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ABSTRACT 

 Individual fitness varies with the quality of the habitat occupied. Variation in 

habitat quality is difficult to assess, particularly in heterogeneous habitats where 

quality may differ within a single patch. Individuals are expected to select habitat to 

maximize fitness so patterns of habitat selection should reveal habitat quality. 

Linking fitness with habitat selection patterns may identify high quality habitat. The 

central US subspecies of Bell’s Vireo (Vireo belli bellii) is a scrub breeding 

Neotropical migrant songbird declining throughout its range. We estimated two 

measures of fitness, productivity and adult annual survival, in eight populations of 

Bell's Vireos in central Missouri. We investigated if vireos selected territories to 

maximize fitness by modeling the relationship between territory settlement order, 

habitat quality, and territory productivity. We then used our estimates of productivity 

and survival to model the finite rate of population growth (λ). Productivity of 

territories was best predicted by the order of territory settlement. Productivity was 

also related to the percent cover and edge density of woody vegetation within 

territory boundaries. However, none of the habitat characteristics we measured 

predicted territory settlement order. Overall, our study sites appear to be 

experiencing negative population growth (λ = 0.76), but there was a great deal of 

variation between study sites (λ = 0.31 - 1.05). It is unlikely our sites represent the 

proportion of high versus low quality sites within the region but they suggest that a 

λ~ 1 is possible for the regional population depending on the proportion of high 

versus low quality sites.  
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Chapter 1: The Role of Territory Settlement, Individual Quality, and Nesting 

Initiation in Productivity of Bell’s Vireos (Vireo bellii bellii) 

 

ABSTRACT. — Variation in habitat quality among territories within a heterogeneous 

patch should influence reproductive success of territory owners if habitat quality 

influences fitness. The ideal despotic distribution should result in territory settlement 

order predicting fitness of occupants if territory selection is adaptive. We followed 

territories of individually marked Bell’s Vireos across a broad range of shrubland 

habitats in central Missouri, U.S.A. We used an information theoretic approach to 

evaluate multiple hypotheses regarding the relationship between the number of 

chicks fledged from a territory (productivity) and settlement order, date of first clutch 

initiation (lay date), and male age and territory fidelity. Site fidelity was stronger than 

territory fidelity and territory settlement order sometimes differed from the owner’s 

arrival date because later arriving males sometimes displaced early settlers. The 

date the first egg was laid in a territory (lay date) was not a strong predictor of 

settlement order so we considered the relationship of productivity to both lay date 

and settlement order. The most supported model was the additive model of 

settlement order and lay day. For each drop in settlement rank and lay date 0.089 

and 0.03 fewer chicks fledged per territory, respectively, and settlement was 

strongest predictor of productivity. It appears that territory selection by male Bell’s 

Vireos was adaptive as they chose territories to maximize seasonal productivity. 

Territory habitat quality may be more important for productivity that individual quality 

or temporal factors.  



 2 

INTRODUCTION 

Individual fitness and productivity are generally related to the quality of habitat an 

individual occupies (Cody 1985, Johnson 2007). Variation in habitat quality is difficult 

to assess, particularly in heterogeneous habitats where quality may vary within a 

single patch. Individuals are expected to select habitat to maximize fitness (Francis 

1986, Fretwell and Lucas 1970). The ideal despotic distribution (IDD) model of 

habitat selection predicts fitness varies with habitat quality because individuals limit 

population density through territoriality and select territories in order of habitat quality 

(Fretwell and Lucas 1970, Smith and Moore 2005). In migratory and territorial 

species, individuals select and defend territories annually and habitat preference can 

be inferred from temporal and spatial patterns in territory selection behaviors 

(Arvidsson and Nee 1991, Krebs 1971, Robertson and Hutto 2006). As habitat 

quality influences fitness, variation in habitat quality between territories within a 

heterogeneous patch should influence reproductive success of territory owners. The 

IDD should result in territory settlement order predicting fitness of occupants if 

territory selection is adaptive. 

 While early territory settlement is linked to higher reproductive success (Choi 

and Lee 2010, Lozano and Perreault 1996, Smith 2005), this relationship may be 

driven by factors other than territory quality. Temporal factors associated with early 

settlement may contribute to higher reproductive success in a territory (Anders and 

Marshall 2005, Forstmeier 2002, Lanyon and Thompson 1986, Martin 1995). Early 

settlement may result in a longer breeding season which allows more nest attempts, 

which can increase seasonal productivity (Cooper et al. 2011, Forstmeier 2002, 
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Grzybowski and Pease 2005, Lanyon and Thompson 1986). However, for early 

settlement to result in early nesting and a longer breeding season, the original 

territory occupant cannot be displaced by later arriving males. The initiation date of 

the first clutch, hereafter referred to as lay date, should predict settlement order if the 

original occupant is not displaced and early settlement results in a longer breeding 

period. Settlement order and lay date are often used interchangeably (Aebischer et 

al. 1996, Brown and Roth 2002, Chalfoun and Martin 2007, Marra and Hobson 1998, 

Robertson and Hutto 2006), but in species where territory fidelity or dominance 

results in owner turnover after initial settlement, settlement order may not determine 

the lay date (Forstmeier 2002, Lanyon and Thompson 1986). In these systems 

where settlement order and lay date are not necessarily directly linked, the influence 

of each on productivity can be evaluated.   

 Variation in territory owner quality may also drive differences in productivity 

between territories. Productivity may be higher for older or more experienced males 

(Brown and Roth 2002, Budnik et al. 2000, Greaves 1987) or larger males (Francis 

1986, Greaves 1987). Individuals arriving with more fat (Kus et al. 2010, Smith and 

Moore 2005) have more pronounced sexually selected characters (Møller 1994), 

sing more (Arvidsson and Nee 1991, Kus et al. 2010, Sharp and Kus 2006), or may 

be in better body condition (Marra et al. 1998). Territory fidelity may provide 

advantages as faithful males tend to arrive earlier than non-territory faithful or first 

year males (Anders and Marshall 2005, Dijak and Thompson 2000b, Hilden 1965, 

Howell et al. 2007, Martin and Geupel 1993, Smith 2005), may be physically 

dominant (Marra 2000), or may have an advantage due to knowledge of the territory 
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or social dominance (Burnham and Anderson 2002, Donovan and Thompson 2001, 

Forstmeier 2002, Lanyon and Thompson 1986, Noon and Sauer 1992). In some 

territory-faithful species, later-arriving territory-faithful males who may share 

characteristics with early arriving individuals outlined above, may displace males 

who arrived and settled earlier (Forstmeier 2002, Lanyon and Thompson 1986, 

Norris 2004). When previous ownership, and not just arrival timing, has an impact on 

who obtains high quality territories, arrival order alone would not predict individual or 

territory quality. Finally, first year breeding males, who tend to have lower 

reproductive success, may arrive and settle territories later, confounding settlement 

order with individual quality (Brown and Roth 2002, Marra and Hobson 1998, Morris 

2005). However, the relationship between male quality and productivity can be 

considered by evaluating both age and territory fidelity of males (Forstmeier 2002, 

Stutchbury et al. 2010).  

 Territory settlement order may not always predict the quality of the occupant 

or temporal factors important to productivity, but settlement order should reflect 

habitat preference and quality if selection follows the IDD. Our objectives were to 

determine the relationship between territory productivity, settlement order, lay date, 

and male age and territory fidelity. In order to separate fitness consequences of 

territory settlement date from individual male quality and lay date we studied 

populations of Bell’s Vireos (Vireo bellii) breeding across a broad range of shrubland 

habitats in central Missouri, U.S.A. Here we assume the order of territory 

establishment indicates its perceived quality by the population, and territory faithful 
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males have a reproductive advantage over non-territory-faithful males and males in 

their first breeding season. 

METHODS 

Study Species. — The central Bell’s Vireo subspecies (Vireo bellii bellii) is a sexually 

monomorphic, Neotropical migrant songbird that breeds in the Central United States 

and winters along the Pacific coast of southern Mexico and Guatemala. Males arrive 

and begin defending territories the last week of April by frequently and 

conspicuously singing from perches along territory boundaries and females arrive up 

to two weeks later (Kus et al. 2010). Bell’s Vireo have higher site fidelity than 

territory fidelity (Budnik et al. 2000, Greaves 1987, Marra and Holberton 1998). 

Return rate in a prior Missouri study was 64%, of these returning individuals 66% 

were territory-faithful and 33% were site faithful but not territory faithful (Budnik et al. 

2000). Males typically remain within a fixed territory throughout the breeding season, 

but females may switch territories one or more times within a breeding season (C. 

Joos unpublished data, Greaves 1987). Bell’s Vireos were an ideal species for our 

objectives because their behavior differs from many other North American 

Neotropical migrants, whose arrival order is strongly tied to individual condition and 

onset of breeding. In Bell's Vireos, later arriving and often site faithful males may 

displace a territory’s original settler (C. Joos unpublished data), but once breeding 

begins owners do not switch territories.  

Study Sites. — We studied seven sites that covered a wide range of Bell’s Vireo 

breeding habitat in central Missouri. The habitats were: Missouri River floodplain 

(Overton Bottoms USFWS National Wildlife Refuge), native prairie (Tucker Prairie), 
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restored prairie (Prairie Forks Conservation Area and Albert Children’s Wildlife Area), 

old-field (Davisdale, Reform and Whetstone Creek Conservation Areas), agricultural 

(Reform and Whetstone Conservation Areas) and a restored strip mine consisting of 

early successional oak savanna (Albert Children’s Audubon Wildlife Area) (Fig. 1). 

Settlement Order. —We searched for newly arrived males in suitable habitat 

encompassing territories from previous years. Male Bell’s Vireos sing frequently and 

respond strongly to playbacks making them readily detected by searching suitable 

habitat and listening for males singing spontaneously or in response to playbacks. 

We recorded date, time and GPS coordinates of detection locations (± 5 m) with 

handheld global positioning system (GPS). We considered a territory settled on the 

first day we detected a territorial male (Arlt and Part 2007) and considered males 

territorial if we observed them singing from perches, responding to playbacks or 

counter singing with neighbors.  

 We searched study sites beginning 26 April 2009, 26 April 2010 and 16 April 

2011. We searched sites every 1-5 days depending on weather and time constraints. 

We only considered territories with search intervals of ≤ 5 days because this is the 

shortest time interval for a male to obtain a mate and initiate a nest (Kus et al. 2010, 

Reidy et al. 2009). We detected the first territorial male on 29 April 2009, 27 April 

2010 and 1 May 2011. Two males were paired and had partially constructed nests 

the first day we observed them so we back-dated arrival based on progress of nest 

building (Faaborg et al. 2010, Kus et al. 2010).  

Territory Mapping. — Once territories were settled we mapped territory boundaries 

by marking location coordinates (± 5 m) of males with handheld GPS units from the 
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onset of breeding to the end of the last nest attempt to define the full extent of area 

used for breeding. We visited territories 3-5 times per week, depending on nest 

stage, and marked 1-3 (median 1, range 1-14) locations each visit. The median 

number of territory visits was 21 (range 10 - 42) and the median number of points 

used for mapping was 37 (range 19-90).  We outlined territory polygons using GPS 

coordinates and the most recent Google Earth aerial imagery 

(http://www.google.com/earth/index.html). We drew territory boundaries following the 

edges of shrub patches containing a male’s locations because minimum convex 

polygons would have included large unused areas of land covers such as row crops 

and roads.  

Fidelity. —We categorized males as site faithful, territory faithful, first year breeder, 

after first year breeder with fidelity unknown, and both age and fidelity unknown. We 

considered a territory occupied by a territory faithful male if it overlapped ≥ 50% of 

the breeding male’s territory from the previous year, or if it included the previous 

year’s nest site. Site faithful males returned to a different territory at the same site. 

We did not age birds in 2009 but we aged banded individuals by plumage in 2010-

2012 when possible.   

Capture and banding. — We captured males within territories using tapes of Bell’s 

Vireo songs to attract them into mist nets. As females did not respond to playbacks, 

we captured females by strategically placing nets in flight paths or around nests 

during building or after completion of laying. No pairs abandoned nests due to 

banding activities. We banded each bird with unique combinations of three plastic 

color bands and a U.S. Geological Survey numbered aluminum band. 
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Nest monitoring. — We attempted to locate all nest attempts in each territory to 

document the lay date and productivity, which we defined as the total number of 

young fledged per territory. We located nests by systematic searches and observing 

parental behavior then monitored each nest thereafter every 1-5 days, with more 

frequent visits within 3 days of fledging to determine nest fate and how many young 

fledged. Nest monitoring followed (Martin and Geupel 1993, Pulliam and Danielson 

1991) to limit disturbance at the nest and avoid creating a visible path to the nest. 

We counted a nest as fledged if we observed fledglings in the territory, feces on the 

nest rim or in nearby foliage combined with highly agitated parents, and/or parents 

carrying food to multiple locations. We considered a nest depredated if it was found 

empty prior to possible fledge date, torn from substrate or empty within possible 

fledge dates but no evidence of fledglings, or parents were building a new nest 

shortly after failure. We used the number of chicks present at 1-2 days before 

fledging as the number of chicks fledged.  

Statistical analysis. — We ranked territory settlement dates across all sites within 

years to remove the effect of date on settlement order. We tested for a linear 

relationship between ranked settlement order and lay date using simple regression 

to determine if lay date was driven by settlement order. We also tested for a 

difference in ranked settlement order between fidelity/age classes using a one-way 

analysis of variance.  

