons. Species susceptible to habitat impacts include black sea bass, longfin 
squid egg mops, sea scallop, ocean quahog, and surf clam.   

• North Carolina (122,000 acres): Sediments in this area are mainly sandy, but also include 
isolated patches of mud and gravel.  Benthic infauna is dominated by polychaetes, while the 
sampled epifauna consisted of mainly sea scallops, sand shrimp, and calico scallops.  Atlantic 
longfin squid are present year-round.  Seasonal megafauna mainly includes spotted hake (warm 
season), clearnose skate, and spiny dogfish (cold season).  Species of concern include black sea 
bass, sea scallop, and surf clam.   
 

• Conclusions: 1) All areas contain relatively flat topography with sandy sediments that are highly 
mobile.  Most salinity ranges at the sites were small, but temperatures demonstrated considerable 
variation throughout the year and are caused by frequent turnover events. 2) Fauna that inhabit the 
WEAs share many common attributes and taxa.  Polychaete worms comprise most of the infauna, 
while epifauna consists mainly of sand shrimp, sand dollar, and a variety of snail and crab species. 3) 
Megafauna present in the areas show substantial seasonality.  The ability of these animals to 
recognize disturbance and migrate quickly could be perceived as potential resistance to disturbance.  
4) Black sea bass were seen in all WEAs and Atlantic cod in the MA and RIMA.  Species of concern 
due to lack of mobility include sea scallops (all WEAs), surf clams (all but RIMA), ocean quahogs 
(all but DE), and longfin squid egg mops (NY and VA).   

 

Causon, P. and Gill, A. B. (2018). Linking ecosystem services with epibenthic biodiversity 
change following installation of offshore wind farms. Environmental Science & Policy. 89. 
340-347. 10.1016/j.envsci.2018.08.013. 

• This review aims to consolidate various studies that address and link habitat modification, benthic 
ecosystem dynamics, and biodiversity changes to the development of offshore wind farms.  
 

• Results: 1) The introduction of hard substrate increases the complexity of the seabed.  This translates 
into increased opportunities for fast-colonizing epibenthic organisms that associate with the newly 
installed structure.  However, several studies indicate that epibenthic species living in artificial reefs 
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differ from those found in natural reefs and substrates.  Fish, such as Atlantic cod, have also been 
noted to aggregate around artificial structure.  Habitat changes associated with a single turbine are 
likely minor, but cumulative impacts of many turbines across a large scale are uncertain.  2)  Post-
immersion of the turbines, dissolved macromolecules immediately colonize the new structure.  
Within hours, microscopic eukaryotes (diatoms, fungi, bacteria, etc.) form biofilms on the surface to 
entice colonization by other like-species.  Organisms known to colonize platforms do so through a 
pattern of zonation that is dependent on depth and assemblages vary with structure type and mobility.  
Algae tend to be more abundant on fixed substrates, whereas barnacles, bryozoans, and sponges 
characterize more mobile substrata.  In addition, some species settle preferentially on surfaces 
positioned in a specific orientation.  This would make jacket foundations more suitable for related 
species than monopiles due to the difference in surface area.  3) The reef effects created by wind 
turbine structure can be linked to ecosystem services.  Fecal deposition by epibenthic organisms can 
enrich surrounding sediments.  Likewise, bioturbation by benthic infauna around the site resuspend 
inorganic material, making it available to primary producers.  Higher chlorophyll-a concentrations 
were noted in closer proximities to wind farms in comparison to surface waters overlaying sandy 
sediments.  This has potential to support secondary habitat created by mussels and increase 
opportunity for feeding and shelter by more mobile species at higher trophic levels.   
 

• Conclusions: 1) Linking changes in biodiversity because of turbine development with ecosystem 
services highlights possible positive impacts to hard structure related community assemblages.  As 
offshore wind increases expansion, there is potential for large scale adjustments to marine ecosystems 
through the installment of new, hard structure.   

 

Invertebrates 

 

HDR. (2017). Benthic Monitoring during Wind Turbine Installation and Operation at the 
Block Island Wind Farm, Rhode Island. Final Report to the U.S. Department of the Interior, 
Bureau of Ocean Energy Management, Office of Renewable Energy Programs. OCS Study 
BOEM 2018-047 

• Sediments from turbines 1, 3, 5 and three control stations at the Block Island wind farm site were 
grab sampled.  This was coupled with underwater video recordings that were taken at the time of 
sampling.  Stratified random sampling of the area took place in winters 2016 and 2017.  The study 
aimed to understand localized changes to macrofauna abundance, richness, assemblage structure, and 
diversity caused by the presence of five newly constructed wind turbines in the area.  Abiotic factors 
such as sediment classification and organic carbon content were also considered.   
 

• Results: 1) Aside from turbine 1 which contained the highest fractions of fine-medium sand, all other 
sites showed high fractions of coarse substrate types (sand, coble, and gravel).   No significant 
differences were found when comparing the turbine areas to the control sites.  2) No difference in 
organic carbon content was demonstrated between the turbine and control sites. 3) There were no 
notable differences in macrofauna assemblage between all sites.  Benthic community structure is 
mainly dominated by polychaete worms and crustaceans at both sites; abundances only differed 
between turbines 3 and 5.  
 

• Conclusions: 1) Sediment characterization, organic carbon, and macrofauna communities were found 
to be homogenous between the turbine and control sites.  No sign of biotic or abiotic changes at 
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variable distances were detected due to the presence of the five wind turbines.  These sites will 
continue to be monitored long term, as changes in these parameters may take longer to manifest.   

 

Degraer, S., Brabant, R. & Rumes, B., (Eds.) (2012). Offshore wind farms in the Belgian part of 
the North Sea: Heading for an understanding of environmental impacts. Royal Belgian Institute of 
Natural Sciences, Management Unit of the North Sea Mathematical Models, Marine ecosystem 
management unit. 155 pp. + annexes.  

Kerckhof, F., Rumes, B., Norro, A., Houziaux, J., & Degraer, S. (2012). Chapter 3 A 
comparison of the first stages of biofouling in two offshore wind farms in the Belgian part of 
the North Sea. Offshore Wind Farms in the Belgian Part of the North Sea: Heading for an 
Understanding of Environmental Impacts, 17-39. 

• Species composition and ecological succession of biofouling in the subtidal zone of the Thorntonbank 
and Bligh Bank wind farms were compared during this study.  The Thorntonbank windfarm was first 
sub-sampled in summer 2008 (2 gravity-based foundation turbines) while the Bligh Bank windfarm 
was examined in winter 2010 (3 steel monopile turbines).  Seasonal sampling continued until fall 
2011.  Divers were sent to systematically sample fouling organisms by scraping a sampling surface of 
.25m x .25m; collecting a total of 111 samples from 36 stations.  The results were compared by 
assessing composition using time after installation.     
 

• Results: 1) 50% of the total species observed were shared between both windfarm sites and the total 
composition were dominated by the amphipod Jassa herdmani.  Other dominant species included 
starfish and various other amphipod species.  2) More mobile species exhibited seasonal variation 
between higher abundances in summer and lower abundances in winter.  3) High diversities of 
organisms were seen in each respective early settlement phase, despite installations happening at 
different times of the year. The highest species richness measured occurred during the first summers 
of both sites.  4)  All recorded species are typical colonizers of man-made surfaces in Belgian waters.  
Below the infralittoral mussel layer was dominated by echinoderms, anemones, barnacles, hydroids, 
and tube worms.  Few species were able to establish permanent populations.  5) Aside from the 
slipper limpet, no introduced species were observed in the permanently submerged portion of the 
foundations.   
 

• Conclusions: 1) Concrete foundations may offer better settlement surface, but there is still too much 
variation seasonally to tell.  This suggests the fouling communities found in each site are still 
immature.  2) Early assemblage occurs by important prey items and are needed to support larger 
fauna around the wind farm sites. 

 
Krone, R., Dederer, G., Kanstinger, P., Krämer, P., Schneider, C., and Schmalenbach, I. (2017). 
Mobile demersal megafauna at common offshore wind turbine foundations in the German 
Bight (North Sea) two years after deployment - increased production rate of Cancer 
pagurus. Marine Environmental Research. 123. 53-61. 10.1016/j.marenvres.2016.11.011. 

 
• Different foundation types (jacket, tripods, and monopiles) within two different wind farm sites were 

sampled by divers to determine the total abundances of Cancer pagurus and other benthic species. 
Comparisons of abundances occurred between animals found on the foundations and animals found 
on the sea floor.  Three tripod and three jacket style foundations were examined in the Alpha Ventus 
wind farm, while four monopiles were investigated at the Riffgat wind farm site.   Divers used 
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transects to search 15 different stations on each turbine and animals were identified and measured in 
situ.   
 

