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Summary 

The Bureau of Ocean Energy Management (BOEM) is responsible for managing renewable energy 
development on the Outer Continental Shelf (OCS) of the United States. The OCS extends from the 
boundary of each state's jurisdictional waters (generally 3 nautical miles offshore) to the outer boundary 
of the US Exclusive Economic Zone (approximately 200 nautical miles offshore). In the Atlantic OCS, 
over 5,492 km² is presently under lease agreement for development of commercial-scale offshore wind 
energy facilities and an additional 12,976 km² is in the planning stages for potential lease (BOEM 2018). 
Development in the United States to date (February 2019) is limited to a 30-MW, five turbine 
demonstration-scale facility in state waters off the coast of Block Island, RI. Herein, BOEM Lease Areas 
and BOEM Planning Areas are broadly referred to as Wind Energy Areas (WEAs). 

With large areas of the Atlantic OCS under consideration for development of offshore wind energy 
facilities, information on offshore movements and flight altitudes of high-priority bird species is needed 
for estimating exposure of birds to collision risks in WEAs and for developing strategies to manage 
adverse effects (BOEM 2017). Adverse effects of offshore wind turbines to birds vary by species, and 
include direct mortality from collisions with infrastructure, and indirect effects of disturbance and habitat 
loss (Fox et al. 2006). Understanding the species-specific, cumulative adverse effects to bird populations 
resulting from exposure to multiple, commercial-scale wind energy facilities throughout their migratory 
ranges will be increasingly important as offshore wind energy development advances in US waters 
(Goodale and Milman 2016).   

This study provides new information on the offshore movements and flight altitudes of Common Terns 
(Sterna hirundo), Federally-Endangered Roseate Terns (Sterna dougallii), and Federally-Threatened 
Piping Plovers (Charadrius melodus) within the Atlantic OCS. Common and Roseate Terns are colonial 
seabirds with nesting populations in the northeastern portion of the US Atlantic coast. Both species use 
migratory staging sites along the US Atlantic coast and migrate to South America for the non-breeding 
period. Piping Plovers are migratory shorebirds with nesting populations that breed along the US Atlantic 
coast and winter in the southeastern US and Caribbean. Species-specific information on the routes, 
timing, and environmental conditions associated with flights over the Atlantic OCS is needed to refine 
assessments of exposure to offshore WEAs and to improve estimates of collision risk with offshore wind 
turbines (Burger et al. 2011). Information on flight altitudes is also needed to assess exposure to the Rotor 
Swept Zone (RSZ), generally 25 to 250 m above sea level (asl).  

In this study, adult Roseate Terns (n=150), Common Terns (n=266), and Piping Plovers (n=150) were 
fitted with digital VHF transmitters at select nesting areas on the US Atlantic coast from 2014 to 2017. 
Tagged individuals were tracked using an array of automated VHF telemetry stations within a Study Area 
encompassing a portion of the US Atlantic OCS, extending from Cape Cod, MA to southern VA. We 
developed novel movement modeling techniques to assess the frequency and extent of offshore 
movements over Federal waters and WEAs within the Study Area. Our specific objectives were to: (1) 
develop spatially-explicit, 3-dimensional models to estimate movements of Common Terns, Roseate 
Terns and Piping Plovers in the Atlantic OCS Study Area during breeding and post-breeding periods; (2) 
estimate the exposure of Common Terns, endangered Roseate Terns and threatened Piping Plovers to 
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Federal Waters and to each BOEM Lease Area and BOEM Planning Area in the Atlantic OCS Study 
Area during breeding and post-breeding periods; and (3) quantify effects of meteorological conditions 
(e.g., wind speed, wind direction, barometric pressure, temperature, visibility, precipitation), temporal 
variation (time of day, date), and demographic variation (breeding population, sex, reproductive success) 
on occurrence of Common Terns, Roseate Terns and Piping Plovers within Federal waters and WEAs 
within the Atlantic OCS Study Area. 

Common and Roseate terns were exposed to Federal waters and WEAs during the breeding period 
through post-breeding dispersal. The highest probability of exposure occurred during post-breeding 
dispersal (mid-July through late September), as terns from multiple colonies made extensive movements 
throughout the eastern Long Island Sound to the southeastern region of Massachusetts. Exposure to 
WEAs was highest among Common Terns dispersing from Great Gull Island across Rhode Island Sound 
to staging areas in southeastern Massachusetts. Peak exposure of Common and Roseate Terns to Federal 
waters primarily occurred in mid-July and August during morning hours and fair weather conditions (high 
atmospheric pressure). Offshore flight altitudes of terns were generally below the RSZ of offshore wind 
turbines (25 to 250 m asl). 

Peak exposure of Piping Plovers to Federal waters occurred in early August. Piping Plovers departing 
from their breeding grounds in Massachusetts and Rhode Island primarily used offshore routes to 
stopover areas in the mid-Atlantic. Individual Piping Plovers were exposed to up to four WEAs on 
offshore flights across the mid-Atlantic Bight. Flights in Federal waters and WEAs were strongly 
associated with southwest wind conditions providing positive wind support. Offshore flight altitudes of 
Piping Plovers generally occurred above the RSZ. 

In this study, digital VHF telemetry was an effective method for assessing broad-scale exposure of terns 
and plovers to Federal waters and WEAs in the Atlantic OCS. However, maximizing the detection or 
resolution of movement patterns in the design of automated radio telemetry station arrays involves 
tradeoffs, which vary by species, geographic area, and study objective. Estimating bird locations through 
triangulation of the detecting towers requires strategic placement of towers at relatively high densities in 
areas of high ecological importance. Along straight coastlines that lack islands or peninsulas, we 
recommend assembling towers on offshore infrastructure, such as buoys or wind turbines, where possible. 
The geographic coverage and scope of digital VHF telemetry can be further extended through the 
coordinated efforts of the Motus Wildlife Tracking System. Future studies have the potential to integrate 
this network with other forms of developing technology (e.g. radar, high definition imagery) for 
collecting detailed movements of birds in offshore environments. 

Key Findings: 

• Estimated exposure of Common and Roseate Terns to Federal waters and WEAs peaked during 
mid-July and August, and primarily occurred during morning hours with fair weather conditions.  

• When crossing Federal waters, Common and Roseate terns predominantly occurred below the 
RSZ (< 25 m). An estimated 4.3% of Common Tern flights and 6.4% of Roseate Tern flights 
within Federal waters occurred within the RSZ.  

• Piping Plovers departing from their breeding grounds in MA and RI primarily used offshore 
routes to sites in the mid-Atlantic. 
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• Migratory departures of Piping Plovers peaked in early August, during evenings with favorable 
atmospheric conditions for crossing the mid-Atlantic Bight (i.e. winds blowing to the southwest, 
high visibility, little to no precipitation, and high atmospheric pressure) 
 

• Estimated offshore flight altitudes of Piping Plovers over Federal waters primarily occurred 
above the RSZ (>250 m). An estimated 21.3% of Piping Plover flights in Federal waters occurred 
within the RSZ.  
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1 Introduction 
The Bureau of Ocean Energy Management (BOEM) is responsible for managing energy and mineral 
resources on the Outer Continental Shelf (OCS) of the United States. The OCS extends from the outer 
limit of each state's jurisdictional waters (approximately 3 nautical miles or 5.6 km offshore) to the outer 
limit of the US Exclusive Economic Zone (approximately 200 nautical miles or 370 km offshore). 

Since 2009, BOEM’s Office of Renewable Energy Programs has issued twelve commercial wind energy 
leases and one research lease in the Atlantic OCS, from waters offshore of Massachusetts to North 
Carolina, totaling approximately 5,492 km² (BOEM 2018). Additional areas offshore of New York (7,188 
km²), Massachusetts (1,577 km²), North Carolina (750 km²), and South Carolina (3,462 km2) are in the 
planning stages for future designation as lease areas (BOEM 2018). Herein, Wind Lease Areas and Wind 
Planning Areas are collectively referred to as Wind Energy Areas (WEAs).  

Concurrently, several Atlantic coast states are developing plans to site additional wind energy facilities 
within their jurisdictional waters. The first offshore wind energy facility in the US, consisting of five 6-
MW turbines within state waters off the coast of Block Island, RI, officially began operation in December 
of 2016. Several states have passed legislative requirements for power purchase agreements to procure 
energy from offshore wind (e.g., 5 GW capacity by 2030 in Maine, 1.6 GW capacity by 2027 in 
Massachusetts, 2.4 GW capacity by 2030 in New York, 1.1 GW capacity by 2028 in New Jersey), or to 
mandate that a proportion of electricity come from renewable sources (e.g., 25% by 2025 in New 
Hampshire, 38.5% by 2035 in Rhode Island, 25% by 2025 in Delaware, 25% by 2020 in Maryland, 15% 
by 2025 in Virginia, 12.5% by 2021 in North Carolina; Musial et al. 2017).  

With large nearshore and offshore areas of the US Atlantic under consideration for development, both site 
specific and regional-scale studies are critical for understanding potential exposure of migratory birds to 
WEAs (BOEM 2017). Current understanding of the effects of offshore wind turbines on birds comes 
primarily from studies in western Europe, where large-scale offshore wind energy facilities have been in 
operation since the 1990s (Langston 2013). These studies have broadly categorized adverse effects to 
birds from offshore wind turbines as: 1) acting as barriers to movement (e.g. between foraging and 
roosting sites, along migration routes); 2) destruction, modification, or displacement of habitat; and 3) 
direct mortality from collisions with infrastructure or pressure vortices (Exo et al. 2003; Drewitt and 
Langston 2006; Fox et al. 2006). However, the magnitude of these effects are highly species and site 
specific, highlighting the importance of conducting fine-scale movement studies on priority species in 
areas of wind energy potential (Furness et al. 2013).  

In the Federal waters of the U.S., assessments of the potential effects of development on migratory birds 
and their habitats are conducted in accordance with the National Environmental Policy Act (NEPA) and 
the Migratory Bird Treaty Act (MBTA). In addition, information regarding potential adverse effects to 
species listed as “Threatened” or “Endangered” under the US Endangered Species Act (ESA) is needed 
for Risk Assessments and Section 7 consultations between BOEM and the USFWS.  
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Preliminary assessments have identified three ESA-listed bird species that occur in the Atlantic OCS and 
that could be adversely affected by wind energy development: the Roseate Tern (Sterna dougallii) of the 
Federally-Endangered northeastern US breeding population, the Piping Plover (Charadrius melodus) of 
the Federally-Threatened US Atlantic coast breeding population, and the Red Knot (Calidris canutus 
rufa) of the Federally-Threatened rufa subspecies (Burger et al. 2011). Since 2013, BOEM and the 
USFWS have worked in partnership to address information gaps on the offshore movements of these 
three species using digital VHF tracking technology. Results from the Red Knot study are available in 
BOEM ESP 2018-046 (Loring et al. 2018). The present study pertains to the Roseate Tern, Piping Plover, 
and the non-ESA listed Common Tern.  

Common and Roseate Terns are colonial seabirds that nest sympatrically on islands off the US Atlantic 
coast (Nisbet et al. 2014). Both species occur in the Atlantic OCS during the breeding period and migrate 
across the Atlantic OCS while traveling between northern breeding grounds and the southern non-
breeding range that extends along the coast of South America (Nisbet et al. 2014, Nisbet et al. 2017). The 
Roseate Tern was listed as "Endangered" under the ESA in 1987 (USFWS 1987). The Common Tern is 
considered a USFWS "Species of Conservation Concern" (Kushlan et al. 2002) and listed as a Threatened 
or Special Concern species by the states comprising its U.S. Atlantic coast breeding range (Maine to 
South Carolina, USA, Nisbet et al. 2017).  

The Common Tern is also a species of interest because it shares similar life-history characteristics and 
often occurs in association with the Roseate Tern during breeding, post-breeding dispersal, and pre-
migratory staging periods (Safina and Burger 1985; Trull et al. 1999; Nisbet et al. 2014; Althouse et al. 
2016; Nisbet et al. 2017). In 2013 and 2014, Common Terns were initially tagged for this study to 
evaluate the safety and effectiveness of VHF transmitters, prior to deployment on the taxonomically 
similar but Federally-listed Roseate Tern. From 2015 to 2017, when the study expanded to include 
Roseate Terns, we continued tracking the movements of Common Terns to assess variation in exposure to 
Federal Waters and WEAs between the two species. Previous assessments indicated that Common and 
Roseate Terns may share similar levels of risk to collision and displacement effects of offshore wind 
turbines (Robinson Willmott et al. 2013), although these assessments are subject to high uncertainty due 
to lack of empirical data (Burger et al. 2011). 

Piping Plovers are migratory shorebirds that nest along the U.S. Atlantic coast and may occur in the 
Atlantic OCS during migration between breeding areas and wintering areas in the southeastern US and 
Caribbean (Burger et al. 2011). The Piping Plover was listed as "Threatened" under the U.S. ESA in 1985 
(USFWS 1985).  

1.1 Risk Assessments and Information Needs for Focal Species in the 
AOCS 

Risk assessments of avian exposure to offshore wind energy facilities require species-specific information 
about: 1) spatial and temporal movement patterns, 2) flight altitudes, and 3) behavioral avoidance of 
turbines (Fox et al. 2006). Information on flight altitudes is used to assess risk of exposure to the RSZ of 
offshore wind turbines. Herein, we assume that the RSZ occurs from 25 m to 250 m asl, however there is 
some variability in the range of rotor-swept altitudes among different wind energy facilities. For example, 
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the RSZ of current turbines at the Block Island Wind Farm in Rhode Island is 29 to 189 m asl (6 MW), 
whereas the RSZ of 10 MW wind turbines planned in offshore waters of Massachusetts is 31 to 212 m asl 
(D. Bigger, pers. comm.).  

Preliminary assessments of risks to focal species from potential development within the Atlantic OCS 
have identified priority information gaps and uncertainties (Burger et al. 2011). Roseate and Common 
Terns occur in the Atlantic OCS during breeding, post-breeding, and migration, although specific 
information on their movement patterns is lacking (Burger et al. 2011). During the breeding and post-
breeding periods, there is some evidence that flight altitudes of Roseate Terns are usually below the RSZ; 
however, wide variation (0-41%) in the estimated numbers of Common Terns flying within the RSZ has 
been reported across studies (Burger et al. 2011; Furness et al. 2013). There is very little information on 
the routes and flight altitude of Common and Roseate Terns during migration (Burger et al. 2011), 
although data from geolocator studies show that migration of both species occurs offshore (Nisbet et al. 
2011; Mostello et al. 2014). Ship-based surveys have detected Common Terns greater than 50 km off the 
coast of Virginia during their northerly migration, when they return to breeding colonies (Goyert et al. 
2016). During the post-breeding season, Roseate Terns have been detected by ship-based observers over 
100 km from shore (237 km east of Cape Cod), and Common Terns up to 350 km from shore, within the 
Atlantic OCS (Goyert et al. 2014).  

Overall, very little empirical data are available to inform risk assessments of Piping Plovers in the 
Atlantic OCS (Burger et al. 2011). Until the present study, there was no information on whether Piping 
Plovers migrate along the coast or offshore (Burger et al. 2011), although individuals wintering in the 
Caribbean must cross the Atlantic OCS at some point during migration (Haig and Plissner 1993; 
O'Connell et al. 2011). There are no empirical data on flight altitudes of Piping Plovers during migration 
(Burger et al. 2011). Information on the migratory routes and altitudes of Piping Plovers in the Atlantic 
OCS is critical for evaluating risks of offshore wind energy development to this species (Burger et al. 
2011).  

In addition to understanding spatial and seasonal variation of exposure to the Atlantic OCS, information 
on temporal variation is needed to identify timing of potential risk windows (Fox et al. 2006). Risk of 
collision is potentially higher at night due to reduced visibility of turbines (Exo et al. 2003) and attraction 
or disorientation effects from artificial lighting on turbine towers (Richardson 2000; Drewitt and 
Langston 2006). Previous risk assessments indicate that more information is needed on the diurnal versus 
nocturnal flight patterns of Common and Roseate Terns in the Atlantic OCS, as most information to date 
has been collected by aerial and boat-based observations that are limited to surveying during daylight 
(Robinson Willmott et al. 2013). There is no information on diel variation in the migration ecology of 
Piping Plovers in the Atlantic OCS (Burger et al. 2011). 

Information about meteorological conditions associated with offshore flights is also important for risk 
assessments, as birds may be at higher risk of collision with offshore wind turbines during inclement 
weather (high winds, precipitation, low visibility) due to impaired visibility and avoidance response (Exo 
et al. 2003). Migratory birds may also descend into the RSZ during periods of limited visibility, low cloud 
ceiling, and/or inclement weather (Hüppop et al. 2006). 
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In order to assess potential risks to populations, information is needed on demographic variation in 
exposure, including breeding population, age, and sex (Allison et al. 2008). Data on demographic 
variation in movement patterns of individually-marked birds can be obtained through tracking studies 
(Burger and Shaffer 2008). In this study, we used digital VHF tracking technology to quantify the 
movements of Common Terns, Roseate Terns, and Piping Plovers to Federal Waters and WEAs in the 
Atlantic OCS in relation to temporal variation, meteorological conditions, and demographic variation. 
This aim of this analysis is to address some of the key information gaps on the offshore movements of 
focal species and inform future risk assessments of developing offshore wind energy facilities within the 
Atlantic OCS. 

1.2 VHF Technology to Study Movements 
For small-bodied species of terns and shorebirds, VHF technology remains one of the sole options for 
tracking movements of individuals at high spatial and temporal resolution over extended durations. 
Conventional VHF telemetry has been a standard technique in wildlife tracking studies since the 1960s 
(Cochran et al. 1965) and involves affixing individuals with lightweight radio transmitters (minimally <1 
g), and tracking their signals with specialized antennas and receiving units (Kenward 1987). Conventional 
VHF technology is based on a system where each transmitter operates on a unique frequency and 
receivers are programmed to cycle through frequencies sequentially, resulting in a trade-off between 
overall sample size and detection probability of individual transmitters (Kenward 1987).   

Recent advances in the development of digital VHF technology now make it possible to simultaneously 
monitor thousands of uniquely coded transmitters on a single VHF frequency (Taylor et al. 2017). The 
use of digital VHF transmitters with automated radio telemetry stations allows thousands of individuals to 
be monitored continuously and autonomously. Configurations of automated radio telemetry stations are 
customizable and thus vary widely, but in general consist of one or more receiving antennas elevated on a 
structure (typically a stand-alone mast) and connected to an automated receiving unit that records 
detection data from all transmitters within range of the station (typically within 15 km; Taylor et al. 
2017). Detection range of automated radio telemetry stations generally increases with the height and gain 
of the transmitting and the receiving antennas (Cochran 1980). However, since VHF waves emitted by 
transmitters travel within line-of-sight, factors such as topography, vegetation, and electronic noise may 
block, reflect, or attenuate the signal (Kenward 1987). 

In 2013, we conducted pilot studies to test the safety and effectiveness of using digital VHF technology 
for tracking local to regional movements of American Oystercatchers (Haematopus palliatus) and 
Common Terns with an array of eight automated radio telemetry stations in the eastern Nantucket Sound 
region of Massachusetts. As part of this study, individual American Oystercatchers were double-tagged 
with a digital VHF transmitter and an ARGOS satellite transmitter to compare estimates of length of stay, 
home ranges, and habitat characteristics on the breeding grounds (Loring et al. 2017a, Appendix A). Our 
pilot work with Common Terns was coordinated with researchers conducting digital VHF tracking studies 
on Common and Arctic Terns (Sterna paradisaea) at three additional nesting colonies in the Gulf of 
Maine and Atlantic Canada, providing an opportunity to test the utility of using coordinated, digital VHF 
tracking technology at a regional scale (Loring et al. 2017b; Appendix B). In addition, we conducted a 
study on tag retention, behavior and reproductive success of tagged adult Common Terns that 
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demonstrated the safety and effectiveness of using a glue and suture tag attachment method for medium-
term (2 to 3 month) deployments on Sterna terns (Loring 2016; Appendix C).  

In 2014, the pilot study was expanded to track Common Terns from multiple colonies across the Southern 
New England continental shelf region, extending the Study Area from Cape Cod, MA to Long Island, 
NY. This study demonstrated the effectiveness of using nanotag tracking technology to assess exposure of 
Common Terns to multiple WEAs throughout the study area, and address information gaps on timing, 
demographic, and meteorological conditions associated with offshore flights (Loring 2016).  

The pilot work in 2014 led to the expansion of the study in 2015 to include ESA-Listed Roseate Terns 
and Piping Plovers. From 2015 and 2017, we expanded our array of automated radio telemetry stations to 
include a total of 33 coastal and island sites distributed from Cape Cod, Massachusetts to Back Bay, 
Virginia. We selected sites that were: 1) in close proximity to key areas used by focal species within the 
Study Area; 2) adjacent to BOEM Lease Areas and Planning Areas within the Study Area; 3) in direct 
line of sight to offshore waters to maximize reception; and 4) within detection range of one or more 
adjacent towers to facilitate triangulation. Triangulation is a technique used to estimate 2-dimensional (x, 
y) animal locations using signal strength and bearings from signals received by directional antennas from 
multiple towers simultaneously. In addition, we piloted the use of automated radio stations on three 
different types of boats (passenger ferry, whale watching boat, NOAA Research vessel), and we 
conducted a series of aerial telemetry surveys to relocate tagged birds offshore.   

