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EXECUTIVE SUMMARY 

 

 In recent years, offshore wind development has become one of the fastest growing 

energy sectors in the world and the focus of the clean energy movement in the United States.  

The Atlantic Coast offers shallow, near-shore waters in close proximity to large load centers 

with some of the most lucrative and rapidly expanding energy markets in the country.  Wind 

energy along the Atlantic Coast is projected to become a 170 billion dollar industry that could 

significantly reduce dependency on fossil fuels.  All coastal states north of South Carolina 

support wind development and have adopted Renewable Portfolio Standards that include an 

estimated 54,000 megawatts of offshore energy by 2025.  To meet these collective policies with 

current turbine technology would require the deployment of 10-20,000 turbines in waters with 

less than 30-m depth over the next 15 years. 

 

 The Atlantic Flyway supports one of the largest near shore movement corridors of birds 

in the world including many declining species of conservation concern.  Much of the bird 

activity along the flyway occurs within a thin veneer along the coastline.  Birds funnel through 

the flyway from a broad geographic area and their relationships to the Atlantic Coast are 

diverse.  In addition to using the coastline as a movement corridor, many species use portions 

of the Atlantic Coast as migratory staging areas, breeding grounds or wintering grounds.  Of 

particular conservation significance are taxonomic forms or populations that depend exclusively 

on the Atlantic Coast for some portion of their life cycle 

 

 Buildout of the wind industry along the Atlantic Coast will result in the largest network 

of overwater hazards ever constructed, adding another layer of mortality to many populations 

that are contending with a list of human-induced sources of mortality.  From a population 

perspective, the central question is not how many individuals are killed annually but if the focal 

population is able to sustain the mortality incurred and still reach management objectives. 

Mortality is a cumulative factor in population regulation and defining limits on human-induced 

mortality is a critical component of management decisions.   

 

 This report uses a form of harvest theory referred to as Potential Biological Removal 

(PBR) to develop a population framework for estimating sustainable limits on human-induced 

mortality.  The approach is appropriately precautionary in using minimum population estimates 

and a graded recovery factor designed to allow for species recovery.  The approach has the 

benefit of requiring relatively few demographic parameters.   

 

 Enough information was available from the literature for 46 nongame waterbird species 

to allow for estimates of sustainable mortality limits (from all human-caused sources).  Several 

populations stood out as having particularly low mortality limits including the Atlantic breeding 

populations of roseate tern, piping plover, and American oystercatcher, the Hudson Bay 

population of marbled godwit that winters along the south Atlantic, the rufa form of the red 

knot that uses the Atlantic Coast as a staging area during migration, and the estimated 

population of common loons wintering along the Atlantic Coast.  Several other species for 
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which demographic estimates are not currently available are also likely vulnerable to elevated 

mortality. 

BACKGROUND 

 

Wind-energy Development 

   .   

 Along with many nations throughout the world, the United States is actively pursuing a 

diversified energy portfolio that includes a greater reliance on clean, renewable sources of 

energy that may be produced domestically.  This new strategy is being driven by the need to 

have greater internal control over cost and supply but also by the need to reduce the risks of 

major environmental impacts such as climate change.  The U.S. demand for electricity is 

projected to increase by 39% to 5.8 billion megawatt-hours (MWh) over the next 20 years 

(Lindenberg et al. 2008).  Wind is expected to play an increasing role in meeting this demand 

with the stated objective of supplying 20% or 1.16 billion MWh of the market by 2030 

(Lindenberg et al. 2008).  Meeting this objective will require the development of new 

technologies, the construction of new infrastructures, the growth of new industries, and the 

formulation of new government policies. 

 

 The United States supports tremendous wind resources that if captured effectively have 

the potential to exceed all of the country’s electricity demands for the foreseeable future.  The 

nation supports an estimated 8,000 gigawatts (GW) of available land-based wind resources that 

industry suggests can be captured economically (Black and Veatch 2007).  This potential along 

with government incentives has lead to explosive growth in the output of the domestic wind 

industry.  Since 1998 output has increased with an average doubling time of just 2.7 years and 

by 2008 had exceeded 25,000 MW (Figure 1), making the United States the global leader in 

wind energy production (American Wind Energy Association (AWEA) 2009).  Wind now makes a 

significant contribution to the mix of renewable energy resources and is second in output only 

to hydroelectric power generation (EIA 2009).           

 

 

 

 

 

 

 

Figure 1.  Growth in U.S. 

wind industry (1981-

2008).  Average, annual 

doubling time in 

capacity was 2.7 years.  

Adapted from AWEA 

(2009).