• Results: 1) Crustacean communities found in all three foundation types were dominated by C. 
pagurus, Liocarcinus spp., and Pagurus berhardus.  C. pagurus abundance was 2-6 times lower at 
jackets and tripod sites compared to monopiles. 2) Distribution varied between foundation types.  At 
the jackets, 50% of recorded C. pagarus occurred between both the sea floor and foundation.  This is 
compared to 80% that were found at the sea floor of monopiles and 90% on the foundations of 
tripods.  3) Regardless of foundation type, the sea floor was always dominated by older and larger C. 
pagarus.  Animals less than 2 years were found in much higher abundances at the foundations 
compared to the sea floor.  4) Jackets and tripods were dominated by similar soft-sediment associated 
fish and crustacean species.   

 
• Conclusion: 1) The species present at monopile sites are associated with hard bottom habitats (likely 

due to scour protection) and the lack of soft-bottom species can be interpreted as habitat loss.  2) The 
presence of young C. pagarus could indicate a special attraction by crab larvae to the structure.  3) 
Sea floor and foundation sections contribute differently to C. pagarus total abundances of varying 
foundations.  It was calculated that with the current ratio of foundation types, new habitat to support 
an additional 120% C. pagarus could be added during planned future developments. 

 
Roach, M., Cohen, M., Forster, R., Revill, A. S., & Johnson, M. (2018). The effects of 
temporary exclusion of activity due to wind farm construction on a lobster (Homarus 
gammarus) fishery suggests a potential management approach. ICES Journal of Marine 
Science, 75(4), 1416-1426. doi:10.1093/icesjms/fsy006 
 

• During two sampling events from June through September 2013 and 2015, the ecological short term, 
post-construction effects of the Westermost Rough offshore wind farm (OWF) on the European 
lobster were assessed.  Completed in 2015, the 35 km2 site consists of 35 6MW turbines with scour 
protection.  A BACI style approach was used and 30 strings consisting of 30 traps were placed both in 
the impacted wind farm site and the adjacent control area.  Fishing occurred the entire length of the 
study in the control site, but was halted for 20 months in 2014-2015 at the OWF site due to 
construction.  The wind farm site opened again to fishing during the last 11 days of the second 
sampling event.  Abundance, sex, condition, and egg stage of lobsters were recorded for each site.  
CPUE and LPUE were used to evaluate differences in catch sizes and rates.  Overall, 720 strings were 
hauled at each pre-construction and 690 strings were hauled post-construction.   
 

• Results: 1) The size and distribution of lobsters differed significantly between the two sampling 
events.  A larger portion of lobsters at a size >100mm CL was observed in the OWF site in 2015 
compared to 2013.  A broader range of carapace lengths were also reported (39-126mm in 2015 and 
56-114mm in 2013).  The greatest difference in distributions occurred in lobsters ranging from 75-
92mm.  2) After fishing reopened, a decline in the proportion of lobsters greater than the minimum 
landing size (MLS) of 87mm were noted in both the OWF and control area, but a greater proportion 
of lobsters above the MLS were present in the OWF.  3) Sampling in 2013 yielded 6051 lobsters, 
while sampling in 2015 produced 8734 lobsters.  CPUE increased significantly in both sites in 2015 
and did not differ in the same year between sites.  Mean CPUE was reduced significantly within the 
OWF site after reopening to fishing, but not in the control area.  LPUE (landings per unit effort) were 
greater in both the OWF area and the OWF compared to the control site in both years sampled.  The 
greatest ratio of LPUE:CPUE occurred during the time when the OWF site was closed to fishing. 
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• Conclusions: 1) The exclusion of fishing effort from the OWF site was found to have a direct effect 
on the size and distribution of the European lobster.  This was demonstrated by a greater total number 
of lobsters after construction and a higher proportion of lobster above the MLS in 2015 compared to 
2013.  The addition of a scour zone could have increased available habitat in the area, but the 
differences in size were most likely attributed to the elimination of fishing during construction.   The 
creation of a temporary “no take zone” during the construction phase led to an increase in higher 
quality lobsters when compared to baseline data and the control site.  This could translate into 
management decisions of periodic closures.  2) The opening of the OWF site to fishing led to a rapid, 
short term increase in landings.  This was not demonstrated in the control site open to fishing.  A 
greater proportion of smaller lobsters existed in the control, so the larger lobsters residing in the OWF 
site may have repelled smaller lobsters from the area. 3). CPUE increased significantly for both sites 
in 2015.  This was coupled with a significant increase in LPUE of lobsters greater than the MLS of 
87mm CL.  CPUE was also reduced when fishing reopened in the OWF area compared to both the 
control site and the time when fishing was closed.  The highest ratio of LPUE:CPUE is indicative of 
larger, marketable lobsters that were not exploited.  4) After the impact site was opened to fishing, 
exploitation rates returned to levels seen in the surrounding area and indicate only short term impacts 
to the local lobster size and distribution. 

 
Bergman, M.J., Ubels, S.M., Duineveld, G. C. A, Meesters, E. W .G. (2014). Effects of a 5-year 
trawling ban on the local benthic community in a wind farm in the Dutch coastal zone, ICES 
Journal of Marine Science, Volume 72, Issue 3, P. 962–
972, https://doi.org/10.1093/icesjms/fsu193 
 

• During the period between 2007 and 2011 a trawling ban was instituted within the Windpark Egmond 
aan Zee (OWEZ) designation area, but not the in adjacent reference areas. Baseline data was collected 
pre-construction in 2007 through another study which utilized box corers to evaluate grain size, mud 
content, and fauna.  Fauna was further sampled using a “Triple D” style benthic dredge.  A 9km2 area 
within the wind farm was sampled and compared to six 2.2-4.4km2 reference areas.  Comparisons 
were made between the two sampling events and areas to evaluate the absence of bottom trawling on 
the benthic community. 
 

• Results:  1) Box core data from 2011 suggests the OWEZ area fits well in the context of the reference 
areas.  Species abundance in the OWEZ did not differ significantly from the reference sites, with 18 
species accounting for 90% of the total abundance.  2) Sampling with the “Triple D” dredge in 2011 
showed some minor variations between the reference areas, but overall there was no significant 
difference between all sites evaluated.  Additionally, 15 species combined to comprise 90% of the 
total abundance.  3) There were no significant differences in species abundance upon comparing the 
OWEZ and reference sites between the years 2007 and 2011.   

 

• Conclusions: 1) The positive influence of a five-year closure to fisheries on species abundance was 
not able to be demonstrated in this case.  The possible benefit to bivalves could have been dampened 
by larval reduction caused by a depleted stock, enhanced predation, or low plankton abundance.  
Additionally, beneficial impacts related to the removal of fisheries are usually only concluded for 
closures longer than five years.  Studies less than five years that examine impacts of a no-take-zone 
on bivalves have often ended inconclusively.  2) Some patchiness in abundance existed within the 
sites and positively correlates with decreased medium grain size and higher overall mud content.  

 

Collie, J.S. and King, J.W. (2016). Spatial and Temporal Distributions of Lobsters and Crabs in 
the Rhode Island Massachusetts Wind Energy Area. US Dept. of the Interior, Bureau of Ocean 
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Energy Management, Atlantic OCS Region, Sterling, Virginia. OCS Study BOEM BOEM 2016-073. 
48 pp. 
 

• This study establishes ventless trap protocol to assess American lobster abundance and distribution 
within the RI/MA WEA while utilizing a BACI style approach.  The survey occurred in both 2014 
and 2015 and ran for the two-year duration to provide a baseline assessment in preparation of wind 
farm construction to be held in the area.  Based on input from the lobster industry, the seasonal and 
spatial patterns of lobsters and other bycaught species were examined using a stratified random 
design by dividing the lease area into 24 lease blocks.  Five aliquots (1/16 of a lease block) were 
randomly selected from each block.  A single aliquot was then randomly chosen and held to be 
sampled throughout the entire year.  New sampling stations were chosen for each year.  The design 
was consistent with ASMFC protocols and utilized ten-pot trawls (six ventless and four vented).  
Eight trawls in a given portion of the area were designated to each commercial boat (three total) to 
sample four days per month.  Detailed biological sampling was performed on lobsters, with bycaught 
species being subsampled.  Physical environmental parameters were recorded and grab samples were 
coupled with side-scan sonar to classify habitat type.  A pilot tagging study was also initiated in 2015 
to examine the movement of lobsters within the leased space.  Individually numbered cable ties were 
attached around the “elbow” of 300 post-molt lobsters 
 

