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Abstract Forest habitat is important for a variety of woodpecker species, and is under
pressure from urbanization. Red-headed Woodpeckers (Melanerpes erythrocephalus; RHWO)
were once abundant across Eastern North America, and their populations have been declining
since the 1960s. Their distribution encompasses urban centers, and since urban habitats differ
from natural forest areas, our goal was to understand RHWO nest-site selection in an urban
context. We addressed two main questions 1) what are the characteristics of RHWO nest
selection across multiple spatial scales and 2) how do RHWO nest tree characteristics in city
parks compare to those in forest preserves? This work was done in Cook County, IL, which
includes Chicago, the third-largest city in the USA by population. We examined 34 RHWO
nest trees used between 2010 and 2013, their surrounding habitat, and the landscape within a
1 km radius. Used trees and habitats were compared to paired unused trees and habitats, and
landscape-scale characteristics were compared to random locations. Advanced decay of the
nest tree, low canopy cover and increased presence of fungus on trees in the surrounding
habitat were the best predictors of RHWO nesting in the area. Nests were most commonly
found in forested areas outside of dense urban areas. However, we did not detect significant
differences in the characteristics of the nest trees located in forest preserves and city parks. Our
findings are consistent with nest selection studies in rural and natural areas, suggesting that
forest habitats in metropolitan landscapes can support RHWO nesting.
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Introduction

Woodpeckers and other primary excavators have the unique ability to excavate tree cavities,
which persist in the environment for long periods of time (Cockle et al. 2011; Edworthy et al.
2012). While relatively few species create tree cavities, in North America, over 89 species are
known to utilize tree cavities, including birds, reptiles, and mammals (Titus 1983). Conserving
species of primary excavators therefore has implications not only for woodpecker species
themselves, but also for communities that rely on these Bkeystone vegetative structures^ as
habitat (Tews et al. 2004). Woodpeckers are an easily recognizable guild, but there tends to a
low diversity and abundance of woodpeckers in urban areas because most depend on snags
(standing dead trees) and decaying wood for nesting, roosting, and foraging (Thomas et al.
1976; DeGraff and Wentworth 1986; Bull et al. 1997) which are less available in urbanized
habitats (LaMontagne et al. 2015). Woodpecker species are also a reliable indicator for
woodland bird species abundance and richness at several different spatial scales (Landres
et al. 1988, Thompson et al. 2005, Drever et al. 2008).

One woodpecker species of particular recent interest is the Red-headed Woodpecker
(Melanerpes erythrocephalus, RHWO), which was once abundant in temperate woodlands
and savannas across the eastern and central United States but over the past half-century
RHWO population sizes have decreased by 60 % across this range (Sauer et al. 2008). RHWO
have been classified as a Bcommon species in steep decline^ (Rich et al. 2004), and their
decline is a conservation concern (Illinois Department of Natural Resources 2005; National
Audubon Society 2008; Sauer et al. 2008; US Fish and Wildlife Service 2008). Several studies
have evaluated RHWO nest site selection in natural forest habitats (e.g. Vierling and Lentile
2006; King et al. 2007; Waldstein 2012; Frei et al. 2013; Hudson and Bollinger 2013). In these
natural habitats, RHWO have shown preferences at a range of hierarchical spatial scales (sensu
Johnson 1980), from the nest tree to the landscape scale. RHWO selected for nest sites that
were snag trees with a large diameter at breast height (DBH), the habitat surrounding the nest
had nearly twice as many dead trees as random sites (Smith et al. 2000; King et al. 2007,
Hudson and Bollinger 2013), and they occurred in landscapes with open areas and therefore a
lower percentage of canopy cover (Graber et al. 1977).

Here, we focus on RHWO habitat selection in an urban area. Their distribution spans from
east of the Rocky Mountains to the Atlantic Coast, and from the southern areas of Manitoba
and Saskatchewan, Canada, through Texas and Louisiana in the United States (Smith et al.
2000). The large range of the RHWO encompasses ten large cities (greater than one million
inhabitants), and while they were once common in urban areas their pattern of decline has also
been noted in cities in Illinois (Graber et al. 1977) and Texas (Pulich 1988). In general, habitats
in urban areas are considerably different in structure and function than those in natural and
rural woodlands (e.g. Tweit and Tweit 1986, Germaine et al. 1998, Marzluff et al. 1998;
Garaffa et al. 2009). For instance, urban habitats generally are more fragmented and contain
less dead wood than natural and rural woodlands, which may affect the availability of nesting
habitat. Determining whether or not there are differences in habitat selection by RHWO
between natural and urban areas may fill an important gap in our understanding the ecology
of this native species in urban areas. As far as we know, no research to date has evaluated
RHWO nest selection at multiple spatial scales in an urban environment.

