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ABSTRACT 

AIM: We examined spatial and temporal patterns of range expansion of white-winged doves 

along the northern edge of their geographical range from 1979 to 2007, while accounting for 

imperfect detection. We developed a model that aided us in predicting when and where white-

winged doves would be found in the future.  
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LOCATION: Our study covered the southern half of the United States. 

METHODS: We developed spatial expansion models of white-winged doves using data from 

North American Breeding Bird Surveys (BBS). Variables used to model spatial variation in 

expansion included distance from initial population center, area of urban land cover, and 

ecoregion. We used robust design occupancy analysis to predict expansion of white-winged 

doves, Akaike’s Information Criterion to rank potential models, and compared and estimated 

parameters using PRESENCE 4.2. We evaluated models by comparing predictions to actual 

observations in 1991 and 2007 using the area under the curve (AUC) of a receiver-operating 

characteristic (ROC) plot.  

RESULTS: The best model from our set estimated occupancy on distance from initial 

population; held colonization constant between 1979 and 1991; estimated colonization from 

1993 to 2007 on distance from initial population, ecoregion, and urban land cover; estimated 

local extinction on distance from initial population; and estimated probability of detection on 

ecoregion and urban land cover. In 1991, our model was an excellent predictor for detecting 

white-winged doves (AUC = 0.979). In 2007, our model was a useful predictor (AUC = 0.824). 

MAIN CONCLUSIONS: Predicting occurrence of white-winged doves can be completed 

effectively using BBS data when one accounts for imperfect detection. Accounting for imperfect 

detection allowed us to use a nationwide, readily-available, long-term survey to accurately model 

spatial expansion of white-winged doves. Our novel approach of treating each BBS route as 

independent secondary survey within the primary sample periods allowed us to account for 

imperfect detection.  

KEYWORDS: introduced, invasive, dispersal rate, population, range expansion, spatial, velocity 

of spread, white-winged doves, Zenaida asiatica 
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Over the past 60 years, white-winged doves (Zenaida asiatica Linnaeus, 1758) have 

expanded their geographical range considerably in North America (George et al., 1994; 

Schwertner et al., 2002; Veech et al., 2011). As recently as 1987, the northern extent of the 

geographic range of white-winged doves was southern Texas. However, by 2001 breeding 

colonies were recorded >800 km north in Kansas (Moore, 2001). In 1959, humans introduced 

white-winged doves into southern Florida; the species then expanded its range northward into 

Georgia and southern North Carolina (Aldrich, 1981; Schwertner et al., 2002). Expansion of 

white-winged dove ranges has attracted the attention of biologists and hunters; however, data on 

factors driving the spatial spread of the species are lacking (Veech et al., 2011). In fact, a 

majority of the current knowledge on white-winged doves continues to focus on their historic 

geographical ranges such as Arizona and southern Texas (Schwertner et al., 2002; Rabe & 

Sanders, 2010). 

Spatial spread of species (i.e., expansion of geographic range) has long interested 

biologists (Fisher, 1937; Skellam, 1951; reviewed in Hasting et al., 2005) based in part on their 

desire to predict when and where a species will be in the future (Hastings et al., 2005). Predicting 

expansion rates and locations of spread could provide opportunities for biologists to 

experimentally vary processes that potentially influence the ecology of species (Cassey, 2005) 

and permit optimal impact study designs (Green, 1979). Accurate expansion predictions also 

would provide opportunities to assess potential risks to native biota (Johnson et al., 2001; 

Wittenberg & Cock, 2001; Arriaga et al., 2004) and devise alternative biosecurity procedures 

before invasive species arrive (Williamson, 1999; Hooten & Wikle, 2008).  
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As empirical and theoretical understanding of spatial dynamics increased, modeling 

frameworks for describing expansion patterns included reaction-diffusion and integro-difference 

equations, among others (Kinlan & Hastings, 2005). Variations of these modeling frameworks 

have a variety of assumptions, ranging from those that assume a continuous space and time and 

deterministic dynamics at the level of the population (Fisher, 1937; Skellam, 1951) to models 

that include spatial heterogeneity, competitors, mutualists, and natural enemies (Shigesada et al., 

