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Abstract
Disparate resource use originating from phenology of biotic resources, abiotic condi-
tions, and life cycles of exploiting organisms underscores the importance of research 
across time and space to guide management practices. Our goal was to evaluate re-
source use of northern bobwhite (Colinus virginianus; bobwhite) at two spatial scales 
and across three age classes, from hatching through a period of the postjuvenile molt. 
Our study was conducted at Tall Timbers Research Station, Tallahassee, FL, USA— 
situated in a landscape subjected to small scale (<20 ha) prescribed fires on a 2- year 
fire rotation. We predicted prescribed fire, disking, and supplemental feeding would 
dictate resource use, but effects would depend on time since fire, brood age, and 
time of day. We predicted vegetation and temperature would govern roost use by 
broods, but these effects would also depend on age. We radio- tracked 62 broods 
21– 35 times / week during May– October 2018 and 2019. Broods were less likely to 
use areas with large proportions of hardwood drains but favored sites with greater 
proportions of burned uplands, regardless of the time of day. Broods were less likely 
to use areas at greater distances from supplemental feed; this relationship had no 
interaction with age but was stronger later in the nesting season (>July 15). Broods 
were more likely to use areas with greater proportions of fallow fields during the 
day than for roosting. Broods used roosts with more woody cover and visual obscu-
rity than at available sites. Roosts consisted of less grass and bare ground. However, 
these effects interacted with age; broods used sparser cover at older ages. Neonate 
broods were more likely to use cooler roosts with greater thermal stability, but this 
effect was reversed for juveniles. Broods may alter resource use with changes in 
vulnerabilities to threats such as thermal risks and predation.
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1  | INTRODUC TION

Implications of differential resource use, manifesting through vari-
ous spatial and temporal hierarchical processes, are a common and 
growing theme in ecology (Johnson, 1980; Kennedy & Gray, 1993; 
Strickland & McDonald, 2006). There is an increasing recognition 
that resource use occurs in flux with phenology of exploited biotic 
resources, physiological development of the exploiting species, 
abiotic conditions, and many other spatially and temporally vari-
able factors (Rettie & Messier, 2000; Sinnott et al., 2021; Tsalyuk 
et al., 2019; Van der Merwe & Marshal, 2012). Studies without con-
text of temporal and spatial scales may give rise to vastly opposing 
interpretations of resource use (Hernández, 2020; Hobbs, 2003). 
Accordingly, the processes of selection for a given species require 
research across multiple scales and regions to describe disparate 
behavior under varying conditions which in turn governs locally rel-
evant management practices (Kauffman et al., 2009).

The northern bobwhite (Colinus virginianus, hereafter bobwhite) 
is a ground- dwelling precocial game bird and one of the most stud-
ied avian species in the world (Cornell Lab of Ornithology, 2020; 
Scott, 1985). Studies of habitat and resource use are numerous 
(McGrath et al., 2017; Sands et al., 2012; Singh et al., 2011; West 
et al., 2012; Williams et al., 2000). Notably, however, bobwhite ex-
hibit remarkable adaptive plasticity and occupy areas that range 
from semi- arid shrublands to mesic forests to midwestern prairies 
(Guthery & Brennan, 2007). As such, though seemingly exhaustive, 
research on resource use has provided necessary information for 
management in vastly different regions. Most resource use stud-
ies have focused on adults, and much less information is available 
pertaining to resource use and ecology of young (Roseberry & 
Klimstra, 1984; Terhune et al., 2020). Additionally, prior studies have 
largely concentrated on diurnal activity (see Hiller & Guthery, 2005; 
Klimstra & Ziccardi, 1963; Taylor et al., 1999 for exceptions). 
Furthermore, bobwhite is a species of precipitous decline whereby 
survival of young is surmised to be highly influential to population 
dynamics (McConnell et al., 2018; Palmer et al., 2019; Sandercock 
et al., 2008; Sauer et al., 2017; Terhune et al., 2019; Yeiser 
et al., 2020). Therefore, if resource use by bobwhite young is differ-
ent compared with nonbreeding resource use of adults, the time of 
day, or across different stages of physiological development, then 
management recommendations based on current information may 
not reflect the complexity of habitat requirements for bobwhite.

Habitat of bobwhite broods is conventionally described as veg-
etation communities of native forb, shrub, grass, and bare ground 
(Carver et al., 2001; Collins et al., 2009; Martin et al., 2009; Taylor 
& Burger, 2000; Taylor et al., 1999). Within the southeastern coastal 
range, the frequent application of prescribed fire is a common practice 
used to create and maintain a seral community resembling this vege-
tation composition (Brennan et al., 1998; Rother et al., 2020). Under 
this management approach, low- intensity fires are typically applied 
at small scales (15– 30 ha) biennially during February through May 
(Palmer & Sisson, 2017). While early spring fires are required to main-
tain appropriate seral communities for bobwhite habitat, vegetation 

used for concealment from predators is removed immediately prior to 
nesting season, occurring from April to September (Stoddard, 1931). 
Conversely, recently burned patches facilitate foraging efficiency by 
increasing the rate of mobility for bobwhite broods and the abun-
dance of phytophagous arthropods, which comprise a large compo-
nent of their diet (Burke et al., 2008; Hurst, 1972; Manley et al., 1994; 
Stoddard, 1931). Thus, considerable trade- offs in the use of cover 
types may occur depending on time since burning, brood nutritional 
requirements, and ability to escape or evade predation.

In addition to prescribed fire, another popular management ac-
tivity to promote favorable brooding conditions is nongrowing sea-
son (November– March) disking, which stimulates forb growth and 
thereby arthropod abundance. Reported use and importance of 
fallow fields is equivocal, however (Anderson et al., 2009; Carver 
et al., 2001; Palmer et al., 2012; Parsons et al., 2000). Properties 
intensively managed for bobwhite also commonly engage in sup-
plemental feeding by broadcasting milo (Sorghum bicolor) into 
areas used by bobwhite (Sisson et al., 2000; Wellendorf, Palmer, & 
Sisson, 2017). The utility of this practice too has been argued as fu-
tile, especially for bobwhite young which forage primarily on arthro-
pods at early ages (Doerr, 1989; Doerr & Silvy, 2002).

Collectively, inconsistent implications of resource use by broods 
may in fact arise from disconnects in scale, age, space, and/or time. 
That is, brood activity (e.g., foraging and roosting) or age might dic-
tate the relative importance of use for various resources and condi-
tions. Compared to foraging and diurnal habitat use, relatively little 
is documented about the use of roost sites by broods (see Hiller & 
Guthery, 2005; Taylor et al., 1999 for exceptions). Previous studies 
have suggested bobwhite use roost sites relatively sparse in vege-
tation as a mechanism for easily escaping predators if encountered 
(Klimstra & Ziccardi, 1963; Perkins et al., 2014). Alternatively, when 
the ability to evade predation is constrained by limited mobility (e.g., 
during nesting, brooding), prey may alter behavior by using sites that 
aid in concealment rather than facilitating escape (Lind et al., 2010; 
Wiebe & Martin, 1998). Moreover, in a pyric landscape, many of 
these factors may interact through time.

