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Figure 3.3. Euclidian post-breeding movements of tagged Common Terns (n = 120) from 

four nesting colonies in the northwest Atlantic (Petit Manan Island, Maine, USA [red]; 

Country Island, Nova Scotia, Canada [yellow]; Sable Island, Nova Scotia, Canada 

[green]; and South Monomoy Island, Massachusetts, USA [blue]) tracked by 62 

automated radio telemetry stations during the 2013 post-breeding dispersal period. Black 

arrows show generalized direction of travel. 
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Figure 3.4. Euclidian post-breeding movements of tagged Arctic Terns (n = 52) from 

three nesting colonies in the northwest Atlantic (Petit Manan Island, Maine, USA [red]; 

Country Island, Nova Scotia, Canada [yellow]; and Sable Island, Nova Scotia, Canada 

[green]) tracked by 62 automated radio telemetry stations during 2013. Black arrows 

show generalized direction of travel. 
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Figure 3.5. Diel variation (hrs, in local time) in arrival times of Common Terns (n = 14) 

from three nesting colonies in the northwest Atlantic (Petit Manan Island, Maine, USA; 

Country Island, Nova Scotia, Canada; and Sable Island, Nova Scotia, Canada) at staging 

areas in Nantucket Sound, Massachusetts, USA during 2013. Dashed lines show local 

times of sunrise (orange) and sunset (blue). 
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Figure 3.6. Diel variation (hrs, in local time) in passage times of Arctic Terns (n = 4) 

from Petit Manan Island, Maine, USA passing through sites in Nova Scotia, Canada 

during the post-breeding period in 2013. Dashed lines show local times of sunrise 

(orange) and sunset (blue). 
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Figure 3.7. Diel variation (hrs, local time) of post-breeding departure times of Common 

Terns (6A; n = 120) from western North Atlantic study area during 2013. Dashed lines 

show local times of sunrise (orange) and sunset (blue). 
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Figure 3.8. Diel variation (hrs, local time) of post-breeding departure times of Arctic 

Terns (6B; n = 52) from western North Atlantic study area during 2013. Dashed lines 

show local times of sunrise (orange) and sunset (blue). 
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CHAPTER 4 

 

ATMOSPHERIC, TEMPORAL, AND DEMOGRAPHIC FACTORS INFLUENCE 

EXPOSURE OF COMMON TERNS TO OFFSHORE WIND ENERGY AREAS IN 

THE U.S. ATLANTIC 

Abstract 

Individual-based tracking studies are critical for assessing potential effects of offshore 

wind energy facilities on bird populations.  This is particularly true when inclement 

weather limits visibility and leads to elevated collision risks with offshore wind turbines.  

In 2014, we attached digital VHF transmitters to 116 adult Common Terns (Sterna 

hirundo) from two major nesting colonies in the U.S. Atlantic: South Monomoy Island, 

MA and Great Gull Island, NY.  We tracked their regional movements using a network of 

automated towers erected at strategically-placed coastal and offshore sites from Cape 

Cod, MA, to Long Island, NY, and used a Brownian Bridge Moment Model to estimate 

flights across Wind Energy Areas (WEAs) in state and federal waters. We used an 

extended Cox Proportional Hazard Analysis to model the rate of WEA crossing events to 

various atmospheric and demographic covariates.  We documented a total of 94 WEA 

crossing events that occurred across all hours of the day and night.  Adult females from 

Great Gull Island were more likely to cross WEAs relative to males from South 

Monomoy Island.  WEA crossing events that occurred early on in the study period, 

within days following chick hatch, were associated with higher wind speeds and lower 

visibility relative to events that occurred later in the study period, during post-breeding 

dispersal.  Our study addresses a long-standing information gap on the movements of 
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terns at night and during inclement weather, and demonstrates the utility of digital VHF 

telemetry for conducting similar studies on the taxonomically similar but Federally 

endangered Roseate Tern (Sterna dougallii).  

Introduction 

Renewable energy initiatives, such as the U.S. Department of Energy's effort to 

achieve 54 gigawatts of offshore wind generating capacity by 2030, have spurred plans 

for development of offshore wind energy facilities off the U.S. Atlantic Coast (Beaudry‐

Losique et al. 2011).  To date, the Bureau of Ocean Energy Management (BOEM) has 

issued eleven commercial wind energy leases within the Atlantic Outer Continental Shelf 

(AOCS), totaling over 1.1 million acres (4,781 km2) of Federal waters (≥ 5.5 km 

offshore), and is in the planning stages for leasing additional offshore areas along the 

AOCS (Bureau of Ocean Energy Management 2016).  Several Atlantic coast states are 

developing plans to site additional wind energy facilities within their jurisdictional waters 

(≤ 5.5 km from the coast), and the first offshore wind facility in the U.S. is currently 

under construction off the coast of Rhode Island (Baranowski et al. 2016).  

