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EXECUTIVE SUMMARY 

This report is a technical update of the scientific information for bald eagles published in the 

U.S. Fish and Wildlife Service’s (Service) Programmatic Environmental Impact Statement for 

the Eagle Rule Revision (PEIS), which was finalized in December 2016. In the PEIS, the Service 

committed to updating population size estimates for both bald and golden eagles no less than 

once every six years. This report fulfills that commitment for bald eagles in the coterminous 

United States for four of six eagle management units (EMU) – the Atlantic Flyway, Mississippi 

Flyway, Central Flyway, and Pacific Flyway North EMUs.  

There were three major components to this technical update: (1) aerial surveys in 2018 

and 2019 of 364 plots (10 by 10 km2) to estimate the number of occupied bald eagle nesting 

territories in 16 high-density breeding survey strata; (2) developing a model to relate eBird bald 

eagle relative abundance estimates to the survey-based occupied nesting territory estimates at the 

plot level, and then using the eBird model and eBird data to estimate the number of occupied 

bald eagle nesting territories for four of the six EMUs; and (3) using an integrated population

model (IPM) to obtain updated estimates of bald eagle vital rates, and then using these estimates 

to expand the estimates of numbers of occupied bald eagle nesting territories to estimates of total 

population size. This report is divided into three parts: Part 1 provides details on the aerial survey 

and plot-based estimates; Part 2 describes how we developed the model to use eBird relative 

abundance data to estimate occupied bald eagle nest density; and Part 3 describes the IPM and 

results. 

We estimated 316,700 bald eagles were present in the four EMUs in the 2019 breeding

season, 4.4 times more eagles than in 2009. This indicates the bald eagle population has 

continued to increase rapidly since our previous survey. Our IPM also allowed us to better 

incorporate floaters, juveniles, and subadults into estimates of overall population size, which we 

could not do effectively with the previous efforts, and this also contributed to the increase. 

Consistent with our commitment in the 2016 PEIS, we recommend continued monitoring with a 

frequency of no less than one update every six years.  
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PART 1 

DUAL-FRAME BALD EAGLE OCCUPIED NEST SURVEY RESULTS: 2018-2019 

Contributors: Mark Otto, John Sauer, Emily Bjerre, Guthrie Zimmerman, Joel Pagel, and Brian 

Millsap 

In 2018–2019, the Service conducted the second national survey to estimate the total number of 

occupied bald eagle nesting territories in the coterminous U.S. The survey replicated the 2009 

national bald eagle nesting survey, following the same dual-frame sampling design modified to 

account for detectability of nest structures. The dual-frame survey divided the coterminous U.S. 

into strata based on the abundance of nest structures and sampled high abundance areas for the 

number of occupied nests. We collaborated with the Cornell Lab of Ornithology to relate plot-

level estimates of occupied nesting territories from the survey with eBird relative abundance 

estimates and then predict the total mean number of nesting territories accounting for model 

estimation uncertainty for each Service bald eagle management unit (see Part 2). The dual-frame 

survey estimated 31,304 (SE 2,511) occupied nesting territories for all surveyed areas (i.e. areas 

with the highest abundances of known nesting territories. The substantial increase in the number 

of occupied nesting territories in surveyed strata from 2009 estimates reflects these 

improvements in estimation methods in addition to increases in the number of breeding pairs of 

bald eagles. 

SURVEY OVERVIEW 

U.S. Fish and Wildlife Service (2009 and 2016) developed a plot-based national-scale aerial 

survey to monitor the status of the bald eagle by collecting occupancy data on nest structures 

(nests). Occupied nests are equivalent to occupied nesting territories since there is only one 

occupied nest structure per nesting territory (see Steenhof and Newton 2007). The 2009 baseline 

survey provided the first unbiased national estimate of the number of occupied bald eagle nests 

and a baseline for detecting population change with future surveys. The 2018–2019 survey was a 

repeat of the 2009 survey, with some changes to improve survey efficiency. The dual-frame 

survey design takes advantage of the efficiency of surveying known nest locations and uses 

randomly selected area plot searches to account for nests not included on the lists. The survey 

also accounts for detectability of nests using an independent double-observer protocol and 

correcting for detection probability.  

Previously, estimates of bald eagle population size combined the dual-frame estimates for 

the surveyed areas of highest known bald eagle nest densities (i.e. the survey strata) with 

minimum known counts from local monitoring efforts to estimate total management unit 

occupied nesting territories (U.S. Fish and Wildlife Service 2016). For this analysis, we were 

able to improve estimates by working with Cornell Lab of Ornithology to relate our plot-based 

survey estimates with eBird relative abundance estimates and use that model to predict the 

number of occupied nesting territories for each bald eagle management unit in the coterminous 

U.S. (see Part 2). These estimates should better represent the number of occupied nesting 
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territories, in particular for areas with low-densities of known nest structures that were not 

feasible to sample with the aerial survey.  

Survey design 

The dual-frame survey design provides a means of using the existing data on the number of 

occupied nests available from state lists (the ‘list frame’) and estimating the number of additional 

occupied nests not accounted for by the lists. This requires sampling survey plots (the ‘area 

frame’) for occupied nests, removing known nests (those on the lists) from the samples, and 

estimating the number of occupied nests that are not on the lists. The number of new, occupied 

nests are then added to the occupied nests from the lists to get the total number of occupied nests. 

Since not all nests are seen during sampling, we account for detection probability of nests during 

the area sampling using a multiple-observer procedure. Bald eagle abundance also varies greatly 

within the coterminous U.S. and plot surveys could only be implemented in areas where bald 

eagle nesting populations were large enough that they could be surveyed with reasonable effort.  

The 2009 survey was designed to give an 80% chance of detecting a 25% change between 

surveys at a 10% significance level over the whole survey area, requiring an 8.3% coefficient of 

variation (CV) of the dual-frame estimate of total occupied nesting territories. We allocated the 

frame and stratum sample sizes to minimize overall cost with an upper limit on the overall CV. 

Stratification and sampling effort 

We repeated the area stratification from the 2009 survey, which was based on a cluster analysis 

of bald eagle nest densities (Figure A3-1, U.S. Fish and Wildlife Service 2009). We selected 

area-frame sample plots for the survey using the Generalized Random Tessellation Stratification 

(GRTS) methodology (Kincaid and Olsen 2013). We used the list-frame compiled for the 2009 

survey since many states had discontinued formal efforts to regularly check nests or formally 

update state nest lists. The strata list-frame estimates are combined with the area-frame survey 

estimate (corrected for detectability of nests based on multiple observer procedures) to compute 

the dual-frame estimates. Therefore, we anticipated use of the older list nest would result in the 

list frame contributing less to the dual-frame estimate and reduced benefit from using the dual-

frame versus area-only estimates. We selected list plots based on the per-plot means and standard 

deviations of the number of nests per stratum. List sampling included any known nests included 

in GRTS-selected area sample plots and additional list sample plots. 

We used simulations to optimize flight costs within our precision requirements and operational 

constraints to determine the final sample selection based on data from the 2009 survey effort. 

