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A B S T R A C T   

Integrated models can combine data from disparate monitoring programs to improve inference into population 
dynamics because trends in disparate datasets can be interpreted using a single index. We present a composite 
index of raptor population trends that combines data from two monitoring programs into a single estimate. The 
National Audubon Society's Christmas Bird Count and the East Cascade Audubon Society's Winter Raptor Survey 
use different methods to monitor the same populations of wintering raptors. Observers record all birds detected 
within 452 km2 ‘circles’ during the Christmas Bird Count, and during the Winter Raptor Survey observers count 
raptors along roadways. We present the results of a joint likelihood model that combines trends of raptors 
counted during both programs into a single population trend from 2005 to 2020. Population indices of the Bald 
Eagle (Haliaeetus leucocephalus), Ferruginous Hawk (Buteo regalis), Cooper's Hawk (Accipiter cooperii), Red- 
shouldered Hawk (Buteo lineatus), and Red-tailed Hawk (Buteo jamaicensis) increased over the course of our 
study, whereas Prairie Falcon (Falco mexicanus) and White-tailed Kite (Elanus leucurus) population indices 
declined. Further, the composite index for White-tailed Kite declined at a rate of 22 % (80 % CRI = 17 %–28 %) 
per year—supporting evidence of declines from breeding season surveys. We recommend further research into 
population trends of this species within its core California range. Our study advances efforts to combine trends in 
datasets collected using differing methodologies to estimate large-scale population trends from disparate data 
sets.   

1. Introduction 

Monitoring is necessary for biological conservation (Lovett et al., 
2007; Nichols and Williams, 2006; Wiens, 1984) and can prevent 
extinction when conservationists become aware of population losses 
with enough time to implement countermeasures (Lindenmayer et al., 
2013; Martin et al., 2012; Woinarski et al., 2017). Ideally, common 
species should be monitored (Gaston and Fuller, 2008) so that when 
declines occur, the species can be recovered while still relatively 
abundant. For example, the White-rumped Vulture (Gyps bengalensis) 
was once thought to be the most abundant large raptor on Earth 
(Houston, 1985), yet nearly went extinct within a decade during the late 
1990s and early 2000s (Pain et al., 2008). Long-lived and slowly 
reproducing species such as raptors are especially susceptible to pre
cipitous declines (Ogada et al., 2022, 2016; Pain et al., 2008), and may 
require intensive monitoring to expeditiously counteract population 
declines. 

Few monitoring exercises are true population censuses, most pro
grams therefore make statistical and methodological assumptions 
regarding the representativeness of samples to actual populations. 
Because of these assumptions, monitoring programs might have 
strengths and weaknesses such that evidence from multiple programs 
bolsters the case for a hypothesized population decline. Reliance on a 
single population indicator for policy or management should be avoi
ded, when possible (McClure et al., 2022). For example, the case for a 
population decline of American Kestrels (See Table 1 for scientific names 
of focal species) across the northeastern USA is strong because multiple 
lines of evidence provide the same conclusion. These lines of evidence 
include nest box studies, breeding counts, migration indices, and his
torical records (Farmer and Smith, 2009; McClure et al., 2017; McClure 
and Schulwitz, 2022; Smallwood et al., 2009). 

Integrated modeling, or data integration, is a framework that helps 
combine inference from multiple monitoring programs into a single 
source of inference (Zipkin et al., 2021). Such analysis often uses a joint 
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likelihood that links datasets so that single parameters are informed by 
multiple sources of data (Farr et al., 2021; Fletcher et al., 2016). For 
example, researchers have estimated migratory connectivity across the 
Western Hemisphere by integrating tracking data with band- 
reencounters (Meehan et al., 2022), and improved population trend 
estimation by integrating North American Breeding Bird Survey with 
targeted surveys for Common Nighthawks (Chordeiles minor; Knight 
et al., 2021). Integrated modeling is growing increasingly popular in 
part because the incorporation of multiple data sources often decreases 
uncertainty while increasing accuracy of estimated parameters (Zipkin 
et al., 2021). 