With this expansion in renewable energy development offshore comes a need for 

more detailed information on the occurrence of birds in the AOCS, so that possible 

adverse effects to avian populations can be monitored and managed (Goodale and 

Milman 2016).  Research at existing facilities in western Europe has shown that offshore 

wind facilities may subject birds to various adverse effects, including: acting as barriers 

to movement (e.g. between foraging and roosting sites, along migration routes); 

destruction, modification, or displacement of habitat; and causing direct mortality from 

collisions with infrastructure or pressure vortices (Exo et al. 2003, Fox et al. 2006).  
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Risks of collisions with offshore wind turbines are elevated during periods of night and 

low visibility (Dirksen et al. 1998), and inclement weather conditions, such as fog, 

precipitation, or high wind speeds (Exo et al. 2003).  Thus, information on timing, 

distribution, movements of birds offshore, particularly at night and during adverse 

weather conditions, is needed for siting offshore wind facilities in areas with relatively 

low levels of avian use, and for monitoring interactions between birds and wind energy 

facilities that have already been sited using the best available science (Johnson 2014). 

Previous work within the AOCS assessed the timing, distribution, and movements of 

birds using ship-based, aerial, and telemetry surveys (Perkins et al. 2003, Sadoti et al. 

2005, Winiarski et al. 2014, Goyert et al. 2016).  Ship-based and aerial survey methods 

provide static counts of the spatial distribution and abundance of birds in offshore areas. 

However, these surveys are typically limited to periods of daylight and favorable weather 

with suitable conditions for observation, so are less suitable for collecting information at 

night and during inclement weather when collision risks are elevated (Allison et al. 

2008). 

Telemetry studies use tracking devices to monitor the locations of marked 

individuals, and many types of devices are capable of providing information on 

movements throughout the diel period and during all types of weather conditions (Kunz 

et al. 2007, Burger and Shaffer 2008).  This information can be used to assess 

demographic variation in use of offshore areas, including species, breeding population, 

age, and sex (Montevecchi et al. 2012).  In addition, tracking studies provide critical 

information on movement pathways, including those between nocturnal and diurnal roost 

areas (Allison et al. 2006), feeding and nesting areas (Perrow et al. 2006), and during 
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migration (Griffin et al. 2010).  Individual-based information is also useful for assessing 

temporal variation in offshore movements, including patterns related to time of day, 

season, and the stage of the annual cycle, such as the breeding versus non-breeding 

periods (Drewitt and Langston 2006). 

To date, several telemetry studies have been conducted throughout the AOCS with a 

focus on collecting data on the movements of birds offshore to help inform siting 

decisions of offshore wind energy areas.  However, due to limitations of available 

technologies suitable for tracking wide-ranging birds offshore, these studies have been 

focused on monitoring relatively large-bodied taxa, such as seaducks (Meattey et al. 

2015, Allison et al. 2006, Loring et al. 2014), loons (Gray et al. 2015), gannets (Adams et 

al. 2015), and raptors (Desorbo et al. 2015).  The smallest available satellite-based 

transmitters are still relatively heavy (5 to 10 g) for use on small-bodied (< 150 g) bird 

species since tags should be restricted to < 3 to 5% of body mass to minimize impacts to 

tagged individuals (Fair et al. 2010). 

The Roseate Tern (Sterna dougallii), is a small-bodied seabird (mean mass 115 ± 7 g, 

range 90 to 133 g, Nisbet et al. 2014) that is listed as Endangered under the U.S. 

Endangered Species Act and is known to occur within the Atlantic OCS during breeding, 

staging, and migration (Burger et al. 2011).  Along the Atlantic coast of North America, 

Roseate Terns breed in mixed colonies in association with the taxonomically similar 

Common Tern (Sterna hirundo) on a limited number of islands distributed from Maritime 

Canada to Long Island, New York (Nisbet et al. 2014).  Relative to the Roseate Tern, the 

North American Atlantic coast breeding range of the Common Tern is more widespread 

and extends from Newfoundland and Labrador, Canada to South Carolina, USA (Nisbet 
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2002a).  The Common Tern is considered a USFWS “conservation focal species” (Mid-

Atlantic/New England/Maritimes Region Waterbird Working Group 2006) and listed as a 

Threatened or Special Concern species by states encompassing its U.S. Atlantic coast 

breeding range.  During the post-breeding period, both Common and Roseate Terns may 

disperse hundreds of kilometers away from their nesting colonies to congregate at staging 

areas, some of the largest of which are known to occur within Cape Cod and Nantucket 

Sound region of Massachusetts (Trull et al. 1999).  From these staging areas, both species 

migrate offshore, across the Atlantic OCS, to distal staging areas in the West Indies 

(Nisbet et al. 2011a, Mostello et al. 2014). 

Qualitative risk evaluations indicate that offshore wind facilities on the AOCS may 

pose risks to Common and Roseate terns during breeding, staging, and migratory periods 

(Burger et al. 2011).  However, due to weight limitations of available tracking 

technologies, very little empirical data exists on the movements of these species in 

offshore environments (U.S. Fish and Wildlife Service 2008, Burger et al. 2011). 

Previous studies have used archival light-level loggers (geolocators) to track the 

movements of Common and Roseate terns in the western North Atlantic (Nisbet et al. 

