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ABSTRACT
Habitat loss and degradation play a major role in the population decline of many Neotropical
migrant birds. One such Neotropical migrant, the Cerulean Warbler (Setophaga cerulea
(Wilson, 1810)), is a species of high conservation concern due to its significant and steady
decline. Cerulean Warblers have specific breeding habitat needs, such as a diverse vegetation
structure with well-established upper-canopy and understory layers along with canopy gaps. As
an area-sensitive species, management of large tracts of mature forest is essential to any
conservation plan. Field surveys for suitable breeding habitat at the landscape-level, however,
are labor intensive and prohibitively expensive. Light detection and ranging (lidar) is a more
efficient tool of describing, in fine detail, the topography and vertical vegetation structure at
large scales. Metrics derived from airborne leaf-off topographic lidar were therefore combined
with bird survey data from the latest Breeding Bird Atlas (BBA) to create predictive habitat
models at two spatial scales for two physiographic provinces in Pennsylvania. At both spatial
scales, the model demonstrated the importance of elevation, slope, aspect, and vegetative
complexity to the habitat selection of Cerulean Warblers. However, the landscape-level models
performed better than those at the territory-level for predicting the habitat where Cerulean
Warblers were observed. At the landscape-level, differences among provinces were also noted.
In the Appalachian Plateau Province study area, birds were positively associated with a denser
upper-canopy than midstory, whereas in the Ridge and Valley Province study area a less dense
upper-canopy and relatively more dense midstory was preferred. Overall, Cerulean Warblers
were detected in areas with steeper slopes, east-facing aspects, and a more diverse vegetation
structure. The latter was indicated by a greater standard deviation or interquartile distance of
lidar return heights, a higher rumple index, or differences in lidar return proportions within
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various vegetative strata. The additional information gained from lidar could prove critical to the
conservation of Cerulean Warblers and other species that rely on similar habitat by identifying
potential habitat at a landscape scale while taking into consideration regional preferences.
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CHAPTER 1: INTRODUCTION
Habitat loss and degradation play a major role in the population decline of many wildlife species
(e.g., reptiles, Gibbons et al. 2000; amphibians, Cushman 2006; birds, Robbins et al. 1989,
Zitske et al. 2011). As the human population continues to grow and expand, increasingly more
land will be converted for anthropogenic use and biodiversity will be compromised and, in some
cases, lost (Pimm et al. 1995, McKee et al. 2003). Suitable habitat for various types of fauna is
cleared completely or fragmented for agriculture, natural resource extraction, and residential,
commercial, and industrial development. The effect of land modification is especially
detrimental to habitat specialists or area-sensitive species (Robbins et al. 1993, Herkert 1994,
Owens and Bennett 2000, Polus et al. 2007). One such species whose population has been
significantly impacted by the loss of quality habitat is the Cerulean Warbler (Setophaga cerulea
(Wilson, 1810); hereafter “Cerulean”), a Neotropical migratory songbird (Hamel 2000a, Hamel
et al. 2004).
Ceruleans rely on large tracts of mature, deciduous forest with specific microhabitat features in
which to breed (Hamel 2000b, Wood et al. 2013). Old-growth and uneven-aged forests often
provide the structurally and compositionally diverse habitat that Ceruleans prefer (Wood et al.
2013). Once an abundant songbird of the Mississippi and Ohio River valleys, Cerulean numbers
have dropped during the last century (Hamel 2000a, 2000b). In fact, in the Mississippi Alluvial
Valley, an area of past abundance, Ceruleans no longer exist (Smith et al. 1996). The Cerulean
population has declined at precipitous rates (Hamel 2000a). According to the North American
Breeding Bird Survey (BBS), the Cerulean population has decreased at an average rate of ~4%
per year between 1966 and 2011 (Sauer et al. 2012), amounting to a population loss of greater
than 70% since 1966 (Wood et al. 2013). Due to the decline of not only Ceruleans but migratory
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birds in general, the conservation group Partners in Flight (PIF) was created in 1990. Relying on
a collaborative effort from, for example, government agencies, industry, and concerned
individuals, PIF has since expanded its mission to protect all landbirds. Currently, the Cerulean
is a PIF Watch List species (Rich et al. 2004). The severe reduction of the Cerulean population
has prompted well-deserved concern and subsequent research focused on its ecology and
conservation, in addition to the creation of groups such as the Cerulean Warbler Technical Group
(CWTG; Hamel et al. 2004). Following a status assessment (Hamel 2000a) funded by the U.S.
Fish and Wildlife Service (USFWS), a petition (Ruley 2000) to list the species as threatened
under the Endangered Species Act of 1973 was drafted; however, the USFWS found the request
to be unwarranted (Williams 2002). To date, the Cerulean is a species of national conservation
concern in the United States (USFWS 2008), listed as endangered in Canada (COSEWIC 2010),
and considered vulnerable to extinction globally by the International Union for Conservation of
Nature and Natural Resources (IUCN 2013); all establishing the Cerulean as high priority for
conservation.
Despite the range-wide population decline on its breeding grounds, there are areas at the local
level that appear to be supporting stable or increasing Cerulean populations (Hamel 2000a,
2000b). In Pennsylvania, for example, Cerulean numbers in the central and eastern part of the
state have been increasing since the 1960s despite an average annual decline in Pennsylvania of
~3% from 1966 to 2011, mostly due to decreasing western populations (Stoleson and Sechler
2010, Sauer et al. 2012). Pennsylvania, the focus of this study, is one of fifteen states that lie
within the Appalachian Mountains Bird Conservation Region (AMBCR) that extends from
southern New York to central Alabama, covers roughly 105 million acres, and represents the
core of the Cerulean breeding range (Figure 1.1). In fact, the AMBCR supports almost 80% of
2

the current population (Atlantic Coast Joint Venture 2005). Therefore, identifying and
preserving suitable habitat, along with improving habitat quality through management
techniques, in the AMBCR is paramount to Cerulean recovery and conservation.