Next, we used a generalized linear model programmed in the GLIMMIX 

procedure (SAS Institute 2008) to evaluate support for relationships between 

territory productivity and settlement order, lay day, and fidelity/age. We measured 
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territory productivity as the number of chicks fledged per territory. We evaluated 11 a 

priori candidate models that included one and two variable additive models and two 

interaction models that we thought were biologically meaningful. We included year 

as a fixed effect in all models because productivity and lay date are likely influenced 

by factors such as weather, which varies annually. We did not treat annual 

observations as repeated measures on territories because territory boundaries and 

habitat characteristics changed between years due to habitat management activities 

and preliminary analysis did not support including site or year as random effects in 

the models. We evaluated models for multicollinearity and tolerance values for all 

variables were acceptable (≥ 0.9; (Allison 1999, Burhans and Thompson 1999, Cody 

1985, Johnson 2007, Johnson and Temple 1990)). We used an information-theoretic 

framework (Burnham and Anderson 2002, Francis 1986, Fretwell and Lucas 1970, 

Johnson and Temple 1990) and ranked models by Akaiki’s Information Criteria for 

small sample sizes (AICc) and report the difference between the top model and other 

candidate models (ΔAICc) and Akaiki weights (wi) to assess relative support for each 

model. We model averaged parameter estimates across all models. 

RESULTS 

We surveyed 382 territories, monitored 455 nests, and banded 363 vireos over four 

banding seasons and three breeding seasons (Table 1). We determined productivity, 

fidelity/age class, settlement day and lay day for 85 territories but excluded one 

territory as an outlier due to an extreme settlement day caused by a rare late season 

territory switch (Table 2). A total of 64 males occupied 84 territories resulting in 34 

territories occupied by a male in more than one season (14 males for two seasons 
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and two males for three seasons). Six of the males followed for more than one 

season were site faithful and 10 were territory faithful; both males followed for three 

seasons used the same territory for two years and a different territory at the same 

site for one year. We found no polygyny and two incidences of double brooding. 

However, these two territories were not included in this sample due to missing data. 

 Males settled territories over 20 days from 28 April-23 May with a median of 7 

May. Pairs initiated first clutches over 46 days from 14 May to 29 June with a 

median of 25 May. Site faithful, but not territory faithful, males occupied 23% of 

territories (27% 2009, 23% 2010, 20% 2011), territory faithful males occupied 65% 

of territories (73% 2009, 67% 2010, 63% 2011), and first year breeders occupied 

12% of territories (0% 2009, 10% 2010, 16% 2011). Of the 49 territories in which we 

could detect owner turnover, later arriving males replaced the original settler in 13 

territories while 36 territories were continuously occupied by the original male settler.  

Fidelity/age class varied with ranked settlement order. Territories occupied by 

SY males were settled later than territories settled by territory faithful ASY males but 

not non-territory faithful ASY males (F = 4.822,83, P = 0.01; Fig. 2). We found little 

support for a relationship between settlement rank and lay date (Fig. 3).  

 We found support for a relationship between productivity and settlement and 

lay day. The most supported model was the additive model of settlement and lay day, 

followed by settlement day, lay date, and the interaction between settlement day and 

lay date (Table 2). Model averaged productivity estimates based on these models 

ranged from 2.7± 0.36 fledglings to 1.55± 0.86 fledglings from the earliest to latest 

settlement rank, or 0.089 fewer fledglings per territory for each drop in settlement 
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rank (Fig. 4). Productivity ranged from 2.66 ± 0.35 to 1.4 ± 1.1 from the earliest to 

latest lay date, or 0.03 fewer fledglings per territory for each day later the first clutch 

was initiated (Fig. 5). Territories settled early, and with early lay dates, had the 

highest productivity (Fig. 6). There was little support for an interaction between these 

variables as productivity declined similarly with lay date regardless of the territory 

settlement rank. Settlement rank had a stronger influence on productivity than lay 

date. If two territories had the same lay date but different settlement ranks, the 

territory settled earlier would have greater productivity. 

DISCUSSION 

Bells vireos that settled territories earlier and had earlier lay dates had greater 

productivity than those that settled later and had a similar lay date. We found more 

support for, and a greater effect of, settlement order than lay date. We provide 

support for the IDD hypothesis that highest quality territories are selected first 

(Budnik et al. 2002, Fretwell and Lucas 1970, Hilden 1965, Smith and Moore 2005, 

Winter and Faaborg 1999). Even though older males settled territories earlier than 

first year breeders, we did not find support for older and potentially higher quality 

males having greater productivity, suggesting territory quality, not owner quality, 

drove territory settlement order. 

 In line with previous studies, we found settlement order and lay date predicted 

productivity of territory occupants (Arvidsson and Nee 1991, Chalfoun and Martin 

2007, Cooper et al. 2011, Dijak and Thompson 2000b, Fretwell and Lucas 1970, 

Krebs 1971, Kus et al. 2008, Robertson and Hutto 2006, Robinson et al. 1995, Walk 

et al. 2010, Winter and Faaborg 1999). These factors were surprisingly weakly 
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correlated in our study. One reason for the lack of a relationship between settlement 

order and lay date may have been frequent extreme thunderstorms early in the 

breeding season. Storms often destroyed early nest attempts during building and 

limited when nesting began across the study area. Early nest initiation may increase 

productivity if early nests have higher nest survival (Burhans et al. 2002, Choi and 

Lee 2010, Dijak and Thompson 2000b, Fretwell and Lucas 1970, Grant et al. 2005, 

Krebs 1971, Kus et al. 2008, Lozano and Perreault 1996, Robertson and Hutto 2006, 

Robinson et al. 1995, Smith 2005) and a longer breeding period allows for more nest 

attempts (Anders and Marshall 2005, Choi and Lee 2010, Forstmeier 2002, 

Grzybowski and Pease 2005, Lanyon and Thompson 1986, Lozano and Perreault 

1996, Martin 1995, PIF 2005, Smith 2005, Thompson et al. 1999). Avoidance of 

brood parasitism is unlikely to explain increased productivity in early nesters as 

Bell’s Vireos arrive on the breeding grounds after Brown-headed Cowbirds. However, 

Bell’s Vireos quickly re-nested after nest failure so a longer breeding season would 

allow more re-nest attempts which may increase territory productivity (Anders and 

Marshall 2005, Cooper et al. 2011, Forstmeier 2002, Grzybowski and Pease 2005, 

Kosciuch et al. 2006, Lanyon and Thompson 1986, Martin 1995, Sauer et al. 2005). 

 Territories settled early had the highest productivity but not always for the 

original male settler, as later arriving males may displace original owners that arrived 

and settled earlier. Therefore there was not a guaranteed temporal advantage for 

males to arrive and settle early. Of the 49 territories where we were able to 

determine both settlement date and arrival date of the owner, later arriving males 

displaced 33% of the original settlers. There may be reduced advantage to early 
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arrival if dominant males can arrive later and obtain occupied high quality territories 

without delaying breeding. Conversely, if second year or low quality males arrive 

early and settle on high quality territories and remain unchallenged there is an 

advantage to early arrival. These individuals may gain access to that high quality 

territory for life if territory fidelity results in greater likelihood of obtaining that territory 

in subsequent years, such as in Painted Buntings (Passerina ciris) (Aebischer et al. 

1996, Barlow and Audubon 1962, Brown and Roth 2002, Burhans et al. 2002, 

Chalfoun and Martin 2007, Cooper et al. 2011, Grzybowski and Pease 2005, King et 

al. 2009, Kus et al. 2010, Lanyon and Thompson 1986, Marra and Hobson 1998, 

Misenhelter and Rotenberry 2000, Robertson and Hutto 2006, Woodward et al. 

2001). Since early arrival did not always result in obtaining a high quality territory 

and the associated increase of reproductive success, selection pressure for early 

arrival may be reduced in this system. If this were true, we would expect first year 

males and males with poor territories to arrive earlier than males returning to high 

quality territories. Our data do not support the former, but perhaps investigating the 

influence of individual males’ reproductive success and territory quality in the 

previous year will reveal the role of individual histories in arrival order and territory 

settlement patterns.  

 As our data suggest that territory settlement order predicts a measure of 

fitness, it appears that territory selection by Bell’s Vireos in Missouri is adaptive. 

Even without including information usually linked with reproductive success of 

migratory songbirds (i.e. nest survival rates or physiological condition of owners), 

territory settlement order is a better predictor of productivity than lay date or male 
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age and territory fidelity. Our findings differ from a large body of literature where 

increased productivity is predicted by an individual’s early arrival on the breeding 

grounds facilitated by their superior physiological condition which resulted from 

occupying high quality on the wintering grounds (i.e. seasonal connectivity) 

(Forstmeier 2002, Hunter et al. 2001, Lanyon and Thompson 1986, Marra and 

Hobson 1998, Thompson et al. 1993, Tonra et al. 2011). Our lack of a strong 

relationship between settlement date and lay date or individual quality suggests that 

territory habitat quality may be most important (Aebischer et al. 1996, Brown and 

Roth 2002, Budnik et al. 2000, Chalfoun and Martin 2007, Currie et al. 2000, 

Greaves 1987, Robertson and Hutto 2006, Walk et al. 2010). Bell's Vireos 

populations would benefit from future research that identifies high quality habitat by 

linking fitness with habitat characteristics. 
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TABLE 1. Summary by age and sex of newly banded birds by year and site. All birds 

captured in 2011 and a portion of captures in 2010 were aged by plumage. Prior to 

2010 we were unable to determine age of newly captured adults. 

  FEMALE MALE UNKNOWN  

YEAR SITE AHY ASY SY AHY ASY SY AHY SY HY ROW SUM 

2008 ALL 12 0 0 80 0 0 3 0 26 121 

 AC 0 0 0 6 0 0 0 0 0 6 

 OB 0 0 0 8 0 0 0 0 0 8 

 PF 3 0 0 9 0 0 0 0 3 15 

 RE 2 0 0 17 0 0 3 0 12 34 

 TP 0 0 0 4 0 0 0 0 0 4 

 WC 7 0 0 36 0 0 0 0 11 54 

2009 ALL 32 0 0 50 0 0 0 0 42 124 

 AC 2 0 0 2 0 0 0 0 0 4 

 DD 5 0 0 8 0 0 0 0 4 17 

 OB 5 0 0 18 0 0 0 0 10 33 

 PF 4 0 0 4 0 0 0 0 5 13 

 RE 3 0 0 9 0 0 0 0 3 15 

 TP 2 0 0 1 0 0 0 0 4 7 

 WC 11 0 0 8 0 0 0 0 16 35 

2010 ALL 13 1 1 27 1 10 2 0 0 55 

 AC 4 0 0 3 0 1 0 0 0 8 

 DD 0 0 0 0 0 0 0 0 0 0 
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 OB 6 0 0 7 0 1 1 0 0 15 

 PF 0 0 0 0 0 1 0 0 0 1 

 RE 2 1 0 6 0 3 1 0 0 13 

 TP 0 0 0 1 0 0 0 0 0 1 

 WC 1 0 1 10 1 4 0 0 0 17 

2011 ALL 8 6 12 7 15 14 0 1 0 63 

 AC 0 0 1 0 2 1 0 0 0 4 

 DD 1 0 1 1 2 0 0 0 0 5 

 OB 2 0 5 2 1 4 0 0 0 14 

 PF 0 2 1 0 0 2 0 0 0 5 

 RE 1 0 0 1 0 0 0 0 0 2 

 TP 0 0 2 0 1 3 0 0 0 6 

 WC 4 4 2 3 9 4 0 1 0 27 
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TABLE 2. Model selection results for productivity of Bell's Vireo territories (n = 84). All 

models include a year effect. The global model included all covariates and 

interactions. We included main effects separately in interaction models. Lay date = 

date the first egg was laid in a territory, Set order = territory settlement rank, Fidel = 

fidelity/age class described in text. 

 
Model -2 Logl K N AICC ΔAIC wi 

LAY DATE + SET ORDER 313.9 6 84 327.0 0 0.355 

SET ORDER 317.5 5 84 328.2 1.22 0.193 

LAY DATE 317.9 5 84 328.7 1.69 0.152 

SET ORDER*LAY DATE 313.5 7 84 329.0 1.98 0.132 

FIDEL + SET ORDER 315.3 7 84 330.8 3.73 0.055 

NULL 322.9 4 84 331.4 4.37 0.040 

FIDEL + LAY DATE 316.1 7 84 331.5 4.52 0.037 

FIDEL 319.9 6 84 333.0 6.01 0.018 

FIDEL*LAY DATE 313.8 9 84 334.2 7.19 0.010 

SET ORDER*FIDEL 314.0 9 84 334.5 7.43 0.009 

GLOBAL 309.3 13 84 340.5 13.45 0.000 
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FIG. 1. Locations of 8 study sites within central Missouri.  

 
*AC = Albert Children's Audubon Wildlife Area, DD = Davisdale Conservation Area (CA), OB = Overton Bottoms South 

Big Muddy National Wildlife Refuge, PF = Prairie Forks CA, RE = Reform CA, TP = Tucker Prairie CA, WCN = 

Whetstone Creek CA north plot, WCS = Whetstone Creek CA south plot, WC = WCN and WCS combined 

20 km 

18 
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FIG. 2.  

 

Second year (SY) males settled territories later than territory faithful after second 

year (ASY) males but not non-territory faithful ASY males. The solid circle 

represents first year breeders (SY) and the hollow circles are adult after second year 

(ASY) males split by territory faithful males and non-territory faithful. SY males had a 

mean rank of 8.5, which differed from the 5.1 mean rank of territory faithful ASY 

males but not 5.8 ± 0.58 non-faithful ASY males. 
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FIG. 3. 

  

Relationship between settlement order rank and the date the first egg was laid in a territory. 
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FIG. 4.  

 

Model averaged parameter estimates showing the relationship between productivity 

and lay date. The dashed lines represent the 95% confidence intervals. The shaded 

area indicates 95% of observations. We model averaged parameter estimates 

across all models and held all other parameters constant at their median values. 
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FIG. 5. 

 

 Model averaged parameter estimates showing the relationship between productivity 

and territory settlement rank with 95% confidence intervals represented by the 

dashed lines. The shaded area indicating 95% of observations and dashed lines the 

95% confidence intervals. We model averaged parameter estimates across all and 

held all other parameters constant at their median values. 
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FIG. 6.  