1986; Obuko et al., 1989; Richardson et al., 2000; Mandon-Dalger et al., 2004). Underlying both 

types of models is the implicit assumption that empirical data upon which the models are 

calibrated is correct; more specifically, that if the species was present it was perfectly detected 

and recorded as present—an assumption not likely satisfied for most species (MacKenzie et al., 

2003).  

Failure to account for imperfect detection leads to biased estimates of occurrence and 

colonization rates of new locations (MacKenzie et al., 2003). With reaction-diffusion and 

integro-difference equations, dispersal estimates are generally developed from empirical data. 

Examples of empirical data include spatial databases of species collection locations, field 

mapping of a spreading species, and species lists across a region. Predicted rates of spread based 

on such empirical data are often much lower than observed (Hastings et al., 2005).   

Modeling approaches which account for imperfect detection in models of spatial spread 

are available (MacKenzie et al., 2003), with the primary form being a robust design occupancy 

approach. Robust design occupancy assesses spatial and temporal variations in occupancy rate, 

colonization, and local extinction probabilities relative to spatial dynamics of species 

(MacKenzie et al., 2003; Royle & Nichols, 2003; Eraud et al., 2007). It also allows for the 

inclusion of long distance dispersal, interactions with other species, and spatial heterogeneity—
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three of the five types of biological information that were suggested by Hastings et al. (2005) as 

attributing to progress in understanding dynamics of spread. Long distance dispersal can be 

included in the models for colonization given survey effort includes all areas where the species 

could have spread. Although survey efforts often are restricted by factors other than biology 

(e.g., funding limitations, political borders), there are situations when including all areas is 

possible.  

Factors driving spatial and temporal variation in expansion of white-winged doves are 

uncertain across the species range. However, two general patterns have emerged. First, since the 

1970s, breeding populations of white-winged doves in Texas have increased in urban areas 

(George et al., 1994; Hayslette & Hayslette, 1999; Small & Waggerman, 1999). The largest 

populations of white-winged doves in central Texas are now found in urban habitats (West et al., 

1993; Small & Waggerman, 1999; Small et al., 2005; Small et al., 2007). Second, expansion 

differs across the geographic range (George et al., 1994). Little expansion has been reported in 

the western extent of the range (George et al., 1994), moderate northward expansion has been 

recorded in western Texas (Small et al., 1989), rapid expansion has occurred in central Texas 

(Hayslette & Hayslette, 1999; Small et al., 2007), and rapid expansion has occurred in the 

Florida population (Aldrich, 1981; Schwertner et al., 2002). There are two recognized subspecies 

of white-winged dove breeding in the United States: Z. a. asiatica and Z. a. mearnsi (Integrated 

Taxonomic Information System, 2009). Z. a. asiatica breeds in eastern Mexico, Texas, and 

southeastern United States and includes the introduced population in Florida. Z. a. mearnsi 

breeds in west-central Mexico, Baja California, and southwestern United States, including 

western Texas (Schwertner et al., 2002).  
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Our objectives were to (1) examine spatial and temporal expansion of white-winged 

doves along the northern edge of their geographical range in North America from 1979 to 2007 

while accounting for imperfect detection and (2) develop a model that would aid us in predicting 

when and where white-winged doves would be found in the future. We envision our work 

leading to increased knowledge of the timing and locations where white-winged doves occur 

and, therefore, opportunities to use optimal impact designs to examining processes influencing 

distribution and abundance of white-winged doves across their range.  

