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ABSTRACT 

Habitat loss due to intensified agriculture, forest maturation, and urbanization is 

widely accepted as the primary cause of range-wide northern bobwhite (Colinus 

virginianus) population declines. Although much is known about bobwhite habitat 

associations, management efforts have failed to halt the decline in most states. Some 

suggest that bobwhite habitat management has not occurred at the appropriate scale to 

mitigate the negative impact of changing landscapes. To evaluate the landscape 

suitability for bobwhites in the core of their range in Ohio, I used radio-telemetry to 

quantify usable space at various temporal and spatial scales on four private land study 

sites in southwestern Ohio during 2009-2011. To investigate habitat suitability at a fine-

scale, I compared structural and compositional measurements from used and unused 

winter microhabitats. Mean annual usable space estimates ranged from 10.3% to 24.4% 

for the four sites. Amount of usable space decreased considerably during the non-

breeding season due to increased preference for more limited cover types during that 

period. Covey density ranged from 0.0580-0.2109 coveys per hectare of usable space 

during the non-breeding season. Analyses of inter-patch distance of cover types 

suggested that there is a complex interplay of at least three important cover types 

influencing use on these sites. Predicted probability surfaces showed considerable 

variability in amount and distribution of areas of high predicted use among sites. 

Horizontal visual obstruction (≤ 1.05 m height) was the most important predictor of 
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microhabitat use across all cover types. Canonical correspondence analysis identified 

several plant species associated with use. The primary focus of bobwhite management 

should be increasing usable space based on the composition and inter-patch distance of 

key cover types. Within landscapes considered suitable for bobwhites in Ohio, habitat 

management should focus on improving low-level structural complexity, thereby 

improving the capacity of cover to conceal and protect bobwhites during winter.  
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CHAPTER 1: INTRODUCTION 

The northern bobwhite (Colinus virginianus; hereafter bobwhite) is an 

economically important game bird once abundant in grasslands, shrublands, and 

farmlands of the eastern and central United States (Dailey 2002). Agricultural practices 

were largely responsible, in the Midwest, for the historically high populations of the early 

20
th

 century as well as for the range-wide declines of the past 50 years (Figure 1.1; Sauer 

et al. 2008).  

A wave of deforestation spread westward from the Atlantic coast in the 19
th

 

century (Lorimer 2001).  By the early 20
th

 century nearly all of Ohio’s original forests 

had been cleared (Pimm and Askins 1995) and small farms covered up to 94% the state. 

There were approximately 276,000 farms in Ohio averaging about 88.5 acres per farm in 

1900.  Six common crop rotations were employed by Ohio farmers at the time. Each crop 

rotation included corn, small grains, and pasture or hay. It was rare that farmers in the 

early 20
th

 century would have < 25% of their total cropland in pasture or hay (Sitterley 

1976). Farm abandonment was common during this period and many agricultural fields 

grew up with early successional woody vegetation. This pattern of land use resulted in a 

diverse mosaic of small crop fields, pastures, fencerows, old fields, and regenerating 

forests which benefitted bobwhites and promoted population increases and possibly range 

expansion (Dailey 2002). 
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Figure 1.1 Annual population trends across the North American range of the northern bobwhite 

based on Breeding Bird Survey data during 1966-2010.  

(<http://www.mbr-pwrc.usgs.gov/bbs/tr2010/tr02890.htm>) 

 

Unfortunately, the plow blade that improved the overall suitability of many 

forested landscapes of the Midwest was double-edged, so to speak, as more industrialized  

farming became largely unfavorable for bobwhites. Improvements in farm machinery 

during the mid-20
th

 century greatly reduced the farmer’s workload and allowed more 

acres to be cultivated, planted, and harvested (Laub et al. 1979). Farmers increased their 

sown acreage and adopted new technology in order to maximize returns on new 

machinery (Buttel 1990). Fields were enlarged by eliminating fencerows, field borders, 

and other areas of perennial vegetation. Commercial fertilizers, herbicides, pesticides and 
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hybrid seed stimulated a shift away from crop rotations including small grains and 

pasture toward 2-year rotations of corn and soybeans. A period of woodlot and forest 

maturation was also concurrent with this period of agricultural intensification as timber 

harvest and firewood cutting decreased.  A history of widespread forest clearing led to 

the cultural ideology that trees were to be propagated and protected (Askins 2001) 

Shrublands and old fields on abandoned farmlands reverted to forest and remaining 

farmlands have been cultivated more intensively (Hart 1968). Agricultural and 

sylvicultural practices across most of the Midwest promoted the extremes of intensive 

cultivation or undisturbed mature forest, neither of which is considered beneficial to 

bobwhite (Roseberry and Klimstra 1984). The 111,000 remaining farms in Ohio were 

averaging over 150 acres by 1970 (Sitterley 1976, Laub et al. 1979) and bobwhite 

populations were in the early stages of a decline that continues today (Sauer et al. 2008).   

The bobwhite is one of the most studied wildlife species in North America (Scott 

1985).  It is well understood that the range-wide bobwhite decline is due to habitat loss 

associated with intensified agriculture, forest maturation and urbanization (Brennan 1991, 

Roseberry and Sudkamp 1998, Guthery et al. 2000, Peterson et al. 2002, Williams et al. 

2004, Veech 2006). Unfortunately, habitat management efforts have largely failed to halt 

the decline. Landscapes and the processes that help shape them continue to change, 

requiring continued research to identify effective habitat management strategies for the 

modern world (Brennan 1991). Guthery (1997) and Williams et al. (2004) suggested that 

landscape-level action will be required to offset a landscape-level problem. Recently, 
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bobwhite management has shifted from a traditional fine-scale focus on habitat quality to 

broad-scale quantity of permanent suitable cover, or usable space (Guthery 1997). 

Guthery et al. (2005:655) described usable space as “the quantity (ha) of ideal 

(maximizes fitness), permanent habitat for a species of interest on an area of interest”. 

The usable space hypothesis suggests that habitat is either usable or unusable and that 

quality varies among areas, not habitat. Using this approach, a bobwhite management 

area can be envisioned as a grid of points (e.g. Cartesian coordinates) where each point is 

determined to be usable (value = 1) or unusable (value = 0) based on the features of the 

habitat surrounding the point. The proportion or percentage of usable points can then 

express the quality of the management area. Under this system, habitat quality 

improvements to points already considered usable would have no effect on bobwhite 

populations. Only management that converts unusable points to usable points should 

benefit populations (Guthery 1997).  

Guthery et al. (2005) proposed the first quantitative methods for assessing the 

amount of usable space on an area based on use availability data such as that obtained 

from radio-telemetry. Selection ratios were used to estimate the proportion of usable 

space within each cover type. Quantifying usable space in this way provides estimates of 

contribution to usable space for all cover types whether determined to be selected, 

randomly used, or avoided based on selection ratio (Manly and McDonald 1993). This 

information could be used to inform management on how changes in proportions of 

different cover types would theoretically affect bobwhite populations. In theory, usable 

space estimates could provide more accurate representations of space use than home 
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range estimators (e.g. kernel estimates) by excluding or reducing areas that lack evidence 

of use but are contained within home ranges (Hiller et al. 2009).   

Distance to patches of different cover type (hereafter inter-patch distance) has 

also been used to evaluate usable space within an area of interest. Guthery (1999) defines 

patch configuration as “the dispersion (distribution in space), quantity, and type of habitat 

patches”. The concept of radius of full use was used to assess the usability of space 

dependent upon different patch configurations and established bobwhite sensitivity to 

distance to woody cover. For his purposes, Guthery (1999) defined the radius of full use 

as “the maximum distance from woody cover where the probability of space use was not 

conditional on distance”. Therefore, a point was considered usable if it fell within the 

radius of full use of ≥ 1 patch of woody cover. Similar methodology could be applied to a 

variety of cover types as the definition of patch configuration suggests and could provide 

spatially explicit information to help guide bobwhite habitat management.  

Recently, emphasis has been placed on the importance of identifying the 

appropriate spatial scale for effective bobwhite management (Guthery 1997, Williams et 

al. 2004). Avian habitat selection is believed to be hierarchical with broad-scale 

characteristics preceding fine-scale characteristics in order of importance (Wiens 1973, 

Johnson 1980). Therefore, it is reasonable to suggest that effective habitat management 

should also adhere to a spatial hierarchy in which broad-scale features are prioritized over 

fine-scale improvements. Microhabitat characteristics remain important due to their 

known impact on vulnerability to predation (Brown and Litvaitis 1995), but must be 
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assessed in conjunction with more broad-scale habitat evaluations, such as proportion of 

usable space.  

Although basic habitat requirements are similar throughout the bobwhite range 

(Rosene 1969), variation in bobwhite habitat is manifest in the many diverse community 

types occurring across the species’ distribution (Guthery 1999). Bobwhite range 

encompasses seven climate regions (NCDC
b
) and an even greater number of terrestrial 

ecosystems (Sayre et al. 2009). Regional populations are therefore exposed to varying 

influences on demographic parameters (i.e. vegetation composition, predator 

communities, weather events) and may respond to habitat management strategies 

differently (Spears et al. 1993). Bobwhites are also non-migratory and must contend with 

the seasonal weather extremes of a region (i.e. drought, blizzard). Demographic 

parameters can therefore vary regionally and seasonally in their contributions to 

population growth (Folk et al. 2007, Sandercock et al. 2008, Gates et al. 2012). 

Consequently, habitat management practices should be tailored to specific regions, with 

special consideration given to seasonal influences on population growth. 

The nonbreeding season is a period of substantial mortality at the northern extent 

of the bobwhite range (Errington and Hamerstrom 1935, Errington 1945, Janke 2011). 

Extended periods of severe winter weather, specifically deep snow cover, are believed to 

cause heavy losses in bobwhite populations in the northern portions of the range 

(Roseberry and Klimstra 1984). Although severe winter weather can affect survival 

directly by freezing or starvation, the primary influence on mortality is increased 

vulnerability to predators due to reduced availability of food and cover (Roseberry and 
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Klimstra 1984, Folk et al. 2007, Janke 2011). As these resources become increasingly 

scarce, bobwhites are less likely to find suitable forage within or near suitable protective 

cover. Janke (2011) reported that only 2.2% of nonbreeding season bobwhite mortalities 

during 2008-2011 were a direct result of weather while 78.5% were attributed to 

predation. He also found that snow depth and temperature were the best predictors of 

daily survival during the non-breeding season suggesting that the influence of winter 

weather may increase vulnerability to predation.   

I investigated temporal variation in usable space, distance to cover types, and 

characteristics associated with winter microhabitat use. My study was part of a larger 

project investigating survival, movement, habitat use, and reproduction within the core 

bobwhite range in Ohio. Drawing on various elements of the larger project, I worked to 

identify key factors influencing habitat use by bobwhites at multiple scales.  

STUDY DESIGN 

Study Area 

 I worked on four study sites within the core of bobwhite density in Ohio (Spinola 

and Gates 2008). The four study sites were located on private land within the glaciated 

till plains of Highland and Brown counties (Figure 1.2; Ohio Division of Geologic 

Survey 1998) and the Eastern Tallgrass Prairie Bird Conservation Region (Palmer et al. 

2011).  Study sites ranged in size from 310 to 1284 ha.  

 Composition of cover types varied among sites but primary land use on each site 

was agriculture (41-75%) planted largely to corn (Zea mays) and soybeans (Glycine 

max). Forest cover ranged from 8-29% and was dominated by oaks (Quercus spp.),  
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Figure 1.2 Locations and names of the four private land study sites where I conducted 

my study on northern bobwhite in southwestern Ohio during 2009-2011.  

 

hickories (Carya spp.), maple (Acer spp.), black walnut (Juglans nigra), elms (Ulmus 

spp.), and ash (Fraxinus spp.). Herbaceous fields (9-20%) typically enrolled in the 

Conservation Reserve Program (CRP) comprised two broad categories: cool season grass 

and warm season grass dominated. Cool season fields typically contained abundant 

fescue (Festuca spp.), broomsedge (Andropogon virginicus), goldenrod (Solidago spp.), 

and Queen Ann’s lace (Daucus carota). Warm season grass fields were primarily 

indiangrass (Sorghastrum nutans) and big bluestem (Andropogon gerardii). Early 

successional woody plants found in fencerows, ditches and woodlot edges included 

brambles (Rubus spp.), multiflora rose (Rosa multiflora), and poison ivy (Toxicodendron 

radicans). 
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The long-term (30 year) mean temperature ranged from 10.5⁰ C to 20.2⁰ C 

seasonally. Mean annual precipitation was 110.2 cm and mean annual snow accumulation 

was 67.5 cm (NCDC 2011) 

THESIS CONTENT 

The goal of my study was to identify factors influencing habitat use at multiple 

spatial and temporal scales within the core range of bobwhite density in Ohio. 

Specifically, I attempted to identify periods of limited usable space, relative seasonal 

importance of cover types, influence of distance to cover patches, and characteristics of 

cover during the period when it is most limiting. To do this, I examined 1) broad-scale 

temporal variation in usable space, 2) probability of use based on distance to cover types, 

and 3) fine-scale cover use during winter. I first quantified usable space using resource 

selection indices derived from radio-telemetry data. I then investigated the relative 

importance of distance to various cover types and generated spatially explicit probability 

of use maps. Lastly, I focused on the influence of microhabitat factors on use of areas by 

coveys during winter. Collectively, these two primary research chapters provide a multi-

scaled assessment of habitat use by northern bobwhites on private land in southwestern 

Ohio. My final chapter summarizes the management implications of my research.  
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CHAPTER 2: QUANTIFICATION AND ASSESSMENT OF USABLE SPACE FOR NORTHERN 

BOBWHITES IN OHIO 

ABSTRACT 

 Habitat loss is widely accepted as the primary cause of range-wide northern 

bobwhite (Colinus virginianus) population declines. Although much is known about 

bobwhite habitat associations, management efforts have failed to halt the decline in most 

states.  Cover selection studies provide useful information to bobwhite habitat managers 

but often fail to fully assess the contribution of all cover types. Temporally and spatially 

explicit habitat evaluation is needed to identify specific limitations of an area. I quantified 

the temporal variation in usable space based on cover selection data derived from radio-

telemetry locations on four private lands study sites in southwestern Ohio during 

October-September 2009-2011. I determined covey density relative to usable space 

during the non-breeding season. I evaluated the influence of distance to various cover 

types on habitat use by bobwhites using logistic regression models. Mean annual usable 

space estimates ranged from 10.3% to 24.4% for the four sites. Proportional usable space 

increased by ≥ 27.8% during the transition from non-breeding season to breeding season 

on all sites due to preference for more abundant cover types (e.g. row crops). Seasonal 

variation was also apparent in relative contribution to usable space of each cover type.  

Covey density ranged from 0.0580-0.2109 coveys per hectare of usable space during the 
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non-breeding season. Analysis of the influence of inter-patch distance on use illustrated a 

complex interaction of cover types on bobwhite use, with early succession woody, early 

succession herbaceous, and row crop cover consistently represented in top models. 

Estimates of usable space and predicted use surfaces are valuable tools which can be 

incorporated into management plans to evaluate area suitability and guide management 

decisions.  

INTRODUCTION 

Habitat loss due to agricultural intensification, urbanization, and reforestation is 

widely accepted as the primary cause of range-wide northern bobwhite (Colinus 

virginianus; hereafter bobwhite) population declines over the last century (Brennan 1991, 

Roseberry and Sudkamp 1998, Guthery 2000, Veech 2006). Habitat management has 

been the suggested method for halting or reversing the decline since the early 20
th

 century 

(Stoddard 1931). Despite being one of the most studied wildlife species, habitat 

management efforts have failed to halt the decline in most states (Guthery 1997, Williams 

et al. 2004). A thorough understanding of resource requirements is essential to properly 

manage habitat for bobwhites.  

Cover selection studies provide useful information for bobwhite habitat 

management (Hiller et al. 2007). These studies assume that bobwhites select resources 

(e.g. cover types) that best meet the life requisites of the species, and that high quality 

resources are preferred over low quality resources (Manly and McDonald 1993). 

Preferred cover types are defined as those utilized in greater proportion to their 

availability, while randomly used cover is utilized in proportion to availability, and 
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avoided cover is utilized less than proportional availability. Although identifying selected 

cover types is of great value to habitat managers, differential selection does not 

necessarily negate the possibility that randomly used or avoided cover types contribute to 

individual and population welfare. Effective habitat management for bobwhites would 

benefit from evaluation of all key cover types (Guthery et al. 2005, Hiller et al. 2007).   

Guthery et al. (2005) proposed an approach for quantifying the ideal (i.e. 

maximizing fitness) permanent habitat, or usable space, of an area of interest based on 

use-availability data derived from radio-telemetry studies. This approach assesses the 

contribution of selected, randomly used, and avoided cover types to usable space. 