Growth in U.S. Wind Industry

0 1984 1990 1996 1998 2000 2002 2004 2006 2008

Year

0

4000

8000

12000

16000

20000

24000

28000

In
s

ta
ll
e

d
 C

a
p

a
c

it
y

 (
M

W
)



3 

 

 The spatial distribution of wind energy generation relative to the market continues to be 

a challenge within the United States.  Until recently, large-scale North American wind resources 

were believed to be concentrated within the Great Plains, northern Canada, and central Canada 

(Grubb and Meyer 1993).  Although these resources are large enough to meet the entire 

continental demand, transporting this electricity to major load centers would require significant 

technological advances and investments in infrastructure (Cavallo 1995).  The recent realization 

that near-shore coastal areas of the western Atlantic support significant wind resources in close 

proximity to urban markets has shifted the national strategy toward offshore wind 

development.   

 

Offshore Wind Energy 

 

 Offshore, wind-generated electricity has the potential to make a major contribution 

toward meeting the domestic energy demand in the United States.  Recent developments in 

turbine technology allow for the deployment of turbines out to 30-m depths (Figure 2).  Near-

shore (< 30 m depth) waters along the Atlantic Coast from the mid-Atlantic through New 

England support an estimated 96 GW of potential wind energy (Butterfield et al. 2004) that may 

be captured with existing technology.  Fully exploiting this resource could displace the entire 

land-based generating capacity of the coastal states from Maine through Maryland (Energy 

Information Administration 2004).  Wind potential in deeper waters out to 50 nautical miles 

that may be accessible to future technologies is estimated to represent an additional 386 GW 

(Kempton et al. 2005).  These wind resources are close to urban markets, greatly reducing 

transmission costs and customers within these markets currently pay the highest electrical 

utility rates (Energy Information Administration 2009), making them attractive to potential 

investors.  Offshore wind along the western Atlantic Coast is believed to represent a market in 

excess of 170 billion 

dollars. 

 

Figure 2.  Development of 

wind turbine technology.  

Two on the left are existing 

technologies.  Two on the 

right are anticipated, 

future technologies.  

Adapted from Musial and 

Butterworth (2004).
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Policy Drivers 

 

 Energy policy will play a significant role in the development of the offshore wind 

industry.  By early 2009, 33 states plus the District of Columbia had adopted Renewable 

Portfolio Standards that explicitly outline the percentage of energy sales to be derived from 

renewable sources by target dates (http:/www.epa.gove/chp/state-policy/renewable).  

Collectively, these policies outline the development of 76 GW of new renewable power by 

2025, representing a 570% increase over 1997 levels.  All of the coastal states north of South 

Carolina have adopted either portfolio standards or goals (Table 1).  The states of South 

Carolina, Georgia, and Florida have not adopted formal policies, but continue to work toward 

renewable energy standards.  Although several technologies meet the criteria for renewable 

energy under portfolio standards, it is expected that the expanding offshore wind industry will 

contribute 54,000 MW toward meeting existing policies along the western Atlantic Coast 

(Lindenberg et al. 2008). 

 

Table 1.  Renewable Portfolio Standards by state.  Energy  

from RPS indicates the percentage of energy sales to be from  

renewable sources.  Deadline indicates the target date to reach  

policy standards. 

 

State Energy from RPS Deadline 

Maine 40.0% 2017 

New Hampshire 25.0% 2025 

Massachusetts 25.0% 2025 

Rhode Island 16.0% 2019 

Connecticut 27.0% 2020 

New York 25.0% 2013 

New Jersey 22.5% 2021 

Delaware 20.0% 2019 

Maryland 20.0% 2022 

Virginia 15.0% 2025 

North Carolina 12.5% 2121 

 

 Complying with existing policy will result in the construction of the largest number of 

over-water hazards ever produced during the next 15-year period.  Based on current turbine 

technology (2.6-5.0 MW), this equates to the construction of 10,000-20,000 turbines in the 

near-shore (<30 m depth) environment of the western Atlantic, an infrastructure estimated to 

require a 10,000 – 20,000 km
2
 area of sea floor.  This effort is comparable to that proposed by 

the European Union (Edge and Blanchard 2007).  However, unlike the European trajectory that 

was initiated with the first marine wind farm in 1991 and now supports 38 farms in nine 
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countries (Wilkes et al. 2010), the first industrial offshore wind operation in the United States 

was only approved in April, 2010 with 130 turbines scheduled for deployment by the end of 

2012.  To comply with existing  portfolio standards will require a very rapid build out over the 

next 15 years. 

 

 

Offshore Environment 

 

 Offshore waters along the Atlantic Coast that are accessible to current turbine 

technology (< 30-meter depths) are limited.  Accessible waters are concentrated within the 

shallow bays and sounds, around Cape Cod, and along the coast south of Long Island (Figure 3).  

North of long island, most of these waters are contained within state waters.  South of Long 

Island, the slope of the continental shelf is more gradual and accessible depths extend well out 

into federal waters.  These areas include more than 81,000 km
2
 within both state and federal 

waters.  The accessible area will be reduced by an unknown amount due to exclusion zones for 

shipping lanes, military training, and marine refuges.  Excluding bays and sounds, a significant 

portion of this total area would be consumed by wind farms if current renewable policies are to 

be met (Table 2).   