• Results: 1) Medium-coarse sand are present throughout the study area, while soft sediments are found 
in the more Northern, deeper aliquots.  Boulders on sand were found in the Southwest and Eastern 
aliquots.  Transition zones occur in the two central and eastern aliquots.  2) Lobster abundance was 
highest in the Northeast lease block in 2014, but was more evenly distributed in 2015.  In general, 
lobster abundance was higher on the Eastern portion of the lease areas in both years.  2) In both years, 
lobster catches were 85% female in May, shifting towards a more equal sex ratio in the following 
months.  The proportion of females with eggs was also the highest in May and declined to a minimum 
in August.  This rose again to 26% in October of both years.  3) The proportion of animals with shell 
disease was overall low when compared to more inshore surveys.  Percentage of lobsters with shell 
disease was highest in May and June of both years and fell below 10% in late summer due to molting.  
The highest incidence of severe shell disease occurred in the more near-shore sites. 4) Generalized 
additive models (GAMs) were created to explain relationships between space, time, and lobster 
abundance.  The model was able to explain 61.8% of deviance in lobster counts based the 
independent variables habitat type, depth, and temperature. Lobsters were most abundant in the 
transition zone.  Abundance was shown to rapidly increase with water temperature up to 14oC.  Depth 
had a small effect on abundance, but depths within the lease area do not greatly vary.  The highest 
abundances were noted in the Northeast lease blocks, while the lowest was observed in the Southwest 
corners.  5) The most commonly bycaught species were Jonah crab, rock crab, red hake, and black sea 
bass.  The Jonah crabs were subsampled due to their importance in a new, emerging fishery.  Jonah 
crab catches were highest in the middle of the lease, with male catch rates being consistent throughout 
the year.  Female abundance and the proportion of females with eggs were highest after May and 
contributed more to catch variations.  Overall, abundances were highest in September and lowest in 
May and June.  6). The pilot tagging study produced a higher than anticipated recapture rate of 13%.  
The majority of the lobsters were captured within 2 months and traveled less than 25km. Ten lobsters 
traveled less than 10km, with four traveling over 120km to the continental shelf. 
 

• Conclusions: 1) This study sampled a broad range of lobsters and the occurrence of juveniles is 
suggestive of recruitment to the lease area.  2) The results of the survey remained consistent over the 
course of the two years.  A low, overall occurrence of shell disease was demonstrated. Lobster 
abundances were greater on the eastern portion of the site, with emphasis on boulder and transition 
zone habitats.  3) Bottom temperature proved to be best correlated with lobster abundance.  Optimal 
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temperatures historically range from 12-18oC, so the temperature increase up to 14oC falls within the 
ideal range.  4) Tagged recapture locations were indicative of historically described migration 
patterns.  Some remained in the area for several months, while others were caught along the 
continental shelf.  5) Jonah crabs were the most abundant species throughout the entire survey, with 
most ranging between 60-160mm carapace width and preferring softer and sandy substrates.  

 

Griffin, R. A., Robinson, G. J., West, A., Gloyne-Phillips, I. T., & Unsworth, R. K. (2016). 
Assessing Fish and Motile Fauna around Offshore Windfarms Using Stereo Baited 
Video. Plos One, 11(3). doi:10.1371/journal.pone.0149701 

• Mobile fauna at varying distances (up to 100m) from eight turbines and two reference sites in Walney 
Offshore Windfarm (WOWF) were sampled using two Baited Remote Underwater Video systems 
(BRUVs) in full daylight hours at one hour deployment intervals on 25 and 26 July 2014.  Each steel 
monopile is 6.5m in diameter with a scour protection zone that extends to 20m.  The BRUV recorded 
motile species relative abundance, diversity, and length compositions to classify individuals as adults 
or juveniles.   
 

• Results: 1) 118 individuals from 14 (9 fish and 5 crustaceans) taxa in total were recorded during the 
sampling period.  This included commercially important species such as the European lobster, 
Norwegian lobster, and edible crab.  2) Relative abundance fluctuated between 3 and 9 individuals 
per sample, with average across all sites being 5.9±0.4. The most abundant species were the angular 
crab, small-spotted catshark, and whiting.  3)Abundance did not vary significantly with increasing 
distance from the turbines.  4) Significant differences were found between assemblage composition 
and the reference sites and was caused by the presence of angular crab, small spotted catshark, 
European lobster, and Norway lobster.  5) European lobster and wo species of catshark were 
significantly more abundant in samples nearest the turbines, with the opposite being true for the 
Norwegian lobster.  No affinity for turbine structure was found for whiting.   

 

• Conclusions: 1) The low overall abundances of animals is thought to have limited the statistical 
power and scope of the survey. Turbidity and declining the declining status of fish populations in the 
Irish Sea are thought to have contributed to low survey numbers.  2) Species commonly associated 
with hard bottom habitat (European lobster, edible crab, and two species of catshark) were higher in 
relative abundance closer to the turbine and scour protection.  Norwegian lobster and angular crab 
associate more with soft sediments and were highest in abundance outside the wind farm.  3) BRUV 
systems provide adequate assessment of motile fauna within wind farms and utilize non-invasive 
sampling techniques to quantify assemblages with affinity for turbine structure. 

 

Fish 

Degraer, S., Brabant, R. & Rumes, B., (Eds.) (2012). Offshore wind farms in the Belgian part of 
the North Sea: Heading for an understanding of environmental impacts. Royal Belgian Institute of 
Natural Sciences, Management Unit of the North Sea Mathematical Models, Marine ecosystem 
management unit. 155 pp. + annexes. 

Vandendriessche, S., Derweduwen, J., & Hostens, K. (2012). Chapter 5 Monitoring the effects of 
offshore wind farms on the epifauna and demersal fish fauna of soft-bottom sediments. Offshore 
Wind Farms in the Belgian Part of the North Sea: Heading for an Understanding of Environmental 
Impacts, 55-71. 
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• A total of 12 stations were examined within the Bligh Bank wind farm concession and reference 
areas.  Abundance and diversity differences in benthopelagic, demersal, and epibenthic species 
present pre-construction (2008-2010) and post-construction (2011) were recorded. The study looked 
at two sources of change: impacts caused by the presence of wind turbines and fringe effects near the 
wind farm. The only comparisons came from August and was a result of inconsistent sampling during 
other times of year. 

o The sampled areas were separated into sandbank top and sandbank gullies.  The designations 
fit depth contours present in the area and samples were collected using a shrimp trawl.   
 

• Results-Sandbank top: 1) No benthopelagic fish occurred at the impact stations and low densities 
were noted at the reference stations. 2) Lower densities of demersal fish at the impact stations were 
present compared to the reference sites.  Overall, there were fewer large turbot, no plaice less than 20 
cm, and a shift in reticulated dragonet size classes.  3) Epibenthic biomass greatly increased at impact 
stations after being stable throughout 2008-2010.  This coincided with diversity differences in 
echinoderms and hermit crabs between the impact and reference stations. 

• Results-Sandbank gullies: 1) Total density impacts were less outspoken in gullies and a difference in 
species richness was not concluded. 2) Still, higher densities in lesser weaver, common starfish, and 
urchin were noted at the impact sites compared to the reference sites.  3) Lower densities of plaice at 
both impact and fringe areas were observed compared to reference stations.  4) Dab older than one 
year were scarce at impact stations.  
 

• Conclusions: 1) In general, a decrease in demersal fish and an increase in epibenthic species were 
observed.  No impacts could be directly linked to change in activities.   

 
Degraer, S., Brabant, R. & Rumes, B., (Eds.) (2012). Offshore wind farms in the Belgian part of 
the North Sea: Heading for an understanding of environmental impacts. Royal Belgian Institute of 
Natural Sciences, Management Unit of the North Sea Mathematical Models, Marine ecosystem 
management unit. 155 pp. + annexes. 
Derweduwen, J., Vandendriessche, S., Willems, T., & Hostens, K. (2012). Chapter 6: The diet 
of demersal and semi-pelagic fish in the Thortonbank wind farm: Tracing changes using 
stomach analyses data. Offshore Wind Farms in the Belgian Part of the North Sea: Heading for 
an Understanding of Environmental Impacts, 73-84. 
 

• In Spring 2009 and Autumn 2010, four stations were sampled to compare differences between 
impact, fringe, and reference stations throughout the Thorntonbank Windfarm.  The stomach contents 
of several different species were analyzed. This study was unable to sample all impact stations.  
Comparisons could only be made between the fringe and reference sites for some species (based on 
number of samples).  The stomach contents of dab, solenette, dragonette, lesser weever, whiting, and 
horse mackerel were examined to identify changes in feeding patterns to determine: If the presence of 
the wind farm is affecting the diet of fish and if any fringe effects exist with regard to diet 
composition of animals in the reference area.  A Fullness Index was created to indicate how “full” the 
fish were between each site.  The diet composition was expressed in percentages and length 
frequencies were conducted to categorize size classes of each species. 
 