Due to anticipated degradation of the list coverage (proportion of total nests represented on the 

list) over time, all plots selected for the list-frame were also flown as area sample plots. We drew 

an over-sample for each sampling frame by strata; these were replacements for selected plots that 

could not be flown for a variety of access, safety, or logistical issues.  
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Surveys 

We conducted survey flights in the early part of the breeding season when the majority of bald 

eagle breeding pairs are closely tied to nests and detectability should highest (before leaf-out). 

Survey crews recorded GPS locations and nest status observations following protocols described 

in the post-delisting monitoring plan (U.S. Fish and Wildlife Service 2009). Post-survey, we used 

flight tracks and nest information to reconcile nest observations with known nests and determine 

the sampling frame assignment and status for each nest (see U.S. Fish and Wildlife Service 2016 

for additional detail). We flew strata in the Service’s Mississippi Flyway management unit in 

2019 and all other strata in 2018. 

Estimation 

To estimate the number of occupied nesting territories in the survey strata, we extended the 2009 

dual-frame survey model (U.S. Fish and Wildlife Service 2016) with random effect for strata and 

random effects for plots with a constant standard error (SE) among all strata. Known nests were 

removed from the area sample and made part of the list sample prior to data analyses to ensure 

independence of the two data frames. We used Bayesian estimation with non-informative or 

diffuse priors to obtain all estimates. 

To extrapolate to list nests in the unsampled plots in the strata, we predicted occupied/not 

occupied proportions with the stratum random effect mean and SE using the beta distribution 

then predicted the number of occupied nests using a binomial distribution. The same plot 

proportions were used for unchecked list nests in sample plots. All occupied nests were summed 

to get the stratum-level list totals. We did not have enough observations to account for imperfect 

detection in known nests and thought the observation process was too different to assume it was 

the same as for new nests.  

For the area frame, we estimated the per-plot densities of new nests for each plot by stratum. By 

‘new’, we mean new to the list, not necessarily newly constructed (e.g., one could observe a 

well-established nest that is clearly ‘old’ but previously unknown, especially in areas not 

traditionally included in state surveys). New nests found in 2009 were added to the list frame for 

2018–2019. We predicted log-normal densities with the stratum random effect mean and SE 

using the beta distribution then predicted the number of occupied nests using a binomial 

distribution. We used independent, double-observer counts to account for observer detection 

(Royle and Dorazio 2008:176). From the record of capture histories, we estimated a mean 

likelihood with centered platform effect, centered seat effect, and a random observer effect. We 

used a gamma-normal approximation of a uniform on the logit scale for the observer effect to 

make a main-effect model for observer detection. The resulting likelihood is a multinomial with 

the combination of observer in each seat and a log scale plot random effect with constant SE for 

both the sampled and unsampled plots. Again, the sampled and unsampled plot estimates of 

occupied nesting territories are summed for the stratum totals. 



7 

 

Area-only estimation 

We also generated an estimate of the stratum extrapolation from the area-plot counts only (as 

though there were no list data) for comparison with the dual-frame estimate. We used all nests 

observed in the area plots (including list nests) and the observer-detection correction to calculate 

the totals and standard errors as described above and compared estimates to the list-only and 

dual-frame estimates. Applying the observer-detection correction to the known list nests may 

make estimates slightly high since detection rates may be higher than for unknown nests. Similar 

numbers of sampled area plots relative to the effort put into the list sample are also important in 

order to make a reasonable comparison between the estimates. 

Dual-frame estimation 

Since the estimates of occupied, known nests from the list frame and the estimates of occupied, 

new nests from the area-frame are independent, we sum the totals and their variances to get the 

dual-frame estimates (U.S. Fish and Wildlife Service 2009, 2016). We added the list-frame and 

area-frame stratum estimates to get the total following Haines and Pollock (1998). We similarly 

added the variances to get the variance of the total.  

List coverage 

The list coverage is the percent of the total estimated nests (irrespective of occupancy status) that 

were represented in the list frame; it highlights the relative number of nests represented on (or 

missing from) the list. The number of nests in the list is fixed, but the number of new nests is 

estimated. We simulated the new nest distribution with a log normal with the log mean of the 

new nest estimate and its relative variance. The means and standard errors are taken from 

simulations. 

RESULTS 

The 2018–2019 survey was designed to replicate the 2009 survey and estimate the total number 

of occupied nesting territories for bald eagles in the survey strata using a dual-frame approach 

(unbiased and explicitly accounts for uncertainty). Stratification using known nest densities and 

physiographic boundaries helped ensure representative, efficient sampling and estimation which 

are important given the survey goals and highly variable bald eagle abundance within the U.S. 

There were 478 occupied list nests out of the total 1,332 list nests sampled. List nest 

occupancy rates ranged from 29–46% among strata and averaged approximately 35%. Within 

strata, we extrapolated the list nest occupancy rates and standard errors for the sampled nests to 

the nests not included in the sample to get the total occupied nests for the list-frame—5,469 (SE 

281) occupied nesting territories (Table 2).  

There were 720 new, occupied nests recorded by survey crews. Detection rates varied by 

observer-seat-platform combination with the probability of at least one observer detecting a nest 

ranging from as low as 71% (SE 3.2%) to as high as 98% (SE 0.5%). Platform had a noticeable 

impact on detectability, with helicopter crew detection rates of 96% (SE 1.1%) to 98% (SE 
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0.5%). This was consistent with the general impression of survey crews that searching for nest in 

helicopters was more accommodating in terms of general maneuverability and visibility in spite 

the helicopters often being used for plots with habitat that would be considered to have lower 

detectability (e.g. conifer-dominant tree stands). Accounting for detection, estimates of new, 

occupied nest ranged from 113 (SE 62.5) in Washington Southern Cascades to 6,787 (SE 1,248) 

in the Boreal Transition, which is the northern part of the Great Lakes region (Table 2).  

Dual-frame estimates represent the total occupied nests for each stratum and ranged from 

162 (SE 64) occupied nests in the Washington Southern Cascades to 8,228 (SE 1,257) occupied 

nests in the Boreal Transition area in the northern portion of the Great Lakes region. In total, for 

all of the high-density strata combined, we estimated 31,304 occupied nests (SE 2,511).  

To evaluate the efficacy of the dual-frame survey and better understand the contribution 

of each sample frame to the analysis, we also analyzed the area survey plot data as though we 

only conducted the area plot survey (Table 2). The area-only estimates are generally consistent 

with the dual-frame estimates but deviate in some strata (generally those strata with a large 

number of list nests).  
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Figure 1. Bald eagle management units and survey strata. Management units are defined by the 

dark lines, and are labeled on the figure. Survey strata are 1 = Boreal Transition, 2 = Chesapeake 

Bay, 3 = California Highlands, 4 = Columbia River, 5 = Central Florida, 6 = Northern Florida, 7 

= Southeastern Lowlands, 8 = Maine Lowlands, 9 = Mississippi Valley, 10 = Northern Rockies, 

11 = Oregon, 12 = Prairie Transition, 13= Southern Cascades, 14 = Upper Atlantic Coast, 15= 

Maine Highlands, 16 = Western Cascades.
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Table 2. Mean (SD) list-only, area-only (new nests), and dual-frame estimates of occupied 

nesting territories from aerial surveys (2018–2019) by survey strata—the regions of the 

coterminous U.S. with the highest known densities of nest structures. 