 

Figure 3.  Map of northeastern Atlantic Coast showing the distribution of waters with less than 

30-m depth (left) and an overlay of jurisdictional waters (right).  Red areas indicate bays and 
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sounds that are in state waters, yellow areas indicate coastal state waters, and the black line 

indicates the seaward boundary of federal waters. 

Table 2.  Breakdown of bottom area in waters less than 30-m depth by state and jurisdiction.  

Values presented are in km
2
. 

 

State 

State Waters 

Bays and Sounds 

State Waters 

(0-3 miles) 

Federal Waters 

(3-200 miles) Total 

Maine 11.7 2,758.0 15.9 2,785.6 

New Hampshire 122.9 159.9 0.4 283.2 

Connecticut 1,319.1 0.5 0.0 1,319.6 

Massachusetts 2,429.6 2,283.5 5,989.7 10,702.8 

Rhode Island 318.9 349.3 152.6 820.8 

New York 2,563.4 1,250.8 2,296.5 6,110.7 

New Jersey 1,460.7 1,199.0 6,306.1 8,965.8 

Delaware 762.7 244.7 973.1 1,980.5 

Maryland 5,186.1 258.7 1,339.4 6,784.2 

Virginia 4,491.7 1,053.8 8,591.3 14,136.8 

North Carolina 6,362.6 2,807.8 18,132.8 27,303.2 

     

Total 25,029.4 12,366.1 43,797.8 81,193.4 

  

 Primary productivity in the offshore environment is not evenly distributed.  Shallow 

bays, sounds, and shelf waters support the highest concentrations of primary productivity 

because they allow for full light penetration and because these waters are “fertilized” by 

tributaries carrying nutrients from land and marshes.  These productive waters form the basis 

of extensive food webs that include fish, marine mammals, and birds.  Well offshore in deeper 

waters, the Atlantic Basin supports a high biomass of consumers within the warmer gulfstream 

waters and in upwelling areas such as the well-known Georges Bank.   

 

Atlantic Flyway 

 

 The Atlantic Flyway is globally significant as a major movement corridor for birds.  The 

flyway supports hundreds of millions of birds annually including 164 species of waterbirds 

(Appendix 1) and a similar number of land birds, many of which are of conservation concern.  

The waterbird species include 33 seabirds, 36 waterfowl, 25 terns and gulls, 39 shorebirds, and 

a diverse mixture of herons, egrets, and rails.  Greater than 35% of these species are believed to 

be declining.  The assemblage of birds that utilize the flyway is diverse and their relationships to 

the Atlantic Coast are varied.  The greatest volume of birds uses the flyway as a movement 

corridor between breeding and wintering grounds (Appendix 2).  Birds funnel through the 

flyway from a broad geographic area ranging from the high latitudes of northern Europe to 

Siberia.  All individuals from entire populations or species may move through the flyway making 
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the area particularly significant for their survival.  In addition to using the coastline as a 

movement corridor, many species use portions of the Atlantic Coast as migratory staging areas, 

breeding grounds or wintering grounds.  Of particular conservation significance are taxonomic 

forms or populations that depend exclusively on the Atlantic Coast for some portion of their life 

cycle.  

 

 Much of the bird activity along the Atlantic Flyway occurs within a thin veneer along the 

coastline with waterbirds using a corridor between the shoreline and a distance of several 

kilometers and landbirds using a wider corridor between the shoreline and tens of kilometers 

inland (Appendix 2).  Both groups may overlap with land or water and extend out considerable 

distances but the highest volume and diversity is centered on the shoreline.  This pattern is 

often disrupted around bays and sounds or points of land that extend seaward from the coast 

where movement paths may be altered to reflect local conditions.  During the breeding season, 

the distribution of waterbirds is constrained by nesting substrate along the immediate coast or 

on offshore islands.  During the breeding season, winter season, and migratory staging periods, 

most activity is focused on bays, sounds, and nearshore, shallow water areas where primary 

productivity is high and prey is most abundant.  Exceptions to this pattern include species that 

utilize the outer continental shelf, the shelf edge, or gulfstream where preferred prey may 

become available during specific times of the year. 

 

Human-caused Bird Mortality 

 

 It is now estimated that human causes result in the mortality of 100 million to more 

than 1 billion bird deaths annually in the United States from sources including vehicle strikes 

(57 million; Banks 1979), building strikes (98-980 million; Klem 1990), communication tower 

strikes (40-50 million; Manville 2001), pesticides (67 million; Smithsonian Migratory Bird Center 

1997), etc.  Such mortality is the unintended result of our expanding infrastructure and every 

effort should be made to reduce their impact.  Most of these mortality sources primarily involve 

passerines that have large geographic ranges and associated population sizes and relatively 

high reproductive rates.  Although the increased mortality almost certainly contributes to 

population fluctuations, the specific linkages to population declines remain unclear. 