Guthery (1997) advanced the usable space hypothesis wherein quality of an entire area of 

interest is evaluated, as opposed to the cover quality within the area. Guthery (1997) 

envisioned a management area as a set of points (e.g. Cartesian coordinates) that are 

assigned a quality of 1 or 0 based on whether or not habitats surrounding the point are 

compatible with the physical, behavioral, and physiological adaptations of bobwhites. 

The quality of the area can then be expressed as the proportion of usable space it 

comprises. In theory, usable space estimates could provide more accurate representations 

of space use than home ranges estimators (e.g. kernel estimates) by excluding or reducing 

areas that lack evidence of use but are contained within home ranges (Hiller et al. 2009). 

Density estimates may also be improved by usable space estimation, as ecological density 

(i.e. density relative to availability of suitable habitat or carrying capacity) is generally 

more informative than crude density (Roseberry and Klimstra 1984, Guthery 1997). 
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The usable space concept requires consideration of temporal variability due to 

seasonal variation in resource requirements and availability (Guthery 1997). A point may 

not meet requirements for use in a time-unlimited sense. For example, a point within a 

row crop field is not likely to meet the minimum criteria for usability surrounded by crop 

stubble during the winter months, but may be usable when surrounded by maturing crops 

during late summer. Seasonal demographic parameters (e.g. reproduction and survival) in 

the northern extent of the range are known to differentially influence population growth 

(Folk et al. 2007, Sandercock et al. 2008, Gates et al. 2012). Temporal variability in 

usable space may be a driving force behind this relationship (Guthery 1997). 

Information on usable space is only informative if all space within the area of 

interest is available to the species of interest (Jones 2001). Use of a particular cover type 

can be influenced by surrounding cover types and fragmented habitats may have cover 

patches too isolated to be usable (Thomas and Taylor 2006). Therefore, it is also 

important to consider spatial variability in use of points within a cover type. Bobwhites 

are recognized as an edge-associated species requiring ≥ 2 cover types across much of 

their range. Use of an area has been shown to be dependent on proximity of multiple 

cover types (Leopold 1933, Schroeder 1985). Points within the same row crop field may 

differ greatly in their value to bobwhites based on differing distance to other cover types. 

For example, row crop fields are recognized as valuable foraging areas but the probability 

that bobwhites will utilize such areas decreases as distance to protective cover increases 

(Guthery and Bingham 1992).  
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As a growing human population places more demand on farmers, future 

agricultural practices are expected to continue the pattern of intensification we have 

observed since the mid-20
th

 century. This trend will undoubtedly continue to shape 

landscapes unfavorable for bobwhite populations (Peterjohn 2003). It will become 

increasingly important for those interested in bobwhite conservation and management to 

identify measures that effectively mitigate landscape changes. Quantification of usable 

space is recognized as an important landscape-level method of evaluating bobwhite 

habitat (Williams et al. 2004). Additionally, modeling wildlife-habitat associations 

identifies important habitat relationships, and maps based on those models provide 

wildlife managers with spatially explicit information that can predict the influence of 

management action (Aldridge et al. 2012). The goal of this study was to develop 

temporally and spatially explicit habitat use models within a landscape still considered 

suitable for bobwhite in Ohio. Specifically, my objectives were to: 1) quantify temporal 

variability in usable space within sites to identify potentially limiting periods; 2) develop 

seasonal models that predict use based on Euclidean distance to major cover types; and 3) 

spatially apply those models to my study sites, allowing me to assess the utility of usable 

space quantification, identify factors influencing habitat use, and map predicted use of 

cover such that future bobwhite management in this region can be improved.  

STUDY AREA 

The study area (39˚04’59”, 83˚39’10”) was composed of four private land study 

sites (400-1200 ha) within the core of the bobwhite range in Ohio (Spinola and Gates 

2008). Sites were located within Highland and Brown counties in the glaciated till plains 
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physiographic region of southwestern Ohio (Ohio Division of Geologic Survey 1998). 

The long-term mean temperature was 10.5⁰ C during the non-breeding season (October- 

March) and 20.2⁰ C during the breeding season (April-September). Mean annual 

precipitation was 110.2 cm.  There was an average of 19.8 days with snow accumulation 

> 5cm (NCDC 2011). 

Land use was primarily agriculture ranging from 39-76% row crop and 0-23% 

pasture/hay during the two years of my study. Forest cover ranged from 7 to 31%. Early 

successional herbaceous cover ranged from 7 to 22% while early successional woody 

cover was 3-7% (Table 2.1). Row crop fields were dominated by rotations of corn (Zea 

mays) and soybeans (Glycine max) but included some winter wheat (Triticum spp.). 

Pasture and hay fields were dominated by various cool season grass species with 

moderate grazing pressure or high frequency (≥ once per year) of disturbance (e.g. 

mowing). Oak (Quercus spp.) and hickory (Carya spp.) dominated the upland forested  

areas whereas ash (Fraxinus spp.) and black walnut (Juglans nigra) dominated the 

bottomland forested areas. Early successional herbaceous cover primarily included fields 

enrolled in the Conservation Reserve Program (CRP). Most CRP fields were dominated 

by fescue (Festuca spp.) and goldenrod (Solidago spp.), while some fields were 

dominated by indiangrass (Sorghastrum nutans) and partridge pea (Chamaecrista 

fasciculate). Early successional woody cover occurred predominantly in fencerows, 

ditches, and odd areas with infrequent disturbance were characterized by blackberry 

(Rubus allegheniensis), black raspberry (R. occidentalis), and multiflora rose (Rosa 

multiflora).  
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    Cover type (%) 

Site Year Row crop Forest 

ES
a
 

herbaceous ES
a
 woody 

Pasture/ 

hay Other 

Fee 2009-10 76.1 6.6 6.9   2.9 3.3 4.2 

 
2010-11 72.1 8.3 9.1   3.1 3.3 4.1 

Peach 2009-10 41.5 30.9 19.5   3.7 0.0 4.4 

 
2010-11 39.7 28.6 21.0   4.7 2.0 4.1 

Thurner 2009-10 52.3 16.2 10.1   6.2 8.0 7.2 

 
2010-11 53.5 16.1 9.9   6.5 6.6 7.4 

Wildcat 2009-10 40.6 9.6 22.4   4.2 19.3 3.9 

  2010-11 38.5 10.4 19.6   4.2 23.3 4.0 

 
a 
ES = early successional 

 

Table 2.1. Cover types available to northern bobwhites on four study sites in southwestern Ohio, 

2009-2011. 

 

METHODS 

 I used covey call surveys and systematic searches with pointing dogs to locate all 

coveys on the study sites during October-March 2009-11. I captured bobwhites on all 

sites during October-March 2009-2011 using baited funnel traps (Stoddard 1931) and 

mist nets (Wiley et al. In Press). Capture efforts continued throughout this period to 

maintain ≥ 1 radio-marked bird per covey. Some radio-marked individuals carried over 

into the breeding season (April –September) and mist nets were used to capture 

additional bobwhites during that time (M. Liberati, personal communication). I leg-

banded all captured bobwhites and radio-marked a subset of individuals weighing ≥ 165 

g with pendant-style mortality-sensing radio-transmitters (6.6 g; Advanced Telemetry 

Systems, Isanti, MN, USA). I released bobwhites at the capture site immediately after 

marking.  I located each radio-marked individual ≥ 5 times/week throughout each year 

using homing from short distances or triangulation (White and Garrott 1990). I recorded 

cover type utilized by the radio-marked bobwhites at the time of location. Determination 
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of cover type was assumed to have occurred with minimal error. Janke (2011) reported 

that investigators identified the correct cover type in 93.8% of tracking trials during the 

non-breeding season. The data set consisted of repeated observations of the same covey 

and bird, and the number of observations differed among individual coveys and birds. 

Trapping, handling, and marking protocols were reviewed and approved by the Animal 

Care and Use Committee at The Ohio State University (protocol number 2007A0228).   

I used ground-truthed, digitized maps of cover composition of each site created in 

ArcGIS (version 9.3, ESRI Redlands, CA, USA) over high spatial resolution (0.305 m) 

orthophotographs (Ohio Statewide Imagery Program 2008). Tracts of a single contiguous 

cover type within and adjacent to site boundaries were classified into six categories; early 

successional (ES) herbaceous, ES woody, pasture/hay, forest, row crops, and other. Early 

successional herbaceous cover included CRP or old-fields, fencerows, ditches, and odd 

areas dominated by grasses and forbs. Early successional woody cover primarily 

comprised fencerows, ditches, and portions of CRP fields or old-fields dominated by 

shrubs. Pasture/hay cover included fields actively grazed or hayed during the study 

period. CRP fields maintained (i.e. regularly mowed) at very short height were also 

categorized as pasture/hay, as they were functionally similar to pasture/hay cover.  Areas 

> 50 m wide dominated by mature trees were classified as forest while those < 50 m 

wide, typically characterized by a dense shrubby understory, were classified as ES 

woody.  Row crop cover included fields of corn, soybeans, winter wheat, and any mowed 

grass water courses associated with those fields. Other cover included residential and 

commercial properties, roads and associated ditches, and water. Site boundaries were 
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largely determined by landowner permission and encompassed only the area thoroughly 

searched during the respective non-breeding season. Study sites expanded after the 2009-

2010 field season as permission from adjacent properties owners was acquired and 

searched area increased.  

I excluded all radio-locations determined by long-distance triangulation as well as 

those recorded beyond the study site boundaries for each year. I used a single daily radio-

location for each covey during the non-breeding season (1 Oct – 31 Mar), regardless of 

the number of radio-marked birds within the covey. I used daily radio-locations of 

individual birds during the non-breeding season (1 April – 30 Sept) but treated grouped 

birds as coveys until the mean covey break date for the 2010 and 2011 seasons (16 April 

and 18 April respectively; M. Liberati, personal communication). Radio-locations of 

grouped radio-marked individuals were considered unique after the mean covey breakup 

date.  

Usable Space  

I followed a derivation of Guthery et al.’s (2005) approach to estimate the 

quantity of usable space based on monthly use-availability data. For each cover type (i) I 

determined the proportional use (pi) and proportional availability (ai) on the study sites. 

By letting ui = the unknown proportion of usable space within cover type i and Ai = the 

area (ha) of cover type i, I was able to determine usable space (U) by Guthery et al.’s 

(2005) definition 

                w 

U = Σ uiAi, 

                            
i =1 
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where w = the number of cover types available (i = 1, 2, …, w). 

Under the assumption that coveys or individuals disperse randomly throughout 

usable space, it is expected that  

pi = uiAi/U, 

which implies that 

U = uiAi/pi. 

Since U and ui are both unknown, I used the selection ratio (pi/ai; (Manly and McDonald 

1993) to determine ui within each cover type. I assumed that cover type m, which was the 

cover type with the highest selection ratio for each month, was fully usable (um = 1) 

during the respective month. Under this assumption,  

U = Am/pm. 

Given that Ai was measured without error and the assumption that um = 1 was estimated 

without error, Guhtery (2005) concluded that variance can be estimated as 

var(U)=Am
2
(1-pm)/npm

3
. 

I determined U within cover type i (Ui) to be the product of ui and Ai.  

 I calculated quantity of usable space, pooled across sites, for each month of the 

study period to show any potential fine-scale temporal changes.  This approach also 

allowed for comparisons at more broad temporal scales (i.e. seasonal and annual). I 

calculated site-specific quantities of usable space for each season, allowing seasonal and 

annual comparisons. I calculated covey density for each site using the site-specific area 

(ha) of usable space during the non-breeding season of the respective year as the 

denominator, providing an estimate of ecological density.  
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Inter-patch Distance 

I pooled radio-locations across years within the four study sites for the non-

breeding and the breeding seasons. I generated an equal number of random points within 

each site and season. I excluded radio-locations and random points within cover 

classified as other from predicted use analysis. I overlaid the UTM coordinates of radio-

locations and random points onto cover maps in the GIS and I calculated the Euclidean 

distance (m) from each point to all cover types except other.  

I used logistic regression (function glm in Program R version 2.12.1; R 

Development Core Team 2010) to estimate a a probability of use as a function of distance 

to various cover types. Following Talluto and Suding (2008), I included only main effects 

in my initial regression models and selected the most descriptive models using stepwise 

selection with Akaike’s information criteria (AIC). I then created a candidate model set 

for each cover type including only the main effects selected in the stepwise procedure and 

every combination of ≤ 2 two-way interactions possible with the selected main effects as 

interaction terms. I used AIC to compare the fit of each model within a candidate model 

set and selected the top model for each cover type. I considered all models with ΔAIC ≤ 

2.0 as having equivalent support within that set and included them in calculation of 

model averaged parameter coefficients for that cover type (Anderson and Burnham 

2002). I plotted the influence of distance to each cover type on predicted probability of 

use within each cover type, while holding other distance variables at their mean. 

I overlaid a grid of points (50 m x 50 m) onto site cover maps within the GIS and 

used the predict function in program R to calculate the probability of use of grid points 
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within each cover type based on the top model for each cover type. I interpolated a 

continuous probability surface of predicted use by bobwhites from the probability values 

of the 50m grid using the kriging function (cell size = 15m) in the Spatial Analyst 

extension of ArcGIS 10.0. Kriging is an optimal technique for linear unbiased estimation 

and interpolation in which surrounding measured values are weighted to derive a 

prediction for unmeasured locations (Atkinson 1996). 

RESULTS 

I used radio-locations from 26 coveys (n = 1,858) and 51 individual birds (n = 

1836) during the 2009-10 non-breeding and breeding seasons, respectively. I used radio-

locations from 32 coveys (n = 2,532) and 47 individual birds (n = 2,104) during the 2010-

11 non-breeding and breeding seasons, respectively.   

Usable Space 

Early successional woody cover had the largest selection ratio (pi/ai) and was 

assumed to be fully usable during the entire study period except during June-August in 

the 2010 breeding season, during which, ES herbaceous cover had the highest selection 

ratio (Appendix B). Proportional usability (ui) of ES herbaceous cover remained fairly 

low (0.10-0.27) during October-March and increased considerably (0.30-0.94) during 

April-August. Additionally, the relatively low (< 0.10) non-breeding season ui for row 

crop, pasture/hay, and other increased to 0.27, 0.26, and 0.41, respectively during the 

breeding season. Forest ui fluctuated from 0.08 to 0.26 with no apparent seasonal pattern 

(Figure 2.1). 



 

 

 

 
 

        Figure 2.1. Trends in average monthly estimates of proportional usable space (ui) within six cover types based on radio-locations  

       (n = 3,664 during 2009-10; n = 4,636 during 2010-11) of bobwhites in southwestern Ohio.  
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Six to 12% of study sites were usable during the non-breeding season months, 

compared with 11-36% during the breeding season. Mean (across months) annual percent 

usable space, with sites pooled, was 17.7% during 2009-10 and 14.9% during 2010-11. 

Mean (across years) monthly high (0.36) and low (0.08) proportion of usable space 

occurred in August and February, respectively, with sites pooled. Temporal variation in 

proportion of usable space among sites was relatively consistent between years although 

the increase in proportion of usable space from non-breeding season occured much earlier 

during 2009-10 (April) compared with 2010-11 (July; Figure 2.2). 

Mean annual usable space estimates were 10.3%, 24.4%, 22.1%, 13.4% for the 

Fee, Peach, Thurner and Wildcat sites, respectively, across both years of the study. 

Proportional usable space increased on all sites between non-breeding and breeding 

seasons. Usable space increased from 28-441% among all sites during the 2 years. 

Covey density ranged from 0.0580-0.2109 coveys per hectare of usable space 

during the non-breeding season of each respective year. The Wildcat site had the highest 

bobwhite covey densities relative to usable space in both years although non-breeding  

season proportional usable space within sites was lower than the Thurner site in both 

years and lower than the Fee and Peach sites in 2010-11(Table 2.2). 

Inter-patch Distance 

Of  2 to 22 candidate models of use evaluated within each cover type, top 

predictive models were clearly identified (ΔAIC ≥ 2) from the candidate model sets for 

nearly all cover types during the non-breeding and breeding season. Early successional 



 

 

 

     Figure 2.2. Monthly trends in proportion of usable space for northern bobwhites on four study sites in southwestern  

     Ohio during 2009-11. Bars represent 95% confidence intervals.
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      Usable space(U)
a 

    

Site Year Site Area
a 

Non-breeding 

Season 

Breeding 

Season Coveys
b
 

Density 

(coveys/U
a
) 

Fee 2009-10 1106.7 72.7 168.3 7 0.0963 

 

2010-11 1284.3 102.1 145.8 7 0.0685 

Peach 2009-10 310.2 17.1 92.5 2 0.1170 

 

2010-11 397.7 36.4 55.4 1 0.0275 

Thurner 2009-10 593.7 126.7 176.7 3 0.0237 

 

2010-11 738.8 120.7 154.3 7 0.0580 

Wildcat 2009-10 675.9 52.2 166.1 11 0.2109 

  2010-11 838.3 65.6 111.6 11 0.1678 

 
a 
hectares 

 

Table 2.2. Site-specific estimates of seasonal area of usable space and northern bobwhite covey 

density on four study sites in southwestern Ohio during 2009-11.  