 

The relation ship between productivity and lay date for territories settled early (rank 

1), mid (rank 5) and late (rank 12). These ranks are the 5%, median, and 95% 

values respectively. Territories settled earlier have higher productivity but this 

declines with delayed nest initiation. Parameter estimates model averaged across all 

models and held all other parameters constant at their median values. 
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Chapter 2: Multi-scale habitat predictors of habitat selection and productivity 

of Bell’s Vireo (Vireo bellii bellii) 

 

Abstract: — Habitat quality is important for fitness of migratory songbirds. While 

defining habitat quality is often difficult, linking fitness with habitat selection patterns 

may identify high quality habitat. Following the ideal despotic distribution model, 

territory settlement order reflects territory quality and therefor fitness of occupants. 

Further, if fitness is linked to habitat then settlement order also predicts habitat 

quality. Finally, we can assess if territory selection is optimal by asking if the same 

habitat characteristics predict both productivity and settlement order. We tested 

these hypotheses in a breeding population of individually color-banded Bell’s Vireos 

(Vireo bellii bellii) in Missouri, USA over 3 seasons (2009-2011). We recorded 

territory settlement date, mapped territory boundaries, monitored nests to record 

territory productivity (number fledged). We measured vegetation structure on the 

ground at the territory scale and remotely via aerial photos at the neighborhood and 

landscape scales. Productivity was predicted by percent cover and edge density of 

woody vegetation at the territory scale. We found no support that territory settlement 

was predicted by habitat at any scale. Productivity of Bell's Vireos appears to 

respond to habitat characteristics at scales more similar to grassland than forest 

breeding birds. These results provide information to habitat managers about specific 

habitat features that increase productivity of Bell’s Vireos in Missouri. 
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INTRODUCTION 

Patterns of fitness and habitat selection for most breeding birds are based on 

environmental characteristics at multiple scales. The availability of suitable nesting 

sites, foraging locations and protection from predators within territories  influence 

fitness of birds (Budnik et al. 2002, Francis 1986, Grant et al. 2004, Greaves 1987, 

Hilden 1965, Robinson et al. 1995, Thompson et al. 2012). Other factors influencing 

fitness, such as predator density or activity, are influenced by habitat at larger scales 

(Askins 2001, Franzreb et al. 2011, Hunter et al. 2001, Kus et al. 2008, 2010; 

Robinson et al. 1995, Rodewald and Vitz 2005, Schlossberg et al. 2010, Smith and 

Moore 2005, Thompson et al. 2002, 1993). Habitat selection likely occurs 

hierarchically across spatial multiple scales and is presumably motivated by the 

need to maximize fitness; when habitat selection is ideal the same habitat variables 

should predict territory settlement order and territory productivity (Arvidsson and Nee 

1991, Best et al. 2001, Chalfoun and Martin 2007, Cunningham and Johnson 2006, 

Davis and Brittingham 2004, Hilden 1965, Jacobs et al. 2011, Jones 2001, Knick 

and Rotenberry 2002, Kus et al. 2008, 2010; Pidgeon et al. 2003, Sharp and Kus 

2006, Walk et al. 2010, Winter and Faaborg 1999, Winter et al. 2006). Identifying 

what habitat characteristics maximize fitness is essential for habitat management 

and conservation targeted towards a particular species. However, management for 

high quality habitat may be undermined if there is a mismatch between selection and 

fitness of individuals, resulting in low quality territories being selected first. 

 The Eastern Bell’s Vireo subspecies (Vireo bellii bellii) is a species of 

conservation concern in Missouri (Anders and Marshall 2005, Anderson 1976, Dijak 
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and Thompson 2000b, Hilden 1965, Howell et al. 2007, Martin and Geupel 1993, 

PIF 2005, Smith 2005);  populations are declining annually by 4.4% in Missouri (p = 

0.03) and 3.1% region wide (p = 0.01) (Barlow and Audubon 1962, Burnham and 

Anderson 2002, Donovan and Thompson 2001, Forstmeier 2002, Lanyon and 

Thompson 1986, Noon and Sauer 1992, Sauer et al. 2005). This sub-species nests 

across a broad range of vegetation including shrubby draws in open prairie, shrub 

rows in agricultural fields, and early successional forest, but it is not clear what 

represents optimal habitat (Barlow and Audubon 1962, Forstmeier 2002, Kus et al. 

2010, Lanyon and Thompson 1986, Norris 2004, Robinson et al. 1995). While 

Eastern Bell’s Vireo is a high conservation priority and disturbance dependent 

species (Brown and Roth 2002, Hunter et al. 2001, Kus et al. 2008, Marra and 

Hobson 1998, Morris 2005, Robinson et al. 1995, Thompson et al. 2002, 1993), little 

research has focused on its habitat requirements. Bell's Vireos are overlooked by 

large bodies of research focused on grassland or shrubland and early successional 

birds in the eastern US.  Studies tend to focus on grassland species that respond 

negatively to shrub encroachment, which Bell's Vireos require for nest sites (Best et 

al. 2001, Chalfoun and Martin 2007, Cunningham and Johnson 2006, Forstmeier 

2002, Grant et al. 2004, Hilden 1965, Pidgeon et al. 2003, Stutchbury et al. 2010, 

Thompson et al. 2012, Walk et al. 2010, Winter and Faaborg 1999); or forest 

associated shrublands such as power line right of ways, forest edges, and 

regenerating forest (Askins 2001, Budnik et al. 2000, Chalfoun and Martin 2007, 

Cunningham and Johnson 2006, Davis and Brittingham 2004, Dijak and Thompson 

2000b, Franzreb et al. 2011, Fretwell and Lucas 1970, Greaves 1987, Jacobs et al. 
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2011, Knick and Rotenberry 2002, Kus et al. 2008, Marra and Holberton 1998, 

Pidgeon et al. 2003, Robinson et al. 1995, Rodewald and Vitz 2005, Schlossberg et 

al. 2010, Winter et al. 2006, Winter and Faaborg 1999) which Bell's Vireo avoid. No 

studies investigating declines in eastern scrub and successional breeding birds 

include habitats suitable for this species. More information is needed on how 

productivity and habitat selection vary across the range of habitats used by Bell's 

Vireos.  

 Our objective was to determine if habitat characteristics predicted territory 

settlement order and productivity of Bell's Vireos in central Missouri. We used a 

hierarchical approach that considered landscape (500m–10k), neighborhood (within 

150m), and within territory scales. We assessed if Bell's Vireos selected territories 

for the same characteristics that maximized productivity by comparing support for 

habitat factors that predicted settlement order and productivity, respectively. 

 We developed hypotheses from knowledge of factors affecting nest success 

because few studies have directly measured productivity or settlement order.  At the 

territory scale we hypothesized that productivity and preference would be influenced 

by the number of available nest sites, as represented by the amount of shrub edge 

(Anderson 1976, Kus et al. 2010, PIF 2005, Reidy et al. 2009) and woody cover 

(Martin 1993).  We hypothesized that proximity to forest edges and row crops that 

attract predators and cowbirds would reduce productivity and preference (Barlow 

and Audubon 1962, Dijak and Thompson 2000b, Faaborg et al. 2010, Hilden 1965, 

Howell et al. 2007, Kus et al. 2010, Sauer et al. 2005).  We hypothesized 

productivity and preference would be greater in early successional vegetation 
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represented by high densities of small stems because Bell's Vireos use successional 

habitats and avoid mature forest (Budnik unpub. data).  

 We hypothesized productivity and preference would also be affected at the 

neighborhood scale by the amount of shrub edge and woody cover, as well as the 

proportion of landcover types surrounding a territory. We hypothesized that at the 

landscape scale productivity and preference would increase with the percent forest 

cover within 10 km because it is a strong predictor of nest predation rates in forest 

birds (Kus et al. 2010, Martin 1993, Martin and Geupel 1993, Pulliam and Danielson 

1991, Robinson et al. 1995), and forest edge density within 500 m, a strong predictor 

of Brown-headed Cowbird abundance (Chace et al. 2005, Kus et al. 2010, Martin 

1993, Robinson et al. 1995, Thompson et al. 2002).  We hypothesized that 

productivity and preference would decrease with increasing percent cover of forest 

within 500 m, 1 km and 5 km, which are scales similar to those to which eastern 

grassland (Best et al. 2001, Chalfoun and Martin 2007, Cunningham and Johnson 

2006, Davis and Brittingham 2004, Jacobs et al. 2011, Knick and Rotenberry 2002, 

Kus et al. 2008, Martin 1993, Martin and Geupel 1993, Pidgeon et al. 2003, Walk et 

al. 2010, Winter et al. 2006, Winter and Faaborg 1999) and shrubland (Chalfoun and 

Martin 2007, Cunningham and Johnson 2006, Davis and Brittingham 2004, Jacobs 

et al. 2011, Knick and Rotenberry 2002, Kus et al. 2008, McGarigal et al. 2002, 

Pidgeon et al. 2003, Winter et al. 2006, Winter and Faaborg 1999) songbird species 

respond.  We could not assess how Bell's Vireos respond to the amount of available 

breeding habitat because shrublands are not well identified by remote sensing 

(Anderson 1976, McGarigal et al. 2002).  
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METHODS 

Study Species. — The central Bell’s Vireo subspecies (Vireo bellii bellii) is a sexually 

monomorphicphic, Neotropical migrant songbird that breeds in the Central United 

States and winters along the Pacific coast from southern Mexico through Guatemala. 

Males arrive and begin defending territories in Missouri the last week of April by 

frequently and conspicuously singing from perches along territory boundaries; 

females arrive 1-2 weeks later (Kus et al. 2010). Return rate in Missouri was 64%; of 

these returning individuals, 66% were territory-faithful and 33% were site faithful but 

not territory faithful (Budnik et al. 2000). Males typically remain within a fixed territory 

throughout the breeding season, but females may switch territories one or more 

times within a breeding season (C. Joos unpublished data, Greaves 1987). Bell’s 

Vireos breed within a broad range of grassland associated habitats from shrubby 

draws in open prairie to secondary growth forest (Allison 1999, Barlow and Audubon 

1962). 

Study Sites. — We studied seven sites that covered a wide range of Bell’s Vireo 

breeding habitat in central Missouri (Fig.1). These habitats and sites were Missouri 

River floodplain  (Overton Bottoms USFWS National Wildlife Refuge), native prairie 

remnant (Tucker Prairie), restored prairie (Prairie Forks Conservation Area and 

Albert Children’s Wildlife Area), old-field (Davisdale, Reform and Whetstone Creek 

Conservation Areas), agricultural (Reform and Whetstone Conservation Areas) and 

a restored strip mine consisting of early successional oak savanna (Albert Children’s 

Audubon Wildlife Area).  
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Settlement Order. — We searched for newly arrived males in suitable habitat 

encompassing territories from previous years. Male Bell’s Vireos sing frequently, and 

respond strongly to playbacks and are readily detected. We recorded date, time and 

GPS coordinates of detection locations (± 5 m) with Garmin handheld global 

positioning system (GPS). We considered a territory settled on the first day we 

detected a territorial male (Arlt and Part 2007). Territorial behaviors included singing 

from perches, responding to playbacks or counter singing with neighbors.  

 We searched study sites beginning 26 April 2009, 26 April 2010 and 16 April 

2011. Intervals between searches varied from 1-5 days due to weather and time 

constraints. We chose to include only territories with search intervals of ≤ 5 days, as 

this is the shortest time interval for a male to obtain a mate and initiate a nest 

(Burhans and Thompson 1998, Currie et al. 2000, Kus et al. 2010, Martin 1993). We 

detected the first territorial male on 29 April 2009, 27 April 2010 and 1 May 2011. In 

two territories, males were paired and had partially constructed nests the first day 

they were observed, so we back-dated arrival based on progress of nest building 

(Burnham and Anderson 2002, Kus et al. 2010, Martin 1993).  

Capture and banding. — We captured males within territories using tapes of Bell’s 

Vireo songs to attract them into mist nets. As females did not respond to playbacks, 

we captured females by strategically placing nets in flight paths or around nests 

during building or after completion of laying. No pairs abandoned nests due to 

banding activities. We banded each bird with unique combinations of three plastic 

color bands and a U.S. Fish and Wildlife Service numbered aluminum band.  
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Nest monitoring and productivity. — We located nests via observations of parental 

behavior and systematic searches and monitored each nest thereafter every 1-5 

days. When nests were within 3 days of fledging, we visited every 1-2 days to 

determine nest fate and how many young fledged. We followed nest monitoring 

protocols which limited disturbance at the nest and avoided creating a visible path to 

the nest (Allison 1999, Martin 1993, Martin and Geupel 1993). We counted a nest as 

fledged if we observed fledglings in the territory, feces on the nest rim or in nearby 

foliage combined with highly agitated parents, and/or parents carrying food to 

multiple locations. We considered a nest depredated if it was found empty prior to 

possible fledge date, torn from substrate or empty within possible fledge dates but 

no evidence of fledglings, or parents were building a new nest shortly after failure. 

We used the number of chicks present at 1-2 days before fledging as the number of 

chicks fledged. Our measure of annual productivity was the number of offspring 

produced during a season in territories occupied by a paired male with at least one 

nest attempt.  

Territory Mapping. — We mapped territory boundaries by marking location 

coordinates (± 5 m) of males with handheld GPS units from the onset of breeding to 

the end of the last nest attempt to define the full extent of area used for breeding. 

We visited territories 3-5 times per week, depending on nest stage, and marked 1-3 

(median 1, range 1-14) locations each visit. The median number of territory visits 

was 21 (range 10 - 42) and the median number of points used for mapping was 37 

(range 19-90). We outlined territory polygons using GPS coordinates and the most 

recent aerial imagery available in Google Earth 



 32 

(http://www.google.com/earth/index.html). As territory boundaries largely followed 

shrub patch edges and rarely dissected shrub patches, we drew territory boundaries 

following the edges of shrub patches containing a male’s location points. Territories 

were generally surrounded by two different categories of open area:  row crops, 

characterized by having bare ground during settlement, and perennial herbaceous, 

which were vegetated throughout the season and included grassland, old field and 

clover. We considered row crops unavailable as they provide little to no plant cover 

for the majority of the season. However, we expect grasslands, old fields and clover 

to have similar affects on territory productivity as they provide a similar amount of 

plant cover.  We considered minimum convex polygons (MCP) inappropriate as 

territories were often irregularly shaped and surrounded by unavailable habitat such 

as roads and row crops so MCPs would have included large areas of unavailable 

habitat. 