2011a, Mostello et al. 2014). However, these devices are limited to recording two 

locations per day that are routinely subject to errors of > 100 km, and thus, cannot 

identify fine-scale movement tracks which are needed to assess the potential impacts of 

wind facilities at specific sites.  Detailed information on the offshore movements of terns, 

particularly at night and during inclement weather conditions, is essential for developing 

quantitative risk evaluations to inform siting and management decisions (Burger et al. 

2011). 
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In this study, we used digital VHF transmitters and array of automated radio 

telemetry stations to track the breeding and post-breeding movements of Common Terns 

from two major nesting colonies in U.S. Atlantic that are in proximity to multiple 

offshore wind energy areas currently under consideration for development in the AOCS. 

Digital VHF telemetry is a relatively new technology that permits hundreds of individuals 

to be tagged with lightweight transmitters and monitored simultaneously and around the 

clock from automated receiving stations (Mills et al. 2011, Taylor et al. 2011, Mitchell et 

al. 2012, Woodworth et al. 2014).  The overarching goal of this study was to pilot the 

suitability of digital VHF telemetry for monitoring the offshore movements of small-

bodied birds, and to address information gaps on the movements of Common Terns in 

offshore areas.  

Our specific objectives were to: 1) quantify the occurrence and extent of offshore 

movements by adult Common Terns from two major nesting colonies within the southern 

New England region of the AOCS; 2) model the rate of offshore movement events 

relative to various temporal (i.e. breeding and post-breeding periods), demographic (sex, 

nesting colony), and atmospheric (wind speed, visibility, precipitation rate) covariates; 

and 3) assess the timing of offshore movements relative to daylight. Through this work 

with Common Terns, we aim to evaluate the utility of using coded VHF transmitters and 

automated radio telemetry arrays to address the above objectives for the taxonomically 

similar but Federally-Endangered Roseate Tern in future studies. 

Methods 

Study area  
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We conducted fieldwork in the southern New England continental shelf region from 

Long Island, NY to Cape Cod, MA (40° N to 42° N; Fig. 4.1).  Multiple areas for 

offshore renewable energy development have been delineated within the study area 

(Bureau of Ocean Energy Management 2016).  These include an approximately 34-km2 

nearshore Renewable Energy Zone within Rhode Island state waters (defined as landward 

of the Submerged Lands Act Boundary, within approximately 5.5 m from shore) 

southeast of Block Island, where a 5-turbine, 30-MW wind energy facility is currently 

under construction and scheduled to be operational by fall 2016.  Within Federal Waters 

(defined as seaward of the Submerged Lands Act Boundary, greater than approximately 

5.5 m from shore) of the study area are multiple Wind Lease Areas that have been leased 

to companies with the intent to build a wind energy facility (BOEM).  These include a 

119 km2 lease area in Nantucket Sound, Massachusetts, and three separate lease areas 

offshore of Rhode Island Sound that total 2,101 km2.  Adjacent to the lease areas offshore 

of Rhode Island Sound is a Wind Planning Area that is being considered for offshore 

wind energy development and covers an additional 1,572 km2. 

We tagged Common Terns from two major nesting colonies within the region: South 

Monomoy Island and Great Gull Island.  South Monomoy Island (41° 36’ 31” N, 69° 59’ 

12” W), is located within Monomoy National Wildlife Refuge (NWR), a 30-km2 barrier 

beach and island complex located off of the coast of Cape Cod, Massachusetts, USA 

(Fig. 4.1).  South Monomoy Island is approximately 9-km from north to south, and up to 

2-km wide.  The island supports, one of the largest Common Tern colonies on the 

Atlantic Coast, with over 8,500 nesting pairs in 2014 (Gulf of Maine Seabird Working 

Group (GOMSWG) 2014).  Great Gull Island (41° 12’ 23” N, 72° 06’ 25” W) is a 0.08 
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km2 site 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. 

Capture and tagging  

From mid to late June, we used walk-in treadle traps to capture Common Terns at 

their nests, within approximately 3 to 5 days of their hatch date. We individually banded 

terns with an incoloy U.S. Geological Survey band on one tarsometatarsus and a wrap-

around a black plastic field readable band engraved in white with a unique 3-digit 

alphanumeric code on the opposite tarsometatarsus.  We also collected three to five 

contour feathers from each bird to determine gender using a molecular analysis (Avian 

Biotech, Gainesville, FL). 

We attached a digital 1.5 g VHF transmitter ('Avian NanoTag'; Lotek Wireless, Inc., 

Newmarket, Ontario, Canada) on one randomly-selected adult per nest.  Each transmitter 

body measured 11 mm x 8 mm x 7 mm, and had custom fitted tubes (inner diameter 1 

mm) at the anterior and posterior ends for attachment, and a 15-cm whip antenna.  We 

attached transmitters 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.  Total 

weight of each transmitter and attachment materials was < 2% of the body mass of the 

birds in our study.  Total handling time, from capture to release, ranged from 20 to 40 

min per individual.  We examined possible tag effects during the breeding period by 
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monitoring the fledge success of tagged terns in the Monomoy colony versus non-tagged 

controls and found no differences in fledge success (Loring et al. in prep).  