Abiotic conditions such as ground surface temperature may 
also be important factors in roost site use (Hiller & Guthery, 2005; 
Klimstra & Ziccardi, 1963). Notably, management such as prescribed 
fire that affects vegetation structure may also affect microclimate 
conditions and selection (Anthony et al., 2020; Carroll et al., 2017; 
Hovick et al., 2014). Particularly, sites devoid of vegetation after 
burning that are exposed to higher solar radiation may be warmer 
at dusk but should lose heat faster and become cooler by morning. 
Albeit precocial, bobwhite poorly thermoregulate until approxi-
mately 3– 4 weeks of age and excessive heat, chilling, and wetting 
is of heightened concern for survival (Blem & Zara, 1980; Borchelt 
& Ringer, 1973; Spiers et al., 1985). Understanding the trade- offs in 
resource use at various scales, ages, and periods in relation to man-
agement practices may refine the application of current land man-
agement practices across time and space.

Our goal was to evaluate diurnal and nocturnal resource use of 
bobwhite broods at two spatial scales (e.g., third and fourth orders; 
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Johnson, 1980) and across three age classes (e.g., neonate, chick, 
and juvenile) in the southeastern coastal range. Our objectives were 
to first evaluate how the proximity to supplemental feed, landscape 
composition, and age affected space use by bobwhite broods within 
their home range (i.e., third order) (Johnson, 1980). Presuming burned 
uplands supported a greater abundance of arthropods for bobwhite 
young (Burke et al., 2008; Hurst, 1972), we predicted that the use 
of areas in closer proximity to supplemental feed would decrease 
with increasing proportions of surrounding burned upland habitat. 
Moreover, we predicted broods would use sites in closer proximity 
to supplemental feed with increasing age as diets become more in-
clusive. However, we hypothesized the use of burned uplands would 
depend on recovery time of the burned area. Thus, we predicted 
that the use of burned uplands would be greater later in the nesting 
season after burned patches had time to recover. Likewise, we pre-
dicted the use of areas near supplemental feed would also decrease 
later in the nesting season as natural foods became more abundant. 
At the third order, we further sought to evaluate the use of fallow 
fields (disked during January) and predicted that broods would favor 
fallow fields. We predicted that broods would be less likely to use 
landcover types such hardwood drains and hammocks because 
they do not support favorable vegetation communities. Lastly, we 
hypothesized that resource use would depend on whether broods 
were roosting or foraging. We predicted greater use of areas with 
higher proportions of burned uplands during the day because these 
patches are known to facilitate efficient foraging (Burke et al., 2008; 
Hurst, 1972). However, we expected broods would be less likely 
to use burned uplands for roosting because of sparser vegetation 
within these patches and potential negative influences of microcli-
mate. We predicted broods would be equally unlikely to use drains 
for roosting as for diurnal activity and the use of fallow fields would 
be similar for roosting and diurnal activity.

At the point scale (1 m2; fourth order), we evaluated vegetation 
and temperature attributes at roost sites. Again, we hypothesized 
brood age would interact with effects of temperature and vegeta-
tion. We presumed hypothermia from cool and wet conditions was 
an imminent threat to young broods on our study site (Terhune 
et al., 2019) and thereby predicted broods would use warmer roost 
sites compared with available locations and that this effect would be 
stronger for younger broods. Similarly, we predicted broods would 
use sites with greater thermal stability and this effect would become 
less prominent for older broods. Lastly, we predicted broods would 
use roost sites with greater amounts of visual obscurity and bare 
ground as described in previous studies (Hiller & Guthery, 2005; 
Taylor et al., 1999).

2  | MATERIAL S AND METHODS

2.1 | Study area

Our study was conducted on Tall Timbers in northern Leon County, 
Florida, USA, during 2018– 2019. Tall Timbers is a 1,568- ha area 

located in the Tallahassee Hills (colloquially known as the “Red Hills”), 
a southwestward extension of the Tifton Uplands physiographic 
province (Means, 2017). The Red Hills is characterized by rolling 
topography with sandy or loamy soils at depths less than 50 cm 
and clay below (Means, 2017). Tall Timbers is largely comprised of 
Faceville, Dothan, and Orangeburg sandy loam soil series (Natural 
Resources Conservation Service [NRCS], 2021). Elevation on Tall 
Timbers ranged from 40 to 70 m with high relief (10– 20 m/0.1 km) 
(Means, 2017). The climate of Tall Timbers is warm temperate with 
a 30- year (1988– 2018) mean annual rainfall of 138.5 cm (PRISM 
Climate Group, 2020) and mean monthly temperatures ranging 
from 10.6°C in January to 27.6°C in June. The months from June to 
August, during peak hatching and brooding, are the wettest months 
of the year (Figure 1; PRISM Climate Group, 2020).

Tall Timbers is comprised of upland pine forests (66%), annually 
disked fields (13%), and hardwood drains (21%) (Terhune et al., 2019). 
Annually disked fields were disked during January each year and had 
an average area of 0.95 ha (range: 0.10– 5.10 ha). Field vegetation 
composition was largely dominated by annual ragweed (Ambrosia 
artemisiifolia) and/or partridge pea (Chamaecrista fasciculata). Drains 

F I G U R E  1   Mean monthly temperature and rainfall during 
1988– 2018 at Tall Timbers Research Station, Tallahassee, Florida, 
USA (PRISM Climate Group, Oregon State University 4- km grid 
resolution). Error bars represent standard error of the mean
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were dominated by arborescent live oak (Quercus virginiana), water 
oak (Q. nigra), laurel oak (Q. laurifolia), sweetgum (Liquidambar styra-
flua), pignut hickory (Carya glabra), and American beech (Fagus 
grandifolia). Shortleaf pine (Pinus echinata), loblolly pine (P. taeda), 
longleaf pine (P. palustris), and live oak comprised the majority of 
upland canopy, whereas undergrowth was comprised of compara-
ble proportions of grass, forb, and shrub cover. Common grasses 
included broomsedge bluestem (Andropogon virginicus), silver plume-
grass (Saccharum alopecuroides), eastern gamagrass (Tripsacum dac-
tyloides), and intermittent bahiagrass (Paspalum notatum). Common 
forbs included annual ragweed, partridge pea, goldenrods (Solidago 
spp.), beggar's lice (Desmodium spp.), and showy rattlebox (Crotalaria 
spectabilis). Woody shrubs and vines consisted of American beau-
tyberry (Callicarpa americana), mockernut hickory (C. tomentosa), 
winged sumac (Rhus copallinum), sweetgum, sand blackberry (Rubus 
cuneifolius), and greenbrier (Smilax spp.).