Vegetation Sampling. — We selected three vegetation sampling points in territories 

with continuous woody cover and five points in heterogeneous territories with a 

mixture of cover types. We generated random points spaced ≥ 11 m apart within 

available habitat within territory boundaries using Hawth’s Tools 3.27 

(http://www.spatialecology.com) in ArcGIS 9.2 (ESRI. Redlands. CA. U.S.A.). 

Sampling plots were 5 m radius with 1 m radius sub-plots, both centered on the 

random points. We allowed the 5 m plot, but not the 1 m sub-plot to include habitat 

outside of territory boundaries. This allowed the 1 m radius subplot to sample all 

area of a territory instead of only areas > 4 m from territory boundaries. This was 

important because many territory boundaries coincided with the outer edges of 
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shrub patches, which are structurally different from the patch interiors and is also 

where nests are often located. When calculating summary statistics, we subtracted 

the area covered by habitat outside of territory boundaries from the total area. 

 To quantify low woody cover (small stems) we counted woody stems < 2.5 cm 

dbh and ≥10cm tall and blackberry stems within the 1-m radius sub-plot and 

converted this to the number of stems/ha. To quantify all other woody stems we 

counted and recorded dbh of all stems ≥ 1” dbh within the 5 m. In multi-stemmed 

shrubs we counted all stems in each height and diameter category. We visually 

estimated percent of each plot covered by woody vegetation. Woody cover included 

all woody species and blackberries. We quantified woody edges by measuring the 

perimeter of woody patches separated by ≥ 1m. 

GIS Habitat Quantification. — At the landscape scale we used the 30-m resolution 

Land Use Land Cover (LULC) database for Missouri from the Missouri Spatial Data 

Information Service  (www.msdis.missouri.edu/data/lulc/lulc05.html). We used 

ArcGIS 9.2 (ESRI. Redlands. CA. U.S.A.) to merge landcover into forest (deciduous 

forest, evergreen forest, mixed forest, and woody-dominated wetland forest) and 

non-forest (all other landcover classes). We calculated the percent cover of forest 

within a 10-km radius of territory centroids with the zonal statistics tool in Hawth's 

Tools (http://www.spatialecology.com) and calculated forest edge density within 500 

m of territory centroids using FRAGSTATS (Cox et al. 2012, McGarigal et al. 2002, 

Robinson et al. 1995, Thompson et al. 2002). 

 At the neighborhood scale we defined a neighborhood as the area defined by 

a 150 m buffer surrounding a territory because it roughly encompassed a territory 
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and its neighboring territories and approximated the mean distance between territory 

centroids (152 m). We hand digitized landcover within 150 m of territory boundaries 

from 1’ resolution National Agriculture Imagery Program digital images accessed via 

Missouri Spatial Data Information Service (www.msdis.missouri.edu) to delineate 

habitat into four categories: shrub, grass, forest, and row crop. We used knowledge 

of field sites, ground truthing, and vegetation surveys to delineate closed canopy 

habitat into either shrubs (woody cover dominated by < 10 cm dbh multi-stemmed 

plants) or forest (woody cover dominated by > 10 cm dbh single stemmed plants). 

We classified individual trees located within a matrix of non-forest as forest. We 

classified open landcover into unavailable (open water, roads, buildings), 

grass/perennial herbaceous (grasslands, fallow fields, clover), and agriculture (fields 

planted in corn, soybeans or wheat). We created separate digitized maps for each 

year as land cover fluctuated between years due to farming and habitat 

management activities. We converted digitized vector layers into rasters with ArcGIS 

9.3 (ESRI. Redlands. CA. U.S.A.). Within territories and a 150 m buffer of territory 

boundaries we calculated the percent cover of each land cover class, shrub edge 

density (m/ha of edge between shrub and open habitats) and forest edge density 

(m/ha of edge between forest and all other habitats) using FRAGSTATS 3.3 (Best et 

al. 2001, Chalfoun and Martin 2007, Cunningham and Johnson 2006, Davis and 

Brittingham 2004, Jacobs et al. 2011, Knick and Rotenberry 2002, Kus et al. 2008, 

McGarigal et al. 2002, Pidgeon et al. 2003, Walk et al. 2010, Winter et al. 2006, 

Winter and Faaborg 1999). To avoid correlation between these variables we 

excluded percent cover of grass from our models, which resulted in tolerance values  
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> 0.9   and low multicollinearity (Allison 1999, Chalfoun and Martin 2007, 

Cunningham and Johnson 2006, Davis and Brittingham 2004, Jacobs et al. 2011, 

Knick and Rotenberry 2002, Kus et al. 2008, Pidgeon et al. 2003, Winter et al. 2006, 

Winter and Faaborg 1999). 

 At the territory scale we calculated the shortest distance from territory 

boundaries to row crop and forest patches with ArcGIS 9.3 (ESRI. Redlands. CA. 

U.S.A.) and the same raster layers used for the neighborhood metrics, We 

measured all other territory scale metrics on the ground. We classified stems < 2.54 

cm dbh as small, ≥ 2.54 and < 10 cm as medium, and stems ≥ 10 cm  as large 

(Burhans and Thompson 1998, 1999; Currie et al. 2000, Johnson and Temple 1990) 

and converted these counts to stems/ha. We used the area of the 1-m diameter plot 

to calculate the number of small stems/ha. However, to quantify stem density of 

shrub patches within the sample plots we only used the percent cover of woody 

vegetation within each plot to calculate stem density per hectare. This accounts for 

differences in structure between plots with similar stem counts but that differ in 

amount of woody cover. Finally, we converted the amount of woody edge per plot to 

m/ha. 

Statistical analysis. — We used an information theoretic approach (Burnham and 

Anderson 2002, Johnson and Temple 1990, Kus et al. 2010) to develop and 

evaluate 27 models based on hypotheses regarding reproductive success and 

habitat selection of songbirds in relation to habitat characteristics at three spatial 

scales. Next, we used a generalized linear model with a Poisson distribution 

(GLIMMIX procedure, SAS Institute 2008) to estimate both territory productivity, 
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measured as the number of chicks fledged per territory, and territory settlement 

order. As a previous study (Chapter 1) found territory settlement order influenced 

productivity, we included settlement order as a fixed effect on all productivity models. 

For productivity models, preliminary analysis for covariance did not support using 

site or year as random effects; the -2 log likelihoods from the global model were 

identical if we included either or both as random effects (χ2 = 0, P = 1). However, for 

territory settlement order models, we found support for including site as a random 

variable (χ2 = 7.02, P = .004). We ranked models by calculating Akaiki’s Information 

Criteria for small sample sizes (AICc), the difference between the top model and 

other candidate models (ΔAICc), and Akaiki weights (wi) to assess relative support 

of each model. We model averaged parameter estimates across all models. 

 While some territories overlapped between years, we did not use year as a 

repeated measure on territories due to annual differences in territory boundaries and 

habitat characteristics due to habitat management activities. We calculated tolerance 

values for all continuous covariates in a global model to assess multicollinearity and 

only considered combinations of covariates resulting in tolerances  > 0.7 (Allison 

1999). 

Model Development. — At the landscape scale we evaluated 6 a priori models. In 

central Missouri, landcover is generally composed of forest and agricultural 

landcover so modeling the response to one is essentially modeling both as they are 

each other's inverse. First, we selected metrics and scales based on previous 

findings where forest cover within the 10 km is positively related to nest success of 

forest songbirds (Cox et al. 2012, Robinson et al. 1995, Thompson et al. 2002). 
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Thus, we considered all possible combinations of forest cover within 10km and 

forest edge density within 500 m biologically meaningful. We also considered forest 

cover at 500m, 1km and 5km based on previous findings for eastern grassland 

species and/or western shrubland breeding species (Best et al. 2001, Chalfoun and 

Martin 2007, Cunningham and Johnson 2006, Davis and Brittingham 2004, Jacobs 

et al. 2011, Knick and Rotenberry 2002, Kus et al. 2008, Pidgeon et al. 2003, Walk 

et al. 2010, Winter et al. 2006, Winter and Faaborg 1999). 

 At the neighborhood scale, we evaluated 10 a priori candidate models that 

addressed avoidance of nest predation and parasitism. We included shrub cover 

and shrub edge, as the total amount of vegetation and number of potential nest sites 

could influence nest predation rate (Martin 1993).  

 At the territory scale, we evaluated 14 a priori candidate models that 

addressed avoidance of nest predation and parasitism. We included percent woody 

cover, woody stem density/ha (0-2.5 cm dbh, 2.5 dbh - 10 cm dbh, and > 10 cm dbh) 

(Allison 1999, Burhans and Thompson 1999, Chace et al. 2005, Cody 1985, 

Johnson 2007, Johnson and Temple 1990, Kus et al. 2010, Martin 1993, Robinson 

et al. 1995, Thompson et al. 2002) and woody edge density to represent total 

amount of vegetation and number of nest sites (Martin 193) and distance from forest 

edge (Best et al. 2001, Burnham and Anderson 2002, Chalfoun and Martin 2007, 

Cunningham and Johnson 2006, Davis and Brittingham 2004, Francis 1986, Fretwell 

and Lucas 1970, Jacobs et al. 2011, Johnson and Temple 1990, Knick and 

Rotenberry 2002, Kus et al. 2008, Martin 1993, Martin and Geupel 1993, Pidgeon et 

al. 2003, Walk et al. 2010, Winter et al. 2006, Winter and Faaborg 1999) and 
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distance to row crops (Budnik et al. 2002, Chalfoun and Martin 2007, Cunningham 

and Johnson 2006, Davis and Brittingham 2004, Fretwell and Lucas 1970, Hilden 

1965, Jacobs et al. 2011, Knick and Rotenberry 2002, Kus et al. 2008, McGarigal et 

al. 2002, Pidgeon et al. 2003, Smith and Moore 2005, Winter et al. 2006, Winter and 

Faaborg 1999) which were potentially negative habitats as they influence nest 

predator and brown-headed cowbird abundance.  

RESULTS 

 We followed 168 territories across all sites and years (Table 1), and 103 

(61%) successfully fledged ≥ 1 young. Mean productivity per territory was 1.85 ± 

0.13 with a range of 1-5 fledglings per successful territory. We found 442 nests, 382 

were completed and 129 of completed nests (34%) fledged ≥ 1 host chick and one 

fledged a cowbird. We recorded two incidences of double brooding.  

 Only territory models had more support than the null. The models for the 

interaction between woody cover and woody edge and woody cover alone were 

supported (Table 3). Woody cover and edge density lack independence as the 

amount of edge is dependent upon the amount of shrub cover. Therefor it is not 

possible to have very high edge density at the extreme low and high ends of the 

woody cover gradient. Productivity varied with edge density differently in territories 

with high shrub cover than moderate or low cover. Productivity was highest in 

territories with low woody cover and high edge density (Fig.2). This describes a 

territory with many small shrubs covering < 50% of the territory. The percent of 

woody cover had the largest effect size, productivity ranged from 3.2 – 1.5 across 

the range of percent woody cover (1.45 – 97) resulting in 0.019 fewer chicks fledged 
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per territory for every percent increase (Fig.2). Edge density had a similar effect size 

with productivity ranging from 1.87 - 1.13 across the range of edge density (1.93 - 

42.35 m/ha); this resulted in 0.018 fewer chicks fledged per territory for every 1 m/ha 

increase in edge density (Fig.3). We found no support for any of our habitat models 

predicting territory settlement rank, the null model was most supported at every 

scale (Table 4). 

Discussion 

 We described a broader range of habitat used by Bell's Vireos in the central 

U.S. than previously reported. Our results supported the hypothesis that productivity 

varied with vegetation at the territory and landscape scales. However, we found no 

support for a relationship between territory settlement rank and habitat 

characteristics at any scale. When evaluated hierarchically, our territory scale 

models were more supported than the landscape scale model. At the territory scale, 

productivity decreased with increasing woody edge density and proportion of shrub 

cover within a territory. At the landscape scale, Bell's Vireo productivity declined with 

increasing forest cover within 1-km of the territory. While productivity did vary with 

our metrics for nest sites and total vegetation, the relationship was negative. We did 

not support the Martin (1992) hypotheses that productivity would increase with total 

amount of vegetation and/or density of available nest sites. Our observation that 

reproductive success responded more strongly to local, within patch, vegetation 

structure than landcover within the larger landscape, is similar to grassland birds in 

the Midwestern US and western shrubland birds (Anderson 1976, Arvidsson and 

Nee 1991, Chalfoun and Martin 2007, Cooper et al. 2011, Dijak and Thompson 



 40 

2000a, Fretwell and Lucas 1970, Krebs 1971, Kus et al. 2008, McGarigal et al. 2002, 

Robertson and Hutto 2006, Robinson et al. 1995, Walk et al. 2010, Winter and 

Faaborg 1999). Productivity declined with increasing woody cover and decreasing 

woody edge density. Territories with low edge density were most sensitive to 

proportion of shrub cover. This species does not require large, established woody 

cover for nest sites. Nests were often built in blackberry, poison ivy and sumac that 

had re-grown in less than a year since the last disturbance. Regular removal of 

Autumn Olive (Elaeagnus umbellate) occurred throughout this study and males 

returned to previous territories where all large shrub patches were removed. They 

built nests in the above mentioned species, which expanded after the shrub removal. 

As we included these species in our measurement of woody edge, a territory where 

the shrub cover was dominated by these was likely to have low woody cover and low 

edge density. Further analysis on how the structure of woody cover in our territories 

is related to the woody plant community composition, and therefore productivity, may 

provide a clearer picture of what is driving the relationship between territory woody 

cover and productivity.  