Digital VHF telemetry 

Digital coding within each transmitters' pulse allowed up to 521 individuals to be 

uniquely identified on a single VHF frequency by receiving units.  We programmed 

transmitters to transmit signals on 166.380 MHz every five to six seconds, for a total 

expected operational life of approximately 160 days.  

We tracked the movements of tagged terns using a network of automated radio 

telemetry stations (hereafter network) established throughout the study area (Fig. 4.1, 

Appendix 4.1).  The network included 11 automated radio telemetry towers, each 

consisting of an array of six 9-element (11.1 dBd) Yagi antennas end-mounted in a radial 

configuration atop a 12.2 m mast.  The antennas were connected to a solar-powered, 

automated receiving unit (SRX-600, Lotek Wireless, Ontario, Canada) that scanned for 

signals with each antenna for 6.5 seconds in succession, around the clock.  The network 

also included a receiving station at each colony site that was configured to monitor nest 

attendance.  The receiving station at the Monomoy colony consisted of an automated 

receiving unit equipped with a single 5-element (9 dBd) antenna mounted on a 1.2 m 

mast.  The receiving station on Great Gull Island consisted of an automated receiving unit 

equipped with three 5-element (9 dBd) antenna mounted on a 12.2 m observation tower. 

We programmed all receiving units to automatically log the following data from each 

antenna: transmitter ID number, time stamp (synchronized among all receivers in the 

array using GPS clocks), antenna (defined by receiving station and bearing), and signal 

strength (non-linear scale: 0 to 255).  Through calibration tests, we determined that the 
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range of our telemetry stations to detect transmitters flying at altitudes of 10 to 30 m was 

approximately 10 km. 

Movement models 

We modeled movements of all tagged birds in MATLAB (MathWorks 2016).  Each 

time a tagged individual was detected by an automated receiving unit, we estimated its 2-

dimensional location along the main beam of the receiving antenna given the 

corresponding signal strength value (Janaswamy and Loring in prep), and used a rolling 

mean function to smooth location estimates over a 1-minute time step.  The limitation of 

this model is that it assumed that the signals originated from the main beam of the 

antenna; however, identical signal strength values could also give rise to locations in the 

side and back lobes of the antenna.  However, we felt that this was a reasonable 

approximation given the high directionality (20 dB front-to-back ratio) of the 9-element 

Yagi antennas used in this study.  Another limitation of the signal strength model is that it 

is sensitive to variance in altitude values.  We did not have information on altitude 

associated with each detection, so assumed that all individuals were flying at an altitude 

of 10 m, which is within the typical altitude range of Common Terns flying at sea that has 

been reported elsewhere (Burger et al. 2011, Garthe and Huppop 2004).  

When individuals were temporarily out of range of the network, we used a Brownian 

Bridge Movement Model (BBMM; Horne et al. 2007) to estimate their mean position and 

associated variance during each 1-minute time step.  The BBMM assumed that terns were 

moving at an average flight speed of 10 m s-1 (Wakeling and Hodgson 1992).  The 

BBMM also assumed that the start and end points  of each movement are those generated 

by the signal strength models described above.  
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We defined WEA crossing events as movements where estimated mean trajectories 

intersected WEAs in state or Federal waters within our study area.  The configuration of 

the network was suitable for tracking flights across the Block Island Renewable Energy 

Zone, and the BOEM Lease Areas in Rhode Island Sound and Nantucket Sound, but due 

to range limitations of our tracking network we did not have coverage in the BOEM 

Wind Planning Area to the south of Rhode Island Sound.  Due to logistical challenges, 

several receiving stations within the network were not installed until mid to late July, so 

the number of crossing events should be considered a minimum due to limitations in 

coverage.  

Analyses of WEA crossing events included only movements were either: 1) tagged 

terns were within range of the automated radio telemetry array (positions estimated using 

signal strength values within antenna beams); or 2) tagged terns were moving between 

stations and temporarily out of range of the telemetry array, but the maximum variance of 

the mean flight path estimated by BBMM was < 30 km.  We selected the a 30-km 

threshold to match the spatial resolution of atmospheric covariates, and because we felt it 

was a reasonable spatial resolution to evaluate exposure to BOEM Lease Areas in Rhode 

Island Sound and Nantucket Sound (that range in size from approximately 30 km2 to 

>1500 km2).  

Diel variation in WEA crossing events 

We used the R package 'Circular' (Agostinelli and Lund 2013) to calculate the median 

time of each WEA crossing event using the circular distribution, and the Rao spacing test 

of uniformity to determine if the event times were spaced uniformly throughout a 24-hour 

period (Batschelet 1991, Zar 1999).  To examine movements relative to daylight, we used 
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the R package 'maptools' (Bivand and Lewin-Koh 2016) to calculate local sunrise and 

sunset times for each WEA crossing event.  WEA crossing events that occurred entirely 

between the time of local sunrise and the time of local sunset were considered to have 

occurred during daytime hours.  Conversely, WEA crossing events that occurred entirely 

between the time of local sunset and the time of local sunrise were considered to have 

occurred during nighttime hours.  WEA crossing events that spanned the timing of local 

sunrise or sunset were considered to have occurred at dawn or dusk, respectively.  