• Results: 1) The diet of dab strongly varied between impact sites (mainly swimming crabs and 
amphipods) and reference sites (primarily mysids).  2) No uniform diet was determined for solenette 
as the composition percentages varied between length categories.  3) The stomach content of whiting 
was similar between fringe and reference sites, but whiting at fringe sites had fuller stomachs.  4)  
Lesser weever had fuller stomachs closer to the windfarm. 
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• Conclusions: 1) Fish in closer proximity to the windfarm site had fuller stomachs, suggesting fish 

closer to wind farms are eating more.  However, a significant difference between fringe and reference 
stations was not found and a link to the presence of the wind farm could not be determined.  

 

De Troch, M., Reubens, J.T., Heirman, E., Degraer, S., & Vincx, M., (2013). Energy profiling of 
demersal fish: A case-study in wind farm artificial reefs. Marine environmental research. 92. 
10.1016/j.marenvres.2013.10.001. 

• In autumn 2011, juvenile Atlantic cod and pouting were caught by conventional rod and reel at 1-10m 
distances from the scour layer of turbines within the Thorntonbank wind farm.  Muscle and liver 
tissue samples were taken from ten of each species and sampled for carbohydrate, lipid, and protein 
content.  Energy budgets were also calculated based on both available and consumed energy.  Results 
were compared to sampling that occurred in spring 2011.  
 

• Results: 1) As expected, lipid and carbohydrate content were highest in the livers of both species.  
Protein content was highest in muscle tissue.  2)  Lipid storage in the livers of both species were 
considerably higher in fall than in spring.  3) Energy consumption in cod showed no difference 
between seasons with pouting energy consumption being much higher in autumn.  4) Food intake was 
greater than the energy required to maintain normal metabolic rates. 

 

• Conclusions: 1) Normal metabolic requirements were met, so sufficient energy was left for growth 
and reproduction.  Acoustic telemetry from previous studies have shown wind farm artificial reefs as 
high residency sites for Atlantic cod.  2) These energy levels demonstrated by both species show no 
indication of competition for food sources.  Energy profiling supports the statement that wind farms 
are suitable feeding grounds for both species.   

 
Reubens, J.T., Braeckman, U., Vanaverbeke, J., Van Colen, C., Degraer, S., Vincx, M. (2013). 
Aggregation at windmill artificial reefs: CPUE of Atlantic cod (Gadus morhua) and pouting 
(Trisopterus luscus) at different habitats in the Belgian part of the North Sea, Fisheries 
Research, Volume 139, Pages 28-34, ISSN 01657836, 
https://doi.org/10.1016/j.fishres.2012.10.011.  
 

• Overall, six turbines (with scour protection) within Thorntonbank the wind farm, two shipwrecks, and 
two sandy substrate locations in the Belgian portion of the North Sea were sampled using 
conventional hooks and lines.  This was to investigate relative abundances of Atlantic cod and 
pouting.  The sampling occurred from January 2009 through December 2011 and the results from 
each habitat, month, and year were compared.  
 

• Results: 1) More Atlantic Cod and pouting were caught at the wind turbines than any other site.   The 
only significant difference between years took place in the wind turbine area.  Atlantic cod catch was 
significantly lower in 2009 compared to the following years.  2) CPUE was highest in both species 
from late spring through late autumn and lowest in the winter through early spring.   
 

• Conclusion: 1) The low CPUE demonstrated in 2009 for Atlantic Cod was a product of the 
construction effect.  The wind turbines had been installed under a year at the start of the study.  The 
addition of the turbines (combined with increased catch) is interpreted as a change in habitat type.  2) 
High CPUE in summer and low CPUE in winter is attributed to the life history characteristics of both 
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species.  3) Highest relative abundances were seen in the wind farm site; indicating an aggregation 
effect.   

 

Winter, H.V., Aarts, G. and Van Keeken, O.A. (2010) Residence Time and Behaviour of Sole 
and Cod in the Offshore Wind Farm Egmond aan Zee (OWEZ). IMARES, Wageningen. 

• Over the course of nine months in 2007, sole and Atlantic cod were tagged and tracked to assess the 
behavior of these target species in response to the OWEZ wind farm operation in the southern portion 
of the North Sea.  To accomplish this, 1100 mark-recapture tags were applied to sole to assess return 
rates and telemetry tags were placed in cod (47 individuals) and sole (40 individuals) around the wind 
farm to measure respective residence times.  All mark-recapture tagging for sole occurred equally in 
impact and reference areas telemetric receivers were placed on 16/36 monopile foundations.   
 

• Results: 1) Sole use the southern areas of the North Sea at different scales throughout the seasons 
studied.  There was no difference in return rates for groups of sole tagged inside the wind farm when 
compared to the reference area.  2) 55% of sole with telemetry tags were detected for only a single 
day within the wind farm post-tagging.  No evidence exists to support attraction to the monopiles, as 
the telemetry data describes random use of the area by sole.  3) Patterns in cod were highly variable, 
with usage ranging from a few days (30% of tagged cod) to the entire length of the nine-month study 
(15% of tagged cod).  The average rates of detection for more resident fish were much higher than 
expected and suggests non-random movement.  Rapid movements from one receiver imply small 
scale movements in the form of diurnal migration.  Additionally, the length distribution of the tagged 
cod ranged from 24-47cm.  Based on previous studies, this is indicative of the tagged cod group 
consisting of mainly juveniles.  

 
• Conclusions: 1). Sole movement occurs at scales greater than the OWEZ, with some using the area 

for a few weeks during the growing season.  Due to the spatial scale, no indication of large-scale 
avoidance was detected.  2). Behavior of Atlantic cod in the wind farm area ranges from very mobile 
to very resident.  A few explanations were offered as to why the entire tagging effort consisted of 
juveniles; no conclusions could be drawn. 

 
Stenberg, C., Støttrup, J.G., Deurs, M., Berg, C.W.,  Dinesen, G., Mosegaard, H., & Grome, T. 
M., and Leonhard, S. B. (2015). Long-term effects of an offshore wind farm in the North Sea 
on fish communities. Marine Ecology Progress Series. 528. 257–265. 10.3354/meps11261.  

 
• The results from this study assess long term effects on fish abundance and distribution in relation to 

the Horns Rev wind farm established in 2002.   Baseline data was collected in September through 
October 2001 and compared to post-construction data collected eight years later in September 2009.  
In both instances, gillnet panels of varying mesh sizes were deployed (5 strings of 12 panels) at three 
different turbines and one control area.  They were placed at increasing distance from the turbine 
structure to collect data on demersal (DEM), pelagic (PEL), and rocky (ROC) habitat related fishes.   
 

• Results: 1) Whiting, sand eels, and dab comprised 76-88% of the total catches and were excluded 
from the ROC, DEM, and PEL groups.  Prior to construction, catch rates were 4x higher in the 
control area compared to the impact site.  Post-construction, abundance in the control area 
significantly decreased.  This caused fish abundance at the control and impact to become similar to 
each other.  2) The overall catches mostly contained fish that were less than 30cm in length.  Due to 
low catch numbers, length distributions could only be made for DEM species.  No statistical 
difference was observed in fish lengths between the control and impact sites, in addition to the before 
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and after periods.  3) Few fishes in the ROC and PEL groups were caught both before and after.  This 
caused the data to be insufficient for analysis.  The PEL group saw a shift from horse mackerel in the 
baseline assessment to horse mackerel and herring.  The ROC group shifted from rock gunnels being 
the most abundant to goldsinny wrasse and pouting.  3) Distribution patterns in relation to turbine 
affinity were only significant for whiting and the ROC group.  4) There was no significant effect of 
the OWF on species diversity.  
 

• Conclusions: 1) The decrease in abundance to the control site post-construction is characterized by 
the decline in whiting, hooknose, dover sole, and plaice.  However, cod abundance increased several-
fold.  The decrease in total catch demonstrated at the control site coupled with the steady level at the 
impact site suggests a positive effect on fish abundance that mainly exist close to the turbines.  This 
could be explained by the refugium effect, but fishing pressure in the area was low during the study.  
2) The significant decrease in whiting abundance reflects the general decline of the North Sea stock.  
3) The OWF had no effect on dab and sand eel, but the shift from mainly flat fishes to round fishes in 
the DEM group could be interpreted as introduction of new hard structure. 

 

Electromagnetic Fields 

CMACS (2003). A baseline assessment of electromagnetic fields generated by offshore 
windfarm cables. COWRIE Report EMF - 01-2002 66 

• The Centre for Marine and Coastal Studies at the University of Liverpool was commissioned to 
examine likely electromagnetic fields (EMFs) produced by wind farm cables, develop monitoring and 
mitigation measures, and connect the results to future impacts to electrosensitive species. The group 
used two models to evaluate induced electric and magnetic fields of an industry standard three-core 
132kV XLPE sub-sea power cable buried 1m beneath the seabed.  The results produced by the model 
were compared to in-situ measurements of power cables (located in Liverpool) by two electric field 
sensors. 
 