 Productivity of forest breeding songbirds is driven by habitat characteristics at 

the landscape scale that predict rates of cowbird parasitism and nest predation 

(Allison 1999, Barlow and Audubon 1962, Burhans et al. 2002, Choi and Lee 2010, 

Dijak and Thompson 2000b, Fretwell and Lucas 1970, Grant et al. 2005, Krebs 1971, 

Kus et al. 2008, Lozano and Perreault 1996, Robertson and Hutto 2006, Robinson et 

al. 1995, Smith 2005). Individuals can avoid the negative effect of forest edges by 

selecting interior forest territories. Conversely, this subspecies of the Bell's Vireo has 
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historically bred in the presence of cowbird parasitism and high rates of nest 

predation as they are associated with a habitat that is positively associated with 

cowbirds and a similar predator community as forest edges (Anders and Marshall 

2005, Burhans and Thompson 1998, Choi and Lee 2010, Currie et al. 2000, 

Forstmeier 2002, Grzybowski and Pease 2005, Kus et al. 2010, Lanyon and 

Thompson 1986, Lozano and Perreault 1996, Martin 1993, 1995; PIF 2005, Smith 

2005, Thompson et al. 1999). Parasitism is functionally equal to, or worse than, nest 

predation for this species, as they rarely raise their own young in addition to the 

cowbird chick and are rarely double brooded. As they cannot select habitats to avoid 

these pressures they have evolved strategies to mitigate the impacts, such as rapid 

re-nesting after predation and abandonment of parasitized nests (Anders and 

Marshall 2005, Burnham and Anderson 2002, Cooper et al. 2011, Forstmeier 2002, 

Grzybowski and Pease 2005, Kosciuch et al. 2006, Kus et al. 2010, Lanyon and 

Thompson 1986, Martin 1993, 1995; Sauer et al. 2005). Our population abandoned 

85% of parasitized nests and re-nested up to 7 times in response to parasitism and 

nest predation. Territories with low shrub cover and low edge density may have 

large shrub patches scattered throughout a grass/forb matrix. Several shrub-nesting 

songbirds have higher nest success in large nest patches (Aebischer et al. 1996, 

Allison 1999, Barlow and Audubon 1962, Brown and Roth 2002, Burhans et al. 2002, 

Chalfoun and Martin 2007, Cooper et al. 2011, Grzybowski and Pease 2005, King et 

al. 2009, Kus et al. 2010, Lanyon and Thompson 1986, Marra and Hobson 1998, 

Martin 1993, Martin and Geupel 1993, Misenhelter and Rotenberry 2000, Robertson 

and Hutto 2006, Woodward et al. 2001). However, these studies did not include 
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habitat measures at the territory scale so arrangement of nest patches on nest 

success was unknown. Our finding that productivity seems to decline with increasing 

cover of potential nest sites is similar to Chalfoun and Martin (2005) who found a 

negative relationship between density of potential nest shrubs and measures of 

productivity. 

 While a model where territory habitat predicted productivity was more 

supported, it is interesting that for this shrub and succession breeding species, 

productivity responded to landscape features more similar to grassland than forest 

bird species. Forest associated shrublands in the eastern US do not include the low 

density shrublands in landscapes with relative low forest cover which our data 

suggest may increase Bell's Vireo productivity. This landscape is more inline with 

grassland species. (Cox et al. 2012, Forstmeier 2002, Hunter et al. 2001, Lanyon 

and Thompson 1986, Marra and Hobson 1998, McGarigal et al. 2002, Robinson et 

al. 1995, Thompson et al. 2002, 1993; Tonra et al. 2011). Walk et al. (Aebischer et al. 

1996, Best et al. 2001, Brown and Roth 2002, Budnik et al. 2000, Chalfoun and 

Martin 2007, Cunningham and Johnson 2006, Currie et al. 2000, Davis and 

Brittingham 2004, Greaves 1987, Jacobs et al. 2011, Knick and Rotenberry 2002, 

Kus et al. 2008, McGarigal et al. 2002, Pidgeon et al. 2003, Robertson and Hutto 

2006, Walk et al. 2010, Winter et al. 2006, Winter and Faaborg 1999) found 

Dickcissel (Spiza americana) and Eastern Meadowlark (Sturnella magna) nest 

success was insensitive to grassland patch size in small patches of grassland within 

an agricultural landscape. Further, Dickcissels and meadowlark avoided grassland-

forest edges but not cropland-grassland edges. Bell's Vireos had similar lack of 
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response to agriculture as we found no negative impact of row crops immediately 

surrounding territories or within the landscapes. To the contrary, as forest and 

agricultural landcover are highly correlated in the Midwest, productivity is either 

insensitive to or responded positively to increased agriculture within 1-km. It is 

possible that any open landcover is beneficial. Burhans et al. (2010) also found nest 

success of Dickcissels in regenerating floodplains of central Missouri, similar to our 

habitats, had lower rates of nest parasitism than Dickcissels in southwestern 

Missouri where forest cover within 5-km was higher (Winter 1999). It appears 

shrubland breeding birds may respond to habitat characteristics at multiple scales 

differently than other Midwestern breeding guilds. Specifically, they may be less 

sensitive to agricultural land use, making them an ideal guild to manage for within 

agriculturally dominated working landscapes of the Midwest.  

 Our findings are not entirely in line with previous studies. Most surprisingly 

was the conflict between our results and those of Budnik et al. (Allison 1999, Budnik 

et al. 2002, Chalfoun and Martin 2007, Cunningham and Johnson 2006, Davis and 

Brittingham 2004, Francis 1986, Grant et al. 2004, Greaves 1987, Hilden 1965, 

Jacobs et al. 2011, Knick and Rotenberry 2002, Kus et al. 2008, Pidgeon et al. 2003, 

Robinson et al. 1995, Thompson et al. 2012, Winter et al. 2006, Winter and Faaborg 

1999) with whom we shared a study site. They found nest parasitism declined with 

increasing territory shrub cover. However our study covered a much broader range 

of habitat variation and study sites and our parasitism rate was 19.3% compared to 

their 30%. Perhaps our lower rate of nest parasitism resulted in shrub cover 

influencing productivity differently in our population. Further, Budnik et al. (2002) 
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found long nest patches had lower nest predation and long shrub patches are likely 

to have lower edge density, which we found predicted increased productivity. Finally, 

Budnik et al. (2002) suggested their differences in nest success between sites were 

due to landscape characteristics at larger scales. However, we found no support for 

differences between sites in spite of broad variation in landscape characteristics 

(Appendix). Reproductive success of Least Bell's Vireo in southwestern California 

also responded to different habitat scales but not in agreement with our results. Nest 

predation responded habitat at the nest site and landscape scales (Askins 2001, 

Burhans and Thompson 1998, 1999; Currie et al. 2000, Franzreb et al. 2011, Hunter 

et al. 2001, Johnson and Temple 1990, Kus et al. 2008, 2010; Robinson et al. 1995, 

Rodewald and Vitz 2005, Schlossberg et al. 2010, Smith and Moore 2005, 

Thompson et al. 2002, 1993), where cowbird parasitism responded to nest site and 

nest patch characteristics (0-11.3 m)  (Arvidsson and Nee 1991, Best et al. 2001, 

Burnham and Anderson 2002, Chalfoun and Martin 2007, Cunningham and Johnson 

2006, Davis and Brittingham 2004, Hilden 1965, Jacobs et al. 2011, Johnson and 

Temple 1990, Jones 2001, Knick and Rotenberry 2002, Kus et al. 2008, 2010; 

Pidgeon et al. 2003, Sharp and Kus 2006, Walk et al. 2010, Winter et al. 2006, 

Winter and Faaborg 1999). None of the above studies compared seasonal 

productivity  

with habitat characteristics so we cannot directly compare our findings with theirs.  

 We were able to relate productivity to habitat characteristics at multiple scales. 

However, we were unable to assess if habitat selection was ideal because we found 

no relationship between the habitat characteristics we measured and settlement 
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order. This lack of relationship was surprising considering our findings that 

productivity was predicted by territory habitat characteristics and territory settlement 

rank  (Chapter 1). While we selected characteristics less likely to change temporally, 

it is still likely we did not measure the appropriate characteristics, as selection occurs 

in early spring when the habitat is very different from late summer when vegetation 

sampling occurred. Perhaps territory selection is predicted at even finer scales, such 

as nest sites or nest patches. 

Conclusions: Our findings highlight the need to include territory scale factors when 

modeling seasonal productivity. Metrics included in models of productivity based on 

nest success, such as length of breeding season and number of nest attempts, are 

inherently accounted for when recording territory productivity. Studies have 

cautioned that nest success is not enough in estimating productivity (Allison 1999, 

Anders and Marshall 2005, Anderson 1976, Dijak and Thompson 2000b, Hilden 

1965, Howell et al. 2007, Martin and Geupel 1993, PIF 2005, Smith 2005). Number 

of nest attempts per territory varied widely. Further, onset of breeding is not 

predicted by territory settlement date or age or site fidelity of the territory male 

(Chapter 1). This suggested that territory habitat quality was responsible for 

productivity, which our findings further support. In Missouri, agricultural cover has 

largely replaced native grasslands, often interspersed with native and non-native 

shrub patches. Landcover dominated by agriculture, particularly row crops, is 

generally considered unavailable habitat for breeding songbirds. However, shrub 

patches surrounded by agricultural land may be suitable habitat for shrub nesting 

species formerly associated with shrubby grasslands. Habitat management for this 
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species should create grass/forb habitat with < 50% woody cover and low woody 

edge density within a landscape dominated by non-forest open landcover, either 

perennial grass/forb or row crops. However, while we found more support for 

territory scale habitat features, productivity is still likely to be higher with increasing 

proportions of grass landcover within 150 m. 

 Management Recommendations: We suggest habitat management plans 

focus on creating areas dominated by grass and forb landcover with shrub cover 

less than 50% with shrub edge density ≤ 7.42 m/ha within landscapes where forest 

cover is minimal. 
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TABLE. 1 Number of territories per site per year for productivity models 
 
Site% 2009% 2010% 2011% Total%
RE% 12% 16% 14% 42%
TP% 1% 3% 3% 7%
WC% 7% 25% 12% 54%
AC% 3% 2% 2% 7%
DD% 0% 0% 8% 8%
OB% 7% 15% 12% 34%
PF% 6% 6% 4% 16%
Total% 36% 67% 65% 168%

 

*AC = Albert Children's Audubon Wildlife Area, DD = Davisdale Conservation Area 

(CA), OB = Overton Bottoms South section of the Big Muddy National Wildlife 

Refuge, PF = Prairie ForkA, RE = Reform CA, TP = Tucker Prairie, WCN = 

Whetstone Creek CA north, WCS = Whetstone Creek CA south, WC = WCN and 

WCS combined into WC 
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TABLE 2 Number of territories per site per year for settlement order models. 
 

 

 

 

 

 

 

 

 

 

 

 

*AC = Albert Children's Audubon Wildlife Area, DD = Davisdale Conservation Area 

(CA), OB = Overton Bottoms South section of the Big Muddy National Wildlife 

Refuge, PF = Prairie ForkA, RE = Reform CA, TP = Tucker Prairie, WCN = 

Whetstone Creek CA north, WCS = Whetstone Creek CA south, WC = WCN and 

WCS combined into WC 

 

Site% 2009% 2010% 2011% Total%
RE% 3% 5% 7% 15%
TP% 0% 0% 2% 2%
WC% 4% 12% 14% 30%
AC% 1% 1% 1% 3%
DD% 0% 0% 3% 3%
OB% 0% 6% 9% 15%
PF% 3% 4% 4% 11%
Total% 11% 28% 40% 79%
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TABLE 3. - AIC table for productivity models, n = 168. Landscape scale: Forest = % 

cover of forest surrounding territory centroids, Forest Edge Density = m/ha of edge 

between forest and all other landcover Neighborhood Scale = Area within 150 m of 

territory boundary including territory: Shrub ED = m/ha of edge between shrub cover 

and non-forest landcover, Shrub = % cover of shrubs, Forest = % cover of forest, 

Row Crop = % cover of row crops, Territory Scale = within territory boundaries, 

Woody = Mean % cover of woody vegetation within 5 m radius sample plots, Woody 

ED = m/ha of edge between woody vegetation and non-woody vegetation, Distance 

to Forest - The distance from forest to territory boundary, Distance to Crop - The 

distance from row crop to territory boundary, S Stems - woody stems/ha > 10 cm tall 

and < 2.54 cm dbh, M Stems - woody stems/ha ≥ 2.54 and < 10 cm dbh, L Stems - 

woody stems/ha ≥ 10 cm dbh 

Territory models -2 Logl K AICc DAIC wi 
Woody ED*Woody 621.089 6 633.611 0 0.549 
Woody 626.798 4 635.044 1.433 0.268 
Woody ED + Woody 626.744 5 637.114 3.503 0.095 
All Stems + Woody 623.322 7 638.022 4.411 0.06 
Global 617.094 11 640.786 7.175 0.015 
L Stems 633.425 4 641.671 8.06 0.01 
S M & L Stems 633.2 6 645.721 12.111 0.001 
Null 642.178 3 648.324 14.713 0 
Dist to Crop 641.026 4 649.272 15.661 0 
Dist to Forest*Woody 641.026 4 649.272 15.661 0 
Dist to Forest + Woody 641.026 4 649.272 15.661 0 
Dist to Forest 641.372 4 649.617 16.006 0 
Woody ED 641.447 4 649.692 16.081 0 
Neighborhood Models -2 Logl K AICc DAIC wi 
Null 642.178 3 648.324 0 0.256 
Row Crop 640.747 4 648.993 0.669 0.183 
Shrub  641.246 4 649.491 1.167 0.143 
Forest ED 641.782 4 650.027 1.703 0.109 
Forest 641.965 4 650.211 1.887 0.1 
Shrub ED 642.098 4 650.344 2.02 0.093 
Shrub ED + Shrub  641.066 5 651.436 3.112 0.054 
Shrub ED*Shrub 638.959 6 651.481 3.157 0.053 