CERULEAN WARBLER ECOLOGY
The Cerulean is a small (11.5 cm, 8 – 10 g) wood-warbler (Family Parulidae) foraging primarily
for insects and nesting in the forest canopy (Hamel 2000b). As a Neotropical migrant, Ceruleans
winter on the lower slopes of the Andes Mountains in northern South America and breed in
mature, deciduous forests in eastern North America (Hamel 2000a). Despite the decrease in
overall abundance, the extent of the breeding range has changed little during the past century.
According to Hamel (2000a), “range generally extends from the eastern Great Plains, north to
Minnesota; east to Massachusetts; and south to North Carolina and Louisiana.” Based on the
Breeding Bird Survey (BBS), however, there has been a northeast shift in the breeding range into
areas such as central New York and Ontario, Canada (Hamel 2000b, Hamel et al. 2004). The
Ontario expansion is believed to be the result of maturing secondary forest on abandoned
agricultural lands (Oliarnyk and Robertson 1996). This provides evidence that Ceruleans will
move into areas that once were unsuitable for breeding and are not strictly dependent on primary
forest habitat (Hamel 2000a, 2000b); an important consideration for habitat management and
conservation of the species.
Ceruleans have a patchy distribution within their breeding range (Hamel 2000a; Figure 1.2).
This is especially the case in the Appalachian region where their variable distribution is largely
due to habitat specialization and is thus dependent upon the availability of suitable breeding
habitat (Wood et al. 2013). In the Appalachian region, Ceruleans have been positively
3

associated with ridges and upper-slope positions (Weakland and Wood 2005, Buehler et al. 2006,
Wood et al. 2006). However, in some parts of the Appalachians Ceruleans are more abundant in
bottomlands (e.g., in riparian forests; Rosenberg et al. 2000). Several studies have indicated that
aspect is an important predictor of Cerulean occurrence. Male Ceruleans in eastern Kentucky
preferred singing locations with an east-facing slope (Hartman et al. 2009). In southwestern
West Virginia, Ceruleans were more likely to be found on northwest- to southeast-facing slopes
(Wood et al. 2006), while productive northeast-facing slopes were favored in southeastern Ohio
(Newell and Rodewald 2011).
In terms of forest structure, Ceruleans are commonly associated with well-spaced large diameter
trees (Bakermans and Rodewald 2009, Hartman et al. 2009, Newell and Rodewald 2011, Boves
et al. 2013) and canopy gaps (Perkins 2006, Wood et al. 2006, Bakermans and Rodewald 2009,
Boves et al. 2013). Gaps in the canopy promote crown expansion and emergence of dominant
trees, which are often used by male Ceruleans as song posts (Hartman et al. 2009, Wood et al.
2013). Bakermans and Rodewald (2009) note that a broken canopy also allows for the
development of dense ground cover, which is often used by fledglings as much-needed
protection from predators and by incubating females who drop to the understory to forage.
Studies have documented Cerulean preference for high understory density (Bakermans and
Rodewald 2009, Hartman et al. 2009, Boves et al. 2013), low sapling density/midstory cover
(Wood et al. 2006, Boves et al. 2013), and high upper-canopy density (Weakland and Wood
2005). The dense foliage of the upper-canopy provides nest concealment and foraging substrate
(Wood et al. 2013). Open-cup nests are commonly built on lateral limbs in the canopy layer
above a more open midstory (Oliarnyk and Robertson 1996). Additional habitat features shown
to be important to Ceruleans within Appalachian forests are snags (Weakland and Wood 2005,
4

Wood et al. 2006) and grapevines (Bakermans and Rodewald 2009, Newell and Rodewald
2011). Snags contribute to the number of gaps in the canopy (Wood et al. 2006), while
grapevines are utilized by females for nest construction and concealment (Bakermans and
Rodewald 2009). Many of these habitat features (e.g., large trees, canopy gaps, snags, and
grapevines) contribute to the structural complexity favored by Ceruleans.
Ceruleans are considered an area-sensitive species, meaning a minimum tract of habitat is
required before the species will occupy or breed in the area. Although the minimum forest tract
requirement varies based on region and the amount of forested landscape (Wood et al. 2013),
Cerulean preference for intact forest (vs. fragmented forest) has been well documented
(Weakland and Wood 2005, Wood et al. 2006). Although Weakland and Wood (2005) found
that Ceruleans did not avoid internal forest edges (e.g., natural canopy gaps or open-canopy
roads), large-scale edges such as those caused by reclaimed surface mines negatively affected
territory density (Weakland and Wood 2005) and abundance (Wood et al. 2006). In terms of
forest type, Ceruleans in Pennsylvania are predominately found in mixed-oak stands and appear
to be absent from northern hardwood forests (Stoleson 2004). A preference for white oak
(Quercus alba L.) as nest trees and avoidance of red oak species (subgenus Erythrobalanus) has
also been observed (Bakermans 2008, Newell and Rodewald 2011, Boves et al. 2013).
Because Ceruleans are habitat specialists with an area-sensitivity, potential habitat has to be
investigated at multiple spatial scales. Hamel (2000a, 2000b) identified high priority research
areas that include determining (1) the landscape composition and configuration of Cerulean
presence, (2) the degree to which Ceruleans are area-sensitive, and (3) the preferred vegetative
composition and structure at the local level.