• Results: 1) Perfect shielding (grounded conductor sheathes) of the cable does not directly generate an 
electric field, but still creates a magnetic field that induces an EMF within the detectable ranges of 
elasmobranchs.  2) The model predicted imperfect shielding showed leakage of the electric field, but 
this is insignificant in comparison to the electric field generated by the magnetic field. 3) Cable burial 
at 1m was shown to be ineffective in dampening magnetic fields, but likely provides mitigation to 
more sensitive fish species.  4) Reduction in EMF was achieved by simulating materials of high 
conductivity and high permeability.  5) Measurements taken in-situ closely matched the model’s 
predictions and therefore validate the model.   

 
• Conclusions: 1) Industry standard three-core power cables will generate electric fields.  The model 

predicted electric field output of 91μV/m in seawater above a cable buried at 1m.  2) This level is 
detectable by elasmobranchs and will likely induce a reaction. In-situ measurements were also within 
the detectable range of elasmobranchs.  3) Highly conductive and highly permeable material can 
effectively reduce electric fields; potentially minimizing attraction or avoidance reactions by 
elasmobranchs 

 
Westerberg, H., and Lagenfelt, I. (2008). “Sub-Sea Power Cables and the Migration Behaviour of 
the European Eel.” Sub-Sea Power Cables and the Migration Behaviour of the European Eel, 
vol. 15, no. 5-6, pp. 369–375. Fisheries Management and Ecology, RapidX. 
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• Acoustic tags were placed on 60 European eels in the Baltic Sea during eel migration season in 
October 2006 to test the effects of a sub-sea AC power cable.  Subsequent receivers were installed at 
four transect sites (3-4km apart) for three weeks.  The north and south transects had no overlap with 
the power cables, while the middle two transects were situated on either side of the cable.  The cable 
is exposed in all locations except for the intertidal zone and the amperage ranged from 140 through 
300 A during the course of the study.  The tagged eels were released 7km north of the cable and 
swimming speeds across the transects was calculated by accounting for current advection, 
temperature, and salinity stratifications.   
 

• Results: 1) Overall, 46/60 eels gave complete records of crossing through all four transects.  
Significant differences in swimming speeds occurred in animals crossing the middle transects on 
either side of the cable, but not when traversing over the north and south transects.  2) Swimming 
speeds across the cable were slowest at times of higher amperage, but the difference was not 
significant.  

 
• Conclusions: 1) There were no alternative factors besides the presence of the cable that could have 

contributed to the slower swimming speeds seen around the cable.  2) No evidence exists to support 
migration obstruction by the cables, as the reduced swimming speeds translate to a 40-minute delay 
over a 7000km migration. 3) Other magnetic field-oriented fish species may react differently to the 
stimulus.   

Kavet, R., Wyman, M. T., Klimley, A. P., and Vergara, X. (2016). Assessment of Potential 
Impact of Electromagnetic Fields from Undersea Cable on Migratory Fish Behavior Period 
Covering: January 2014 - June 2016. Electric Power Research Institute, OCS Study BOEM 
2016-041. 

• In 2011 a 200 kV, 400MW 85km undersea cable called the Trans Bay Cable (TBC) was activated in 
San Francisco Bay.  Prior to installment (for another study), acoustic tags were placed on adult green 
sturgeon and Chinook salmon smolts to identify potential impacts to electrosensitive species.  The 
receivers were located on bridges and secured to the ocean bottom.  The current study aimed to assess 
any alterations to behavior, the migratory path of bony fishes, and the cable’s possible restriction as 
an obstacle to movement.  To address these questions, the magnetic fields of the cable were measured 
and modeled, the magnetic distortions caused by bridges and cables in the bay were measured, and 
the behavioral responses to the cables and bridges were evaluated and compared to data from a 
previous study.   
 

• Results: 1) Magnetic field measurements fed into a regression model that analyzed anomalies and 
concluded the angle of the cable effects the magnitude of the magnetic field.  The impacts associated 
with depth and load currents produced substantial variability in the model.  Overall, small (<1000nT) 
were detectable continuously along the cable route.  2) The rate of change associated with magnetic 
field anomalies was higher near the cables than at the surface.  The EMF anomalies associated with 
bridges were far larger than those produced by the cable, with the strength of the anomaly relatively 
uniform throughout the water column.  Tagged Chinook salmon smolts and green sturgeon passed 
through each receiver array in significant numbers, as 95% of green sturgeon were detected during 
outbound migrations at the mouth of the bay.  Smolts were less successful; 1025 smolts were detected 
entering the bay, but inbound detection success varied at different stages throughout the receiver 
array.  3) A 20% increase in proportion was detected in smolts crossing the cable (once activated) 
when compared to past years.  However, an 11.1% overall decline in smolts exiting the bay was 
observed.  Misdirection may have significantly increased migration time in smolts, but the cable 
activation was not significantly related to transit rate.  An increase of 96.01 hours noted in sturgeon 
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transit time throughout the entire system showed a significant, positive relationship with cable 
activity.   
 

• Conclusions: 1) Twist angle, cable depth, and load current variables originating from the model are 
concurrent with expected direct observations of EMF anomalies along the cable.  2) Green sturgeon 
and Chinook salmon smolts are not deterred by magnetic anomalies produced by either bridges or 
undersea cables and a barrier effect is not created.  The number of smolts varying with entry to the 
bay is consistent with previous studies.  3) Chinook salmon smolts may be attracted the undersea 
cable initially, while green sturgeon showed increased travel time for outbound migrations but 
decreased for outbound movement.  Overall, the cable activation did not impact migration success. 

 

Putman, N. F., Verley, P., Endres, C. S., & Lohmann, K. J. (2015). Magnetic navigation 
behavior and the oceanic ecology of young loggerhead sea turtles. Journal of Experimental 
Biology, 218 (7), 1044-1050. doi:10.1242/jeb.109975 

• Loggerhead hatchlings from Melbourne Beach, FL were collected (138 total) in July and August of 
2007 and 2008.  Each animal was exposed to a single, 18-minute orientation test via introduction of 
simulated magnetic displacements.  The hatchlings were subjected to magnetic fields from one of five 
different points along the known migration route of young loggerhead turtles.  Swimming orientation 
response was measured regarding the magnetic stimulus experienced by the animals.  The results 
were input into an ocean circulation model to allow for further evaluation. 
 

• Results:  1) Two out of the five magnetic field treatments elicited a significant difference in hatchling 
orientation when compared.  Animals that were subjected to northern Portugal magnetic fields 
oriented themselves southward, while the magnetic field seen near Barbados revealed a northward 
swimming response.   

 

• Conclusions: 1) The southward swimming of young loggerhead turtles is consistent with previous 
results in animals tested near Portugal.  The Canary Current System likely causes this southward 
orientation in young turtles.  If animals drift passively for long enough they will be placed in a region 
that is too cold for survival.  2) The northward orientation near Barbados likely increases the chances 
the animals enter the Antilles Current.  The Antilles Current prospectively transports the animals to 
the North American coast, where juveniles are known to reside.  3) Why non-oriented swimming of 
animals in the other three magnetic fields is unknown but could explained by analysis of the ocean 
circulation model.  The model did not reveal any clear survival risks associated with non-oriented 
swimming in those locations. 

 

Hutchison, Z. L., Sigray, P., He, H., Gill, A .B., King, J., and Gibson, C. (2018). 
Electromagnetic Field (EMF) Impacts on Elasmobranch (shark, rays, and skates) and 
American Lobster Movement and Migration from Direct Current Cables. Sterling (VA): 
U.S. Department of the Interior, Bureau of Ocean Energy Management. OCS Study BOEM 2018-
003. 

i) Field Surveys of the Cross Sound, Neptune, and Sea2shore Cables 
• The Cross Sound cable is a 330 MW, 300 kV, 40km (24 mile) HVDC (high voltage direct 

current) cable with a maximum electrical current of 1175 A that traverses Long Island Sound and 
is buried to a depth of 2m.  The Neptune cable is a 660MW, 500kV, 105km (65 mile) HVDC 
cable that carries an electrical current of 1320 A.  It connects Long Island to Sayerville, NJ and 
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buried at depths between 1.2-1.6m.  The Sea2shore cable is a 32km (20 mile), AC (alternating 
current) cable that connects the Block Island wind farm to the remainder of Rhode Island. A 
Swedish Electromagnetive Low-noise Apparatus (SEMLA) was towed at transects along each of 
the cable routes to assess the EMF deviations caused by the presence of the cables.  