Beginning with our pilot work in 2013, we have coordinated our tracking efforts with the Motus Wildlife 
Tracking System (Motus; www.motus.org), a collaboration of researchers using digital VHF transmitters 
and automated radio telemetry stations to track the movements of birds and bats from the Canadian High 
Arctic to South America (Taylor et al. 2017). Motus provides a system to coordinate data sharing among 
automated radio telemetry studies on a common frequency, allowing all tagged individuals to be detected 
by all stations in the network. Since its formal inception as a program of Bird Studies Canada in 2014, the 
Motus network has expanded to include over 300 automated radio telemetry stations distributed across the 
Western Hemisphere that are operated in collaboration among 120 different research efforts (Taylor et al. 
2017). 

For this study, we used data from the targeted BOEM-funded array and the broader Motus network to 
provide a spatially-explicit, empirical assessment of exposure risk. We defined exposure as the degree to 
which Common Terns, Roseate Terns, and Piping Plovers use targeted areas of the Atlantic OCS, from 
Cape Cod, MA to southern VA that are under consideration for the development of offshore wind energy 
facilities. As part of this study, we developed new quantitative methods to model movements of tagged 
birds throughout the digital VHF telemetry array. This included estimates of altitude when signals were 
received simultaneously by multiple receiving stations. We applied these models to assess exposure of 
our focal species to Federal waters and WEAs of the Atlantic OCS, relative to meteorological, temporal, 
and demographic covariates.  

Our specific objectives were to:  

(1) Develop spatially-explicit, 3-dimensional models to estimate movements of Common Terns, Roseate 
Terns and Piping Plovers in the Atlantic OCS Study Area during breeding and post-breeding periods; 
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(2) Estimate the exposure of Common Terns, endangered Roseate Terns and threatened Piping Plovers to 
Federal Waters, and to each BOEM Lease Area and BOEM Planning Area in the Atlantic OCS Study 
Area, during breeding and post-breeding periods.  

(3) Quantify effects of meteorological conditions (e.g., wind speed, wind direction, barometric pressure, 
temperature, visibility, precipitation), temporal variation (time of day, date), and demographic variation 
(breeding population, sex, reproductive success) on occurrence of Common Terns, Roseate Terns and 
Piping Plovers within Federal waters and WEAs within the Atlantic OCS Study Area. 

2 Methods 

2.1 Study Area 
2.1.1 Atlantic OCS and Wind Energy Areas 

The Study Area extends along the US Atlantic Coast and adjacent OCS waters. Along the coast, the Study 
Area is bounded by Cape Cod, MA to the north and Back Bay, VA to the south (Fig. 1).  

Currently (February 2019), there are 11 BOEM Commercial Renewable Energy Lease Areas within the 
Study Area, as well as one Research Renewable Energy Lease Area (Fig. 1). These BOEM Renewable 
Energy Lease Areas are located in Rhode Island Sound and adjacent offshore waters of Massachusetts 
(2,106 km²), New York Bight (321 km²), and adjacent waters offshore of New Jersey (1,391 km²), 
Delaware (390 km²), Maryland (322 km²) and Virginia (467 km²). In total, their combined area covers 
4,997 km² of the Atlantic OCS. Additional BOEM Planning Areas (under consideration for designation as 
lease areas) are located within the Study Area in Federal waters off the coast of Massachusetts (1,578 
km²) and New York (7,188 km²).  

 
2.1.2 Tagging Sites 

All tagging was conducted during the breeding period and tracking continued through post-breeding 
dispersal and migratory departure. We tagged Common and Roseate Terns at their largest nesting 
colonies within the US Atlantic, with the Roseate Tern sites collectively harboring over 90% of the 
northeastern US breeding population (Nisbet et al. 2014). We tagged Piping Plovers from breeding 
populations within the northern portion of the Study Area to track their southbound flights during fall 
migration. 

2.1.2.1 Monomoy National Wildlife Refuge (NWR), Massachusetts 

Monomoy NWR (41°36'31" N, 69°59'12" W) is a 30-km2 barrier beach and island complex located in the 
southeastern Cape Cod region of Massachusetts, USA. Monomoy NWR supports one of the largest 
Common Tern colonies on the Atlantic coast, with over 8,500 nesting pairs in 2014 (GOMSWG 2014). In 
2014 and 2015, we tagged Common Terns within the nesting colony on Monomoy NWR. From 2015 to 
2017, we tagged Piping Plovers on Monomoy NWR and adjacent South Beach in Chatham, MA 
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(41°37'24"N, 69°57'58"W). In 2017, these sites collectively supported 61 pairs or about 9% of the 
Massachusetts population of 668 pairs of Piping Plovers (Levasseur et al. 2017).  

2.1.2.2 Great Gull Island, New York  

Great Gull Island (41°12'23" N, 72°06'25" W) is a 0.08 km2 offshore island in eastern Long Island Sound, 
NY, that supports one of the largest concentrations of nesting Common Terns (approximately 9,500 pairs) 
and Roseate Terns (approximately 1,800 pairs) in the Western Hemisphere (H. Hays and G. Cormons, 
unpubl. data) and is managed by the Great Gull Island Project with the American Museum of Natural 
History. On Great Gull Island, we tagged Common Terns from 2014 to 2017 and Roseate Terns from 
2015 to 2017. 

2.1.2.3 Buzzards Bay, Massachusetts  

From 2016 to 2017, we tagged Common and Roseate Terns from three islands (Bird, Ram, and Penikese) 
in Buzzards Bay, Massachusetts. These islands are managed by the Massachusetts Natural Heritage and 
Endangered Species Program and collectively supported over 6,500 Common Terns and approximately 
2,600 pairs of Roseate Terns in 2016 (Mostello et al. 2018). Bird Island (41°40'10 N, 70°43'02"W) is a 
0.006 km2 island located < 2 km off the coast of Marion, MA. Ram Island (41°37'05"N, 70°48'16"W) is a 
0.01 km2 island located < 1 km off the coast of Mattapoisett, MA. Penikese Island (41°27'05"N, 
70°55'03"W) is 0.3 km2 island located near the western entrance of Buzzards Bay, within the Elizabeth 
Islands chain. 

2.1.2.4 Coastal Rhode Island 

From 2015 to 2017, we tagged Piping Plovers within nesting areas at several sites along the southern 
coast of Rhode Island. Nesting Piping Plovers at these sites are monitored by the USFWS, although 
individual sites are owned and managed by various Federal, state, and NGO entities and have varying 
levels of public use and access. Across all sites in RI, the highest trapping effort for Piping Plovers was 
on Trustom Pond NWR (41°22'11"N, 71°34'52"W) along a 2.1 km section of barrier beach habitat where 
public access is limited to below the mean high tide line during the nesting period (1 April to 15 
September; USFWS 2002). Trustom Pond NWR contains the highest nesting population of Piping 
Plovers in Rhode Island, accounting for 31% of nesting pairs in monitored by USFWS staff in 2018 (J. 
White, USFWS, Rhode Island Wildlife Complex, Charlestown, RI, unpubl. data). 
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Figure 1. Map of Study Area in Atlantic OCS  
Stars show locations of Common and Roseate Tern tagging sites, and circles show locations of Piping Plover tagging 
sites. Federal waters of the U.S Atlantic are delineated by the red boundary (3 to 200 nautical miles). Within this 
boundary, all current (July 2018) BOEM Wind Energy Areas and Planning Areas are shown as polygons. 
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2.2 Study Species  
2.2.1 Common Tern 

Common Terns are globally-distributed, mid-sized (110 to 145 g) seabirds that breed throughout the 
Northern Hemisphere and winter along tropical and subtropical coasts (Nisbet et al. 2017). Along the 
northern Atlantic coast of North America, Common Terns nest colonially on islands and barrier beaches 
from Newfoundland and Labrador, Canada to South Carolina, USA (Nisbet et al. 2017). Available 
evidence suggests that Common Terns wintered in at least four sites on the north and east coasts of South 
America from Guyana to Argentina, with a stopover site in Puerto Rico (Nisbet et al. 2011a). Common 
Terns forage by plunge diving for small fish of various species in open waters, often over shoals, tide rips, 
or marine predators (e.g. Thunnus spp., cetaceans) that drive bait to the surface (Duffy 1986, Safina 1990, 
Goyert et al. 2014). Previous studies have shown that during the breeding season, Common Terns 
typically forage within about 20 to 30 km of their nest sites (Safina 1990, Duffy 1986, Thaxter et al. 2012, 
Nisbet et al. 2017). During their northerly migration, Common Terns have been observed greater than 50 
km off the coast of Virginia and Massachusetts (Goyert et al. 2016, Veit et al. 2016). In southern New 
England, adults arrive at their nesting sites in late April to May and nest through mid-July (Nisbet et al. 
2017). Common Terns nest within sand to cobble substrates, typically laying a two to three egg clutch 
(Nisbet et al. 2017). Peak hatch occurs between June and early July, and chicks fledge within 22 to 29 
days of hatching (Nisbet et al. 2017). Prior to migration, mixed flocks of Common and Roseate Terns 
stage at sites along the U.S. Atlantic coast from Maine through New Jersey (Shealer and Kress 1994, 
Nisbet et al. 2017), with large flocks of over >10,000 terns reported on Cape Cod, Massachusetts (Trull et 
al. 1999). They also use this post-breeding, pre-migratory season to forage far offshore (up to 350 km 
from the coast, within the Atlantic OCS), where they rest on the water (Goyert et al 2014). Studies using 
archival light-level loggers (geolocators) revealed that Common Terns migrate offshore across the 
western North Atlantic (Nisbet et al. 2011). Available studies indicate that Common Terns typically fly at 
altitudes of 1 to 30 m (Johnston and Cook 2016, Borkenhagen et al. 2018), but may ascend to altitudes of 
1,000 m to 3,000 m during migration (Alerstam 1985). Common Terns are a long-lived species 
(maximum known age: 29 years) with a mean annual adult survival rate ranging from 0.80 to 0.88 
(Brenton et al. 2014, Nisbet et al. 2017).  

2.2.2 Roseate Tern 

Roseate Terns are a mid-sized (95 to 130 g) seabird with a scattered tropical and temperate distribution 
(Nisbet et al. 2014). In North America, there are two populations of Roseate Terns: the Federally-
endangered northeastern population, and the Federally-threatened Caribbean population. The wintering 
ranges for both populations are poorly understood, with known wintering sites distributed from Guyana to 
eastern Brazil along the coast of South America and staging areas near Puerto Rico and the Dominican 
Republic (Hays et al. 1997; Mostello et al. 2014). Individuals from the northeastern population of Roseate 
Terns only nest in mixed-species colonies in sympatry with Common Terns, on a limited number of 
islands distributed from Maritime Canada to Long Island, NY, with only three colonies that have over 
200 nesting pairs (Bird and Ram Islands in MA and Great Gull Island in NY; Nisbet et al. 2014). Like 
Common Terns, Roseate Terns also forage by plunge-diving for prey fish in nearshore and offshore 
waters, often in association with shoals, tide rips, or marine predators (Duffy 1986, Nisbet et al. 2014, 
Goyert 2014). In the western North Atlantic, Roseate Terns are known to specialize on sand-lance 
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(Ammodytes spp.; Nisbet et al. 2014; Goyert 2015) and previous studies have estimated their foraging 
ranges as approximately 20 to 30 km from their nest sites during the breeding period (Duffy 1986, 
Heinemann 1992, Burger et al. 2011, Thaxter et al. 2012). Peak hatch occurs between June and early July, 
and chicks fledge within 22 to 30 days of hatching (Nisbet et al. 2014). During the post-breeding period 
(late July through September), thousands of Common Terns and nearly the entire Northeast population of 
Roseate Terns have been shown to concentrate together at relatively undisturbed coastal sites on outer 
Cape Cod and Nantucket to feed and roost prior to their southward migration (Trull et al. 1999). They 
also occur far offshore (over 100 km) during this pre-migratory period, where they have been observed 
foraging and resting on the water (Goyert et al. 2014). Peak migratory departure of Roseate Terns from 
the western North Atlantic region occurs in early September (Nisbet et al. 2014). Like Common Terns, 
recent a study using geolocators revealed that, during fall migration, Roseate Terns from nesting areas in 
the western North Atlantic migrated offshore directly to the West Indies en route to wintering areas in 
South America (Mostello et al. 2014). Roseate Terns are a long-lived species (maximum known age >25 
years) with a mean annual adult survival rate of 0.84 (Spendelow et al. 2008, Nisbet et al. 2014). 

2.2.3 Piping Plover 

Piping Plovers are small-bodied (43 to 63 g) migratory shorebirds. The species breeds only in North 
America, in three federally-listed populations: Great Lakes (Endangered), the Northern Great Plains 
(Threatened) and Atlantic Coast (Threatened; Elliott-Smith and Haig 2004). On the Atlantic coast of 
North America, their breeding range extends from the Canadian Maritimes to North Carolina, and their 
wintering range occurs from the US mid Atlantic to the Gulf of Mexico, with some individuals scattered 
throughout the Caribbean (Elliott-Smith and Haig 2004). In coastal areas, Piping Plovers typically nest on 
open sandy beaches and forage on a variety of invertebrates along the shoreline and intertidal zone 
(Elliott-Smith and Haig 2004). Along the Atlantic coast, the migratory routes that Piping Plovers follow 
have not been fully described (Elliott-Smith and Haig 2004). Spring migration to Atlantic coast breeding 
sites begins in mid to early March, with birds arriving at southern New England breeding sites through 
early May (Elliott-Smith and Haig 2004). On the US Atlantic Coast, Piping Plovers nest in shallow 
scrapes and lay an average of four eggs. Peak hatch typically occurs in June, and chicks fledge within 
about 35 days (Elliott-Smith and Haig 2004). The post-breeding dispersal period occurs through late 
August. Piping Plovers are thought to depart on migration in small groups, although large flocks (approx. 
100 birds) are sometimes observed at coastal sites during fall (Elliott-Smith and Haig 2004). Prior to the 
present study, few data were available on the migratory routes that Atlantic Coast Piping Plovers use 
during fall migration (Elliott-Smith and Haig 2004).  

2.3 Digital VHF Transmitters  
In this study, we tracked the movements of Common Terns, Roseate Terns, and Piping Plovers using 
digital VHF transmitters (“nanotags”, Lotek Wireless, Ontario, Canada). Each Common and Roseate Tern 
in the study was fitted with Lotek NTQB-4-2 nanotag. The transmitter body measured 12 x 8 x 8 mm and 
had a 18-cm antenna. The NTQB-4-2 nanotags deployed on terns were coated with a waterproofing 
material and custom-fit with 1-mm tubes at the front and back of the transmitter body for attachment, 
bringing the total tag weight to 1.5 g. The transmitter and attachment materials weighed <2% of the body 
mass of tagged Common and Roseate terns.  
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In 2015 and 2016, each Piping Plover in the study was fitted with a Lotek NTQB-4-2 nanotag (1.1 g; 12 x 
8 x 8 mm). In 2017, each Piping Plover within the study was fitted with a Lotek NTQB-3-2 nanotag (0.67 
g; 12 x 6 x 5 mm). Both tag models used on Piping Plovers had a 16.5-cm antenna. The transmitter and 
attachment materials weighed <3% of the body mass of tagged Piping Plovers (<2% for the 0.67 g 
model).  

All transmitters in the study were programmed to continuously transmit signals on a shared frequency of 
166.380 MHz from activation through the end of battery life. Burst intervals (time between transmissions) 
were specific to each transmitter and ranged from 4 to 6 seconds. The expected life of the NTQB-4-2 
nanotags ranged from 146 days (4 second burst interval) to 187 days (6 second burst interval). The 
expected life of the NTQB-3-2 nanotags ranged from 72 days (4 second burst interval) to 92 days (6 
second burst interval). Tag deployment metadata for each nano-tagged bird in this study are provided in 
Appendix D. 

2.4 Capture and Tag Attachment Summaries   
2.4.1 Common and Roseate Terns 

From 9 June to 12 July, staff at nesting colonies used walk-in treadle traps to capture adult Common and 
Roseate Terns at their nests, within approximately 1 to 5 days of their hatch date (Fig. 2). All banding 
activities were conducted by colony managers at each tagging site. Terns that were not previously banded 
were marked with an incoloy (at Monomoy and Buzzards Bay colonies) or steel (at Great Gull Island 
colony) U.S. Geological Survey (USGS) band on the tarsometatarsus. At Monomoy and Great Gull 
Island, the opposite tarsometatarsus was marked with a wrap-around a plastic field readable (PFR) band 
engraved in with a unique 3-digit alphanumeric code (Fig. 2). Common Terns banded at Monomoy NWR 
in 2014 were marked with a black PFR band engraved with a white alphanumeric code. Roseate Terns 
banded on Great Gull Island from 2015 to 2017 were marked with either a yellow PFR with a black 
alphanumeric code (2015) or a dark blue PFR band with a white alphanumeric code (2016 and 2017). 
Morphometric measurements collected on each bird included bill length (± 0.01 mm), head and bill length 
(± 0.01 mm), flattened wing chord (± 1 mm), and mass (± 0.1 g). From each bird, three to five contour 
feathers were collected for molecular-based determination of gender (Avian Biotech, Gainesville, FL). 

Following banding, we attached a digital 1.5 g VHF transmitter ('Avian NanoTag'; Lotek Wireless, Inc.,  
Newmarket, Ontario, Canada) to the dorsal inter-scapular region using cyanoacrylate adhesive and two 
sutures (Prolene: 45-cm length, 4.0, BB taper point needle, catalog # 8581H) that were inserted 
subcutaneously and secured to the end-tubes of the transmitter (Fig. 2). Total handling time, from capture 
to release, ranged from 20 to 40 min per individual.   

2.4.2 Piping Plovers 

From 9 May through 27 June, we captured adult Piping Plovers at their nest sites during the incubation 
phase. In some of our trapping areas, site managers placed circular wire anti-predator exclosures over 
selected nests to minimize egg depredation, and we used different types of traps depending on whether or 
not target nests were exclosed. For nests with no exclosures, we trapped adult plovers using walk-in 
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funnel traps at active nests (Cairns 1977; Fig. 3). We used modified trap for exclosed nests by attaching 
hardware cloth with a mist-net funnel to the exterior of the exclosure. 

We banded each plover with a single, dark blue Darvic leg band on the right tibiotarsus and a green, 
three-digit alpha-numeric coded flag unique to each individual on the opposite tibiotarsus (Fig. 3). Coded 
flags were issued in collaboration with researchers at Virginia Tech as part of a larger population 
dynamics study. All individuals were measured using standard protocols, and in most cases, included 
tarsus (± 0.01 mm), culmen (± 0.01 mm), flattened wing chord (± 1 mm), and mass (± 0.1 g). From each 
bird, three to five contour feathers were collected for molecular-based determination of gender (Avian 
Biotech, Gainesville, FL). Nanotags were attached by clipping a small area of feathers from the 
interscapular region and gluing the tag to the feather stubble and skin with a cyanoacrylate gel adhesive 
(Fig. 3). Handling time, from capture to release, was approximately 15 to 30 min per bird. Field staff 
surveyed each nesting area 3 to 5 days per week to monitor the nesting success and tag retention of all 
tagged Piping Plovers within the study. There was no evidence that trapping or tagging plovers affected 
their productivity as measured by the number of chicks fledged per nesting attempt (Stantial et al. 2018). 
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C. 

 

Figure 2. Photos of Common and Roseate Tern trapping and transmitter deployment 
A) Walk-in treadle traps deployed at nest sites of Common Terns; B) attaching nanotag to interscapular region of 
Common Tern using sub-cutaneous sutures; C) Roseate Tern with nanotag (interscapular region), metal USGS band 
(left tarsometatarsus)  and plastic field readable band (right tarsometatarsus). Photos: Peter Paton. 

 

 

 

 

 



 

16 

 

A. 

 
  



 

17 
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Figure 3. Photos of Piping Plover trapping and transmitter deployment 
A) Deploying walk-in funnel trap on a Piping Plover nest; B) Piping Plover with a nanotag (interscapular region), dark 
blue Darvic band (right tibiotarsus) and green coded flag (left tibiotarsus). Photos: Peter Paton. 
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2.5 Automated Radio Telemetry Stations  
We tracked the signals of nano-tagged birds using an array of automated radio telemetry stations. Typical 
station specifications consisted of a 12.2-m radio antenna mast supporting six, nine-element (3.3 m) Yagi 
antennas mounted in a radial configuration at 60-degree intervals (Fig. 4). At some sites, stations 
consisted of up to four Yagi antennas, or a single omni-directional antenna, attached to existing structures. 
At each station, the antenna(s) were connected to ports on a receiving unit (Lotek SRX-600, Lotek 
Wireless, Ontario, Canada) via coaxial cable (TWS-200). The receivers were programmed to 
automatically log several types of data from each antenna, including: tag ID number, date, time stamp, 
antenna (defined by monitoring station and bearing), and signal strength (linear scale: 0 to 255). Each 
receiving station was operated 24 hours per day using one 140-watt solar panel and two 12-volt deep-
cycle batteries. 