Uplands were subdivided by interior roads and subjected to pre-
scribed fire during March– May on a 2- year fire return interval (Figure 2). 
Thus, woody species listed previously that favor arborescent growth 
forms (e.g., sweetgum, mockernut hickory) were typically frutescent (a 
result of root crown regrowth) in the uplands of the study area. The 
practice of applying prescribed fire to the study site at this frequency has 
been conducted for multiple decades (Crawford & Brueckheimer, 2012) 
and largely limited the development of a midstory. Approximate size of 
cohesive burned and nonburned units was 17.8 ha (Figure 2; range: 4.4– 
47.2 ha). Supplemental feeding occurred by scattering approximately 
3,300 kg of milo along designated feedlines on a biweekly schedule, 
year- round. Feedlines were randomly placed throughout the area at 
approximately 1 km/14.8 ha (Figure 2). Placement of some feedlines 
changed from 2018 to 2019 due to varying equipment operators, but 
the application rate (kg) of milo spread throughout the habitat remained 
consistent during both years (Figure 2).

2.2 | Field methods

2.2.1 | Radio telemetry

Adult bobwhites were trapped in walk- in funnel traps during January, 
March, and November as part of a long- term population monitoring 
study at Tall Timbers (Palmer et al., 2019; Palmer & Sisson, 2017; 
Terhune et al., 2019). Traps were placed across Tall Timbers in pro-
tective cover irrespective of road, feedline, or burn unit placement 
to maximize spatial coverage. A subsample of trapped individuals 
was marked with 6- g necklace- style VHF transmitters (American 
Wildlife Enterprises, Tallahassee, FL, USA) and monitored via radio 
telemetry at a rate of 3 times/week during October– April and daily 
during the nesting season (May– September). Locations were ob-
tained via homing (White & Garrott, 1990) at an approximate dis-
tance of 30 m and recorded on a portable- document format (PDF) 
map (Avenza Systems, Inc., Toronto, ON, Canada) using a GPS- 
enabled mobile device (e.g., iPad, iPhone, or Android device). Maps 
were georeferenced with respective landcover types (e.g., burned 
upland, drain, and disked field). When individuals were documented 
in the same location after 2 consecutive visits, we assumed they 
were incubating. Incubating bobwhite were monitored daily until a 
nest fate was recorded (e.g., hatch, depredation). Upon a hatched 
nest, the incubating adult was tracked at a rate of 3 times per day. 
One location was obtained during the morning (08:00 hr– 11:30 hr), 
one in the afternoon (13:00– 17:00 hr), and one at night during roost-
ing hours (~20:00 hr– 07:00 hr). We began collecting roost locations 
approximately 45 min after official sunset to ensure broods had 
settled at their respective roosts for the night. We did not collect 
roost locations in the early morning hours (predawn) to avoid for 
the potential that a predator disturbed the roost during the night. 
Thus, our roost locations should represent sites initially selected by 

F I G U R E  2   Landcover map of Tall Timbers, Leon County, FL, USA, during 2018 (left) and 2019 (right)
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broods and unaffected by potential extraneous disturbances during 
the night that would have cause broods to move.

At 10– 12 days of age, broods were captured as part of a concur-
rent study of chick survival using a corral method (Smith et al., 2003). 
All chicks that were captured were marked using patagial wing tags 
(National Band and Tag Co., Newport, Kentucky, USA) (Carver 
et al., 1999). If adults were captured without a brood, tracking ceased 
for that brood and tracking reverted to adult monitoring protocol. 
Data were retained up to the dates where observers could verify 
chick feces at roost disks if chicks were not present during brood 
captures. For broods captured with greater than 5 chicks, a subsa-
mple was marked with 0.75- g VHF radio tags (American Wildlife 
Enterprises, Monticello, FL, USA), using a modified suture technique 
(Lunsford et al., 2019; Terhune et al., 2017, 2020). Telemetry data 
of marked chicks were used for multiple concurrent studies of chick 
survival which directed the minimum number of tagged chicks per 
brood. Chicks were tagged individually to ensure tracking persisted 
despite brood amalgamations, which are common among bobwhite 
(Brooks & Rollins, 2007; Faircloth, 2008; Faircloth et al., 2005). Thus, 
if chicks were adopted by another brood or orphaned by the brood-
ing adult, we retained the ability to track chicks without the pres-
ence of a marked adult. Only chicks weighing greater than 15 g were 
marked to ensure radio- packages were <5% of current body weight 
and had minimal influence on behavior and survival (Kenward, 2001). 
We continued to monitor broods with less than 5 chicks by tracking 
the incubating adult and using the presence of chick feces at roost 
disks as diagnostic sign to verify brood presence. Tracking ceased 
when chick feces was not present at the roost disk of the incubating 
adult, indicating brood mortality or amalgamation.

After chicks were individually tagged, tracking intensity in-
creased to a rate of 5 locations per day during the week and 3 times 
per day on the weekends. The tracking schedule during the week 
consisted of 5 time slots: early morning (07:00– 10:00 hr), mid- 
morning (10:00– 12:00 hr), early afternoon (12:00– 15:00 hr), late 
afternoon (15:00– 20:00 hr), and roost (20:00– 07:00 hr). During 
weekend checks, the time slots included a morning (07:00– 12:00 hr), 
afternoon (12:00– 20:00 hr), and roost location (~20:00– 07:00 hr). 
Daily tracking of broods continued until all chicks within a brood 
died or until 42 days of age.

2.2.2 | Temperature sampling

We sampled ground surface temperature at roost sites at pre-
defined age intervals. At 3, 7, 14, 21, 28, 35, and 42 days of age, 
we marked roosts with flagging tape in each cardinal direction so 
they could be found the following morning. The morning (07:30 hr) 
following locating roosts, observers returned to the marked loca-
tion and located the roost disk (identified by fecal dropping) within 
the flagged area. To evaluate the relative differences in tempera-
ture at roost sites to paired available locations, we deployed a 
DS1921G- F50 Thermochron® iButton® (Maxim Integrated Products, 
Inc., Sunnyvale, CA) temperature sensor within the center of the 

roost disk and at a site 15 m in a random azimuth (determined by 
spinning a pencil). At 15 m from the roost site, the observer tossed 
the pencil in the air above and the point of its landing served as the 
precise random location. This distance was arbitrary but chosen to 
avoid spurious effects of spatial autocorrelation at close distances 
yet ensure the paired location was at a distance that was available to 
a brood. Sensors were glued to a 5- cm, 11- gauge roofing nail which 
secured its position flush with the ground surrounding it. Sensors 
were calibrated to collect a temperature reading every 20 min from 
21:00 hr to 06:00 hr (28 readings). The sensor specifications allowed 
temperature readings ranging from −40°C to 85°C at 0.5°C incre-
ments. Accuracy of temperature readings within this range is 1°C 
(Maxim Integrated Products, Inc., Sunnyvale, CA).

Authors characterizing temperatures by bobwhite in the lit-
erature commonly report estimates of operative temperature by 
using temperature loggers fixed inside black, steel spheres (Carroll 
et al., 2015, 2016, 2018; Kline et al., 2019; Olsen et al., 2018). 
Operative temperatures represent the temperature experienced by 
an animal by accounting for solar radiation and convection. However, 
ambient temperature and operative temperature should be similar at 
night (i.e., given lack of solar radiation) assuming a constant wind 
speed (Guthery, 2002). Thus, we did not adjust temperatures re-
corded by the iButtons and assumed constant convection.