• Results: 1) When not delivering power, the Cross Sound Cable showed positive deviations of 
.18µT and negative deviations of .12µT.  When power was being delivered, this changed from 
3.79µT and 2.83µT, respectively.  The highest deviations were seen in transect 7 and were 
14.3µT and 18.7µT.  2) The Neptune Cable showed an average positive deviation of 6.8µT and 
an average negative deviation of 2.2µT.  3) The AC Sea2shore cable deviations ranged between 
.005µT and 3.1µT with the 60Hz harmonic field dominating all other harmonic measurements.  
4) The HVDC cables also generated average AC magnetic fields of 0.04µT and 0.15µT for the 
Neptune and Cross Sound Cables, respectively.  

• Conclusions: 1) The SEMLA is cost-effective and reliable method of surveying EMF anomalies 
along sub-sea cable routes.  2) The EMF peaks at the Cross Sound and Neptune Cables were 
higher than expected.  3)  HVDC cables produced an AC magnetic field that is detectable 
hundreds of meters from the point source and could have biological implications.  4) AC cables 
producing AC magnetic fields, were on average 3x weaker than those generated by HVDC cable.  
The use of AC cables is likely to minimize biological implications.   
 

ii) Cable Electromagnetic Fields Simulation of the Cross-sound Cable 
• The EMF of the Cross Sound Cable was modeled using COMSOL to assess the effects of burial 

depth, geometry, materials used, and electrical current load on EMFs.  The EMF of the Neptune 
Cable was also simulated to verify the model’s capacity to scale up to large capacity HVDC 
cables.   

• Conclusions: 1) The electrical field generated by the cable is perfectly contained within the cable, 
but the generated magnetic fields occur in the surrounding environment. 2) Deviations were 
dependent on burial depth, the distance between cables, and environmental parameters.  Lower 
fluxes in EMF were associated with increased burial depth and EMF influence decreased with 
increased distance from the cable.  2) The COMSOL model was found to be a useful tool for 
modeling EMF in underwater HVDC cables.   
 

iii) Field Study to Detect the Effects of EMF on Marine Species 
• This portion of the report was developed to determine the potential biological implications of the 

sub-sea, Cross Sound Cable on key benthic species; the American lobster and little skate.  A 
treatment site was selected along the Cross Sound Cable route (EMF of 65.5 µT), while a control 
site was selected based on site similarity and a lack of deviation from earth’s natural magnetic 
field (51.3 µT).  One enclosure containing American lobster was situated along the cable route, 
while the other was placed in the control area.  Telemetry was used to assess 3-dimensional 
movements of species within the enclosure.  Animals were released for 12-24 hours to examine 
total distance moved, height from the seabed, change in turning angles, and spatial distributions 
within the enclosure.  After completion of either site, the animals in the cages were relocated to 
the opposite enclosure and the same measurements were then investigated.  Relocation of the 
animals to the contrasting enclosure constituted 1 trial and was then accomplished for little skate 
as well.  Overall, a total 13 lobster trials (n=20) and 8 skate trials (n=14) occurred.   

• Results- Lobster: 1) Animals in the control enclosure traveled an average distance of 4.05km.  
This is compared to the treatment site that showed average movements of 3.76km.  2) Mean 
speeds were modeled with two different models using log transformed mean speeds.  These 
yielded average speeds of 10.14 cm/s and 9.91 cm/s in the control site and 10.41cm/s and 
10.18cm/s in the treatment sites.  3)  The modeled heights from the seabed showed lobsters in the 
treatment were 14.17% closer to the seabed when compared to the control site.  This was 
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determined to be significant.  4) Lobsters in the treatment enclosure made 16.23% fewer large 
turns than in the control when starting in the treatment.  Lobsters that were moved from the 
control to treatment site showed a 34% higher proportion of large after being relocated.  This was 
determined to be significant.  5)  Spatially, the lobsters were most frequently recorded at the ends 
of each enclosure, but were found in the center of the treatment cage more often than in the 
control.  When a time component was factored in, there was a statistical significance in 
distribution towards the center of both enclosures.  
Little Skate: 1) Skates in the treatment enclosure traveled 93.02% further than animals in the 
control.  This was more pronounced when the skates were exposed to the treatment before the 
control.  When exposed to the control and then the treatment, this dropped to 22%.  The distances 
in each “zone” of the cage also differed significantly and suggests the skates traveled further in 
zones with increased EMF.  2) Animals demonstrated faster overall swimming speeds at the 
second enclosure they were placed in.  However, the difference was much larger (29.12%) when 
the animals were relocated to the treatment enclosure after the control when compared to the 
opposite scenario (2.96%).   3) Skates were on average, 35% closer to the seabed in the treatment 
enclosures.  This was not associated with high or low EMF.  4) Animals in the treatment 
enclosure significantly made 38% more large turns than the control in “zone 2” of the cage and is 
possibly related to high EMF.  5)  The distribution of little skates was not significant in either 
case, as the whole length of the enclosure was utilized.  The addition of a time component 
showed skates spent more time in zones of high EMF at the treatment enclosure. 
Conclusions: 1) Lobsters in the treatment enclosure were closer to the seabed and demonstrated a 
higher proportion of large turns; suggesting lobsters respond to EMF. 2) Stronger responses were 
elicited in little skate.  Animals in the treatment enclosure traveled 20-93% further, at slower 
mean speeds, were closer to the seabed, and showed a higher proportion of large turns. 3) 
Behavioral responses in both movement and distribution occur in both American lobsters and 
skates when exposed to EMF from a HVDC sub-sea cable.  However, it was not determined that 
EMF creates produces any barrier effects, as full use of the enclosures were made.  
 

Sound 

Mooney, T. A., Hanlon, R.T., Christensen-Dalsgaard, J., Madsen, P. T., Ketten, D. R., and 
Nachtigall, P. E. (2010). “Sound Detection by the Longfin Squid (Loligo Pealeii) Studied with 
Auditory Evoked Potentials: Sensitivity to Low-Frequency Particle Motion and Not 
Pressure.” Journal of Experimental Biology, Vol. 213, No. 21, p. 3748–3759., 
doi:10.1242/jeb.048348. 

• The acoustic sensitivity and thresholds of longfin squid was examined using both sound field pressure 
and the acceleration of particle components at 30-10000Hz.  Responses were assessed through 
Auditory Evoked Potential (AEPs).  Electrodes were placed on various portions of the animal at 
different water temperatures to assess the statocyst’s role in acoustic detection.  A shaker table system 
was built to identify the effects of particle acceleration as a lone variable.   
 

• Results: 1) Responses were elicited at 30-500Hz, with the lowest thresholds between 100-200Hz.  2) 
AEPs did not occur at any frequencies if the water temperature was less than 8oC, the statocyst was 
ablated, or the electrodes were placed anywhere but the statocyst.  3) Longfin squid were unable to 
detect sound caused by pressure, but rather the acceleration and particle components of sound.   
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• Conclusions: 1) Longfin squid use statocysts to detect low frequency particle motion stimulus in a 
manner similar to the ears of most elasmobranch and teleost fishes.  Low frequency particle motion 
flow extends to distances of around 4.8m at 100Hz. 

 
Magnus, W. and Westerberg, H. (2005). Hearing in fish and their reactions to sounds from 
offshore wind farms. Marine Ecology - Progress Series, Vol. 288, p. 295-309. 

*The authors consistently emphasized the cautious approach that should be taken when evaluating the context of 
the inputs and results.  This is due to lack of previous knowledge and heavy reliance on assumptions. 
 

• This paper is a review of current knowledge regarding the ability of fish to detect and react to sound 
in relation to offshore wind farms (OWF).   Rooted in various studies, three species were selected 
based on varying detection capabilities to evaluate the potential reactions by each group.  These 
potential reactions include the masking of acoustic signals, constant triggering of alarm responses, 
and temporary or permanent hearing damage by Atlantic salmon (hearing non-specialist), cod 
(hearing generalist), and goldfish (hearing specialist).  Critical bands (perceived noise level) in fish 
are not widely determined, but some information exists for the species of interest.  Using previous 
data on critical bands, the hearing and maximum detectable range for each species can be solved for.  
The authors noted a lack of existing data regarding how fish detect signals present in noise, 
directional hearing properties, real measurements of noise around turbines, few signal type and sound 
level relations, and known impacts to eggs, larvae, and juveniles.  Matlab was used to relate 
detectable distance to the detectable bandwidth of the studied species at wind speeds of 8 and 13 m s-

1.   
 