Detection range of each station varied with the height of the station above sea level (asl) and with altitude 
of the transmitting bird. The maximum estimated detection range of stations 12.2 m asl was 
approximately 20 km to birds flying at 25 m altitude (lower limit of RSZ of offshore wind turbines), and 
approximately 40 km to birds flying at 250 m altitude (upper limit of RSZ of offshore wind turbines). 
Birds flying at migratory altitudes (1,000 m) may be detected at ranges exceeding 80 km (Loring et al. 
2018). 

In 2014, we operated an array of eleven, land-based automated radio telemetry towers at coastal sites 
ranging from Cape Cod, MA to Long Island, NY (Fig. 5). In addition, at each tern tagging site (Monomoy 
NWR and Great Gull Island), we operated receiving stations that were configured to monitor to track 
local movements of nano-tagged terns at the breeding colony. We also operated two mobile receiving 
stations: (1) on a passenger ferry that traveled along a north-south route across Nantucket Sound, and (2) 
on a NOAA research vessel (R/V Henry Bigelow) that regularly traveled from Newport, RI to sites 
throughout the northwest Atlantic, including George's Bank, approximately 100 km east of Cape Cod, 
MA.  

In 2015, we expanded the array to include five additional land-based telemetry towers in Massachusetts, 
Rhode Island, and New York. We continued to run a receiving station on a passenger ferry in Nantucket 
Sound, and added an additional boat-based receiving station on a whale watching boat based out of 
Nantucket, MA. At the end of the 2015 season, due to logistical issues, we decommissioned two land-
based stations (Monomoy tern colony and Eel Point, Nantucket) and two-boat based stations (passenger 
ferry and NOAA ship).  

During 2016, we added 14 land-based telemetry towers at high-priority sites ranging from Cape Cod, MA 
to Back Bay VA. The expanded array of 30 land-based telemetry stations, and the station on the whale 
watching boat in Nantucket Sound, remained in operation through the fall of 2017. To date (February 
2019), the majority of the tracking towers are still in operation to support the Motus Wildlife Tracking 
Network. A detailed description of the locations, specifications, and operational dates of each receiving 
station appears in Appendix E. 
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Figure 4. Automated radio telemetry station on Nantucket NWR (Great Point), Nantucket, MA  
Station consisted of a radial Yagi antenna array atop a guyed, 12.2 m mast with a solar powered automated receiving 
unit at the base (photo: Matt Malin).  
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Figure 5. Map of BOEM automated radio telemetry stations within the Study Area in 2014-2017 
Black and white points show locations of BOEM telemetry stations operated from 2014-2017, symbolized by years of 
operation. Federal waters of the U.S Atlantic are delineated by the red boundary (3 to 200 nautical miles). Within this 
boundary, all current (July 2018) BOEM Wind Energy Areas and Wind Planning Areas are shown as polygons. 
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2.6 Aerial Telemetry Surveys 
In 2014 and 2015 we conducted telemetry surveys in a USFWS amphibious Kodiak aircraft to relocate 
tagged Common and Roseate terns across the Study Area during the post-breeding dispersal period. We 
used a pair of 4-element, Yagi antennas mounted on each strut of the aircraft at an angle of approximately 
45° (Fig. 6). The antennas connected to a switch-box used to toggle between antennas so that signals 
could be isolated on one side of the aircraft and boxed in to localize individuals. We used an SRX-600 set 
to data-logging mode to monitor and record all detections of individuals within range. We quantified 
detection range of the airplane to detect nanotags to targets on land and in flight, by strategically placing 
test beacons in the following configurations: 1) on the ground in open, coastal areas; 2) atop a 1.5 m 
fiberglass pole on a moored boat; and 3) on a kite flying over an open coastal area at an altitude of 
approximately 30 ft. Maximum range of the aircraft receiver to detect tags under various conditions was 3 
km to tags on the ground and atop a 1.5 m fiberglass pole on a moored boat, and 6 km to tags flying on a 
kite at 30 ft. altitude. 

Telemetry surveys were flown at a constant airspeed of 110 knots and altitude of 750 ft, covering over 
3,000 km of transects from eastern Long Island Sound, NY to Cape Cod, MA (Fig. 7). Transect lines off 
the eastern shore of Cape Cod, MA (where no BOEM Wind Energy or Lease Areas are present, but terns 
are known to forage) were spaced at 6 km, and transect lines across Nantucket Sound, Rhode Island 
Sound, and Block Island Sound (in the vicinity of BOEM WEAs and Lease Areas) were spaced at 3 km. 
We completed a total of six equipment calibration flights and sixteen aerial surveys in 2014 and 2015 
(Table 1). 

During aerial surveys, the pilot-biologist (left front seat) and observer (right front seat) simultaneously 
collected survey counts of all terns observed over water within a strip width of 1,500 m (750 m on each 
side of the plane), using strut-marks to estimate the transect bounds. Counts of Common and Roseate 
terns were pooled by genus (Sterna) due to the difficulty of reliably separating these two species from the 
plane at tracking altitudes (750 ft). Counts of all other birds, marine mammals, and sea turtles were also 
recorded, with individuals identified to the lowest possible taxon. Behavior of birds was recorded as 
flying, foraging, or sitting on the water. Observation conditions were recorded on a 5-point Likert scale, 
where 1=worst conditions, 3=average conditions, and 5=best conditions. Surveys were discontinued if 
winds exceeded 20 knots or observation conditions deteriorated and persisted to 2 or lower on the Likert 
scale. All survey data are archived in the Northwest Atlantic Seabird Catalog (USFWS 2018).  
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Figure 6. USFWS amphibious Kodiak aircraft with paired directional (Yagi) antennas used for 
aerial telemetry surveys in 2014 and 2015. 
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Figure 7. Transect routes flown during aerial telemetry surveys in 2014 and 2015. 
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Table 1. Dates, start and end times (EST), transects, and weather conditions (wind speed reported 
in knots) of aerial surveys conducted during 2014 and 2015. 

Date Departure 
Time 

Return 
Time Transects Weather 

8/1/2014 17:45 18:15 Calibration Cloudy, light wind (<5) 

8/2/2014 12:00 13:15 Calibration Light wind (<5), cloudy, light rain 

8/4/2014 12:45 17:30 Nantucket Sound Partly cloudy, light wind (<5) 

8/5/2014 10:10 14:27 Cape Cod and Nantucket  Partly cloudy, fog, light wind (<5) 

8/11/2014 15:10 15:50 Calibration Partly cloudy, SW wind 5-10 

8/12/2014 11:20 14:50 Cape Cod and Nantucket  Partly cloudy, S wind 5-15  

8/18/2014 10:50 15:22 Rhode Island Sound Sunny, NW wind (5-10) 

8/19/2014 10:20 14:30 Long Island Sound  Sunny, light wind (<5) 

8/25/2014 11:13 14:50 Cape Cod and Nantucket  Sunny, NE wind (5-10) 

8/27/2014 12:05 17:00 Calibration Sunny, SW wind 10-15 gusts 20 

8/28/2014 11:00 16:16 Nantucket Sound Sunny, N wind 10-15 gusts 22 

8/30/2014 11:20 16:45 Cape Cod and Nantucket  Sunny, E wind 5-10 

7/13/2015 17:15 18:55 Calibration Partly cloudy, SW wind 10-15 

8/2/2015 10:53 14:15 Cape Cod and Nantucket Sunny, SW wind 5-10  

8/3/2015 9:15 15:00 Nantucket Sound Partly cloudy, SW wind 15-17  

8/8/2015 11:40 16:30 Long Island Sound  Partly cloudy, N wind 10 

8/9/2015 9:30 11:30 Rhode Island Sound  Partly cloudy, NE wind 10-13, fog  

8/16/2015 10:50 14:26 Cape Cod and Nantucket  Partly cloudy, SW wind 5-10 

8/17/2015 9:50 11:30 Rhode Island Sound  Sunny, light wind (<5) 

8/18/2015 9:47 12:42 Rhode Island Sound Sunny, SW wind 10-15 

8/26/2015 10:30 12:30 Cape Cod and Nantucket  Sunny, SW wind 10 

8/27/2015 10:45 14:55 Calibration Sunny, light wind (<5) 
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2.7 Frequency Coordination 
We conducted this study in collaboration with the Motus Wildlife Tracking System (www.motus.org). All 
transmitters were programmed to transmit on the Motus Network frequency of 166.380 MHz and were 
uniquely identifiable by a unique combination of the digital ID code and burst rate interval. In 2016, the 
Motus Network comprised over 300 automated radio telemetry stations from Arctic Canada to northern 
South America and over 4,000 nano-tagged individuals representing a variety of taxa of birds and bats 
(Taylor et al. 2017).  

Below, we define key terms used to describe different types of data in the Motus Network database: 

1) Principal Investigator (PI) stations: automated radio telemetry stations operated by the Principal 
Investigator of tracking study. Within this report, we refer to automated radio telemetry stations that were 
funded by BOEM as “BOEM stations”. 

2) Global stations: automated radio telemetry stations operated by cooperators in the Motus network. 

3) Target transmitters: transmitters deployed by the PI of the tagging study. 

4) Non-target transmitters: transmitters deployed by cooperators in the Motus network.  

By participating in the Motus Network, we obtained detailed detection data (including: bird ID, location, 
time, date, receiving antenna, signal strength value) for target transmitters deployed on Common Terns, 
Roseate Terns, and Piping Plovers in this study that were detected by global stations operated by partners 
within the Motus Network. In addition, the BOEM stations were programmed to detect all active non-
target transmitters deployed by partners in the Motus network. Access to and use of detection data from 
non-target transmitters recorded on BOEM stations are pursuant to the Motus Collaboration Policy 
(Motus Wildlife Tracking System 2016). The Collaboration Policy states that PIs control access and use 
of detailed detection data from their target transmitters on both their PI stations as well as all global 
stations. However, basic metadata from tags and receiving stations from all projects (location, deployment 
dates and species), as well as daily summaries of tag detections at each receiving station are publicly 
available. The basic open-access dataset from non-target data collected by BOEM stations is available on 
the Motus website (www.motus.org) and provided in tabular format as supplementary material to this 
report (Appendix F). 

2.8 Post-processing of Telemetry Data  
To post-process detection data collected by the BOEM automated radio telemetry stations, we used a 
filtering algorithm in the Sensorgnome Package (Brzustowski 2015) within program R (v.3.0.2) to 
remove false detections from the raw VHF telemetry data. The algorithm was based on the following 
default parameters applied to each unique transmitter: minimum of three consecutive bursts required to 
comprise a 'run' (run length), a maximum of 20 consecutive missed bursts allowed within each run, and a 
maximum deviation of four milliseconds from a tag's unique burst interval between its consecutive bursts 
(Brzustowski 2015). These parameters were selected according to conservative recommendations from 
Motus network developers (Taylor et al. 2017). 
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Data from global automated radio telemetry stations operated by cooperators in the Motus network were 
processed and disseminated by Bird Studies Canada. We visually inspected the processed global data and 
identified remaining spurious detection data by quantifying speed and distance of movements between 
automated radio telemetry stations. We found that some of the global towers showed higher rates of false 
positive detections than others, which led to our taking a conservative approach in minimizing false 
detection rate. The source of the false positives was unclear but was likely from nearby transmitting VHF 
or cellular antennas (Taylor et al. 2017) and was more prevalent at sites located in developed areas such 
as marinas. Due to the high rate of false-positive detections from certain global sites with a high level of 
interference, we applied a more stringent filter (relative to default) to these data that required a minimum 
of seven consecutive bursts required to comprise a 'run'. The electromagnetic noise is assumed to be white 
noise which is uncorrelated in the time domain, so selecting a minimum number of seven consecutive 
bursts ensured that received signals were from the transmitter and not environmental noise.   

2.9 Movement Models 
The first main objective of our study was to develop spatially-explicit, 3-dimensional models to estimate 
movements of Common Terns, Roseate Terns and Piping Plovers in the Atlantic OCS during the breeding 
period, post-breeding dispersal, and fall migration. Our specific aim was to develop movement models 
that simultaneously: 1) account for observation error; 2) estimate likely paths taken in continuous time 
(rates, direction); and, 3) estimate behavioral states (on land, direct flight). 

2.9.1 Background and Motivation of Approach 

Networks of automated radio telemetry arrays provide a unique opportunity to estimate detailed 3-
dimensional trajectories for tagged individuals across broad geographic ranges and flight altitudes. 
However, the theory behind such estimation and its application across broad scales remains in 
development. The principal challenges are to infer detailed flight trajectories from spatiotemporally 
scattered detection events, and to distinguish between detections either along receiving antenna beams 
(i.e. within ~35° of main antenna axes for 11.1 dBd Yagi antennas) or along ‘off-beam’ detections. 
Additionally, triangulation is only applicable within short time frames, given near-simultaneous detection 
between separate but proximate arrays. Most studies of avian movement using fixed VHF tower arrays 
have therefore involved selecting sequences of detections and analyzing these on a case by case basis, 
under the assumption that detections occur along a main-beam (Taylor et al. 2017). Bird trajectories are 
then inferred in two ways: by location or by signal strength. Some studies calculate a weighted average 
among locations of towers for sequences of detections (Woodworth et al. 2015; Duijns et al. 2017), 
sometimes augmented by manual identification of characteristic signal strength patterns from movement 
along or across main beams (Brown et al. 2016). Other studies infer flight bearings via the ratio of signal 
strength between receiving antennas during selected near-simultaneous detection events (Smolinski et al. 
2013). In contrast, our approach integrates tower location with signal strength, while accounting for other 
transmitter properties (e.g., beam orientation, altitude), for a three-dimensional perspective. 

Given the continental-wide span of the Motus system and complicated nature of signal propagation over 
heterogeneous terrain, this poses a challenging problem from the location model perspective. In this 
study, we advanced the development of approaches used to estimate transmitter location and altitude 
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explicitly, based on a two-beam radio propagation model (Janaswamy 2001; Janaswamy et al. 2018). This 
approach allows for completely automated location estimation across many individuals, and accounts 
explicitly for variation relative to the beam orientation and flight altitudes (Janaswamy 2001; Janaswamy 
et al. 2018). Compared with using a traditional direct-transmission propagation model (Friis 1946), this 
new formulation accounts for variability in the relationship between predicted signal strength and flight 
altitude, which differs for signals received along the main beam, side or back lobes (Fig. 8). For a single 
given signal received in the absence of near-simultaneous detections, the inherent uncertainty in a bird’s 
location can theoretically reach up to 80 km horizontally and several kilometers vertically (i.e., in altitude; 
McLaren et al. in prep.). 

Given the inherently nonlinear inverse relationship between signal strength and location, we integrated 
estimates of both location and flight altitude, which required a set of constraints to choose between 
possible solutions (Janaswamy 2001; Janaswamy et al. 2018). Preliminary results were based on a 
simplified beam equation, which allowed for exact matching between nearly simultaneously detected 
signals. This tended to predict locations that zig-zagged between main beams of detecting receivers, and 
occasionally predicted large jumps in minimum altitudes, due to gaps in occurrences of near-simultaneous 
detections. This implied that additional constraints were needed to account for ambiguity and unreliability 
in signal strength. For example, variation in signal strength can be strongly influenced by factors such as 
meteorological conditions and reflectance effects, as well as any limitations of the two-beam propagation 
model. 

In the present study, we accounted more fully for the vertical structure in the Janaswamy et al. (2018) 
method, applied constraints based on known flight characteristics of focal species, and created a 
framework that accounted for measurement and model uncertainty by assessing the variation in received 
versus predicted signal strength among detecting antennas. In this way, we estimated the most likely 
flight path in three dimensions, as well as the uncertainty in this estimate, based on both predicted signal 
strengths among receiving arrays and known flight characteristics. Also, and importantly, since the model 
could compare received signal strength between distinct antennas from a single receiving station, this 
increased the potential to resolve locations in comparison to traditional triangulation methods, which 
cannot resolve trajectories without near-simultaneous detections from spatially separated receiving 
stations.  

Our model workflow proceeds in six steps, outlined in detail below and in Table 2. In the first two model 
steps, we derived the most consistent estimated locations among plausible detections, based on their 
signal strength (Sections 2.9.2-2.9.4) and based on behavioral constraints (Sections 2.9.5-2.9.6). 
Specifically, the target’s location was determined to be the weighted mean among sequential locations, 
weighted by the inverse-square discrepancy in signal strength among all near-simultaneous detections, 
and resulting in the lowest discrepancy between measured and predicted signal strength. The constraints 
involved differentiating between local movements (at nesting or stopover areas) and non-stop flight 
(regional or migratory) movements according to (1) limits to a bird’s possible flight speeds in the 
horizontal and vertical and (2) the assumption that during directed flight, a bird limits variation in its 
horizontal and vertical speed (Section 2.9.6). Because these detections occurred at irregular intervals, the 
third step interpolated the estimated locations to one-minute time steps, using a Brownian Bridge 
movement model (Horne et al. 2007). Choosing a time window represents a trade-off between the 
advantage of adding more information (detections) to co-locate position, and the disadvantage of the 
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bird’s actual position changing within the time window. Maximal flight speeds were chosen to be 10 m s-1 
for the terns (Wakeling and Hodgson 1992) and 12 m s-1 for the Piping Plover (Hedenstrӧm et al 2013; 
Stantial and Cohen 2015). The 1-minute time step was selected to estimate location estimates at 
approximately a 1-km scale (given maximal flight speeds), which we felt was an appropriate resolution 
for assessing macro-scale exposure to WEAs throughout the Study Area.  

In the fourth model step, meteorological data (approximately 32-km spatial resolution and 3-hour 
temporal resolution) were spatiotemporally-interpolated to each one-minute record, and orientation and 
airspeed were derived from flight speed and wind data (Kemp et al. 2012). Meteorological data were 
downloaded from the National Centers for Environmental Prediction North American Regional 
Reanalysis (NARR; National Oceanic and Atmospheric Administration 2017). In the fifth model step, 
occurrence in WEAs and in Federal waters was quantified using the output from the Brownian Bridge 
model, as well as the standard deviation of location estimates in the horizontal plane, as described in 
Section 2.10. Finally, in the sixth model step, we extracted the magnitude of all meteorological and flight 
speed related covariates to assess incidence in Federal waters and WEAs, including flight direction and 
heading, wind support, and crosswinds (Section 2.11). 

 

Figure 8. Radiation pattern of Yagi antenna beam  
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Possible locations, measured in distance from an automated radio telemetry tower with a Lotek SRX-600 receiver 
(set to standard gain of 80) to a source (i.e., target bird), depicted for a typical received signal (30 on a scale of 0-
255), according to the two-ray propagation model. The main beam is oriented along the y-axis at x=0, with the tower 
mast located x=0 and y=0, crossbeam distance x (km), along-beam distance y (km) and vertical receiver height (z) in 
m.  

 

Table 2. Model workflow: steps 1-3 govern localization estimation, step 4 interpolates covariate 
data, and step 5 estimates exposure to Federal waters and WEAs 

Step   Action Section Method 
1a Determine periods of non-stop 

flight  
2.9.5 Based on thresholds for inter-tower distance (default minimum, 

20 km) and species-appropriate inferred flight speed 

1b Determine locations with near-
simultaneous detection 
(default time window <1 
minute)  

2.9.3 Consistency of signal strength for each location and detecting 
beam (see Fig. 8) within appropriate flight altitude bounds, 
given species and flight mode  

1c Re-determine periods of non-
stop flight based on output 1b 

2.9.5 (see above and Sections 2.9.5 and 2.9.6) 

2a Determine locations from other 
(‘single’) detections 

2.9.4 Height range interpolated from step 1b, (maximal vertical speed 
2 m/s for piping plovers and 0.5 m/s for terns 
locations based on main beam and tower locations 

2b Refine periods of non-stop 
flight based on output 2a 

2.9.5 (see above and Sections 2.9.5 and 2.9.6) 

2c Refine non-stop flight locations 
from step 2b in accordance 
with behavioral constraints  

2.9.5 Constrained by species-appropriate flight speed (see Sections 
2.9.5 and 2.9.6) and minimized discrepancy in both the location 
estimates and in the bird’s acceleration (default: minimizing 
50% sum of square location discrepancy and acceleration) 

3a Interpolate to one-minute time 
step 

2.9.7 Brownian Bridge model based on standard deviation in 
horizontal position 

3b Incorporate aerial survey 
detections (terns only) 

2.9.7 Add aerial survey location estimates, assuming standard 
measurement errors of 10 km in the horizontal and 10 m in the 
vertical. 

4  Add dynamic weather 
covariates  

2.11 Spatiotemporally interpolated NARR data  

5a Determine incidence in 
Federal waters  

2.10 Mean estimate location within FW and standard errors from 
Step 2b < 30 km in x and y 

5b Determine incidence in WEAs  2.10 Mean estimate location within WEAs and standard errors from 
Step 2b < 30 km in x and y. Given the more directed 
movements of migratory shorebirds vs. terns, incidence in 
WEAs among Piping Plovers was refined by considering only 
non-stop movements  
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2.9.2 Formulation 

For directional receivers like the Yagi element arrays deployed in this study, received signal strength (in 
dBm, normalized to a transmitter- and receiver-specific gain factor) varies with the two-dimensional and 
three-dimensional ranges (i.e. distance to receiver; r and R, respectively), radial angle ψ between receiver 
and transmitter, and the heights z of the (bird) transmitter and H of the receiving tower. To account for 
altitude effects as well as ground-reflected signals (multipath), Janaswamy et al. (2018) incorporated the 
two-beam model and applied this to the known radiation pattern of Yagi receivers. In this multipath 
formulation, the received signal is predicted to vary sinusoidally with flight altitude z, at least as long as 
the horizontal range r exceeds the vertical height z:    

Equation 1  

𝜉𝜉2 = 𝑔𝑔2(𝜓𝜓) sin2(𝑘𝑘0𝐻𝐻 ∙ 𝑧𝑧/𝑅𝑅) /(𝑘𝑘0𝑅𝑅)2                            

Here g(ψ) governs the shape of the directional beam and k0 (m-1) represents the wavenumber in free-space 
(Janaswamy 2001). The sinusoidal dependence of flight altitude z on signal strength in Equation 1, and 
Fig. 8, together illustrate how significant signal gain with height is possible, resulting in possible long-
range (>50 km) detection of high-flying birds, and adding to the complexity of distinguishing flight 
altitudes based on signal strength.   