 

Methods 

Data for modeling  

Species movement data 

We developed spatial expansion models of white-winged doves using data from North 

American Breeding Bird Surveys (BBS). Breeding Bird Surveys are conducted annually during 

the height of the avian breeding season (i.e., June) along secondary roads. Each route along a 

road includes 50 stops (approximately 0.8 km apart) over 39.4 km. Since the inception of BBS, 

Patuxent Wildlife Research Center has added new routes while discontinuing others.  At present, 

approximately 4,100 routes are surveyed across the United States and Canada annually (Sauer et 

al., 2008).  

A preliminary analysis of BBS routes indicated that white-winged doves have been 

detected at routes in Texas and Arizona since 1968. White-winged doves were first detected at a 

BBS route in Florida in 1979, 20 years after introduction. Our analysis of the spatial expansion 

of white-winged doves began with BBS data collected in 1979 to allow for comparisons among 
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the white-winged dove populations introduced in Florida and elsewhere. We included in our 

study every other year from 1979 through 2007.  

 We placed 150-km diameter hexagons (19,485 km2 each) across a map of the southern 

United States using ArcGIS 9.3 (ESRI, 2008). We considered each hexagon to be a sample unit. 

We chose this diameter of hexagons to ensure that most, if not all, doves breeding in one 

hexagon would not be counted in neighboring hexagons. The mean estimated daily movement of 

white-winged doves is 20 km, or about 10 km one direction and 10 km back (George et al., 

1994). Two BBS routes within a hexagon would cover <80 km. Doves flying 10 km away from 

either end of the routes would likely remain within the hexagon. 

Environmental data 

We used ArcGIS to calculate explanatory variables for each sample unit. Variables used 

to model spatial variation in expansion included distance from initial population center, area of 

urban land cover within the sample unit, and ecoregion. We identified the initial population as 

those hexagons where white-winged doves were detected in 1979. We included area of urban 

land cover within each hexagon because urban areas are known centers of high concentration of 

white-winged doves (Schwertner et al., 2002). Area of urban land cover was calculated as the 

total area defined as urban by U.S. Geological Survey (2001). We included ecoregions (U.S. 

Environmental Protection Agency, 2005), because white-winged doves are more likely to 

colonize an area if it contains environmental conditions that provide for positive fitness 

outcomes (Begon et al., 2006). We included a temporal variable that separated years into two 

time periods: 1979–1991 and 1993–2007. Based on a preliminary analysis of BBS data we 

observed a distinct inflection at the year 1991 in a graph showing the number of routes where 

white-winged doves were detected (Fig. 1). 
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Modeling Method 

Robust design occupancy analysis 

We used robust design occupancy analysis to predict expansion of white-winged doves across 

the United States. Robust design occupancy modeling requires sample units be surveyed 

independently on multiple occasions per season (MacKenzie et al., 2003). We treated each 

hexagon surveyed within a season as the primary sampling period and surveys of routes within 

the hexagon as secondary sampling periods within a season (Mackenzie et al. 2006). We 

assumed BBS routes within a hexagon that were surveyed during a single season were 

independent of one another. We assumed no change in occupancy of a hexagon within each 

season: a reasonable assumption given that white-winged doves are site-faithful (Schwertner et 

al., 2002, Collier et al., in press). Detection histories within the hexagons were used to estimate 

site occupancy at time t (ψt), colonization at time t (γt), and detection at time t (pt). Estimates of 

site extinction at time t (εt) were derived (MacKenzie et al., 2006).   

Model comparison, calibration, and evaluation 

We developed a set of potential models that we hypothesized explained the observed spatial 

spread of white-winged doves. We modeled colonization as a function of the two time periods 

(1979–1991 and 1993–2007), amount of urban area within each hexagon (u), distance from 

initial population (d), and ecoregion (e). We modeled the probability of detection as a function u 

and e. We had no expectations for local extinction processes; however, to improve model 

precision we modeled extinction as a function of d. We used Akaike’s Information Criterion 

(AICc) to rank potential models, and compared and estimated parameters using PRESENCE 4.2 

(Hines, 2006).  
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To evaluate quality of predictions of models we randomly split survey data into two sets. 