Raptor populations are of global conservation concern (Buechley 
et al., 2019; McClure et al., 2018; McClure and Rolek, 2020), but are 
generally considered secure within the USA with a few exceptions 

(McClure et al., 2022). We use a joint likelihood model to estimate 
population trends of diurnal raptors wintering in the northwestern USA 
by combining the National Audubon Society's Christmas Bird Count 
(CBC; Butcher, 1990) with the East Cascades Audubon Society's Winter 
Raptor Survey (WRS). Within the regions where the two programs 
spatially overlap, these two programs monitor the same populations of 
raptors, albeit with different methodologies. Combining these datasets 
into a composite index will likely improve inference into population 
trends because trends in both datasets can be interpreted using a single 
index. We perform this analysis for 11 species of diurnal raptors 
(Table 1) across the states of Washington, Oregon, and Idaho (Fig. 1). 
Given the generally favorable conservation status of raptor populations 
across the USA (McClure et al., 2022), we predict that most species 
increased or remained stable over the course of our study. 

2. Methods 

2.1. Christmas Bird Count 

The CBC (Butcher, 1990) consists of hundreds of 452 km2 ‘circles’ 
throughout North America in which volunteers record the birds they 
encounter during surveys. We analyzed data from the 126 circles within 
our study area (Fig. 1). Volunteers surveyed using a motorized vehicle, 
walking, or various other types of transportation. CBC surveyors recor
ded distance traveled by foot and vehicle, along with the duration of 
survey. These surveys were conducted on single days between the dates 
14 December and 5 January. 

2.2. Winter Raptor Survey 

The creation of WRS surveys in northwestern USA began during the 
winter of 2004–2005 within a small region of Oregon. These surveys 
gradually expanded throughout Oregon by the winter of 2010–2011, 
into Idaho by the winter of 2011–2012, and into Washington by the 
winter of 2019–2020. These efforts resulted in routes throughout Ore
gon, Idaho, and Washington by 2020–2021. WRS surveyors had previ
ous experience identifying raptors and drove preassigned routes that 
varied in distance (12–294 km). Surveyors used binoculars and were 
encouraged to use a spotting scope. Surveyors were instructed to stop 
their vehicle to improve identification of raptors when safe. Surveyors 
recorded distance driven and duration of survey. We restricted these 

Table 1 
Common and scientific names for focal raptor species as well as the number of 
individuals counted within Christmas Bird Count circles (CBC Counted) and 
along Winter Raptor Survey routes (WRS Counted). For all species except the 
Northern Harrier, the probability of decline is derived from the composite index 
of the CBC and the WRS models using the region-wide mean annual population 
growth rates. The probability of decline for the Northern Harrier is derived from 
only the WRS model.  

Common name Scientific Name CBC 
counted 

WRS 
counted 

Probability of 
decline 

American 
Kestrel 

Falco sparverius  40,804  24,443  0.405 

Bald Eagle Haliaeetus 
leucocephalus  

52,801  8216  0.000 

Cooper's Hawk Accipiter cooperii  8595  734  0.070 
Ferruginous 

Hawk 
Buteo regalis  454  731  0.006 

Golden Eagle Aquila chrysaetos  2990  1465  0.389 
Northern 

Harrier 
Circus hudsonius  25,476  7428  0.633 

Prairie Falcon Falco mexicanus  2232  1189  0.940 
Red-shouldered 

Hawk 
Buteo lineatus  2903  760  0.133 

Red-tailed 
Hawk 

Buteo jamaicensis  95,013  50,615  0.090 

Rough-legged 
Hawk 

Buteo lagopus  12,698  8443  0.280 

White-tailed 
Kite 

Elanus leucurus  1073  523  0.999  

Fig. 1. Map of our study region depicting the boundaries of spatial strata, locations of Christmas Bird Count circles, and beginning locations of Winter Raptor 
Survey routes. 
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data to routes that were surveyed for ≥2 years matching the seasonal 
time period of the CBC. In total, we analyzed 328 WRS routes within our 
study area (Fig. 1). 