Our study took place in a heterogeneous forest-urban landscape in and around the city of
Chicago, Illinois, USA and our objectives were to 1) identify the characteristics of nest sites
selected by RHWO across three spatial scales (the individual cavity tree, the habitat
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immediately surrounding the cavity tree, and the broader landscape), and 2) compare charac-
teristics of nest trees found in large city parks and those found in forest preserves. Because
RHWO preferentially excavate cavities in softened wood (Smith et al. 2000), we predicted that
RHWO nest trees would be larger and more decayed than unused trees (Kilgo and Vukovich
2011). We also predicted that the selection of nest sites would depend on the surrounding
habitat, specifically that RHWO nest sites would have lower canopy cover to aid in flycatching
behavior (Beal 1911; Venables and Collopy 1989; Smith et al. 2000), as well as a higher
density of mast-producing trees (oaks, walnuts, beeches, hickories, etc.; Smith and Scarlett
1987; Doherty et al. 1996) which provide cacheable food sources. We predicted that the
landscapes surrounding nests would have a larger forested-land area and a smaller area of
urban development compared to landscapes around randomly selected points. Across an urban
gradient woodpecker-excavated cavities are significantly more common in forest preserves
than in large city parks or residential areas (LaMontagne et al. 2015), therefore we predicted
that RHWO nests would be less common in city parks than in forested areas, and that RHWO
nest cavities found in city parks will be in large living trees with less surrounding decay, as
trees in city parks are managed to remove dead and decaying wood (Carpaneto et al. 2010).

Methods

Study area

Our study took place within Cook County, IL, USA (Fig. 1) which includes Chicago (41° 53′
N, 87° 38′ W) the third largest city in the United States by population (US Census Bureau
2010). Cook County is approximately 423,500 ha, and urbanization within and surrounding
Chicago has resulted in a built area of over 195,000 ha within our study area (US Census
Bureau 2010). Cook County contains a vast network of Forest Preserve sites, which encom-
pass 27,518 ha (~11 %) of county land, and Chicago Park District properties include another
3237 ha, and include approximately 7.6 % of the city’s tree population (Nowak et al. 2010).

We used reports from the Bird Conservation Network (BCN) and the Audubon Society
Chicago Region to identify the locations of RHWO nest trees that were active during at least
one breeding season between 2010 and 2013. An active nest status was defined either by
sighting reports that contained details of nesting behavior, or by four independent reports of
RHWO sightings at the same site within a 1-month time frame during the breeding season
which we assumed indicated an active nest. We excluded reports made during the fall and
spring migrations (Thorne Smith 1972). Habitat assessments were conducted between April
and October 2013. We conducted site visits to determine precise locations of cavities, and
quantified tree and habitat characteristics. We excluded three sites from the BCN database
because we could not find the reported cavity based on the provided GPS coordinates, and we
did not want to confound RHWO cavities with cavities of other excavators. Overall, we
identified and measured tree, habitat, and landscape characteristics at 34 RHWO nest sites, and
compared these to random trees, sites, and landscapes (see below).

Landscape selection

At the broadest scale of selection, we compared the landscape composition around RHWO
nests to points randomly selected from Cook County using the ‘Create Random Points’ tool in
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Data Management of ArcMap 10.2. Our landscape classifications of interest were modified
slightly from Blewett and Marzluff (2005) to include forest (mesic, dry mesic, and savannah),
high density urban (all/nearly all covered by manmade structures), medium density urban (50–
80 % covered by manmade structures), low density urban (≤50 % of land covered by
manmade structures), and urban open space (parks and yards, Illinois Natural History Survey
2003). GIS data layers were obtained from the collections at the Urban Wildlife Institute of
Lincoln Park Zoo and included vector data for road class and density from the Illinois
Department of Transportation (IL DOT 2012) and vector data from the Illinois Department
of Natural Resources (dnr.state.il.us) for streams. We used raster data of 30 m spatial resolution
of land use from Illinois Gap Analysis Project (IL-GAP 2012) through the Illinois Natural
History Survey (2012) and used a Zonal Analysis to determine the land use within a 1 km
radius buffer centered around each nest tree (n=34) and random point (n=34) following
Blewett and Marzluff (2005), Vierling and Lentile (2006), Frei et al. (2013), and LaMontagne
et al. (2015).

We also measured the distance from each RHWO nest location to roads, streams, and the
city center of Chicago because these risks and resources have been previously demonstrated to
impact wildlife distributions in an urban context (e.g. Loss et al. 2009; Gehrt et al. 2009; Magle
et al. 2010). We calculated Euclidian distances from both our nest trees and random points to
the nearest stream and the nearest road of class 1–7, which includes major interstates,
highways, two-lane roads, and busy residential streets but excludes low-traffic (<50 km per

Legend 
          City Parks 

          Forest Preserves

Fig. 1 Map of study sites located within Cook County, IL. The thick outer border is the Cook County limit and
the boundary of our study
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hour roads) or unpaved streets (IL DOT 2012). We also calculated the Euclidian distance from
each nest and randomly generated point to the city center of Chicago.