Stratum List-only Area-only Dual-Frame 

Washington Southern Cascades    49 (13) 113 (63) 162  (64) 

Olympic Puget Sound and NE Cascades  770 (97) 440 (128) 1,209  (162) 

Columbia River  140 (32) 115 (56) 255  (64) 

Oregon Pacific Rainforest  474 (69) 973 (313) 1,448  (321) 

California High Density    47 (11) 866 (415) 914  (415) 

Northern Rockies  214 (39) 3,284  (1013) 3,498  (1,013) 

Boreal Hardwood Transition   1,441 (144) 6,787  (1248) 8,228  (1,257) 

Prairie Hardwood Transition  272 (44) 4,733  (1053) 5,005  (1,054) 

Mississippi Alluvial Valley in Louisiana  217 (20) 2,760 (631) 2,978  (631) 

Maine Upper Middle Coast and Highlands    60 (13) 239 (114) 298  (115) 

Maine Low    76 (16) 493 (271) 568  (272) 

Maine Down-East  426 (87) 335 (174) 761  (195) 

Chesapeake Bay  428 (41) 2,046 (414) 2,474  (416) 

South Carolina-Georgia Lowlands  136 (16) 801 (220) 937  (221) 

Central Florida  445 (58) 840 (220) 1,284  (227) 

North Florida  276 (29) 1,009 (282) 1,285  (284) 

Total   5,469 (281) 25,835  (2,495)   31,304  (2,511) 
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PART 2 

METHODS FOR INTEGRATING EBIRD RELATIVE ABUNDANCE DATA WITH 

POPULATION SIZE DATA TO PRODUCE SPATIALLY EXPLICIT ESTIMATES OF 

EAGLE DENSITY 

Contributors: Erica Stuber, Emily Bjerre, Brian Millsap, Mark Otto, Orin Robinson, Viviana 

Ruiz-Gutierrez, Guthrie Zimmerman 

The goal of this collaboration between the Service and Cornell Lab of Ornithology was to 

determine whether scientific products predicting bald eagle relative abundance developed by the 

Cornell Lab of Ornithology can be used to predict the number of occupied bald eagle nesting 

territories across the U.S. While the Service has developed a study design for collecting data 

regarding bald eagle nest density across the coterminous U.S. and analytical techniques to 

extrapolate estimates to unsurveyed locations, the higher spatial and temporal resolution of eBird 

abundance products could be beneficial to the Service’s internal management decision-making. 

However, as eBird predicts the mean relative abundance of total bald eagles (i.e., including 

juveniles, and adults), and the Service estimates the mean number of nests, the units of each 

dataset are not directly equivalent, and a statistical relationship must be quantified. To quantify 

the relationship (if any) between the two quantities, we followed the following steps: (1) 

formulate a model that related eBird relative abundance to FWS-based estimates of mean 

number of nests which may vary geographically, and that can predict at arbitrary spatial scale; 

(2) perform variable selection on a subset of possible eBird relative abundance covariates; (3) 

confirm the predictive performance of the model based on spatially stratified holdout data; (4) 

estimate the relationship between eBird mean predicted relative abundance and the Service’s 

estimated mean nest density; and (5) project estimated model across the coterminous U.S. to 

predict total mean number of nesting territories accounting for model estimation uncertainty. 

METHODS 

Formulating the model  

Because the Service was interested in predicting the mean number of occupied nesting territories 

potentially at multiple spatial scales depending on specific management objectives (e.g., within 

the coterminous U.S., flyway scale, or Bird Conservation Region scale), we designed a statistical 

model that would be valid when projected across arbitrary spatial scales (i.e., the sum of the 

predicted mean number of nests at two neighboring 10 × 10 km2 sites would be the same as the 

mean number of nests predicted from a single 20 × 10 km2 site): 

Ni ~ Poisson(β1 eBirdi * exp(γStratum_i)). 

Here, we fit an identity-link Poisson regression model without an intercept, and including the 

random effect of geographic region of the survey (i.e., Stratum). Suppressing the intercept 

ensures that when eBird predicted mean relative abundance is zero, the model does not predict 
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that there are any nests. The Poisson distribution with identity link ensures that predictions can 

be made at arbitrary spatial scales as both the Poisson mean and variance can be summed. 

Including the random effect as a multiplicative term guarantees that within each stratum, the 

intercept goes through the origin, and therefore acts as a random slope by region. Ni represents 

the estimated mean number of occupied nesting territories in the ith 10 × 10 km2 survey plot 

rounded to the nearest integer to fit the Poisson distribution; these values were obtained from the 

analyzed aerial survey data as described in Part 1. β1 represents the coefficient estimate of the 

eBird-based estimated mean relative abundance predictor (eBirdi). eBirdi represents the predicted 

mean relative abundance of bald eagles at the 10 km2 scale for plot i. As eBird-based relative 

abundance products are originally generated at a 2.7 km2 scale, to match the size of Service aerial 

survey sites we aggregated the original eBird predicted mean relative abundance to 10 km2 

resolution by taking the sum (R package: raster, function: extract). Because the rate parameter of 

the Poisson distribution must be strictly positive, we add 0.001 to the eBird covariate to ensure 

strict positivity under the Poisson distribution with no intercept and only a single fixed covariate 

(e.g., if any entry of eBirdi = 0, the rate parameter would also be 0, which is not allowable). 

γStratum_i represents the coefficient for a plots’ stratum grouping variable. 

Variable selection 

We performed a cross-validation procedure in a variable-selection framework to determine which 

week of predicted eBird mean relative abundance was the best single predictor of occupied 

nesting territories (see below for cross-validation description). Although eBird relative 

abundance products contain weekly estimates (i.e., 52 potential predictor variables), we only 

considered weeks 19-25 as potential predictors in our model as these include the average 

expected breeding season dates, and are few enough to worry little about multiple testing. Within 

the cross-validation we only allowed a single predictor to be included at one time (e.g., we did 

not consider both weeks 19 and 20 simultaneously within our model). We selected the single 

predictor with the best holdout predictive performance which we then used to estimate the final 

model using the full data set. 

Confirm predictive performance 

Because we were interested in using this model to predict the expected mean number of occupied 

bald eagle nesting territories in both surveyed and unsurveyed regions, we quantified the 

predictive performance of our model using spatial holdout data in x-fold cross-validation. Each 

fold of the cross-validation procedure was comprised of all survey sites from within a single 

stratum (i.e., spatially clustered data). For each fold of cross-validation, we predicted the mean 

number of nests within holdout sites from a single stratum using the fitted model. After all strata 

were used as holdout samples we quantified predictive performance as the difference between 

predicted and observed during holdout, and selected the single model with the greatest predictive 

performance.  
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Estimate relationship 

Using the model with the highest predictive performance, we estimated the model using the full 

dataset via posterior simulation with JAGS (Plummer 2013). We used relatively vague priors, 

and 50,000 iterations, after 25,000 iterations of burn-in, and visually inspected trace-plots to 

confirm convergence. 