• Results: 1) At wind speeds of 8 m s-1, the detection frequency produced was 100Hz in Atlantic 
salmon and 63 Hz in goldfish and cod. This could be detected by goldfish at 25km, cod at 13km, and 
Atlantic salmon at .4km.  At speeds of 13 m s-1, the detectable frequency produced was 100Hz in 
Atlantic salmon and 180Hz in goldfish and cod. This could be detected by goldfish at 15km, cod at 
7km, and Atlantic salmon at .5km.  2) The noise produced at even 1m distance from the turbines is 
not enough to cause avoidance by salmon and eels.  At frequencies under 20Hz fish are affected by 
acceleration rather than the pressure component of sound.  Other studies show the maximum particle 
acceleration caused by turbines .5 m s-1 for frequencies < 20Hz. The rate of decrease for this 
frequency is dependent of turbine structure type and water depth.  3) Noise levels are not sufficient 
enough to cause temporary or permanent hearing damage.  

 
• Conclusions: 1) It is predicted that goldfish, cod, and Atlantic salmon can detect noise from wind 

turbines (<1.5 MW) at wind speeds of 8 and 13 m s-1 up to distances of .4 and 25km, respectively.  2) 
Detections are a function of wind speed, turbine type, water depth, and substrate type. 3) Shipping 
produces higher intensity sounds than wind turbines, but comparison is difficult due to the transient 
nature of shipping.  Few studies have examined long term effects on fish hearing by low intensity 
stimulus. 

 
Degraer, S., Brabant, R. & Rumes, B., (Eds.) (2012). Offshore wind farms in the Belgian part of 
the North Sea: Heading for an understanding of environmental impacts. Royal Belgian Institute of 
Natural Sciences, Management Unit of the North Sea Mathematical Models, Marine ecosystem 
management unit. 155 pp. + annexes. 
Haelters, J., Van Roy, W., Vigin, L., & Degraer, S. (2012). Chapter 9 The effect of pile driving 
on harbour porpoises in Belgian waters. Offshore Wind Farms in the Belgian Part of the North 
Sea: Heading for an Understanding of Environmental Impacts, 127-143. 
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• Impacts of pile driving during the Thorntonbank windfarm construction on harbor porpoise 
population were assessed using a BACI style analysis.  Special attention was given to four periods in 
time; before and during two pile driving events in March and April 2011.  Passive acoustic 
monitoring devices (PAM) were paired with aerial surveys to evaluate spatial and temporal 
abundances and distributions.   Porpoise Detectors were used as PAM devices and were moored at 3 
locations; 1 impact (100m from piling sites) and 2 reference stations located at distances of 4.5km and 
22km from the windfarm, respectively.  Aerial surveys (4 total) followed 13 transect lines 5km apart 
both before and during pile driving events.  Impact modeling was applied to determine size and scope 
of these pile driving effects.   
 

• Results: 1) Aerial surveys showed densities of 2.5 animals/km2 before piling activities and 1.3 
animals/km2 during piling (on average).  Distribution of harbor porpoise were uneven and occurred 
mainly in the Western portions of Belgian waters before piling.  During piling densities remained 
highest in this area. Densities observed in a 10-20km radius were low and 0 observations were made 
inside the 10km radius of piling activities.  2) PAM results showed a negative trend in all stations 
over the course of the study.  Slight recoveries occurred 12-14 hours after piling was completed at the 
impact stations but returned to 0 once piling disturbances returned.  The decrease in harbor porpoise 
detection at the impact stations was determined to be statistically significant.  3) After 7 April, no 
acoustic detections at the impact site were made. These before and after results cannot be explained 
by gradual migration and are attributed to disturbance in the area.  4) The results from PAM and 
aerial surveys were consistent.  Detection rates by passive monitoring dropped to zero immediately 
after pile driving began and densities did not recover during the period of spring piling activities.  The 
16 April aerial survey observed no harbor porpoises within a 20km radius of the piling site.   
 

• Conclusions: 1) Pile driving at the Thorntonbank windfarm site repelled harbor porpoises from the 
piling site up to 20km.   

 

Bailey, H., Senior, B., Simmons, D., Rusin, J., Picken, G., Thompson, P.M., (2010). Assessing 
underwater noise levels during pile-driving at an offshore windfarm and its potential effects 
on marine mammals, Marine Pollution Bulletin, Vol. 60, Issue 6, Pages 888-897, ISSN 0025-
326X, doi.org/10.1016/j.marpolbul.2010.01.003.  
 

• Two 5W turbines were installed near Moray Firth, Scotland in water with an average depth of 42m.  
Hydrophones were suspended 5m below sea level at “close” proximity to the piling site (100m-2km) 
and a “further” range of 500m throughout the distance at which the piling sound was 
indistinguishable background noise.  The potential impacts caused by the increased acoustics were 
categorized based upon severity.   No data values exist for permanent hearing damage in marine 
mammals, so the results were based on modified auditory thresholds.  
 

• Results: 1) The pile driving event was detectable up to 70km from the site.  2) Permanent auditory 
damage in cetaceans and pinnipeds are likely to occur 5m and 20m, respectively.  Temporary shifts in 
hearing are probable at 10-40m from piling activities for both pinnipeds and cetaceans.   

 
 

• Conclusions: 1) The highest measurement (166db at 100m from the piling site) indicates that no 
permanent or temporary auditory damage is likely to occur outside of 100m.  Marine Mammal 
Observers are required during piling through environmental protection laws to avoid these 
occurrences.  This information is translatable to full-scale windfarm installations.  2) Auditory 
damage is unlikely at ranges greater than 100m, but pile driving was detected up to 70km from the 



85 
 

site. Behavioral disturbances are more likely given the detectable range of pile driving.  The study 
indicates strong avoidance behaviors at maximum ranges of 20km in harbor porpoises, 14km in 
pinnipeds, 50km in bottlenose dolphin, and 40km in minke whales.   

 

Martin, B., Zeddies, D., MacDonnell, J., Vallarta, J., and Delarue, J. (2014). Characterization 
and potential impacts of noise producing construction and operation activities on the Outer 
Continental Shelf: data synthesis. U.S. Dept. of the Interior, Bureau of Ocean Energy 
Management, Gulf of Mexico OCS Region, New Orleans, LA. OCS Study BOEM 2014- 608. 84 
p. 

• From June 2010 through August 2011, acoustic devices were deployed in the areas leased in 
Nantucket Bay to Cape Wind and outside of Delaware Bay to Bluewater Wind.  Ambient acoustic 
levels were monitored to determine baseline levels for each site.  In addition to this, sounds projected 
by marine mammals in the areas were detected and classified.   
 

• Results-Delaware Bay: Delphinids were the most commonly detected family of marine mammals.  
The occurrence of delphinids peaked in early May until mid-August.  Fin whales had the highest 
cetacean detection and peaked throughout the fall and winter.  Atlantic right whale and humpback 
whale calls were identified on a several occasions. 

• Results- Nantucket Sound: Atlantic right whale calls were detected once throughout the study.  The 
Cape Wind site mostly experienced acoustic noise produced by shipping disturbances and fish 
populations in the area.  
 

• Conclusions: 1) Sufficient information was collected to develop an accurate baseline to use for 
comparison between ambient noise and noises demonstrated both during and post-construction.  2) 
Future developments of the Delaware bay site should consider Atlantic right, fin, and humpback 
whale migration through the area; focusing on the months ranging from January to March.  3) Marine 
mammal detection was essentially absent from the Nantucket Sound site.   

 
Dow Piniak W. E., Eckert, S. A., Harms, C. A. and Stringer, E. M. (2012). Underwater hearing 
sensitivity of the leatherback sea turtle (Dermochelys coriacea): Assessing the potential 
effect of anthropogenic noise. U.S. Dept. of the Interior, Bureau of Ocean Energy Management, 
Headquarters, Herndon, VA. OCS Study BOEM 2012-01156. 35pp.  
 

• Hearing thresholds in 23 newly hatched leatherback sea turtles from Matura Beach, Trinidad were 
exposed to sounds of varying frequencies both in and outside of water.  Blood samples were taken 
from the turtles shortly after collection to allow for comparisons before and after exposure to the 
sound.  These were necessary to measure the effects of required anesthesia and sedatives that allowed 
for the examinations of auditory responses.   An amplified speaker subjected the animals to varying 
pressures and frequencies.  Responsiveness was measured via needle electrodes placed on the 
animals.   
 

• Results: 1) In air leatherback turtle hatchling were able to detect frequencies of 50-1600Hz (62dB), 
with a maximum sensitivity between 50 and 400Hz.  2) In water the hatchlings detected sounds at a 
range of 50-1200Hz (84dB), with a maximum sensitivity of 100-400Hz. 
 