Tree-level selection

We conducted fieldwork to assess the characteristics for selection of nest trees. Each
nest tree was paired with six random control trees which were located at least 100 m
from the nest tree (Doherty et al. 1996; Vierling and Lentile 2006) in a randomly
selected direction and did not contain any excavated cavities. Henceforth, this collec-
tive set of individual trees will be referred to as focal trees. While most studies match
a nest tree with one random tree for comparison (e.g. King et al. 2007; Waldstein
2012), we chose to use the mean characteristics based on six random trees in order to
remove the influence of selecting a single random tree that was not reflective of the
trees available within the habitat. We set a minimum diameter breast height (DBH) of
40 cm for control trees based on literature values (Ingold 1994; Smith et al. 2000),
but adjusted our threshold to 20 cm DBH at four sites where the nest tree was smaller
than our original cutoff. For each focal tree, we measured DBH, identified tree
species, determined presence or absence of visible fungal growth, and classified
decay based on a modified Maser et al. (1979) scale. For the decay classification,
we classified trees from 1 to 5 based on how much of the tree was alive (1=100 %
living, 2=<50 % dead, 3=51–99 % dead, 4=100 % dead, 5=snag (LaMontagne et al.
2015). If a tree had one or more cavities, we estimated the cavity height, recorded the
orientation (based on cardinal directions), location on the tree (trunk, primary branch,
or secondary branch), and whether there was visible fungal growth within one meter
of the cavity opening.

Surrounding habitat-level selection

We also assessed selection based on the habitat surrounding nest trees. Two of our control focal
trees per site were designated as full-plot control trees, meaning we measured surrounding
habitat variables in addition to tree characteristics. We opted to use two surrounding habitat
plots and average their measurements to avoid biases in our measurements due to
undersampling at a specific site. At nest trees and full-plot control trees, we measured an
11.3 m radius and constructed a 0.04 ha circular plot centered on the focal tree (Martin et al.
1997; Vierling and Lentile 2006; Norris and Martin 2008; Cooke and Hannon 2012). For each
tree >10 cm DBH within the plot, we identified the genus, measured DBH, classified decay
(see above), and noted whether there was visible fungal growth on the tree. From this data, we
calculated tree density, basal area density, dead-tree density (trees in decay class 4 and 5), snag
density (class 5 only) and mast-tree density based on living oaks (Quercus spp), chestnuts
(Aesculus ssp), hickories (Carya ssp), walnuts (Juglands ssp), and buckeyes (Aesculus ssp).
For percent canopy cover, we looked upwards through a vertical tube 4 cm in diameter and
12 cm in length and estimated cover to the nearest 5 % at 5 points along the radius of the plot
in each cardinal direction, and averaged these 20 measurements across the 0.04 ha plot
(Conner and Saenz 1996). To describe woody growth <10 cm DBH, we estimated an overall
percent coverage of the shrub layer on a 0–10 scale, where B0^ had no shrub growth, B5^ had
shrub growth across 50 % of the 0.04 ha plot, B10^ was dense shrub growth across the entire
0.04 ha plot.
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Analysis

We conducted analyses to address RHWO habitat use at three spatial scales: the landscape, the
habitat surrounding nest trees, and the nest trees themselves. All analyses were done in R
version 3.0.0, and means±SE are shown throughout. To determine if the landscape in a 1 km
radius (314.16 ha) area surrounding our nest sites was different from that around ArcMAP-
generated random location points, we used a logistic regression which included terms for the
land-area (in ha) for the following land uses and habitat types: forest, high density urban,
medium density urban, low density urban, and urban open space. We tested a full generalized
linear model that included all combinations of the above terms and selected the strongest
models discerning a binary response variable—that of random sites and RHWO nest sites—
using an Akaike information criterion model selection adjusted for small sample sizes (AICc;
Burnham and Anderson 1998; see below). We also compared landscape measurements for
distance to roads, streams, and city center of nest sites and randomly generated points using
two-sample t-tests (Zar 1999) to obtain a brief description of the risks and resources near
RHWO nests.

In order to determine what characteristics were the most important for nest-site selection at
the individual tree level and the surrounding habitat (0.04 ha) level, we combined the field data
from these two spatial scales into a candidate model set to assess which variables are important
for RHWO selection, and whether there is a scale that shows stronger selection than the other.
For all surrounding habitat-level variables, the information from the two full-plot controls
corresponding to each nest site were averaged and included as a single term that was paired
with the focal trees, as described above. Also, the average characteristics based on six control
trees was included for focal-tree level variables. We used a generalized linear mixed effects
model with a binomial response variable representing used and control nest sites, and AICc

with subsequent model averaging to determine a best model. We constructed a full model set
that included decay class of the focal trees, and the percent canopy cover, proportion of trees
with visible fungal growth, basal area of mast trees, and the decay of surrounding trees within
the 0.04 ha habitat plot. We restricted the full candidate model to include these five variables to
avoid an overly complex full model and because they are all factors hypothesized to strongly
influence RHWO habitat selection. In order to account for nest trees and control trees being
paired within sites, we included nest site as a random effect in order to mitigate the effects of
different sites across our study area (Sadoti 2012). AICc values were generated from the 32
possible subsets of our full model and parameter values were averaged from the 90 %
confidence set of model weights using the MuMIN package in R. We did not include
landscape scale data in this analysis because there was a distance of ~100 m between nest
trees and control trees, meaning that they occurred in the same landscape by our definition.