 

 The life history strategy of many waterbird species makes them particularly vulnerable 

to elevations in adult mortality (Saether and Bakke 2000, Weimerskirch 2002).  Many 

waterbirds exhibit very high age-to-first reproduction and low fecundity such that high adult 

survivorship is essential to population maintenance.  Even seemingly minor reductions in 

survivorship can lead to population declines.  On a global scale, waterbirds are facing 

substantial sources of human-caused mortality including fisheries bycatch (Wilcox and Dolan 

2007) from long-line (Klaer and Polacheck 1997, Belda and Sanchez 2001, Stehn et al. 2001) and 

gill-net fisheries (Davoren 2007, Benjamines et al. 2008) within all oceans, ingestion of floating 

plastics (Blight and Burger 1997, Derraik 2002), oil spills (Camphuysen and Heubeck 2001, 

Votier et al. 2005), over harvesting of fish (Furness 1982, 2003), etc.  Collectively, these 

mortality factors have the potential to shift demographic rates and lead to population declines 

or species extinctions. 
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Offshore Wind Farms and Birds 

 

 Compared to the United States which currently has no offshore wind farms, the 

European research community has ongoing work investigating bird impacts within several wind 

farms and has developed a substantial body of research, much of which is pertinent to the 

western Atlantic (e.g. Exo et al. 2003, Desholm and Kahlert 2005, Desholm 2006, Drewitt and 

Langston 2006, Huppop et al. 2006).  Although a full review of these findings is beyond the 

scope of this brief report, general patterns are directly relevant.  Research suggests that due to 

ecological variation between species, the risk of wind farms to specific populations varies 

dramatically such that generalized mortality rates may mask the most significant impacts 

(Huppop et al. 2006).  Investigators have identified 3 broad impact categories including 1) direct 

mortality from collisions or vortex injuries, 2) habitat loss or degradation, and 3) disturbance or 

avoidance behaviors that lead to increases in energy expenditures (Exo et al. 2003, Desholm 

2006, Fox et al. 2006, Kaiser et al. 2006, Dewitt and Langston 2006).  All three of these impacts 

may have population-level implications (Figure 4).   

 

 Although there is an extensive literature on rates of bird collisions with onshore wind 

turbines (e.g. Erickson et al. 2001, Drewitt and Langston 2006), due to the logistical difficulties 

of conducting direct studies, very little is available from offshore wind farms.  Desholm (2006) 

estimated that 0.02% of the common eider population migrating near the Nysted wind farm in 

the Baltic Sea or 0.7 birds/turbine collided with turbines.  Hatch and Brault (2007) estimated 

that 0.01 to 8.2 roseate terns may be killed by the wind farm proposed in Nantucket Sound off 

the coast of Massachusetts.  Percival (2001) summarized several studies of turbine collision 

rates in coastal areas (though not offshore) and showed a range of 0.34 to 3.4 

birds/turbine/year, many of which were waterbirds.  Predicting the collision rate for offshore 

projects is tenuous at present due to the large number of variables that influence these rates 

and the lack of information from which to develop relationships.  We know that mortality 

relationships are influenced by the position of the wind farm relative to bird migration routes 

and bird concentration areas (i.e. the volume of birds interacting with the wind farm), 2) the 

number of turbines, 3) the hub height and sweep area of turbines, and 4) species-specific 

avoidance behaviors and altitude profiles.  Given the volume of birds using the Atlantic Flyway 

and the scope of proposed offshore wind development, it is very likely that annual collisions 

will be in the tens of thousands if not hundreds of thousands.  

 

 Direct mortality from collisions or from air turbulence injuries alone underestimates the 

overall impact of wind projects to waterbird populations.  For species that depend on shallow, 

offshore waters for feeding, the construction of large wind farms within such waters represents 

a loss of habitat or a possible reduction in the capacity of the locality to support these species.  

For many species, this reduction in carrying capacity may have the greatest population-level 

impact (Larsen and Guillemette 2007).  For species that avoid flying through or near wind 

farms, placement of turbines within migration corridors or between feeding and roosting areas 

may alter movement pathways and lead to greater energy expenditure (Desholm 2003, Masden 
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et al. 2009).  Since physical condition relates to survivorship and to breeding success, these 

changes likely have population-level implications. 

 
 

 

Figure 4.  Chart of three classes of avian impacts from offshore wind farms linking impacts to 

populations (modified from Fox et al. 2006).  The boxes with heavy solid frames indicate 

potentially measurable effects, double-framed boxes indicate processes that need to be 

modeled and the dark box indicates the common currency by which all impacts should be 

measured and compared.   

 

 

 

 

 

AVOIDANCE  
BEHAVIOR 

COLLISION 
MORTALITY 

Birds collide with 
rotors or other 
structures, or 

mortally injured by 
air turbulence 

‘Effective’ 
habitat loss 

CHANGES IN 

OVERALL 

POPULATION 

SIZE 

Creation of novel 
habitats on 

Turbine  
foundations  

 

Destruction of 
feeding habitats 
under turbines 

Displacement 
from 

ideal feeding 
Areas 

Barriers to  
movement 
(migration, 

feeding flights, 
etc.) 