2.2.3 | Vegetation sampling

We collected measurements of vegetation during the same age in-
tervals, and morning temperature sensors were deployed. At the 
roost site and paired random location also used for temperature 
sensors, we estimated visual obscurity (%) using a 1- m2 cover board 
and vegetation composition (%) for 5 functional groups within a 1- 
m2 quadrat frame. Functional groups which comprised vegetation 
composition included grasses, forbs, bare ground, litter, and woody/
shrub cover. Species such as greenbrier and sand blackberry were 
categorized as woody/shrub cover, when present, due to their suf-
fruticose or frutescent growth habits in the region. Burning bien-
nially resulted in a sparse build- up of litter that tended to be even 
at ground level. Therefore, we pooled the estimates of bare ground 
(i.e., exposed soil) and litter (e.g., pine needles) to an index called 
bareness. Pooled, they effectively represent traversability and lack 
of vertical vegetation structure.

Visual obscurity and vegetation composition were estimated 
using an image classification system. Images (3,024 × 4,032 pixel 
resolution) were classified using the point sampling software 
SamplePoint to standardize estimation among observers (Booth 
et al., 2006). Photographs were taken nadir (facing the quadrat, 1 m 
above) for estimates of vegetation composition. Photographs were 
taken 4 m south of the roost at a height of 1 m to estimate visual ob-
scurity. The images were then cropped to the size of the cover board 
and quadrat and imported into SamplePoint. A systematic grid of 
225 points was generated across the image and observers assigned 
a functional group to each point.



     |  14763KUBEČKA Et Al.

2.3 | Analyses

2.3.1 | Third- order use

Age of broods was a factor of particular interest in this study. Rather 
than use a continuous scale of age (in days) for our analyses, we de-
veloped age classes that coincided with physiologically relevant life 
stages (Table 1). We adopted this aging scheme so that our ages were 
linked to relevant life stages where we hypothesized resource use 
might interact (e.g., age class and proximity to supplemental feed).

To evaluate resource use at the 3rd order, we first created bi-
nary raster images of landcover types from our general landcover 
map. Landcover types included burned upland, hardwood drains 
and hammocks, fallow fields, and nonburned uplands. We then used 
focal statistics in ArcMap 10.7 (ESRI, Redlands, CA, USA) to develop 
continuous rasters (1- m2 grain) representing the proportion of each 
landcover type surrounding a cell within a 105- m buffer. We defined 
the buffer size based on the average step length of broods in this 
study. As such, cell values for raster images represented the amount 
of area comprised by a given landcover type within a 3.46- ha circular 
area surrounding a grid cell.

We generated 5 available points for each used location by cre-
ating circular buffers around used locations and then generating 
random locations within the buffers. This approach created choice 
sets among used locations amenable to discrete choice models. We 
chose a 1:5 use to availability ratio to ensure coefficient stability fol-
lowing an exploratory analysis of the data as suggested by Northrup 
et al. (2013). The scale at which availability of resources is defined 
can have major impacts on inference garnered from resource selec-
tion functions, and it is imperative that random locations are gen-
erated at a scale that matches selection processes (Boyce, 2006; 
Northrup et al., 2013). As such, the circular buffers that limited the 
extent of available locations were set to 1 standard deviation above 
the mean step length for each brood. We chose to vary distance 
of availability for each brood because some broods died soon after 
hatching whereas some broods survived the 42- day monitoring 
period. We assumed broods soon after hatching did not have the 
same capacity for movement as broods at older ages and therefore 
would not have the same extent of available resources. The mean 
buffer size was 169 m (range: 3 m– 266 m). The decision to constrain 
availability to 1 standard deviation above the mean step length was 
arbitrary. However, we intentionally avoided using the mean step 

Age (days) Life stage Description

0– 7 Neonate Neonatal down predominates and is complete 
during this stage (Stoddard, 1931). Evaporative 
heat loss and heat production ratios vary 
significantly within the first 6 days (Spiers 
et al., 1985).

8– 27 Chick Pinfeather development begins at approximately 
7 days of age and juvenal plumage development 
is well underway by 9 days (Stoddard, 1931). 
Short flights are achieved at approximately 
13 days. The most substantial development in 
homeothermy occurs during the first 18 days of 
life (Spiers et al., 1985)

28– 150 Juvenile The postjuvenal primary molt begins at 28 days of 
age (Petrides & Nestler, 1943). The majority of 
feather growth occurs during this time, but the 
rate of homeothermic development is much 
slower (Spiers et al., 1985). Juveniles attain 
heat production rates comparable to adults at 
65 days of age (Spiers et al., 1985).

>150 Subadult The juvenile molt finishes at 150 days of age but 
is incomplete (9th and 10th primaries are 
retained). Sexual maturity is attained as early 
as 139 days of age under continuous lighting 
(Baldini et al., 1952). Average age to first egg 
laid is 174 days under these conditions. In a 
natural setting, bobwhite are sexually and 
somatically mature at this age but no evidence 
exists that suggest subadults copulate and lay 
within the first photo- cycle.

First Nesting 
Season

Adult (First- year 
breeder)

Individuals that survive to their first nesting season 
are sexually mature and considered adults. 
First- year breeding adults retain “buffy tips” on 
primary coverts until their first postnuptial molt 
during August– October.

TA B L E  1   Life stages of northern 
bobwhite (Colinus virginianus) based on 
anatomical and physiological development
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length as a threshold on availability because this would inherently 
underestimate availability by restricting points to distances less than 
the mean step length. One instance occurred where a brood died 
the day of hatching, which is reflected by the lower continuum of 
buffer size.

We evaluated resource use at the 3rd order using Bayesian re-
source selection models with random effects (slopes and intercepts) 
for broods because we presumed observations within broods were 
not independent. The linear model included the effects of burned 
uplands (BU), hardwood drains (DR), fallow fields (FF), time of day 
(TOD), age class (Age), distance to supplemental feed (Feed), and 
interactions germane to our hypotheses. Nonburned uplands were 
highly correlated to the proportion of burned uplands (|r| = 0.82) and 
therefore excluded from the model. Correlation of burned uplands 
to hardwood drains (|r| = 0.02) and fallow fields (|r| = 0.24) were only 
weakly or moderately correlated and therefore retained. All vari-
ables were scaled, centered to the mean of the data before analyses 
for numerical convergence.

We specified normally distributed random intercepts with a 
mean of 0 and variance governed by a hyperparameter with a dif-
fuse gamma distribution for broods. Priors on random slopes were 
specified using hyperparameters with diffuse normal and gamma 
distributions for the population mean and variance, respectively. We 
used the same shape and rate of gamma distribution (0.1, 0.1) for 
case and control sets (locid). We ran our model in the jagsUI package 
(Kellner, 2017) of program R (R Core Team, 2020) using the function 
“autojags.” We estimated the posterior distribution using Markov 
chain Monte Carlo (MCMC) sampling with 3 chains, a thinning rate 
of 3, and burn- in of 500. The “autojags” function updated with itera-
tion increments of 5,000 until our convergence criterion (Rhat <1.1) 
was met.