For all generalized linear regression models, we used AIC model selection to find the most
parsimonious models that best fit the pattern of RHWO nest site selection (Burnham and
Anderson 1998). To compare the performance of the logistic regression models, we used
Akaike weights based on Akaike information criterion corrected for small sample size (AICc)
values (Hurvich and Tsai 1989). Also, differences in AICc values between the best model and
another model that are<2 indicate that there is substantial support for both models, if the
difference is between 4 and 7, there is considerably less support for the other model, and
differences>10 indicate essentially no support for the other model (Burnham and Anderson
1998). Estimates of the relative importance of predictor variables (variable importance
weights) were calculated by summing the Akaike weights across the models in the confidence
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set (Burnham and Anderson 1998). Variables tending to be in all of the top models will have a
summed Akaike weight / total confidence set weight closer to 1 (Symonds and Moussalli
2011). For our analyses, we assumed that the factors that separated out nest and control (or
random) tree, surrounding habitats, and landscapes, indicated a preference—and therefore
selection—for particular habitat characteristics by RHWO.

We analyzed additional data collected from the focal tree and the surrounding habitat that
were not included in our full model (tree density in plot, basal area of trees in plot, dead-tree
density, snag density, mast-tree density, and shrub layer) using paired sample t-tests. This was
done to elucidate any differences between nest trees and control trees in variables that we did
not consider to be highly predictive a priori, but that may merit further evaluation. We log(x+
1) transformed the measurements for dead-tree density, snag density, and mast-tree density and
arcsine square root transformed the values for the shrub layer to meet the assumptions of
homoscedasticity and normality (Zar 1999). We used a Fisher’s Exact Test to determine
whether there was an effect of tree genus on selection of nest trees. For this test, we considered
trees with no identifiable bark to be their own classification (BUnidentifiable^, Conway and
Martin 1993), although it is highly probable that they were oaks based on the prevalence of
oaks in the surrounding tree communities so we also ran a second analysis assuming that the
unidentifiable trees were oaks.

To analyze whether there were differences in nest trees found in city parks compared to
forest preserves we used two-sample t-tests to evaluate differences in DBH, focal tree decay,
percent canopy cover, surrounding tree density, surrounding dead-tree density, and surround-
ing mast-tree density. We arcsine square-root transformed values for percent canopy cover to
better meet the assumptions of equal variance (Zar 1999). These variables were suggested by
LaMontagne et al. (2015) to be different between city parks and forest preserves, and our goal
was to determine if any of these variables impacted selection of nest trees in these two different
habitat types by RHWO. We did not perform a generalized linear model on these data for two
reasons, 1) they both included areas selected by RHWO, and 2) sample sizes for nests in parks
were small.

Results

RHWO nest site selection in the landscape

The amount of urban area as well as urban open space and forest surrounding nest sites and
randomly selected points were the most important variables in the model selection at the
landscape scale differentiating locations used by RHWO from random locations (Table 1).
High, medium, and low density urban areas appeared in eight, seven, and nine of the 13 models
in the 90 % confidence set with variable importance weights of 0.79, 0.52, and 0.98, respec-
tively. Urban open space and forest appeared in five and six models with variable importance
weights of 0.76 and 0.29, respectively. The model-averaged parameter estimates indicated a
negative effect of all urban-type areas (high, medium, and low density) on the presence of
RHWO nests, and a negative impact of urban open space (Table 2; Fig. 2). Forested area within
a 1-km radius area was not shown to be a variable that strongly differentiated nest sites and
random points, showing up in only five models in the 90% confidence model set, and only once
in the four top models that made up 65 % of the AICc weight (ΔAICc<2.0; Tables 1 and 2).
However, the landscapes surrounding RHWO nests were comprised on average of nearly 75 %
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of various forest types (mesic, dry mesic, and savannah) while a much lower area surrounding
randomly generated points was forested (40 %)(Fig. 2a). The inability of a model based on
forested area to differentiate between landscapes surrounding RHWO nests and random points
could be due to the higher variance of forest area in our buffer zones around RHWO nests
compared to that of our random points (F test, df=66, F=0.0001, p<0.0001). In describing the
location of nests compared to random points, RHWO nests were significantly farther from the
city center (23.76±1.55 vs 29.22±1.94 km, respectively; two sample t-test, t=2.20, df=66, p=
0.031), and significantly nearer to streams (245.32±37.02 vs 770.15±48.49 m), respectively;
two sample t-test, t=3.42, df=66, p=0.001), while there was no significant difference in the
proximity to roads of RHWO nests (415.02±39.83 m and random points (407.78±52.29 m;
two sample t-test, t=0.11, df=66, p=0.912).