 50 

Global 635.705 9 654.844 6.52 0.01 
Forest Spp Landscape Models -2 Logl K AICc DAIC wi 
Null 642.178 3 648.324 0 0.455 
Forest ED 500m 642.113 4 650.358 2.034 0.164 
Forest  10k 642.12 4 650.365 2.041 0.164 
Forest 10k*Forest ED 500m 637.919 6 650.44 2.116 0.158 
Forest 10k+Forest ED 500m 642.04 5 652.41 4.086 0.059 
Grassland Spp Landscape Models -2 Logl K AICc DAIC wi 
For1k 640.026 4 648.271 0 0.297 
Null 642.178 3 648.324 0.053 0.289 
Forest 5k 641.012 4 649.257 0.986 0.181 
Forest 500 m 641.826 4 650.071 1.8 0.121 
Global 637.696 6 650.218 1.947 0.112 
Heirarchical Models -2 Logl K AICc DAIC wi 
Woody ED*Woody Cover 621.089 6 633.611 0 0.455 
Global 619.605 7 634.305 0.695 0.322 
Woody 626.798 4 635.044 1.433 0.222 
Forest 1k 640.026 4 648.271 14.661 0 
Woody + Forest 1k 640.026 4 648.271 14.661 0 
Null 642.178 3 648.324 14.713 0 
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TABLE 4. - AIC table for settlement rank models, n = 79. Forest = % cover of forest 

surrounding territory centroids, Forest Edge Density = m/ha of edge between forest 

and other landcover Neighborhood Scale = Area within 150 m of territory boundary 

including territory: Shrub ED = m/ha of edge between shrub cover and non-forest 

landcover, Shrub = % cover of shrubs, Forest = % cover of forest, Row Crop = % 

cover of row crops, Territory Scale = within territory boundaries, Woody = Mean % 

cover of woody vegetation within 5 m radius sample plots, Woody ED = m/ha of 

edge between woody vegetation and non-woody vegetation, Distance to Forest - 

The distance from forest to territory boundary, Distance to Crop - The distance from 

row crop to territory boundary, S Stems - woody stems/ha > 10 cm tall and < 2.54 

cm dbh, M Stems - woody stems/ha ≥ 2.54 and < 10 cm dbh, L Stems - woody 

stems/ha ≥ 10 cm dbh 

 
Territory models -2 Logl K AICc DAIC wi 

Null 420.156 3 426.476 0 0.293 
Dist to Crop 419.272 4 427.813 1.336 0.15 
L Stems 419.769 4 428.31 1.833 0.117 
Dist to Forest 419.78 4 428.32 1.844 0.116 
Woody ED 419.97 4 428.511 2.034 0.106 
Woody   420.155 4 428.696 2.219 0.097 
Woody + Dist to Forest 419.77 5 430.592 4.115 0.037 
Woody + Woody ED 419.958 5 430.78 4.303 0.034 
Woody *Woody ED 418.967 6 432.133 5.657 0.017 
Woody *Dist to Forest 418.986 6 432.152 5.676 0.017 
S M & L Stems 419.742 6 432.909 6.433 0.012 
S M & L Stems + Woody   419.691 7 435.268 8.792 0.004 
Global 416.666 12 445.393 18.917 0 
Neighborhood models -2 Logl K AICc DAIC wi 

Null 420.156 3 426.476 0 0.244 
Crop   418.508 4 427.048 0.572 0.184 
Forest ED 418.803 4 427.343 0.867 0.158 



 52 

Shrub   419.043 4 427.583 1.107 0.141 
Forest   419.845 4 428.385 1.909 0.094 
Shrub ED 420.096 4 428.636 2.16 0.083 
Shrub ED + Shrub   418.321 5 429.143 2.667 0.064 
Shrub ED*Shrub   417.997 6 431.163 4.687 0.023 

Global 412.728 9 433.337 6.861 0.008 

Forest Spp Landscape models -2 Logl K AICc DAIC wi 
Null 420.156 3 426.476 0 0.498 
Forest10k 419.506 4 428.046 1.57 0.227 
Forest ED D500m 420.116 4 428.656 2.18 0.168 
Forest   10k + Forest ED 500m 419.457 5 430.279 3.803 0.074 
Grassland Spp Landscape models -2 Logl K AICc DAIC wi 

Null 420.156 3 426.476 0 0.482 
Forest 1k 419.984 4 428.524 2.048 0.173 
Forest 500m 420.111 4 428.652 2.176 0.162 
Forest 5k 420.142 4 428.683 2.206 0.16 
Global 419.483 6 432.649 6.173 0.022 

 



 53 

FIG. 1. Locations of 8 study sites within central Missouri.  
 

*AC = Albert Children's Audubon Wildlife Area, DD = Davisdale Conservation Area (CA), OB = Overton Bottoms South 
Big Muddy National Wildlife Refuge, PF = Prairie Forks CA, RE = Reform CA, TP = Tucker Prairie CA, WCN = 
Whetstone Creek CA north plot, WCS = Whetstone Creek CA south plot, WC = WCN and WCS combined 

20 km 
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Fig. 2. - Model averaged estimate of productivity (# of chicks fledged per territory) 

and territory scale woody cover*woody edge density interaction. Productivity of Bell's 

Vireos was negatively related to an interaction between % woody cover and woody 

edge density (m/ha of woody edge) within a territory.  
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Fig.3. - Model averaged estimate of productivity in relation to proportion of forest 

within 1-km of territory centroids. Productivity (# of chicks fledged per territory) 

declined with increasing proportion of forest cover within 1km of territory centroids. 

The dashed lines are 95% confidence intervals 
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APPENDIX. -  Median (Md) and Standard Error (se) of habitat characteristics by study site*. *AC = Albert Children's 

Audubon Wildlife Area, DD = Davisdale Conservation Area (CA), OB = Overton Bottoms South section of the Big Muddy 

National Wildlife Refuge, PF = Prairie ForkA, RE = Reform CA, TP = Tucker Prairie, WCN = Whetstone Creek CA north, 

WCS = Whetstone Creek CA south, WC = WCN and WCS combined into WC. Forest = % cover of forest surrounding 

territory centroids, Forest Edge Density = m/ha of edge between forest and all other landcover Neighborhood Scale = 

Area within 150 m of territory boundary including territory: Shrub ED = m/ha of edge between shrub cover and non-forest 

landcover, Shrub = % cover of shrubs, Forest = % cover of forest, Row Crop = % cover of row crops, Territory Scale = 

within territory boundaries, Woody = Mean % cover of woody vegetation within 5 m radius sample plots, Woody ED = 

m/ha of edge between woody vegetation and non-woody vegetation, Distance to Forest - The distance from forest to 

territory boundary, Distance to Crop - The distance from row crop to territory boundary, S Stems - woody stems/ha > 10 

cm tall and < 2.54 cm dbh, M Stems - woody stems/ha ≥ 2.54 and < 10 cm dbh, L Stems - woody stems/ha ≥ 10 cm dbh 

 ALL WS WN AC DD OB PF RE TP 
 Md SE Md SE Md SE Md SE Md SE Md SE Md SE Md SE Md SE 
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Neighborhood Scale 
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1 
7.5

9 
326.

9 
12.8

4 
349.

8 
15.0

2 
372.

1 
23.9

2 
359.

8 
12.3

8 
343.

9 
15.5

4 
178.

4 
17.5

9 
200.

8 
6.2

5 
161.

1 
7.2

1 
Shrub  0.16 0.0

1 
0.20 0.01 0.22 0.02 0.20 0.01 0.19 0.02 0.18 0.01 0.07 0.01 0.13 0.0

1 
0.19 0.0

4 
Forest 0.07 0.0

0 
0.07 0.01 0.07 0.01 0.10 0.02 0.13 0.02 0.02 0.01 0.05 0.01 0.08 0.0

1 
0.05 0.0

2 
Forest ED 70.1

6 
3.9

6 
107.

6 
11.1 55.8

9 
7.47 116.

05 
5.13 105.

4 
14.5 24.4

9 
4.34 80.9

6 
9.02 77.0

2 
6.0

4 
69.4

6 
11.

8 
Grass  0.56 0.0

2 
0.59 0.03 0.29 0.04 0.56 0.01 0.60 0.02 0.70 0.02 0.73 0.05 0.29 0.0

3 
0.50 0.1

0 
Row Crop 0.12 0.0

2 
0.08 0.03 0.39 0.04 0.00 0.00 0.02 0.02 0.00 0.00 0.05 0.03 0.46 0.0

3 
0.15 0.0

5 
Territory Scale 
Woody 46.5

4 
1.8

1 
46.7

0 
3.70 42.2

8 
4.64 57.1

0 
7.82 56.8

9 
3.97 33.2

5 
3.84 40.2

7 
4.98 69.5

3 
2.9

2 
30.3

5 
9.7

7 
Woody ED 7.42 0.4

3 
6.06 0.86 8.61 0.77 17.3

3 
1.95 4.99 0.93 8.82 0.84 4.97 0.75 6.93 1.1

0 
4.06 1.9

0 
Dist Forest 7.87 4.1

2 
0.04 5.43 59.8

5 
8.90 0.00 0.00 4.21 12.9 48.6

8 
12.0 0.96 1.47 23.0

7 
8.6

0 
0.00 11.

9 
Dist Crop 0.67 11.

3 
73.5

2 
21.0 0.00 18.0 0.00 0.00 40.7

0 
22.1 0.00 40.9 53.6

6 
22.3 0.00 2.6

9 
0.00 52.

6 
S Stems 23.2

5 
2.0

9 
17.5

2 
2.59 31.8

5 
3.40 13.3

8 
4.46 32.1

7 
4.34 15.2

9 
6.75 14.0

1 
7.21 30.9

2 
4.5

5 
33.7

6 
5.2

8 
M Stems 2.67 0.6

2 
2.16 0.83 1.85 1.13 2.55 0.43 0.76 0.27 2.55 0.97 4.46 1.89 5.60 1.8

7 
0.00 1.4

8 
L Stems 76.4

0 
20.

0 
25.4

7 
21.1 25.4

7 
32.7 280.

1 
62.0 50.9

3 
13.6 38.2

0 
40.2 369.

3 
56.9 275.

9 
54.

5 
0.00 14.

4 



 58 

Chapter 3: Survival and Population Dynamics of Bell's Vireos in Central 

Missouri 

 

Abstract. — The central US subspecies of Bell’s Vireo (Vireo belli bellii) is a scrub 

breeding Neotropical migrant which is estimated to be declining throughout its range. 

Estimated declines range between 4.4 and 16% annually. This disparity in estimates 

is due either, to underestimated fecundity and/or survival in the field, or un-described 

demographic variation due to habitat quality. To increase the chance of accurately 

modeling population growth we studied Bell's Vireos at seven study sites in Central 

Missouri. We selected sites with breeding Bell's Vireos that encompassed a broad 

range of habitat variation. We modeled annual adult apparent survival (survival 

hereafter) by sex, study site and previous year's reproductive success. We used our 

survival estimates, together with fecundity estimates from a previous study of the 

same population, in Leslie matrix models to estimate the finite rate of increase (λ) for 

sites and the population as a whole. We found little support for differences in survival 

with sex or study site. Mean survival for males and females was 0.52 ± 0.03 and 

0.51 ± 0.26 respectively. Males who bred successfully the previous year had the 

highest survival rate (0.66 ± 0.06) compared to unsuccessful males (0.41 ±0.07) and 

those with unknown history (0.51 ± 0.06). Site specific λ varied from 0.31 to 1.05. 

Using our estimates of mean survival and productivity λ = 0.77 for our entire 

population. Our site specific λ is higher than reported for the same site 10 years prior. 

It appears we did not underestimate survival or productivity compared to previous 

work but that the majority of our study sites were experiencing negative population 



 59 

growth. While we captured variation in habitat quality and demography, it is unknown 

how well this represents variation in Bell's Vireo habitat within the region. A spatially 

explicit source sink dynamics modeling approach would be necessary to identify and 

describe Bell's Vireo habitat within the region and assess what proportion is 

potentially high quality versus low quality habitat based on our results.  
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Introduction 

The central US subspecies of Bell’s Vireo (Vireo belli bellii) is a scrub breeding 

Neotropical migrant which has declined 3.3% annually in the US Central Region and 

4.4% annually within Missouri since 1966 (Sauer et al. 2007). The reasons for this 

decline are currently unknown but habitat loss is the expected cause (PIF 2005). 

Budnik (1999) found the growth rate of two Missouri populations was below 

replacement rate (λ = 0.79 – 0.85). If all populations in Missouri were breeding with λ 

= 0.85 the population would be declining at a rate of ~15%, not 4.4%, annually. 

Possible reasons for this inconsistency are that reproductive output was 

underestimated, populations were sinks and not representative of the entire Missouri 

population, or adult and/or juvenile survival was underestimated. Additionally, BBS 

trend estimates are based on a long-term data set collected state-wide, it is unlikely 

that two populations followed for three years will accurately represent the statewide 

population. Productivity and/or survival may not representative of the population as a 

whole because of temporal or spatial variation.  

 To model the finite rate of population growth (λ) accurately, we need the best 

possible estimates of fecundity, annual adult survival and juvenile survival (Faaborg 

et al. 2010). The majority of demographic studies use nest survival to estimate 

fecundity but measuring annual productivity generates more accurate estimates 

(Anders and Marshall 2005, Cox et al. 2012). In general, we lack data on annual 

adult survival for most species of neotropical migrant songbirds This deficiency limits 

our understanding of population dynamics as estimates of λ are more sensitive to 

error in adult and juvenile survival rates than productivity (Jones et al. 2004, Anders 
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and Marshall 2005 (Barlow and Audubon 1962, Burnham and Anderson 2002, Cox 

et al. 2012, Donovan and Thompson 2001, Forstmeier 2002, Lanyon and Thompson 

1986, Noon and Sauer 1992, Robinson et al. 1995, Sauer et al. 2005, Thompson et 

al. 2002)). Further, all of these measures may also vary with habitat type or quality 

as well as characteristics of individual birds. Adult survival and/or return rate also 

may vary with previous year's reproductive effort and success. Temporal factors, 

such as time spent nesting, could influence annual survival. For example, individuals 

with active nests late in the breeding season, either successful or unsuccessful, 

have less time and energy to dedicate to molt and migratory preparation. This could 

result in poorer quality feathers (Barlow and Audubon 1962, Best et al. 2001, 

Chalfoun and Martin 2007, Cunningham and Johnson 2006, Davis and Brittingham 

2004, Forstmeier 2002, Jacobs et al. 2011, Knick and Rotenberry 2002, Kus et al. 