Project estimated model across the coterminous U.S. 

Once the model was estimated, we projected the estimated model across the coterminous U.S. to 

determine the total expected mean number of nests in the U.S. and in each major flyway based 

on the eBird 2018 status and trend product which has continuous spatial coverage for the U.S. To 

quantify point estimates and uncertainty around the predicted total mean number of nests we 

generated predictions based on each iteration of the MCMC chain (i.e., for each MCMC iteration 

we have a separate coefficient estimate; instead of predicting based on the posterior median only, 

we account for coefficient uncertainty by summarizing over all possible coefficient estimates). 

Because we were interested in the median and 20th quantile estimates of total mean number of 

nests, and because we can only extract uncertainty around the median point estimate from the 

MCMC sampling procedure (i.e., the credible interval from a MCMC chain is only guaranteed to 

be around the median), we use bootstrapping to generate uncertainty estimates also for the 20th 

quantile. Based on 50,000 predictions of total mean number of nests we draw 1,000 samples of 

1,000 size each, which we summarize for the median and 20th quantiles, as well as their standard 

deviation. The estimated number of occupied bald eagle nesting territories from our eBird model 

are presented in Part 2 Results, Table 1. 

RESULTS 

Our model that integrated eBird relative abundance estimates with bald eagle occupied nesting 

territory estimates for the surveyed strata produced an estimate of 73,499 occupied nesting 

territories in the four EMUs in 2018-2019 (Table 1). 

Table 1. Estimates of occupied nests from integrated aerial survey and eBird relative abundance 

data by bald eagle management unit, 2018 – 2019. 

Occupied Nesting Territories 

Region Mean SD Median (20th Quantile) 

Atlantic Flyway 19,685 142 19,074 (15,691) 

Central Flyway 7,167 71 6,867 (5,197) 

Mississippi Flyway 36,973 219 36,038 (30,967) 

Pacific Flyway North 9,674 52 9,488 (8,239) 

Total 73,499 275 71,467 (60,094) 
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PART 3 

AN INTEGRATED POPULATION MODEL TO INFORM ALLOWABLE TAKE of BALD 

EAGLES 

Contributors: Guthrie Zimmerman, Fitsum Abadi, Jay Gedir, William Kendall, and Brian 

Millsap 

 

The Service agreed to use the most current demographic and population data to update estimates 

of allowable take for bald eagles from the 2016 assessment (U.S. Fish and Wildlife Service 

2016a). Based on the biology of eagles and management structure of the Service, the Service 

manages eagle populations based on eagle management units (EMUs) that mostly follow the 

administrative flyways in the conterminous U.S., with the exception of the Pacific Flyway (PF), 

which is divided into northern and southern sections at 40° N latitude (Figure 1; there is also an 

Alaskan management unit that is not considered here). The subpopulation of bald eagles in the 

southern PF largely occupy the Sonoran and Mojave Deserts, Sierra Madre Occidental, and 

southern portion of the Southern Rockies Colorado Plateau Bird Conservation Regions (BCRs; 

U.S. Fish and Wildlife Service 1998) of Arizona. This southern PF population is managed 

separately from the rest of the U.S., so we excluded those birds from this assessment (U.S. Fish 

and Wildlife Service 2007). The Service implemented a nest occupancy survey for bald eagles in 

2009 following removal from the list of Threatened and Endangered species (U.S. Fish and 

Wildlife Service 2009). For the purposes of surveying nesting territories, the remainder of the 

conterminous U.S. was divided into low- and high-density areas based on available data on 

nesting density from 2009 (U.S. Fish and Wildlife Service 2016a). The high-density bald eagle 

areas were further divided into 16 strata based on the intersection of BCRs and states (U.S. Fish 

and Wildlife Service 2009; Figure 1). We used data from these regions to update estimates of 

demographic data for bald eagles in these EMUs.  

DATA AND MODEL 

Bald eagles are banded throughout the U.S. as part of operational monitoring, or specific studies. 

Bald eagles are captured and banded with uniquely numbered aluminum leg bands, and often 

with additional markers (e.g., colored leg bands, satellite transmitters). Occasionally, dead eagles 

that are banded with only aluminum leg bands and no other markers are located and the band 

numbers are reported to the Bird Banding Laboratory (U.S. Geological Survey Bird Banding 

Laboratory 2019). These banding and recovery data (i.e., band recovery data) provide 

information on survival rates. We attempted to use live resightings of color bands to increase 

precision because bald eagle band recoveries are sparse, but our initial assessment of the live-

resight data indicated large heterogeneity in resighting efforts that could have induced an 

unknown bias into estimates. Therefore, we excluded live-resight information until we could 

conduct a more detailed assessment about using these data appropriately. We also excluded birds 

tagged or marked with transmitters, wing, tail, or other markers that might influence survival or 

bias reporting probabilities.  

We define recruitment as the number of female juveniles fledged per adult female, and 

estimate recruitment as the product of the probability of after third year (AY3) birds breeding 
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(p.br) and fecundity (female young fledged per breeding female; F; Steenhof and Newton 2007). 

Bald eagle recruitment is not monitored on a large scale throughout the U.S., so annual 

recruitment estimates that represent the population we defined for our analysis are not available. 

Although there is historic information that p.br is close to 1 at low densities (Turrin 2014), we 

did not have any recent study-specific data available to inform how p.br may be changing with 

recent population increases. Otto (In U.S. Fish and Wildlife Service 2016a) conducted a meta-

analysis of bald eagle productivity (i.e., young fledged per occupied nest) data using 17 regional 

studies conducted from 1995 to 2014 within our study area. He estimated median productivity 

was 1.12 (95%CI = 0.73-1.72), which we used to inform F in our IPM.    

Two large-scale surveys, the North American Breeding Bird Survey (BBS; Robbins et al. 

1986) and eBird (Fink et al. 2020), provide indices to bald eagle population sizes in areas where 

nest occupancy surveys occurred, and areas outside of that survey’s coverage. The BBS is 

conducted each spring by volunteers that record birds along assigned roadside routes throughout 

our study area and other portions of North America. Each route is 39.4 km long and observers 

stop every 0.8 km for 3 minutes to record birds heard or seen within 400 m. The BBS is 

conducted between April and June and counts are conducted between 30 minutes before sunrise 

and 4 hours after. Full details of survey design and field methods for the BBS are provided by 

Robbins et al. (1986). Juvenile bald eagles are likely still in the nest when the BBS is conducted 

over most of the country and, therefore, are not likely to be counted during the survey. eBird is a 

citizen-science database consisting of checklists recorded by birders throughout the U.S. and 

throughout the year (Sullivan et al. 2009). Counts of birds, location, time, and search effort are 

standardized so that relative comparisons can be made among locations and time periods. 