RHWO nest site selection – trees and surrounding habitat

The 90 % confidence set of models differentiating RHWO nest sites and unused (control) sites
contained 10 models, all of which contained the decay class of the individual nest tree, with a
variable importance weight of 1.00 (Table 3). The top three models (ΔAICc<2.0) had AICc

weights totaling 0.62, and all contained terms for percent canopy cover and the percentage of
trees in the surrounding habitat with visible fungal growth, with variable importance weights
of 0.90 and 0.74, respectively. Decay of surrounding trees and the basal area of mast trees in
the surrounding habitat were included in four models each in the confidence set, and were only
moderately important in explaining nest site selection by RHWO, with variable importance
weights of 0.37 and 0.26, respectively. Model averaged odds ratios show that substantially
lower canopy cover, higher nest tree decay, and higher percentage of surrounding trees with
visible fungal growth increase in the likelihood of a tree being a RHWO nest tree (Table 4).

On average, there was almost 1.5 times more canopy cover in control plots than in RHWO
nest plots (Fig. 2c), despite that both the density of trees and basal area of trees were similar

Table 1 Ninety percent confidence model set for a generalized linear model of landscape variables measured
around a binary response variable of RHWO nest trees (success) and randomly selected points (failure)

Model terms K ΔAICc wi

High Density Urban + Low Density Urban + Urban Open Space 5 0.00 0.26

High Density Urban + Low Density Urban + Urban Open Space + Medium Density Urban 6 0.74 0.18

High Density Urban + Low Density Urban + Urban Open Space + Forest 6 1.65 0.11

Low Density Urban + Urban Open Space + Medium Density Urban 5 1.95 0.10

High Density Urban + Low Density Urban 4 2.40 0.08

High Density Urban + Low Density Urban + Urban Open Space + Medium Density Urban +
Forest

7 2.92 0.06

High Density Urban + Low Density Urban + Medium Density Urban 5 3.04 0.06

Low Density Urban + Urban Open Space + Medium Density Urban + Forest 6 3.46 0.05

Low Density Urban + Medium Density Urban 4 3.89 0.04

High Density Urban + Low Density Urban + Forest 5 4.00 0.03

High Density Urban + Low Density Urban + Medium Density Urban + Forest 6 5.15 0.02

Low Density Urban + Medium Density Urban + Forest 5 5.50 0.02

Urban Open Space + Medium Density Urban 4 5.54 0.02
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between nest and control plots (Table 5). However, the mean dead-tree density (number of
trees in decay class 4 and 5) in RHWO nest plots was 1.7 times greater than in control plots,
and there was also a higher, but not significant, density of snags around RHWO nests
(Table 5). The higher densities of dead trees, is consistent with the mean surrounding decay
(average decay of all trees in plot) being higher around RHWO nests. More than 60 % of our
nest trees were in decay class 4 or 5, meaning that they were completely dead, but either with
branches still intact (decay class 4) or snags (decay class 5; Appendix A). Conversely, only
4.48 % of random control trees were decay class 4 or 5. There were no RHWO nests in 100 %
living trees (decay class 1), even though 7.96 % of controls had no decay. Nest trees were
frequently located in oak trees (14/34 nests, 41.18 %), although this estimate may be
conservative because 6 nest trees (17.65 %) were unidentifiable because they were in decay
class 5 and did not have any intact bark for identification; they may have been oaks as well
because that was the most common genus found in our study area (Appendix A). The DBH of
nest trees (57.37±3.79 cm) and the control trees included in our sample (58.19±1.47 cm) were
similar. There was no significant difference between the genus of nest trees and random trees,
both when unidentifiable trees were considered a separate category and when they were
clustered with the other oak species (Fisher’s exact test, separate p=0.240, clustered p=
0.219). However, the density of mast trees around RHWO nest trees was almost 20 trees ha−1

greater than around control trees (Table 5). The shrub layer cover did not vary significantly
between nest and control trees (Table 5).