For horizontal ranges much larger than the vertical range (z<<r), Equation 1 can be simplified and 
inverted to determine the transmitter (bird) height (z) above the ground as a function of horizontal range, 
r: 

Equation 2                             

𝑧𝑧 = 𝑟𝑟
𝑘𝑘0𝐻𝐻

sin−1�𝑘𝑘0𝑟𝑟 ∙ 𝜉𝜉/𝑔𝑔(𝜓𝜓)�    

This formulation (McLaren et al. in prep.) allows for efficient calculation and assessment of plausible 
locations in three dimensions while retaining the vertical structure of Equation (1). 

2.9.3 Near-simultaneous Detections 

In the first model step, we derived estimated target (i.e., bird) locations, and uncertainty in these locations, 
for all detections from separate towers or antennas within a time window of 60 seconds (hereafter, near-
simultaneous detections). Near-simultaneous detections help reduce the inherent ambiguity in signal 
strength (Fig. 8). A one-minute time window ensures that exposure to the WEAs is adequately assessed 
without compromising the accuracy of estimated locations (since the terns and Piping Plovers are 
predicted to cover less than 1-km per minute), whereas shorter time windows reduce the number of near-
simultaneous detections and thereby the accuracy of location estimates.  

To account for measurement and model errors, we used Equation 2 to evaluate the degree of 
correspondence among all received signals within the time window, considering all plausible horizontal 
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ranges r and axial angles ψ: for each detection within the 1-minute time window, we searched through 
2,880 candidate horizontal locations (radial distances between 100 m and 50 km, and every 0.5° radially) 
to determine the consistency of each location given the other detections. For each detected signal and 
candidate horizontal location (and corresponding vertical location, via Equation 2), the mean discrepancy 
in signal strength from all other detections was calculated (based on what their signal strength would be at 
this location using Equation 1). Estimated locations that fell outside of the possible bounds on vertical 
location were excluded. Among the remaining locations (typically 500-100 for each detection), we then 
chose the median location among those having the lowest 10% discrepancy in signal strength, and the 
mean of these best location estimates among all detections as the best (‘mean’) estimated location within 
the time window. Selecting the most representative value in the 10% most probable set of points was 
found to improve both the kite validation (Section 2.9.8) and the smoothness of non-stop flight 
trajectories, especially once these were constrained to conform to non-stop flight (see 2.9.5-2.9.6). To 
assess exposure to Federal waters and WEAs, uncertainty around this ‘mean’ location was quantified by 
the standard deviation in horizontal coordinates and the upper and lower quartile in vertical height. For 
updating locations to conform to dynamic flight constraints (Section 2.9.5), 5-95% confidence intervals in 
both the horizontal and vertical were also retained.  

2.9.4 Single Detections 

We refer to single detections by separate towers or antennas as those that occurred greater than 60 
seconds apart. In these cases (i.e., in the absence of near-simultaneous detections), localization was 
estimated following one of two procedures: (1) numerical estimation of straight-line trajectories from a 
sequence of single-antenna detections (i.e. a computational version of that employed by e.g. Brown et al. 
2017), or (2) estimation of the most likely location of a single detection based on received signal strength 
and interpolated near-simultaneous location estimates. Specifically, (1) when three or more consecutive 
detections from (only) a single antenna ‘beam’ occurred within a span of 30 minutes, a straight-line 
trajectory was fit among candidate locations to minimize the discrepancy in single strength (log-
transformed ξ squared) within the species-specific bounds for horizontal speed (see sections 2.9.5 and 
2.9.6), using MATLAB routine fmincon. An initial trajectory was used in the optimization procedure 
according to a linearized version of Equation 2 (or, equivalently, assuming, z << r). Additionally, among 
these ‘sequential’ single-beam detections, a constant vertical (climb) speed was also fit whenever 
initiation of non-stop flight was inferred (see Section 2.9.5) or if such a sequence occurred as final 
detections (the final 10 minutes for terns and 15 minutes for Piping Plovers, reflecting the latter’s stronger 
tendency for directed flight during migration). Finally, horizontal uncertainty was quantified in these 
cases by an interpolation of the horizontal uncertainty between the closest simultaneous detections, or of 
the closest simultaneous detection if only one occurred. Alternatively, (2) when fewer than 3 consecutive 
single detections occurred within 30 minutes, birds were presumed to be located along the main-beam 
(within 30 degrees of the main axis) and on the same side of the beam as the horizontally interpolated 
location from previous or following near-simultaneous detection. As with near-simultaneous location 
estimation, 2880 candidate horizontal locations were tested for consistency with measured signal strength, 
being within the visible horizon and vertical bounds, and proximity to the interpolated location between 
any previous or subsequent location estimates derived from near-simultaneous detections. 
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2.9.5 Determination of Non-stop Flight 

Refining the movement trajectories of birds through time and space required differentiation between 
stopover behavior and non-stop flight (Kranstauber et al. 2012; Jonsen 2016). The reasons for this are 
two-fold: (1) initial estimates for current locations can only be interpolated from previous or subsequent 
location estimates if they involve non-stop flight, and (2) given the potentially large range in flight 
altitudes and associated horizontal locations for any given signal strength (Fig. 8), using biologically 
reasonable bounds in altitude greatly improved model performance (see Poessel et al. 2018 for an 
analogue using GPS measurements). During non-stop flight, modeled flight altitudes were bounded by a 
minimum of 10 m and maximum 50 m for terns (Everaert and Stienen 2008) and between 10 m and 1000 
m for Piping Plovers (Williams and Williams 1990). During flight in other (‘staging’) periods, a 
minimum of 1 m and maximum of 50 m was assumed for terns and between 1 m and 30 m for Piping 
Plovers, which tend to fly at lower altitudes outside of migration (Dirksen et al. 2000; Stantial and Cohen 
2015). Non-stop flight periods were determined iteratively in the model, beginning by deriving proxy 
flight speeds based on inter-tower distances and the timing of subsequent detections. To reduce the risk of 
misidentifying simultaneous detections during stopover as non-stop flight, initial classification of non-
stop flight during the first model step was restricted to detection events involving receivers separated by 
at least 20 km. Also, because initial ground speed estimates will be influenced by proximity to detecting 
receivers, wind effects and measurement imprecision, the range of (estimated) flight speeds during non-
stop events was broadened for each species (4-20 m/s for terns and 4-30 m/s for Piping Plovers). Non-
stop flight periods were subsequently updated and refined using the improved location estimates derived 
for multiple detections (step one) and single detections (step two). To prevent misclassification of brief 
stopovers between two non-stop flight bouts, any interim period implying less than 2 m/s for longer than 
two hours was considered as a stopover as opposed to non-stop flight. 

2.9.6 Behavioral Flight Constraints 

Location estimates during non-stop flight sequences were further refined, based on known characteristics 
of flight for each species, to ensure that flight trajectories were feasible, smooth and behaviorally 
consistent. Specifically, following initial location estimation of both near-simultaneous and single 
detections, location estimates were adjusted, within the 5% and 95% bounds of the candidate locations, to 
ensure that (i) vertical speeds, i.e. as implied by estimated changes in flight altitude between detections, 
were less than 2 m/s in magnitude for Piping Plovers (Hedenstrӧm and Alerstam 1994) and 0.25 m/s for 
terns, (ii) horizontal speeds remained within 5-20 m/s for terns and 3-30 m/s for Piping Plovers, the 
relatively broader ranges accounting for straightness of flight paths, wind conditions and proximity to 
towers and (iii) the total horizontal and vertical acceleration were minimized given constraints (i) and (ii). 
The uncertainty in each dimension was retained according to the standard deviations in the x and y 
components, and both the interquartile range and the 5 to 95% quantiles in the vertical dimension among 
all candidate vertical locations. 

2.9.7 Temporal Interpolation Using Brownian Bridge Movement Model 

To estimate occurrence across Federal waters and WEAs, we spatiotemporally interpolated the irregular 
location estimates and the aerial survey detections into one-minute time steps using a Brownian Bridge 
model (Horne et al. 2007). Modelled spatial locations were interpolated in three dimensions between all 
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near-simultaneous and single detections. Uncertainty of one-minute horizontal location estimates was 
quantified as the root-mean square of estimated variance in location from detections and due to time gaps 
between detections (via a horizontal flight speed of 10 m/s for terns and 12 m/s for Piping Plovers; see 
Horne et al. 2007). Vertical uncertainty in one-minute time steps was linearly interpolated between all 
near-simultaneous and single location estimates. Aerial survey data were presumed to have a horizontal 
spatial uncertainty of 1 km (based on data from calibration surveys) and vertical uncertainty of 10 m 
(based on typical flight altitude ranges of Common and Roseate terns during breeding and post-breeding 
periods). 

2.9.8 Calibration and Validation 

Since Equation 1 is dependent on the transmitter and receiver properties, signal strength of the SRX-600 
receiver (on a scale of 0-255) needed to be calibrated using data from a known location: 

Equation 3                                

tanh−1 � 𝑍𝑍
255−𝑍𝑍

� = 𝑏𝑏 ∙ ln �𝜉𝜉
2

𝑃𝑃0
+ 1�,   

where Z represents the SRX-600 receiver signal (0-255), b represents a rate of signal saturation and p0 is a 
noise threshold (see Bai 2016 and Janaswamy et al. 2018).  

To estimate these two coefficients, two 1.0 g nanotags were attached to a kite that was flown from the 
back of a motorboat. The motorboat was driven in transects within range of two land-based 12.2 m 
automated radio telemetry stations, each supporting six, 9-element Yagi antennas mounted in a radial 
configuration with main beams separated by 60°. 

The first (calibration) dataset comprised detections from flying the kite along the main beam of two 
automated radio telemetry stations, located 6.7 km apart on Monomoy NWR in Massachusetts. We flew 
the kite at two heights, 30 and 60 m above sea level (asl), to optimize our calibration estimates within 
rotor height, within limitations of Federal Avian Administration regulations. We aligned the transmitting 
antennas of two nanotags horizontally and vertically (i.e. parallel and perpendicular to the water surface, 
respectively). This resulted in horizontal ranges from two detecting towers up to 10 km (maximum 
distance of transect length), and, between the six antennas on each, all possible bearings between the 
transmitter and receiver. All detections were pooled and the data calibrated by fitting the coefficients p0 
and b in Equation 3 using non-least squares based on GPS location of the boat, the measured signal 
strength Z, and predicted signal strength (Equation 2).  

Then, to validate the location model and coefficients, we used a second set of surveys for our calibration 
dataset, which involved a VHF-tagged kite flown at altitudes ranging from 10 to 30 m asl in a zig-zag 
pattern between the two receiving arrays. This erratic pattern was designed to provide a challenge for the 
location model, resulting in no near-simultaneous detections between towers (i.e. only between antennas 
from the same receiving tower, so that this data set would not be analyzable using traditional triangulation 
methods). To facilitate the kite’s erratic movement, we used a shorter time window for fitting single-
antenna sequences (5 minutes) and constrained modeled flight to altitudes within 10 to 40 m.  
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The mean pairwise distance between each tag location (Fig. 9, red points) and corresponding model 
estimate location (Fig. 9, green points) was 1,351 m (SD 690 m, range 134 to 3,600 m). The mean 
pairwise difference in the East-West (x) coordinates was 777 m (SD 638 m, range 20 to 3,313 m) and the 
mean pairwise difference in the North-South (y) coordinates was 909 m (SD 688 m, range 1 to 3,246 m). 

The model-estimated standard error in location (shown as green polygon in Fig. 9) was considerably 
higher than the true error, with a mean in East-West (x) coordinates of 1,316 m (SD 1,433 m, range 585 to 
12,377 m) and in North-South (y) coordinates of 1,260 m (SD 392 m, range 761 to 4,270 m). 

During the calibration survey, the altitude of the kite/transmitter was not accurately recorded because it 
varied with the wind, ranging between 10 and 30 m. The mean model estimated kite altitude was 20 m 
(SD 0.6 m, interquartile range 10 to 40 m; Fig. 10).   
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Figure 9. Results of model calibration survey conducted during September 2014 adjacent to two 
automated radio telemetry towers on Monomoy NWR, MA, USA 

Red line shows GPS track of boat towing a kite with a VHF transmitter attached to it flying at approximately 10 to 30 
m above sea level (ASL). Red points show GPS locations collected every minute. The green track shows 
corresponding locations and track estimated by the movement model. Green ellipses show model-estimated error 
(SD) corresponding to each location estimate. 
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Figure 10. Model estimated mean and standard deviation of altitude (m, ASL) over time (min) of 
VHF-tagged kite during September 2014 calibration survey  

The black error bars represent the predicted interquartile range of plausible altitudes, which depended on the 
consistency of received signal strength among all detections (modeled altitude was constrained from 10 to 40 m). The 
dark line represents the most plausible vertical trajectory as solved by the dynamic smoothing. During the survey, 
actual height of the VHF-tagged kite fluctuated between 10 and 30 m (red shading). 
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2.9.9 Including Sensorgnome Receiving Stations 

Most of the towers in the Study Area were BOEM stations equipped with SRX-600 receivers and gain set 
to 80. Additional global stations operated by partners in the Motus Network in the region (e.g. New 
Jersey, North Carolina) used Sensorgnome receivers (Taylor et al. 2017). Sensorgnome measurements are 
converted from received power to and reported in raw dBm units, which will vary with gain and other 
settings. To standardize Sensorgnome and SRX-600 signal strength data in order to make use of data 
collected from target birds at global stations, a gain of 80 was assumed and dBm units transformed to 
SRX-600 receiver Z units using a simple linear relationship (J. Brzustowski, personal communication): 

Equation 4    

𝑍𝑍 =  (40𝐺𝐺0 + 44 ∙ 𝑑𝑑𝑑𝑑𝑑𝑑 + 4565)/11    

2.9.10 Detection Probability 

To assess the efficacy of the BOEM telemetry stations in detecting movements of radio-tagged birds, we 
analyzed the relative probability of detection by single towers (with multiple-antenna) as a function of 
range (using Equation 1), and the overall detection probability based on the kite detections. These 
together allowed us to estimate the overall detection rate from the calibration surveys, given the current 
configuration of BOEM telemetry stations within the Study Area. The results for these analyses are 
presented in Appendix G.                              

2.10 Assessment of Occurrence in Federal Waters and WEAs 
Primary objectives of this study were to estimate the occurrence of Common Terns, Roseate Terns, and 
Piping Plovers in Federal waters, within each BOEM Lease Area, and BOEM Planning Area from 
Massachusetts to Virginia.  

For the BOEM Atlantic Region, we obtained GIS shapefiles of the Submerged Lands Act boundary line, 
delineating the boundary between state waters (landward) and Federal waters (seaward), and Atlantic 
OCS WEAs (v. 25 Jul 2018, BOEM 2018). We clipped these shapefiles to the boundaries of the Study 
Area (Cape Cod, MA to Back Bay, VA), retaining a total of twelve Renewable Energy Lease Areas (by 
Lease Number) and three Wind Planning Areas (by CAT1 label) in the Study Area bounds (Fig. 5). We 
also include the boundary of the Renewable Energy Zone in state waters of Rhode Island to evaluate 
exposure to the Block Island Wind Farm, which is currently the only operating wind energy facility in the 
US (Northeast Regional Ocean Council 2017).  

We assessed occurrence in Federal waters and WEAs within the Study Area using the mean and standard 
deviations in locations estimates (X and Y, in UTM coordinates) interpolated to a one-minute time step. 
Interpolations generated from tracking tower detections on long distance offshore flights were sometimes 
widely separated in time and space, and as a result subjected to artificially low flight speed estimates and 
large locational error. To address uncertainty in model output, we considered locations as occurring 
within Federal waters or WEAs when the mean estimated coordinates intersected Federal water polygon 
and/or WEA, and when the location's X-Y error distribution was less than 30-km. We selected a 30-km 
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threshold to match the spatial resolution of our meteorological data (described in Section 2.11, below) and 
to correspond the spatial scale of individual WEAs (ranging from 106 km2 to >750 km2, BOEM 2018). 

We used ArcGIS (v. 10.4.1) to display movement model output by species. To map flight paths of Piping 
Plovers, we subset all 1-minute locations identified as 'non-stop flight' and applied a smoothing filter 
(speed-distance-angle) using the R package 'trip' (Sumner 2016), set to the following parameters: max 
speed = 80 km/hr, maximum step length = 100 m, minimum turning angle = 155 degrees.  

To visualize movement patterns of Common and Roseate terns, we used the R package 'sp' (Bivand et al. 
2013) to create spatial lines using the 10-minute locations estimates of each individual tern from tag 
deployment through final detection. We then used the R package 'spatstat' (Baddeley et al. 2015) to create 
a raster surface representing number of tracks of all terns intersecting each pixel (resolution 1 km2) within 
the spatial extent of the input tracks. These maps represent the density of 10-min line segments per 1 km2 
pixel. We created separate line density maps to display variation across species and nesting colonies from 
tag attachment (during late incubation to early chick rearing period) through emigration from the Study 
Area, pooled across years.  

For each species, we created a probability density map accounting for all WEA exposure events (with 
standard deviation in estimated horizontal locations < 30 km). We did this by (i) for each time step during 
an event, based on the mean and standard deviations in estimated location, calculating spatial contours for 
10-90% occurrence probability, (ii) spatially interpolating these within time-step contours to probabilities 
within 500 x 500 m grid cells, (iii) calculating the cumulative exposure probability for each grid cell 
across time steps, and (iv) estimating total exposure density by summing these probabilities among all 
events per species. 

2.11 Meteorological Conditions 
To examine movements relative to meteorological covariates, we obtained satellite-derived North 
American Regional Reanalysis environmental data for the Study Area (Atlantic coast and OCS from Cape 
Cod, Massachusetts to Back Bay, VA) in 3-hr time steps and approximately 32-km2 spatial resolution 
(National Oceanic and Atmospheric Administration 2017). The specific meteorological covariates that we 
included were: wind at a pressure level of 1000 mb (about 100 m above sea level), quantified as wind 
speed (m/s), Zonal (Eastward) and Meridional (northward) wind components (m/s), and wind direction 
(the direction wind blows toward, measured clockwise from geographic north); and additionally four 
other meteorological covariates at surface level values: barometric pressure (Pascal [Pa]), precipitation 
accumulation (kg/m2), air temperature (Celsius [C]) and visibility (m).  

These data were interpolated from their native Lambert conic grid to each location along the predicted 
trajectory (stored in the model in NAD83 UTM 18N coordinates), using a cubic spline based on the 
nearest 8 spatial locations, and linearly interpolated in time (MATLAB routines lambert1 and latln2val, 
respectively) for each individual at each 1-minute location estimate. We also estimated wind support (i.e., 
tailwind) and crosswind components for each individual at each 1-minute time step, based on equations 
described in Kemp et al. (2012). These quantities inherently depend on a bird’s heading, i.e. how it orients 
its horizontal body axis relative to the ground, and how they might compensate for any wind drift, i.e. 
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adjust their heading to incident wind to maintain a preferred or intended direction (see Kemp et al. 2012 
and McLaren et al. 2012). For simplicity, and because many of the 1-minute interpolations reflected time 
spent on the ground, we used measures for wind support and crosswind reflecting full compensation for 
any wind drift relative to track directions. 

Geospatially referenced detection data and corresponding covariates for all birds tagged in this study were 
submitted to BOEM as a supplement to this report (Appendix H). 

2.12 Covariate Analysis of Exposure to Federal Waters and WEAs 
For analysis of timing, meteorological conditions, and altitude of flights across Federal Waters and 
WEAs, we used model location estimates (1-minute time step) for each location that intersected Federal 
Waters or WEAs and met the criteria for exposure described in Section 2.10.  

We used the program R (version 3.4.1, R Core Development Team 2017) and associated packages to 
summarize and format location data for covariate analyses. For the analysis of exposure to Federal waters, 
we used the packages 'plyr' (Wickham 2011) and 'lubridate' (Grolemund and Wickham 2011) to calculate 
the mean of each covariate to the nearest 3-hr bin (i.e. 0:00 hrs, 03:00 hrs, 06:00 hrs, 09:00 hrs, 12:00 hrs, 
15:00 hrs, 18:00 hrs, 21:00 hrs) in local Eastern Standard Time (EST). For circular variables (time of day 
in hours EST and wind direction in degrees relative to true north), we calculated the mean based on the 
circular distribution (R package 'Circular', Agostinelli and Lund 2017). We then performed an integrated 
analysis of all covariates (temporal, demographic, and meteorological) to predict movements into Federal 
waters by species using a regression-based method, boosted GAMs (R package 'mboost' using function 
'gamboost'; see also Buhlmann and Hothorn 2007). The boosted approach allows estimation of both the 
relative ‘influence’ of covariates to exposure to Federal waters (i.e., the percentage reduction in deviance 
attributable to each predictor), and of the ‘relative’ response to these covariates (Hastie et al. 2009). 