Physical 
effects: 

Increased 
flight 

distance 

‘Physical’ 
habitat loss 

‘Physical’ 
habitat gain 

Reduced 
survival 

Increased 
energy 

demand 

Reduced 
energy intake 
rates and/or 
increased 

energy 
expenditure 

Enhanced 
energy intake 
rates and/or 
increased 

energy 

expenditure 

Changes to annual 
breeding output 

and annual survival 

Ecological 
effects: 

PHYSICAL HABITAT 
LOSS/MODIFICATION/GAI

N 

Energetic 
costs: 

Fitness 
consequences: 

Population 
impacts: 



10 

 

 

 

Population-level Impacts 

 

At the population level, probability of impact from a specific hazard is determined by the two 

independent factors 1) exposure and 2) vulnerability.   

 

Population exposure to a hazard is the extent to which the population is expected to interact 

with and be impacted by the hazard.  In the case of wind turbines, this includes the extent to 

which the population spatially overlaps with the hazard and the conditional probability that if it 

overlaps with the hazard that it will be impacted by the hazard.  If a population has no spatial 

overlap with the hazard, then the likelihood of impact is expected to be 0.  Minimizing exposure 

has been the primary strategy for reducing impacts to bird populations by deciding to place 

wind farms away from bird concentration areas.  By doing so we reduce the exposure of 

populations to both direct (collision mortality) and indirect (disturbance and loss of carrying 

capacity) impacts.  A great deal of effort has been invested and is ongoing in both Europe 

(Kruger and Garthe 2001, Langston and Pullan 2002, Huppop et al. 2006, King et al. 2009) and 

the United States (Geo-Marine 2009, Gilbert et al. 2009) in understanding the distribution of 

migration corridors, breeding populations, winter populations, and flight altitudes of many 

species.  In some situations this has culminated in the production of spatially-explicit guidelines 

that detail the distribution of expected impacts (Garthe and Huppop 2004, Bright et al. 2008).   

 

Population vulnerability is the susceptibility of a population to perturbations in vital 

demographic rates.  Life history strategies are inexorably linked to vital rates.  Thus, the impact 

of a perturbation to survival, growth, or reproduction should in part be dependent on the life 

history strategy of the affected population.  For example, a decrease in adult survival rate 

should be more detrimental to population persistence in populations that are long lived with 

low reproductive success, than in those that are short lived with high reproductive rates.  

Because the response of populations to demographic perturbations are species and often 

population specific, we are unable to understand the significance of mortality rates associated 

with hazards without first understanding  the sensitivity of populations to such mortality.  The 

remainder of this report is focused on describing and applying a framework for estimating 

sustainable mortality limits. 

 

POPULATION FRAMEWORK 

 

Sustainable limits on incidental mortality 

 

 Construction of a single wind turbine virtually anywhere on the globe will result in bird 

collisions.  Construction of large wind farms within migration corridors may result in the loss of 

hundreds of thousands of birds.  Although some may argue that no mortality should be 

tolerated and minimizing mortality should always be a present goal, given the infrastructure 

needs of society, driving human-induced mortality to 0 is not practical.  Some mortality events 
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such as the raptor kills in Altamont Pass where significant percentages of populations are being 

lost to wind turbines are not acceptable and management intervention is clearly needed (Hunt 

et al. 1999, Hunt 2001).  While we may agree that the loss of 1 individual herring gull that exists 

within an expanding population of millions may not be of conservation concern, what about the 

loss of one individual Bermuda petrel with a population estimated to contain fewer than 50 

breeding pairs?  From a population perspective, the central question is not how many 

individuals are killed annually but if the focal population is able to sustain the mortality incurred 

and still reach management objectives.  Defining limits on human-induced mortality is critical to 

making management decisions.  If mortality is substantially greater than established limits then 

the population may be vulnerable to mortality-driven declines and further monitoring, analysis 

and possible management intervention is needed to prevent declines.  If mortality is 

substantially below established limits then it is unlikely that the mortality is a dominant force in 

population trends. 

 

 Mortality is a cumulative factor in population regulation and, as indicated above, many 

waterbird populations are contending with multiple sources of mortality.  The impact of wind 

farms on waterbird populations must not be viewed in isolation.  The impact of individual wind 

projects must be viewed within the context of the broader network of wind projects proposed 

along the Atlantic Flyway and within the context of other human-induced sources of mortality.  