The first set consisted of 70% of the total data, and was used to calibrate the models. The second 

set, the remaining 30% of the total data, was used to evaluate the models. We evaluated the 

models by comparing predictions to actual observations in 1991 and 2007 using the area under 

the curve (AUC) of a receiver-operating characteristic (ROC) plot (Fielding & Bell, 1997). We 

used Swets’ scale (Swets, 1988) to determine whether predictions differed significantly from 

actual observations. Swets’s scale classifies models whose AUC range from 0.5 to 0.7 as poor 

predictors, AUC range from 0.7 to 0.9 as useful predictors, and AUC that are greater than 0.9 as 

good to excellent predictors. AUC values below 0.5 reveal that the model has a higher rate of 

omissions and commissions than correct predictions. 

 

Results 

The number of hexagons (area) surveyed per year ranged from 114 (2,221,290 km2) in 

1983 to 151 (2,942,235 km2) in 2005 and 2007. A total of 158 hexagons were surveyed during at 

least one year. In 1979, survey crews detected white-winged doves at 12% of hexagons. By 

2007, white-winged doves were detected at 41% of hexagons. The proportion of hexagons where 

white-winged doves were detected increased slightly between 1979 and 1991 (0.12 to 0.15, 

respectively). Between 1979 and 2007 the proportion of hexagons where white-winged doves 

were detected increased more quickly (0.21 to 0.41, respectively) (Table 1). 

Models holding colonization constant between 1979 and 1991 consistently out preformed 

those that did not (Table 2). Models including ecoregion to modeling colonization out preformed 

those that did not. Generally, models that used only urban land cover to model probability of 

detection outperformed those that used only ecoregion.  
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The best model from our set estimated occupancy on distance from initial population; 

held colonization constant between 1979 and 1991; estimated colonization from 1993 to 2007 on 

distance from initial population, ecoregion, and urban land cover; estimated local extinction on 

distance from initial population; and estimated probability of detection on ecoregion and urban 

land cover (Table 2). Our evaluation of the model for predictions made in 1991 revealed that the 

model was an excellent predictor for detecting white-winged doves throughout the southern part 

of the United States (AUC = 0.979). An evaluation for predictions made in 2007 showed that the 

predictive power of the model decreased, but could still be considered a useful predictor (AUC = 

0.824). 

Colonization depended on time, distance from initial population, ecoregion, and urban 

land cover. Probability of colonization was greater between 1993 and 2007 than between 1979 

and 1991 (Table 3). Probability of colonization decreased as the distance from initial population 

increased, but the decrease varied according to the ecoregion and the area of urban land cover 

(Figs 2–4). The Great Plains had the highest probability of colonization, followed by the North 

American Deserts, and then other ecoregions, which were dominated by the Eastern Temperate 

Forest. In all cases, probability of colonization was greatest in areas with the highest amount of 

urban land cover. Probability if extinction increased as distance from initial population increased 

(Fig. 5).  

Probability of detection was influenced by urban land cover and ecoregion. In all 

ecoregions, the probability of detection decreased as urban land cover increased (Fig. 6). 

Probability of detection was greatest in the North American Deserts and lowest in the Great 

Plains.   
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Probability of occupancy decreased with distance from the initial population (Fig. 7). 

From 1979 to 1991, the probability of occupancy decreased slightly each year at locations 

between 100 and 600 km from the initial population. At sites within 100 km of from the initial 

population probability of occupancy held steady (range: 0.75–0.82). At sites further than 600 km 

away from the initial population, probability of occupancy remained low (range: 0.03–0.04) (Fig. 