2.3. Data 

We evaluated population trends for the eleven species having >500 
detections during WRS surveys (Table 1). We restricted raptor count 
data to include surveys conducted within the states of Washington, 
Oregon, and Idaho and included Bird Conservation Regions five, nine, 
and ten, because WRS and CBC data overlap spatially within these re
gions. Additionally, we restricted data between dates of 14 December 
and 05 January each year, when WRS and CBC overlap seasonally. We 
analyzed data from the winters of 2004–2005 to 2019–2020 because the 
two datasets overlapped during these years. 

We assigned a spatial unit (hereafter “stratum”) to each CBC and 
WRS route using shapefile polygons that corresponded to Bird Conser
vation Regions subdivided by state boundaries (Link and Sauer, 2007; 
Fig. 1). We slightly modified strata boundaries to include several islands 
within Puget Sound, Washington that would have been excluded 
otherwise. We used these strata during the modeling process (detailed 
below) to group population growth rates into spatial units and integrate 
models for WRS and CBC data. 

2.4. Model framework 

We used a Bayesian framework with single-species hierarchical 
models to create integrated and state-space models to estimate popula
tion growth rates for raptors using CBC and WRS data. We assumed that 
these two survey protocols would have different scales of abundance 
indices and observation errors because of inherent differences in survey 
protocols (e.g. number of surveyors, skill of surveyors, and method of 
travel). To integrate models using the two datasets, we circumvented 
data harmonization and linked the data sets by including stratum-level 
population growth rates as a shared parameter. Although our model 
accounts for differences in observation error between sampling pro
tocols, other integration efforts were able to more directly model the 
observation process (Barry et al., 2021; Pacifici et al., 2019); however, 
these studies were conducted at much smaller spatial extents than ours. 
We lacked the computing resources necessary to implement such 
spatially explicit modeling for these datasets at a large spatial scale, and 
present a more computationally tractable model. 

We assigned count data to come from either a Poisson, zero-inflated 
Poisson, or a negative binomial distribution. We applied goodness-of-fit 
tests to select a good-fitting distribution as some function, g(μ), where μ 
represented an estimated mean abundance index having some variance 
from the aforementioned distributions. Notably, when g(μ) represented 
negative binomial or zero-inflated distribution this function included 
two parameters that accounted for the mean and variance, while the 
Poisson had a single parameter where the variance was assumed equal to 
the mean, consistent with standard parameterizations of these distri
butions. We used mean absolute error as the discrepancy statistic to 
calculate Bayesian P-values (Besbeas and Morgan, 2014). We selected 
distributions providing Bayesian P-values near 0.5, and we tended to 
select simpler distributions having fewer parameters (i.e. Poisson) when 
distributions had similar Bayesian P-values. Good-fitting distributions 
tended to be consistent for WRS and CBC data; therefore, we used the 
same distribution for data from both survey protocols. Bayesian P-values 
tend to be biased toward suggesting a good fit (0.5); however, this 
measure remains valuable for detecting an extreme lack of fit (Conn 
et al. 2018). 

2.5. Process submodels of abundance and dynamics 

We specified abundance indices for WRS surveys during the first year 
(logNWRS, t=1, i) as model-estimated parameter for each WRS route (i) 

and time step (t). We included survey route-level population dynamics 
so abundance indices were an autoregressive Markovian process 
because abundance during future time steps (t + 1) depends on abun
dance during the previous time step and survey route-specific popula
tion growth rate (rWRS). We used the exponential growth model on the 
log scale (Lande et al., 2003) as logNWRS, t+1, i = log NWRS, t, i + rWRS, t, i. 
The submodel for abundance using CBC data was identical in form to the 
WRS submodel and specified as NCBC, t=1, j and logNCBC, t+1, j = log NCBC, 

t, j + rCBC, t, j for each CBC survey route (j). 

2.6. Observation submodels 

We integrated two disparate survey protocols; therefore, we speci
fied two separate observation submodels by simply replicating code for 
each survey protocol with some modifications to indices. Other studies 
could use indexing to simplify code, and this approach would be ad
vantageous when including many survey protocols. Here, we specified 
separate observation submodels for each protocol to allow each data set 
to have different observation error and covariates. 