 

woody cover during the breeding season and pasture/hay cover during the non-breeding 

season were each found to have three models with equivalent support (Appendix F). 

Model-averaged coefficients were calculated for these cover types. 

Distance to row crop and ES herbaceous cover were included in top models for all 

cover types in both seasons. Distance to ES woody was included in seasonal top models 

for all cover types except pasture/hay. Distance to pasture/hay and forest were included 

as predictive variables in all cover types during the breeding season and were excluded 

only from ES herbaceous during the non-breeding season (Table 2.3 and 2.4).  

Predicted probability of use in both seasons was generally higher (> 0.5) in close 

proximity to row crop cover and ES herbaceous cover (< 100 m and < 200m 

respectively). Distance to ES woody cover had a negative association with probability of 

use as distances increased from 0 – 400 m.  This influence appeared stronger during the 

non-breeding season than during the breeding season in all cover types for which this was  
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     Cover typea Predictor Variableb βc SEc Pc   

 
Row crop Intercept 0.4307 0.1901 0.0235 

 

  

ESH -0.0028 0.0005 0.0000 

 

  

ESW 0.0058 0.0013 0.0000 

 

  

PH -0.0008 0.0004 0.0368 

 

  

F 0.0049 0.0006 0.0000 

 

  

ESH*PH 0.0000 0.0000 0.0000 

 

  

ESW*F 0.0000 0.0000 0.0000 

 

 
Pasture/hay Intercept 1.2920 0.2631 0.0000 

 

  

ESH -0.0021 0.0010 0.0323 

 

  

RC 0.0012 0.0027 0.6427 

 

  

F 0.0000 0.0010 0.9767 

 

  

F*RC 0.0000 0.0000 0.0191 

 

  

ESH*RC -0.0001 0.0000 0.0001 

 

 
Forest Intercept 1.5760 0.1779 0.0000 

 

  

ESH -0.0020 0.0007 0.0020 

 

  

ESW -0.0055 0.0011 0.0000 

 

  

RC 0.0015 0.0014 0.2847 

 

  

PH 0.0017 0.0004 0.0002 

 

  

ESH*PH 0.0000 0.0000 0.0000 

 

  

RC*PH 0.0000 0.0000 0.0000 

 

 
ES woody1 Intercept 0.3338 0.1584 0.0352 

 

  

ESH -0.0018 0.0004 0.0000 

 

  

F 0.0029 0.0006 0.0000 

 

  

RC -0.0002 0.0011 0.8412 

 

  

PH -0.0027 0.0004 0.0000 

 

  

F*PH 0.0000 0.0000 0.0027 

 

  

ESH*RC -0.0001 0.0000 0.0015 

 

 
ES woody2 Intercept 0.2791 0.1494 0.0617 

 

  

ESH -0.0019 0.0004 0.0000 

 

  

F 0.0041 0.0004 0.0000 

 

  

RC -0.0031 0.0015 0.0408 

 

  

PH -0.0023 0.0003 0.0000 

 

  

RC*PH 0.0000 0.0000 0.0024 

 

  

ESH*RC -0.0001 0.0000 0.0053 

 

 
ES woody3 Intercept 0.0030 0.1366 0.9822 

 

  

ESH -0.0008 0.0005 0.1349 

 

  

F 0.0041 0.0004 0.0000 

 

  

RC 0.0000 0.0011 0.9977 

 

  

PH -0.0013 0.0003 0.0000 

 

  

ESH*PH 0.0000 0.0000 0.0039 

 

  

ESH*RC -0.0001 0.0000 0.0006 

 

 
ES herbaceous Intercept -0.0495 0.1383 0.7200 

 

  

ESW -0.0043 0.0010 0.0000 

 

  

F 0.0034 0.0004 0.0000 

 

  

RC 0.0007 0.0008 0.4060 

 

  

PH -0.0014 0.0002 0.0000 

 

  

ESH*PH 0.0000 0.0000 0.0000 

     F*RC 0.0000 0.0000 0.0000   

 
a 
Cover type to which models were applied 

b
 RC = row crop; PH = pasture/hay; F = forest; ESW = early successional woody; ESH = early successional 

herbaceous 
c
 β = model coefficients; SE = standard error; P = p value  

 

Table 2.3. Model coefficients and standard errors associated with each distance variable used to 

predict northern bobwhite use during the breeding season in southwestern Ohio. 
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     Cover type
a
 Predictor Variable

b
 β

c
 SE

c
 P

c
   

 
Row crop Intercept 1.0220 0.2050 0.0000 

 

  

ESH 0.0009 0.0005 0.0547 

 

  

ESW -0.0040 0.0016 0.0121 

 

  

F 0.0010 0.0007 0.1683 

 

  

PH 0.0002 0.0004 0.6488 

 

  

ESH*PH 0.0000 0.0000 0.0000 

 

  

ESW*F 0.0000 0.0000 0.0000 

 

 
Pasture/hay1 Intercept 1.3860 0.2387 0.0000 

 

  

ESH 0.0003 0.0009 0.7422 

 

  

RC -0.0071 0.0027 0.0079 

 

  

F -0.0028 0.0007 0.0001 

 

  

ESH*RC -0.0001 0.0000 0.0003 

 

 
Pasture/hay2 Intercept 1.3220 0.2561 0.0000 

 

  

ESH 0.0003 0.0009 0.7541 

 

  

RC -0.0056 0.0035 0.1101 

 

  

F -0.0024 0.0010 0.0155 

 

  

RC*F 0.0000 0.0000 0.5060 

 

  

ESH*RC -0.0001 0.0000 0.0003 

 

 
Pasture/hay3 Intercept 1.4630 0.2662 0.0000 

 

  

ESH -0.0001 0.0010 0.9575 

 

  

RC -0.0070 0.0027 0.0092 

 

  

F -0.0035 0.0013 0.0053 

 

  

ESH*F 0.0000 0.0000 0.5062 

 

  

ESH*RC -0.0001 0.0000 0.0003 

 

 
Forest Intercept 1.8160 0.1575 0.0000 

 

  

ESH 0.0007 0.0005 0.1779 

 

  

ESW -0.0018 0.0007 0.0167 

 

  

RC -0.0053 0.0012 0.0000 

 

  

PH -0.0013 0.0003 0.0000 

 

  

ESH*PH 0.0000 0.0000 0.0000 

 

  

ESH*RC -0.0001 0.0000 0.0000 

 

 
ES woody Intercept 0.7817 0.1117 0.0000 

 

  

ESH -0.0003 0.0004 0.3786 

 

  

F 0.0015 0.0005 0.0011 

 

  

RC -0.0064 0.0006 0.0000 

 

  

PH -0.0022 0.0003 0.0000 

 

  

F*PH 0.0000 0.0000 0.0023 

 

  

ESH*F 0.0000 0.0000 0.0000 

 

 
ES herbaceous Intercept 1.3998 0.0828 0.0000 

 

  

ESW -0.0061 0.0007 0.0000 

     RC -0.0112 0.0007 0.0000   
 
a 
Cover type to which models were applied 

b
 RC = row crop; PH = pasture/hay; F = forest; ESW = early successional woody; ESH = early successional 

herbaceous 
c
 β = model coefficients; SE = standard error; P = p value  

 

Table 2.4. Model coefficients table and standard errors associated with each distance variable 

used to predict northern bobwhite use during the non-breeding season in southwestern Ohio. 
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a predictive variable except forest. Distance to pasture/hay had a negative relationship 

with probability of use as distances increased from 0-1500 m and there appeared to be 

little seasonal variation in its influence. Increasing distance to forest had a positive 

influence on probability of use of cover on all seasonal models for which it was included 

except for within row crops during the non-breeding season (Figures 2.3, 2.4, 2.5, 2.6, 

and 2.7). 

Maps of predicted probability of use (hereafter probability surfaces) for the study 

sites indicated a varying degree of patchiness among areas of high predicted use. The 

Fee, Peach and Thurner sites showed relatively higher probability of use in more areas 

during the non-breeding season than the breeding season (Figures 2.8, 2.9, 2.10, and 

2.11). The Wildcat site had the greatest mean probability of use of all sites during the 

non-breeding and breeding seasons. Paired t-tests showed that estimates of mean 

predicted probability of use were greater during the non-breeding season than the 

breeding season on Fee and Peach (P < 0.001). The Thurner site had no seasonal 

difference in mean predicted probability of use (P = 0.204). The Wildcat site had greater 

mean probability of use during the breeding season (P < 0.001; Table 2.5). 

DISCUSSION 

Availability of suitable cover is hypothesized to be the most limiting 

environmental factor in the northern extent of the bobwhite range (Guthery 1997, Janke 

2011).  My quantification of monthly usable space supports this hypothesis and closely 

matches Guthery’s (1997; 296) conceptual model of usable space through time. There  
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Figure 2.3. Influence of distance to cover types on predicted probability of northern bobwhite use 

within pasture/hay cover in southwestern Ohio based on top AIC models. Dotted lines represent 

95% confidence intervals.  
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Figure 2.4. Influence of distance to cover types on predicted probability of northern bobwhite use 

within row crop cover in southwestern Ohio based on top AIC models. Dotted lines represent 

95% confidence intervals.  
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Figure 2.5. Influence of distance to cover types on predicted probability of northern bobwhite use 

within forest cover in southwestern Ohio based on top AIC models. Dotted lines represent 95% 

confidence intervals.  
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Figure 2.6. Influence of distance to cover types on predicted probability of northern bobwhite use 

within early succession woody cover in southwestern Ohio based on top AIC models. Dotted 

lines represent 95% confidence intervals.  
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Figure 2.7. Influence of distance to cover types on predicted probability of northern bobwhite use 

within early succession herbaceous cover in southwest Ohio based on top AIC models. Dotted 

lines represent 95% confidence intervals.  
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Figure 2.8. Cover map and probability surface predicting use by northern bobwhite within the 

Fee study site in southwest Ohio during 2009-2011. Predicted use was based on radio-locations of 

coveys and individuals, pooled across sites, during the non-breeding and breading season, 

respectively.  

 

 Other 
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Figure 2.9. Cover map and probability surface predicting use by northern bobwhite within the 

Peach study site in southwest Ohio during 2009-2011. Probability of use was based on radio-

locations of coveys and individuals, pooled across sites, during the non-breeding and breading 

season, respectively.  

 

 

 Other 
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Figure 2.10. Cover map and probability surface predicting use by northern bobwhite within the 

Thurner study site in southwest Ohio during 2009-2011. Probability of use was based on radio-

locations of coveys and individuals, pooled across sites, during the non-breeding and breading 

season, respectively.  

 

 Other 
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Figure 2.11. Cover map and probability surface predicting use by northern bobwhite within the 

Wildcat study site in southwest Ohio during 2009-2011. Probability of use was based on radio-

locations of coveys and individuals, pooled across sites, during the non-breeding and breeding 

season, respectively.  

 Other 
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Non-breeding 

season   Breeding season   

Site Cover n
a
  SD    SD P

b
 

Fee Row crop 3710 0.29 0.24 

 

0.27 0.22 0.000 

 

Pasture/hay 175 0.34 0.27 

 

0.27 0.26 0.000 

 

Forest 417 0.36 0.25 

 

0.28 0.24 0.000 

 

ES woody 162 0.39 0.18 

 

0.42 0.20 0.036 

 

ES herbaceous 473 0.42 0.20 

 

0.49 0.14 0.000 

 

Total 4937 0.31 0.24 

 

0.30 0.23 0.000 

Peach Row crop 647 0.38 0.24 

 

0.34 0.25 0.000 

 

Pasture/hay 28 0.61 0.11 

 

0.66 0.11 0.000 

 

Forest 454 0.23 0.23 

 

0.22 0.25 0.157 

 

ES woody 70 0.34 0.18 

 

0.29 0.16 0.000 

 

ES herbaceous 337 0.35 0.21 

 

0.40 0.07 0.000 

 

Total 1536 0.33 0.24 

 

0.32 0.23 0.011 

Thurner Row crop 1565 0.46 0.19 

 

0.46 0.19 0.906 

 

Pasture/hay 191 0.41 0.21 

 

0.47 0.22 0.000 

 

Forest 472 0.40 0.27 

 

0.39 0.27 0.006 

 

ES woody 202 0.47 0.13 

 

0.41 0.15 0.000 

 

ES herbaceous 296 0.47 0.22 

 

0.46 0.08 0.398 

 

Total 2726 0.45 0.21 

 

0.44 0.20 0.204 

Wildcat Row crop 1318 0.54 0.21 

 

0.63 0.15 0.000 

 

Pasture/hay 762 0.36 0.22 

 

0.41 0.23 0.000 

 

Forest 350 0.47 0.25 

 

0.56 0.17 0.000 

 

ES woody 137 0.57 0.12 

 

0.55 0.17 0.068 

 

ES herbaceous 663 0.41 0.21 

 

0.49 0.10 0.000 

  Total 3230 0.47 0.23   0.54 0.19 0.000 

 
a
 Number of radio-locations 

b 
Derived from paired t-test 

 

Table 2.5. Mean predicted probability of use of 50 m x 50 m grid points based on AIC selected 

models of distance to cover types. Grid points overlaid four study sites in southwestern Ohio and 

were used to generate a predicted probability surface.   
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was distinct increase in usable space during the breeding season across these study sites. 

Selection ratios suggested a shift toward cover types encompassing a greater proportion 

of the total site area during the breeding season. Predictions of use based on the influence 

of inter-patch distance counter this argument within two of four study sites. Probability 

surfaces did not definitively show the expected expansion of usable space during the 

breeding season or subsequent contraction during the non-breeding season. The Fee and 

Peach sites generally showed greater probability of use in more areas during the non-

breeding season than the breeding season, while little change was observed on the 

Thurner site. The Wildcat probability surfaces showed a more uniform distribution of 

high probability areas than those of the other sites. 

Swift and Hannon (2010) suggested a critical threshold level (10-30%) of suitable 

habitat for birds and mammals, below which the effects of fragmentation begin to 

negatively impact populations in addition to the effect of habitat loss. Site-specific 

estimates of mean annual usable space fell within this range for all sites. Non-breeding 

season estimates of usable space for 2009-10 and 2010-11 fell below this range on all 

sites except Thurner.  Most modern agricultural landscapes in Ohio are highly 

fragmented which is of particular concern for bobwhites because they are a relatively 

sedentary species, particularly during the non-breeding season (Errington and 

Hamerstrom 1936). Inter-patch distance is known to limit resource availability 

(Schroeder 1985, Guthery 1999), and dispersal (Williams et al. 2004). Bobwhite 

populations within highly fragmented landscapes may therefore have increased risk of 

Allee Effects leading to higher rates of local extinction (Williams et al. 2004).  



42 

 

I found no definitive association between amount of usable space and covey 

numbers on sites based on covey density estimates. Regardless, temporal variation in 

usable space remains an important consideration when assessing bobwhite population 

status in an area because density is meaningful only in relation to availability of suitable 

habitat (Guthery 1997). Ecological density takes into account the quantity of suitable 

habitat available to support a species, similar to estimating carrying capacity, while crude 

density may vary greatly with the arbitrary definition of an area of interest. In essence, 

bobwhite population size in an area is most informative when compared with carrying 

capacity (Errington 1934). Bobwhite carrying capacity is not static, and temporal 

variation occurs as a result of events occurring within years (e.g. blizzard) as well as 

among years (e.g. secondary succession).  Carrying capacity may therefore best be 

represented by a moving average across time (Roseberry and Klimstra 1984). Janke. 

(2011) estimated that crude density of the same population ranged from 0.0025 – 0.0160 

coveys/ha. These estimates could represent a population at or above carrying capacity 

within an area of poor overall suitability, or a population well under carrying capacity 

that is vastly underutilizing available resources. This uncertainty makes comparisons with 

other populations difficult and offers little information to guide management. My 

estimates of 0.0237 - 0.2109 coveys/ha of usable space provide more useful information 

for researchers and managers, as they could be more comprehensibly compared with 

estimates of ecological density from other areas.  

The results of my inter-patch distance analysis showed that there is a complex 

effect of distance to adjacent cover types on use of individual cover types. Stoddard 
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(1931: 374) illustrated the importance of cover type diversity within a landscape and 

recommended a balance of open woodland, thickets, weedy and grassy fields, and 

cultivated ground to provide “the essentials in each [covey] range”.  Cover types that 

Hanson and Miller (1961) termed “the royal triumvirate” for bobwhites (cultivated fields, 

ungrazed or moderately grazed grass and forbs, and shrubs) were consistently represented 

in my top models. 