Checklists are filtered and managed by birding experts to identify errors and maintain the quality 

of the information submitted (Sullivan et al. 2014). Because of the extensive controls and checks, 

the use of eBird data to inform scientific investigations and bird management is increasing (e.g., 

Sullivan et al. 2017, Robinson et al. 2018, Callaghan et al. 2019). In contrast to the nest-

occupancy survey, the BBS and eBird indices do not provide population size estimates, but they 

cover a larger area and include subadults and adult floaters providing a more complete picture of 

spatial and temporal variation in bald eagle relative abundances.  

The IPM we developed for bald eagles is based on three submodels: (1) a survival 

submodel using band recovery data; (2) a recruitment submodel based on a meta-analysis from 

published studies of productivity (Otto, In U.S. Fish and Wildlife Service 2016a) and an assumed 

relationship between density and the probability of breeding; and (3) a stage-structured model 

(Caswell 2001) that combines age-specific survival and recruitment estimates with time series 

data from the BBS conducted each spring. We used a state-space (Buckland et al. 2004, Kéry 

and Schaub 2012) formulation to integrate the BBS and demographic data because it allowed us 

to model the true latent state, and the observation process using the annual BBS indices and 

standard errors. Our IPM included four age classes: first-year (Y1), second-year (Y2), third-year 

(Y3), and after third-year (AY3). We assumed that eagles surviving their first year had the same 

survival rate after the first year (AY1) and that birds did not breed until their 4th spring after 

fledging (e.g., Y3 birds that transition to AY3 do not breed that first spring of turning an AY3 

bird; U.S. Fish and Wildlife Service 2016a). We used a post-breeding matrix model (Caswell 

2001) to represent the age-structured population dynamics: 
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Where 𝑆𝑡
𝑌1 and 𝑆.

𝐴𝑌1 represent age-specific survival (see details of survival submodel below), 

𝑝. 𝑏𝑟𝑡 is the probability of AY3 birds breeding, 𝐹𝑡 is fecundity (juvenile females fledged per 

breeding female), and 𝐼𝑡
𝐴𝑔𝑒

 are the annual age-specific latent indices to population size. A 

subscript “t” means we allowed the parameter to vary annually, whereas a subscript “.” indicates 

that the mean value was used in the state-space process model of IPM. We used the R package 

‘popbio’ (Stubben and Milligan 2007) to estimate the sensitivities and elasticities of the medians 

from the posterior distributions of the lower-level demographic parameters used in the IPM to 

measure the relative influence of the demographic parameters on growth rate. We also explored 

transient dynamics by calculating the damping ratio, and simulating growth with an initial equal 

number of individuals in each age class to estimate years to a stable age distribution. 

Survival    

 We used the Seber parameterization of dead recovery models (see Williams et al. 2002:398) to 

estimate survival rates. This parameterization includes band recoveries throughout the year and 

estimates age-specific survival (S) and a reporting probability (r), which is defined as the 

probability that a dead bird is encountered, and its band is reported to the Bird Banding Lab.    

Banding of AY1 birds occurred continuously throughout the year, so we considered each 

time interval to start immediately after banding for this age class (i.e., the month and day of 

banding defines each subsequent survival interval for that individual). For example, if one eagle 

was banded on 1 June 2010, the first annual interval for that bird would be 1 June 2010 to 31 

May 2011; whereas the interval for a bird banded on 1 Oct 2010 would be 1 Oct 2010 to 30 Sept 

2011. Therefore, our time steps for AY1 were intervals since banding, which did not overlap 

completely among individuals or align with calendar years. We were concerned that our 

approach for setting intervals for AY1 could bias Y1 survival probabilities. For example, the 

interval survival for a Y1 eagle banded in May would be lower than a Y1 eagle banded in 

November because the bird banded in November would spend a longer portion of the interval as 

an AY1 if the birds transitioned to the next age class during the spring following banding. 

Approximately 80% of Y1 birds were banded in May and June, so we filtered the Y1 bandings to 

include just those banded during these two months to keep the time period consistent for all Y1 

birds. Checking nest success of raptors often occurs just before chicks fledge (Steenhof and 

Newton 2007), which is when most banders target Y1 eagles for marking. Therefore, we 

assumed that survival between banding and fledging was ~1 for Y1 eagles. We also assumed that 

any Y1 birds observed after the 1st of March of the year following birth, had transitioned to the 

AY1 age class. Therefore, the Y1 survival rate represented an approximate 275-day period (i.e., 

approximately 0.75 of a year) rather than the year-long survival rate of AY1. This enabled us to 

avoid overlap between AY1 and Y1 survival rate estimates. 

We used a logit link and allowed a random year-effect for survival for Y1 birds:   

𝑙𝑜𝑔𝑖𝑡(𝑆𝑡
𝑌1) = 𝛽𝑜 + 𝑌 
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The intercept (𝛽𝑜) represents the mean 𝑆.
𝑌1 and Y represents the random year affects, which we 

sampled from a normal distribution: 

𝑌 ~ 𝑁(0, 𝜎𝑦𝑒𝑎𝑟
2 ) 

We used estimates of 𝑆𝑡
𝑌1 from the random effects model in the IPM. Because of the continuous 

banding of AY1, we did not have clear annual cycles, and assumed constant survival and 

estimated a mean 𝑆.
𝐴𝑌1to use in the IPM. We do not think this is an unreasonable assumption for 

our analysis since this parameter is high and likely not very variable among years (Newton et al. 

2016). We specified non-informative priors for each parameter used to inform survival: 

𝛽𝑜 ~ 𝑁(0,1000000),  𝑆.
𝐴𝑌1 ~ 𝐵𝐸𝑇𝐴(1,1), and 

1

𝜎𝑦𝑒𝑎𝑟
2 ~ 𝐺𝐴𝑀𝑀𝐴(0.001,0.001). We also used 

non-informative priors for Y1 and AY1 reporting rates: 𝑟.
𝑎𝑔𝑒 ~ 𝐵𝐸𝑇𝐴(1,1). We summarized the 

data in recovery arrays and used a multinomial likelihood to analyze the dead recovery data. As 

part of model checking, we compared survival rates from the full IPM to those from a stand-

alone survival model (i.e., the same Seber dead recovery model) to assess whether other data 

sources in the IPM may have influences survival rates. 

Recruitment 

The first component of our recruitment estimate is the probability of AY3 birds breeding (pr.brt). 