To fit responses to exposure to Federal waters as influencing discrete events, we used a Binomial logistic 
regression formulation as the basis of the boosted GAM. In this formulation, probability of exposure is 
incorporated as an ‘inverse log-link’, with responses to each covariate presented as partial contributions to 
the likelihood (log-transformed odds ratio) of an offshore event occurring, i.e. the higher the contribution, 
the increased predicted likelihood of an exposure event. Responses represent the contribution of a given 
covariate to the likelihood of exposure, quantified by log-transformed odds ratio of exposure. Additional 
advantages of this method are that in being additive it fits non-linear and independent responses to each 
covariate, and that only the most influential covariates are chosen, so that the model performs both model 
fitting and predictor selection simultaneously, i.e., covariates with little to no influence on exposure to 
offshore waters are automatically excluded.  

The boosted approach iteratively sums simple regressions based on single-covariate ‘learner’ functions, 
each chosen to minimize an equivalent loss function based on binomial predictors (see Buhlmann and 
Hothorn 2007). The additive approach facilitates estimation of the relative ‘influence’ of each covariate as 
the number of boosts choosing that covariate, to minimize the current loss. Model parameters were 
chosen to reduce possible bias and overfitting (Buhlmann and Hothorn 2007): the fit is incremented using 
small step sizes or “shrinkage” (default 0.25 for terns and 0.3 for plovers) of each iterative sub-model to 
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the fit, and is also terminated before convergence (i.e., before the fit is maximized; see e.g. Maloney et al. 
2012). We used 1,000 boosts per analysis, and verified that this was a reasonable number of 
iterationsusing the function cvrisk (cross-validated risk) with a species-specific number of separate ‘folds’ 
(independently sampled fits: 4 for Piping Plovers and 8 for terns).  

Learner functions for fitting responses were tailored to the nature of each covariate. Responses to the 
categorical covariates (sex, location, year and species) were fit using linear learner functions (resulting in 
fixed effects for each category), responses to each individual were treated as random intercepts, and 
responses to all the meteorological covariates were fit using cubic p-splines. The package also allowed 
cyclical responses to the periodic covariates (hour of day and wind direction). Finally, to assess the 
significance of the predicted covariate responses, we performed bootstrap analysis (using function confint 
with 1,000 model fits) to produce 95% confidence intervals for each covariate response. 

To assess the timing of crossing events and meteorological conditions during WEA exposure, we 
calculated summary statistics of temporal and meteorological variables associated with each exposure 
event. For circular variables (time of day, in hours EST and wind direction, in degrees relative to true 
north) we calculated the mean under a circular distribution (R package 'Circular', Agostinelli and Lund 
2017). To examine exposure relative to daylight, we used the R package 'maptools' (Bivand and Lewin-
Koh 2016) to calculate local sunrise and sunset times for each modeled location estimate, interpolated to a 
1-minute time step. Exposure events that occurred between the time of local sunrise and the time of local 
sunset were considered to have occurred during daytime hours. Conversely, exposure that occurred 
between the time of local sunset and the time of local sunrise were considered to have occurred during 
nighttime hours. For each remaining variable (wind speed, wind support, crosswind, barometric pressure, 
precipitation accumulation, temperature, visibility) we report summary statistics (mean, SD, range) across 
WEA exposure events. 

3 Results 

3.1 Common and Roseate Terns 
3.1.1 Tagging and Detection Summaries 

We tagged a total of 266 Common Terns and 150 Roseate Terns for this study over four field seasons 
(Tables 3 and 4).  In 2014, we tagged 65 Common Terns on Monomoy NWR, MA and 51 on Great Gull 
Island, NY. In 2015, we tagged 31 Common Terns and 30 Roseate Terns on Great Gull Island. In 2016, 
we tagged 30 Common Terns from nesting colonies in Buzzards Bay, MA (n=25 on Bird Island and n=5 
on Penikese Island), 30 Common Terns on Great Gull Island, and 60 Roseate Terns (n=30 on Bird Island, 
n=30 on Great Gull Island). In 2017, we tagged 29 Common Terns in Buzzards Bay (n=19 on Bird Island, 
n=10 on Ram Island), 30 Common Terns on Great Gull Island, 30 Roseate Terns in Buzzards Bay (n=19 
on Bird Island, n=11 on Ram Island), and 30 Roseate Terns on Great Gull Island. Of the total Common 
Terns tagged from 2014 to 2017, 58% (n=153) were female, 42% were male, and one individual was of 
unknown sex. Of the total Roseate Terns tagged from 2015 to 2017, 51% (n=77) were female, 48% 
(n=72) were male, and one was of unknown sex.  
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Of the 416 Common and Roseate Terns tagged, 97% were detected by the telemetry array. However, due 
to incomplete detection data from tag loss and incomplete spatial coverage of the receiving station array 
(Appendix G), modeled movements are not representative of the entire breeding and post-breeding period 
for many individuals. Tagging of Common and Roseate Terns ranged from 9 June to 12 July. Tagged 
Common Terns were tracked within the Study Area for an average of 40 days following tagging (sd 18 
days; range 0 to 101 days) and Roseate Terns were tracked for an average of 32 days following tagging 
(sd 21 days; range 0 to 95 days). 

Table 3. Number of adult Common Terns tagged at nesting colonies in MA (Monomoy NWR, 
Buzzards Bay) and NY (Great Gull Island), 2014-2017 

 2014 2015 2016 2017 Total 
Monomoy NWR, MA 65 0 0 0 65 
Buzzards Bay, MA 0 0 30 29 59 
Great Gull Island, NY 51 31 30 30 142 
Total 116 31 60 59 266 
 

Table 4. Number of adult Roseate Terns tagged at nesting colonies in MA (Buzzards Bay) and NY 
(Great Gull Island), 2015-2017 

 2015 2016 2017 Total 
Buzzards Bay, MA 0 30 30 60 
Great Gull Island, NY 30 30 30 90 
Total 30 60 60 150 

 

3.1.2 Movements in Study Area 

During the breeding and post-breeding period, model-estimated tracks of tagged Common and Roseate 
Terns primarily occurred from Cape Cod, MA to eastern Long Island Sound, NY (Figs. 10-15). Across all 
species, sites, and years, track density of tagged terns was highest within 50 km of their nesting colonies.  
High-use areas of Common and Roseate Terns tagged and nesting on Great Gull Island, NY included 
Montauk Point on Long Island, NY; Block Island, RI; and Napatree Point in southwestern RI (Figs. 12 
and 15). High-use areas of Common and Roseate Terns nesting on islands in Buzzards Bay, MA included 
western Nantucket Sound and adjacent waters of Vineyard Sound, Muskeget Island in southern Nantucket 
Sound, and Nomans Land Island in Rhode Island Sound (Figs. 13 and 15). During the post-breeding 
period, Common and Roseate Terns from Great Gull Island and Buzzards Bay dispersed to staging areas 
in southeastern Massachusetts, including the outer Cape Cod region (with high densities on Monomoy 
NWR), Nantucket, and Muskeget Island.  

From 2014 to 2017, six Common Terns and one Roseate Tern made long distance (>250 km) movements 
during the post-breeding period. Two Common Terns from Great Gull Island were tracked to Delaware 
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Bay during late July of 2014 and 2016, respectively (Fig. 12). In mid-July of 2016, a Common Tern from 
Buzzards Bay was tracked to Parker River, MA (Fig. 13). During late July through mid-September of 
2017, three Common Terns from Buzzards Bay were tracked to Delaware Bay, Virginia, and North 
Carolina (Fig. 13). One Roseate Tern from Great Gull Island was detected in coastal New Jersey during 
mid-August of 2016 (Fig. 14). 
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Figure 11. Track densities (10-min tracks/km2) of Common Terns (n=65) from the colony on 
Monomoy NWR during the breeding and post-breeding periods in 2014. 
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Figure 12. Track densities (10-min tracks/km2) of Common Terns (n=142) from the colony on Great 
Gull Island during the breeding and post-breeding periods in 2014 to 2017 (pooled). 
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Figure 13. Track densities (10-min tracks/km2) of Common Terns (n=59) from colonies in Buzzards 
Bay during the breeding and post-breeding periods in 2015 to 2017 (pooled).   
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Figure 14. Track densities (10-min tracks/km2) of Roseate Terns (n=90) from the colony on Great 
Gull Island during the breeding and post-breeding periods in 2015 to 2017 (pooled). 
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Figure 15. Track densities (10-min tracks/km2) of Roseate Terns (n=60) from colonies in Buzzards 
Bay during the breeding and post-breeding periods in 2016 and 2017 (pooled).   
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3.1.3 Aerial Telemetry Surveys 

During aerial telemetry surveys conducted in August 2014, we detected a total of 22 Common Terns (7 
from Great Gull Island and 15 from Monomoy NWR; Fig. 16). The majority of terns from both colonies 
were detected in the vicinity of Monomoy NWR. Three Common Terns (two from Monomoy and one 
from Great Gull Island) were detected in Federal waters, up to 25 km east of Cape Cod, MA. Detections 
of Common Terns in Federal waters occurred on Aug 5, 12, and 25. 

During aerial telemetry surveys conducted in August 2015, we detected a total of 3 Common Terns and 3 
Roseate Terns from Great Gull Island (Fig. 16). Two Common Terns were detected in Federal waters. 
The first was detected approximately 6 km south of Block Island, RI near the Block Island Wind Farm on 
Aug 9. The second was detected 35 km east of Cape Cod, MA (the farthest extent of the transects) on Aug 
16 and subsequently in Rhode Island Sound within BOEM Lease Area OCS-A 0486 on Aug 17. 
Detections of Roseate Terns primarily occurred within the vicinity of Monomoy NWR. One Roseate Tern 
was also detected on Martha's Vineyard and Nantucket during surveys on Aug 3 and 16, respectively. 
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Figure 16. Locations of tagged Common and Roseate Terns detected during aerial telemetry 
surveys in 2014 and 2015. 
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3.1.4 Estimated Exposure to Federal Waters  

3.1.4.1 Common Terns 

Of the 257 Common Terns detected by the array from 2014 to 2017, 78% (n=201) had estimated 
exposure to Federal waters within the Study Area (Table 5). Estimated exposure to Federal waters was 
higher among Common Terns from Buzzards Bay (85%, n=45 of 53) and Great Gull Island (81%, n=112 
of 139), relative to those from Monomoy (68%, n=44 of 65). Of the 201 Common Terns with estimated 
exposure to Federal waters, 62% (n=125) were female and 38% (n=76) were male.  

Table 5. Number of adult Common Terns tagged at nesting colonies in MA (Monomoy NWR, 
Buzzards Bay) and NY (Great Gull Island) that were exposed to Federal waters, 2014-
2017. Sample size (N) shows number of individuals tracked per year and location. 

 2014 
(N=115) 

2015 
(N=31) 

2016 
(N=59) 

2017 
(N=52) 

Total 
(N=257) 

Monomoy NWR, MA (N=65) 44 --- --- --- 44 
Buzzards Bay, MA (N=53) --- --- 23 22 45 
Great Gull Island, NY (N=139) 34 28 29 21 112 
Total (N=257) 78 28 52 43 201 

 

3.1.4.1.1 Covariate Analysis of Estimated Exposure to Federal Waters  

Day of year was the strongest predictor of exposure to Federal Waters among Common Terns, both in 
terms of selection among boosts (Table 6) and regarding the magnitude of predicted response (Fig. 17). 
Overall, the probability of exposure increased from tag deployment at the nesting areas (June) through the 
post-breeding dispersal period (mid-July through Sept; Fig. 17). Interaction terms between day of year 
and sex revealed that exposure of males to Federal waters peaked during the pre-fledging period (June 
through early July), whereas females had higher exposure relative to males during the post-fledging 
period in mid-July through September (Fig. 18). Common Terns from Buzzards Bay had a higher 
probability of exposure to Federal waters relative to Common Terns from Great Gull Island, and 
Monomoy NWR, respectively (Fig. 19). The probability of exposure to Federal waters peaked in the 
morning, from 04:00 to 09:00 hrs EST (Fig. 20). Predicted responses to the meteorological variables 
indicated increased offshore movements in fair weather, i.e. high pressure (Fig. 21), in wind-speeds that 
peaked around 10 m/s (Fig. 22). Exposure to Federal waters occurred at the lower range of air 
temperatures (10-20° C; Fig. 23), associated with early morning conditions. By year, the model predicted 
lower exposure in 2014 and 2017 relative to 2015 and 2016 (Fig. 24).  
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Table 6. Description and selection frequencies of covariates in binomial Boosted GAM analysis of 
exposure of Common Terns to Federal waters, 2014 to 2017. 

Covariate (units) Fitting function Selection 
Frequency 

Date (Julian) p-spline 0.23 
Bird ID Random intercept 0.19 
Colony categorical (MNY, GGI, Buzz Bay) 0.19 
Hour (EST) cyclical p-spline 0.13 
Pressure (Pa) p-spline 0.08 
Date * Sex categorical 0.07 
Wind speed (m/s) p-spline 0.06 
Air temperature (°C) p-spline 0.03 
Year categorical (2014, 2015, 2016, 2017) 0.03 
   
Wind support p-spline 0.00 
Sex  categorical (M, F, unknown) 0.00 
Visibility (m) p-spline 0.00 
Wind direction (° true N) cyclical p-spline 0.00 
Precipitation (kg/m2) p-spline 0.00 
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Figure 17. Boosted GAM prediction for the partial contribution of the date of year covariate (x-
axis) to the likelihood (log-transformed odds ratio) of exposure to Federal waters 
among Common Terns (y-axis) in 2014, 2015, 2016, and 2017 (pooled).  

The gray-shaded area represents the 95% confidence interval for the response based on 1000 bootstrapped models. 
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Figure 18. Boosted GAM prediction for the partial contribution of the date of year by sex 
interaction term (x-axis) to the likelihood (log-transformed odds ratio) of exposure 
to Federal waters among Common Terns (y-axis) in 2014, 2015, 2016, and 2017 
(pooled).  

The gray-shaded area represents the 95% confidence interval for the response based on 1000 bootstrapped models. 
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Figure 19. Boosted GAM prediction for the partial contribution of the nesting colony location (buzz 
= Buzzards Bay, ggi = Great Gull Island, mny = Monomoy NWR) covariate (x-axis) 
to the likelihood (log-transformed odds ratio) of exposure to Federal waters among 
Common Terns (y-axis) in 2014, 2015, 2016, and 2017 (pooled).  

The gray-shaded area represents the 95% confidence interval for the response based on 1000 bootstrapped models. 
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Figure 20. Boosted GAM prediction for the partial contribution of the hour of day (EST) covariate 
(x-axis) to the likelihood (log-transformed odds ratio) of exposure to Federal 
waters among Common Terns (y-axis) in 2014, 2015, 2016, and 2017 (pooled).  

The gray-shaded area represents the 95% confidence interval for the response based on 1000 bootstrapped models. 
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Figure 21. Boosted GAM prediction for the partial contribution of the atmospheric pressure 
covariate (x-axis) to the likelihood (log-transformed odds ratio) of exposure to 
Federal waters among Common Terns (y-axis) in 2014, 2015, 2016, and 2017 
(pooled).  

The gray-shaded area represents the 95% confidence interval for the response based on 1000 bootstrapped models. 
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Figure 22. Boosted GAM prediction for the partial contribution of the wind speed covariate (x-axis) 
to the likelihood (log-transformed odds ratio) of exposure to Federal waters among 
Common Terns (y-axis) in 2014, 2015, 2016, and 2017 (pooled).  

The gray-shaded area represents the 95% confidence interval for the response based on 1000 bootstrapped models. 
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Figure 23. Boosted GAM prediction for the partial contribution of the air temperature covariate (x-
axis) to the likelihood (log-transformed odds ratio) of exposure to Federal waters 
among Common Terns (y-axis) in 2014, 2015, 2016, and 2017 (pooled).  

The gray-shaded area represents the 95% confidence interval for the response based on 1000 bootstrapped models. 
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Figure 24. Boosted GAM prediction for the partial contribution of the year covariate (x-axis) to the 
likelihood (log-transformed odds ratio) of exposure to Federal waters among 
Common Terns (y-axis) in 2014, 2015, 2016, and 2017.  

The gray-shaded area represents the 95% confidence interval for the response based on 1000 bootstrapped models. 

 

3.1.4.2 Roseate Terns 

Of the 145 Roseate Terns detected by the array from 2015 to 2017, 59% (n=85) had estimated exposure to 
Federal waters within the Study Area (Table 7). Estimated exposure to Federal waters was similar among 
Roseate Terns from Great Gull Island (60%, n=54 of 90) and Roseate Terns from Buzzards Bay (56%, 
n=31 of 55). Of the 85 Roseate Terns with estimated exposure to Federal waters, 55% (n=47) were female 
and 44% (n=37) were male.  
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Table 7. Number of adult Roseate Terns tagged at nesting colonies in MA (Buzzards Bay) and NY 
(Great Gull Island) that were exposed to Federal waters, 2015-2017. Sample size (N) 
shows number of individuals tracked per year and location. 

 2015 
(N=30) 

2016 
(N=60) 

2017 
(N=55) 

Total 
(N=145) 

Buzzards Bay, MA (N=55) --- 14 17 31 
Great Gull Island, NY (N=90) 25 22 7 54 
Total (N=145) 25 36 24 85 

 

3.1.4.2.1 Covariate Analysis of Estimated Exposure to Federal Waters 

Similar to Common Terns, the covariate analysis of Roseate Tern exposure to Federal waters revealed 
that day of year was the strongest predictor, both in terms of selection among boosts (Table 8) and 
regarding the magnitude of predicted response (Fig. 25). Overall, the probability of exposure increased 
from tag deployment at the nesting areas (June) through the post-breeding dispersal period (mid-July 
through Sept; Fig. 25). Interaction terms between day of year and sex revealed that exposure of males to 
Federal waters was highest from the June through July, spanning the pre-fledging period through early 
post-breeding dispersal, whereas females had higher exposure relative to males during the post-breeding 
period in August and September (Fig 26). Like Common Terns, the probability of exposure to Federal 
waters among Roseate Terns peaked in the morning, from 04:00 to 09:00 hrs EST (Fig. 27). Roseate 
Terns from Buzzards Bay had a higher probability of exposure to Federal waters relative to Roseate Terns 
from Great Gull Island (Fig. 28). Predicted responses to the meteorological variables indicated increased 
offshore movements in fair weather, i.e. high pressure (Fig. 29), at wind-speeds greater than 5 m/s (Fig. 
30), with a relatively weak association with headwinds (i.e. negative wind support, Fig. 31) blowing from 
the southwest (Fig. 32). As with Common Terns, exposure to Federal waters occurred at the lower range 
of air temperatures (10-20° C), associated with early morning conditions (Fig. 33). 
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Table 8. Description and selection frequencies of covariates in binomial Boosted GAM analysis of 
exposure of Roseate Terns to Federal waters, 2015 to 2017. 

Covariate (units) Fitting function Selection 
Frequency 

Date (Julian) p-spline 0.30 
Bird ID Random intercept 0.22 
Pressure (Pa) p-spline 0.11 
Date * Sex categorical 0.08 
Hour (EST) cyclical p-spline 0.08 
Colony categorical (GGI, Buzz Bay) 0.07 
Wind speed (m/s) p-spline 0.05 
Air temperature (°C) p-spline 0.03 
Wind direction (° true N) cyclical p-spline 0.03 
Wind support p-spline 0.03 
   
Year categorical (2014, 2015, 2016, 2017) 0.00 
Sex  categorical (M, F, unknown) 0.00 
Visibility (m) p-spline 0.00 
Precipitation (kg/m2) p-spline 0.00 
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Figure 25. Boosted GAM prediction for the partial contribution of the date of year covariate (x-
axis) to the likelihood (log-transformed odds ratio) of exposure to Federal waters 
among Roseate Terns (y-axis) in 2015, 2016, and 2017 (pooled).  

The gray-shaded area represents the 95% confidence interval for the response based on 1000 bootstrapped models. 
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Figure 26. Boosted GAM prediction for the partial contribution of the date of year by sex 
interaction term (x-axis) to the likelihood (log-transformed odds ratio) of exposure 
to Federal waters among Roseate Terns (y-axis) in 2015, 2016, and 2017 (pooled).  

The gray-shaded area represents the 95% confidence interval for the response based on 1000 bootstrapped models. 
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Figure 27. Boosted GAM prediction for the partial contribution of the hour of day (EST) covariate 
(x-axis) to the likelihood (log-transformed odds ratio) of exposure to Federal 
waters among Roseate Terns (y-axis) in 2015, 2016, and 2017 (pooled).  

The gray-shaded area represents the 95% confidence interval for the response based on 1000 bootstrapped models. 
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Figure 28. Boosted GAM prediction for the partial contribution of the nesting colony location (buzz 
= Buzzards Bay, ggi = Great Gull Island) covariate (x-axis) to the likelihood (log-
transformed odds ratio) of exposure to Federal waters among Roseate Terns (y-
axis) in 2015, 2016, and 2017 (pooled).  