My results support many of the bobwhite habitat management recommendations 

of Hanson and Miller (1961). Specifically that establishing patches of ES woody cover 

100-200 m apart in areas near ES herbaceous and row crop cover can improve usability. 

My results showed that proximity to ES woody cover strongly influenced probability of 

use within ES herbaceous and row crop cover during the non-breeding season. 

Probability of use within these cover types fell below 0.5 at relatively short distances (< 

100 m) from ES woody cover compared to the influence of other important cover types. 

Janke (2011) showed that ES woody cover was the most selected cover type during the 

non-breeding season despite accounting for only 4% of the total area within the collective 

study sites. The importance of ES woody cover is well established in bobwhite literature, 

particularly during the non-breeding season (Roseberry and Klimstra 1984, Schroeder 

1985, Williams et al. 2000, Janke 2011).  

Assuming that bobwhites are drawn to ES woody cover for concealment and 

protection, it is reasonable to suggest that some functionally similar cover types, such as 

herbaceous or forest cover, could serve as surrogates (Guthery 1999). Distance to ES 

herbaceous cover was shown to influence year-round use of all cover types, though at a 
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relatively greater distances than ES woody cover. As expected, comparison of the 

seasonal influence of distance to ES herbaceous cover suggested that this cover type was 

of greater importance during the breeding season.  Early succession herbaceous fields 

undoubtedly provide cover, forage, and important nesting habitat on these sites during the 

breeding season (M. Liberati, unpublished data), but may also be important to landscape 

suitability during the non-breeding season.  

Janke and Gates (In Press) suggested that preference for early successional 

herbaceous vegetation and row crops at the third order core scale (Johnson 1980) 

supports that use within home ranges depended on the proximity of woody cover and 

food. Row crop fields are widely accepted as important forage resources for bobwhites 

(Hanson and Miller 1961, Guthery 1997). Row crops fields, on average, contributed > 

100 ha of usable space across the four sites and were determined to be areas of high 

predicted use when near other important cover types. Additionally, the usability of row 

crop cover increased from near zero during the entire non-breeding season to a peak of 

0.26 in mid-summer. Although this peak in usability is low relative to other breeding 

season cover types, row crops cover more area than any other cover type within each site.  

Mature row crops generally provide overhead concealment and abundant bare ground 

that permits free movement and foraging. For these reasons row crops provide excellent 

brood-rearing cover as well as suitable breeding season cover for mature bobwhites (M. 

Liberati, personal communication). 

Forest and pasture/hay cover, though included as predictive variables in all top 

models, showed little evidence of important contribution to usable space relative to the 
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other cover types. Usability for pasture/hay was near zero through much of the non-

breeding season and increased only slightly during the breeding season. Pastures on my 

sites tended to be intensively grazed or mowed and only provided apparently suitable 

cover on a few occasions (e.g. wooded pastures with light grazing pressure; personal 

observation). Forest cover maintained a relatively low level of usability throughout each 

year with little or no noticeable seasonal variation, and yet was negatively associated with 

use during the breeding season. 

Radio-locations were noticeably more clustered during the non-breeding season. 

Clustering occurred primarily along habitat edges, particularly those near woody cover 

(ES woody or forest). Breeding season radio-locations were far more dispersed than 

during the non-breeding season. Predicted cover use maps for the non-breeding season 

generally showed more definition between areas of high and low probability of use 

during the non-breeding season while breeding season maps showed more gradual 

transition from between areas of high and low probability. This is undoubtedly due to 

differences in vegetation structure and availability between the growing and non-growing 

season.  

Schroeder (1985) suggested that bobwhite densities are maximized when food, 

cover, and nesting needs occur in proper amounts and at the proper spacing.  Guthery  

(1999) suggested that there is no ideal configuration for different cover types (i.e. 

dispersion and quantity) and dubbed this apparent plasticity as slack. Slack arises because 

bobwhites are adapted to broad structural characteristics of vegetation and cover types 

that serve interchangeable purposes (Errington and Hamerstrom 1936). Although slack 
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exists in the ideal amount of various cover types within a management area, thresholds 

within each cover type likely exist where too much or too little reduces the usability of 

the area (Guthery 1999). Cover patch size is known to affect bobwhite habitat suitability 

(Schroeder 1985). Patch size was not taken into account in the development of predicted 

use maps and digitized cover patches that are too small to benefit to bobwhites might 

have affected use predictions.  

The absence of a species within a particular area does not necessarily determine 

that the cover type in that area is avoided (Wiens 1989). Population density and 

demographics may influence whether areas are used or not (Wiens et al. 1987, Haila et al. 

1996). Garshelis (2000) suggested that population status (expanding, stable, or declining) 

is an important consideration when interpreting results from use-availability studies. 

Demographic sensitivity analyses suggested that this population is declining (Gates 

2012). Assuming this population did not exceed carrying capacity during the study 

period, we would expect that some usable space was unoccupied. This expectation was 

supported by presence of areas with high probability of use and no evidence of utilization 

by radio-marked coveys. It is possible that underutilization could be the result of 

population fluctuation due to weather catastrophes (i.e. blizzard) or simply variation in 

demographic parameters through time (Guthery 1997). Underutilization of usable space 

could also be explained by macrohabitat variables not included in these analyses, such as 

patch size, or microhabitat variables, which are known to influence habitat use by 

bobwhites (Kopp et al. 1998). 
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CHAPTER 3: FACTORS ASSOCIATED WITH WINTER MICROHABITAT USE BY NORTHERN 

BOBWHITE IN OHIO 

ABSTRACT 

 Extended periods of severe winter weather, specifically deep snow cover, are 

believed to cause heavy losses in northern bobwhite (Colinus virginianus) populations in 

the northern United States. Increased mortality is primarily due to heightened 

vulnerability to predators as food and cover resources become more and more scarce. 

Although much is known about general bobwhite habitat relationships, additional 

information on season-specific requirements could strengthen efforts to mitigate the 

unfavorable demographic parameters that influence population growth within a region. I 

used radio-telemetry to identify areas used and unused by coveys during 1 December – 

28 February 2009-11. I measured the structure and composition of vegetation of these 

areas during March 2011. I  compared a priori logistic regression models for influence of 

microhabitat characteristics on use within 3 cover categories; 1) early succession, 2)  

linear woody, and 3) forest. Models that included horizontal visual obstruction (HVO; ≤ 

1.05 m height) were best supported within all cover strata. Canonical correspondence 

analysis of plant species identified several species associated with use. My results 

suggested that management for low-level structural complexity, particularly abundant 
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concealing cover at ≤ 1.05 m height, would provide the best winter habitat for bobwhites 

in Ohio.  

INTRODUCTION 

The non-breeding season is a period of high mortality for northern bobwhites 

(Colinus virginianus; hereafter bobwhite) in the northern extent of the species’ range 

(Errington and Hamerstrom 1935, Errington 1945, Janke 2011). Extended periods of 

severe winter weather (i.e. snow and ice accumulation) are believed to cause heavy losses 

to bobwhite populations in the north (Roseberry and Klimstra 1984). Although severe 

winter weather can affect survival directly by freezing, or starvation, the primary 

influence on mortality is increased vulnerability to predators due to reduced availability 

of food and cover (Roseberry and Klimstra 1984, Folk et al. 2007, Janke 2011). Janke 

(2011) reported that only 2.2% of non-breeding season bobwhite mortalities in Ohio 

during 2008-2011 were a direct result of weather while 78.5% were attributed to 

predation. He also found that snow depth and temperature were the best predictors of 

daily survival during the non-breeding season suggesting that the influence of winter 

weather may increase vulnerability to predation.   

Awareness of predation as the primary cause of mortality inevitably raises interest 

among the public and some managers in predator control (Errington and Hamerstrom 

1936). Although there is a long history of predator removal to increase populations of 

bobwhites and other gamebirds, empirical evidence for the efficacy of this strategy is 

limited (Carroll et al. 2007). Predator-prey relationships are important, highly complex, 

and therefore difficult to fully interpret (Stouffer et al. 2005). Intra-guild predation is 
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important in shaping predator communities and decreased pressure from one predator 

may increase pressure from others (Reynolds and Tapper 1996). Alternative prey 

abundance has been shown to have a negative relationship with bobwhite annual survival, 

suggesting that spatial and temporal shifts in avian predator communities may also be 

important. Therefore, the focus of bobwhite managers should not be on reducing the 

number of predators, but on reducing the vulnerability of bobwhites as prey (Errington 

and Hamerstrom 1936, Carroll et al. 2007). 

Although severe winter weather is beyond control, the influence it has on 

vulnerability to predation can be mediated largely through habitat management 

(Heffelfinger et al. 1999, Flanders-Wanner et al. 2004). Microhabitat selection by birds is 

associated with perceived and realized risk of predation at cover and foraging sites 

(Grzybowski 1983). Brown and Litvaitis (1995) found that when predator and prey 

occupy the same patch, vulnerability to predation depends on the characteristics of the 

microhabitat occupied by the prey. Furthermore, protective cover has been shown to 

influence general habitat preference in bobwhites (Kopp et al. 1998). Several habitat 

features are considered diagnostic of bobwhite microhabitat habitat quality, including 

percent canopy coverage of woody and herbaceous vegetation, percent bare ground, and 

horizontal visual obstruction (Kopp et al. 1998). Bobwhites likely respond to structural 

more than compositional properties of cover. This is supported by the variety of floristic 

communities that the species occupies and their shifting successional affiliation in 

relation to site productivity (Spears et al. 1993). Since these different ecosystems and 
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seral stages do not share many floristic properties, common structural conditions are 

certainly possible (Spears et al. 1993, Guthery et al. 2005b). 

Bobwhites generally occur in diverse, patchy landscapes with considerable open 

land and woody edge. At a finer scale, they are known to require dense protective 

vegetation closely interspersed with relatively large amounts of early successional 

vegetation that offers freedom of movement at ground level and low overhead protection 

(Rosene 1969, Roseberry and Klimstra 1984).  The importance of early successional 

woody vegetation to bobwhites during winter is well established across the northern 

range (Yoho and Dimmick 1972, Roseberry and Klimstra 1984). Janke (2011) identified 

early successional woody vegetation as the most important cover type for bobwhites 

during the non-breeding season in Ohio. Low woody cover is particularly important 

during severe winter weather (i.e. snow and ice accumulation) as it has more structural 

integrity than most herbaceous vegetation (Errington and Hamerstrom 1936, Roseberry 

1964). 

Non-breeding season survival has been shown to influence bobwhite population 

growth (Folk et al. 2007, Sandercock et al. 2008, Gates et al. 2012).  Janke’s (2011) 

estimates of non-breeding season survival rates for a bobwhite population in 

southwestern Ohio during 2009-11 were among the lowest reported in recent literature 

(Sandercock et al. 2008). Gates et al. (2012) found that vital rates for the same population 

and study period were well below those needed for population stability, despite having 

reproductive rates similar to published estimates for the region. Sensitivity analysis 
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showed that of all measured demographic parameters, changes in non-breeding season 

survival would have the greatest influence on population growth rate (Gates et al. 2012). 

Trends in land-use suggest that productive agricultural land will likely remain 

unsuitable for bobwhites (Peterjohn 2003), particularly within glaciated regions of the 

Midwest where topography permits large monocultures of corn or soybeans, unbroken by 

fencerows, ditches, or other sources of perennial vegetation. There may be opportunity 

within landscapes still habitable by bobwhites to improve microhabitat conditions to 

support and expand remnant populations (Roseberry and Sudkamp 1998). This 

hierarchical approach to habitat assessment and management is recognized as an effective 

strategy, mirroring the theorized manner in which avian species select habitat (Wiens 

1973, Johnson 1980).  

The goal of this study was to assess microhabitat characteristics associated with 

cover use during winter, a period when the structure of vegetation is most degraded. 

Specifically my objectives were to: 1) examine potential differences in winter fine-scale 

characteristics between used and unused areas; 2) identify the most important variables 

influencing microhabitat use during winter; and 3) identify plant species associated with 

winter microhabitat use. This knowledge will aid managers in improving winter bobwhite 

habitat, thereby possibly reducing non-breeding season mortality. This is likely the most 

effective management strategy in Ohio, based on our current knowledge of bobwhite 

survival and the influence of demographic parameters.   
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STUDY AREA 

This study was conducted on four private land sites in Highland and Brown 

Counties in southwestern Ohio (centered at 39˚ 04’59”, 83˚ 39’10”).  The sites were in 

the glaciated till plains physiographic region (Ohio Division of Geologic Survey 1998). 

Predominant land-use in the area was agriculture (39% row crops and 17% pasture/hay 

fields; Homer et al. 2004).  The long-term (30 year) mean temperature during October- 

March was 10.5⁰ C. The long-term mean annual snow accumulation was 67.5 cm and 

accumulation during 2009-10 and 2010-11 was 101.6 cm and 67.3 cm respectively 

(NCDC 2011).  

Habitat composition on the study sites was primarily row crop agriculture (55%) 

planted in soybeans and corn.  Forests covered 13% of the study sites and were 

dominated by maple (Acer spp.), oak (Quercus spp.), and hickory (Carya spp.), although 

some low-lying and riparian forests were primarily ash (Fraxinus spp.) and black walnut 

(Juglans nigra).  Early successional vegetation, such as grasslands, old-fields, fencerows 

and ditches covered 19% for the study area. Grasslands were generally dominated by 

fescue (Festuca spp.) or indiangrass (Sorghasturm nutans).  The most common shrub 

species used by bobwhites were blackberry (Rubus allegheniensis) and black raspberry 

(R. occidentalis). 

METHODS 

 I used covey call surveys and systematic searches with pointing dogs to locate all 

coveys on the study sites before 1 December 2009 and 2010. I continued dog searches 

intermittently during 1 December – 28 February 2009-11 and searched for bobwhite 
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tracks during periods of snow cover within areas not occupied by radio-marked coveys. I 

captured bobwhites using baited funnel traps (Stoddard 1931) and targeted mist netting 

(Wiley et al. In Press).  Capture efforts continued throughout the study period to maintain 

≥ 1 radio-marked bird per covey. I leg-banded all captured bobwhites and radio-marked a 

subset of individuals weighing ≥ 165 g with pendant-style mortality-sensing radio 

transmitters (6.6 g; Advanced Telemetry Systems, Isanti, MN, USA). I released 

bobwhites at the capture site immediately after marking. I located each covey ≥ 6 

times/week during 1 December - 28 February 2009-11 using homing from short distances 

(White and Garrott 1990). This time period comprised all severe snow events during 

2009-11 (Janke 2011) and also avoided potentially confounding events including 

bobwhite hunting season, crop harvest, and spring break up and dispersal, (Liberati in 

prep). I used a global positioning system to mark covey locations and recorded the cover 

type used at the time of tracking. 

I identified all permanent cover types within each site and digitized cover maps in 

ArcGIS (version 9.3, ESRI Redlands, CA, USA) over high spatial resolution (0.305 m) 

orthophotographs (Ohio Statewide Imagery Program 2008). I defined permanent cover as 

areas of perennial vegetative cover that were not agricultural fields (i.e. hay, pasture, row 

crops) or other (i.e. roads, houses) and not subjected to anthropogenic disturbance (i.e. 

mowing, harvest, etc.) during the study period. I classified permanent cover into the 

following cover categories: early succession (e.g. CRP, old fields), linear woody (e.g. 

fencerows, ditches), and forest (e.g. woodlots and forest fragments).  
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I constructed 95% Local Convex Hull (LoCoH; Getz and Wilmers 2004) home 

range polygons for all coveys within the four sites that had ≥ 30 relocations (Seaman et 

al. 1999) during 1 December-28 February of 2009-11. The LoCoH method is known to 

outperform kernel estimation within fragmented landscapes and areas with narrow habitat 

corridors such as those found on my study sites (e.g. fencerows; Getz et al. 2007). The 

95% LoCoH polygons formed the defining boundary between used and unused space 

within sites. I drew a spatially balanced sample (used points), stratified by cover 

category, from all radio-locations located within permanent cover, using a generalized 

random tessellation stratified (GRTS) design (Stevens and Olsen 2004). I generated an 

equivalent GRTS sample (unused points), stratified by cover type, from the unused areas 

of the study sites. I considered all permanent cover within site boundaries but outside of 

LoCoH home range polygons to be part of the unused sampling frame. I excluded from 

the unused sampling frame a buffer just inside site boundaries equal to 25% of the mean 

diameter of the 95% LoCoH home range (160 m). This buffer on the periphery of the 

study sites excludes areas potentially used by undetected coveys with home ranges 

centered outside of site boundaries. Used and unused points were distributed among the 

four sites in proportion to the total number of covey radio-locations in each site during 

the study period. 

I established used and unused microhabitat plots centered on Global Position 

System (GPS) coordinates of the respective points. I identified plot center using a GPS 

unit and then established four plot axes. The first plot axis was determined randomly and 

subsequent axes occurred at 90⁰ intervals. I measured various microhabitat characteristics 
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of vegetation cover, structure, and composition of used and unused plots during 17-26 

March 2011. 