Proportional hazards model  

We used a Cox proportional-hazards regression model to examine the rate of WEA 

crossing events as a function of the baseline hazard and a set of atmospheric and 

demographic covariates in the Survival package (Therneau 2016) within the program R 

(R Core Team 2016).  The counting process formulation of Andersen and Gill (Therneau 

and Grambsch 2000) was used to incorporate multiple events (WEA crossings) for 

individual and time dependent variables.  Individuals that moved beyond range of the 

network and did not return, or that dropped their transmitters prior to their departure from 

the study area, were considered right-censored, which in survival analysis framework is 

similar to an individual being removed from the study before the event occurs (Fox and 

Weisberg 2011). 

We assumed that observations within individuals were correlated and used a grouped 

jackknife method to adjust the variance of parameter estimates to account for the 

correlation (Therneau and Grambsch 2000).  For each bird, we used tag date as the start 

of the counting process and a time interval of 1-day for time-dependent covariates.  For 

the time dependent covariates, we obtained the following satellite-derived atmospheric 
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data (32-km spatial resolution and 3-hr temporal resolution) from the National Centers 

for Environmental Prediction (NCEP) and Atmospheric Research (NCAR) Global 

reanalysis-II dataset (Kalnay et al. 1996): precipitation rate (ground or water surface, kg 

m-2 s-1), barometric pressure (ground or water surface, Pa), temperature (ground or water 

surface, K), visibility (ground or water surface, m), v-wind (ground or water surface, m 

s1), u-wind (ground or water surface, m s-1).  We matched atmospheric data with each 

bird location estimate using the nearest time stamp and spatial coordinates of each 

dataset.  We then generated daily mean values of each atmospheric variable per 

individual for subsequent analyses. We checked for correlation between each pair of 

atmospheric covariates by calculating Pearson correlation co-efficents (r), and excluded 

variables with r > 0.60. 

The time independent covariates that we considered were: sex (male or female) and 

nesting colony (Great Gull or Monomoy).  We fit models using all combinations of 

covariates and first-order interaction terms.  To identify the top model, we used the 

stepAIC function in R (Ripley 2016) to run a stepwise backwards-selection procedure 

based on the Akaike Information Criterion (AIC; Venables and Ripley 2002).  

To evaluate the top model, we examined three types of diagnostics to determine 

whether the fitted Cox regression model adequately described the data: 1) violation of the 

assumption of proportional hazards; 2) influential data; 3) non-linearity in the 

relationship between the log-hazard and the covariates (Fox and Weisberg 2011). 

Specifically, we calculated tests of the proportional hazards assumption for each 

covariate, along with a global test of the model as a whole, based on the scaled 

Schoenfeld residuals using the 'cox.zph' function in the Survival package.  We checked 
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for influential observations by examining index plots of dfbeta (changes in regression co-

efficents calculated by deleting each observation in succession).  Lastly, we checked for 

non-linearity by plotting martingale residuals and partial-residuals against each covariate. 

Results 

Digital VHF telemetry 

We tagged a total of 116 terns, 65 from Monomoy and 51 from Great Gull (Appendix 

4.2).  One of the Monomoy transmitters malfunctioned on the first day of deployment, so 

we included 115 individuals (females: n = 70, males:  n = 45) in the final analysis.  We 

tracked each bird for mean duration of 39.41 days (± 1.33 SE, range 9 to 80 days, n = 

115).  We tagged majority of adult terns within three days of the hatch dates of their 

nests, so assuming that at least one of their chicks survived to fledging age of 25 days 

(Nisbet 2002a), the pre-fledging period occurred during the first 22 to 28 days of the 

study.  

Offshore movements 

Overall, we detected a total of 94 offshore flights by 31 different individuals where 

one or more WEA crossing events occurred.  Mean estimated distance of flights where 

WEA crossing events occurred was 120 km (± 6.33 SE, range 6 to 199 km).  We found 

wide variation in the timing and extent of WEA crossing events, which occurred from 

late June through late August (three to 55 days following tagging).  Frequency of WEA 

crossing events peaked in late July and occurred with less regularity through late August 

as the proportion of individuals that were still being detected by our automated radio 

telemetry array declined (Fig. 4.2).    
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By colony, 6% (n = 4) of individuals from the Monomoy and 53% (n = 27 of 

individuals) from Great Gull had one or more documented WEA crossing events. Among 

these 31 individuals, mean number of WEA crossings was equal to 3.00 events (± 0.53 

SE; range 1 to 12 events).  A total of 18 individuals (n = 4 from Monomoy and n = 14 

from Great Gull) were detected crossing the wind energy area in Nantucket Sound, with a 

mean number of WEA crossings per bird equal to 2.05 events (± 0.60 SE; range 1 to 8 

events).  We documented movements across the wind energy area in Rhode Island Sound 

by a total of 19 individuals, all of which were from Great Gull colony, with a mean 

number of crossing events per individual equal to 1.52 events (± 0.23 SE; range 1 to 5 

events).  We documented movements across the wind energy area in Rhode Island state 

waters off the coast of Block Island by a total of 7 individuals, all of which were from 

Great Gull colony, with a mean (± SE) number of crossing events per individual equal to 

3.37 (± 1.27; range 1 to 10 flights). 