Our model was therefore:

Priors were distributed as follows:

Whereas hyperparameters governing priors were as follows:

The model likelihood followed a Bernoulli distribution where 
Yi ~ Bernoulli(ϴi), and Y represents the use- availability status for 
each location, i. Similarly, j represented each unique brood, μ rep-
resented population effects for k fixed effects, βage represented an 
additive effect of a categorical variable for age class, and locid coded 
for each choice set indexed by s.

2.3.2 | Fourth- order use of roosts

For this analysis, the choice set resembled a case– control design 
with a 1:1 use to availability ratio. Woody and forb cover were highly 
correlated (|r| = 0.72). Therefore, we removed forb cover as a pre-
dictor in the analysis because woody cover was germane to our 
hypotheses regarding postburn recovery. All other variables were 
moderate or weakly (<|r| = 0.42) correlated and therefore retained 
in the model (Figure 3).

Similar to the 3rd- order analyses, we evaluated 4th- order use 
with a Bayesian resource selection model, with random intercepts 
for broods. Each age class received its own intercept- term (�A), and 
each covariate was fit with a random- slope of age (�k,AXk ), where A is 
each age group and k is each covariate. Each slope was drawn from a 
hierarchical random slope which allowed for more flexibility in how 
habitat selection varied as a function of age class. This also loosened 
the constraints of selection by one age class affecting selection of 
the previous and/or subsequent age class.

Again, we specified priors for fixed effects with diffuse normal 
and gamma distributions for mean and precision, respectively. We 
ran our model in the jagsUI package (Kellner, 2017) of program R 
(R Core Team, 2020) using the function “autojags.” We estimated 
the posterior distribution using Markov chain Monte Carlo (MCMC) 
sampling with 3 chains, a thinning rate of 3, and 1,000 adaptations. 
The “autojags” function updated with iteration increments of 10,000 
until our convergence criterion (Rhat < 1.1) was met.

3  | RESULTS

We monitored 62 broods (n2018 = 34; n2019 = 28) during 25 May 
2018– 9 October 2018 and 25 May 2019– 3 October 2019 and 
collected a total of 5,087 telemetry fixes (n2018 = 2,687; n2019 
= 2,400). During 2018, 23 broods (68%) hatched in nonburned 

logit(�i) =�0,s+�Age×Agei+�1,j×BUi+�2,j×FFi+�3,j×DRi+�4,j×Feedi+�5,j

×TODi+�6,j×Seasoni+�7,j×BUi ∗TODi+�8,j×DRi ∗TODi+�9,j

×FFi ∗TODi+�10,j×Feedi ∗BUi+�11,j×Feedi ∗Agei+�12,j

×Feedi ∗Seasoni+�13,j×BUi ∗Seasoni+�j

�0,s ∼ Normal(0, � locid)

�age ∼ Normal(0, 0.001)

�k,j ∼ Normal(�k , �k )

�j ∼ Normal(0, � j)

�k ∼ Gamma(0.1, 0.1)

�age ∼ Gamma(0.1, 0.1)

�k ∼ Normal(0, 0.001)

� locid ∼ Gamma(0.1, 0.1)

� j ∼ Gamma(0.1, 0.1)

logit(�i) = �A +

K
∑

k=1

�k,AXk + �j
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uplands, 10 broods (29%) hatched in burned uplands, and 1 brood 
(3%) hatched in a nonburned hardwood drain. In 2019, 21 broods 
(75%) hatched in nonburned uplands, 6 broods (21%) hatches 
in burned uplands, and 1 brood (4%) hatched in a fallow field. 

Telemetry fixes consisted of 1,626 roosts (n2018 = 931; n2019 = 
695) and 3,461 diurnal locations (n2018 = 1,756; n2019 = 1,705). 
Mean number of fixes per brood was 79.0 ± 63.2 (SD; range: 2– 
166 fixes) during 2018 and 85.7 ± 54.9 (SD; range: 4– 174 fixes) 

F I G U R E  3   Correlograms of vegetation and temperature attributes at roost sites (a) and paired available locations (b) for northern 
bobwhite (Colinus virginianus) broods, Tall Timbers, Leon County, FL, USA. Temperature is average ground surface temperature from 21:00 
to 06:00 hr whereas TemperatureCV represents the coefficient of variation in ground surface temperature during this same period. Labels 
are Pearson correlation coefficients

Mean (SD) Range

Neonate Chick Juvenile Neonate Chick Juvenile

Roost 23.8 (1.4) 24.6 (1.2) 24.3 (1.3) 19.5– 28 21– 28 19.5– 28.5

Random 23.9 (1.5) 24.7 (1.3) 24.3 (1.3) 20– 28 21.5– 29 20.5– 29

Note: Age classes are described as neonate (<8 days; n = 70 roosts), chick (8– 27 days; n = 53 
roosts), and juvenile (28– 42 days; n = 53 roosts).

TA B L E  2   Descriptive statistics of 
ground surface temperatures (°C) at roost 
sites and paired available locations of 
northern bobwhite (Colinus virginianus) 
broods, Tall Timbers, Leon County, FL, 
USA, during 2018– 2019

TA B L E  3   Descriptive statistics of vegetation attributes (%) at roost sites (1 m2) and paired available locations of northern bobwhite 
(Colinus virginianus) broods, Tall Timbers, Leon County, FL, USA, during 2018– 2019

Mean (SD) Range

Neonate Chick Juvenile Neonate Chick Juvenile

Woody Roost 50.7 (25.3) 52.7 (23.1) 50.6 (24.6) 2.7– 90.7 0.9– 91.6 3.6– 97.8

Random 33.9 (23.7) 41.4 (26.0) 44.0 (30.8) 0.0– 93.3 1.8– 92.9 0.0– 98.7

Grass Roost 6.4 (8.6) 5.8 (5.6) 8.7 (11.7) 0.0– 62.2 0.0– 24.4 0.0– 66.2

Random 11.2 (11.4) 8.5(8.4) 13.6 (16.5) 0.0– 44.9 0.0– 34.2 0.0– 70.2

Forb Roost 27.4 (20.0) 25.8 (22.3) 20.9 (19.1) 0.0– 83.1 0.0– 89.8 0.0– 81.3

Random 30.2 (20.5) 28.2 (24.0) 23.2 (23.0) 0.0– 84.0 0.0– 88.0 0.0– 99.1

Bareness Roost 15.5 (11.5) 15.8 (10.4) 19.7 (14.6) 0.9– 59.6 0.4– 45.7 0.4– 74.7

Random 24.7 (13.5) 21.9 (15.7) 19.2 (12.6) 2.7– 74.7 1.3– 64.0 0.0– 49.8

Note: Age classes are described as neonate (<8 days; n = 74 roosts), chick (8– 27 days; n = 56 roosts), and juvenile (28– 42 days; n = 51 roosts). 
Bareness index describes the sum of bare ground and litter.
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in 2019. The presence of a brood's incubating adult was veri-
fied using radio telemetry and occurred at 90.8% of all roosts 
(n = 1,476 roosts). The earliest age we documented incubating 
adults orphaning broods was 11 days of age; we ceased track-
ing broods when orphaning or adult mortality occurred before 
chicks were radio- tagged which precluded tracking. This estimate 
of brood amalgamation is thereby conservative.