I measured the horizontal visual obstruction (HVO) of vegetation using a 

vegetation profile board (Nudds 1977) with seven 0.15 m vertical sections (0.15 m x 1.05 

m) placed at plot center. The visual obstruction of each section were separated into 7 

classes (hereafter cover classes); not present, >0-5%, >5-25%, >25-50%, >50-75%, >75-

95%, and >95% (Schmutz et al. 1989). I took readings of the profile board from each plot 

direction at a height of 1 m from a distance of 7 m (Lusk et al. 2006). I calculated mean 

cover class score for each vertical section as the arithmetic mean of the median value of 

the cover class for each the four directional readings at each plot. I reported the HVO as 

the arithmetic mean of the seven mean cover class scores at each plot.  

I estimated the cone of vulnerability (COV; Kopp et al. 1998) for each plot at plot 

center. The COV is an estimate of the conical volume of air space, within 2 m, that an 

aerial predator would have an unobstructed line of flight to a bobwhite on the ground. I 

placed a vertical 2 m profile pole at plot center and tilted until it contacted any woody or 

herbaceous obstruction. I recorded the degree difference from vertical (90⁰) of the pole 

(angle of obstruction) for each of the four plot directions. I used the arithmetic mean of 

the four angle of obstruction readings for each plot to calculate the volume of a right 

circular cone and cap of cone (spherical segment of 1 base; cone and cap radius = 2 m). 

The minimum and maximum volume possible for the COV are 0 m
3 

and 16.8 m
3
 (volume 

of a hemisphere of radius 2 m), respectively.  
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I estimated canopy cover of six cover types and each identifiable plant taxon 

using five 0.2 m x 0.5 m sample frames for each plot (Daubenmire 1959). I positioned 

frames at plot center and at 2 m radii in each of the four plot directions. Cover types 

included the following categories: bare ground, litter, grass/sedges, forbs, woody, and 

brush. Litter was defined as dead herbaceous material excluding standing or lodged 

vegetation. Brush included all dead woody material excluding standing woody 

vegetation. Plants were identified to the most specific taxon possible, most to genus or 

species. I scored each cover type and each plant taxon using the same seven cover classes 

used for HVO. I reported the plot score for each measurement and taxon as the arithmetic 

mean of the median value of the five cover class scores for each plot.  

I estimated shrub density within each plot using the point-center quarter method 

(Cottam and Curtis 1956). I identified four quadrants within each plot, bounded by the 

plot axes, and I recorded the distance, up to 7 m, from plot center to the nearest shrub 

species (≥1.0 m height) within each of four quadrants. Tree saplings >1.0 m and <2.0 m 

were categorized as shrubs (Schroeder 1985, Tonkovich and Stauffer 1993). I calculated 

the shrub density (shrubs/m2) for each quadrant and reported the mean of the quadrats as 

the shrub density for the plot. Quadrants that do not contain a shrub within 7 m of plot 

center were be given a density of zero.  

I measured tree canopy cover during 26-30 July 2011 to quantify the possible 

influence of overstory cover on understory vegetation during the growing season. A 

spherical densiometer was held at chest height and counts of quarter cells not obstructed 

by vegetation were recorded from plot center facing each of the four plot directions 
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(Lemmon 1956). I calculated percent canopy cover using the arithmetic mean of the four 

counts for each plot. Tree canopy cover was not measured at early succession points. I 

measured tree basal area using a basal area factor-10 angle gauge at plot center. 

I used a non-parametric (Mann-Whitney U) test to explore differences in habitat 

characteristics between used plots and unused plots within all cover strata. Variables that 

differed (P > 0.05) between the two groups were considered for entry in a logistic 

regression candidate model set. I examined the congruence of habitat measurements with 

a Pearson correlation matrix. When correlated (Pearson’s r > |0.6|), I retained only the 

variable with the more intuitive biological relevance in each model to control 

multicollinearity. I used logistic regression (function glm in Program R version 2.12.1; R 

Development Core Team 2010) with use as the binary dependent variable, to determine 

the influence of microhabitat characteristics within each cover stratum. I built logistic 

model candidate sets by choosing biologically relevant combinations of explanatory 

variables ranging from a single main effect to a saturated model including all possible 

explanatory variables. I did not include interactions in my models. I ranked models using 

Akaike’s Information Criterion for small sample sizes (AICc) and considered models 

with ΔAICc values < 2 to have equivalent support (Anderson and Burnham 2002).  

I used canonical correspondence analysis (CCA; ter Braak 1986), a constrained 

unimodal ordination method, in program CANOCO version 4.5 (ter Braak 1987) to 

examine plant species’ relationships with environmental variables. I used Monte Carlo 

permutations tests with 499 randomizations to examine the significance of these 

relationships. I displayed those results using biplots of environmental and species 



63 

 

variables where the length of the arrow represented the importance of the environmental 

variable, the direction indicates the correlation with the species composition axes, and the 

angle between arrows represented the correlation between the variables.   

RESULTS 

 I monitored 51 coveys during December-February 2009-10. I censored three 

coveys during 2009-10 and seven coveys during 2010-11 coveys due to insufficient 

numbers of radio-locations. I used 2,603 radio-locations from 41 coveys, including one 

covey with 29 radio-locations in LoCoH home range estimation. I chose to include this 

covey in order to maintain < 1 covey on each site during the study period. I generated 150 

total used microhabitat plots (n = 75 for 2009-10, n = 75 for 2010-11) within the LoCoH 

home ranges, stratified equally among the three cover types. I also generated 150 total 

unused microhabitat plots (n = 75 for 2009-10, n = 75 for 2010-11), stratified by cover 

type, within the unused sampling frame.  I placed 94 plots on the Fee site, 14 plots on the 

Peach site, 64 plots on the Thurner site, and 128 plots on the Wildcat site based on 

proportional distribution of radio-locations (Table 3.1). 

Structural Differences in Cover  

Used and unused plots within early succession and forest strata differed (P< 0.05) 

among 7 and 8 microhabitat measurements, respectively, of the 10 microhabitat 

measurements for which they were both measured. Additionally, used and unused plots 

within the forest stratum differed in tree canopy coverage, a measurement not conducted



 

 
 
 
 

        Survey plots   

    

ES 

 

Forest 

 

LW 

 

Site Year Coveys 

Radio-

locations Used Unused   Used Unused   Used Unused Total 

Fee 2009-10 7 483 11 11 

 

9 9 

 

8 8 56 

 

2010-11 5 351 8 8 

 

5 5 

 

6 6 38 

Peach 2009-10 1 29 0 0 

 

1 1 

 

1 1 4 

 

2010-11 1 77 2 2 

 

1 1 

 

2 2 10 

Thurner 2009-10 2 104 1 1 

 

6 6 

 

1 1 16 

 

2010-11 7 399 7 7 

 

12 12 

 

5 5 48 

Wildcat 2009-10 11 681 13 13 

 

9 9 

 

15 15 74 

 

2010-11 7 479 8 8 

 

7 7 

 

12 12 54 

Total   41 2603 50 50   50 50   50 50 300 

 

 

      Table 3.1. Summary of coveys, radio-locations, and microhabitat sampling plots during 1 December-28 February 2009-2011  

      in southwestern Ohio. 

6
4

 



65 

 

within the early succession stratum. Used and unused plots within the linear woody 

stratum differed in only 2 of 11 total measurements (Table 3.2) 

Congruent variables within the early succession stratum included COV with HVO 

and % grass with % litter (Table 3.3). Horizontal visual obstruction was correlated with 

COV, % litter, and %shrub within the forest stratum. Percent shrub was also correlated 

with % litter and COV within forest plots (Table 3.4). The only variables included within 

linear woody models, horizontal visual obstruction and % shrub, were found to be 

correlated (Pearson’s r = 0.66). 

Of 30 models predicting use within the early succession stratum, four models had 

equivalent support (ΔAICc ≤ 2). Of these, HVO was the most important predictor, with 

models including HVO accounting for 95% of the AICc weight (Table 3.5). I included 31  

models from the forest stratum in AICc analysis. Among the top 10 ranked models for 

forest cover, AICc values for models including tree canopy were higher than 

corresponding models lacking tree canopy suggesting that it may be an uninformative 

parameter with no discernible effect on probability of use (Arnold 2010; Table 3.6). All 

wi were low for models within forest and early succession strata due to the number of 

models in the candidate sets and the nested nature of the models. I evaluated two models 

with a single main effect for linear woody cover. The model including HVO clearly 

outcompeted the 2
nd

 ranking model (ΔAICc = 7) and accounted for >97% of the AICc 

weight (Table 3.7).  

 Horizontal visual obstruction, shrub density, litter, and basal area all had positive 
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    Plot type   

  
Used 

 
Unused 

 Variable Stratum
a
  SD    SD P

b
 

COV (m
3
)

c
 ES 1.7 1.9 

 
2.8 2.9 0.013 

 
Forest 1.2 2.2 

 
5.1 4.3 0.000 

 
LW 0.7 1.3 

 
1.6 3.1 0.055 

% HVO
d
 ES 40.9 20.1 

 
26.8 15.1 0.000 

 
Forest 51.1 18.3 

 
19.8 15.6 0.000 

 
LW 54.4 16.3 

 
41.6 21.3 0.001 

Shrub density ES 2.9 6.0 
 

0.4 1.1 0.001 

 
Forest 3.5 4.2 

 
1.0 1.5 0.000 

 
LW 4.2 6.9 

 
4.0 6.0 0.471 

% Bare ground ES 20.0 13.0 
 

18.0 15.6 0.241 

 
Forest 18.9 15.4 

 
12.7 12.3 0.066 

 
LW 23.7 14.6 

 
27.1 16.3 0.404 

% Litter ES 23.1 17.5 
 

12.9 13.4 0.002 

 
Forest 56.5 19.6 

 
77.1 17.1 0.000 

 
LW 38.2 20.1 

 
37.5 22.8 0.920 

% Grass/sedge ES 47.2 28.1 
 

60.4 24.8 0.020 

 
Forest 9.3 13.7 

 
4.4 8.4 0.032 

 
LW 19.2 20.5 

 
20.4 19.3 0.498 

% Forb ES 25.0 16.0 
 

25.5 19.9 0.751 

 
Forest 8.6 9.3 

 
5.9 11.1 0.028 

 
LW 19.3 16.3 

 
20.4 18.0 0.989 

% Shrub ES 10.5 15.5 
 

2.6 6.4 0.004 

 
Forest 26.7 15.4 

 
9.5 10.6 0.000 

 
LW 24.3 15.6 

 
18.3 14.3 0.043 

% Brush ES 0.1 0.4 

 

0.0 0.0 0.327 

 

Forest 1.4 3.9 
 

0.9 3.4 0.088 

 

LW 0.9 4.2 
 

1.1 4.8 0.718 

Tree canopy ES - - 
 

- - - 

 

Forest 80.7 19.7 

 

92.6 9.4 0.000 

 

LW 61.7 34.9 

 

57.8 37.3 0.634 

Basal area
e
 ES 1.3 1.7 

 

0.4 1.4 0.000 

 

Forest 9.0 3.5 

 

10.8 3.0 0.006 

  LW 5.6 4.3   6.5 4.9 0.361 

 
a
 ES = early succession, LW = linear woody  

b Mann Whitney U  
c
 Cone of vulnerability 

d
 Horizontal visual obstruction 

e
 Basal area factor = 10 

 

Table 3.2. Means and standard deviations for measured microhabitat characteristics of points 

used and unused by northern bobwhites in southwestern Ohio during December-March 2009-11.  
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 Variable
a
 COV HVO 

Shrub 

density Litter
b 

Grass
b 

Shrub
b 

Basal 

area
c 

COV 1.00 -0.61 -0.24 -0.08 0.42 -0.34 -0.07 

HVO 

 

1.00 0.47 0.15 -0.49 0.53 0.07 

Shrub density 

 

1.00 0.15 -0.19 0.54 0.15 

Litter
b 

   

1.00 -0.62 0.42 0.50 

Grass
b 

    

1.00 -0.51 -0.28 

Shrub
b 

     

1.00 0.27 

Basal area
c 

          1.00 

 
a
 COV = Cone of vulnerability, HVO = Horizontal visual obstruction,  

b 
Percent cover 

c
 Basal area factor = 10 

 

Table 3.3. Pearson’s correlation matrix for seven measures of winter microhabitat characteristics 

within early succession habitat used and unused by northern bobwhites on four study sites in 

southwestern Ohio. 

 

 

 

 

 

 
 

Variable
a 

COV HVO 

Shrub 

density Litter
b 

Grass
b 

Forb
b 

Shrub
b 

Tree 

canopy 

Basal 

area
c 

COV 1.00 -0.70 -0.41 0.54 -0.06 -0.30 -0.65 0.26 0.20 

HVO 

 

1.00 0.46 -0.73 0.17 0.36 0.75 -0.46 -0.36 

Shrub density 

 

1.00 -0.46 0.14 0.11 0.54 -0.29 -0.29 

Litter
b 

   

1.00 -0.48 -0.50 -0.62 0.52 0.34 

Grass
b 

    

1.00 0.21 -0.04 -0.42 -0.31 

Forb
b 

     

1.00 0.05 -0.23 -0.33 

Shrub
b 

      

1.00 -0.36 -0.25 

Tree canopy 

      

1.00 0.49 

Basal area
c 

              1.00 

 
a
 COV = Cone of vulnerability, HVO = Horizontal visual obstruction,  

b 
Percent cover 

c
 Basal area factor = 10 

 

Table 3.4. Pearson’s correlation matrix for nine measures of winter microhabitat characteristics 

within forest habitat used and unused by northern bobwhites on four study sites in southwestern 

Ohio. 
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Rank Model Structure k AICC ΔAICC wi 

1 HVO + ShrubD + Litter + Basal 5 121.1 0.0 0.203 

2 HVO + Litter + Basal 4 121.5 0.4 0.170 

3 HVO + Litter 3 122.0 0.9 0.130 

4 HVO + Basal 3 122.2 1.0 0.121 

5 HVO + ShrubD 3 123.4 2.3 0.065 

6 HVO + ShrubD + Litter + Shrub + Basal 6 123.6 2.5 0.059 

7 HVO + ShrubD + Litter + Shrub 5 123.6 2.5 0.058 

8 HVO + ShrubD + Grass + Shrub + Basal 6 125.0 3.8 0.030 

9 HVO + ShrubD + Grass + Shrub + Basal 6 125.0 3.8 0.030 

10 HVO + ShrubD + Shrub 4 125.1 4.0 0.028 

11 HVO + ShrubD + Grass 4 125.6 4.5 0.022 

12 HVO + Shrub 3 126.4 5.3 0.015 

13 ShrubD 2 126.5 5.4 0.014 

14 COV + ShrubD 3 127.3 6.2 0.009 

15 Grass + ShrubD 3 127.5 6.3 0.009 

16 HVO + ShrubD + Grass + Shrub 5 127.5 6.4 0.008 

17 Shrub + ShrubD 3 127.7 6.5 0.008 

18 HVO 2 128.0 6.8 0.007 

19 Litter + Shrub 3 129.2 8.1 0.003 

20 COV + ShrubD + Grass + Shrub + Basal 6 129.5 8.4 0.003 

21 HVO + Grass 3 129.6 8.5 0.003 

22 COV + Litter 3 130.0 8.8 0.002 

23 Shrub 2 130.8 9.6 0.002 

24 COV + Basal 3 131.6 10.5 0.001 

25 Grass + Shrub 3 132.2 11.1 0.001 

26 Litter 2 132.4 11.3 0.001 

27 Basal 2 134.2 13.0 0.000 

28 Grass 2 136.7 15.6 0.000 

29 COV + Grass 3 137.0 15.9 0.000 

30 COV 2 137.5 16.4 0.000 

 

Table 3.5. Candidate model sets of microhabitat factors influencing probability of use of early 

succession cover by northern bobwhites radio-tracked on four study sites in southwestern Ohio 

during December-March 2009-2011. 
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Rank Model structure k AICC ΔAICC wi 

1 HVO 2 86.8 0.0 0.321 

2 HVO + Treecan 3 88.2 1.4 0.163 

3 HVO + Brush 3 89.0 2.1 0.112 

4 HVO + Basal 3 89.0 2.2 0.109 

5 HVO + ShrubD 3 89.0 2.2 0.109 

6 HVO + ShrubD + Grass + Forb + Basal 6 90.0 3.1 0.067 

7 HVO + ShrubD + Brush 4 91.2 4.3 0.037 

8 HVO + ShrubD + Basal 4 91.3 4.4 0.035 

9 HVO + ShrubD + Treecan + Grass + Forb + Basal 7 91.9 5.1 0.025 

10 HVO + ShrubD + Treecan + Grass 5 92.2 5.3 0.022 

11 Shrub + Treecan 3 102.9 16.0 0.000 

12 COV + Treecan 3 105.8 19.0 0.000 

13 Shrub 2 106.7 19.8 0.000 

14 COV + Forb + Treecan 4 107.3 20.4 0.000 

15 COV + Grass 3 109.4 22.5 0.000 

16 COV + Forb + Grass 4 111.1 24.3 0.000 

17 COV + Basal 3 111.1 24.3 0.000 

18 COV + Basal 3 111.1 24.3 0.000 

19 COV + ShrubD 3 111.2 24.3 0.000 

20 COV 2 111.5 24.7 0.000 

21 COV + ShrubD + Basal 4 111.8 24.9 0.000 

22 COV + ShrubD + Treecan + Grass + Forb + Basal 7 112.0 25.1 0.000 

23 COV + ShrubD + Grass + Forb + Basal 6 113.5 26.6 0.000 

24 Litter 2 116.1 29.2 0.000 

25 Treecan + ShrubD + Grass + Forb 5 123.9 37.1 0.000 

26 ShrubD 2 125.2 38.4 0.000 

27 Treecan 2 126.8 40.0 0.000 

28 Basal 2 135.8 49.0 0.000 

29 Grass 2 138.1 51.2 0.000 

30 Forb 2 141.1 54.3 0.000 

31 Brush 2 142.2 55.3 0.000 

 

Table 3.6. Candidate model sets of microhabitat factors influencing probability of use of forest 

cover by northern bobwhites radio-tracked on four study sites in southwestern Ohio during 

December-March 2009-2011. 
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Rank Model structure k AICC ΔAICC wi 

1 HVO 2 131.9 0.0 0.971 

2 Shrub 2 138.9 7.0 0.029 

 

Table 3.7. Candidate model sets of microhabitat factors influencing probability of use of linear 

woody cover by northern bobwhites radio-tracked on four study sites in southwestern Ohio 

during December-March 2009-2011. 