Previous research indicates that density dependence on recruitment would influence raptors 

through this parameter (Hunt 1998, Turrin 2014, Millsap et al. 2019). Therefore, we specified a 

logit-linear relationship between pr.brt and latent population indices (𝐼𝑡
𝐴𝑙𝑙): 

𝑙𝑜𝑔𝑖𝑡(𝑝𝑟. 𝑏𝑟𝑡) = 𝛽𝑂 + 𝛽1 × 𝐼𝑡
𝐴𝑙𝑙 

We did not have data to directly estimate the parameters in this model, so we included more 

informative priors than for the other parameters in the model, and then allowed the structure of 

the IPM to generate posterior estimates. We assumed that at low densities, most AY3 birds will 

attempt to breed each year (Turrin 2014), so we set  𝛽𝑂= 5. We did not have prior information on 

the slope parameter, but assumed that the probability of breeding would only go down with 

increasing population size and specified an informed prior for the slope parameter that covered 

the range of biologically relevant patterns: 𝛽1 ~ 𝑈𝑁𝐼𝐹𝑂𝑅𝑀(−1,0). We did not have annual 

estimates of fecundity (Ft) to include in our IPM, so we sampled values from a distribution 

defined by the parameters from the meta-analysis (Otto In U.S. Fish and Wildlife Service 2016a) 

for annual estimates. First, we used the package “fitdistrplus” (Delignette-Muller and Dutang 

2015) in program R to convert the median and credible interval for productivity in the meta-

analysis (Otto, In U.S. Fish and Wildlife Service 2016a) to estimate a standard error on the 

lognormal scale (𝑥̅ = 0.12; sd = 0.21) since productivity cannot be <0 and the standard error from 

the meta-analysis was skewed to the right. We sampled from this distribution within the MCMC 

updates in the IPM. For each value sampled, we divided by 2 to convert the productivity 

(fledglings per occupied nest), to a Ft (females fledged per breeding female) assuming a 50:50 

sex ratio of fledglings (Bortolotti 1986). 

BBS and stage-structured model 

We used annual population indices for the combination of state and BCR from the BBS survey 

derived from a log-linear hierarchical model (Sauer et al. 2017). The log-linear model 
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incorporates observer, route, experience (i.e., first time observer vs not first time), year, and 

strata (state-BCR intersections) effects. The final indices from the BBS are the average number 

of birds seen per route for each stratum and year. Although we would prefer to have a time series 

of population size estimates rather than indices, the other parameters (e.g., survival and 

recruitment) in our IPM are rates, so as long as the BBS indices accurately capture population 

dynamics from one year to the next, they provide an appropriate time series to include in our 

IPM (e.g., Ahrestani et al. 2017, Robinson et al. 2018). Each year, the BBS indices are produced 

with an estimate and standard error that can be aggregated to various larger scales. 

The underlying state model is based on the expansion of the matrix model above and the 

vector of un-measurable latent age-specific indices: 

𝐼𝑡+1
𝑌1  = 𝐼𝑡

𝐴𝑌3 × 𝑆.
𝐴𝑌1 × 𝑝. 𝑏𝑟𝑡 × 𝐹𝑡 

𝐼𝑡+1
𝑌2  = 𝐼𝑡

𝑌1 × 𝑆.
𝑌1 

𝐼𝑡+1
𝑌3  = 𝐼𝑡

𝑌2 × 𝑆.
𝐴𝑌1 

𝐼𝑡+1
𝐴𝑌3 = (𝐼𝑡

𝑌3 × 𝑆.
𝐴𝑌1) + (𝐼𝑡

𝐴𝑌3 × 𝑆.
𝐴𝑌1) 

We made two adjustments to the BBS indices to integrate them into observation process. 

Observers cannot identify age class (i.e., Y2 vs Y3 vs AY3) during surveys, so the observed 

indices (𝐼. 𝑜𝑏𝑠𝑡) are not age-specific, whereas survival and fecundity varied among some of the 

age-specific latent indices in the state model (i.e. 𝐼𝑡
𝑌1, 𝐼𝑡

𝑌2, 𝐼𝑡
𝑌3, and 𝐼𝑡

𝐴𝑌3). We allocated the latent 

total 𝐼1 into age-specific estimates (i.e., vector 𝑰𝒕
𝒂𝒈𝒆

) using the stable-age distribution, calculated 

from mean survival and recruitment from a literature search of previous studies (Buehler et al. 

1991, Harmata et al. 1999, Buehler 2020). We used a Dirichlet distribution with the stable age 

distribution as priors for the first year to ensure the proportion of age classes (i.e., 𝑝𝑡
𝑌1, 𝑝𝑡

𝑌2, 𝑝𝑡
𝑌3, 

and 𝑝𝑡
𝐴𝑌3) summed to 1. We then used the age-specific demographic rates to calculate age-

specific indices at the end of time t = 1 and calculated updated proportions in each age class each 

year. During each time step t in the model, the current estimate of age-specific indices was the 

previous year’s total (𝐼𝑡−1) multiplied by the proportion of birds in each class from the end of the 

previous year. The Y1 survival and recruitment estimates were based on a post-breeding time 

schedule, whereas, the BBS surveys are conducted during the nesting periods when juveniles are 

not generally available to be counted. To match the survey and demographic data, we summed 

the latent indices for Y2, Y3, and AY3: 

𝐼. 𝐵𝐵𝑆𝑡 = 𝐼𝑡
𝑌2 + 𝐼𝑡

𝑌3 + 𝐼𝑡
𝐴𝑌3 

in the state model so that we could match with the observed BBS indices in the observation 

model: 

𝐼. 𝑜𝑏𝑠𝑡 ~ 𝑁(𝐼. 𝐵𝐵𝑆𝑡 , 𝜎𝐼.𝐵𝐵𝑆𝑡

2 ) 

Estimating 𝐍̃𝟐𝟎𝟏𝟖  

The occupied nest survey data were integrated with eBird data (see Part 2) to get an estimate of 

the total number of occupied nests for 2018 (𝑁2018
𝑁𝑒𝑠𝑡𝑠). Researchers developed a model that 

estimates a scaling factor using eBird data and plot-level estimates from the nest occupancy 

survey where the two surveys overlap spatially Part 2). Their model also incorporated a random 
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effect for strata to accommodate variation in the scaling factor associated with habitat. The 

model was then used to scale eBird data to an estimate of breeding occupancy over the entire 

study area. The eBird data prior to 2018 could not be scaled to a breeding population size 

because only the 2018 eBird data were processed as needed for scaling to a nest occupancy 

estimate.  Although eBird data includes both nesting and non-nesting birds, the inferences from 

the integrated eBird and nest occupancy estimates represent number of nests only because the 

eBird data are scaled to nest occupancy data in overlap areas (i.e., the scaling factors scale eBird 

indices to the number of occupied nests). Because our take assessment required nesting and non-

nesting eagles, we doubled the integrated eBird/post-delisting estimate of occupied nests (i.e., 

assumed two adults per nest), and adjusted by the proportion of breeders and non-AY3 birds 

from our IPM. 

𝑁2018 =
𝑁2018

𝑁𝑒𝑠𝑡𝑠 × 2

𝑝. 𝑏𝑟2018 × 𝑝2018
𝐴𝑌3  

We used simulations to sample values of 𝑝. 𝑏𝑟2018 and 𝑝2018
𝐴𝑌3  from the posterior estimates of the 

IPM, and the variance in 𝑁2018
𝑁𝑒𝑠𝑡𝑠 (Part 2) to propagate uncertainty to our overall estimate of 

𝑁2018. Our estimate of 𝑝. 𝑏𝑟2018 was not informed directly by data and was, therefore, highly 

uncertain. Therefore, we sampled values for this parameter from within the 90% CI to ensure 

that unreasonable breeding proportions did not lead to implausible population size estimates. 