We collected temperature data at 176 paired locations com-
prised of 9,854 temperature observations. Paired locations were 
comprised of 70 neonate, 53 chick, and 53 juvenile brood roosts 
(Table 2). We collected vegetation measurements at 181 paired sites 
comprised of 74 neonate, 56 chick, and 51 juvenile brood roosts 
(Table 3). Discrepancies in vegetation and temperature sample sizes 
arose from malfunctions or mis- calibration of iButtons, data corrup-
tion, and small mammal iButton kleptomania.

3.1 | Third- order use

Our model estimated broods were less likely to use areas with large 
proportions of surrounding hardwood drains but favored sites with 
greater proportions of burned uplands (Table 4). We observed prob-
ability of use for burned uplands and hardwood drains was similar 
for both roosting and diurnal activity. Counter to our prediction 
that probability of use for burned uplands would be lower early in 
the nesting season (due to short burn recovery time), the effect 
of burned upland was consistent throughout the nesting season 
(Table 4). Broods were more likely to use areas with greater pro-
portions of fallow fields during the day and less likely for roosting 
(Table 4).

Broods were less likely to use areas at greater distances from 
supplemental feed, and counter to our prediction, this effect did not 
depend on age (Table 4). Also counter to our predictions, the effect 
of distance to feed was stronger later in the nesting season (>July 
15) compared with early (≤July 15) (Table 4, Figure 4). The effect of 
supplemental feed tended to be less influential as the proportion of 
surrounding area with burned upland increased (Table 4, Figure 5). 
This supported our prediction that the effect of supplemental feed 
would be greater in nonburned uplands where arthropods were pre-
sumed to be in lower abundance and accessibility.

3.2 | Fourth- order use

At the point scale, age interacted with effects of visual obscurity, 
grass cover, mean ground surface temperature, temperature stabil-
ity, and the bareness index (Table 5; Figures 6 and 7). Counter to our 
predictions, neonates used roosts with cooler ground surface tem-
peratures than paired available locations, and juveniles used roosts 
with comparatively warmer mean surface temperatures (Figure 6a). 
Interestingly, neonate broods used roosts with greater thermal sta-
bility (i.e., low coefficient of variation), but the effect was reversed 
for juveniles (Figure 6b). Overall, neonate broods used roosts with 

greater amounts of concealment and cover, whereas juvenile broods 
tended to use roost sites with less vegetation (Figure 7).

Unlike other vegetation attributes, the effect of woody cover 
was not substantially influenced by age (Table 5)— broods of all ages 
were more likely to use roosts with greater amounts of woody cover 
(Figure 7d). Furthermore, our model estimated the effect of woody 
cover was stronger in the early nesting season compared with late 
nesting season (Table 5). The interaction of woody cover and time 
of nesting season, but not age, suggest woody cover provides im-
portant roosting cover for broods early in the nesting season when 
postburn recovery time is short, and regrowth of herbaceous cover 
limited (Figure 8).

4  | DISCUSSION

We documented resource use of a ground- dwelling precocial bird 
in a pyric landscape was conditional on multiple spatially and tem-
porally variable factors. Particularly, our findings demonstrated that 
resource use was largely dependent on scale, physiological develop-
ment, behavioral activity, and land management practices— some of 
which interacted with each other to create complex relationships. 
Bobwhite broods demonstrated dynamic resource use in this study, 
underscoring the importance of similar studies across the bobwhite 
geographic distribution where management, resources, and condi-
tions differ. Properties managed similar to our study area support 
some of the highest density bobwhite populations in the United 
States (Palmer & Sisson, 2017). However, properties not purpose-
fully managed for bobwhite within the same region may be com-
pletely unoccupied. Therefore, replicated studies even within the 
same region under different conditions (e.g., fire regime, food provi-
sioning) are warranted.

Our results both supported and refuted the conclusions of 
Wellendorf, Palmer, and Bostick (2017) who found the effect of sup-
plemental feed on space use for bobwhite in north Florida was greater 
early in the nesting season (defined as <June 30 by Wellendorf et al.) 
compared with late, whereby we observed the strength of distance 
to supplemental feed was stronger later in the nesting season (>July 
15). Our study differed from Wellendorf, Palmer, and Bostick (2017) 
by exclusively focusing on broods, with or without adults whereas 
their emphasis was on breeding season resource use of adults, with 
or without broods. Furthermore, Wellendorf, Palmer, and Bostick 
(2017) began studying adult breeding season space use in April, 
whereas broods in this study were not available until late May each 
year. This timing, in relation to prescribed fire and covey breakup, 
could help explain more of the discrepancy (S. Wellendorf, Tall 
Timbers, personal communication).

We found that the effects of proximity to supplemental feed 
on resource use did not depend on age, suggesting that bobwhite 
broods may use grain sorghum more than suspected at early ages 
and when alternative foods are in lower availability, such as in non-
burned uplands. Alternatively, it is possible that broods used feed-
lines for increased mobility, where vegetation was trampled from the 
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act of distributing feed. Another hypothesis explaining this obser-
vation is that adults led broods to feedlines for their own benefit. 
Research on diet composition of bobwhite broods in tandem with 
resource use may serve to verify whether broods use feedlines as a 
food source or for other means.

The effect of fallow fields on resource use was not as strong as 
predicted and supports the conclusions of some (Carver et al., 2001; 
Hammond, 2001; Palmer et al., 2012), but not others (Crouch, 2010; 
McGrath et al., 2017; Parsons et al., 2000). Palmer et al. (2012) sur-
mised these differences could be due to variation in soil type that 
would affect vegetation response to different management prac-
tices and abiotic conditions. Our results support these conclusions, 
given our study area was situated in a highly fertile clay loam which 
recovered quickly after prescribed fire and received ample precipita-
tion. Moreover, we found that the effect of fallow fields on resource 
use depended on time of day, where broods were less likely to use 
field roosting. At the point scale, we found that broods favored sites 
with greater amounts of woody cover. It is likely that the use of 
fields for roosting was lower compared with diurnal activity because 
woody cover was limited in fields due to repeated annual disking.