 

relationships with probability of use within the early succession stratum. Plots with shrub 

density > 2 shrubs/m
2 

had very high (> 0.8) probability of use (Figure 3.1). Plotting the 

influence of HVO on probability of use within forest cover also showed a positive 

relationship (Figure 3.2). Horizontal visual obstruction had a positive relationship with 

probability of use, wherein probably of use exceeded 0.5 at > 55% HVO, approximately 

(Figure 3.3).  

Compositional Differences in Cover 

Use within the early succession stratum, and the environmental variables 

positively related to it, were associated with numerous woody species including black 

locust (Robinia pseudoacacia), honeysuckle (Lonicera spp.), multifora rose (Rosa 

multiflora), Rubus spp., and several herbaceous species including white avens (Geum 

canadense) and Agrimony (Agrimonia spp.; Figure 3.4).  Species positively associated 

with use within the forest stratum included quack grass (Agropyron repens),  

fescue (Festuca spp.), and frostweed aster (Symphyotrichum pilosum; Figure 3.5).  
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Figure 3.1. Influence of microhabitat variables on probability of northern bobwhite use within 

early succession cover in southwestern Ohio based on the top ranking logistic regression model.  
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Figure 3.2. Influence of horizontal visual obstruction on probability of northern bobwhite use 

within forest cover in southwestern Ohio based on the top ranking logistic regression model.  
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Figure 3.3. Influence of horizontal visual obstruction on probability of northern bobwhite use 

within linear woody cover in southwestern Ohio based on the top ranking logistic regression 

model.  
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Figure 3.4. Canonical correspondence analysis biplot of use by northern bobwhites and floristics 

within early succession habitat in southwestern Ohio during December-February 2009-11. Labels 

are as follows: use (use by bobwhites), Forb (% forb cover), BG (% bare ground), Litter (% litter 

cover), Brush (% brush cover), Shrub (% shrub cover), Grass (% grass cover), HVO (horizontal 

visual obstruction), COV (cone of vulnerability), SD (shrub density), BA (basal area).  
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Figure 3.5. Canonical correspondence analysis biplot of use by northern bobwhites and floristics 

within forest habitat in southwestern Ohio during December-February 2009-11. Labels are as 

follows: use (use by bobwhites), Forb (% forb cover), BG (% bare ground), Litter (% litter cover), 

Brush (% brush cover), Shrub (% shrub cover), Grass (% grass cover), HVO (horizontal visual 

obstruction), COV (cone of vulnerability), SD (shrub density), BA (basal area).  
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Use within the early linear woody stratum was associated with numerous woody species 

including sassafras (Sassafras albidum), Rubus spp., honeysuckle (Lonicera spp.), 

American hazel (Corylus americana ), smooth sumac (Rhus glabra), and multiflora rose  

(Rosa multiflora). Posistively associated herbaceous plants included wild sunflower 

(Helianthus spp.) and white avens (Geum canadense; Figure 3.6). 

DISCUSSION 

Researchers have recently suggested that habitat management for bobwhites 

should shift from its historic fine-scale focus to a more broad landscape approach 

(Guthery 1997, Williams et al. 2004). I provided evidence that fine-scale characteristics 

are still important to consider when evaluating bobwhite habitat during winter when 

herbaceous vegetation is most senescent. This study demonstrated that structural 

characteristics, specifically concealing and cover, influence use of microhabitats during 

winter, when weather is known to considerably increase vulnerability to predation 

(Errington and Hamerstrom 1936).   

 Comparison showed that used and unused microhabitat plots differed among > 

50% of measured microhabitat variables within early succession and forest plots, 

suggesting that microhabitat quality influenced use within these cover types. The 

relatively small number of differences in linear woody cover estimates suggests that most 

linear woody cover is probably well suited for bobwhite use. The probability of use 

functions I developed (Figures 3.1, 3.2, and 3.3) clearly showed the importance of 

concealing and protective cover to bobwhite microhabitat use during winter. Errington 

and Hamerstrom (1936) contended that winter cover could be measured solely by the  
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Figure 3.6. Canonical correspondence analysis biplot of use by northern bobwhites and floristics 

within linear woody habitat in southwestern Ohio during December-February 2009-11. Labels are 

as follows: use (use by bobwhites), Forb (% forb cover), BG (% bare ground), Litter (% litter 

cover), Brush (% brush cover), Shrub (% shrub cover), Grass (% grass cover), HVO (horizontal 

visual obstruction), COV (cone of vulnerability), SD (shrub density), BA (basal area).  
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protection it provides from predators. Areas with dense concealing cover might also have 

thermodynamic advantages during severe winter weather (Guthery et al. 2005a). 

The COV, though not identified as an important predictive variable within this 

study, is recognized as a valuable measurement of 3-dimensional cover. Kopp et al. 

(1998) suggested ideal bobwhite cover should have a mean COV of 0.961 m
3
. My COV 

estimates within used plots were larger (more open) than that figure in early succession 

and forest cover and less (more closed) than the ideal amount within linear woody cover. 

Linear woody areas are generally inaccessible to large machinery and therefore difficult 

to maintain by mowing for example. Infrequent disturbance coupled with relatively low 

tree canopy produces floristic assemblages that provide excellent protective cover for 

bobwhites.  

 Prevalence of low woody cover, represented in my measurements as shrub 

density, shrub, and brush, is established as an important habitat characteristic for 

bobwhites. Shrub cover, though not included in any of the top predictive models, was 

positively correlated with the most influential predictive variable, HVO, in 2 of 3 cover 

strata. Bobwhites have been shown to avoid areas with < 20% coverage of woody 

vegetation (Kopp et al. 1998). My results supported this statement for all strata except 

early succession, which was primarily CRP fields that required prevention and control of 

woody growth. Mean shrub density within used plots was more than triple the mean 

density within unused plots for early succession and forest cover.  

  Although CCA analysis of floristic properties associated with bobwhite use may 

provide some beneficial and detailed information for habitat managers, the results of this 
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analysis should be accepted with some reservation. Bobwhite researchers have long 

understood that the mechanical qualities of cover (i.e. visual and physical barrier for 

predators) are of far greater importance than the taxa of plants it comprises (Errington 

and Hamerstrom 1936, Guthery et al. 2005b).  Consideration should also be given to the 

plant species’ growing conditions as the association with bobwhite use might arise from 

shared habitat preference (e.g. edge) rather than utilization by bobwhites.  

 Although I previously referenced several cover estimates for ideal bobwhite 

cover, one should expect a relatively high degree of variability for some habitat feature 

estimates. Bobwhites are broadly adapted to a variety of habitats (Guthery 1997, Kopp et 

al. 1998) and habitat features showed nonlinear relationships with use. For example, 

grass cover was lower within used plots than unused plots in the early succession stratum, 

where grass was prevalent, but was higher within used forest plots where grass was 

relatively scarce. The opposite was true for litter within these habitat strata. Bobwhites 

used areas with lower litter within forest cover, where leaf litter was abundant, and used 

areas with more litter within early succession cover, where it was less abundant. 

Published estimates of ideal amount of bare ground, litter, grass and forbs are notably 

variable in bobwhite research (Schroeder 1985, Tonkovich and Stauffer 1993, Guthery 

1997, Kopp et al. 1998).  It is recognized that some degree of each of these variables is 

beneficial, but to suggest that a particular amount is ideal would likely be based more on 

subjective opinion rather than empirical data (Guthery 1997).  

 Most bobwhite microhabitat studies are centered on nests (Taylor et al. 1999, 

Collins et al. 2009) or roosts (Klimstra and Ziccardi 1963, Chamberlain et al. 2002, Hiller 
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and Guthery 2005). Evaluation of general microhabitat use presents more of a challenge 

due to a general lack of physical evidence (i.e. nest bowl, scat) at the point. Potential for 

error when attempting to place plots on radio-telemetry points is undeniable. Janke 

(2011) estimated a 12.9 m error in point placement during radio-tracking. Additionally, 

returning to precise points proved difficult, as mean GPS unit error during the vegetation 

measurements was 5.0 m. The combined influence of these errors could have resulted in 

vegetation measurements centered well away from the original perceived covey location. 

Therefore, there is some danger in generalizing microhabitat features of used areas based 

on potentially inaccurate point placement. Logistical difficulties prevented the use of 

methods that could have lessened this error, such as measuring vegetation immediately 

after tracking or flushing (Kopp et al. 1998). Additionally, sampling a larger radius plot 

centered on multiple radio-locations (Tonkovich and Stauffer 1993) would have resulted 

in many plots lying mostly outside of the intended habitat type.  The 7-m radius circular 

plot was a compromise between accurately representing a used area and keeping the 

majority of plots wholly within narrow habitat types (e.g. fencerows). Despite these 

potential problems, the data collected was believed to be representative of areas used by 

radio-marked coveys during the study period. Radio locations are instantaneous 

observations of a covey at a point while the covey undeniably sought cover, foraged, 

moved through, or otherwise utilized the area surrounding the point. No sampling 

procedure can reveal an animal’s true perception of the habitat quality of an area, but 

radio-telemetry provides the best available approximation of habitat use and preference 

(North and Reynolds 1996). 
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 Failure to detect all coveys within the study areas could have been problematic if 

they were utilizing areas believed to be unused. Johnson (1981) identified 3 possible 

conditions that may exist at a site where a species is not detected: (1) the habitat is 

unsuitable; (2) the habitat is suitable but the species is absent for other reasons (e.g. low 

population); (3) habitat is suitable and the species is present but not detected. Continuous 

field activity (i.e. trapping, tracking, dog searches) during the study period combined with 

the sedentary nature of bobwhites (Errington and Hamerstrom 1936) and the relatively 

sparse, fragmented cover within the sites during the study period make it highly unlikely 

that undetected coveys existed within my study sites. It is difficult to refute the possibility 

that suitable habitat was unused because populations levels were insufficient to fill all 

suitable areas on some study sites (Chapter 2). This uncertainty could potentially 

undermine the utility of habitat measurements at used and unused sites if unused sites are 

actually suitable habitat (North and Reynolds 1996). As any error in identifying used and 

unused areas would most likely conceal potential differences between them, my method 

of categorization is supported by the structural and compositional differences observed 

between used and unused plots in this study.  
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CHAPTER 4: MANAGEMENT IMPLICATIONS 

Historically high northern bobwhite (Colinus virginianus; hereafter bobwhite) 

populations in the Midwest were an artifact of the agricultural practices of the early 20
th

 

century (Dailey 2002). Presently, bobwhite populations in Ohio are nearly as scarce as 

those outdated land-use practices. The distribution of bobwhite in the state is largely 

restricted to areas with a balance of agricultural and fallow land. Management for 

bobwhites has historically occurred in a farm-by-farm basis, focusing mainly on 

providing herbaceous cover (i.e. CRP). This piecemeal approach has failed to halt the 

decline over the last several decades (Brennan 1991). My findings suggest that multiple 

key cover types must be present and that habitat requirements must be addressed at 

several spatial and temporal scales. 

Habitat managers are most likely to improve bobwhite habitat by simultaneously 

managing for three key cover types within a landscape: early successional woody, early 

successional herbaceous, and row crops. Early successional woody cover should be a 

management priority as it is of particular importance during the non-breeding season, 

when usable space is most limited. Furthermore, early successional woody cover is 

generally not prevalent, unpopular with landowners, and difficult to maintain (Askins 

2001, Trani et al. 2001). Forested areas may provide excellent opportunity for 

management of early successional woody cover. Firewood and timber harvest can 
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provide benefits to the landowner in addition to promoting understory growth. 

Management practices such as edge-feathering, where select trees are felled at the edges 

of forest fragments, may be a beneficial bobwhite management practice in Ohio. Edge-

feathering promotes understory growth, provides immediate ground-level woody 

structure which is structurally similar to early successional woody cover, and does not 

require landowners and farmers to sacrifice productive agricultural ground.  

Early successional herbaceous cover is also important, increasingly so during the 

breeding season. Row crop cover, though important, is overly abundant in most areas and 

management for this cover type should only be necessary outside of agricultural 

landscapes (e.g. reclaimed strip-mines, forested areas). Early successional woody, early 

successional herbaceous, and row crop cover should be maintained in close proximity 

(100-200 m) to each other to maximize their value to bobwhites.  

My predicted probability surface maps, though likely limited in their geographic 

applicability, should be of substantial benefit to managers in the core of Ohio’s bobwhite 

range. This spatial data allows for assessment of future management scenarios, such as 

increased or decreased CRP enrollment. The predictive capacity of the probability surface 

maps could be tested by overlaying radio-locations from the same sites in subsequent 

years or by extrapolating the probability surface to areas outside of the study sites and 

comparing with radio-telemetry data. It would be expected that the majority of radio-

locations would fall within areas of high predicted use categories. 

Within suitable landscapes, I recommend that landowners and managers provide 

structurally complex, low-level perennial cover to improve winter habitat. This can be 
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achieved by promoting plant species such as Rubus spp., sassafras (Sassafras albidum), 

smooth sumac (Rhus glabra), and other woody species with high stem-density within 

forests and fencerows. When possible, I also recommend that beneficial woody plants be 

promoted within early successional herbaceous fields. Habitat managers and landowners 

would be wise to avoid encouraging the growth and spread of invasive species although 

some, such as multiflora rose (Rosa multiflora) and Japanese honeysuckle (Lonicera spp) 

are known to provide beneficial bobwhite cover.  

In conclusion, within areas to be managed for bobwhites, managers should 

recognize that habitat suitability is dependent on both broad-scale and fine-scale 

characteristics. Habitat management for any wildlife species must operate within the 

bounds of the prevailing landscape and not all areas will meet the criteria necessary to 

support bobwhite populations. Bobwhite habitat management in Ohio will be most 

effective within the remaining landscapes still suitable for bobwhites. A patch within a 

suitable landscape can be improved with relative ease compared to improving an 

unsuitable landscape around a patch (Roseberry and Sudkamp 1998, Niemuth et al. 