Wind farms will be adding to mortality rates that in some cases may be approaching or may 

have already exceeded limits of sustainability.  Many waterbirds that use the Atlantic Flyway 

are either declining or significantly below recovery goals (Appendix 1).  For several long-lived 

seabirds, mortality rates from fisheries bycatch alone appear to be beyond sustainable limits 

and are suspected of causing population declines (Lewison and Crowder 2003, Oro et al. 2004, 

Dillingham and Fletcher 2008).  Introducing additional mortality sources should be done with 

caution.  Unfortunately, assessments of mortality rates from other human-caused sources are 

mostly lacking making a full analysis of cumulative impacts infeasible at present.   

 

Using harvest theory to estimate mortality limits 

 

 Harvest theory has a long history of development and application within a wide range of 

resource industries involving the exploitation of biological populations.  Its underlying objective 

is to determine the upper limit of exploitation possible without eliminating the population on 

which the harvest depends.  Much of the early development and formal treatment of this 

approach involved sustainable forestry but it has since become one of the founding principles 

on which the management of fish and wildlife populations is based.  In its simplest form 

sustained yield means that individuals are not being removed from a population at a rate faster 

than they can be replaced by reproduction.  Maximum sustained yield (MSY) is the highest rate 

of harvest that meets this condition. 

 

The basic rationale of MSY may be demonstrated using the discrete logistic model 

 

Nt+1 = Nt + rmaxNt(1 - Nt/K) - htNt  
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Where Nt is the size of the population at time t, rmax is the maximum intrinsic rate of growth for 

the population, K is the carrying capacity, and ht is the harvest rate during the time period 

between t and t + 1.  In the absence of harvest (ht = 0), this model describes a population with a 

sigmoid-shaped or density-dependent growth curve (Figure 5a) where small populations grow 

rapidly at first but then slow as they approach carrying capacity due to the influence of 

crowding on reproductive rates.  In terms of harvest, MSY corresponds to the point on the 

curve that represents the maximum rate of recruitment into the population.  For a symmetrical 

growth curve, recruitment rate peaks at the inflection point or K/2.   

 

 For populations suitable for exploitation, annual harvest 1) reduces the initial growth 

rate and 2) lowers the equilibrium population size at some point below the carrying capacity.  

The relationship between sustainable harvest and the equilibrium population size can be 

illustrated with a simple yield curve (Figure 5b).  All points along this curve represent 

sustainable harvest levels and the population can be held indefinitely at the corresponding size 

by removing individuals from the population annually at the prescribed rate.  For a population 

growing according to the logistic model, MSY is equal to rmax/2 and the population experiencing 

this harvest rate will be held at K/2.   

 

 

 

Figure 5.  Simple logistic growth (a) and yield curve (b) illustrating the full range of sustainable 

harvest rates. 

 

Potential Biological Removal (PBR) 

 

 In recent years, a new application of harvest theory has emerged with applications to 

populations of conservation concern (Wade 1998).  Referred to as Potential Biological Removal 

(PBR) the objective of this model is to determine the levels of incidental take that will not 
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jeopardize the focal population.  As with harvest, sustained levels of incidental take have the 

potential to drive populations to extinction, hold populations below carrying capacity, or to 

change recovery trajectories.  To date, this approach has been developed most fully within the 

marine mammal conservation community where it has been used to set sustainable limits on 

bycatch for the commercial fishing industry under the US Marine Mammal Protection Act 

(MMPA) (16 U.S.C. 1361).  One of several stated objectives within MMPA is that marine 

mammals “should not be permitted to diminish beyond the point at which they cease to be a 

significant functioning element in the ecosystem of which they are a part, and, consistent with 

this major objective, they should not be permitted to diminish below their optimum sustainable 

population”.  PBR has been used as the biological framework for evaluating limits to human-

caused mortality that comply with this objective.  In addition to its application to marine 

mammals, PBR has been suggested for use with bird species of conservation concern (Runge et 

al. 2004, Dillingham and Fletcher 2008) and more recently in the management of nuisance birds 

(Runge et al. 2009). 

 

 As a method for establishing limits on incidental take for species of conservation 

concern, PBR is particularly appealing because 1) it is based on data that can be collected, 2) it 

incorporates safeguards against uncertainties in the data, 3) it is compatible with performance 

criteria needed to evaluate the success of management schemes, and 4) it utilizes an approach 

that may be easily explained to constituencies.  The incorporation of uncertainties into the 

approach is particularly critical because tools used to set limits on take should be precautionary 

to protect populations against severe declines.  The formulation of PBR is 

PBR = Nmin
2

1
RmaxFR, 

 

where, Nmin is a minimum estimate of the current population size, Rmax is the maximum 

population growth rate, and FR is a recovery factor between 0.1 and 1.0.  The formulation 

contains 2 precautionary parameters including Nmin and FR.  Population size is set as the number 

of known individuals or, if multiple estimates exist, as the lower bound of a confidence interval 

(Wade 1998) to protect against the overestimate of sustainable take.  A recovery factor is used 

to reduce the level of acceptable take for populations that are severely depleted.  This factor is 

set at the discretion of managers based on the current state of the population relative to 

recovery goals, historic populations, or estimates of current carrying capacity.  The factor is set 

on the low end of the range for species that are well below current capacity and on the high 

end of the range for species that are believed to be near capacity.  