5

OBJECTIVES
My research objective is to detect key features of Cerulean breeding habitat at different spatial
scales by characterizing the habitat of sites with and without the Cerulean using data derived
from the remote sensing technique of light detection and ranging (lidar). These lidar-derived
metrics are then used to create a predictive habitat model and subsequently identify areas of
habitat suitability. In fact, the additional habitat knowledge gained from lidar could prove
critical to the conservation of Ceruleans and other species that rely on similar habitat. By
identifying important habitat features not easily measured in the field or with metrics unique to
lidar across the entire landscape, lidar might improve current habitat models resulting in more
effective site-specific conservation planning and management.
The specific research objectives for this study are (1) to quantify the topography and vegetation
structure of selected areas of known Cerulean presence in Pennsylvania using airborne leaf-off
topographic lidar data, (2) to determine which lidar-derived metrics significantly relate to
Cerulean presence both at the territory- and landscape-level, and (3) to map potential Cerulean
breeding habitat in Pennsylvania based on the suitability at the landscape scale.

BIRD SURVEYS
Long-term, wide-scale bird surveys provide valuable information regarding the distribution,
abundance, and population trends of numerous bird species. The North American Breeding Bird
Survey (BBS) is a prime example. Conducted annually since 1966, the BBS has compiled a
wealth of knowledge thanks to the work of dedicated volunteers. The main purpose of the
survey is to monitor the population trends of bird species that breed in North America north of
Mexico. According to Robbins et al. (1986), the BBS provides data on “(1) short-term
6

population changes that can be correlated with specific weather incidents, (2) recovery periods
following catastrophic declines, (3) normal year-to-year variations, (4) long-term population
trends, and (5) invasions of exotics.” Surveys are conducted during the breeding season, mainly
in June, throughout the United States and southern Canada along more than 4,100 randomly
distributed, well-established roadside routes. Each route has 50 predetermined stops separated
by 0.8 km (0.5 mi) with all 50 stops surveyed in the same day. Following common procedures,
volunteers conduct a 3-min point count survey at each stop and record all detectable birds within
a 0.4-km (0.25-mi) radius in addition to the number of cars that pass during this time. Point
count surveys are conducted in the morning starting ~0.5 hr before sunrise and lasting ~5 hrs.
Additional information including route number, location of starting point, observer’s name, start
and end time of survey, excessive noise disturbances, and weather conditions at the beginning
and end of the route is recorded. Surveys are not conducted under adverse conditions such as
moderate to heavy rain and strong wind.
Due to the scale of the BBS, the survey depends on many dedicated workers and established
procedures to ensure complete and consistent coverage. Each state and province has a
coordinator who selects knowledgeable volunteers and makes sure that all routes in his/her area
are adequately surveyed. Before volunteers can participate in the BBS, they have to have good
vision and hearing, be skilled in identifying birds by both sight and sound, have access to
transportation, commit to at least two years of surveys, and undergo successful completion of a
training program. During training, potential volunteers learn about the purpose and methodology
of the BBS. Once selected, volunteers are given a packet of information including a route map
and survey instructions to ensure that every volunteer follows the same procedure. A summary
sheet of all species previously recorded along the route is also provided. Any species added to
7

this list by the volunteer is flagged for special attention by an editor to determine if the bird is
breeding in the area or just a transient. Volunteers are asked to provide supporting
documentation for any rare species, whether on the list or not, such as the field marks used in the
identification, type of habitat in which the bird was detected, and any evidence of breeding. All
submitted data are first reviewed by editors for completion and any surveys that may have been
done under adverse weather conditions or conducted too early or late in the season or day are
flagged. A computer edit program then performs a second data check noting any discrepancies.
Birds recorded outside their breeding range or in larger or smaller numbers than neighboring
routes are marked for review. A final printout of the results received is then given to the
volunteer so he/she can make a final comparison to his/her own data and correct any errors.
Another example of a large-scale bird survey is state (or region) based Breeding Bird Atlases
(BBAs). BBAs are citizen-science projects relying on knowledgeable volunteers to survey the
state by identifying birds, observing behavior, and submitting data. In Pennsylvania, the first
Atlas survey was conducted between 1983 and 1989 and the second survey was done twenty
years later between 2004 and 2009. The purpose of the Pennsylvania BBAs was to determine
the diversity, distribution, and abundance of the breeding bird species of Pennsylvania. Unlike
the route-based design of the BBS, the BBAs divide the state into blocks ranging in area from
23.9 to 24.8 sq km (9.2 to 9.6 sq mi), equal to one-sixth of a U.S. Geological Survey (USGS)
standard topographic map. Pennsylvania is divided into 4,937 blocks with each classified as
normal, border, or priority. The block is the survey unit where volunteers are responsible for
thorough coverage of one or more blocks. Regional Coordinators are established to oversee the
volunteers, provide assistance where needed, and review data. Volunteers are given various
forms and pamphlets to aid them with their surveys, including a list of special priority species
8