Diel variation in WEA crossing events 

WEA crossing events occurred throughout the diel cycle (Fig. 4.3), although there 

was evidence that event times were not uniformly distributed (Rao's Spacing Test of 

Uniformity: U= 267.09, p < 0.001, n = 94). Of the 94 WEA crossing events that we 

documented, 62% of occurred during daylight hours, 34% occurred during nighttime 

hours, 3% occurred at dawn, and none at dusk (Table 4.1). The majority of flights across 

the WEAs in state and Federal waters off the coast of Rhode Island occurred during 

daylight hours, whereas flights across the wind energy area in Nantucket Sound occurred 

more frequently during nighttime hours (Table 4.1).  

Proportional hazards model  
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Correlation (r) between following variables was > 0.6: wind speed and temperature, 

wind speed and pressure, temperature and pressure, temperature and visibility.  We 

retained the variables wind speed, precipitation, and visibility for use in the Cox 

proportional-hazards regression models as these variables have been identified as 

important factors associated with collision risk (Exo et al. 2003).  

The top model included the terms location, sex, wind speed, visibility, and interaction 

terms between location and wind speed, and location and visibility. Diagnostic tests of 

the top model revealed evidence (p < 0.05) of non-proportional hazards against time for 

the covariates "wind speed" and "visibility", as well as the global test.  Following Fox 

and Weisburg (2011), we addressed the non-proportional hazards by refitting the top 

model with linear interaction terms for wind speed and time, and visibility and time.  In 

the final model, both interaction terms were highly statistically significant (Table 4.2), 

and diagnostic tests on the resulting model indicated no evidence (p > 0.05) of non-

proportional hazards for each covariate and for the global test.  Index plots of dfbeta and 

martingale residual plots of the final model indicated that no additional actions were 

required to address model fit. 

Average daily probability of crossing the WEA increased over the nesting period and 

varied by nesting colony and sex (Fig. 4.4).  Daily probability of WEA crossing events 

was significantly higher for terns from Great Gull Island relative to Monomoy (Hazard 

Ratio = 10.86, 95% CI = 1.14, 103.62; Fig. 4.5) and for females relative to males (Hazard 

Ratio = 3.03, 95% CI = 1.41, 6.51; Fig. 4.6).  For the two atmospheric covariates that 

were included in the top model (wind speed and visibility), there were significant 

interaction terms with both location and time (Table 4.2).  These interaction terms 
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indicated that terns from Great Gull Island were more likely to cross WEAs during 

periods of higher wind speed and lower visibility relative to terns from Monomoy, and 

that flights during periods of higher wind speed and lower visibility largely occurred 

earlier on during the season, whereas flights that occurred later during the season were 

associated with lower wind speeds and higher visibility.  The distribution of wind speed 

values for WEA crossing events was skewed to the right, with a median of 4.21 m/s (Fig. 

4.7).  The distribution of visibility values for WEA crossing events had a long left tail and 

a median of 20.01 km (Fig. 4.8). 

Discussion 

Through this work, we demonstrate the utility of using coded VHF transmitters, 

automated radio telemetry stations, and movement modeling techniques to track the 

flights of small-bodied terns at a regional scale and across offshore WEAs. Our study 

provided new information on extent of offshore movements during the breeding and post-

breeding period.  In addition, we addressed a high-priority information gap on the 

movements of terns at night and during inclement weather (U.S. Fish and Wildlife 

Service 2008). 

Breeding movements 

WEA crossing events occurred from three to 55 days following tagging (hatch date), 

thus spanning the pre-fledging and post-breeding period, and included flights across the 

entire study area at distances exceeding 180 km. Previous work that documented the 

movements of terns during the pre-fledgling period used boat-based surveys or 

conventional radio telemetry, and focused on diurnal foraging locations.  Using boat-

based surveys, Heineman (1992) documented that Roseate Terns from a colony in 



107 
 

Buzzards Bay, Massachusetts traveled to distances of up to 30-km away from their 

nesting colony.  Duffy (1986) conducted boat-based surveys of Common and Roseate 

Terns nesting on Great Gull Island, and estimated that the majority of Common and 

Roseate terns foraged within 4 to 12 km (maximum of 22 km) from the colony.  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 a typical foraging 

radius of 6-km radius of the nesting colony.  Rock et al. (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 likely due in part to methodological differences.  The tower 

network established for this study was much more effective at detecting long-distance 

movements than conventional VHF transmitters or following birds in a boat (Perrow et 

al. 2011). 

Nest failure is another factor that may have contributed to the long-distance 

movements that we observed by some individuals from Great Gull Island in early July, 

within days following their hatch date.  We did not have information on chick survival 

for individual nests on Great Gull, but there was evidence that low food availability 

combined with a series of storms caused widespread chick loss and nest failure at the 

colony during early July.  Color-banded Roseate Terns have been observed moving 

between colony sites following nest-loss (Spendelow et al. 1995).  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.  The birds that we tagged on Monomoy were all nesting within 
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established productivity plots, providing detailed information on the fledge or failure date 

of each nest. However, nest success on Monomoy was relatively high in 2014 (1.56 

fledged chicks/nest; Gulf of Maine Seabird Working Group 2014) and very few of the 

nests of our tagged birds failed, so we did not have an adequate sample size to assess 

movements relative to nest success.  