City parks versus forest preserves

Seven of our 34 nest trees (20.5 %) were located in city parks, while the other 27 trees were
located in forest preserves. There were significant differences in focal tree decay, surrounding
tree density, surrounding dead-tree density trees and surrounding mast-tree density in city
parks and forest preserve sites (Table 6). Focal tree decay was, on average, one full scale point
higher in forest preserves than in city parks, and surrounding density of all trees, dead trees,
and mast trees was much higher in forest preserves as well. Nest trees in parks tended to have
on average a DBH that was 17.54 cm larger than nest trees in forest preserves, although this
was not statistically significant (Table 6). The percentage of canopy cover surrounding nest
trees in city parks and forest preserves was very similar even though the density of trees per
hectare was more than three times higher in forest preserves than in city parks, and this is likely
attributed to the fact that city parks had very low densities of dead trees compared to forest
preserves (Table 6). Mast trees in surrounding plots in forest preserves included oaks, beeches,

Table 2 Model-averaged odds ratios and 95 % confidence intervals from the variables included in the 90 %
confidence models set for landscape analysis surrounding nest trees (success) and randomly selected points
(failure)

Variable Odds ratio 95 % CI Variable importance weight

Low density urban 0.90 0.83–0.98 0.98

High density urban 0.98 0.96–0.99 0.79

Urban open space 0.98 0.96–1.00 0.76

Medium density urban 0.98 0.97–1.00 0.52

Forest 1.00 0.99–1.01 0.29
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hickories, walnuts, and buckeyes. Mast trees in city park sites were rare; there was a maximum
2 per 0.04 ha plot. Instead many of the trees in city parks were maples or ornamental and
introduced species that were not found in the forest preserves (e.g., red pine (Pinus resinosa),
wahoo (Euonymus atropurpureus)).

Discussion

The first goal of our study was to identify the characteristics of RHWO nest selection in an
urban environment across three spatial scales in order to determine whether there were
differences in characteristics being selected for in urban areas when compared to information
from natural areas. As predicted, we found that RHWO tended to avoid urban zones on the
landscape, and no nest trees were found in highly residential or business districts. Over smaller
spatial extents we found that RHWO in Cook County were selecting nest trees that had i) high
decay, and were in habitats with ii) lower canopy cover and iii) where there was higher
surrounding fungal growth on trees. These factors may have been favored because they likely
provide appropriate substrate in which RHWO can excavate a cavity for nesting and appro-
priate foraging habitat. Based on the locations of our nest trees, RHWO were capable of

Table 3 Ninety percent confidence model set for generalized linear models of combined focal tree and
surrounding habitat variables for a binary variable of RHWO nests (success) and random sites (failure); all
models include a random term for site to account for the paired design

Model terms K ΔAICc wi

Focal tree decay + Canopy cover + Trees with visible fungus 6 0.00 0.27

Focal tree decay + Canopy cover + Trees with visible fungus + Mean surrounding decay 7 0.82 0.18

Focal tree decay + Canopy cover + Trees with visible fungus + Basal area of mast trees 7 1.84 0.11

Focal tree decay + Canopy cover + Mean surrounding decay 6 2.78 0.07

Focal tree decay + Canopy cover 5 2.95 0.06

Focal tree decay + Canopy cover + Trees with visible fungus + Mean surrounding decay +
Basal area of mast trees

8 2.98 0.06

Focal tree decay + Trees with visible fungus 5 3.36 0.05

Focal tree decay + Canopy cover + Basal area of mast trees 6 3.95 0.04

Focal tree decay 4 4.01 0.04

Focal tree decay + Canopy cover + Mean surrounding decay + Basal area of mast trees 7 4.40 0.03

Table 4 Model-averaged odds ratios and 95 % confidence intervals from the variables included in the 90 %
confidence models set combining focal tree and surrounding habitat variables around the binary response variable
of RHWO nests (success) and control trees (failure)

Variable Odds ratio 95 % CI Variable importance weight

Focal tree decay 3.66 1.39–9.62 1.00

Canopy cover 8.73 × 10−5 7.88 × 10−3–96.7 0.90

Trees with visible fungus 1.43 × 102 4.20 × 10−1–4.83 × 106 0.74

Mean surrounding decay 1.70 0.71–4.03 0.37

Basal area of mast trees 1.00 0.99–1.00 0.26
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residing in both forest preserves and large city parks, provided they had suitable nesting
substrate. However, when comparing the landscape around nest sites to the landscape around
randomly selected points, we found that there was a negative impact of the levels of
urbanization at all four different distinctions (high density, medium density, low density, open
space) on whether or not points were selected as RHWO nest sites. As a result of urbanization,
physical barriers such as built area, roads, and areas without trees in urban environments may
be detrimental to RHWOs’ ability to find nesting habitat because urban areas have lower tree
densities than natural areas (LaMontagne et al. 2015). In addition, urban areas are also under
active management for public safety, which likely does not consider the needs of local wildlife,
and therefore results in very few trees having dead branches or being snags (Blewett and
Marzluff 2005; Carpaneto et al. 2010). Because decay is important for RHWO nest site
selection on multiple spatial scales, the absence of decaying wood material in areas may limit
RHWO nesting and contribute to the decline of RHWO in urban areas (Rodewald et al. 2005).