7). After 1991, the probability of occupancy varied among ecoregions, with distance from the 

initial population, and with area of urban land cover. Probability of occupancy in 2007 was 

greatest in the Great Plains and least in the Eastern Temperate Forest when comparing areas with 

equal urban land cover (Figs 8–10). In all ecoregions, urban land cover was positively related to 

probability of occupancy. The influence on probability of occupancy of large urban areas (those 

>1000 km2) increased at locations >450 km from the initial population. In the Great Plains, 

probability of occupancy decreased until at all levels of urban land cover until a site was 500 km 

from the initial population (Fig. 8). Between 500 and 650 km from the initial population the 

probability of occupancy increased in areas with >1,200 km2 urban land cover.  

 

Discussion 

Predicting the occurrence of white-winged doves can be completed effectively when one 

accounts for imperfect detection. We found that urban land cover, ecoregion, and distance from 

initial population were valuable at predicting occurrence of white-winged doves across the 

southern half of the United States. Colonization of new areas by white-winged doves depends on 

area of urban land cover, ecoregion, and distance birds must travel. Imperfect detection could be 

accounted for by urban land cover and ecoregion.  
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White-winged doves were more likely to colonize and, therefore, occupy urban areas. 

Historically, the largest nesting colonies of white-winged doves were found in densely vegetated 

rural scrub- and woodlands (Cottam & Trefethen, 1968). At present, the largest nesting colonies 

are found in urban environments. White-winged doves have colonized many of the large urban 

areas in the southern United States (Schwertner et al., 2002). 

Although white-winged doves were more likely to occupy urban areas, they were less 

likely to be detected there. We maintain this relationship between occupancy and detection is due 

to the distribution of white-winged doves within urban environments. White-winged doves nest 

in large colonies in a clumped distribution across a landscape (Small et al., 2005). Colonies of 

breeding doves are larger in urban environments than in open habitats, such as their historical 

breeding ranges in southern Arizona and southern Texas (Schwertner et al., 2002). In southern 

Arizona, white-winged doves form colonies along waterways (e.g., arroyos, rivers), which are 

long and linear (Cottam & Trefethen, 1968; Schwertner et al., 2002). In southern Texas, white-

winged doves nest in scrub-oak forests and in orchards (George et al., 1994; Schwertner et al., 

2002).  

We found that white-winged dove colonization was most rapid in the Great Plains, 

followed by the North American Deserts, and the Temperate Forest. Causes for the northward 

colonization of white-winged doves in any ecoregion are uncertain (Schwertner et al., 2002). 

Two hypotheses accounting for this northward expansion are a food availability and a warmth. 

The food available hypothesis suggests that breeding seasons can be longer in urban areas 

because food is available for a longer period of time due to human-established bird feeding 

(Schwertner et al., 2002). The warmth hypothesis suggests that breeding season is longer 

because the ambient temperature in urban environments remains higher and more stable in cold 
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weather (Hayslette & Hayslette, 1999). Although, the validity of these hypotheses is uncertain, 

we expect that colonization may be more rapid in the Great Plains than in the North American 

Deserts and the Temperate Forest because natural barriers to colonization, such as mountains 

ranges, are not found in the Great Plains.  

From 1993 through 2007, white-winged doves expanded their geographic range the 

furthest in the Great Plains, followed by the North American Deserts, and then the other 

ecoregions, where Temperate Forest predominated. We suggest that occupancy, like colonization 

in the Great Plains, was not inhibited by mountains ranges as was likely in the North American 

Deserts and the Temperate Forest. Higher elevations may inhibit white-winged dove occupancy. 

White-winged doves spend summers as high as 2,100 m above mean sea level, but most remain 

at lower elevations (USFWS, 2010).  

Although the BBS may not be the most effective tool for monitoring trends of urban-

dwelling birds, if models account for imperfect detections, BBS data can be valuable for urban 

areas. The BBS first detected white-winged doves in Florida in 1979, twenty years after they 

were introduced to southern Florida (Aldrich, 1981). By accounting for imperfect detections, we 

estimated that in 1979 the probability of occupancy was at 0.6 between the southern tip of 

peninsular Florida to Tampa on the west coast, and to Cape Canaveral, Florida, on the east coast. 