 

Applying PBR to waterbirds 

 

Estimating Rmax 

 

 Rmax is the maximum intrinsic rate of growth for a population.  This is the unfettered 

rate of growth with no density dependence and no harvest.  It should be noted that 

unrestricted growth is not observable for most populations.  Maximum growth is most 

frequently observed for species that have recently colonized a new area or that are recovering 
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from severe declines.  Since these conditions are relatively uncommon, estimates of Rmax will 

typically not correspond to field measurements. 

 

 Conventional approaches to estimating Rmax include 1) directly fitting an equation to a 

time series of population estimates during a period when the population is experiencing 

uncontrolled growth, or 2) developing a population model using estimates of demographic 

parameters measured during a period of rapid growth.  Both of these approaches require 

information from species or specific populations during periods of rapid growth that are often 

not available.   

 

 A third approach for species where limited demographic data are available has been to 

estimate Rmax using the maximum finite rate of population growth (λ) where Rmax = λ – 1.  Using 

the work of Cole (1954), Robinson and Redford (1991) used this approach to estimate the 

maximum rate of harvestable animals with minimal demographic data.  Slade et al. (1998) 

generalized this approach by including information on pre-breeding mortality and adult 

survivorship.  Their approach requires information on the age of first reproduction (α), age of 

senescence (ω), the number of offspring per reproductive adult (b), and if available survivorship 

to breeding age (lα), and adult survival rate (p).  Slade et al’s equation is    

 
)1()1(11 +−+−−− −+= ωαω

α
α

α λλλ bplblp   

 

Although this approach is an improvement over those previously available, it is still difficult to 

apply to a broad list of species.  The model requires several demographic parameters, making it 

accessible only to species that have been the subject of intensive population work.   

 

 Niel and Lebreton (2005) used a different approach to derive λmax.  By using the life-

history invariant (Charnoff 1993) maximum growth rate per generation, (λmax)
T
 where T is the 

species generation time, they were able to demonstrate that T under optimal conditions 

approximates 1/(λmax  - 1).  They used two key relationships including 

 

Ln(λmax)Top ≈ 1   and   
s

s
Top

+
+=

maxλ
α  

Combining these relationships (Dillingham and Fletcher 2008) yields 

 










−
+= −1

max

max )(exp
s

s

λ
αλ . 

 

 

From this relationship, Niel and Lebreton (2005) provide an approximation of λmax that requires 

only age to first reproduction (α) and adult survivorship (s).   
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λmax ≈ 
( )

α

ααααα

2

4)1(1 22 sssss −−−−+++−
 

 

This formulation of λmax was used in the current assessment with the PBR configuration of  

 

PBR = NminFR(λmax – 1). 

 

Assigning Fr 

 

 As envisioned by Wade (1998) and applied within an increasing number of conservation 

settings (e.g. Taylor et al. 2000, Niel and Lebreton 2005, Dillingham and Fletcher 2008), Fr is a 

recovery factor ranging from 0.1 to 1.0 that reflects management objectives and the status of a 

population relative to recovery goals.  A value of 0.1 is typically used for highly imperiled 

species in order to afford the population the greatest opportunity to recover and to minimize 

risk of extinction.  Higher values are used for populations that are closer to or have achieved 

conservation goals.  Wade (1998) suggests that in most conservation settings Fr should not be 

set above 0.5 to guard against overestimation of the target population.  I have adopted this 

recommendation here.   

 

 Values for Fr were taken from conservation scores assigned to waterbird species within 

the two nongame waterbird plans including North American conservation plans for shorebirds 

(Brown et al. 2001), waterbirds (Kushlan et al. 2002).  Both the shorebird and waterbird plans 

provide status codes including highly imperiled, high concern, moderate concern, low concern, 

and not currently at risk.  Fr values were assigned to conservation designations with 0.1 being 

assigned to species that were highly imperiled and 0.5 being assigned to species that were not 

currently considered to be at risk.   

 

 It should be noted that the values within the North American plans are based on 

continental trends and threats.  Although these values often align with trends for populations 

tied to the Atlantic Flyway there are some species for which this may not be true.  As more 

regional scores become available, recovery factors should be adjusted accordingly. 

 

Estimates of Population Size   

 

 The network of wind operations proposed along the Atlantic Flyway and the mortality 

that will result is most relevant to bird populations that directly utilize the flyway.  However, 

birds are extremely mobile and how the Atlantic Coast figures into the annual cycle of 

waterbirds is species-specific (Appendix 2).  The source populations for many migrant, 

overwintering, and oversummering populations are not fully defined.  Birds observed within 

specific locations in different seasons may have originated from different populations.  