along with the additional information required. For each bird detected, the species name, block
identification code, observer’s name, date of observation, and breeding status is recorded. A
bird’s breeding status is categorized as Observed, Possible, Probable, or Confirmed based on predetermined criteria and the types of breeding behavior witnessed by the observer. Examples of
pre-determined criteria include observing territorial behavior or copulation (Probable breeding
status), or observing an adult with nest material or food (Confirmed breeding status). Recording
additional information regarding the bird’s location and habitat characteristics is optional for
most birds; however, special attention is given to species listed as endangered, threatened, or
high conservation priority.
Because BBAs depend on the work of many volunteers, protocols are established to ensure the
most complete and accurate state coverage. For the Pennsylvania BBA, volunteers are first
encouraged to spend at least 25 hrs surveying a block, with effort occurring at various times of
the day and during all seasons in which birds may be breeding. Second, a certain percentage
(either 75% for non-priority or 90% for priority blocks) of the species predicted to occur in the
block has to be detected. The higher percentage required for priority blocks is used to
standardize state coverage. Third, to help ensure the recording of only individuals with the
potential to breed in Pennsylvania and not migrants or non-breeding individuals (e.g., postfledglings), safe dates are established for each species taking into consideration the species
nesting and migration periods. For example, the safe date for the Cerulean is June 1 to July 31;
breeding data recorded outside this range are not accepted with the exception of those pertaining
to active nests. Fourth, filters are set up to flag volunteer data entered on the website that may
require further verification; for example, species unusual in the region or season in which they
were recorded.
9

The above is a summary; for more details regarding the BBS and Pennsylvania BBA, see
Robbins et al. (1986) and Wilson et al. (2012), respectively.

LIDAR
Light detection and ranging (lidar) is an active remote sensing technique that uses laser returns to
map the Earth’s surface. Commonly collected from the air by a fixed-wing aircraft or helicopter
(though terrestrial lidar does exist), the lidar sensor emits laser pulses directed at the Earth’s
surface and records the time it takes for the laser pulse to hit a target surface (e.g., vegetation,
building, or ground) and be reflected back (i.e. “return”) to the sensor. Using this time interval
and the speed of light, the distance to the point of reflection can be calculated. Additional
instruments, such as a global positioning system (GPS) to record the position of the lidar sensor
and an inertial measurement unit (IMU) to measure its orientation, are used to pinpoint each
reflected target in three-dimensional space (Lefsky et al. 2002). Currently, lidar systems are
scanning (vs. profiling) systems that allow larger areas to be sampled during each aircraft’s flight
line. The size of the swath is dependent on the height of the aircraft and the scan angle (Lim et
al. 2003). The emitted laser pulse can be reflected back to the sensor either as a single return or
in multiple returns, depending on what features the laser intercepts on its way to the ground
surface. Lidar systems are categorized as discrete-return or full waveform. In discrete-return,
only the peaks of the reflected pulse are recorded; this differs from full waveform lidar where the
sensor records the entire reflected pulse as a continuous wave (Lefsky et al. 2002, Lim et al.
2003). Discrete-return is commonly used for topographic applications while full waveform,
because the entire reflected pulse is captured, has the ability to provide more detail about the
vertical vegetation structure. However, both types have been utilized to estimate, for example,
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vegetation height, canopy cover, vertical complexity, and aboveground biomass (Lefsky et al.
2002).
Although lidar is a valuable tool in both forestry (Dubayah and Drake 2000, Lefsky et al. 2002)
and wildlife management (e.g., habitat modeling; Bradbury et al. 2005, Vierling et al. 2008), its
full potential across many disciplines – including ecology and wildlife studies – has yet to be
realized (Hudak et al. 2009). Traditional methods of habitat characterization such as field
surveys and passive remote sensing (e.g., aerial photography and spectral imaging) have severe
limitations. Because the acquisition of sufficiently detailed field-based measurements required
for a habitat model is labor intensive and prohibitively expensive at the landscape scale, survey
data are typically collected on a limited spatial extent. Alternatively, more cost-effective
remotely sensed data collected passively at large spatial scales often lack sufficient information
about vertical habitat structure (Bradbury et al. 2005, Vierling et al. 2008). Lidar point cloud
data, however, can provide detailed information about the three-dimensional structure of
vegetation (Lefsky et al. 2002), which is known to be an integral component of wildlife-habitat
relations (MacArthur and MacArthur 1961). In fact, lidar is arguably a more efficient and
accurate tool to describe the topography and vertical vegetation structure across wide extents
than field surveys (Bradbury et al. 2005).
Because Ceruleans favor a heterogeneous forest structure, information regarding the vertical
habitat is essential to any habitat model. Some Cerulean habitat selection studies have relied
solely on remotely sensed metrics (Dettmers and Bart 1999, Buehler et al. 2006) or the
integration of these metrics with measurements taken in the field (Weakland and Wood 2005),
but to date none have included lidar-derived data. Lidar has been successfully used in the habitat
modeling of the Eurasian Skylark (Alauda arvensis Linnaeus, 1758; Mason et al. 2003),
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seabeach amaranth (Amaranthus pumilus Raf.; Sellars and Jolls 2007), perennial pepperweed
(Lepidium latifolium L.; Andrew and Ustin 2009), Capercaillie (Tetrao urogallus Linnaeus,
1758; Graf et al. 2009), and Brown Creeper (Certhia americana Bonaparte, 1838; Vogeler et al.
2013). In addition, lidar has aided in the prediction of habitat quality (Hinsley et al. 2002, 2006,
Hill et al. 2004, Goetz et al. 2010) and identification of areas with high species richness (Goetz et
al. 2007, Lesak et al. 2011). The ability of lidar to accurately capture three-dimensional finescale detail about the Earth’s surface across broad areas has allowed for the characterization of a
variety of habitat features, some in a novel way (Vierling et al. 2008). Many of these features
would be difficult or impossible to quantify with field-based measurements. It also has allowed
the analysis of habitat in areas not easily accessible (e.g., remote or rough terrain) for field study
(Vierling et al. 2008).
For Pennsylvania, the most thorough lidar coverage available is the airborne leaf-off topographic
lidar collected as part of the PAMAP Program funded by the state’s Department of Conservation
and Natural Resources (DCNR). Flown before leaf emergence in the springs of 2006 to 2008 by
multiple contractors, the main objective of the lidar collection was to create an accurate, highresolution bare earth digital elevation model (DEM) for the entire commonwealth. The lidar is
discrete-return with two to four returns recorded per pulse. Collection and processing of the lidar
point cloud data followed the Federal Emergency Management Agency’s (FEMA) Guidelines
and Specifications for Flood Hazard Mapping Partners. Raw data were collected using a scan
angle of 43° (full angle), pulse rate of 40.6 kHz, and 30% overlap between flight lines.
Considered low density, average point spacing is 1.4 m (~0.5 pulses per sq m), with a maximum
of 2 m. The vertical RMSE is 18.5 cm (0.61 ft) in open areas and 37 cm (1.2 ft) in forested
areas. After collection, the raw point clouds were filtered to remove sidelap and any anomalies,
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and then classified into the following classes of interest for the PAMAP Program: Default (Class
1; various infrastructure, some vegetation), Ground (Class 2; bare earth), Model Key (Class 8;
thinned bare earth), Water (Class 9), Non-Ground (Class 12; mostly vegetation), and Road Edges
(Class 15; +/- 1.5 ft of road break lines). Lidar along with other geospatial data are publicly
accessible through Pennsylvania Spatial Data Access (PASDA; http://www.pasda.psu.edu/).