Similarly, in 2001, a white-winged dove pair nested in Atchison County, Kansas (Anderson, 

2001), which is about 1,200 km north of our initial population and 900 km north of the nearest 

route where white-winged doves were detected in 2001. Our model estimated that in 2001, the 

probability that Atchison, Kansas, was occupied was between a 0.1 and 0.3. 

Accounting for imperfect detection allowed us to use a nationwide, readily available, 

long-term survey to accurately model the spatial expansion of white-winged doves in the United 
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States. Our novel approach of treating each BBS route as independent secondary surveys within 

the primary sample periods allowed us to estimate and account for imperfect detection, thereby, 

eliminating the assumption that the empirical data that our model was developed on perfectly 

accurate surveys (MacKenzie et al., 2003). We were also able to include key types of biological 

information that has been shown to be important in modeling spatial spread: long distance 

dispersal, interactions with other species, and spatial heterogeneity (Hastings et al., 2005).  

Estimated predictions of when and where white-winged doves are likely to be found can 

be determined with our model. Knowing when and where to survey for white-winged doves 

could allow biologists to efficiently survey white-winged doves, use optimal impact design 

studies to determine the effects of the encroachment of a white-winged doves into an area 

(Green, 1979; Cassey, 2005), and assess potential risks to native biota (Johnson et al., 2001; 

Wittenberg & Cock, 2001; Arriaga et al., 2004). 
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Table 1. The numbers of hexagons (150-km diameter) in the southern half of the United States where Breeding Bird Surveys occurred each year, 

number of those hexagons where white-winged doves (Zenaida asiatica) were detected, and the proportion of hexagons where white-winged doves 

were detected. 

Year 

No. of hexagons where white-winged doves were 

detected 

No. of hexagons 

surveyed 

Proportion of hexagons where white-winged doves were 

detected 

1979 16 133 0.12 

1981 15 121 0.12 

1983 15 114 0.13 

1985 17 116  0.15 

1987 19 133  0.14 

1989 20 131  0.15 

1991 20 135 0.15 

1993 32 149 0.21 

1995 33 150 0.22 

1997 37 147 0.25 

1999 42 147 0.29 

2001 44 148 0.30 

2003 46 149 0.31 

2005 52 151 0.34 

2007 62 151 0.41 

Totals 470 2075 0.23 

Model was developed on 111 hexagons and evaluated on 47 hexagons 

  



Table 2. Model selection results for 18 potential models used to estimate occupancy (ψ), colonization rates (γ), extinction rates (ε), and detection 

probability (p) of white-winged doves (Zenaida asiatica) in the southern half of the United States where d is distance from initial population in 1979, 

c79 is a constant for colonization rate from 1979 to 1991, d93 is a variable the models colonization on distance from initial population from 1993 to 

2007, e93 is a variable the models colonization on ecoregion from 1993 to 2007,u93 is a variable the models colonization on urban land cover from 

1993 to 2007, e is ecoregion, and u is urban land cover. 