Therefore, the final N included breeding and non-breeding eagles from all regions within the 

conterminous U.S. 

RESULTS 

Survival Submodel 

After filtering bands, we had a total of 12,573 Y1 (range = 238 – 776 annually) and 3,259 AY1 

(range = 78 – 198, annually) eagles banded between 1994 and 2018 for our dead recovery 

analysis. We had very few dead recoveries during the study, particularly for AY1 (total Y1 

recoveries = 1275, range = 9 – 81 annually; and total AY1 recoveries = 345, range = 1 – 37 

annually). Reporting rate estimates were low and precise for both age classes (𝑟̂𝑌1= 0.06, 95% CI 

(Bayesian) = 0.04 – 0.08; 𝑟̂𝐴𝑌1= 0.19, 95% CI = 0.17 – 0.21). Survival probabilities for Y1 

varied temporally from 0.68 (95% CI = 0.56 – 0.78) to 0.74 (95% CI = 0.65 – 0.86) and appeared 

stable over much of the study period (Figure 2). Although the survival estimates of Y1 varied 

from year to year, the low precision of annual estimates from the random-effects model indicated 

that these temporal differences were not strong as illustrated by overlapping credible intervals for 

all annual estimates (Figure 3). The mean survival estimate for AY1 was high and precise 

(𝑆̂.
𝐴𝑌1= 0.91, 95% CI = 0.0.90 – 0.92). We found that annual survival rates for Y1 from the IPM 

and the stand-alone Seber model with the same structure showed the same temporal patterns, but 

were lower (𝑆̅̂
𝐼𝑃𝑀
𝑌1 = 0.70 [95% CI = 0.63 – 0.79], 𝑆̅̂

𝑆𝑡𝑎𝑛𝑑𝐴𝑙𝑜𝑛𝑒
𝑌1 = 0.77 [95% CI = 0.68 – 0.87]).  The 

mean AY1 survival from the stand-alone Seber model (𝑆̅̂
𝑆𝑡𝑎𝑛𝑑𝐴𝑙𝑜𝑛𝑒
𝐴𝑌1 = 0.92, 95% CI = 0.91 – 0.93) 

was also slightly higher than the estimate from the IPM. 
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Recruitment Submodel 

The median of the slope parameter relating the proportion of AY3 birds that breed to the 

population index was -21 (95% CI = -0.34 – -0.01) with high uncertainty (CV = 47%). The IPM 

indicated that the estimated proportion of AY3 birds breeding declined from approximately 

0.990 (95% CI = 0.986 – 0.993) to 0.66 (95% CI = 0.16 – 0.99) by the end of the study (Figure 

3). Annual fecundity estimates from the IPM only varied slightly with no apparent trend (range 𝐹̂ 

= 0.52 to 0.59; Figure 5) and were almost identical to the expected values from the priors (E(F) = 

0.57, SD = 0.12). Based on the assumption that density dependence acts through the proportion 

of AY3 eagles breeding, our full IPM indicated that overall recruitment in our study declined 

from 0.53 (95% CI = 0.36 – 0.78) to 0.37 (95% CI = 0.09 – 0.72) as the overall population 

increased from 1994 to 2018 (Figure 4).  

 State Model 

The distribution of age classes did not fluctuate among years, with AY3 consistently being 

highest (𝑝̂̅𝐴𝑌3= 0.53; range 𝑝̂𝐴𝑌3 = 0.50 to 0.57), followed by Y1 (𝑝̂̅𝑌1 = 0.22; range 𝑝̂𝑌1 = 0.16 

to 0.23), and then subadults: (𝑝̂̅𝑌2= 0.14 range 𝑝̂𝑌2 = 0.10 to 0.15) and (𝑝̂̅𝑌3= 0.12; range 𝑝̂𝑌3 = 

0.08 to 0.12). These proportions were in the same order as predicted from the stable-age 

distribution based on a literature search with adults expected to make up the highest proportion 

(𝑝̂𝐴𝑌3= 0.57), followed by Y1 (𝑝̂𝑌1=  0.18), and then subadults (𝑝̂𝑌2= 0.14, and 𝑝̂𝑌3= 0.11). 

Although the order was the same, the fitted age proportions derived from the IPM from year 2 to 

the end of the analysis indicated a slightly higher proportion of Y1 and lower proportion of AY3 

than the stable-age distribution used as a prior in year 1 of the analysis. 

The latent estimates of population indices for subadult (Y2 and Y3) and AY3 bald eagles 

indicated that the population in our study increased rapidly since 1994 at a rate of approximately 

10% per year (Figure 5). The latent population indices were similar to the observed BBS data, 

and the annual estimates were precise (CV̅̅̅̅  = 6%, range = 5% to 7%; Figure 6). Because the 

proportion of Y1 in the population did not fluctuate much throughout the study, the full 

population index that included that age class had a similar trend with an offset of about +25% 

(Figure 5). 

Growth rate from the population model using the median of the posterior distributions of 

demographic rates was most sensitive to 𝑆̂𝐴𝑌1 (sensitivity = 1.08, elasticity = 0.88), followed by 

F (sensitivity = 0.24, elasticity = 0.16), 𝑆̅̂𝑌1 (sensitivity = 0.18, elasticity = 0.12), and p.br 

(sensitivity = 0.14, elasticity = 0.12). The estimated damping ratio was 1.70 and simulation of 

the matrix indicated that a population with equal numbers of birds in each age class would 

converge to the stable age distribution within 5 years. 

Adjusting the integrated eBird and nest occupancy surveys described in Part 2 for the 

number of nesting birds (i.e., 2 × nesting pairs), proportion of birds breeding (to add AY3 

floaters) and proportion of Y1, Y2, and Y3 birds (Table 1) increased estimates by approximately 

4.4 times from previous population size estimate.  
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DISCUSSION 

Our IPM provided several insights into bald eagle demography that would not have been evident 

otherwise. Most significantly, the IPM allowed us to estimate the proportion of AY3 bald eagles 

that were breeding each year in the absence of direct information on that demographic 

component. Moffat’s equilibrium theory (Hunt 1998, 2015, Hunt and Law 2000) predicts that the 

availability of suitable breeding locations places an upper limit on the number of mature 

individuals that can reproduce annually, and thus is a primary means of population regulation in 

long-lived species of Accipitriformes like bald eagles. Turrin (2014) showed that mature bald 

eagles that were unable to secure breeding territories (i.e., floaters) comprised an insignificant 

proportion of the bald eagle population in the Chesapeake Bay region in the early 1990’s when 

breeding density was low due to population declines associated with DDT contamination 

(Buehler 2020). By 2013, however, after 40 years of bald eagle population growth following 

cessation of the use of DDT in the U.S., only one in five four-year old bald eagles in the 

Chesapeake Bay region was able to secure a breeding territory (Turrin 2014). Our IPM revealed 

that this same pattern is occurring more broadly across the U.S., with the proportion of AY3 bald 

eagles that are breeding decreasing concomitantly with continued population growth at that 

larger scale; currently, we estimate that only about 70% of adult bald eagles are associated with 

nesting territories in the conterminous U.S. By being able to account for the sizable pool of adult 

bald eagles not associated with nesting territories, we were able to estimate a more accurate 

population size.  