While we expected to find that RHWO were nesting more in forested areas, our analysis
demonstrated that the area of surrounding forest in the landscape was not a good predictor of

Table 5 Means and SE for additional habitat variables, measured in the 0.04 ha plots surrounding RHWO nest
trees and control focal trees in Cook County, IL, USA

Cavity focal tree Random focal tree t p

Variable
X

SE
X

SE

Tree density (ha−1) 208.08 21.31 226.41 21.31 0.70 0.487

Basal area(m2 ha−1) 27.01 2.09 26.43 1.63 0.22 0.828

Dead-tree density (ha−1)a 57.35 9.99 24.78 4.21 1.95 0.060

Snag density (ha−1)a 26.47 5.37 11.76 3.21 1.60 0.119

Mast-tree density (ha−1)a 72.79 14.45 93.75 15.30 1.31 0.199

Shrub layer (1–10)b 1.64 0.42 1.35 0.35 0.12 0.907

Analysis was conducted on a log(+1) transformed or b arcsine square root transformed values

Table 6 Measurements of RHWO nest trees in city parks compared to nest trees in Forest Preserves in Cook
County, IL, USA

City parks (n=7) Forest preserves (n=27) t p

Variable
X

SE
X

SE

DBH 71.3 8.73 53.76 4.00 1.94 0.06

Decay class 3.00 0.37 4.05 0.16 2.82 0.008

% Canopy covera 49.10 2.70 45.70 5.00 0.46 0.648

Surrounding tree density (ha−1) 71.42 19.90 239.81 21.23 3.89 <0.001

Surrounding Dead-tree Density (ha−1) 10.71 7.43 67.59 11.61 2.43 0.02

Surrounding Mast-tree Density (ha−1) 10.71 10.71 88.88 16.68 2.33 0.026

a Analysis was conducted on arcsine square root transformed values
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whether or not a point was a nest site or a random location. This suggests that individual nest
tree and the immediate surrounding habitat were more important in RHWO nest site selection
than the broader landscape. RHWO historically nested in open oak savannah areas, and they
have been found to actually occur less frequently in landscapes with a high percentage of forest
cover (Graber et al. 1977; Gentry and Vierling 2008). We did find considerable variation
in the forested area within the landscape around nests, and due to fragmentation in the
urban environment the range of forest cover at the landscape scale around nests and
random points may fall within the range where there was no strong selection. In our case,
because of the heterogeneous forest-urban landscape of Cook County, forest patch shapes
are long (generally along the Des Plaines River and the Cal-Sag Channel) but most are
only approximately 1.5 km from east to west; meaning that in no case did the 1 km
radius buffer include complete forest, and instead they included edge habitats and often
surrounding housing and commercial areas.

We suggest, however, that the biological importance of forest areas as habitat should not be
discounted. This is because most of the nest trees (27 of 34) were located within the forest
preserve system of Cook County. At local scales where RHWO occur, we found that there
were strong preferences for decayed trees and open canopy, which is consistent with natural
areas (King et al. 2007; Waldstein 2012).

RHWO nests were closer to streams than random locations, but this could be an artifact of
more natural lands in forest preserves having more stream sources. Streams could be important
for RHWO nest selection as some of their insect food sources (e.g. dragonflies or damselflies)
require an aquatic environment in which to lay eggs. Insects are the primary summer food
source for RHWO (Smith et al. 2000), and bark dwelling insects may be related to decay
processes and fungal development which our data suggest are important for RHWO nest site
selection (Jackson and Jackson 2004). Additionally, reduced canopy cover may increase the
ability of RHWO to catch food on the wing (Smith et al. 2000), thus suggesting the possibility
that much of the nest selection process involves the insect food sources available in a given
area. Further research should explore the arthropod communities surrounding RHWO nests
and clarify the interactions between RHWO, insect food sources, and tree decay.

In addition to insect prey, RHWO also consume hard mast sources, but during the spring
and summer nesting seasons when insects are plentiful, the role of hard nut crops may be less
important in the selection of cavities for breeding RHWO (Beal 1911; Venables and Collopy
1989). The surrounding basal area of mast trees was not a parameter in any of our highly
supported models, likely because much of the forest preserves in this region are comprised of
mast trees (Forest Preserve District of Cook County 2001), and so there was little variation
between nest sites and control sites in our study area. This may not be true for other areas in the
extensive RHWO habitat range. In Ohio, Rodewald et al. (2005) found that RHWO used at
least 15 tree species for creating nest cavities, but that 60 % of the nests were in either maples
or oaks. In regions dominated by lodgepole pines, other conifers, or maple and ash species,
RHWO may actively select for areas with trees that produce hard nut crops which can be
cached for the winter (Smith et al. 2000). We looked specifically at cavities that were active
during the breeding season, and did not address winter cavity usage. Further work is necessary
to determine if the availability of acorns, beech nuts, walnuts etc. impacts the RHWO ability to
remain in their cavities throughout the winter, thus removing the need to reclaim or excavate a
new cavity in the subsequent spring.