Model AIC ΔAIC AIC weight Model Likelihood No. of Parameters -2*Log Likelihood 

ψ(d),γ(c79+d93+e93+u93),ε(d),p(e+u) 2038 0 1 1 10 2018 

ψ(d),γ(c79+d93+u93),ε(d),p(u) 2183 145 0 0 6 2171 

ψ(d),γ(c79+d93+e93),ε(d),p(u)   2190 152 0 0 7 2176 

ψ(d),γ(c79+d93+e93),ε(d),p(e) 2211 173 0 0 8 2195 

ψ(d),γ(d79+e79+u79+d93+e93+u93),ε(d),p(e+u) 2266 228 0 0 13 2240 

ψ(d),γ(c79+d93+u93),ε(d),p(e)  2315 277 0 0 7 2301 

ψ(d),γ(d79+e79+d93+e93),ε(d),p(e) 2342 304 0 0 10 2322 

ψ(d),γ(d79+e79+d93+e93),ε(d),p(u) 2344 305 0 0 9 2326 

ψ(d),γ(d79+u79+d93+u93),ε(d),p(u) 2370 332 0 0 7 2356 

ψ(d),γ(d+u),ε(d),p(u) 2380 342 0 0 5 2370 

ψ(d),γ(d+e+u),ε(d),p(e) 2383 345 0 0 8 2367 

ψ(d),γ(d79+d93),ε(d),p(u) 2386 348 0 0 5 2376 

ψ(d),γ(d79+d93),ε(d),p(e) 2406 368 0 0 6 2394 

ψ(d),γ(d79+u79+d93+u93),ε(d),p(e) 2600 561 0 0 8 2584 

ψ(d),γ(d+u),ε(d),p(e) 2607 569 0 0 6 2595 

ψ(d),γ(d79+d93),ε(d),p(e) 2677 638 0 0 6 2665 

ψ(d),γ(d),ε(d),p(e) 2693 655 0 0 5 2683 

ψ(d),γ(d79+d93),ε(d),p(u) 2694 656 0 0 5 2684 

  



Table 3. Parameter estimates for the top model, ψ(d),γ(c79+d93+e93+u93),ε(d),p(e+u), used to estimate (ψ), colonization rates (γ), extinction rates (ε), 

and detection probability (p) of white-winged doves (Zenaida asiatica) in the southern half of the United States where d is distance from initial 

population in 1979, c79 is a constant for colonization rate from 1979 to 1991, d93 is a variable the models colonization on distance from initial 

population from 1993 to 2007, e93 is a variable the models colonization on ecoregion from 1993 to 2007,u93 is a variable the models colonization on 

urban land cover from 1993 to 2007, e is ecoregion, and u is urban land cover. 

Parameter β Estimate Standard Error

ψ distance from BBS routes occupied in 1979 -0.997364 0.299973

γ constant (1979–1991) -3.528748 0.260879

γ distance from BBS routes occupied in 1979 (1993–2007) -1.664497  0.392120

γ Great Plains (1993–2007) 1.480975  0.427895

γ North American Deserts (1993–2007) 0.631135  0.580376

γ urban land cover (1993–2007) 1.235634  0.466605

ε distance from BBS routes occupied in 1979 3.861284  0.577552

p Great Plains 0.294667  0.135522

p North American Deserts  0.392080  0.144318

p urban land cover -0.856405  0.134704

 

 

 



Figure 1. Proportion of Breeding Bird Survey routes in the southern half of the United States 
where white-winged doves were detected.  
 
Figure 2. Probability of colonization after 1993 for the Great Plains in relation to distance from 
Breeding Bird Survey routes occupied in 1979 and amount of urban land cover classified as none 
(dotted line), 300 km2 (short-dashed line), 600 km2 (medium-dashed line), 900 km2 (dot-dashed 
line), and 1,200 km2 (long-dashed line).  
 
Figure 3. Probability of colonization after 1993 for the North American Deserts in relation to 
distance from Breeding Bird Survey routes occupied in 1979 and amount of urban land cover 
classified as none (dotted line), 300 km2 (short-dashed line), 600 km2 (medium-dashed line), 900 
km2 (dot-dashed line), and 1,200 km2 (long-dashed line).  
 
Figure 4. Probability of colonization after 1993 for “other” ecoregions in relation to distance 
from Breeding Bird Survey routes occupied in 1979 and amount of urban land cover classified as 
none (dotted line), 300 km2 (short-dashed line), 600 km2 (medium-dashed line), 900 km2 (dot-
dashed line), and 1,200 km2 (long-dashed line).  
 
Figure 5. Probability of extinction in relation to distance from Breeding Bird Survey routes 
occupied in 1979.  
 