13

Figure 1.1. Map showing the extent of the Appalachian Mountains
Bird Conservation Region (AMBCR; Atlantic Coast Joint
Venture 2005)
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Figure 1.2. Distribution of the Cerulean Warbler within its breeding range
(Hamel 2000b)
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CHAPTER 2: USING LIDAR TO DETECT THE BREEDING HABITAT
CHARACTERISTICS OF THE CERULEAN WARBLER (Setophaga cerulea) AND
IDENTIFY POTENTIAL HABITAT AT THE LANDSCAPE-LEVEL

INTRODUCTION
Many wildlife species have experienced a population decline due to the loss of quality habitat.
The clearing and fragmentation of suitable habitat for agriculture or development is especially
detrimental to species considered habitat specialists or those with an area-sensitivity (Robbins et
al. 1993, Herkert 1994, Owens and Bennett 2000, Polus et al. 2007). The Cerulean Warbler
(Setophaga cerulea (Wilson, 1810); hereafter “Cerulean”), a Neotropical migratory songbird, is
one such species (Hamel 2000a, Hamel et al. 2004). Requiring large tracts of mature forest with
specific microhabitat features in which to breed, the Cerulean population has been reduced by
more than 70% since 1966 (Wood et al. 2013), at an annual rate of ~4% (Sauer et al. 2012). Due
to this severe and steady decline, the Cerulean has become a species of high conservation
priority.
Pennsylvania, the focus of this study, is one of the states that make up the core of the Cerulean
breeding range. Overall within Pennsylvania, Cerulean numbers have decreased since the 1960s
at a rate of ~3% per year (Sauer et al. 2012) mainly due to shrinking western populations
(Stoleson and Sechler 2010). However, forests in central and eastern Pennsylvania are
supporting stable and increasing populations (Stoleson and Sechler 2010). The distribution of
Ceruleans within the Appalachian region has been characterized as patchy, largely due to the
habitat specialization of the species and the subsequent availability of suitable habitat (Wood et
al. 2013). Identification of current breeding habitat and habitat of potential suitability is
therefore critical to the conservation of Ceruleans.
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Previous studies that have investigated the habitat selection of Ceruleans have identified specific
preferred topographic and vegetative characteristics. Within Appalachian forests, Ceruleans
have been positively associated with ridges and upper-slope positions (Weakland and Wood
2005, Buehler et al. 2006, Wood et al. 2006), northeast- or east-facing aspects (Hartman et al.
2009, Newell and Rodewald 2011), intact forest (vs. fragmented forest; Weakland and Wood
2005, Wood et al. 2006), well-spaced large diameter trees (Bakermans and Rodewald 2009,
Hartman et al. 2009, Newell and Rodewald 2011, Boves et al. 2013), canopy gaps (Perkins 2006,
Wood et al. 2006, Bakermans and Rodewald 2009, Boves et al. 2013), high understory density
(Bakermans and Rodewald 2009, Hartman et al. 2009, Boves et al. 2013), low sapling
density/midstory cover (Wood et al. 2006, Boves et al. 2013), high upper-canopy density
(Weakland and Wood 2005), snags (Weakland and Wood 2005, Wood et al. 2006), and
grapevines (Bakermans and Rodewald 2009, Newell and Rodewald 2011). Many of these
habitat features (e.g., large trees, canopy gaps, snags, and grapevines) contribute to the structural
complexity favored by Ceruleans.
Due to the fact that Ceruleans are habitat specialists with an area-sensitivity, potential habitat has
to be investigated at multiple spatial scales. Hamel (2000a, 2000b) identified high priority
research areas that include determining (1) the landscape composition and configuration of
Cerulean presence, (2) the degree to which Ceruleans are area-sensitive, and (3) the preferred
vegetative composition and structure at the local level. However, habitat characterization by
traditional methods such as field surveys and passive remote sensing (e.g., aerial photography
and spectral imaging) are severely limited. Field surveys completed at the level of detail
required for habitat modeling are often conducted at a limited spatial extent due to the labor and
subsequent cost of conducting such surveys at greater scales. On the other hand, remote sensing
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data collected passively are more cost-effective at the landscape scale but lack information about
vertical habitat structure (Bradbury et al. 2005, Vierling et al. 2008). The three-dimensional
structure of vegetation, however, is known to be an essential element of wildlife-habitat relations
(MacArthur and MacArthur 1961). Because Ceruleans favor a heterogeneous forest structure,
any habitat model must include metrics describing the vertical habitat.
Light detection and ranging (lidar), an active remote sensing technique, is a more efficient and
accurate tool of describing the topography and vertical vegetation structure across large extents
than field surveys (Bradbury et al. 2005). Previous wildlife and plant studies have documented
the successful use of lidar in the habitat modeling of a variety of species (Mason et al. 2003,
Sellars and Jolls 2007, Andrew and Ustin 2009, Graf et al. 2009, Vogeler et al. 2013). Although
Cerulean habitat selection studies have utilized remotely sensed metrics, solely (Dettmers and
Bart 1999, Buehler et al. 2006) or in combination with field-based measurements (Weakland and
Wood 2005), to date none have included lidar-derived metrics.