This study demonstrated that RHWO are capable of living in close proximity to human
development, as seven of our nest trees were located in city parks within approximately 12 km
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of the highly urban center of Chicago, IL. However, there were significant differences in
characteristics of RHWO next trees in city parks versus those in forest preserves. Generally,
there was a much higher density of trees in forest preserves than parks, which is likely the
cause of higher densities of both mast-producing trees and dead trees. However, the most
relevant differences are arguably in the DBH and decay classes of nest trees. While city parks
included significantly larger trees, they were not as decayed as those nest trees found in forest
preserves. Snags and dead branches are safety hazard, and are often removed from city parks,
which are rigorously maintained for human recreation. As a result, habitat quality in city parks
may not be ideal for RHWO, and could be a limiting factor to nesting in these spaces.
Retaining dead limbs or limb stumps may be a reasonable conservation strategy because most
of our observed cavities were on branches rather than trunks (Appendix B), which is consistent
with other findings about excavated cavities in urban areas (LaMontagne et al. 2015). When it
does not pose a high risk for human users, retaining some dead, decaying, and fungal-
inoculated wood in the form of dead limbs or limb stumps extending from the trunk ~30 cm
in parks could potentially contribute to encouraging RHWO nesting in urban areas while
minimizing human safety risks.

It is important to note that urban areas contain much less potential habitat for RHWO than
natural areas because approximately only 17 % of our study area is forest preserve or city park
property. Most additional trees within Cook County are located on private property where land
management is overseen by homeowners or businesses rather than professionals in the field
(Nowak et al. 2010). Furthermore, the loss of habitat in and around cities is ongoing. Human
populations are growing and urban areas are expected to increase in size and density (UN
DESA 2011), which will by extension reduce the available habitat for wildlife as well as
increase the associated urban risks without direct consideration and mitigation (Magle et al.
2010). When tree density is considered, the density of excavated cavities in forested areas is 14
times that in residential and park areas (LaMontagne et al. 2015), supporting our finding that
RHWO nested primarily in forest preserves, which are better equipped to meet the needs of
cavity excavators.

Understanding RHWO nesting habitat selection across different spatial scales in an
urban landscape contributes to a more comprehensive assessment of the nesting needs
of RHWO, a near-threatened species, which has thus far only been evaluated in rural
and natural areas (e.g., Stauffner and Best 1982; Venables and Collopy 1989; King
et al. 2007). While we were limited to evaluating 34 nest trees in our study area,
these results are similar to results from studies of RHWO nesting in rural and natural
areas (DeGraff et al. 1980; Kahl et al. 1985; Hamel 1992, Jackson and Jackson 2004).
Additionally, our sites represent the all of the identifiable RHWO nests reported in
Cook County from 2010 to 2013, and low species abundance is an unavoidable
reality when working with species of conservation concern, and in an area with
fragmented habitat (Blewett and Marzluff 2005).

The difficulty of juxtaposing RHWO needs with the impacts of urban centers is
compounded by the fact that Chicago is not the only highly urban area that intersects historic
RHWO range. There are ten cities with human population censuses of over one million
inhabitants in the United States and Canada that fall within the range of RHWO, and areas
of sprawling suburban areas surrounding these metropolises and other smaller cities and towns
(Statistics Canada 2011, US Census Bureau 2010). Our study corroborates the importance of
dead and decaying wood and open canopy for RHWO nesting in urban areas as compared to
natural areas. While these may not be the only factors that are locally important in all cities, our
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results combined with the literature from natural areas suggests that promoting the retention of
dead wood and open canopy is a viable starting place for habitat conservation in urban centers.
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Appendix A

Table 7 Characteristics of individual focal trees that contained RHWO nests (n=34) and random controls (n=
204)

Variable Nest tree (n=34) Control tree (n=204)

n % n %

Tree genus

Tilia (American Basswood) 1 2.94 3 1.47

Prunus (Black Cherry) 6 2.94

Robina (Black Locust) 1 0.49

Acer (Maple ssp) 2 5.88 23 11.27

Quercus (Oak ssp) 14 41.18 105 51.47

Catalpa 3 1.47

Populus (Eastern Cottonwood) 3 8.82 19 9.31

Fraxinus (Ash ssp) 1 2.94 14 6.86

Celtis (Hackberry) 2 0.98

Gleditsia (Honey Locust) 1 2.94 2 0.98

Aesculus (Horse Chestnut) 1 0.49

Carya (Hickory ssp) 5 2.45

Pinus (Red Pine) 1 0.49

Ulmus (Elm ssp) 5 14.71 5 2.45

Unidentifiable 6 17.65 1 0.49

Morus (White Mulberry) 3 1.47

Juglans (Walnut ssp) 1 2.94 8 3.92

Aesculus (Yellow Buckeye) 2 0.98

Decay class

1 (100 % living) 0 0.00 16 7.84

2 (1–49 % dead) 4 11.76 66 32.35

3 (50–99 % dead) 9 26.47 113 55.39

4 (100 % dead) 10 29.41 8 3.92

5 (snag) 11 32.35 1 0.49

Parenthetical listings are the only species of that genus found in our sites
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