The use of burned uplands by broods did not depend on early 
or late nesting season dates, which served as a proxy for postburn 
recovery time. In both 2018 and 2019, our sample of broods entered 
on 25 May, and the shortest burn recovery time for areas used by 
broods was 40 days. Hatches occurred throughout nesting season 
(May– September). Thus, age and time of nesting season should not 
have been confounded. Fertile soils and ample precipitation likely 
facilitated prompt vegetation recovery on our study site, but this ef-
fect may not be consistent for areas with different soils or in lower 
precipitation zones. The effect of hardwood drains on resource use 
of broods coincided with our predictions. Land managers have little 
control over topographical attributes and soil drainage properties; 
however, frequent burning of these areas may provide some utility 
during drought (Palmer et al., 2012).

We expected chilling and wetting would present an imminent 
threat to broods and therefore predicted trade- offs in roost use 
based on vegetation and temperature. Neonates used roost sites 
that were slightly cooler than available locations, but the differ-
ence between mean temperatures at roosts and available locations 
was small (Table 2). Mean temperatures at roost sites for chicks 

Parameter Mean 0.025 0.500 0.975 f

Burned upland 0.24 0.11 0.24 0.37 1.00

Hardwood drain −0.17 −0.30 −0.16 −0.04 0.99

Fallow field 0.07 −0.05 0.07 0.19 0.89

Distance to feed −0.10 −0.22 −0.10 0.02 0.95

Time of day −0.01 −0.11 −0.01 0.08 0.60

Season −0.56 −1.18 −0.53 −0.11 1.00

Burned upland*Time 
of day

−0.02 −0.11 −0.03 0.07 0.71

Hardwood drain*Time 
of day

−0.05 −0.18 −0.05 0.07 0.79

Fallow field*Time of 
day

−0.11 −0.22 −0.11 0.00 0.97

Distance to 
feed*Burned upland

0.09 0.01 0.09 0.16 0.99

Neonate [fixed] 0.00 0.00 0.00 0.00 1.00

Chick −0.09 −0.18 −0.09 0.00 0.98

Juvenile −0.02 −0.13 −0.02 0.09 0.63

Distance to 
feed*Neonate 
[fixed]

0.00 0.00 0.00 0.00 1.00

Distance to feed*Chick −0.04 −0.16 −0.04 0.08 0.75

Distance to 
feed*Juvenile

0.06 −0.10 0.06 0.22 0.76

Burned upland*Season 0.05 −0.15 0.05 0.24 0.70

Distance to 
feed*Season

−0.16 −0.33 −0.16 0.02 0.97

tau.brood 0.40 0.25 0.39 0.61 1.00

tau.locid 139.04 99.03 136.97 189.58 1.00

Note: The f value describes the proportion of the posterior distribution with the same sign as the 
mean.

TA B L E  4   Posterior means and credible 
intervals of third- order habitat use of 
northern bobwhite (Colinus virginianus) 
broods, Tall Timbers, Leon County, FL, 
USA
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and juveniles were similar to available locations (Table 2). Available 
locations were situated 15 m from roosts. Thus, the difference in 
temperature at this scale would not be expected to be large given 
Tobler's Law. We reconcile similar mean temperatures to differential 
probability of use partly due to the thermal stability documented 
at roosts sites. We documented roosts used by neonate broods 
were more thermally stable than paired available locations, sug-
gesting vegetation at roosts likely moderated solar radiation during 
the day and heat loss throughout the night. A post hoc correlogram 

of temperature attributes to vegetation supports this hypothesis 
(Figure 3). As broods aged, the use of roost sites became charac-
terized by sparser vegetation which could have led to less stable 
microclimates. Our correlogram supports this hypothesis, where 
coefficient of variation in temperature increased with increasing 
site bareness and decreased with increasing woody cover (Figure 3). 
Similar relationships of time since fire, vegetation, and microclimate 
have been noted elsewhere and were determined to affect space 
use of other ground- dwelling birds (Anthony et al., 2020; Carroll 
et al., 2017).

Spiers et al. (1985) estimated a lower critical temperature thresh-
old for bobwhite at 20°C, where individual bobwhite less than 
14 days of age became immobile. By 18 days of age, bobwhite chicks 
are able to maintain stable body temperatures at ambient tempera-
tures of 20°C (Spiers et al., 1985). The presence of a brooding adult 
and/or other individuals in a brood likely ameliorates the effect of 
ambient temperatures below this threshold. We observed ground 
surface temperatures at roosts falling below 20°C for broods less 
than 18 days of age on one occasion in our study; these tempera-
tures were sustained from 04:00 to 06:00 hr, and parental care was 
documented. Given the range of ground surface temperatures we 
observed at roost sites (19.5°C– 28.5°C) largely overlapped with the 
thermoneutral zone (Figure 9) and presence of other individuals 
and brooding adults, direct chilling may not be an imminent threat. 
However, wetting may exacerbate cool conditions. Thus, it is possi-
ble that the use of woody cover helped aid in shrouding water from 
nocturnal precipitation events and dew.

We documented neonate broods used greater amounts of woody 
cover and tall vegetation at roost sites, as evidenced by a positive 
probability of use for visual obscurity and woody cover. However, 
the effect of visual obscurity, but not woody cover, was reversed 
for juveniles observed in this study. Avian species have been docu-
mented to prefer cover that enhances crypsis over escape behavior 
when mobility is limited but choose sparse cover when flight and 
mobility are advanced (Colwell et al., 2007; Lind et al., 2010; Tirpak 
et al., 2005; Whittingham & Evans, 2004; Wiebe & Martin, 1998). 
We hypothesize the use of greater visual obscurity by neonates, and 
less by juveniles, could be a behavioral adaptation of predator eva-
sion at early ages. In a similar vein, we found use of woody cover 
to be more important early in the nesting season when postburn 
recover time was short, but the interaction of age and woody cover 
insignificant. We believe these findings underscore the importance 
of woody cover in lieu of herbaceous cover when recovery time 
is short. The mean bareness index we observed at roost sites was 
16.8%, which largely supported the findings of Carver et al. (2001) 
who estimated 16.7% bare ground at sites used by broods, diurnally.

Hiller and Guthery (2005) argued roosts were primarily chosen for 
thermoregulation and secondarily for predation. Palmer et al. (2021) 
mostly concurred with this notion, finding microclimates of adult bob-
white in south Texas were warmer than random locations during morn-
ing and evening hours, but substantially cooler during the mid- day 
period. Counter to our predictions, our results suggested broods used 
roost sites that were comparatively cooler than available locations. 