2005). 
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Appendix A: Calculation of usable space during non-breeding season 2009-10 

Month Cover typea nb pi
c ai

c pi/ai
c ui

c Ui
c Total aread 

October Row Crop 0 0.000 0.579 0.000 0.000 0.0 1555.5 

 

Pasture Hay 2 0.050 0.080 0.628 0.038 8.1 213.8 

 

Forest 3 0.075 0.123 0.611 0.037 12.1 329.8 

 

ES Woody 27 0.675 0.041 16.627 1.000 109.1 109.1 

 

ES Herb 8 0.200 0.130 1.541 0.093 32.3 348.6 

 

Non Habitat 0 0.000 0.048 0.000 0.000 0.0 129.7 

November Row Crop 12 0.051 0.579 0.087 0.010 16.0 1555.5 

 

Pasture Hay 13 0.055 0.080 0.689 0.081 17.3 213.8 

 

Forest 35 0.148 0.123 1.203 0.141 46.5 329.8 

 

ES Woody 82 0.346 0.041 8.523 1.000 109.1 109.1 

 

ES Herb 95 0.401 0.130 3.089 0.362 126.3 348.6 

 

Non Habitat 0 0.000 0.048 0.000 0.000 0.0 129.7 

December Row Crop 12 0.035 0.579 0.060 0.005 8.2 1555.5 

 

Pasture Hay 18 0.052 0.080 0.658 0.058 12.3 213.8 

 

Forest 59 0.172 0.123 1.397 0.123 40.5 329.8 

 

ES Woody 159 0.462 0.041 11.386 1.000 109.1 109.1 

 

ES Herb 95 0.276 0.130 2.128 0.187 65.2 348.6 

 

Non Habitat 1 0.003 0.048 0.060 0.005 0.7 129.7 

January Row Crop 40 0.074 0.579 0.128 0.011 17.6 1555.5 

 

Pasture Hay 9 0.017 0.080 0.210 0.019 4.0 213.8 

 

Forest 82 0.152 0.123 1.241 0.109 36.1 329.8 

 

ES Woody 248 0.461 0.041 11.355 1.000 109.1 109.1 

 

ES Herb 159 0.296 0.130 2.277 0.201 69.9 348.6 

 

Non Habitat 0 0.000 0.048 0.000 0.000 0.0 129.7 

February Row Crop 21 0.053 0.579 0.091 0.006 9.3 1555.5 

 

Pasture Hay 2 0.005 0.080 0.063 0.004 0.9 213.8 

 

Forest 63 0.158 0.123 1.283 0.085 27.9 329.8 

 

ES Woody 246 0.615 0.041 15.149 1.000 109.1 109.1 

 

ES Herb 66 0.165 0.130 1.271 0.084 29.3 348.6 

 

Non Habitat 2 0.005 0.048 0.104 0.007 0.9 129.7 

March Row Crop 29 0.097 0.579 0.168 0.013 20.3 1555.5 

 

Pasture Hay 9 0.030 0.080 0.378 0.029 6.3 213.8 

 

Forest 73 0.244 0.123 1.989 0.155 51.0 329.8 

 

ES Woody 156 0.522 0.041 12.852 1.000 109.1 109.1 

 

ES Herb 31 0.104 0.130 0.799 0.062 21.7 348.6 

  Non Habitat 1 0.003 0.048 0.069 0.005 0.7 129.7 
 
a ES = early successional 
b number of radio-locations 
c pi = proportional use of cover type i; ai = proportional availability in cover i; pi/ai = selection ratio of cover type i; ui = 

usable proportion of cover type i; Ui = hectares of usable space in cover i 
d hectares 

 

Table A.1. Estimates of cover selection and usable space for northern bobwhites in cover types on four 

study sites in southwestern Ohio during the non-breeding season months of 2009-2010 (n = 1858 

radiolocations of 26 coveys). 
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Appendix B: Calculation of usable space during breeding season 2010 

Month Cover typea nb pi
c ai

c pi/ai
c ui

c Ui
c Total aread 

April Row Crop 99 0.162 0.579 0.280 0.040 62.8 1555.5 

 

Pasture Hay 36 0.059 0.080 0.740 0.107 22.8 213.8 

 

Forest 102 0.167 0.123 1.360 0.196 64.7 329.8 

 

ES Woody 172 0.282 0.041 6.934 1.000 109.1 109.1 

 

ES Herb 193 0.316 0.130 2.434 0.351 122.4 348.6 

 

Non Habitat 9 0.015 0.048 0.305 0.044 5.7 129.7 

May Row Crop 73 0.157 0.579 0.271 0.064 99.5 1555.5 

 

Pasture Hay 31 0.067 0.080 0.838 0.198 42.3 213.8 

 

Forest 62 0.133 0.123 1.086 0.256 84.5 329.8 

 

ES Woody 80 0.172 0.041 4.238 1.000 109.1 109.1 

 

ES Herb 200 0.430 0.130 3.314 0.782 272.6 348.6 

 

Non Habitat 19 0.041 0.048 0.846 0.200 25.9 129.7 

June Row Crop 104 0.271 0.579 0.468 0.110 171.8 1555.5 

 

Pasture Hay 6 0.016 0.080 0.196 0.046 9.9 213.8 

 

Forest 11 0.029 0.123 0.233 0.055 18.2 329.8 

 

ES Woody 39 0.102 0.041 2.502 0.591 64.4 109.1 

 

ES Herb 211 0.549 0.130 4.234 1.000 348.6 348.6 

 

Non Habitat 13 0.034 0.048 0.701 0.166 21.5 129.7 

July Row Crop 76 0.394 0.579 0.680 0.247 384.0 1555.5 

 

Pasture Hay 5 0.026 0.080 0.326 0.118 25.3 213.8 

 

Forest 7 0.036 0.123 0.295 0.107 35.4 329.8 

 

ES Woody 21 0.109 0.041 2.680 0.973 106.1 109.1 

 

ES Herb 69 0.358 0.130 2.755 1.000 348.6 348.6 

 

Non Habitat 15 0.078 0.048 1.610 0.584 75.8 129.7 

August Row Crop 52 0.437 0.579 0.755 0.271 421.6 1555.5 

 

Pasture Hay 11 0.092 0.080 1.162 0.417 89.2 213.8 

 

Forest 7 0.059 0.123 0.479 0.172 56.8 329.8 

 

ES Woody 5 0.042 0.041 1.035 0.372 40.5 109.1 

 

ES Herb 43 0.361 0.130 2.784 1.000 348.6 348.6 

 

Non Habitat 1 0.008 0.048 0.174 0.063 8.1 129.7 

September Row Crop 34 0.531 0.579 0.918 0.265 412.0 1555.5 

 

Pasture Hay 5 0.078 0.080 0.982 0.283 60.6 213.8 

 

Forest 12 0.188 0.123 1.527 0.441 145.4 329.8 

 

ES Woody 9 0.141 0.041 3.464 1.000 109.1 109.1 

 

ES Herb 3 0.047 0.130 0.361 0.104 36.4 348.6 

  Non Habitat 1 0.016 0.048 0.324 0.093 12.1 129.7 
 

a ES = early successional 
b number of radio-locations 
c pi = proportional use of cover type i; ai = proportional availability in cover i; pi/ai = selection ratio of cover type i; ui = 

usable proportion of cover type i; Ui = hectares of usable space in cover i 
d hectares 

 

Table B.1. Estimates of cover selection and usable space for northern bobwhites in cover types on four 

study sites in southwestern Ohio during the breeding season months of 2010 (n = 1836 radiolocations of 51 

individuals). 
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Appendix C: Calculation of usable space during non-breeding season 2010-11 

Month Cover typea nb pi
c ai

c pi/ai
c ui

c Ui
c Total aread 

October Row Crop 7 0.033 0.553 0.059 0.006 11.2 1802.1 

 

Pasture Hay 28 0.131 0.090 1.457 0.152 44.6 294.1 

 

Forest 38 0.178 0.131 1.362 0.142 60.6 426.8 

 

ES Woody 89 0.418 0.044 9.598 1.000 141.9 141.9 

 

ES Herb 51 0.239 0.134 1.781 0.186 81.3 438.1 

 

Non Habitat 0 0.000 0.048 0.000 0.000 0.0 156.1 

November Row Crop 9 0.028 0.553 0.050 0.006 10.6 1802.1 

 

Pasture Hay 27 0.083 0.090 0.924 0.108 31.7 294.1 

 

Forest 97 0.299 0.131 2.286 0.266 113.7 426.8 

 

ES Woody 121 0.373 0.044 8.579 1.000 141.9 141.9 

 

ES Herb 68 0.210 0.134 1.561 0.182 79.7 438.1 

 

Non Habitat 2 0.006 0.048 0.129 0.015 2.3 156.1 

December Row Crop 12 0.034 0.553 0.061 0.006 11.4 1802.1 

 

Pasture Hay 7 0.020 0.090 0.220 0.023 6.6 294.1 

 

Forest 126 0.357 0.131 2.725 0.279 119.2 426.8 

 

ES Woody 150 0.425 0.044 9.761 1.000 141.9 141.9 

 

ES Herb 57 0.161 0.134 1.201 0.123 53.9 438.1 

 

Non Habitat 1 0.003 0.048 0.059 0.006 0.9 156.1 

January Row Crop 29 0.053 0.553 0.096 0.008 15.1 1802.1 

 

Pasture Hay 7 0.013 0.090 0.141 0.012 3.6 294.1 

 

Forest 132 0.240 0.131 1.836 0.161 68.6 426.8 

 

ES Woody 273 0.497 0.044 11.423 1.000 141.9 141.9 

 

ES Herb 108 0.197 0.134 1.463 0.128 56.1 438.1 

 

Non Habitat 0 0.000 0.048 0.000 0.000 0.0 156.1 

February Row Crop 22 0.043 0.553 0.077 0.007 12.6 1802.1 

 

Pasture Hay 2 0.004 0.090 0.043 0.004 1.1 294.1 

 

Forest 126 0.244 0.131 1.861 0.170 72.4 426.8 

 

ES Woody 247 0.478 0.044 10.975 1.000 141.9 141.9 

 

ES Herb 115 0.222 0.134 1.655 0.151 66.1 438.1 

 

Non Habitat 5 0.010 0.048 0.202 0.018 2.9 156.1 

March Row Crop 19 0.033 0.553 0.060 0.005 9.0 1802.1 

 

Pasture Hay 7 0.012 0.090 0.135 0.011 3.3 294.1 

 

Forest 119 0.207 0.131 1.577 0.132 56.5 426.8 

 

ES Woody 299 0.519 0.044 11.924 1.000 141.9 141.9 

 

ES Herb 128 0.222 0.134 1.653 0.139 60.7 438.1 

  Non Habitat 4 0.007 0.048 0.145 0.012 1.9 156.1 
 

a ES = early successional 
b number of radio-locations 
c pi = proportional use of cover type i; ai = proportional availability in cover i; pi/ai = selection ratio of cover type i; ui = 

usable proportion of cover type i; Ui = hectares of usable space in cover i 
d hectares 

 

Table C.1. Estimates of cover selection and usable space for northern bobwhites in cover types on four 

study sites in southwestern Ohio during the non-breeding season months of 2010-2011 (n = 2532 

radiolocations of 32 coveys). 
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Appendix D: Calculation of usable space during breeding season 2011 

Month Cover typea nb pi
c ai

c pi/ai
c ui

c Ui
c Total aread 

April Row Crop 21 0.030 0.553 0.055 0.007 12.4 1802.1 

 

Pasture Hay 35 0.050 0.090 0.557 0.070 20.7 294.1 

 

Forest 217 0.312 0.131 2.381 0.301 128.3 426.8 

 

ES Woody 240 0.345 0.044 7.921 1.000 141.9 141.9 

 

ES Herb 178 0.256 0.134 1.902 0.240 105.2 438.1 

 

Non Habitat 5 0.007 0.048 0.150 0.019 3.0 156.1 

May Row Crop 66 0.122 0.553 0.221 0.029 51.7 1802.1 

 

Pasture Hay 38 0.070 0.090 0.778 0.101 29.8 294.1 

 

Forest 96 0.177 0.131 1.355 0.176 75.3 426.8 

 

ES Woody 181 0.335 0.044 7.685 1.000 141.9 141.9 

 

ES Herb 151 0.279 0.134 2.076 0.270 118.4 438.1 

 

Non Habitat 9 0.017 0.048 0.347 0.045 7.1 156.1 

June Row Crop 23 0.067 0.553 0.122 0.013 23.6 1802.1 

 

Pasture Hay 33 0.096 0.090 1.069 0.115 33.9 294.1 

 

Forest 39 0.114 0.131 0.871 0.094 40.1 426.8 

 

ES Woody 138 0.404 0.044 9.269 1.000 141.9 141.9 

 

ES Herb 102 0.298 0.134 2.219 0.239 104.9 438.1 

 

Non Habitat 7 0.020 0.048 0.427 0.046 7.2 156.1 

July Row Crop 62 0.191 0.553 0.346 0.083 149.1 1802.1 

 

Pasture Hay 13 0.040 0.090 0.445 0.106 31.3 294.1 

 

Forest 48 0.148 0.131 1.131 0.270 115.4 426.8 

 

ES Woody 59 0.182 0.044 4.183 1.000 141.9 141.9 

 

ES Herb 127 0.392 0.134 2.916 0.697 305.4 438.1 

 

Non Habitat 15 0.046 0.048 0.966 0.231 36.1 156.1 

August Row Crop 75 0.419 0.553 0.758 0.268 483.7 1802.1 

 

Pasture Hay 4 0.022 0.090 0.248 0.088 25.8 294.1 

 

Forest 17 0.095 0.131 0.725 0.257 109.6 426.8 

 

ES Woody 22 0.123 0.044 2.823 1.000 141.9 141.9 

 

ES Herb 60 0.335 0.134 2.494 0.883 386.9 438.1 

 

Non Habitat 1 0.006 0.048 0.117 0.041 6.4 156.1 

September Row Crop 9 0.409 0.553 0.740 0.177 319.2 1802.1 

 

Pasture Hay 2 0.091 0.090 1.007 0.241 70.9 294.1 

 

Forest 1 0.045 0.131 0.347 0.083 35.5 426.8 

 

ES Woody 4 0.182 0.044 4.177 1.000 141.9 141.9 

 

ES Herb 6 0.273 0.134 2.029 0.486 212.8 438.1 

  Non Habitat 0 0.000 0.048 0.000 0.000 0.0 156.1 
 

a ES = early successional 
b number of radiolocations 
c pi = proportional use of cover type i; ai = proportional availability in cover i; pi/ai = selection ratio of cover type i; ui = 

usable proportion of cover type i; Ui = hectares of usable space in cover i 
d hectares 

 
 

Table D.1. Estimates of cover selection and usable space for northern bobwhites in cover types on four 

study sites in southwestern Ohio during the breeding season months of 2011 (n = 2104 radiolocations of 47 

individuals). 
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Appendix E: Candidate model sets for inter-patch distance analysis 

Cover typea Model structureb kc AICc ΔAICc wi
c 

Row crop ESH + ESW + F + PH + (PH * ESH) + (F * ESW) 7 1762.3 0.0 0.999 

 
ESH + ESW + F + PH + (ESH * ESW) + (F * ESW) 7 1777.8 15.5 0.000 

 
ESH + ESW + F + PH + (PH * ESW) + (F * ESW) 7 1779.4 17.1 0.000 

 
ESH + ESW + F + PH + (ESH * F) + (F * ESW) 7 1780.2 17.9 0.000 

 
ESH + ESW + F + PH + (F * ESW) 6 1780.3 18.0 0.000 

 
ESH + ESW + F + PH + (PH * F) + (F * ESW) 7 1781.9 19.6 0.000 

 
ESH + ESW + F + PH + (PH * ESH) + (PH * ESW) 7 1807.1 44.7 0.000 

 
ESH + ESW + F + PH + (PH * ESH) + (ESH * ESW) 7 1810.6 48.3 0.000 

 
ESH + ESW + F + PH + (PH * ESH) 6 1811.4 49.1 0.000 

 
ESH + ESW + F + PH + (PH * ESH) + (ESH * F) 7 1813.0 50.7 0.000 

 
ESH + ESW + F + PH + (PH * ESH) + (PH * F) 7 1813.3 51.0 0.000 

 
ESH + ESW + F + PH + (PH * ESW) + (ESH * ESW) 7 1823.1 60.8 0.000 

 
ESH + ESW + F + PH + (PH * ESW) 6 1827.0 64.7 0.000 

 
ESH + ESW + F + PH + (ESH * ESW) 6 1827.4 65.1 0.000 

 
ESH + ESW + F + PH + (PH * ESW) + (ESH * F) 7 1828.4 66.1 0.000 

 
ESH + ESW + F + PH + (ESH * F) + (ESH * ESW) 7 1828.6 66.3 0.000 

 
ESH + ESW + F + PH + (PH * F) + (PH * ESW) 7 1829.0 66.6 0.000 

 
ESH + ESW + F + PH + (PH * F) + (ESH * ESW) 7 1829.1 66.8 0.000 

 
ESH + ESW + F + PH 5 1832.0 69.7 0.000 

 
ESH + ESW + F + PH + (PH * F) 6 1833.5 71.1 0.000 

 
ESH + ESW + F + PH + (ESH * F) 6 1833.5 71.2 0.000 

 
ESH + ESW + F + PH + (PH * F) + (ESH * F) 7 1835.0 72.7 0.000 

Pasture/hay ESH + RC + F + (F * RC) + (ESH * RC) 6 642.7 0.0 0.784 

 
ESH + RC + F + (ESH * RC) 5 646.3 3.6 0.127 

 
ESH + RC + F + (F * ESH) + (ESH * RC) 6 647.1 4.4 0.089 

 
ESH + RC + F + (F * RC) 5 658.9 16.2 0.000 

 
ESH + RC + F + (F * ESH) + (F * RC) 6 660.7 18.0 0.000 

 
ESH + RC + F 4 663.2 20.5 0.000 

 
ESH + RC + F + (F * ESH) 5 663.7 21.0 0.000 

Forest ESH + ESW + RC + PH + (PH * ESH) + (PH * RC) 7 1280.2 0.0 1.000 

 
ESH + ESW + RC + PH + (PH * ESH) + (PH * ESW) 7 1302.9 22.7 0.000 

 
ESH + ESW + RC + PH + (PH * ESH) + (ESH * RC) 7 1321.3 41.0 0.000 

 
ESH + ESW + RC + PH + (PH * ESH) + (ESH * ESW) 7 1324.8 44.5 0.000 

 
ESH + ESW + RC + PH + (PH * ESH) 6 1325.5 45.3 0.000 

 
ESH + ESW + RC + PH + (PH * ESH) + (RC * ESW) 7 1327.3 47.1 0.000 

 
ESH + ESW + RC + PH + (PH * RC) + (PH * ESW) 7 1330.4 50.2 0.000 

 
ESH + ESW + RC + PH + (PH * RC) + (ESH * RC) 7 1337.5 57.3 0.000 

 
ESH + ESW + RC + PH + (PH * RC) + (ESH * ESW) 7 1338.1 57.8 0.000 

 
ESH + ESW + RC + PH + (PH * RC) 6 1340.0 59.7 0.000 

 
ESH + ESW + RC + PH + (PH * RC) + (RC * ESW) 7 1341.5 61.2 0.000 

 
ESH + ESW + RC + PH + (PH * ESW) + (ESH * ESW) 7 1366.1 85.9 0.000 

 
ESH + ESW + RC + PH + (PH * ESW) 6 1374.4 94.2 0.000 

 
ESH + ESW + RC + PH + (PH * ESW) + (ESH * RC) 7 1374.7 94.4 0.000 

 
ESH + ESW + RC + PH + (PH * ESW) + (RC * ESW) 7 1376.2 96.0 0.000 

 
ESH + ESW + RC + PH + (ESH * ESW) 6 1380.1 99.9 0.000 

 
ESH + ESW + RC + PH + (ESH * ESW) + (RC * ESW) 7 1381.6 101.4 0.000 

 
ESH + ESW + RC + PH + (ESH * RC) + (ESH * ESW) 7 1382.1 101.9 0.000 

 
ESH + ESW + RC + PH 5 1386.8 106.6 0.000 

 