• Conclusions: 1) Leatherback sea turtle hatchlings hearing ranges overlap with sound produced by 
point sources such as pile driving, shipping, wind turbine operation, and sonar.  Although unlikely at 
greater distances, a decrease in sensitivity caused by an increase in background noise reduces an 



86 
 

animal’s ability to monitor the acoustic environment.  2) The effects of anesthesia and sedatives on 
hearing sensitivity in turtles has not been explored.  The results of this study align with similar 
studies; all agree and conclude that any negative effects are unlikely.    
 

Rolland, R.M., Parks, S.E., Hunt, K.E., Castellote, M., Corkeron, P.J., Nowacek, D.P., Wasser, 
S.K., Kraus, S.D. (2012). Evidence that ship noise increases stress in right whales, 
Proceedings of the Royal Society B: Biological Sciences, 279 (1737), pp. 2363-2368. 
 

• A four-year study from 2001-2005 on North Atlantic right whale stress levels caused by shipping 
noise was underway at the time of 11 September 2001 in the Right Whale Conservation Area of the 
Bay of Fundy.  Fecal samples from right whales were collected and analyzed for metabolites 
reflective of adrenal glucocorticoid hormone (GC) levels before (114 samples) and after 9/11 (30 
samples).  GC metabolites in feces are a direct indicator of stress levels experienced by the animal; 
these hormones are released shortly after the stressor occurs.  No known stressors (aside from ship 
noise) to the right whale population were present at that time.  Acoustic recordings were compared 
with GC levels before and after 9/11 in 2001-2005, as shipping traffic was greatly reduced after 11 
September 2001.  
 

• Results: 1) A reduction in shipping noise was observed after 11 September 2001 when compared to 
the calculated baseline monitoring values.  This translates to a significant decrease of 6dB and an 
overall reduction of noise in low-level frequencies ranging from 50-150Hz.  2) Sampled right whales 
exhibited significant declines in GC levels during this time.  

 

• Conclusions: 1) This study is noted as being unrepeatable; given the small sample size of right whales 
present in the area before and after 11 September 2001.  2) This is the first evidence that exposure to 
low-frequency ship noise may be associated with chronic stress in North Atlantic right whales.  3) 
Chronic stress is very difficult to link to detrimental health effects in whales because controlled 
studies are not feasible.   However, other tested vertebrates have shown that elevated GC levels are 
coupled with a decline in health.  

 
Kraus, S.D., Leiter, S., Stone, K., Wikgren, B., Mayo, C., Hughes, P., Kenney, R. D., Clark, 
C.W., Rice, A. N., Estabrook, B. and Tielens, J. (2016). Northeast Large Pelagic Survey 
Collaborative Aerial and Acoustic Surveys for Large Whales and Sea Turtles. US 
Department of the Interior, Bureau of Ocean Energy Management, Sterling, Virginia. OCS Study 
BOEM 2016-054. 117 pp. + appendices. 

 
• From October 2011 through June 2015, a study area that included the MA WEA and the RIMA WEA 

were both acoustically and aerially surveyed for the presence of various large whale and sea turtle 
species.  Passive acoustic monitors were placed in nine different locations within the WEA’s and 
marine mammal observers paired with cameras situated on the aircraft were used to identify whale 
and sea turtle species. 
 

• Results:  1) North Atlantic right whale analysis showed consistent hot spots throughout both WEA’s 
and the study areas.  There was no significant variation throughout each year, as use patterns by right 
whales was always highest in the winter and spring months.  The study identified 77 total individuals 
that used this habitat and calls were identified on 47% of the total study days. 2)  Fin, humpback, sei, 
and sperm whales dominated spring and summer month usage by large cetaceans. 3) Loggerhead 
turtles were primarily seen in August and September and showed no variation between years.  The 
lone year loggerhead turtles were detected in high numbers was 2012.  Leatherback turtle use 
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occurred in the Northeast edge of the MA WEA and portions of the study area each year during 
summer and autumn. 

 

• Conclusions: 1) Acoustic data coupled with aerial surveys showed comparable trends in seasonality.  
Higher abundances seen in aerial surveys translated to more frequent acoustic detections.  2) The 
distribution of endangered large ceteceans were widespread throughout the study area in spring and 
summer months.   3) Pairing the 77 total right whales seen in this study with NMFS surveys during 
that time and area, yields 202 individuals in the study area; 41% of the remaining population.  4) This 
study, coupled with other tagging efforts suggest the NE portion of the MA WEA is important 
foraging habitat for leatherback turtles.  

 

Cumulative Impacts 

Lindeboom, H. J., Kouwenhoven, H. J., Bergman, M. J., Bouma, S., Brasseur, S., Daan, R., Fijn, 
R.C., Haan, D. de, Dirksen, S., Hal, R. van, Ris Lambers, R. Hillie, Hofstede, R. ter, Krijgsveld, 
K.L., Leopold, M., and Scheidat, M. (2011). Short-term ecological effects of an offshore wind 
farm in the Dutch coastal zone; a compilation. Environmental Research Letters,6(3), 035101. 
doi:10.1088/1748-9326/6/3/035101 

• The study compares pre-construction baseline data collected in 2003 with data gathered shortly after 
the construction of the Windpark Egmond aan Zee (OWEZ) in the Netherlands.  In total, the 108MW 
farm is comprised of 36 steel monopile turbines with a scour protection layer that has a diameter of 
25m.  Benthic organisms, fish, birds, and marine mammals were sampled using various methods to 
detect impacts throughout the years 2007-2009 in impact and reference areas.  Benthic sampling 
utilized box corers, sieves (benthic infauna and sediment characterization), and dredges (benthic 
macrofauna). Video footage and dive samples were used to inspect the new hard substrate created by 
monopiles, while calibrated hydrophones assessed the acoustic environment at a range of 10m-3000m 
from the turbines.  Fish sampling occurred using trawl and acoustic surveys.  Harbor porpoise calls 
were observed using acoustic porpoise detectors and harbor seal impacts examined tag-reported 
swimming patterns around the wind farm.  Local seabird distributions were established through bi-
monthly ship counts from September 2002-February 2004 and again in April 2007-January 2009.  
Flying bird flight paths through the wind farm were observed both visually and using a fully 
automated radar. 
 

• Results: 1) The comparison of benthic communities between the mainly sandy areas around the 
turbines and the reference areas showed no short-term impacts created by the construction or presence 
of the monopiles based on the Bray-Curtis index. 2) Field surveys during the first nine months of 
2007 found no differences in densities of bivalve recruits (>.2mm and >.5 mm) between the impact 
and reference areas.  3) In total, 33 species were identified on the monopiles that can be separated into 
two communities; an upper zone (7-10m) and a deeper zone (10m-bottom).  Animals in the upper 
zone included common mussels, barnacles, common starfish, and several species of worms and crabs.  
The deeper zone was dominated by tube worms, anemones, and amphipods.   The species most 
commonly occurring in the scour protection layer were sea mats, amphipods, and anemones.  4)  At 
low wind speeds (1.8 and 9.7 m/s), noise from the turbines was only detectable up to a range of 300m 
underwater.  All results were indicative of lower noise level production at lower wind speeds. 5)  The 
biomass of pelagic species within the impact site is highly dynamic; different species dominated in 
certain months and the composition differed between the sampling periods.  Demersal fish catches 
varied as well, but a significant increase inside the wind farm was demonstrated for sole, whiting, and 
striped red mullet during the summer.  In the summer and winter, a significant decrease was found for 
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lesser weaver.  6) Harbor porpoise detection demonstrated strong seasonal variation that produced 
high detections in the winter months and low detections in the summer. The number of porpoises 
inside and outside of the wind farm significantly increased during turbine operation.  The increase in 
echolocation activity inside the impact area was also significant. 7)  Tagged harbor seals avoided the 
impact areas during construction but extended their distribution towards the impact area afterwards.  
8)  The comparison of bird surveys pre- and post-construction are not suggestive of large effects to 
birds in the area.  Bird fluxes measured through visual and radar detection showed bird fluxes were 
lower post-construction.  
 

• Conclusions: 1) The absence of fisheries from the area likely caused a more explicit correlation 
between sediment type and bivalve recruitment.  The newly introduced hard substratum causes 
increased biodiversity inside the impacted site.  2) The changes to the fish community assemblages 
occurred in both the impact and reference areas, so the shift is not being attributed to the wind farm 
presence.  The change is more likely a product of temporal variation, lack of fisheries, and 
temperature differences between the sampled years. 3) EMFs from the cable or noise produced by 
regular operation did not seem to have a large impact on fish or other more mobile species.  4) There 
is insufficient data to draw conclusions regarding harbor seals, but no aversion of operational turbines 
was noted for harbor porpoises.  5) Some bird species avoid the wind farm, while others are attracted.  
The turbines influence the species-specific flight patterns of local and migratory birds. 

  