Post-breeding movements 

We found that the number of WEA crossing events by our tagged adults peaked in 

late July.  Assuming chick survival, this peak corresponds to approximately 5 to 15 days 

following the estimated fledge dates of their chicks.  Common Terns are known to 

disperse from their nesting areas within 10 to 20 days of the fledge dates of their chicks 

(Nisbet 2002a), therefore it is likely that this peak corresponded with post-breeding 

dispersal movements.  Through surveys and re-sighting of marked birds, researchers have 

documented extensive movements of Common and Roseate Terns during the post-

breeding period, that occurs from late July through mid-September (Nisbet 2002b, Nisbet 

et al. 2014).  Blokpoel et al. (1987) found that, during the post-breeding period, Common 

Terns in the Great Lakes region of North America dispersed up to 550 km from their 

breeding colony.  Post-breeding, large numbers of 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 gather by the thousands at sites within the Cape Cod and Islands region of 

Massachusetts (Trull et al. 1999, Jedrey et al. 2010).  Shealer and Kress (1994) found that 

large numbers of Roseate Terns dispersed from colonies in Maine, Massachusetts, and 

New York to a staging area in Saco Bay, Maine, upwards of 500 km away.  It is likely 

that the peak in movements that we observed in late July was related to dispersal 
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movements.  However, we also cannot rule out the possibility that the increase in number 

of flights detected was due in part to increased detection probability of flights by the 

additional radio telemetry stations that were deployed within our study are in mid to late 

July.  

Demographic variation 

Across the breeding and post-breeding periods, we found that terns from Great Gull 

Island were more likely to have a WEA crossing events relative to terns from Monomoy. 

During 2014, there was evidence of low productivity on Great Gull Island that was 

thought to be linked to low food availability, as monitoring data during the breeding 

period indicated that body mass of breeding adults was unusually low that season (H. 

Hays, pers. comm).  For adults that had at least one chick survive to fledge, low food 

availability may have resulted in terns dispersing from the colony site shortly after the 

fledge (Safina and Burger 1989).  Shealer and Kress (1994) suggested that Roseate Terns 

that disperse long distances to Saco Bay, Maine during the post-breeding period do so to 

take advantage of high prey availability.  Additional data on fledge success of our tagged 

birds and prey availability at each colony site would be useful for understanding the 

variability in WEA crossing events by terns from different nesting populations. 

In addition to colony-based differences, we found that females were more likely to fly 

across WEAs compared to males.  Adult Common and Roseate terns provide extensive 

post-fledgling care to their chicks that extends for several weeks after fledging (Nisbet 

1976, Burger 1980) and continues through dispersal to staging areas (Watson and Hatch 

1999).  In a movement study of adult Common Terns from a nesting colony in 

Massachusetts using geolocators, Nisbet et al. (2011b) found that that females initiated 
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migration during early to mid-August, over a month before the males departed, and 

suggested that male Common Terns are responsible for parental care of fledglings during 

the post-breeding dispersal period.  It is possible that the higher rates of movements that 

we observed by females relative to males is related in part to the females having higher 

mobility during the post-fledging period because they were not tied to parental care of 

their young, although we do not have any direct evidence to support this speculation.  

Diel variation 

We found that timing of WEA crossing events occurred during all hours of the day 

and night.  During the pre-fledging period, previous studies have shown that Common 

and Roseate terns primarily foraged diurnally, with peak movements during the early 

morning and late afternoon (Nisbet 2002b, Nisbet et al. 2014).  Information on nocturnal 

flights of Roseate and Common Terns is limited to a few studies that occurred outside of 

the breeding period (U.S. Fish and Wildlife Service 2008).  In a study of staging terns in 

Massachusetts, Trull et al. (1999) observed that mixed flocks of Common and Roseate 

terns roosted at a limited number of sites during the staging period, and arrived at these 

sites during the late evening through after dark.  Hays et al. (1999) described a roost site 

in Mangue Saco, Brazil where Roseate and Common terns arrived after dark and depart 

before first light.  Using radar, Alerstam (1985) found evidence that Common Terns 

initiated high altitude migratory flights during evening hours, suggesting that migratory 

flights took place at night.  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 during dusk.  Our observations of terns crossing WEAs at 

night provide additional evidence of nocturnal flights of terns. This information is useful 
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for assessing adverse effects of wind energy facilities to terns (U.S. Fish and Wildlife 

Service 2008), as risk of collision with wind turbines is higher at night versus during the 

day (Exo et al. 2003). 