2008, 2010; Lanyon and Thompson 1986, Norris 2004, Pidgeon et al. 2003, 

Robinson et al. 1995, Walk et al. 2010, Winter et al. 2006, Winter and Faaborg 

1999), poorer body condition (Brown and Roth 2002, Hunter et al. 2001, Kus et al. 

2008, Marra and Hobson 1998, Morris 2005, Robinson et al. 1995, Thompson et al. 

2002, 1993), delayed departure for the wintering grounds (Best et al. 2001, Chalfoun 

and Martin 2007, Cunningham and Johnson 2006, Forstmeier 2002, Grant et al. 

2004, Hilden 1965, Pidgeon et al. 2003, Stutchbury et al. 2010, Thompson et al. 

2012, Walk et al. 2010, Winter and Faaborg 1999). Lower quality winter territories 

are linked to lower winter survival and late departure for the breeding grounds 

(Askins 2001, Budnik et al. 2000, Chalfoun and Martin 2007, Cunningham and 

Johnson 2006, Davis and Brittingham 2004, Dijak and Thompson 2000b, Franzreb 
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et al. 2011, Fretwell and Lucas 1970, Greaves 1987, Jacobs et al. 2011, Knick and 

Rotenberry 2002, Kus et al. 2008, Marra and Holberton 1998, Pidgeon et al. 2003, 

Robinson et al. 1995, Rodewald and Vitz 2005, Schlossberg et al. 2010, Winter et al. 

2006, Winter and Faaborg 1999). With regard to return rates, Prothonotary Warblers 

(Protonotaria citrea) and Ovenbirds (Seiurus aurocapilla) that failed to fledge young 

the previous year were less likely than successful breeders to return the following 

year (Hoover 2003, Porneluzi 2003). This apparent return rate for successful males 

is likely a more accurate estimate of survival for all males as there is no reason to 

assume unsuccessful males were less likely to survive. It is probable that the lower 

survival rate is due to permanent dispersal out of the study site, not higher mortality. 

Productivity also varies with habitat structure and type (Murphy 2001, Chapter 2). 

For example, Joos et al. (Chapter 2) found productivity of Bell's Vireos (Vireo bellii) 

varied with the percent of woody cover as well as woody cover edge density within 

territories. Population growth models should account for as many of these 

demographic and environmental factors as is feasible. 

 We studied a population of individually marked Bell's Vireo breeding in a 

variety of habitats in central Missouri to model annual adult survival and seasonal 

productivity. Our first objective was to estimate annual adult apparent survival by sex, 

study site, and previous year's reproductive success. Our second was to use our 

survival estimates, together with fecundity determined in a previous study of the 

same population (Joos et al. Chapter 1), in Leslie matrix models (Leslie 1945) to 

estimate λ for our entire population as well as for each study site. We compared our 

estimates with Budnik et al. (2000) to determine if increasing the sample size and 
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variation in habitat quality resulted in a λ more similar to that suggested by Breeding 

Bird Survey (BBS) trends (Sauer et al. 2005). Finally, estimating site-specific λs may 

reveal if some sites have the potential to function as sources or sinks. 

METHODS 

Study Species. — The central Bell’s Vireo subspecies (Vireo bellii bellii) is a sexually 

monomorphicphic, Neotropical migrant songbird that breeds in the Central United 

States and winters along the Pacific coast from southern Mexico through Guatemala. 

In Missouri, males arrive and begin defending territories the last week of April by 

frequently and conspicuously singing from perches along territory boundaries; 

females arrive 1-2 weeks later (Kus et al. 2010). Return rate in Missouri was 64%; of 

these returning individuals, 66% were territory-faithful and 33% were site faithful but 

not territory faithful (Budnik et al. 2000). Males typically remain within a fixed territory 

throughout the breeding season, but females may switch territories one or more 

times within a breeding season (C. Joos unpublished data, Greaves 1987). Bell’s 

Vireos breed within a broad range of grassland associated habitats from shrubby 

draws in open prairie to secondary growth forest (Barlow and Audubon 1962). 

Study Sites. — We studied seven sites that covered a wide range of Bell’s Vireo 

breeding habitat variation in central Missouri (Fig. 1). These included Missouri River 

floodplain (Overton Bottoms USFWS National Wildlife Refuge) (OB), native prairie 

remnant (Tucker Prairie) (TP), restored prairie (Prairie Forks Conservation Area and 

Albert Children’s Wildlife Area) (AC) (PF), old-field (Davisdale, Reform and both 

southern and northern sites at Whetstone Creek Conservation Areas) (DD) (RE) 

(WCS) (WCN), agricultural (RE, WCN and WCS) and a restored strip mine 
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consisting of early successional oak savanna (Albert Children’s Audubon Wildlife 

Area) (AC). Landcover for each at multiple spatial scales is summarized in Chapter 2.  

Capture and banding. — We captured males within territories using tapes of Bell’s 

Vireo songs to attract them into mist nets. As females did not respond to playbacks, 

we captured females by strategically placing nets in flight paths or around nests 

during building or after completion of laying. No pairs abandoned nests due to 

banding activities. We banded each bird with unique combinations of three plastic 

color bands and a U.S. Geological Survey numbered aluminum band.  

Detection periods. — We began marking and re-sighting in 2008 and from 5 May to 

13 July (67 days). We started searching territories, in 2009 on 26 April and detected 

individuals between April 29 and 6 Aug (102 days). We searched territories in 2010 

starting 26 April and detected individuals between 1 May and 6 Aug (89 days). We 

started searching territories in 2011 on 16 April and detected individuals between 1 

May and 13 Aug (99 days). We started searching territories in 2012 on 6 May and 

detected individuals between 8 May and 4 June (25 days).  

Stastical Analysis. — We used Cormack-Jolly-Seber (CJS) models with a log link 

function to estimate maximum likelihood parameter estimates of apparent annual 

survival (Φ) and detection (ρ) probabilities in Program Mark (Lebreton et al. 1992). 

We assessed goodness of fit for basic CJS models by calculating the mean over-

dispersion parameter (c-hat) of 10 replicates, of 10 intermediate design points 

between upper (1) and lower (2) bounds. We then adjusted models by replacing the 

c-hat with our calculated value. We ranked multiple candidate models in an 

information theoretic framework using Akaiki's Information Criterion adjusted for 
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small sample sizes (AICc). We selected model sets a priori based on Bell's Vireo 

biology and our questions of interest. 

 We built CJS models to assess if survival varied with sex and study site. Our 

sample size was too small to test for differences in survival with individuals grouped 

by both sex and site so we ran different model sets for sex-specific, and site-specific 

survival. In 2012, we returned to study sites only during the first month to re-sight for 

survival analysis. This resulted in a lower re-sight effort that year than in previous 

years. Therefore, to approximate the 2012 detection period for all re-sighting years, 

we truncated detection periods for re-sights in 2009-2011 to the same date range as 

2012 but included all initial captures regardless of date. We left the 2008 the same 

as there were only initial captures this year. Further, as we did not nest search in 

2012, detection of females was likely lower than previous years as they were 

generally detected during nest searching and monitoring. Therefor, we estimated 

survival for sexes separately and only estimated female survival for the years 2008-

2011. First, we built three CJS models to assess if φ and ρ varied with year for each 

sex. We assessed if survival varied with year to account for any influence yearly 

environmental conditions, such as weather, may have on annual survival. We also 

assessed if detection probability varied with year as differences in effort or 

vegetation characteristics may influence detection. This model set included a null 

model with φ and ρ constant across years, a model where ρ but not φ varied with 

year, and a model where φ but not ρ varied with year. We did not include a model 

where both φ and ρ varied with year because when these two parameters are both 

modeled as time dependent, they are confounded in the last sampling period and 
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neither parameter can be estimated (Cooch and White 2006). This truncation 

resulted in 17 fewer males (n=196) and 30 fewer females (n=19), as some 

individuals, particularly females, were detected only later in the breeding season and 

were not detected the following year.  

 We also used multi-state CJS models in program Mark to assess if an 

individual's previous year's reproductive success influenced apparent survival. 

Individuals were assigned to one of three states: successful breeders, unsuccessful 

breeders, or unknowns. Successful breeders fledged ≥ 1 young, unsuccessful 

breeders were either unpaired or paired and all nests failed, and unknowns were 

individuals detected but with no information on breeding activities. One male fledged 

a cowbird and we designated him as successful as his nest fledged. Multi-state 

models estimate φ and ρ as well as the probability of transitioning between states (γ). 

We built eight models based on the biology of Bell's Vireos and other cup nesting 

songbirds and applied the constraints discussed above. We set γ as constant with 

year and state in all models as the probability of transitioning between breeding 

states was not a parameter of interest and we had no biological reason to assume 

they would differ. We also set ρ constant with breeding state because this parameter 

was not estimable, as an individual must have a detection probability of 1 to be 

assigned a state, and an individual's state is not constant across all years.  

Population Dynamics Matrix Modeling 

 We built female only post-breeding census Leslie matrix models (Leslie 1945) 

to project population size over 20 years and calculate asymptotic λ. Our initial 

population vector was estimated based on a 50/50 sex ratio for both adults and 
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juveniles, and a Type II survivorship schedule. We estimated our initial population 

size as 100 females based on a 50/50 sex ratio and the approximately 100 occupied 

territories across our study sites each year. We calculated the initial number of 

juveniles by multiplying the number of females by the mean fecundity (half of 

productivity) of 0.9225, as reported in Chapter 1, for a total of 92 juvenile females. 

We parameterized the Leslie matrix with adult survival estimates from our CJS 

models and fecundity estimates from Chapter 2. We used one half adult survival to 

estimate juvenile survival as these values closely matches those reported for 

another sub-species, the Least Bell's Vireo (Salata 1983, Kus et al. 2010). 

 To explore the possibility of source sink dynamics in our population we 

estimated site specific λ's and projected population size after 20 years. We 

parameterized these matrices with productivity from Chapter 2 and unpublished data, 

and site-specific adult survival estimates from our CJS models. We built 4 matrix 

models to estimate λ and the change in population size over 20 years based on 

different combinations of mean and maximum annual survival and productivity 

values from our population and site level CJS estimates from Chapter 2. We 

attempted to capture uncertainty and potential temporal and spatial variation in 

demographic estimates by considering four demographic scenarios: (1) mean 

survival and fecundity estimates for our populations (2) maximum site specific 

survival and fecundity from our populations (3) the maximum survival estimate for 

males and the mean fecundity (4) maximum productivity and fecundity from our 

estimates and those from Budnik et al. (1999). We selected these values to estimate 

the range in λ from the mean to the maximum values.  



 68 

RESULTS 

 We captured 53 females and 198 males in 2008 - 2011. Our return rate, or 

the proportion of individuals that returned at least one year after their original capture 

year ranged from 29-53% for males (Table 2) and 0.13% to 30% for females (Table 

3).  

 For male survival, all three CJS models were within 1 ΔAICc (Table 4). While 

the null model, with survival and detection constant across years, carried the most 

weight, there was also support for variation in both survival and detection by year 

(Fig. 2 a and b). The mean apparent annual survival for males was 0.52 ± 0.03 and 

mean detection probability was 0.87 ± 0.049.  

 For female survival, only the null model received sufficient support and 

carried 78% of the model weight (Table 5). Mean apparent annual survival for 

females for 2008-2011 was 0.51 ± 0.26 and mean detection probability was 0.44 ± 

0.30.  

 We modeled site-specific survival for males alone, due to low number of re-

sights of females. The top three models carried 96% of the model weight and 

support survival and detection probability either constant or varying with years 

(Fig.2a). There was some support for variation with site (Table 6). Despite weak 

support for variation in survival with site, we estimated site-specific survival in order 

to parameterize our site-specific matrix models (Fig.3b). 

  We only modeled the relationship between annual survival and previous 

reproductive success and annual survival for males due to our low female re-sight 

rate. The model with survival varying with reproductive history alone received the 
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most support (Table 7). Successful males had the highest apparent survival and 

unsuccessful males had the lowest, while males with unknown breeding state were 

intermediate (Fig. 4). We tested our assumption that γ was equal for all state 

transitions by running the most supported model and allowing γ to vary with state. 

The model averaged estimates of γ ranged from 0.29 ± 0.05 to 0.37 ± 0.09 and were 

very similar to the mean γ of 0.33 ± 0.02 used to estimate the other parameters. 

 Site specific λ varied from 0.31 at AC to 1.05 at WCN (Fig. 5). The Leslie 

matrix with mean survival and fecundity values generated from this study resulted in 

an asymptotic λ = 0.76 (Fig. 6). Using productivity from WCN (2.3) and survival from 

DD (0.65) in our maximum site specific-matrix model resulted in an asymptotic λ = 

1.02 (Fig. 6). For the maximum survival and mean productivity model, we used the 

survival of successful males (0.66) and the eigenvalue was 0.96 (Fig. 6). Finally, the 

model with the maximum value of survival and productivity from our population and 

Budnik et al. (1999) resulted in a matrix with survival of successful males (0.69) from 

Budnik et al. (1999) and productivity from WCN (2.3) and the asymptotic λ = 1.09 

(Fig. 6). 