F I G U R E  4   Marginal effects of distance to supplemental feed 
(m) on third- order resource use by northern bobwhite (Colinus 
virginianus) broods during 2018– 2019 at Tall Timbers, Leon County, 
FL, USA. Light blue represents early nesting season (≤July 15), 
and dark blue represents late nesting season (>July 15). Shading 
represents 95% Bayesian credible intervals

F I G U R E  5   Marginal effects of distance to supplemental feed 
(m) on third- order resource use by northern bobwhite (Colinus 
virginianus) broods during 2018– 2019 at Tall Timbers, Leon County, 
FL, USA. Black represents a site where burned upland is held to 1 
SD above the mean observed value of burned uplands, and dark 
red represents 1 SD below the mean observed value for burned 
uplands. Shading represents 95% Bayesian credible intervals
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Though we did not record ground surface temperatures during diurnal 
periods, our study was conducted in a relatively temperate environ-
ment not experiencing the extreme heat observed in semi- arid regions 

(Figures 1 and 9). Ambient temperature collected from an on- site 
weather station suggests thermal conditions do not frequently ex-
ceed various estimates of upper and lower temperature thresholds for 

Parameter Mean 0.025 0.500 0.975 f

Neonate −0.05 −0.62 −0.02 0.45 0.56

Chick −0.14 −0.87 −0.07 0.37 0.66

Juvenile −0.26 −1.14 −0.16 0.26 0.76

Temp*Neonate −0.21 −0.53 −0.21 0.09 0.91

Temp*Chick −0.56 −0.93 −0.56 −0.19 1.00

Temp*Juvenile 1.69 1.27 1.69 2.13 1.00

Woody*Neonate 2.04 1.77 2.04 2.33 1.00

Woody*Chick 0.98 0.71 0.98 1.26 1.00

Woody*Juvenile 2.12 1.73 2.12 2.52 1.00

Grass*Neonate 0.01 −0.13 0.01 0.16 0.57

Grass*Chick −0.52 −0.75 −0.51 −0.29 1.00

Grass*Juvenile −0.58 −0.76 −0.58 −0.40 1.00

TempCV*Neonate −2.10 −2.43 −2.10 −1.78 1.00

TempCV*Chick −0.28 −0.65 −0.28 0.07 0.94

TempCV*Juvenile 4.97 4.37 4.97 5.55 1.00

Bareness*Neonate −1.04 −1.20 −1.04 −0.88 1.00

Bareness*Chick −0.51 −0.67 −0.51 −0.34 1.00

Bareness*Juvenile −0.66 −0.88 −0.66 −0.44 1.00

Obscurity*Neonate 0.31 0.13 0.31 0.49 1.00

Obscurity*Chick 1.09 0.90 1.08 1.28 1.00

Obscurity*Juvenile −0.55 −0.72 −0.55 −0.38 1.00

Season 0.49 −0.03 0.48 1.06 0.97

Woody*Season*Neonate −1.17 −1.50 −1.17 −0.86 1.00

Woody*Season*Chick −0.69 −1.01 −0.69 −0.37 1.00

Woody*Season*Juvenile −1.54 −1.91 −1.54 −1.17 1.00

tau.pair 0.14 0.10 0.13 0.18 1.00

tau.brood 30.39 0.61 3.44 215.22 1.00

Note: The f value describes the proportion of the posterior distribution with the same sign as the 
mean.

TA B L E  5   Posterior means and credible 
intervals of fourth- order, roost site 
selection of northern bobwhite (Colinus 
virginianus) broods, Tall Timbers, Leon 
County, FL, USA

F I G U R E  6   Marginal effects of mean ground surface temperature (a) and temperature stability (b) on roost site use across 3 ages classes 
of northern bobwhite (Colinus virginianus) broods during 2018– 2019 at Tall Timbers, Leon County, FL, USA. Line colors code for age, where 
gray represents neonates (0– 7 days), green represents chicks (8– 27 days), and purple represents juveniles (28– 42 days). X- axes span for 
range of observed data. Shading represents 95% Bayesian credible intervals
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bobwhite thermoneutrality (Figure 9; Olsen et al., 2018). The effect of 
temperature on resource use by bobwhite is likely more important in 
arid regions. Collectively, our results suggest that researchers study-
ing ground- dwelling precocial birds should consider the effects of life- 
history characteristics and diel activity on resource use.

5  | CONSERVATION AND MANAGEMENT 
PROPOSITIONS

Our results demonstrate tangible land management recommen-
dations for conservation of bobwhite. Bobwhite broods in our 
study and elsewhere (Cohen et al., 2020; Sinnott et al., 2021) 
make short daily movements (<150 m). We found that probabil-
ity of use declined with decreasing proportion of burned upland 
but we underscore the context of spatial scale of our resource 
use analysis (3.46 ha). Wellendorf and Palmer (2009) documented 
negative effects on adult bobwhite demographics with relatively 
small increases in burn scale (2.5– 8 ha); effects on broods would 
presumably be accentuated. Moreover, Wellendorf and Palmer 
(2009) noted that fire applied on public lands often range from 
100's to 1,000's ha in size. Thus, practitioners applying prescribed 
fire should consider the scale at burning occurs and species 
requirements.

The timing of prescribed fire may also have effects on vegeta-
tion structure. We found increased use of roost sites with greater 
amounts of shrub cover. Therefore, consistently hot warm season 
fires or other management practices that discourage the growth of 
shrub cover may have negative effects on bobwhite broods. This 
conclusion is supported by Sinnott et al. (2021) who detected lower 
bobwhite survival for broods that chose habitats with less shrub 
cover. Again, scale is important to note; these measurements were 
collected at the point scale (1 m2). Excessive shrub cover can inhibit 
growth of plants desirable to bobwhite such as forbs (Figure 3).

F I G U R E  7   Marginal effects of 
vegetation attributes on roost site use 
across 3 age classes of northern bobwhite 
(Colinus virginianus) broods during 2018– 
2019 at Tall Timbers, Leon County, FL, 
USA. Line colors code for age, where 
gray represents neonates (0– 7 days), 
green represents chicks (8– 27 days), and 
purple represents juveniles (28– 42 days). 
X- axes span for range of observed data. 
Shading represents 95% Bayesian credible 
intervals

F I G U R E  8   Marginal effects of woody cover on roost site use by 
neonate (0– 7 days of age) northern bobwhite (Colinus virginianus) 
broods during 2018– 2019 at Tall Timbers, Leon County, FL, USA. 
Light blue represents early nesting season (≤July 15), and dark blue 
represents late nesting season (>July 15). Shading represents 95% 
Bayesian credible intervals
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The effects of supplemental feed on brood survival remain un-
clear; however, we documented unequivocal use of areas close to 
feedlines. More research is warranted to document use of supple-
mental feed by broods and effects on fitness. Fallow fields appeared 
to have marginal effects on resource use and the effects of fallow 
fields on brood fitness remain unclear. Thus, we recommend land 
practitioners implement fallow field management on a site- specific 
basis, with greater implementation in lower quality soils as sug-
gested by Palmer et al. (2012).

The effect of mean temperature on use of nocturnal roost sites 
did not appear to be largely influential in our study; however, we 
did document nocturnal microclimate variability was associated with 
vegetation composition. Though we did not evaluate diurnal space 
use as a function of temperature, studies have unequivocally docu-
mented that diurnal space use of bobwhite in arid regions is driven 
by temperature, and similarly, find little effect of temperature on 
nocturnal space use (Guthery et al., 2005; Hiller & Guthery, 2005; 
Olsen et al., 2018; Palmer et al., 2021; Tanner et al., 2017). These 
results underscore the importance of proper habitat management 

that promotes both diverse floristics and vegetation physiognomy to 
provide accommodating microclimates for bobwhite across a wide 
range of life- history stages and geographic regions.
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