Similarly, birds occurring together during the nonbreeding seasons may represent a complex 

mixture of source populations.  Our ability to link human-caused mortality to the dynamics of 
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particular populations, as well as, our ability to set appropriate mortality limits will improve 

with time as our understanding of these complex relationships advance. 

 

 Estimates of population size were taken from various literature sources.  Most of these 

estimates were not the result of systematic surveys with known error rates but were compiled 

opportunistically and so vary in quality and time frame.  Where possible and as appropriate, 

estimates are provided for populations specific to the Atlantic Flyway (Appendix 1).  Global and 

continental estimates are provided for context.  Taxa that are largely dependent on the western 

Atlantic Basin are highlighted.  Estimates from the various sources were often presented in 

different units.  For example, in the waterbird plan (Kushlan et al. 2002) population estimates 

are presented in units of breeding adults reflecting the fact that the majority of these estimates 

were made from surveys of breeding pairs.  By comparison, the shorebird plan (Brown et al 

2001) and the more recent update to these estimates (Morrison et al. 2006) presents estimates 

as total individuals.  For the application here, the most appropriate unit would be total 

individuals.  Although units are reported along with estimates, there has been no attempt here 

to convert estimates from breeding adults to total individuals.  Although these conversions are 

clearly possible, the demographic data needed to project stable age structure is currently 

lacking for many species.         

  

 To avoid overexploitation of a species due to overestimation of population size, PBR 

requires the use of conservative population estimates that are based on the best scientific 

information available and provide a reasonable assurance that the population size is equal to or 

greater than the estimate.  Wade (1998) suggested using the lower bound of a 60% confidence 

interval for the minimum population estimate.  Virtually none of the population estimates 

available for waterbirds are based on samples with known variance estimates.  For point 

estimates, Wade (1998) assumed that the population estimate followed a log-normal 

distribution with known coefficients of variation (CVN = σN/N) where the pth percentile estimate 

is given by 

 

)1ln(exp( 2

Npp CVZNN +=
∧

 

 

Where Zp is the pth standard normal variate.  Dillingham and Fletcher (2008) derive an 

approximation for NMIN that is valid for CVN < 0.6. 

 

)exp( 2.0min NCVZNN
∧

=    

 

This approximation was used here to convert published population estimates to Nmin for use in 

PBR calculations. 

 

Parameter Uncertainties 
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 The analyses and resulting mortality limits presented here use fixed parameter 

estimates.  Although safeguards are built into the PBR approach for population size and the 

specific conservation setting, it should be noted that demographic parameters exhibit inherent 

variation.  Uncertainties in demographic parameters was not explored in this report.  As more 

demographic information becomes available and allows for the assessment of more species and 

a deeper assessment of those treated here, future iterations of this exercise should evaluate 

the importance of parameter uncertainties in setting sustainable bounds on incidental 

mortality. 

 

MORTALITY LIMITS FOR WATERBIRD WITHIN THE ATLANTIC 

FLYWAY 

 

 The majority (78%) of the 164 species of waterbirds were evaluated to determine if 

enough information was available to assess PBR.  The remaining species including waterfowl, 

rails, and 2 shorebird species were excluded from consideration since they are actively hunted 

and harvest levels are evaluated and set annually by regulatory agencies.  Of the remaining 118 

species, enough information was found in the literature for 46 species to evaluate sustainable 

mortality limits (Appendix 3 and 4). 

 

 Estimated limits for sustainable mortality varied dramatically between species from 

more than 100,000 to less than 50 individuals (Appendix 3).  In terms of absolute mortality 

rates, the species that were the least able to sustain mortality included the Atlantic breeding 

populations of roseate tern, piping plover, and American oystercatcher, the Hudson Bay 

population of marbled godwit that winters along the south Atlantic, the rufa form of the red 

knot that uses the Atlantic Coast as a staging area during migration, and the estimated 

population of common loons wintering along the Atlantic Coast.  All of these populations that 

depend on the Atlantic Coast and Flyway are vulnerable to low rates of incidental mortality.  

 

 For the species evaluated here, sustainable mortality limits average approximately 4% of 

estimated population size.  This equates to a rate of 500 for an estimated population size of 

12,500 and may serve as a course rule of thumb for species where demographic information is 

not available to estimate PBR.  Based on this approximation, several waterbird species 

associated with the Atlantic Flyway would be vulnerable (sustainable mortality rate below 200) 

to the cumulative sources of incidental mortality currently acting within the flyway.  Of 

particular concern are several species of pelagic seabirds that are some of the most endangered 

birds in the world but for which we have little life history information. 

 

 All of the species of highest concern in appendix 3 have distributions that are focused on 

the nearshore.  These species would be most vulnerable to wind farms established within state 

waters and caution should be taken when considering operations within these areas.  The 

exception to this pattern is the pelagic seabirds that are associated with deep, offshore waters 

that are currently beyond the reach of current turbine technologies.  When technology evolves 
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to the point of realistic floating turbines, care should be taken to avoid specific waters that are 

used by these globally endangered species. 
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