Figure 6. Probability of detection in three ecoregions in relation to amount of urban land cover. 
Ecoregions include the Great Plains (solid line), North American Deserts (dashed line), and 
“other” ecoregions predominantly covered by Temperate Forest (dotted line). 
 
Figure 7. Probability of occupancy from 1979 to 1991 in relation to distance from Breeding Bird 
Survey routes occupied in 1979. Four years are graphed: 1979 (dotted line), 1983 (dashed line), 
1987 (dot-dashed line), and 1991 (solid line).  
 
Figure 8. Probability of occupancy in 2007 in the Great Plains in relation to distance from 
Breeding Bird Survey routes occupied in 1979 and amount of urban land cover classified as none 
(dotted line), 300 km2 (short-dashed line), 600 km2 (medium-dashed line), 900 km2 (dot-dashed 
line), and 1,200 km2 (long-dashed line).  
 
Figure 9. Probability of occupancy in 2007 in the North American Deserts in relation to distance 
from Breeding Bird Survey routes occupied in 1979 and amount of urban land cover classified as 
none (dotted line), 300 km2 (short-dashed line), 600 km2 (medium-dashed line), 900 km2 (dot-
dashed line), and 1,200 km2 (long-dashed line).  
 
Figure 10. Probability of occupancy in 2007 in “other” ecoregions in relation to distance from 
Breeding Bird Survey routes occupied in 1979 and amount of urban land cover classified as none 
(dotted line), 300 km2 (short-dashed line), 600 km2 (medium-dashed line), 900 km2 (dot-dashed 
line), and 1,200 km2 (long-dashed line).  
 



 
Fig1 
   

0.00

0.05

0.10

0.15

0.20

1977 1985 1993 2001 2009

P
ro

po
rt

io
n

Year



 
Fig2 
   

0.0

0.2

0.4

0.6

0.8

1.0

0 300 600 900 1200

P
ro

ba
bi

li
ty

 o
f 

co
lo

ni
za

ti
on

Distance (km) from occupied routes in 1979



 
Fig3 
   

0.0

0.2

0.4

0.6

0.8

1.0

0 300 600 900 1200

P
ro

ba
bi

li
ty

 o
f 

co
lo

ni
za

ti
on

Distance (km) from occupied routes in 1979



 
Fig4 
   

0.0

0.2

0.4

0.6

0.8

1.0

0 300 600 900 1200

P
ro

ba
bi

li
ty

 o
f 

co
lo

ni
za

ti
on

Distance (km) from occupied routes in 1979



 
Fig5 
   

0.0

0.2

0.4

0.6

0.8

1.0

0 300 600 900 1200

P
ro

ba
bi

li
ty

 o
f 

ex
ti

nc
ti

on

Distance (km) from routes occupied in 1979



 
Fig6   

0.0

0.2

0.4

0.6

0.8

1.0

0 300 600 900 1200

P
ro

ba
bi

li
ty

 o
f 

de
te

ct
io

n

Urban land cover (km2) within hexagons



 
Fig7 
   

0.0

0.2

0.4

0.6

0.8

1.0

0 300 600 900 1200

P
ro

ba
bi

li
ty

 o
f 

oc
cu

pa
nc

y

Distance (km) from occupied routes in 1979



 
Fig8 

0.0

0.2

0.4

0.6

0.8

1.0

0 300 600 900 1200

P
ro

ba
bi

li
ty

 o
f 

oc
cu

pa
nc

y

Distance (km) from occupied routes in 1979



 
Fig9 
 

0.0

0.2

0.4

0.6

0.8

1.0

0 300 600 900 1200

P
ro

ba
bi

li
ty

 o
f 

oc
cu

pa
nc

y

Distance (km) from occupied routes in 1979



 
Fig10 
 

0.0

0.2

0.4

0.6

0.8

1.0

0 300 600 900 1200

P
ro

ba
bi

li
ty

 o
f 

oc
cu

pa
nc

y

Distance (km) from occupied routes in 1979