We modeled count data (yWRS, k) for each WRS survey (k) as a 
function of some good-fitting distribution, yWRS, k~g(μWRS, k), where 
μWRS, k remained confounded with observation error. To account for 
observation error, we estimated the abundance index (logNWRS, t, i) with 
observation error (σWRS). We used the log-link function and included an 
offset for distance driven (xWRS) per 100 km during each survey where 
the number of individuals counted is indexed by survey year (t) and 
route (i). We included a covariate for average driving speed (SPEED, 
scaled and centered) because it influences the number of raptors counted 
during road surveys (McClure et al., 2021b). We specified this regression 
as logμWRS, k~normal(logNWRS, t[k], i[k] + log xWRS, k + βWRS × SPEEDWRS, 

k,σWRS). Centering and scaling the SPEED covariate ensured that the 
intercept provided an abundance index when a route was surveyed at 
the mean SPEED (Schielzeth, 2010). We included a separate submodel 
for CBC data that was nearly identical to the WRS likelihood in form 
except that average speed data were unavailable thereby excluding this 
covariate. We simply modified indexing and excluded the SPEED co
variate to obtain the CBC observation submodel specified as yCBC, l~g 
(μCBC, l) and logμCBC, l~normal(logNCBC, t[l], j[l] + log xCBC, l,σCBC) for CBC 
survey (l). 

2.7. Integration of population growth rates 

To estimate composite population growth rates from CBC and WRS 
data for each raptor species, we assumed that survey locations within 
each spatial stratum shared a mean population growth rate, regardless of 
survey protocol. This formulation allowed sites with similar spatial and 
physiographic regions to share partially-pooled information about 
population growth rates without the need to harmonize detection and 
abundance data. More explicitly, we integrated model estimates from 
CBC and WRS datasets by introducing shared parameters of average 
population growth rates (ρ) in each stratum (s) having some process 
error (δ) as rWRS, t, i~normal(ρt, s,δ) and rCBC, t, j~normal(ρt, s,δ) thereby 
partially pooling estimates within each stratum. This formulation links 
the likelihoods for both datasets and allows abundance indices to scale 
separately for each protocol. We allowed these averaged stratum-level 
population growth rates to share partially-pooled information that 
came from a normally-distributed grand mean among strata (r) as 
ρt,s ∼ normal(r, ν). We therefore considered r to be a composite index of 
the region-wide mean population growth rates (“population trends” 
hereafter) that combines inference from both the WRS and CBC. 

2.8. Model implementation and inference 

We implemented models in Just Another Gibbs Sampler (JAGS) 
v4.3.0 (Plummer, 2003) with R statistical software v4.0.2 (R Core Team, 
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2021) and the package jagsUI v1.5.1 (Kellner, 2016) as interfaces. We 
implemented each model with four chains each having ≥10,000 adap
tation, ≥ 400,000 burn-in, and ≥ 100,000 posterior iterations. We 
thinned each chain by retaining one of 400 iterations to alleviate 
autocorrelation between posterior draws and to improve effective 
sample size from the posterior. This implementation yielded a total of 
1000 iterations for each posterior distribution. We assessed convergence 
of posterior chains using traceplots, density plots, and the Gelman-Rubin 
diagnostic (R̂, Gelman and Rubin, 1992), and we assigned adequate 
convergence when R̂ < 1.1 and traceplots of parameters did not visually 
appear to drift. All data, metadata, R code, and JAGS code needed to 
reproduce the analyses are available at: https://github.com/The-Pere 
grine-Fund/northwest-trends. 

We interpreted modeling outputs using both 95 % credible intervals 
and 80 % credible intervals, which are commonly used for management 
purposes (Miller et al., 2019, 2016). We also calculated the probability 
of direction (Makowski et al., 2019) as the proportion of iterations of the 
composite index that were <0 to determine the probability that the 
composite index was negative. We refer to this value as the ‘probability 
of decline’. We determined the probability of decline to indicate a 
negative trend with values <0.10 and a positive trend when >0.90. We 
mapped the probability of decline across strata per species to visualize 
the spatial heterogeneity in the composite index. To place the popula
tion indices of the CBC and WRS on the same level (Fig. 3), we used the 
exponentiated cumulative sum of rt over years. This calculation scales 
population indices as a percentage of the first, or base, year of analysis 
for each survey protocol. 