Lidar’s ability to accurately capture three-dimensional fine-scale detail about the Earth’s surface
across broad areas has allowed for the characterization of a variety of habitat features, some in a
novel way (Vierling et al. 2008). Many of these features would be difficult or impossible to
quantify with field-based measurements. Lidar has also allowed the analysis of habitat in areas
not easily accessible (e.g., remote or rough terrain) for field study (Vierling et al. 2008). For
these reasons, lidar may prove particularly useful to Cerulean conservation by improving current
habitat models that may lead to more effective site-specific conservation planning and
management.
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OBJECTIVES
My objectives were (1) to quantitatively describe the topography and vegetative structure using
airborne leaf-off topographic lidar data at sites where Ceruleans were deemed present or absent,
(2) to determine which lidar-derived metrics are statistically significantly related to Cerulean
presence at different spatial scales, and (3) to map breeding habitat for the Cerulean based on
suitability at the landscape scale within two physiographic provinces of Pennsylvania.

METHODS
Study Areas
Due to extensive data processing and time constraints, the study focused on portions of two
physiographic provinces within Pennsylvania rather than utilizing the data for the entire state.
The Appalachian Plateaus and the Ridge and Valley Provinces were selected for study due to
their differing topographies and dominant forest types. From each province, one study area was
chosen with the main objective of including as many point locations as possible where Ceruleans
have been detected while minimizing areas of lidar coverage that were limited to only two
returns (Figure 2.1). This resulted in study areas of slightly different overall size (see Figure 2.2
for study area locations).
Within the Appalachian Plateaus Province, the study area is located in the northwest corner of
the state and covers roughly 13,704 sq km (extent: 41.2° to 42.0°N, 78.7° to 80.5°W). It
includes portions of Erie, Crawford, Mercer, Venango, Warren, McKean, Elk, Jefferson, Clarion,
and Forest counties. The Appalachian Plateaus Province ranges in elevation from 134 to 978 m
(440 to 3,210 ft) and is characterized by shallow to deep angular valleys surrounded by broad,
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rounded uplands (Sevon 2000). Mean annual temperature ranges from 1 to 14°C (34 to 58°F)
and total annual precipitation averages 1118 mm (44 in), ranging from 762 to 1600 mm (30 to 63
in) per year. The area has primarily northern hardwood forests, tree species include American
beech (Fagus grandifolia Ehrh.), yellow birch (Betula alleghaniensis Britt.), sugar maple (Acer
saccharum Marshall), black cherry (Prunus serotina Ehrh.), white pine (Pinus strobus L.), and
eastern hemlock (Tsuga canadensis (L.) Carrière; Rhoads and Block 2005).
The study area within the Ridge and Valley Province is located in south-central Pennsylvania
and is slightly larger at 17,685 sq km (extent: 39.7° to 40.6°N, 76.9° to 78.9°W). The area
encompasses the following counties: Somerset, Cambria, Blair, Bedford, Fulton, Huntingdon,
Mifflin, Juniata, Perry, Dauphin, York, Cumberland, Adams, and Franklin. Unlike the
Appalachian Plateaus, the Ridge and Valley Province is characterized by long, linear, narrow
ridges separated by valleys of varying widths and depths with regional elevations ranging from
43 to 846 m (140 to 2,775 ft; Sevon 2000). Annual temperature averages 6 to 17°C (42 to 63°F)
with total precipitation averaging 1016 mm (40 in) per year and ranging from 635 to 1626 mm
(25 to 64 in). Mixed oak/hickory forests dominate the landscape with various red and white oaks
(Quercus spp. L.), hickories (Carya spp. Nutt.), red maple (Acer rubrum L.), and tulip poplar
(Liriodendron tulipifera L.) on the lower slopes and primarily white (Q. alba L.), chestnut (Q.
montana Willd.), and black (Q. velutina Lam.) oak on the upper-slopes and ridge tops (Rhoads
and Block 2005).
Before European settlement, 90% of Pennsylvania was covered in forest land (McWilliams et al.
2007). During the 19th century, extensive areas were cleared for timber and agriculture, reducing
Pennsylvania’s forest to 32%. Forest cover has since increased and in 2004 covered 58% of the
state (McWilliams et al. 2007). Forest land continues to be converted for anthropogenic use, but
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forest is also regenerating, for example, on abandoned agricultural lands. Most of
Pennsylvania’s forest is second-growth and predominantly in the age classes between 60 to 100
years old (PA DCNR 2007). The majority of forest is in private ownership, mainly individuals
and families with small (less than 10 acres) landholdings; the remainder of forest land is under
public ownership (i.e. local, state, and federal government agencies; McWilliams et al. 2007).
Current stand management includes prescribed burns and shelterwood-cuts with the main goal of
oak regeneration (Brose et al. 2008). Mixed-oak stands have been in decline throughout the
state, commonly replaced by shade-tolerant species (e.g., red maple and American beech) and
faster growing shade-intolerant species (e.g., black birch (Betula lenta L.) and black cherry).
Fire suppression, competition from other species, chestnut blight, overbrowsing by deer, gypsy
moth defoliations, and high-grading have all contributed to the oak decline (Brose et al. 2008).