ESH + ESW + RC + PH + (ESH * RC) 

 

6 

 

1388.1 

 

107.9 

 

0.000 

Continued 
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Cover typea Model structureb kc AICc ΔAICc wi
c 

 
ESH + ESW + RC + PH + (RC * ESW) 6 1388.8 108.6 0.000 

 
ESH + ESW + RC + PH + (ESH * RC) + (RC * ESW) 7 1390.1 109.9 0.000 

ES woody ESH + F + RC + PH + (PH * F) + (ESH * RC) 7 1645.7 0.0 0.368 

 
ESH + F + RC + PH + (PH * RC) + (ESH * RC) 7 1645.8 0.1 0.351 

 
ESH + F + RC + PH + (PH * ESH) + (ESH * RC) 7 1646.5 0.9 0.240 

 
ESH + F + RC + PH + (PH * RC) + (PH * F) 7 1652.8 7.1 0.010 

 
ESH + F + RC + PH + (ESH * RC) + (ESH * F) 7 1652.8 7.1 0.010 

 
ESH + F + RC + PH + (ESH * RC) 6 1653.2 7.5 0.009 

 
ESH + F + RC + PH + (ESH * RC) + (RC * F) 7 1653.2 7.6 0.008 

 
ESH + F + RC + PH + (PH * RC) + (ESH * F) 7 1656.4 10.8 0.002 

 
ESH + F + RC + PH + (PH * RC) + (RC * F) 7 1656.9 11.2 0.001 

 
ESH + F + RC + PH + (PH * RC) 6 1659.8 14.2 0.000 

 
ESH + F + RC + PH + (PH * ESH) + (PH * F) 7 1660.9 15.2 0.000 

 
ESH + F + RC + PH + (PH * ESH) + (PH * RC) 7 1661.6 15.9 0.000 

 
ESH + F + RC + PH + (PH * F) + (ESH * F) 7 1663.8 18.2 0.000 

 
ESH + F + RC + PH + (PH * F) + (RC * F) 7 1664.9 19.2 0.000 

 
ESH + F + RC + PH + (PH * F) 6 1665.4 19.7 0.000 

 
ESH + F + RC + PH + (PH * ESH) + (ESH * F) 7 1670.6 24.9 0.000 

 
ESH + F + RC + PH + (PH * ESH) + (RC * F) 7 1672.9 27.3 0.000 

 
ESH + F + RC + PH + (ESH * F) 6 1673.1 27.4 0.000 

 
ESH + F + RC + PH + (PH * ESH) 6 1673.5 27.8 0.000 

 
ESH + F + RC + PH + (ESH * F) + (RC * F) 7 1674.7 29.0 0.000 

 
ESH + F + RC + PH 5 1675.2 29.5 0.000 

 
ESH + F + RC + PH + (RC * F) 6 1675.7 30.0 0.000 

ES herbaceous ESW + F + RC + PH + (PH * ESW) + (RC * F) 7 3775.2 0.0 1.000 

 
ESW + F + RC + PH + (PH * ESW) + (PH * F) 7 3795.7 20.4 0.000 

 
ESW + F + RC + PH + (PH * ESW) 6 3795.7 20.5 0.000 

 
ESW + F + RC + PH + (PH * ESW) + (ESW * RC) 7 3796.1 20.8 0.000 

 
ESW + F + RC + PH + (PH * ESW) + (ESW * F) 7 3797.7 22.4 0.000 

 
ESW + F + RC + PH + (PH * ESW) + (PH * RC) 7 3797.7 22.4 0.000 

 
ESW + F + RC + PH + (ESW * F) + (RC * F) 7 3821.1 45.8 0.000 

 
ESW + F + RC + PH + (PH * RC) + (RC * F) 7 3823.6 48.4 0.000 

 
ESW + F + RC + PH + (PH * F) + (RC * F) 7 3825.2 50.0 0.000 

 
ESW + F + RC + PH + (RC * F) 6 3825.5 50.3 0.000 

 
ESW + F + RC + PH + (ESW * RC) + (RC * F) 7 3826.6 51.4 0.000 

 
ESW + F + RC + PH + (ESW * RC) 6 3843.9 68.6 0.000 

 
ESW + F + RC + PH 5 3844.1 68.8 0.000 

 
ESW + F + RC + PH + (ESW * F) 6 3845.0 69.7 0.000 

 
ESW + F + RC + PH + (ESW * RC) + (ESW * F) 7 3845.0 69.7 0.000 

 
ESW + F + RC + PH + (PH * RC) 6 3845.0 69.8 0.000 

 
ESW + F + RC + PH + (PH * RC) + (ESW * RC) 7 3845.2 69.9 0.000 

 
ESW + F + RC + PH + (PH * F) + (ESW * RC) 7 3845.7 70.5 0.000 

 
ESW + F + RC + PH + (PH * F) 6 3845.9 70.7 0.000 

 
ESW + F + RC + PH + (PH * RC) + (ESW * F) 7 3846.2 70.9 0.000 

 
ESW + F + RC + PH + (PH * F) + (ESW * F) 7 3846.9 71.7 0.000 

  ESW + F + RC + PH + (PH * RC) + (PH * F) 7 3847.0 71.8 0.000 
 

a Cover type to which models will be applied 
b RC = row crop; PH = pasture/hay; F = forest; ESW = early successional woody; ESH = early successional herbaceous 
c k = number of parameters; AIC = Akaike’s information criteria; ΔAIC = difference between AIC for best model and 

model i; wi = Akaike weight 

 

Table E.1. Candidate model sets of factors influencing probability of use of cover by northern bobwhites 

radio-tracked on 4 study sites in southwestern Ohio during the breeding season (April-September 2010-

2011). 
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Appendix F: Candidate model sets for inter-patch distance analysis 

Cover typea Model structureb kc AICc ΔAICc wi
c 

Row crop ESH + ESW + F + PH + (PH * ESH) + (F * ESW) 7 1198.3 0.0 0.993 

 
ESH + ESW + F + PH + (PH * ESH) + (ESH * ESW) 7 1209.4 11.1 0.004 

 
ESH + ESW + F + PH + (PH * ESH) + (PH * F) 7 1210.0 11.7 0.003 

 
ESH + ESW + F + PH + (PH * ESH) + (ESH * F) 7 1213.7 15.4 0.000 

 
ESH + ESW + F + PH + (PH * ESH) 6 1215.2 16.9 0.000 

 
ESH + ESW + F + PH + (PH * ESH) + (PH * ESW) 7 1216.7 18.4 0.000 

 
ESH + ESW + F + PH + (ESH * ESW) + (F * ESW) 7 1228.7 30.4 0.000 

 
ESH + ESW + F + PH + (ESH * F) + (F * ESW) 7 1231.0 32.7 0.000 

 
ESH + ESW + F + PH + (PH * F) + (F * ESW) 7 1233.1 34.8 0.000 

 
ESH + ESW + F + PH + (F * ESW) 6 1234.1 35.8 0.000 

 
ESH + ESW + F + PH + (PH * ESW) + (F * ESW) 7 1235.6 37.3 0.000 

 
ESH + ESW + F + PH + (ESH * F) + (ESH * ESW) 7 1238.2 39.9 0.000 

 
ESH + ESW + F + PH + (PH * F) + (ESH * F) 7 1244.5 46.2 0.000 

 
ESH + ESW + F + PH + (PH * F) + (ESH * ESW) 7 1245.3 47.0 0.000 

 
ESH + ESW + F + PH + (ESH * F) 6 1247.0 48.7 0.000 

 
ESH + ESW + F + PH + (ESH * ESW) 6 1247.6 49.3 0.000 

 
ESH + ESW + F + PH + (PH * ESW) + (ESH * F) 7 1247.6 49.3 0.000 

 
ESH + ESW + F + PH + (PH * ESW) + (ESH * ESW) 7 1248.0 49.6 0.000 

 
ESH + ESW + F + PH + (PH * F) 6 1252.7 54.4 0.000 

 
ESH + ESW + F + PH + (PH * F) + (PH * ESW) 7 1253.3 55.0 0.000 

 
ESH + ESW + F + PH 5 1255.5 57.2 0.000 

 
ESH + ESW + F + PH + (PH * ESW) 6 1256.7 58.4 0.000 

Pasture/hay ESH + RC + F + (ESH * RC) 5 654.4 0.0 0.520 

 
ESH + RC + F + (F * RC) + (ESH * RC) 6 655.9 1.6 0.239 

 
ESH + RC + F + (F * ESH) + (ESH * RC) 6 655.9 1.6 0.239 

 
ESH + RC + F 4 666.9 12.6 0.001 

 
ESH + RC + F + (F * RC) 5 668.5 14.1 0.000 

 
ESH + RC + F + (F * ESH) 5 668.6 14.3 0.000 

 
ESH + RC + F + (F * ESH) + (F * RC) 6 670.4 16.0 0.000 

Forest ESH + ESW + RC + PH + (PH * ESH) + (ESH * RC) 7 1826.1 0.0 1.000 

 
ESH + ESW + RC + PH + (PH * RC) + (ESH * RC) 7 1842.7 16.6 0.000 

 
ESH + ESW + RC + PH + (PH * ESH) + (PH * RC) 7 1850.2 24.0 0.000 

 
ESH + ESW + RC + PH + (PH * ESH) + (RC * ESW) 7 1871.5 45.3 0.000 

 
ESH + ESW + RC + PH + (PH * ESH) 6 1872.0 45.9 0.000 

 
ESH + ESW + RC + PH + (PH * ESH) + (PH * ESW) 7 1873.8 47.6 0.000 

 
ESH + ESW + RC + PH + (PH * ESH) + (ESH * ESW) 7 1874.0 47.9 0.000 

 
ESH + ESW + RC + PH + (ESH * RC) + (ESH * ESW) 7 1879.8 53.7 0.000 

 
ESH + ESW + RC + PH + (ESH * RC) 6 1880.2 54.0 0.000 

 
ESH + ESW + RC + PH + (ESH * RC) + (RC * ESW) 7 1882.1 55.9 0.000 

 
ESH + ESW + RC + PH + (PH * ESW) + (ESH * RC) 7 1882.1 56.0 0.000 

 
ESH + ESW + RC + PH + (PH * RC) + (RC * ESW) 7 1903.4 77.3 0.000 

 
ESH + ESW + RC + PH + (PH * RC) 6 1904.4 78.3 0.000 

 
ESH + ESW + RC + PH + (PH * RC) + (ESH * ESW) 7 1905.4 79.3 0.000 

 
ESH + ESW + RC + PH + (PH * RC) + (PH * ESW) 7 1906.2 80.1 0.000 

 
ESH + ESW + RC + PH + (ESH * ESW) + (RC * ESW) 7 1922.4 96.3 0.000 

 
ESH + ESW + RC + PH + (RC * ESW) 6 1923.6 97.5 0.000 

 

ESH + ESW + RC + PH 

 

5 

 

1923.7 

 

97.6 

 

0.000 

Continued 



112 

 

Cover typea Model structureb kc AICc ΔAICc wi
c 

 
ESH + ESW + RC + PH + (ESH * ESW) 6 1924.1 97.9 0.000 

 
ESH + ESW + RC + PH + (PH * ESW) + (RC * ESW) 7 1925.6 99.5 0.000 

 
ESH + ESW + RC + PH + (PH * ESW) 6 1925.7 99.6 0.000 

 
ESH + ESW + RC + PH + (PH * ESW) + (ESH * ESW) 7 1926.1 99.9 0.000 

ES woody ESH + F + RC + PH + (PH * F) + (ESH * F) 7 3859.9 0.0 0.773 

 
ESH + F + RC + PH + (ESH * RC) + (ESH * F) 7 3863.8 3.9 0.112 

 
ESH + F + RC + PH + (PH * ESH) + (ESH * F) 7 3865.6 5.6 0.046 

 
ESH + F + RC + PH + (PH * RC) + (ESH * F) 7 3865.9 5.9 0.040 

 
ESH + F + RC + PH + (ESH * F) 6 3867.2 7.3 0.020 

 
ESH + F + RC + PH + (ESH * F) + (RC * F) 7 3868.8 8.9 0.009 

 
ESH + F + RC + PH + (PH * ESH) + (ESH * RC) 7 3890.8 30.9 0.000 

 
ESH + F + RC + PH + (PH * ESH) + (PH * F) 7 3894.0 34.1 0.000 

 
ESH + F + RC + PH + (PH * F) + (ESH * RC) 7 3894.6 34.6 0.000 

 
ESH + F + RC + PH + (PH * RC) + (PH * F) 7 3898.2 38.3 0.000 

 
ESH + F + RC + PH + (PH * RC) + (ESH * RC) 7 3898.5 38.6 0.000 

 
ESH + F + RC + PH + (PH * F) 6 3899.7 39.8 0.000 

 
ESH + F + RC + PH + (PH * ESH) + (PH * RC) 7 3900.3 40.4 0.000 

 
ESH + F + RC + PH + (PH * F) + (RC * F) 7 3900.4 40.5 0.000 

 
ESH + F + RC + PH + (ESH * RC) 6 3900.6 40.7 0.000 

 
ESH + F + RC + PH + (ESH * RC) + (RC * F) 7 3901.3 41.4 0.000 

 
ESH + F + RC + PH + (PH * ESH) 6 3901.6 41.7 0.000 

 
ESH + F + RC + PH + (PH * RC) 6 3902.4 42.5 0.000 

 
ESH + F + RC + PH + (PH * ESH) + (RC * F) 7 3902.7 42.8 0.000 

 
ESH + F + RC + PH + (PH * RC) + (RC * F) 7 3904.1 44.2 0.000 

 
ESH + F + RC + PH 5 3906.8 46.9 0.000 

 
ESH + F + RC + PH + (RC * F) 6 3907.2 47.3 0.000 

ES herbaceous ESW + RC 3 2758.9 0.0 0.728 

  ESW + RC + (RC * ESW) 4 2760.8 2.0 0.272 

      
 

a 
Cover type to which models will be applied 

b
 RC = row crop; PH = pasture/hay; F = forest; ESW = early successional woody; ESH = early successional 

herbaceous 
c
 k = number of parameters; AIC = Akaike’s information criteria; ΔAIC = difference between AIC for best 

model and model i; wi = Akaike weight 

 

Table F.1. Candidate model sets of factors influencing probability of use of cover by northern bobwhites 

radio-tracked on 4 study sites in southwestern Ohio during the non-breeding season (October-March 2009-

2011). 