3. Results 

Eleven species were detected ≥500 times on WRS surveys (Table 1). 

See Appendix A for results of goodness-of-fit tests. Both the CBC and 
WRS models converged for all species except the Northern Harrier, for 
which only the WRS models converged. We therefore only used the WRS 
model for inference into population trends of the Northern Harrier. CBC 
and WRS population trends tended to match (i.e. share signs) between 
survey protocols with the exceptions of the Cooper's Hawk and Golden 
Eagle, where the median CBC estimate tended toward increases and the 
median WRS estimate suggested either declines or stability (Figs. 2, 3, 
Fig. S1), although confidence intervals greatly overlapped and popula
tion trends tended to be small in magnitude. Species having increasing 
population trends included the Bald Eagle, Ferruginous Hawk, Cooper's 
Hawk, Red-shouldered Hawk, and Red-tailed Hawk (Table 1; Figs. 2, 3, 
4, Fig. S1). Species having declining population trends included the 
Prairie Falcon and White-tailed Kite (Table 1; Figs. 2, 3, 4, Fig. S1). The 
composite index for White-tailed Kite indicated a population decline of 
22 % (80% CRI = 17 %—28 %) per year. There was spatial heteroge
neity across strata in the probability of decline both among and within 
species (Fig. 4). Yet, species that were increasing or declining tended to 
do so across our study region. 

4. Discussion 

The most salient of our results is the apparently declining trend of 
wintering White-tailed Kite populations within northwestern USA. This 
apparent decline is supported by two monitoring programs implemented 
using disparate methodologies, and is therefore difficult to dismiss as an 
artefact of sampling methodology (e.g. changing visibility along road
sides). The first known White-tailed Kite nest in Oregon was confirmed 
in 1977 (Henny and Annear, 1978). The apparent declines we observed 
might therefore be an artefact of the species retracting to its historical 
California range. However, the North American Breeding Bird Survey 
shows declines of this species within California (Sauer et al., 2020) and 

Fig. 2. Caterpillar plots of region-wide mean annual population growth rates (r) from the Christmas Bird Count (CBC) Winter Raptor Survey (WRS) and a composite 
of the two programs (Composite). Points depict medians, thick lines depict 80 % credible intervals, and thin lines depict 95 % credible intervals. See Table 1 for 
scientific names. Only the WRS model converged for the Northern Harrier. Illustration by Bryce Robinson. 
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Fig. 3. Population indices as a mean percentage of the first year of surveys analyzed (2005). This index is the exponentiated cumulative sum of the yearly population 
growth rate. The composite trend is an integration of the Christmas Bird Count and the Winter Raptor Survey. See Table 1 for scientific names. Only the WRS model 
converged for the Northern Harrier. 

Fig. 4. Maps of the probability of decline for each species within the strata of our study region. See Table 1 for scientific names. Gray polygons depict strata that were 
surveyed but had no detections; therefore, we omitted these strata from analyses. Only the WRS model converged for the Northern Harrier, so results from that model 
are shown. 
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Rosenberg et al. (2019) estimated a loss of >12,000 individuals across 
North America since 1970. Our study region is outside the core Cali
fornia range of the White-tailed Kite (Dunk, 2020). Future studies should 
integrate the CBC, WRS, Breeding Bird Survey, and local datasets into a 
composite population index for the White-tailed Kite across its range 
within the western USA. If the population decline is apparent within the 
core of the species' North American range, conservationists should 
immediately undertake efforts to remediate the declines before rarity 
decreases the chances of a population rebound. 

The Prairie Falcon also appears to be declining across our study re
gion during winter. However, Miller et al. (2019) noted an apparent 
increase in wintering Prairie Falcons along road transects in Nevada 
from 2013 to 2018, and this time span coincides with a peak in popu
lation growth rates during our study. Anecdotal observations and un
published analyses have led to a general sense among some experts that 
the species is in decline across the western USA (CJWM Personal 
Observation). In response, a working group for the species is currently 
discussing ways to elucidate the conservation status of this species. Our 
results suggest that the efforts of the Prairie Falcon working group are 
justified and should be supported. 