The gray-shaded area represents the 95% confidence interval for the response based on 1000 bootstrapped models. 
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Figure 29. Boosted GAM prediction for the partial contribution of the atmospheric pressure 
covariate (x-axis) to the likelihood (log-transformed odds ratio) of exposure to 
Federal waters among Roseate Terns (y-axis) in 2015, 2016, and 2017 (pooled).  

The gray-shaded area represents the 95% confidence interval for the response based on 1000 bootstrapped models. 
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Figure 30. Boosted GAM prediction for the partial contribution of the wind speed covariate (x-axis) 
to the likelihood (log-transformed odds ratio) of exposure to Federal waters among 
Roseate Terns (y-axis) in 2015, 2016, and 2017 (pooled).  

The gray-shaded area represents the 95% confidence interval for the response based on 1000 bootstrapped models. 
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Figure 31. Boosted GAM prediction for the partial contribution of the wind support covariate (x-
axis) to the likelihood (log-transformed odds ratio) of exposure to Federal waters 
among Roseate Terns (y-axis) in 2015, 2016, and 2017 (pooled).  

The gray-shaded area represents the 95% confidence interval for the response based on 1000 bootstrapped models. 
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Figure 32. Boosted GAM prediction for the partial contribution of the wind direction covariate (x-
axis) to the likelihood (log-transformed odds ratio) of exposure to Federal waters 
among Roseate Terns (y-axis) in 2015, 2016, and 2017 (pooled).  

The gray-shaded area represents the 95% confidence interval for the response based on 1000 bootstrapped models. 
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Figure 33. Boosted GAM prediction for the partial contribution of the air temperature covariate (x-
axis) to the likelihood (log-transformed odds ratio) of exposure to Federal waters 
among Roseate Terns (y-axis) in 2015, 2016, and 2017 (pooled).  

The gray-shaded area represents the 95% confidence interval for the response based on 1000 bootstrapped models. 
 

3.1.5 Estimated Exposure to Wind Energy Areas 

3.1.5.1 Common Terns 

Of the 257 Common Terns detected by the array from 2014 to 2017, 12% (n=30) had estimated exposure 
to BOEM WEAs within the Study Area (Table 9, Fig. 31). The highest number of estimated exposure 
events at BOEM WEAs occurred in 2014 by Common Terns from Great Gull Island (50%, n=15 of 30). 
Overall, the estimated number of exposure events were higher for females (77%, n=23) versus males 
(23%, n=7).  

Among BOEM Lease Areas, highest number of estimated exposure events by Common Terns (73%, 
n=22 of 30), occurred at OCS-A 0486 in Rhode Island Sound, predominantly from terns from the Great 
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Gull Island colony (Table 10). Additional exposure was estimated at the New York Lease Area (6%, n=2 
of 30) and Virginia Lease Area (3%, n=1 of 30). Among BOEM planning areas, the highest number of 
exposure events by Common Terns (10%, n=3 of 30) occurred at New York Bight Call Area (Table 11).  

Table 9. Number of adult Common Terns tagged at nesting colonies in MA (Monomoy NWR, 
Buzzards Bay) and NY (Great Gull Island) with estimated exposure to BOEM Wind 
Energy Areas, 2014-2017. Sample size (N) of individuals tracked per year appears in 
top row. 

 2014 
(N=115) 

2015 
(N=31) 

2016 
(N=59) 

2017 
(N=52) 

Total 
(N=257) 

Monomoy NWR, MA 0 --- --- --- 0 
Buzzards Bay, MA --- --- 3 5 8 
Great Gull Island, NY 15 3 3 1 22 
Total 15 3 6 6 30 

 

Table 10. The number of estimated exposure events by Common Terns at BOEM Lease Areas 
within the Study Area during breeding and post-breeding dispersal 2014-2017. Sample 
size (N) of individuals tracked from each tagging location appears in top row. 

BOEM 
Lease 

Number 
BOEM Lease Area Name MNY 

(N=65) 
GGI 

(N=139) 
Buzz Bay 

(N=53) 
Total 

(N=257) 

OCS-A 0486 Rhode Island/Massachusetts Lease Area – 
North  0 19 3 22 

OCS-A 0487 Rhode Island/Massachusetts Lease Area - 
South 0 0 0 0 

OCS-A 0500 Massachusetts Lease Area 0 0 0 0 
OCS-A 0501 Massachusetts Lease Area 0 0 0 0 
OCS-A 0512 New York Lease Area 0 1 1 2 
OCS-A 0499 New Jersey Lease Area - North 0 0 0 0 
OCS-A 0498 New Jersey Lease Area - South 0 0 0 0 
OCS-A 0482 Delaware Lease Area - GSOE 0 0 0 0 
OCS-A 0519 Delaware Lease Area - Skipjack 0 0 0 0 
OCS-A 0490 Maryland Lease Area 0 0 0 0 
OCS-A 0483 Virginia Lease Area 0 0 1 1 
OCS-A 0497 Virginia Research Lease 0 0 0 0 
 Total 0 20 5 25 
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Table 11. The number of estimated exposure events by Common Terns at BOEM Planning Areas 
within the Study Area during breeding and post-breeding dispersal 2014-2017. Sample size (N) of 
individuals tracked from each tagging location appears in top row. 

BOEM Planning Area Name MNY 
(N=65) 

GGI 
(N=139) 

Buzz Bay 
(N=53) 

Total 
(N=257) 

Massachusetts PSN 0 0 0 0 
New York Bight Call Area 0 1 2 3 
New York Proposed Commercial Lease 0 0 0 0 
Total 0 1 2 3 
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Figure 34. Movement tracks and composite probability density across WEAs of Common Terns 
(n=30) with estimated exposure to WEAs, 2016 and 2017. 
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Estimated exposure of Common Terns to WEAs occurred from July 1 through September 20, with peak 
exposure in late July (Fig. 35). Estimated WEA exposure events by Common Terns from Great Gull 
Island primarily occurred during the day (70%, n=16) versus night (30%, n=7), with peak exposure near 
sunrise (5:00 to 6:00 hrs EST; Fig. 36). Common Terns from Buzzards Bay had slightly higher estimated 
exposure at night (56%, n=5), versus day (44%, n=4), with peak exposure between 22:00 hrs to 23:00 hrs 
EST (Fig. 37). Estimated WEA exposure occurred during northeast or southwest winds (Fig. 38) with a 
mean speed of 5.27 m/s (Fig. 39) and positive wind-support (mean 1.99 m/s, Fig. 40). Flights across 
WEAs generally occurred during favorable weather conditions, with high visibility (mean 17,810 m; Fig. 
41), little to no precipitation (mean 0.06 kg/m2; Fig. 42), mild air temperatures (mean 21.70° C; Fig. 43), 
and high atmospheric pressure (mean 101,450 Pa, Fig. 44). However, there was some evidence of 
estimated WEA exposure during inclement weather, including low visibility (< 500 m), precipitation 
(1.03 kg/m2), and high winds (14.43 m/s; Table 12). 

 

Figure 35. Frequency distribution of WEA exposure events (n=30) by date for Common Terns from 
2015 to 2017 (pooled) by location of tag deployment. 
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Figure 36. Diel variation (hrs, in EST) in timing of WEA exposure events (n=22) of Common Terns 
tagged on Great Gull Island, NY, categorized by daylight using timing of local 
sunrise and sunset. 
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Figure 37. Diel variation (hrs, in EST) in timing of WEA exposure events (n=8) of Common Terns 
tagged in Buzzards Bay, MA, categorized by daylight using timing of local sunrise 
and sunset. 
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Figure 38. Circular histogram of wind direction (degrees clockwise from N) during WEA exposure 
events (n=30) of Common Terns from 2015 to 2017. 

  



 

78 

 

Table 12. Summary statistics of meteorological conditions during WEA exposure events (n=30) of 
Common Terns from 2015 to 2017. 

 Mean SD Min Max 
Wind speed 5.27 3.64 0.63 14.43 
Wind support (m/s) 1.99 5.18 -4.95 14.14 
Visibility (m) 17,810 4550 285 20,843 
Precipitation (kg/m2) 0.06 0.20 0.00 1.03 
Air temperature (C) 21.70 1.98 16.81 25.28 
Pressure (Pa) 101,450 528 100,303 102,504 

 

 

 

Figure 39. Frequency distribution of wind speed (m/s) during WEA exposure events (n=30) of 
Common Terns from 2015 to 2017.  
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Figure 40. Frequency distribution of wind support (m/s) during WEA exposure events (n=30) of 
Common Terns from 2015 to 2017.  

 

 

Figure 41. Frequency distribution of visibility (m) during WEA exposure events (n=30) of Common 
Terns from 2015 to 2017. 
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Figure 42. Frequency distribution of precipitation accumulation (kg/m2) during of WEA exposure 
events (n=30) of Common Terns from 2015 to 2017. 

 

 

Figure 43. Frequency distribution of precipitation air temperature (°C) during of WEA exposure 
events (n=30) of Common Terns from 2015 to 2017. 

 



 

81 

 

 

 

Figure 44. Frequency distribution of barometric pressure (Pa) during of WEA exposure events 
(n=30) of Common Terns from 2015 to 2017. 

 

3.1.5.2 Roseate Terns 

Of the 145 Roseate Terns detected by the array from 2015 to 2017, 6% (n=8) had estimated exposure to 
BOEM WEAs within the Study Area (Table 13, Fig. 45). The highest number of estimated exposure 
events at BOEM WEAs for Roseate Terns occurred in 2016 by individuals from Great Gull Island (75%, 
n=6 of 8). Similar to Common Terns, the estimated number of exposure events were higher for females 
(75%, n=6 of 8) versus males (25%, n=2 of 8). All estimated exposure events by Roseate Terns (n=8), 
occurred at OCS-A 0486 in Rhode Island Sound (Table 14), which also had the highest number of 
estimated exposure events by Common Terns. There were no estimated exposure events of Roseate Terns 
within BOEM Planning Areas (Table 15).  

Table 13. Number of adult Roseate Terns tagged at nesting colonies in MA (Buzzards Bay) and NY 
(Great Gull Island) with estimated exposure to Wind Energy Areas, 2015-2017. Sample 
size (N) of individuals tracked per year appears in top row. 

 2015 
(N=30) 

2016 
(N=60) 

2017 
(N=55) 

Total 
(N=145) 

Buzzards Bay, MA --- 1 1 2 
Great Gull Island, NY 0 6 0 6 
Total 0 7 1 8 
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Table 14. The number of estimated exposure events by Roseate Terns at BOEM Lease Areas 
within the Study Area during breeding and post-breeding dispersal 2015-2017. Sample 
size (N) of individuals tracked from each tagging location appears in top row. 

BOEM 
Lease 

Number 
BOEM Lease Area Name GGI 

(N=55) 
Buzz Bay 

(N=90) 
Total 

(N=145) 

OCS-A 0486 Rhode Island/Massachusetts Lease Area – 
North  6 2 8 

OCS-A 0487 Rhode Island/Massachusetts Lease Area - 
South 0 0 0 

OCS-A 0500 Massachusetts Lease Area 0 0 0 
OCS-A 0501 Massachusetts Lease Area 0 0 0 
OCS-A 0512 New York Lease Area 0 0 0 
OCS-A 0499 New Jersey Lease Area - North 0 0 0 
OCS-A 0498 New Jersey Lease Area - South 0 0 0 
OCS-A 0482 Delaware Lease Area - GSOE 0 0 0 
OCS-A 0519 Delaware Lease Area - Skipjack 0 0 0 
OCS-A 0490 Maryland Lease Area 0 0 0 
OCS-A 0483 Virginia Lease Area 0 0 0 
OCS-A 0497 Virginia Research Lease 0 0 0 
 Total 6 2 8 

 

Table 15. The number of estimated exposure events by Roseate Terns at BOEM Planning Areas 
within the Study Area during breeding and post-breeding dispersal 2015-2017. Sample 
size (N) of individuals tracked from each tagging location appears in top row. 

BOEM Planning Area Name GGI 
(N=55) 

Buzz Bay 
(N=90) 

Total 
(N=145) 

Massachusetts PSN 0 0 0 
New York Bight Call Area 0 0 0 
New York Proposed Commercial Lease 0 0 0 
Total 0 0 0 
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Figure 45. Movement tracks and composite probability density across WEAs of Roseate Terns 
(n=8), with estimated exposure to WEAs, 2016 and 2017. 
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Estimated exposure of Roseate Terns to WEAs occurred from June 27 through August 13, with peak 
exposure during late July and early August (Fig. 46). Most (88%, n=7) of the estimated WEA exposure 
events by Roseate Terns were diurnal (Fig. 47).  

Estimated WEA exposure occurred during northeast winds (Fig. 48) with a mean speed of 5.28 m/s (Fig. 
49) and slightly positive wind-support (mean 0.25 m/s, Fig. 50). As with Common Terns, flights across 
WEAs generally occurred during favorable weather conditions, with high visibility (mean 15,608 m; Fig. 
51), no precipitation (mean <0.01 kg/m2; Fig. 52), mild air temperatures (mean 22.81° C; Fig. 53), and 
high atmospheric pressure (mean 101,629 Pa, Fig. 54). However, there was some evidence of estimated 
WEA exposure during low visibility conditions (< 500 m; Fig. 51 and Table 16). 

 

 

Figure 46. Frequency distribution in calendar date of WEA exposure events (n=8) of Roseate 
Terns in 2016 and 2017 (pooled) by location of tag deployment. 
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Figure 47. Diel variation (hrs, in EST) in timing of WEA exposure events (n=8) of Roseate Terns, 
categorized by daylight using timing of local sunrise and sunset. 
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Figure 48. Circular histogram of wind direction (degrees clockwise from N) during WEA exposure 
events (n=8) of Roseate Terns in 2016 and 2017. 
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Table 16. Summary statistics of meteorological conditions during WEA exposure events (n=8) of 
Roseate Terns from 2016 to 2017. 

 Mean SD Min Max 
Wind speed 5.28 2.03 2.65 8.03 
Wind support (m/s) 0.25 5.03 -7.03 6.18 
Visibility (m) 15,608 7,186 441 20,016 
Precipitation (kg/m2) <0.01 <0.01 0.00 <0.01 
Air temperature (C) 22.81 1.82 20.10 25.37 
Pressure (Pa) 101,629 417 100,986 102,211 

 

 

 

 

Figure 49. Frequency distribution of wind speed (m/s) during WEA exposure events (n=8) of 
Roseate Terns in 2016 and 2017. 
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Figure 50. Frequency distribution of wind support (m/s) during WEA exposure events (n=8) of 
Roseate Terns in 2016 and 2017. 

 

 

 

Figure 51. Frequency distribution of visibility (m) during WEA exposure events (n=8) of Roseate 
Terns in 2016 and 2017. 
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Figure 52. Frequency distribution of precipitation accumulation (kg/m2) during of WEA exposure 
events (n=8) of Roseate Terns in 2016 and 2017. 

 

 

 

Figure 53. Frequency distribution of air temperature (C) during of WEA exposure events (n=8) of 
Roseate Terns in 2016 and 2017. 
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Figure 54. Frequency distribution of barometric pressure (Pa) during of WEA exposure events 
(n=8) of Roseate Terns in 2016 and 2017. 

 
 

3.1.6 Altitude Distribution of Terns During Exposure to Federal Waters and WEAs 

When in Federal waters, estimated flight altitudes of Common and Roseate terns were similar and 
predominantly occurred below the RSZ (25 to 250 m). Overall mean estimated altitudes were 15 m 
among Common Terns (Table 17, with 4.3% exposure to RSZ) and among Roseate Terns (Table 18, with 
6.4% exposure to RSZ), and were similar between day and night (Figs. 55 and 56).  

When exposed to WEAs, Common and Roseate terns were estimated to fly at similar altitudes as during 
exposure to Federal Waters generally (with typical mean differences of ~1 m in altitude), and exhibited 
little variability between day and night (Tables 17 and 18). Exposure to RSZ was generally less in WEAs 
in comparison with in Federal waters (4% among Common Terns and 0% among Roseate Terns). This 
may reflect the smaller sample size of exposure to WEAs, in conjunction with the infrequent exposure to 
RSZ overall (essentially in the tail of the altitude distribution). Estimates of exposure to the RSZ should 
be interpreted in the context of the model range (uncertainty) in plausible altitudes, which generally 
exceeded the range in estimated altitudes (Figs. 55 and 56). 
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Table 17. Model-estimated flight altitudes (m) of Common Terns during exposure to Federal 
waters and WEAs during the day and night, with sample size (number of 10-min time 
intervals) and frequency of estimated occurrence within the rotor-swept zone (25-250 
m). 

Exposure Zone Time of Day Mean Altitude 
(5-95% Range) 

N   
 (10-min intervals) 

RSZ Frequency 
(%) 

Federal waters All 15 (11-24) 12,692 4.3 

  Day 15 (11-24) 7859 3.7 

  Night 15 (11-25) 4833 5.2 

WEAs All 16 (11-25) 173 4.0 

  Day 15 (10-24) 112 0.9 

  Night 18 (12-26) 18 9.8 

 

Table 18. Model-estimated flight altitudes (m) of Roseate Terns during exposure to Federal waters 
and WEAs during the day and night, with sample size (number of 10-min time intervals) 
and frequency of estimated occurrence within the rotor-swept zone (25-250 m). 

Exposure Zone 
 

Time of Day Mean Altitude 
(5-95% Range ) 

N   
 (10-min 

intervals) 

RSZ Frequency 
(%) 

Federal waters All 15 (11-26) 4272 6.4 

  Day 16 (11-26) 2671 6.4 

  Night 15 (11-26) 1601 6.4 

WEAs All 14 (11-20) 73 0.0 

  Day 16 (11-21) 59 0.0 

  Night 12 (11-13) 14 0.0 
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Figure 55. Model-estimated flight altitude ranges (m) of Common Terns  
During exposure to Federal waters (FW) and WEAs during day and night. The green-dashed line represents the 
lower limit of the RSZ (25 m).  
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Figure 56. Model-estimated flight altitude ranges (m) of Roseate Terns  
During exposure to Federal waters (FW) and WEAs during day and night. The green-dashed line represents the 
lower limit of the RSZ (25 m).  

 

3.2 Piping Plovers 
3.2.1 Tagging and Detection Summaries 

From 2015 to 2017, we tagged 50 adult Piping Plovers each year at nesting areas in Massachusetts (n=25 
per year) and Rhode Island (n=25 per year). In total, 52% (n=78 of 150) were female, 45% (n=68 of 150) 
were male, and the remaining 3% (n=4 of 150) were of unknown sex. 

Of the 150 individuals tagged, 82% were detected by the telemetry array (range 70-88% detected per 
year; Table 19). Field staff observed that 25% of tagged plovers dropped their transmitters on the 
breeding grounds (range 16-32% of individuals with dropped tags per year; Table 19). Number of 
dropped transmitters was lowest in 2017, coinciding with use of the lighter (0.67 g) model of transmitter 
in 2017 relative to 2015 and 2016, where 1.0-g transmitters were used.  
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Tagged Piping Plovers were detected by the tracking array for an average of 46 days (sd 27 days, range 0-
102 days; Appendix D). Due to incomplete detection probability, 47% (n=70 of 150) individuals had 
sufficient detection data to model migratory departure from the breeding grounds. Migratory departure 
events were identified by southbound departures from breeding areas tracked by two or more towers 
within the telemetry array. 

Table 19. Tag deployment and detection summaries of adult Piping Plovers tagged at nesting 
areas in Massachusetts and Rhode Island, 2015-2017 

 2015 2016 2017 Total 
Number of individuals tagged 50 50 50 150 
Number of individuals detected 44 35 44 123 
Number of dropped tags at nesting 
areas 16 13 8 37 
Number of individuals detected during 
migratory departure 21 22 27 70 

 

3.2.2 Migratory Movements in Study Area 

The majority (93%) of Piping Plovers tracked during migratory departure from nesting areas in MA 
(n=37) departed on a south-southwest trajectory across Nantucket Sound, and the remaining 7% (n=3) 
departed to the west across Nantucket Sound (Fig. 57). Of the Piping Plovers that departed on a south-
southwest trajectory, 68% (n=25) were last detected traveling into Federal waters south of Nantucket, due 
in part to limited numbers of towers in the mid-Atlantic region during 2015 (Fig. 57A). The remaining 
32% were tracked along offshore routes across the mid-Atlantic Bight to coastal areas ranging from Long 
Island, NY to North Carolina.  

All of the Piping Plovers tracked during migratory departure from nesting areas in RI (n=30) departed on 
a south-southwest trajectory between Block Island Sound and eastern Long Island Sound and 50% were 
last detected within this region. Thirty seven percent (n=11) were tracked using offshore routes across the 
mid-Atlantic Bight to coastal areas ranging from New Jersey to North Carolina. The remaining 13% 
(n=4) were tracked along a more coastal route; three were last detected in southwestern Long Island and 
one was tracked from southwestern Long Island, across New York Bight, and south along the coast of 
New Jersey to Maryland. 
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A. 
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B. 
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C. 