DISCUSSION 

 Population growth rate estimates of Bell's Vireos at our study sites suggest 

that population growth is largely below replacement rates. Depending on which 

estimates of survival and productivity were used to parameterize the matrix models, 

population estimates of λ span 1. Similar survival estimates for males and female 

support the use of male survival rates for both sexes. Higher survival rates for 

reproductively successful males suggests that survival is underestimated due to 



 70 

permanent dispersal out of the study area by unsuccessful breeders. If this 

assumption is correct, then survival estimates of successful males are closer to true 

survival than those based on all males. Population growth models using survival 

estimates for successful males are closer to and exceed replacement rate. While our 

λ = 0.77 based on our mean survival and productivity estimates was lower than 

previously reported for Bell's Vireos in Missouri, our site specific λ = 0.96 for our 

Whetstone Creek Conservation Area (WC) was higher than the λ = 0.88 estimate for 

the same site by Budnik et al. (1999). This estimate of 0.88 was either an under-

estimate or individuals are immigrating into this study site because the population 

size increased between 1999 and 2009 (C. Joos unpublished data). When we 

estimated site-specific λ values, all but one site was below replacement rate, with a 

great deal of variation between sites. 

 Males and females appear to have similar survival but females had much 

lower detectability. We captured four times more males than females and re-sighted 

very few females.  Lower detectability of females matches our observations in the 

field, where we found females more difficult to capture and detect due to their more 

secretive behavior. Further, females switched territories between nest attempts 

within a breeding season, which may have resulted in females using a larger area 

than males. This resulted in fewer total females captured as well as fewer re-sights. 

Females typically have lower estimates of apparent survival than males, either due 

to higher mortality associated with breeding (Anderson 1976, Kus et al. 2010, PIF 

2005, Reidy et al. 2009) or increased dispersal (Greenwood and Harvey 1982, 

Cilimburg et al. 2002). This is often attributed to higher rate of permanent or 
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temporary emigration for females (Low et al. 2010), higher female mortality due to 

predation while incubating, or greater female parental investment (Stake 2001, Low 

et al. 2010). Male Bell's Vireos help build, incubate and provision young, so it is 

unlikely that predation on females is higher due to greater parental investment. 

These behaviors, combined with our observation of territory switching, and Greaves 

(1983) observation of a near 50/50 adult sex ratio, support the interpretation that 

survival is similar between the sexes but females have lower detection and higher 

dispersal rates. 

 We found low support for variation in survival across study sites in spite of a 

range from 0.28 - 0.65. Instead survival of males varied by year in a similar pattern 

to males not grouped by site. This differs from Budnik et al. (2000), who found 

apparent survival and productivity varied between their two study sites. In a previous 

study, our most supported model predicted that productivity varied with habitat at the 

territory level and there was no support for variation in productivity by study sites 

(Chapter 2). The lack of support for site effects on survival, however, is likely due to 

the large number of site parameters required (K = 7) and sparse data for some sites. 

The large magnitude of differences in survival among sites based on the model with 

site effects on Φ, and a ΔQAICc of 5.6 is further evidence that there may be true site 

difference in survival. Our higher rate of apparent annual survival for reproductively 

successful males is in line with previous studies (Budnik et al. 2000, Hoover 2003, 

Porneluzi 2003). If Bell's Vireos make decisions similar to Ovenbirds or Prothonotary 

Warblers, then the lower apparent survival rate of unsuccessful males is due to 

higher dispersal and not lower survival (Hoover 2003, Porneluzi 2003). This 
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suggests our estimated survival rate of 0.66 for successful males may be the most 

accurate for all males and possibly females as well. Our survival estimates fall well 

within the range for migratory songbirds (0.31 - 0.71 for females and 0.41 - 0.72 for 

males (Barlow and Audubon 1962, Dijak and Thompson 2000b, Faaborg et al. 2010, 

Hilden 1965, Howell et al. 2007, Kus et al. 2010, Sauer et al. 2005)).  

 Our λ = 0.77 from mean productivity and survival was similar and slightly 

lower than the 0.85 from Budnik et al. (1999) who used one of the same study sites. 

It is likely that λ varies between our populations as well as between all populations of 

Bell's Vireos in Missouri. It is unlikely the population is declining by 13% annually, as 

our study population did not decline dramatically between 2008 and 2012. While 

there was little support for variation in productivity or survival with study site, these 

rates did range from 0.25 - 2.3 and 0.28 -0.66 respectively and resulted in a wide 

range of site-specific λ values. This variation supports further investigation into 

whether individual populations may be functioning as source or sink populations 

(Kus et al. 2010, Martin 1993, Martin and Geupel 1993, Pulliam and Danielson 1991, 

Robinson et al. 1995). The Whetstone Creek Conservation Area (WC) was included 

in both our study and Budnik et al. (1999). Our site specific λ for WCN and WCS 

combined was 0.96, higher than the previous estimate of 0.88. If the λ of 0.88 was 

accurate, then the 1997 Whetstone Creek population of ~38 pairs would have 

declined by more than half by 2008. On the contrary, we followed ~35 pairs annually 

within ~2/3 of their study site boundaries. Further, they were confident they followed 

every pair within the site, while we left many vireos un-followed. Clearly, either 

survival and/or fecundity were under-estimated or individuals from outside the study 
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area are immigrating into this site as habitat becomes available. Perhaps our 

survival estimates were lower than in 1999 because we were not able to follow the 

entire population within the study site and were missing some small-scale dispersal. 

We did detect one male move ~ 1 mile between years at this site. Further re-sighting 

that included searches within all suitable habitat within a buffer zone surrounding our 

study sites may reveal this dispersal rate. 

 While our study sites represent a broad range of habitat used by Bell's Vireos, 

they do not necessarily represent the proportion of each within the region. Further, 

each site represented a different proportion of our population, which was not 

considered in this study. However, at least one site could be functioning as a source 

population. Traditionally source-sink metapopulation models assume sinks have λ 

well below replacement rates, but, in a system where many populations are 

approaching λ = 1, fewer source populations would be necessary to rescue the 

population as a whole.  A spatially explicit source-sink dynamics modeling approach 

would be necessary to identify and describe Bell's Vireo habitat within the region and 

assess what proportion is potentially high quality versus low quality habitat based on 

our results. However, our result do indicate that the current BBS trend estimate for 

Missouri could be realized by the appropriate balance of high and low quality 

habitats.   
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TABLE 1.  Number of captures by sex year and site.  F = Female, M = Male, AC = 

Albert Children's Audubon Wildlife Area, DD = Davisdale Conservation Area (CA), 

OB = Overton Bottoms South section of the Big Muddy National Wildlife Refuge, PF 

= Prairie ForkA, RE = Reform CA, TP = Tucker Prairie, WCN = Whetstone Creek CA 

north, WCS = Whetstone Creek CA south, WC = WCN and WCS combined into WC 

 
  

!! 2008! !!
2008!
Total! 2009! !!

2009!
Total! 2010! !!

2010!
Total! 2011! !!

2011!
Total!

Grand!
Total!

Site! F! M! !! F! M! !! F! M! !! F! M! !! !!
AC! !! 6! 6! 2! 2! 4! 3! 4! 6! 1! 3! 6! 22!
DD! !! !! 0! 4! 8! 12! !! !! 6! 2! 3! 6! 24!
LR! !! 2! 2! !! !! 0! !! !! 6! !! !! 6! 14!
ML! !! 6! 6! !! !! 0! !! !! 6! !! !! 6! 18!
OB! !! 8! 8! 5! 18! 23! 4! 8! 6! 6! 7! 6! 43!
PF! 3! 9! 12! 4! 4! 8! !! 1! 6! 3! 2! 6! 32!
RE! 2! 16! 18! 2! 10! 12! 3! 10! 6! 1! 1! 6! 42!
TP! !! 3! 3! 2! 1! 3! !! 1! 6! 2! 4! 6! 18!
WC! 7! 36! 43! 10! 8! 18! 2! 15! 6! 7! 16! 6! 73!
Total! 12! 86! 98! 29! 51! 80! 12! 39! 54! 22! 36! 54! 286!
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TABLE 2. Summary of male captures and re-sights 
 

 
 
 
 
 
 
 
 
 

  

! ! Number!of!Re+sights!
Cohort! Captures! Cohort!

Return!
Rate!

200! 2010! 2011! 2012!

2008! 77! 52%! 40! 22! 11! 7!
2009! 49! 47%! ! 23! 12! 4!
2010! 38! 53%! ! ! 20! 7!
2011! 34! 29%! ! ! ! 10!
Total! 198!  40! 45! 43! 28!
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TABLE 3. Summary of female captures and re-sights 
 

  

! Number!of!Re+sights!
Cohort! Captures! Cohort!

Return!Rate!
2009! 2010! 2011! 2012!

2008! 9! 30%! 3! 2! 2! 0!
2009! 17! 24%! ! 4! 0! 0!
2010! 11! 9%! ! ! 1! 0!
2011! 16! 0.13%! ! ! ! 2!
Total! 53! ! 3! 6! 3! 2!
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TABLE 4. CJS models from survival analysis for males comparing survival and 

detection probability with year; y = Year ϕ = survival ρ = detection probability. All 

models were within 1 ΔAICc of the most supported model.  Corrected for c-hat = 

1.36.  

Model! QAICc! ΔAICc! ω! Likelihood! k!
ϕ!(.)!!ρ!(.)!! 376.73! 0! 0.43! 1.00! 2!
ϕ!(y)!ρ!(.)!! 377.42! 0.7! 0.307! 0.71! 5!
ϕ!(.)!!ρ!(y)!! 377.75! 1.0! 0.26! 0.60! 5!
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TABLE 5. CJS models from survival analysis for females comparing survival and 

detection probability with year; y = year, ϕ = survival, ρ = detection probability. All 

models were within 1 ΔAICc of the most supported model.  

Model! AICc! ΔAICc! ω! Likelihood! k!
ϕ!(.)!!p(.)! 35.8249! 0! 0.75596! 1! 2!
ϕ!(t)!p(.)! 39.4679! 3.643! 0.1223! 0.1618! 4!
ϕ!(.)!!p(t)! 39.4772! 3.6523! 0.12173! 0.161! 4!
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TABLE 6. CJS models from survival analysis for males comparing survival and 

detection probability with year and study site; y = year, s = site, ϕ = survival, ρ = 

detection probability. 

  Model! AICc! ΔAICc! ω! Likelihood! k!
ϕ!(y)!p(.)! 473.70! 0.00! 0.47! 1.00! 5!
ϕ!(.)!!p(y)! 474.79! 1.09! 0.27! 0.58! 5!
ϕ!(.)!!p(.)! 475.23! 1.53! 0.22! 0.47! 2!
ϕ!(s)!p(y)! 479.29! 5.59! 0.03! 0.06! 12!
ϕ!(s)!p(.)! 480.94! 7.24! 0.01! 0.03! 9!
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TABLE 7. Ranked CJS models for survival by breeding state. Breeding states were: 

Successful the previous year, Not successful or not paired the previous year, and 

unknown. Only males are included in this dataset as we did not re-sight enough 

females with known breeding history; y = year, s = state (Successful, Unsuccessful 

or Unknown), ϕ = survival, ρ = detection probability 

 
Model QAICc! ΔQAICc! w! -2 logL! k!
ϕ(s.)!ρ(..)!γ(..)! 570.17! 0.00! 0.58! 0.00! 5.00!
ϕ(s.)!ρ(.y)!γ(..)! 572.29! 2.12! 0.20! 0.91! 8.00!
ϕ(..)!ρ(..)!γ(..)! 573.62! 3.45! 0.10! 1.49! 3.00!
ϕ(.y)!ρ(..)!γ(..)! 575.59! 5.42! 0.04! 2.31! 6.00!
ϕ(sy)!ρ(..)!γ(..)! 575.97! 5.80! 0.03! 2.44! 13.00!
ϕ(..)!ρ(.y)!γ(..)! 576.36! 6.19! 0.03! 2.60! 6.00!
ϕ(.y)!ρ(.y)!γ(..)! 578.59! 8.42! 0.01! 4.00! 8.00!
ϕγ(sy)!ρ(.y)!γ(..)! 578.81! 8.64! 0.01! 4.00! 15.00!
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FIG. 1. Locations of 8 study sites within central Missouri.  
 

 
*AC = Albert Children's Audubon Wildlife Area, DD = Davisdale Conservation Area (CA), OB = Overton Bottoms South 

Big Muddy National Wildlife Refuge, PF = Prairie Forks CA, RE = Reform CA, TP = Tucker Prairie CA, WCN = 

Whetstone Creek CA north plot, WCS = Whetstone Creek CA south plot, WC = WCN and WCS combined 
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Fig. 2. a) Model averaged parameter estimates for mean ± se annual survival 

probability of males. b) Model averaged parameter estimates for mean ± se 

detection probability of males. 

a) 

 
b) 
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Fig. 3. Annual adult apparent survival for males for each year a) and study site b). 
 
a) 

 

b) 

 *AC = Albert Children's Audubon Wildlife Area, DD = Davisdale Conservation Area, OB = Overton 
Bottoms South section of the Big Muddy National Wildlife Refuge, PF = Prairie Forks Conservation 
Area, RE = Reform Conservation Area, TP = Tucker Prairie, WCN = Whetstone Creek Conservation 
Area north, WCS = Whetstone Creek Conservation Area south, WC = WCN and WCS combined into 
WC.  
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Fig. 4. - Survival probability males classified as successful, unsuccessful, or 

unknown the previous breeding season. Successful = fledged young, Unsuccessful 

= unpaired and unsuccessful breeders, Unknown = status unknown. 
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Fig.5. - Projected population size for study sites and for WCN and WCS combined 

into WC. Only WCN had positive population growth with λ = 1.05.  
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Fig.6. - Projected population growth curves from 4 demographic scenarios: (1) mean 

survival and fecundity estimates for our populations (Mean) (2) maximum site 

specific survival and fecundity from our populations (Site Max) (3) the maximum 

survival estimate for males and the mean fecundity (Max Survival Mean Prod) (4) 

maximum productivity and fecundity from our estimates and those from Budnik et al. 

(1999) (Missouri Max). 
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