Populations of other species appeared stable or increasing. For 
example, Bald Eagle populations have more than doubled. Other studies 
have demonstrated drastic increases in Bald Eagle populations (Farmer 
et al., 2008; McClure et al., 2021b; Watts et al., 2008) likely due to a 
continuing rebound from the DDT era (Grier, 1982; Postupalsky, 1978; 
Smith et al., 2016). Our results also support the assertion that Cooper's 
Hawk populations are generally increasing across the USA and Canada 
(McClure et al., 2022; Rosenberg et al., 2019; Smallwood et al., 2009). 
The observation that Ferruginous Hawks are apparently increasing 
across our study region is encouraging, given that this is a species of 
conservation concern (McClure et al., 2022). The conservation status of 
common wintering diurnal raptors across the northwestern USA is 
therefore generally secure, with the exceptions of the Prairie Falcon and 
White-tailed Kite. 

Our model provided a composite population index that effectively 
combined inference from two disparate monitoring programs to eluci
date population trends of raptors across a large region. Our model 
further has several advantages compared to many current data inte
gration models. This model is both practical and conceptually simple to 
implement across large spatial extents compared to more spatially 
explicit models. The integrated model generally performed as we ex
pected, with biologically realistic estimates and reasonable levels of 
precision. However, we did not formally test our integrated model via 
simulation. We therefore acknowledge some uncertainty regarding the 
statistical properties of our model and plan to test the model in the 

future. We also plan to expand and improve this index. For simplicity, 
we constrained our analysis to the spatial and temporal scales common 
to the two focal monitoring programs. Future analysis will incorporate 
data spanning different spatial and temporal scales. Further, we 
analyzed each species separately, but a single model could be developed 
that combines results for all species into a single index of trend for the 
full suite of raptors examined. Eventually, our composite population 
index will integrate as many datasets as possible for raptor species across 
the globe. 

Raptor researchers must collaborate to accomplish this ambitious 
goal of monitoring the world's raptors (McClure et al., 2021a). Data 
sharing should be a priority because multiple lines of evidence can 
bolster confidence in apparent population trends. Composite indices 
calculated using integrated modeling will provide a mechanism through 
which researchers can work together to ensure raptors thrive into the 
Anthropocene. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.biocon.2022.109861. 
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Appendix A. Bayesian P-values to assess goodness-of-fit for Winter Raptor Survey (WRS) and Christmas Bird Count (CBC) data using 
integrated state-space models with three statistical distributions: Poisson, negative binomial, and zero-inflated Poisson. Bayesian P- 
values in bold indicate statistical distributions selected for use in the final model implementation and used for further inference.  

Species Data set Poisson Negative binomial Zero-inflated Poisson 

American Kestrel WRS  0.20  0.20  0.44  
CBC  0.06  0.05  0.46 

Bald Eagle WRS  0.32  0.30  0.50  
CBC  0.00  0.00  0.56 

Cooper's Hawk WRS  0.43  0.41  0.82  
CBC  0.67  0.68  0.86 

Ferruginous Hawk WRS  0.31  0.42  0.61  
CBC  0.38  0.43  0.56 

Golden Eagle WRS  0.41  0.39  0.60  
CBC  0.67  0.66  0.81 

Northern Harrier WRS  0.33  0.36  0.59  
CBC  0.00  0.00  0.01a 

Prairie Falcon WRS  0.52  0.50  0.84  
CBC  0.76  0.79  0.81 

(continued on next page) 
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(continued ) 

Species Data set Poisson Negative binomial Zero-inflated Poisson 

Rough-legged Hawk WRS  0.40  0.48  0.58  
CBC  0.52  0.49  0.76 

Red-shouldered Hawk WRS  0.47  0.52  0.74  
CBC  0.16  0.16  0.34 

Red-tailed Hawk WRS  0.14  0.10  0.33  
CBC  0.00  0.00  0.16 

White-tailed Kite WRS  0.48  0.54  0.65  
CBC  0.33  0.41  0.50  

a Northern Harrier had no good-fitting distribution using CBC data, so we excluded these data from inference. 
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