Bird Surveys
The field data used were collected as part of the second Pennsylvania Breeding Bird Atlas
(BBA) from January 1, 2004 to July 1, 2009 (Wilson et al. 2012). The BBA is a citizen-science
project that relies on knowledgeable volunteers to survey the state by identifying birds, observing
behavior, and submitting data based on established protocols to ensure the most complete and
accurate state coverage. For the BBA, Pennsylvania was divided into 4,937 blocks ranging in
area from 23.9 to 24.8 sq km (9.2 to 9.6 sq mi). Volunteers were responsible for thorough
coverage of one or more blocks. For each bird detected, the species name, block identification
code, observer’s name, date of observation, and breeding status was recorded. A bird’s breeding
status was categorized as Observed, Possible, Probable, or Confirmed based on pre-determined
criteria and the types of breeding behavior witnessed by the observer. Examples of pre-
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determined criteria include observing territorial behavior or copulation (Probable breeding
status), or observing an adult with nest material or food (Confirmed breeding status). Recording
additional information regarding the bird’s location and habitat characteristics was optional for
most birds; however, special attention was given to species listed as endangered, threatened, or
high conservation priority. One such species requiring special attention was the Cerulean. As a
species of high conservation concern, volunteers were instructed to record the precise location
(i.e. latitude/longitude coordinates) of any Cerulean detected. Overall within Pennsylvania, 686
total point locations were recorded; 126 points are within the Appalachian Plateaus Province
study area and 162 points are within the Ridge and Valley Province study area.
As a parallel project, point count surveys were conducted throughout the state by experienced
(trained) individuals from May 25 to July 4 during each year of the BBA. Eight survey locations
out of a total of sixteen randomly selected and numbered locations were chosen per Atlas block.
Each survey location had been moved to the nearest road access (major roadways excluded) with
at least 400 m (1,312 ft) of separation between them. Observers used a Garmin iQue 3600
WAAS-enabled GPS unit to record the coordinates (in decimal degrees, North American Datum
1983) of each survey location. Surveys were conducted from about 0500 (0.5 hr before sunrise)
to 1000 hrs EST under suitable weather conditions (i.e. no rain showers, moderate wind, or
extreme temperatures) using a 75-m fixed radius. All detectable birds within and outside 75 m
were recorded during the 6-min and 15-s time period that was further divided into five 75-s
intervals. Only singing males were surveyed through the individual time intervals. Additional
data regarding noise disturbance, weather conditions, and habitat characteristics were also
documented. Ceruleans were recorded at 239 survey locations (out of 34,361) throughout the
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state; 42 and 82 of these survey locations are within the Appalachian Plateaus Province and
Ridge and Valley Province study areas, respectively.
More details regarding Atlas data and methods can be found in Wilson et al. (2012).

Lidar Data
Airborne leaf-off topographic lidar was acquired between 2006 and 2008 for the entire
Commonwealth of Pennsylvania as part of the PAMAP Program funded by Pennsylvania’s
Department of Conservation and Natural Resources (DCNR). Lidar along with other geospatial
data are available to the public through Pennsylvania Spatial Data Access (PASDA;
http://www.pasda.psu.edu/). For the Appalachian Plateaus Province study area, lidar was flown
for the northern and southern counties in the spring of 2007 and 2006, respectively. Lidar
collection for the Ridge and Valley Province study area took place mainly in spring 2007 with
the exceptions of the northwest corner (Cambria and Blair counties), which was conducted in
spring 2006, and the eastern edge (Dauphin and York counties), where collection occurred in
spring 2008 (PA DCNR 2013; Figure 2.3). The lidar is discrete-return with two to four returns
recorded per pulse and low density with an average point spacing of 1.4 m (~0.5 pulses per sq m)
and a maximum of 2 m. For my analyses, I used classified lidar data instead of the raw (i.e.
unfiltered and unclassified) point cloud data.