 

Figure 57. Model estimated migratory tracks of Piping Plovers tagged in Massachusetts (red) and 
Rhode Island (blue) in 2015 (A), 2016 (B), and 2017 (C). 
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3.2.3 Exposure to Federal Waters  

Across all years, the array tracked movements of 66 Piping Plovers into Federal waters (Table 20). One 
individual was tracked in flight across Federal waters of Nantucket Sound during the post-breeding 
period, prior to migratory departure from the breeding grounds. The remaining 65 individuals were 
exposed to Federal waters during their migratory departure from breeding areas. Migratory departure of 
Piping Plovers was primarily offshore. Of the 70 individuals tracked during migratory departure, 93% 
(n=65) had tracks that intersected Federal waters. All (n=40 of 40) of the Piping Plovers tracked during 
migratory departure from Massachusetts had tracks that intersected Federal waters. Of the Piping Plovers 
tracked departing from Rhode Island during migration, 83% (n=25 of 30) intersected with Federal waters 
and the remaining 17% (n=5 of 30) were last detected by the array within state waters of Block Island 
Sound or eastern Long Island South, traveling towards Federal waters to the south. Estimated exposure to 
Federal waters was highest in 2017 (n=25 individuals), likely due in part to increased transmitter retention 
and increased tower coverage during 2017. Of the 66 Piping Plovers with estimated exposure to Federal 
waters, 53% (n=35) were female and 47% (n=31) were male. 

Table 20. Number of adult Piping Plovers tagged from nesting areas in Massachusetts and Rhode 
Island that were exposed to Federal waters, 2015-2017 

 2015 2016 2017 Total 
Massachusetts  16 9 16 41 
Rhode Island  5 11 9 25 
Total 21 20 25 66 

3.2.4 Covariate Analysis of Estimated Exposure to Federal Waters 

The covariate analysis for Piping Plovers with boosted GAMs revealed that day of year, wind direction, 
and time of day were the strongest predictors of exposure to Federal Waters (Table 21), with peak 
exposure occurring from late July through early August, when winds were blowing to the southwest at 
sunset (20:00 hrs EST; Figs. 58-60). Exposure of Piping Plovers to Federal waters was also associated 
with higher air temperatures (Fig. 61), and increased wind-support (tailwinds; Fig. 62). Significance of 
the year covariate, with lower exposure in 2015 relative to 2016 and 2017 (Fig. 63), was likely due to the 
more limited geographic coverage of towers in 2015 to detect offshore flights to staging areas in the mid-
Atlantic (Appendix G).    
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Table 21. Description and selection frequencies of covariates in binomial Boosted GAM analysis 
of exposure of Piping Plover to Federal waters, 2015-2017. 

Covariate (units) Fitting function Selection 
Frequency 

Date (Julian) p-spline 0.29 
Wind direction (° true N) cyclical p-spline 0.24 
Hour (EST) cyclical p-spline 0.15 
Air temperature (°C) p-spline 0.10 
Year categorical (2015, 2016, 2017) 0.09 
Wind support (m/s) p-spline 0.08 
Bird ID Random intercept 0.06 
   

Wind speed (m/s) p-spline 0.00 
Pressure (Pa) p-spline 0.00 
Precipitation (kg/m2) p-spline 0.00 
Visibility (m) p-spline 0.00 
Sex  categorical (M, F, unknown) 0.00 
Fledge success  categorical (0/1) 0.00 
Location of Tagging  categorical (MA, RI) 0.00 
Date * Fledge Success categorical 0.00 
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Figure 58. Boosted GAM prediction for the partial contribution of the date of year covariate (x-
axis) to the likelihood (log-transformed odds ratio) of exposure to Federal waters 
among Piping Plovers (y-axis).  

The gray-shaded area represents the 95% confidence interval for the response based on 1000 bootstrapped models. 
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Figure 59. Boosted GAM prediction for the partial contribution of the wind direction covariate (x-
axis, in degrees clockwise from Geographic North that the wind is blowing 
towards) to the likelihood (log-transformed odds ratio) of exposure to Federal 
waters among Piping Plovers (y-axis).  

The gray-shaded area represents the 95% confidence interval for the response based on 1000 bootstrapped models. 
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Figure 60. Boosted GAM prediction for the partial contribution of the hour of day covariate (x-axis, 
in EST) to the likelihood (log-transformed odds ratio) of exposure to Federal waters 
among Piping Plovers (y-axis).  

The gray-shaded area represents the 95% confidence interval for the response based on 1000 bootstrapped models. 
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Figure 61. Boosted GAM prediction for the partial contribution of surface air temperature (x-axis, 
in degrees Celsius) to the likelihood (log-transformed odds ratio) of exposure to 
Federal waters among Piping Plovers (y-axis).  

The gray-shaded area represents the 95% confidence interval for the response based on 1000 bootstrapped models. 
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Figure 62. Boosted GAM prediction for the partial contribution of wind support (x-axis, 
representing tailwind component in m/s) to the likelihood (log-transformed odds 
ratio) of exposure to Federal waters among Piping Plovers (y-axis).  

The gray-shaded area represents the 95% confidence interval for the response based on 1000 bootstrapped models. 
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Figure 63. Boosted GAM prediction for the partial contribution of year (x-axis) to the likelihood 
(log-transformed odds ratio) of exposure to Federal waters among Piping Plovers 
(y-axis).  

The gray-shaded area represents the 95% confidence interval for the response based on 1000 bootstrapped models. 
 

3.2.5 Estimated Exposure to Wind Energy Areas 

Of the 70 individuals that were tracked during fall migration, 27% (n=19) had estimated exposure to 
WEAs within the Study Area (Table 22). Estimated exposure to WEAs was higher for plovers tagged in 
Massachusetts (19%, n=13) versus those tagged in Rhode Island (8%, n=6), and slightly higher for males 
(58%, n=11) versus females (42%, n=8). Estimated exposure to WEAs was highest in 2017 (n=12 
individuals), likely due in part to increased transmitter retention and increased tower coverage during 
2017.  

Individual Piping Plovers had estimated exposure to up to 4 WEAs given year (mean 1.58, sd 0.9, range 
1-4 WEAs; Appendix D). There was a total of 25 estimated exposure events at BOEM Lease Areas, and 
10 estimated exposure events at BOEM Planning Areas (Tables 23 and 24; Fig. 64). Among BOEM 
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Lease Areas, the highest estimated exposure occurred among Massachusetts-tagged plovers migrating 
offshore of Massachusetts and Rhode Island, at OCS-A 0500/501 (9 events) and OCS 486/487 (8 events; 
Table 23). Among BOEM Planning Areas, the highest estimated exposure occurred at NY Bight Call 
Area among plovers migrating from nesting areas in Rhode Island (n=7) and Massachusetts (n=1; Table 
24).  

 

Table 22. Number of adult Piping Plovers tagged from nesting areas in Massachusetts and Rhode 
Island with estimated exposure to BOEM Wind Energy Areas, 2015-2017 

 2015 2016 2017 Total 
Massachusetts 1 3 9 13 
Rhode Island 2 1 3 6 
Total 3 4 12 19 

 

Table 23. The number of estimated exposure events by Piping Plovers at BOEM Lease Areas 
within the Study Area during fall migration, 2015-2017. Sample size (N) of individuals 
tracked from each tagging location appears in top row. 

BOEM Lease 
Number BOEM Lease Area Name MA 

(N=58) 
RI 

(N=44) 
Total 

(N=102) 
OCS-A 0486 Rhode Island/Massachusetts Lease Area – North  5 0 5 
OCS-A 0487 Rhode Island/Massachusetts Lease Area - South 3 0 3 
OCS-A 0500 Massachusetts Lease Area 6 0 6 
OCS-A 0501 Massachusetts Lease Area 3 0 3 
OCS-A 0512 New York Lease Area 0 1 1 
OCS-A 0499 New Jersey Lease Area - North 1 1 2 
OCS-A 0498 New Jersey Lease Area - South 0 0 0 
OCS-A 0482 Delaware Lease Area - GSOE 1 0 1 
OCS-A 0519 Delaware Lease Area - Skipjack 0 0 0 

OCS-A 0490 Maryland Lease Area 2 2 4 
OCS-A 0483 Virginia Lease Area 0 0 0 
OCS-A 0497 Virginia Research Lease 0 0 0 
 Total 21 4 25 
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Table 24. The number of estimated exposure events by Piping Plovers at BOEM Planning Areas 
within the Study Area during fall migration, 2015-2017. Sample size (N) of individuals 
tracked from each tagging location appears in top row. 

BOEM Planning Area Name MA 
(N=58) 

RI 
(N=44) 

Total 
(N=102) 

Massachusetts PSN 0 0 0 
New York Bight Call Area 1 6 7 
New York Proposed Commercial Lease 0 3 3 

Total 1 9 10 
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Figure 64. Migratory tracks and composite probability density across WEAs of Piping Plovers 
(n=19) with estimated exposure to WEAs, 2015 to 2017. 
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3.2.6 Temporal and Meteorological Variation in WEA Exposure 

Estimated exposure of Piping Plovers to WEAs occurred between July 5 and August 14, with a peak in 
late July (Fig. 65). For Piping Plovers tagged in Massachusetts, peak estimated WEA exposure occurred 
within four hours of local sunset (19:00 hrs), with 36% (n=8) events occurring at night and 64% (n=14) 
during daylight (Fig. 66). All estimated WEA exposure events of Piping Plovers tagged in Rhode Island 
occurred at night, between 19:00 and 01:00 hrs EST (Fig. 67).  

Piping Plovers had estimated exposure to WEAs during southwest winds (median 213°; Fig. 68) with a 
mean wind speed of 7.30 m/s (Fig. 69), providing a tail-wind (mean wind support 4.77 m/s; Fig. 70 and 
Table 25). Weather conditions during estimated WEA exposure events were generally fair, with high 
visibility (Fig. 71), little precipitation (Fig. 72), and mild temperatures (Fig. 73), and high atmospheric 
pressure (Fig. 74).  

 

Figure 65. Frequency distribution in calendar date of WEA exposure events (n=35) of Piping 
Plovers from 2015 to 2017 (pooled) by location of tag deployment. 
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Figure 66. Diel variation (hrs, in EST) in timing of WEA exposure events (n=22) of Piping Plovers 
tagged in Massachusetts, categorized by daylight using timing of local sunrise and 
sunset. 

 



 

111 

 

 

Figure 67. Diel variation (hrs, in EST) in timing of WEA exposure events (n=13) of Piping Plovers 
tagged in Rhode Island, categorized by daylight using timing of local sunrise and 
sunset. 
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Figure 68. Circular histogram of wind direction (degrees clockwise from N) during WEA exposure 
events (n=35) of Piping Plovers from 2015 to 2017. 
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Table 25. Summary statistics of meteorological conditions during WEA exposure events (n=35) of 
Piping Plovers from 2015 to 2017. 

 Mean SD Min Max 
Wind speed 7.30 3.77 1.94 13.06 
Wind support (m/s) 4.77 5.80 -8.52 12.58 
Visibility (m) 19,138 2103 11,073 20,022 
Precipitation (kg/m2) 0.22 0.55 0.00 2.76 
Air temperature (°C) 21.96 3.10 16.83 32.10 
Pressure (Pa) 101,175 320 100,330 102,194 

 

 

 

 

Figure 69. Frequency distribution of wind speed (m/s) during WEA exposure events (n=35) of 
Piping Plovers from 2015 to 2017.  
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Figure 70. Frequency distribution of wind support (m/s) during WEA exposure events (n=35) of 
Piping Plovers from 2015 to 2017.  
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Figure 71. Frequency distribution of visibility (m) during WEA exposure events (n=35) of Piping 
Plovers from 2015 to 2017. 

 

Figure 72. Frequency distribution of precipitation accumulation (kg/m2) during of WEA exposure 
events (n=35) of Piping Plovers from 2015 to 2017. 

 

Figure 73. Frequency distribution of precipitation air temperature (°C) during of WEA exposure 
events (n=35) of Piping Plovers from 2015 to 2017. 
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Figure 74. Frequency distribution of barometric pressure (Pa) during of WEA exposure events 
(n=35) of Piping Plovers from 2015 to 2017. 

3.2.7 Altitude Distribution of Piping Plovers During Exposure to Federal Waters and 
WEAs 

Model-estimated flight altitudes of Piping Plovers typically occurred above the RSZ (25 to 250 m) both 
over Federal Waters (mean 287 m, 5-95% range 48-377, n = 10,359; Fig. 75) and WEAs (mean 317 m,  
5-95% range 235-391 m, n = 1,200; Fig. 75). Exposure to the RSZ was higher during flights over Federal 
waters (21.3%) versus WEAs specifically (15.2%), where flights tended to occur above the RSZ. 
Exposure to the RSZ was higher at night versus during the day, over Federal waters (Fig. 75) and WEAs 
(Table 26).  
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Table 26. Model-estimated flight altitudes (m) of Piping Plovers during exposure to Federal waters 
and WEAs during the day and night, with sample size (number of 10-min time intervals) 
and frequency of estimated occurrence within the rotor sept zone (25-250 m). 

Exposure Zone Time of Day Mean Altitude 
(5-95% Range)  

Sample Size RSZ Frequency 
(%) 

Federal waters All 287 (48-377) 10,359 21.3 

  Day 289 (26-397) 3,966 19.1 

  Night 286 (61-355) 6,393 22.7 

WEAs All 317 (235-391) 1,200 15.2 

  Day 338  (327-396) 428 0.7 

  Night 306 (231-343) 772 23.2 
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Figure 75. Model-estimates flight altitude ranges (m) of Piping Plovers  
During exposure to Federal waters (FW) and WEAs during day and night. The green-dashed lines represent the 
lower and upper limits of the RSZ (25-250 m).  
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4 Discussion 

4.1 VHF Tracking Technology 
Through this work, we demonstrate the utility of digital VHF telemetry and automated radio telemetry 
stations for monitoring the flights of individually-marked birds within Federal waters and across offshore 
WEAs. The primary benefit of digital VHF technology is that it facilitates continuous monitoring of focal 
areas when tagged birds are within detection range of an active station, typically within 5-20 km. This 
around-the-clock monitoring makes it possible to track movements and exposure of birds to focal areas 
during periods of darkness and inclement weather, addressing a key information gap in risk analyses of 
offshore WEAs (Allison et al. 2006). Through the use of coded VHF technology, it is possible to track the 
movements of thousands of uniquely tagged individuals, with known demographic characteristics (e.g. 
age, sex, reproductive status, breeding population), continuously and simultaneously on a shared 
frequency. Participation in Motus Wildlife Tracking Network expands opportunities to collect tracking 
data on additional tagged species across extended geographic areas (Taylor et al. 2017).   

Challenges of utilizing digital VHF tracking technology over large spatial scales, such as the Atlantic 
OCS, are primarily due to limited ranges of land-based tracking equipment to detect birds flying far 
offshore and resultant irregularly-spaced time gaps between detections. We attempted to increase offshore 
coverage by deploying automated radio telemetry stations on boats that regularly occur offshore 
(passenger ferry, whale watching boat, NOAA research vessel) and through aerial telemetry surveys. 
However, due to space limitations on survey platforms, each of the boat-based stations used a single, 
omni-directional antenna, which were subject to high-levels of electromagnetic interference and had very 
limited detection range (approximately 500 m). We are currently field-testing 5-element Yagi antennas on 
a passenger ferry in Long Island Sound that appear to have higher detection range (> 1 km) and lower 
levels of electromagnetic interference relative to the omni-directional antennas used in the present study. 
The 4-element Yagi antennas used for aerial surveys were also subject to high-levels of electromagnetic 
noise from the aircraft. In addition, the burst rate of nanotag transmitters (5 seconds) made it challenging 
to track signals from the aircraft traveling at speeds of ~110 knots due to limited detection range (<6 km) 
and high directionality of the aircraft-mounted Yagi antennas.  

Additional limitations with digital VHF technology resulted from issues with detection probability due to 
offline receiving stations and tag loss from birds prior to their departure from the Study Area. In 2014, 
due to logistical delays, several receiving stations within the network were not installed until mid to late 
July, which likely caused key movements during the earlier portion of the study window to go undetected. 
Throughout all years of the study, several stations were occasionally offline for periods of several days to 
several weeks (usually due to power or other maintenance issues), resulting in gaps in detection coverage 
within certain time periods and geographic areas. Birds were closely monitored near their breeding areas, 
but after they departed, detection probability decreased through incomplete or unknown retention of 
transmitters fitted with temporary attachment methods (e.g. glue, sutures). Our approach explicitly 
estimated error around exposure probability to provide estimates of uncertainty due to factors such as low 
detection probability, and we removed estimates with high uncertainty from our exposure analysis. 
Additionally, since the tracking array likely missed flights that occurred within our Atlantic OCS Study 
Area (due to offline stations or limited detection ranges), and since we do not know if the final detections 
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of birds corresponded with departure from the Study Area or were a result of tag loss, the estimates of 
exposure to Federal waters and WEAs reported here should be considered a minimum. 

4.2 Movement Models 
The movement model represents, to our knowledge, the first application of radio propagation theory 
based on measured signal strength applied to bird migration. It represents part of ongoing 
multidisciplinary research aiming to refine and improve analysis of Motus Wildlife Tracking Network 
data and thereby understanding of the movement ecology of many small-bodied species (Taylor et al. 
2017). The incorporation of multipath (ground-reflected) signal propagation and development of 
information regarding altitudinal movements are particularly novel, and our classification of non-stop 
versus stopover movements supports recent work advocating identification of distinct modes of 
movement when quantifying remote sensing data (Jonsen 2016).  

Our study highlights the importance of accounting for the inherent uncertainty in received signal strength, 
here through combining information from sequences of near-simultaneous detections and single-beam 
detections. The relatively small discrepancy in the kite calibration between predicted and actual (GPS) 
locations and altitude (on the order of 1 km and 10 m, respectively) attests to the potential for future work 
to verify that model accuracy, resulting in more confident assessment of flight behavior to support 
exposure assessments with a higher degree of spatial resolution. However, the validation data also 
revealed that the model’s predicted uncertainty was much greater than its accuracy. This estimated 
uncertainty originated from the range of plausible locations around the median location, given measured 
signal strength alone, rather than from error in the median location. In other words, our models probably 
exhibited higher precision than their global uncertainty estimates would indicate.  

Nonetheless, substantial uncertainty remains regarding (1) distinguishing between plausible and probable 
locations; (2) the resolution of flight altitude, which can create large uncertainty in the horizontal range; 
and (3) temporal gaps in the data, causing large uncertainty in interim flight trajectories. Another issue 
relating to flight altitude is that, since detections beyond 50 km offshore were sparse, many high-altitude 
flights remain unresolved, and best estimate (median) flight altitudes over exposure areas may well be 
underestimated. The first issue (large range uncertainty) deflates exposure estimates, whereas the latter 
issue may lead to an overestimate of direct exposure to the RSZ. For this reason, we removed estimates 
with large spatial uncertainty (>30 km) from our exposure analysis, and provide a conservative 
interpretation of our results. 
 
Burger et al. (2011) identified three general levels of exposure for avian risk assessments: macro-scale 
exposure (occurrence within geographical area of interest), meso-scale exposure (occurrence within rotor-
swept altitudes), and micro-scale exposure (occurrence within the rotor-swept area, where risk decreases 
as avoidance behavior increases). In this study, we applied the three-dimensional movement model to 
digital VHF telemetry data to assess macro-scale exposure of focal species within the following 
geographical areas of interest: 1) U.S. Federal waters of the Study Area, and 2) individual WEAs 
contained within Federal waters of the Study Area. When individual birds were detected simultaneously 
by multiple receiving stations, we estimated meso-scale exposure of flying birds to rotor-swept altitudes 
(25 to 250 m ASL). However, due to variability in detection probability from irregularly spaced towers, 
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uncertainty of exposure estimates varied throughout the Study Area (Appendix G). The coastline of the 
southern New England and Long Island region contains offshore islands and peninsulas that provided 
several vantage points for triangulation across WEAs, particularly in Rhode Island Sound. Triangulation 
from land-based towers in the mid-Atlantic region was more limited due to the relatively linear coastline, 
resulting in reduced coverage for estimating offshore movements in the southern portion of the Study 
Area. 

4.3 Common and Roseate Terns 
Overall, the telemetry array detected movements of nearly all (98%) tagged Common and Roseate Terns. 
However, not all terns had complete data through the post-breeding period, so modeled movements were 
not representative of the entire breeding and post-breeding period for many individuals. The glue and 
suture method used to attach transmitters to terns was temporary, and we were unable to monitor the tag 
retention of individual terns in the present study. During a pilot study in 2013, we monitored tag retention 
of adult terns nesting in productivity plots from tag attachment (mid-incubation) through the fledge dates 
of their chicks (25 days following hatch; Appendix C). Most tagged terns (81%, n = 48) retained their 
tags until their chicks had fledged, but the remainder dropped their tags within an average of 30 days 
following attachment (Appendix D). Thus, in the present study, detection probability was likely highest 
during the breeding period and decreased through the post-breeding period due to tag loss.  