Atmospheric effects 

In addition to providing new information on nocturnal movements of terns, our study 

addressed a high-priority information need on the movements of terns throughout the 

southern New England region relative to weather conditions (U.S. Fish and Wildlife 

Service 2008).  Previous work that examined the flights of terns relative to weather 

focused on foraging behavior, and found that capture rates of prey were highest in light to 

moderate wind speeds (Dunn 1973, Taylor 1983) with some cloud cover (Watson and 

Hatch 1999).  We found that early in the season, WEA crossing events were associated 

higher wind speed and lower visibility, whereas later in the season, WEA crossing events 

were associated with lower wind speed and higher visibility.  Flying during favorable 

weather, such as the movements that we observed later in the season, is advantageous, as 

it is more energetically efficient and there is a lesser risk of becoming disorientated 

(Richardson 1978).  Flights during the early part of the season were associated with storm 

events in early July that caused widespread chick loss and nest failure on Great Gull.  It is 

likely that movement events associated with these weather patterns early in the season 

were due to nest failure caused by the storms.  Nonetheless, it is important that we 

documented movements in association with inclement weather, as high wind speeds and 

reduced visibility that are known to increase the risk of collisions with wind turbines 

(Exo et al. 2003, Chamberlain et al. 2006).  However, in the context of collision risk 

modeling, relatively few WEA crossing events that we documented occurred under low 
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visibility conditions (< 2 km) that may impair the ability of birds to avoid wind turbines 

(Cook et al. 2014).  

Implications for offshore wind energy development 

Our study provides the first empirical evidence of the movements of terns in the 

AOCS, around-the-clock and during all types of weather conditions. This information is 

essential for assessing the risk of collisions of terns with offshore wind turbines (U.S. 

Fish and Wildlife Service 2008, Burger et al. 2011). Collision mortality of terns with 

wind turbines has been documented by other studies (U.S. Fish and Wildlife Service 

2008) and this work has highlighted the importance of assessing the temporal and 

demographic variation in collision risk. For example, at the Zeebrugge wind energy 

facility in Belgium, 25 turbines located on a breakwater within 30 to 400 m of tern 

nesting habitat, and adjacent to foraging habitat. This facility resulted in the deaths of 

over 150 Common Terns, Sandwich Terns (S. sandvicensis), and Little Terns (S. 

albifrons) per year (Everaert and Stienen 2008). Mortality primarily occurred during the 

breeding period, as bird traveled between nesting and foraging habitat, and 

disproportionately affected adult males that did more of the chick provisioning relative to 

females (Stienen et al. 2008). 

Through this work, we demonstrate the utility of digital VHF telemetry and 

automated radio telemetry stations for monitoring the flights of individual terns across 

offshore wind energy areas, and assessing temporal and demographic variation in 

exposure. However, challenges with using this technology include limited ranges of 

tracking equipment to detect offshore movements, and incomplete information on tag 

retention. Since we likely missed flights that occurred offshore beyond the range of our 
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telemetry array, and since we do not know if the final detections of birds corresponded 

with departure from the study area of from tag loss, the rates of WEA crossing events 

reported here should considered a minimum.  

In the future, detection probability could be improved by mounting tracking devices 

on offshore structures. This could be especially useful for monitoring movements of terns 

and other high priority species through WEAs during and post-construction. In addition, 

estimates of altitude are needed to determine if flights through WEAs are occurring 

within the rotor swept zone (20 to 200 m; Robinson Willmott et al. 2013). In a 

vulnerability assessment of marine birds to offshore wind farms, Furness et al. (2013) 

found wide variation (0-41%) in the estimated numbers of Common Terns flying at rotor 

swept altitudes that were reported across various surveys. It is possible to extend existing 

2-dimensional movement models to include estimates of altitude if simultaneous 

detections are received by four or more antennas from spatially separated receivers 

(Janaswamy and Loring in prep). The importance of altitude data in assessing collision 

risk, and the need for a relatively dense tracking array in order to obtain these data 

accurately, further highlights the utility of strategic placement of receiving units on 

offshore wind turbines and other structures in the future. 

Meeting the U.S. Department of Energy's initiative for 54 GW of domestic offshore 

wind power capacity by 2030 would result in approximately 5,000 to 8,000 turbines 

would be constructed in U.S. waters (Goodale and Milman 2016). Therefore, data on 

individual movements of birds will be imperative for estimating exposure and associated 

cumulative adverse effects of birds encountering multiple offshore wind energy facilities 

throughout their migratory range (Goodale and Milman 2016). An advantage of using 
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digital VHF technology for monitoring the movements of birds through offshore wind 

energy areas is that the transmitters emit signals frequently (every 5 to 10 seconds), so 

detection probability is relatively high as long as tagged individuals are within range of a 

receiving station. 

 A coordinated network of digital VHF telemetry projects and receiving stations is 

expanding across the Western Hemisphere (www.motus-wts.org), enabling large 

numbers of tagged individuals to be tracked over long distances. Through this type of 

coordinated tracking, it might be possible to assess the exposure of individual birds to 

multiple wind energy areas throughout their migratory range. Monitoring cumulative risk 

of exposure to multiple wind energy facilities is especially important for long-lived 

species of conservation concern (Drewitt and Langston 2006), such as the Roseate Tern 

(Nisbet et al. 2014). Through this work with Common Terns, we have determined that 

digital VHF telemetry technology was suitable for expansion to the Federally endangered 

Roseate Tern, and as a result this species has been the focus of expanded digital VHF 

telemetry studies that we have conducted from 2015 to the present. 
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