The IPM accounted for floaters indirectly, with no observation data to inform the 

estimates of p.br. This resulted in substantial uncertainty, but the trends and magnitude of the 

estimates were plausible and consistent with the information available from local studies 

(Hansen and Hodges 1985, Turrin 2014, Turrin and Watts 2015). To obtain reasonable estimates, 

we constrained p.br by setting the intercept of 5 on the logit scale (i.e. p.br approximately 1) and 

using a partially-informed prior on the slope parameter. By using a uniform prior on the slope 

parameter for p.br, that kept estimates between 0.88 and 1.0 at low densities, we were able to 

contain the uncertainty in our estimates of p.br, as well as in other parameters that it contributed 

to (e.g., N). Given that our estimates of p.br for the most recent years in our time series are lower 

than the range estimated at extremely low densities implies that information from other vital 

rates is providing useful information on breeding propensity and driving this parameter 

downward. Although we explored a range of biologically reasonable priors, in the future it might 

be worth exploring other specifications for priors for the parameters in the propensity for the 

breeding submodel to see if lower levels of breeding propensity with reasonable bounds on 

uncertainty are indicated.  

Our IPM also allowed us to generate slightly more precise estimates of bald eagle 

survival, particularly for Y1, than with independent survival models. Survival rates of bald 

eagles have not been widely studied, and our results and those of the U.S. Fish and Wildlife 

Service (2016a) are the only range-wide estimates available. Our IPM-based estimate of AY1 

survival (0.91) is within the range of estimates from previous local studies (0.50 – 0.95; 

McCollough 1986, Buehler et  al. 1991, Gerrard et al. 1992, Wood 1992, Bowman et al. 1995, 

Hodges et al. 1987, Harmata et al. 1999, Millsap et al. 2004). Our estimate of mean Y1 survival 

(0.70), however, is at the lower end of the range from previous studies (0.67 – 0.92; Buehler et 
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al. 1991, Gerrard et al. 1992, Wood 1992, Bowman et al. 1995, Harmata et al. 1999, Millsap et 

al. 2004). One factor that might explain the lower Y1 survival rate that we found is that our 

analysis incorporated data from some substantial parts of the bald eagle’s range not included 

among the previous regional analyses. In particular, our analysis included the results from 

extensive banding of nestlings in the Great Lakes and upper Midwest regions, where many bald 

eagles are migratory. Buehler (2020), in his review of bald eagle survival information through 

1999, noted there was some evidence that survival of juvenile bald eagles from migratory 

populations might be lower than those from sedentary populations.  

Our sensitivity analysis indicated that survival, particularly adult survival, likely has the 

greatest influence of any vital rate on bald eagle population growth (Grier 1980), hence, an 

accurate estimate of this parameter is especially important in estimating population trajectory. 

Fortunately, adequate numbers of bald eagles have been banded in the U.S. to allow direct 

estimates of survival rates, including the ability to infer annual estimates of Y1 survival using a 

random effects model (Fay et al. 2020). In addition, in future updates to the IPM, annual 

estimates of the number of breeding pairs of bald eagles should be available from the integrated 

eBird and occupied nest model, allowing for the direct estimation of annual population size as 

opposed to an index of population size, which we used here. The finer scale of eBird estimates 

should also further contribute to increased precision in other parameter estimates from the IPM. 

However, other vital rates can also have important effects on population dynamics. For example, 

as noted above, in large raptors, fecundity is the parameter most likely affected by density 

dependence. Information on bald eagle fecundity was not available at sufficient spatial and 

temporal scales to allow us to directly incorporate such variation in our IPM. Sensitivity analyses 

and other assessments of the comparative value of the data used in our IPM and PTL models 

would be helpful in prioritizing the allocation of effort for future studies of bald eagle population 

dynamics. We suspect that by being able to account even coarsely for annual variation in mean 

brood size, our IPM would be better able to estimate the proportion of adults that breed and thus 

account for density dependence. Collecting such information would be time intensive and costly; 

however, an assessment of the value the data would provide for informing management decisions 

should be conducted before investing effort into gathering it. 
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Table 1. Population size estimates of bald eagles by eagle management unit and total for the U.S. 

(excluding the southwestern U.S. and Alaska), 2018. 

 Population Size1 

Region Mean SD Median (20th Quantile) 

Atlantic Flyway 86,623 15,919 84,541 (72,990) 

Central Flyway 31,183 5,754 30,427 (26,253) 

Mississippi Flyway 163,680 30,093 159,772 (137,917) 

Pacific Flyway - North 43,090 7,918 42,068 (36,302) 

U.S. Total 324,515 59,665 316,708 (273,327) 
1Calculated by multiplying occupied nests (from Part 2) by 2 and then dividing by proportion of 

breeders (to adjust for floaters) and the proportion of after third year birds to account for 

juveniles and subadults.
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Figure 1. Bald eagle management units and survey strata. Management units are defined by the 

dark lines, and are labeled on the figure. Survey strata are 1 = Boreal Transition, 2 = Chesapeake 

Bay, 3 = California Highlands, 4 = Columbia River, 5 = Central Florida, 6 = Northern Florida, 7 

= Southeastern Lowlands, 8 = Maine Lowlands, 9 = Mississippi Valley, 10 = Northern Rockies, 

11 = Oregon, 12 = Prairie Transition, 13= Southern Cascades, 14 = Upper Atlantic Coast, 15= 

Maine Highlands, 16 = Western Cascades.
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Figure 2.  Juvenile (Y1) survival rates and 95% credible limits (dashed lines) of bald eagles in 

the conterminous U.S., excluding the southwestern U.S., based on band recoveries, 1994-2018.
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Figure 3. Estimated proportion, derived from an integrated population model, of after third-year 

bald eagles breeding and 95% credible limits (dashed lines) in the conterminous U.S., excluding 

the southwest, 1994-2018.
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Figure 4. Estimated fecundity (Y1 females fledged per breeding AY3 female) and recruitment 

(Y1 females fledged per AY3 female) and 95% credible limits (dashed lines) for bald eagles in 

the conterminous U.S., excluding the southwest, 1994-2018.



 

Figure 5. Observed Breeding Bird Survey (BBS) and fitted indices from an integrated population 

model of bald eagles in the conterminous U.S., excluding the southwest, 1994-2018. Y2, Y3, and 

AY3 are second-year, third-year, and after third-year age classes, respectively. BBS survey only 

detects these three age classes and total index includes juveniles. Short-dashed lines represent 

95% credible limits.  
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