In addition, the land-based tower array had limited range to detect flights far from shore, particularly for 
species flying at low altitudes, further reducing the probability of detection in offshore areas. Altitude 
estimates of most Common and Roseate terns flights were <25 m asl, to which land-based stations 
typically have a horizontal detection range of <20 km (Appendix G). During aerial telemetry surveys in 
August, we detected Common Terns in Federal waters off the coast of Cape Cod, MA, up to 35 km 
offshore. These detections occurred in an area predicted to have long-term average relative abundance of 
Common and Roseate Terns during summer, based on spatial predictive modeling applied to over two 
decades of boat and aerial survey data (Winship et al. 2018). Thus, terns may have frequented offshore 
areas beyond the detection array of our land-based towers throughout the duration of the study. Due to 
incomplete detection probability from tag loss and limitations of land-based towers to track individuals 
into Federal waters, estimates of the numbers of individuals exposed to Federal waters and WEAs 
reported in this study should be considered a minimum. In particular, estimates of exposure in Federal 
waters and WEAs within the Study Area should be interpreted in the context of detection probability, 
(Appendix G), which is limited to within 20-km of a tracking station for terns flying at altitudes <25 m 
asl.  

Despite these limitations, the majority of terns tagged in this study had estimated exposure to Federal 
waters. Flights of terns in Federal waters occurred from the time of tag attachment in June (during late 
incubation-early chick hatching period) through the post-breeding dispersal period in mid-July to late 
September. During the pre-fledging period, (June through mid-July), Common and Roseate Terns were 
exposed to Federal waters during chick provisioning flights to feeding areas located up to 50 km from 
their nesting colonies. These results were up to three times farther than previously published estimates of 
foraging flight distances for either species. For example, boat based surveys have estimated that Common 
and Roseate Terns forage up to 30 km from their colonies in Buzzards Bay and Great Gull Island, 
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however, these are limited in their ability to identify the colony of origination (Duffy 1986, Heinemann 
1992). Only recently has tracking technology become available to accurately assess actual foraging ranges 
of smaller marine birds such as Common and Roseate terns. For example, Fijn et al. (2017) recently used 
GPS-transmitters to estimate foraging ranges of the slightly larger Sandwich Terns (Thalasseus 
sandvicensis) and found that most trips ranged between 20 to 80 km in length. In the German North Sea, 
Becker et al. (1993) tracked Common Terns with conventional VHF transmitters and estimated 
cumulative flight distances of 30 km, with terns typically foraging within a 6-km radius of their nesting 
colony. A meta-analysis conducted by Thaxter et al. (2012) estimated a mean maximum foraging range of 
15.2 km (maximum = 30 km) for Common Tern and 16.6 km (maximum = 30 km) for Roseate Terns. 
Perrow et al. (2011) tracked foraging flights of Common Terns off England by following them in a rigid-
hulled boat and estimated cumulative flight distance of 29 km that were up to <9 km from the nesting 
colony. Rock and Leonard (2007) radio-tracked Roseate Terns from a plane and found birds foraging up 
to 7 km from their nesting colony in Nova Scotia. Differences between the flight distances and durations 
between our study and previous research are probably due in part to methodological differences, although 
the spatial distribution of prey near other colonies presumably also affects foraging movements (Duffy 
1986; Nisbet et al. 2014). Terns may be at higher risk of colliding with turbines and other structures 
during provisioning flights (Henderson 1996; Stienen et al. 2008), due to frequency of flights and 
increased focus on searching for and delivering prey (Masden and Cook 2016).  

We did not monitor the nesting productivity of most Common and Roseate Terns tagged in the present 
study, and thus were unable to assess movements relative to reproductive success. However, results from 
previous studies indicated that unsuccessful breeders may range more widely offshore following nest loss. 
In a radio-telemetry study of Little Terns (Sterna albifrons), Perrow et al. (2006) found that the ranges of 
successful breeders were less than 6 km2, whereas the foraging ranges of failed breeders exceeded 50 
km2. During 2014, tagged terns from the Great Gull Island colony dispersed across Federal waters to 
Monomoy NWR in early July, coinciding with low food availability around Great Gull Island, and a 
series of storms that caused widespread nest loss throughout the colony (Loring 2016). Color-banded 
Roseate Terns have also been observed moving between colony sites following nest-loss (Spendelow et 
al. 2018).  

In the present study, exposure to Federal waters and WEAs was highest from mid-July to late September, 
when tagged Common and Roseate terns made extensive movements throughout the eastern Long Island 
Sound to Cape Cod region. Common and Roseate terns disperse from their nesting areas within 10 to 20 
days of the fledge dates of their chicks (Nisbet et. al 2014; Nisbet et al. 2017); therefore, it is likely that 
this peak corresponded with post-breeding dispersal movements. Large numbers of post-breeding Roseate 
Terns from colonies ranging from western Long Island to the Gulf of Maine have been shown to disperse 
distances of over 300 km to stage by the thousands at sites within the Cape Cod and Islands region of 
Massachusetts (Trull et al. 1999; Jedrey et al. 2010). Common and Roseate Terns have also been directly 
observed over 200 km East of Cape Cod, within the Atlantic OCS (over George’s Bank) during the post-
breeding season (Goyert et al. 2014). In the present study, although there was some variation in site use 
among years, the Cape Cod and Islands region of southeastern MA supported the highest densities of 
staging Common and Roseate terns from all colonies. Exposure to WEAs was highest among Common 
Terns (and to a lesser extent Roseate Terns) from Great Gull Island dispersing across BOEM lease areas 
in Rhode Island Sound to reach staging areas in southeastern MA. The array detected a few longer 
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distance (>850 km) movements of tagged Common Terns from Great Gull Island and Buzzards Bay 
colonies to sites in the mid-Atlantic, which resulted in WEA exposure events to the New York Lease 
Area, the New York Bight Call Area, and the Virginia Lease Area.  

Exposure to Federal waters and WEAs was higher for Common Terns relative to Roseate Terns, which 
may be due in part to differences in their foraging ecology during the breeding season. Previous studies 
from the breeding season have shown that Roseate Terns primarily foraged for sandlance (Ammodytes 
spp.) in shallow, warmer waters near shoals, inlets, and rip currents close to shore (Safina 1990; Safina et 
al. 1990; Heinemann 1992; Rock et al. 2007). In contrast, Common Terns fed on a broader array of fish 
species in deeper, colder waters, often for forage fish driven to the surface by bluefish (Pomoatomus 
saltatrix; Safina 1990; Safina et al. 1990). Post-breeding studies have shown direct associations among 
the distribution and abundance of Common and Roseate Terns, with sandlance in nearshore waters, as 
well as predatory fish and marine mammals in offshore waters (Goyert 2014, Goyert et al. 2014). Thus, in 
Federal waters, terns are likely to associate with good sandlance habitat, as well as with other marine 
birds and subsurface predators that help to increase the detectability and accessibility of sandlance.  

For both tern species, peak exposure to Federal waters occurred during the morning hours (spanning 
sunrise). This timing could relate to both foraging flights into Federal waters or longer distance dispersal 
flights crossing Federal waters. Peak foraging activity is known to occur largely during morning hours 
(Burger and Gochfeld 1991; Galbraith et al. 1999). In a pilot study of post-breeding regional tern 
movements conducted in 2013, Common Terns initiated post-breeding movements from nesting colonies 
in the Gulf of Maine to staging areas on Cape Cod, MA typically within two hours prior to sunrise 
(Appendix B).  In the present study, exposure to Federal waters was associated with cooler air 
temperatures during morning hours and high atmospheric pressure (fair weather).  

Predicted flight altitudes during exposure events indicated that in both Federal waters and WEAs, terns 
occasionally fly in the lower part of the RSZ (4 % to 6% flights in Federal waters and 0% to 4% of flights 
in WEAs). Based on observations of over 19,000 Common Terns primarily from boat-based surveys, 
Johnston et al. (2014) estimated that 2.5% of birds were flying at altitudes within the RSZ. Previous 
studies have shown that when feeding, Roseate and Common terns typically fly less than 12 m (Hatch and 
Kerlinger 2004) and at heights <30 m while in transit (Perkins et al. 2003). The higher altitude during 
directed flight is consistent with both theory and evidence that seabirds take advantage of vertical 
structure to maximize wind support (Alerstam 1979, McLaren et al 2016), indicating that exposure risk 
offshore may increase in stronger tailwinds (Ainley et al 2015).   

In one of the most detailed comparisons conducted to date of seabird flight altitudes, Johnston and Cook 
(2016) contrasted estimates between boat-based and aerial surveys for seven species. They found that 
during boat-based surveys, ca. 8% of Sandwich Terns were estimated to occur in the RSZ, whereas aerial 
surveys suggested that ca. 57% of Sandwich Terns were flying at altitudes within the RSZ. Thus, ocular 
estimates may underestimate flight altitude and a higher proportion of Common and Roseate Terns may 
be flying in the RSZ than estimated from boat-based survey data (see also Borkenhagen et al. 2018). This 
underestimation of flight heights in boat surveys has been additionally validated with the use of drones 
(Harwood et al. 2018). 
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Migrating terns may fly at much higher altitudes, although we did not observe evidence of tern flights 
>50 m in the present study. Using radar, Alerstam (1985) found evidence that Common Terns initiated 
high altitude (1,000 to 3,000 m) migratory flights during evening hours. These findings are consistent 
with observations described by Veit and Petersen (1993) of large flocks of terns departing from fall 
staging sites in Massachusetts at high altitudes. Common and Roseate Terns depart on migration from the 
southern New England region during mid-July through early October (Nisbet et al 2014, Nisbet et al 
2017). That we tracked terns in the region through late September, but did not observe high-range 
simultaneous detections from multiple towers indicating ascents to migratory altitudes, suggests that terns 
departed from Study Area at low altitudes.  

4.4 Piping Plovers 
Overall, 82% of tagged Piping Plovers were detected by the telemetry array and 25% lost their 
transmitters on the breeding grounds, where field staff monitored the retention of Piping Plover tags from 
tag attachment through chick fledge (or nest loss). Tag retention was highest in 2017 (16% tag loss), 
compared to 2015 and 2014 (26% to 32% tag loss). Higher retention in 2017 was likely due to use of a 
lighter (0.67 g) transmitter model with a flatter attachment surface relative to the 1.0 g model used in 
previous years. Despite being able to account for some tag loss, estimates of the numbers of individuals 
exposed to Federal waters and WEAs reported here still be should be considered a minimum due to 
potential for additional unobserved tag loss and due to incomplete coverage to offshore waters of the 
Study Area by the land-based telemetry array. The offshore range of land-based telemetry stations to 
detect Piping Plovers at altitudes >200 m asl is approximately 40 km, although individuals departing from 
the Study Area at lower altitudes may only be detected at distances of up to 10-20 km offshore (Appendix 
G).  

Despite these limitations, our study provides the first empirical evidence that Piping Plovers migrate 
across AOCS, rather than taking a more circuitous route along the coast, addressing a key information gap 
for this species (Burger et al 2011). Piping Plovers departing from their breeding grounds primarily used 
offshore routes to sites in mid-Atlantic. The majority of Piping Plovers from Massachusetts departed on a 
south-southwest trajectory across the eastern end of Nantucket Sound into Federal waters south of 
Nantucket. The majority of Piping Plovers from coastal Rhode Island departed to the southwest, through 
Block Island Sound and eastern Long Island Sound into Federal waters of New York Bight. During 2015, 
the array was limited to the region between Cape Cod, MA and eastern Long Island, NY so only 
departure trajectories were tracked. The expanded array of towers operated during 2016 and 2017 tracked 
offshore movements of Piping Plovers across the mid-Atlantic Bight to coastal areas ranging from New 
Jersey to North Carolina.  

The covariate analysis of Piping Plovers strongly indicated that these birds make directed movements into 
Federal waters during specific meteorological conditions favoring the shorter direct ocean crossing to the 
mid-Atlantic rather than a longer route following the coast. Specifically, plovers tended to depart in the 
early evening during early August, when winds were blowing to the south-southwest, which coincided 
with their general flight direction and thus provided positive wind support. Although migratory timing 
and flight conditions have not previously been described for Piping Plovers, these results are consistent 
with previous results from radar studies conducted on shorebirds during fall migration, showing departure 
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prior to sunset and selection of tail-wind conditions favorable to long-distance flights across the Atlantic 
Ocean (Richardson 1979).  

In this study, individual Piping Plovers had estimated exposure to up to four WEAs on offshore flights 
across the Study Area. For plovers tagged in Massachusetts, highest exposure occurred within Lease 
Areas in Rhode Island Sound and south of Nantucket. Piping Plovers departing from Rhode Island had 
highest exposure to the NY Bight Call Area. However, to date (April 2019), the size of the NY Bight Call 
Area has been significantly reduced (https://www.boem.gov/NY-Bight-WEA-BW-Base/) relative to the 
boundary used in the exposure analysis (v. 25 Jul 2018, BOEM 2018), likely reducing overall risk of 
exposure. As with exposure to Federal waters in general, positive wind support, wind direction (SW), date 
(early August) were the highest predictors of exposure to WEAs. Estimated exposure to WEAs was 
highest during 2017, likely due to increased transmitter retention and increased tower coverage. Across all 
years, many Piping Plovers were last detected departing from their nesting areas along trajectories that 
intersected Federal waters and headed towards WEAs just beyond the range of land-based towers to 
detect exposure, such as WEAs offshore of Nantucket, MA. Therefore, estimates of exposure to Federal 
waters and WEAs in this report should be interpreted in the context of detection probability of the 
telemetry array (Appendix G). This is particularly for the 2015 results, when the distribution of towers 
was limited to the northern portion of the Study Area. In 2015, there was minimal coverage for tracking 
flights across offshore WEAs south of Nantucket, MA and no coverage in the mid-Atlantic region from 
NJ to VA (Appendix G, Fig. G-4).  

During migration, offshore flight altitudes of Piping Plovers were generally in the upper range of the RSZ 
and above, although Piping Plovers spent more time within the RSZ when over Federal waters generally 
(21.3%) versus within WEAs specifically (15.2%), when they tended to fly at higher altitudes. Offshore 
radar studies have recorded shorebirds migrating at altitudes exceeding 1 to 2 km (Richardson 1976; 
Williams and Williams 1990), whereas nearshore studies documented local and migratory flights of 
shorebirds occurring at altitudes <100 m (Dirksen et al. 2000). However, during migration, flight altitudes 
might vary with weather as shorebirds search to find suitable tailwinds (Shamoun-Baranes et al. 2010; 
Senner et al 2018). Migratory birds may also descend into the RSZ during periods of limited visibility, 
low cloud ceiling, and/or inclement weather, increasing their risk of collision with offshore wind turbines 
(Langston et al. 2004; Hüppop et al. 2006; Senner et al 2018). 

5 Future Directions 
 

In the present study, we quantified macro-scale exposure of focal species to Federal waters and WEAs 
throughout a portion of the U.S. Atlantic OCS, and provided some insights into meso-scale exposure to 
the RSZ (Burger et al 2011). However, this information is limited to adults tagged during the breeding 
period and tracked through post-breeding dispersal (terns) or fall migratory departure (plovers). 
Additional research is needed to understand the movements and possible exposure of additional 
demographic cohorts, such as the hatch year age class. Hatch year Roseate Terns are known to disperse in 
large numbers to Cape Cod, Massachusetts during staging (Trull et al. 1999; Jedrey et al. 2010; Althouse 
et al. 2016), and thus may be subjected to exposure to offshore WEAs during flights from breeding 
colonies to staging grounds. Relative to adults, hatch year terns are less agile in flight (Watson and Hatch 

https://www.boem.gov/NY-Bight-WEA-BW-Base/
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1999), and thus may be at higher risk of collision with offshore wind turbines. There is presently no 
information on the migratory routes and offshore exposure of hatch year Piping Plovers.  
 
In addition, we suggest that future efforts track movements of focal species during spring (northbound) 
migration. Evidence from geolocator studies indicate that Common and Roseate Terns migrate offshore 
during spring, but this information is limited by a small sample size and coarse spatial resolution (>100 
km accuracy) of the geolocator tracks. Pilot efforts conducted within the present study provide some 
indication that Common Terns and Piping Plovers migrate across the Atlantic OCS during spring 
(Appendix I and Appendix J), although more information is needed to quantify routes and conditions 
associated with offshore migratory flights. Shorebirds may be more likely to migrate during inclement 
weather in spring due to less stable atmospheric conditions and time constraints to reach breeding areas 
(O'Reilly and Wingfield 1995). These conditions may lead to increased collision risk with offshore wind 
turbines during spring relative to fall (Richardson 2000). In addition, tagging studies conducted during 
spring may offer an opportunity to track courtship flights of terns and plovers, when they may spend a 
higher proportion of time flying in the RSZ (Burger et al. 2011). Ultimately, information on the 
demographic variation in movement patterns of focal species throughout the full annual cycle is needed to 
estimate additive mortality of offshore WEAs to migratory bird populations (Burger et al 2011). 
 
Recent advances in satellite-based tracking technologies are providing increasing opportunities to collect 
data on full-annual cycle movements of wide-ranging migratory species. As part of this study, we piloted 
2-g solar powered satellite transmitters for tracking the movements of Common Terns. These transmitters 
collected daily, relatively high accuracy (optimally 250 m) two-dimensional locations with an operating 
life of >2 years. The pilot study revealed new information on the specific timing, routes, and 
meteorological conditions associated with migratory flights of terns across the entire Atlantic OCS, 
during both spring and fall migration (Appendix J). Unlike nanotag technology, which is limited by 
geographic range of tracking towers (generally <20 km for terns), satellite tracking technology is global 
in scale. The satellite data in the pilot study provided the first robust estimates of cumulative exposure of 
terns to multiple WEAs in the Atlantic OCS throughout the annual cycle, particularly during offshore 
migratory flights that occur far beyond range of the land-based nanotag tracking array. 
 
Lightweight (1 to 3 g) GPS loggers are becoming more widely available and are currently capable of 
acquiring hundreds of high accuracy (<10 m) locations, including altitude, programmed to a customized 
schedule. Although these units are archival and need to be recovered to access the data that is stored on 
board, these new GPS tags have enormous potential for collecting high-accuracy, 3-dimensional tracking 
data from species with high site fidelity to breeding areas, including the focal species in the present study.  
 
In the present study, we estimated exposure birds to offshore areas in relation to meteorological 
conditions associated with collision risk. However, marine birds may also be affected by habitat 
displacement resulting from the development of offshore wind energy facilities within foraging areas 
(Drewitt and Langston 2006). We did not specifically address habitat displacement in the present study, 
as the land-based telemetry array is more suitable for tracking flights through offshore areas versus 
estimating specific locations and habitat use within offshore areas, particularly for areas that are beyond 
detection range. Satellite telemetry technologies are an effective alternative for monitoring habitat use and 
associations of seabirds offshore to address potential effects of habitat displacement (Spiegel et al. 2017). 
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Additional studies on possible displacement of Common and Roseate terns from WEAs in the Atlantic 
OCS may be warranted, although there is some evidence Europe that Common Terns exhibited little 
avoidance of offshore wind facilities (Dierschke et al. 2016). 

Although new satellite-based technologies offer unprecedented opportunities to track full-annual cycle 
movements of birds throughout their migratory range, digital VHF telemetry remains a viable option for 
continuously monitoring movements of birds and bats through high-priority areas, such as within the 
spatial scale of individual WEAs. In the present study, a land-based telemetry station located 5.5 km from 
the RI Renewable Energy Zone provided continuous monitoring of nano-tagged birds in the vicinity of 
Block Island Wind Farm (Appendix K). Using a localized array of digital VHF telemetry stations on 
offshore infrastructure to monitor specific WEAs could further address questions related to collision risk 
of birds through WEAs, as well as habitat displacement of birds from WEAs given suitable detection 
range and coverage. During fall of 2017, an automated radio telemetry station was installed on an 
offshore wind turbine platform at the Block Island Wind Farm for a BOEM-funded study to assess 
detection rates and accuracy of movement models, based on simultaneous detections from two land-based 
tracking towers on Block Island (Fig. 76). These techniques could be expanded as additional wind energy 
facilities are developed throughout the AOCS given additional opportunities to integrate equipment with 
developing infrastructure. 
 
We suggest that future efforts within the scale of individual WEAs focus on collecting high-resolution 
(meso-scale to micro-scale) tracking data on flight paths, flight altitudes and behavioral avoidance 
responses of focal species across a range of environmental conditions (e.g. daylight versus night, fair 
versus inclement weather) to further address information needs for avian risk assessments (Garthe and 
Hüppop 2004; Burger et al 2011). These efforts could be improved by combining digital VHF telemetry 
fine-scale exposure estimates through WEAs. For example, development of digital VHF transmitters with 
altitude sensors, such as those that have been developed for conventional VHF systems (Bowlin et al. 
2015), would increase the accuracy of estimating occurrence in the RSZ and would be useful for 
calibrating altitude estimates produced by movement models. Other opportunities may exist to integrate 
digital VHF tracking systems with current technologies for monitoring bird flight paths through offshore 
WEAs, including radar (three-dimensional tracking of unknown or targeted individuals) and infrared 
based imagery (used to assess collision). Strategic deployment of digital VHF tracking technologies on 
additional offshore wind turbines, as facilities are developed throughout the Atlantic OCS, offers a 
promising opportunity to estimate the exposure of many different species of birds and bats to multiple 
facilities throughout their migratory range. This is critical to addressing information needs to support 
conservation efforts and to assess cumulative effects as required by the NEPA process (Goodale and 
Milman 2016). 
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Figure 76. Block Island offshore wind turbines  
As seen from top of the telemetry tower located at the Southeast Lighthouse, Block Island, Rhode Island (photo: Brett 
Still). 
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