Habitat Metrics
Airborne topographic lidar with the aid of ArcGIS 10.1 (ESRI, Redlands, California, USA) and
FUSION (McGaughey 2013) software was used to characterize the topography and vegetation
structure of areas with and without Ceruleans. Locations where Ceruleans were detected
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(hereafter “presence points”) by both volunteers (n = 126 for the Appalachian Plateaus and n =
162 for the Ridge and Valley) and trained individuals (i.e. survey locations; n = 42 for the
Appalachian Plateaus and n = 82 for the Ridge and Valley; such that presence points totaled n =
168 for the Appalachian Plateaus and n = 244 for the Ridge and Valley) were compared to
locations of non-detection (hereafter “absence points”) in the Appalachian Plateaus Province and
Ridge and Valley Province study areas. The presence points recorded by the volunteers
represent the locations of Cerulean detection, whereas those recorded by the trained individuals
correspond to the locations of each point count survey. To confirm that little to no habitat
metrics were statistically significantly different (P < 0.05) between the presence plots of the two
surveying methods, two-sample t-tests for equality of means and chi-square test of independence
were performed on the continuous and categorical variables, respectively. It was determined that
not enough metrics differed between the presence plots of volunteers and trained individuals
(Tables 2.1 – 2.2) to warrant the separation of presence points based on different surveying
methods or the removal of volunteer presence points altogether. In addition, the statistically
different metrics had similar mean values and held the same relationship to the absence points as
was also observed when all presence points were combined.
Absence points, totaling 8,836 locations within the two study areas, were survey locations where
a Cerulean was not detected. Because Ceruleans are a forest interior species, a 30-m resolution
LANDFIRE Existing Vegetation Cover data layer (LANDFIRE 2008) from 2008 was used to
identify areas of forest before absence point selection. Vegetation in LANDFIRE was originally
classified using Landsat satellite imagery circa 2001; subsequent land disturbances and
vegetation changes were identified for the LANDFIRE 2008 data layer from 2008 Landsat
satellite imagery. Absence points were then selected for model development based on their
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distance from a presence point, resulting in two groups: those within 2.5 km of a presence point
(n = 249 for the Appalachian Plateaus and n = 256 for the Ridge and Valley) and those beyond
10 km (n = 242 for the Appalachian Plateaus and n = 241 for the Ridge and Valley). Different
groups were chosen to investigate Cerulean habitat selection at multiple spatial scales. Distances
put a constraint on the absence points that would be used in subsequent model development.
Despite the fact that the use of 2.5 km may result in an absence point being in a separate stand
and therefore possibly in a different forest type from the presence point, any distance less than
2.5 km resulted in too few absence points being selected for comparison with the presence
points. All presence points were used in model development. Absence points within 2.5 km of a
presence point were used in the development of territory-level habitat models, whereas those
beyond 10 km were used in landscape-level model development. According to Wilson et al.
(2012), the average outer detection distance for a Cerulean is estimated at 135 m; therefore,
habitat at each location was characterized using a 150-m radius plot centered on each point
location (see Figure 2.4 for the sampling hierarchy map). Within these plots, both topographic
and structural habitat metrics were measured.
Topographic metrics were determined from a 1-m (3.2-ft) lidar-derived bare earth digital
elevation model (DEM) made available through PASDA. Before habitat characterization could
begin, the 150-m radius habitat plots were established and then clipped from the DEM using the
ArcGIS 10.1 BUFFER (Analysis tool) and CLIP (Data Management tool) commands,
respectively. ArcGIS, in particular the SLOPE and ASPECT (Spatial Analyst tools) commands,
was used to create slope (in percent rise) and aspect (in azimuth degrees) layers from the clipped
DEM. Percent rise is a measure of slope equal to the ratio of the change in elevation (rise) to the
change in ground distance (run) multiplied by 100. Areas with steeper slope will be represented
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by a higher percent rise value. For comparison, an area with a slope of 45° has a percent rise of
100%. Various statistics relating to each habitat plot’s elevation, slope, and aspect were then
generated with the ZONAL STATISTICS AS A TABLE (Spatial Analyst tool) command in
ArcGIS. Initially, the following topographic metrics were taken into consideration: maximum
elevation (MaxElev), mean elevation (MeanElev), standard deviation of elevation (StdElev),
maximum slope (MaxSlop), mean slope (MeanSlop), and mean aspect (Aspect). MaxElev and
StdElev were later removed because they were strongly correlated with MeanElev (r = 0.99) and
MeanSlop (r = 0.94), respectively. Before any statistical analysis, the mean aspect metric was
converted into a categorical variable. After classifying mean aspect using two, four, and eight
categories, it was decided, for ease of interpretability, to use only two categories. Categories
were chosen to separate plots with a more mesic north- and east-facing slope from those with a
more xeric west- and southwest-facing slope (Desta et al. 2004). Previous studies have noted the
preference of Ceruleans for more productive mesic sites (e.g., northwest- to southeast-facing,
Wood et al. 2006; east-facing, Hartman et al. 2009; northeast-facing, Newell and Rodewald
2011). Ultimately, it was determined that converting mean aspect into the categories east or west
(vs. northeast or southwest) was preferred in this study as this division captured the more
statistically significant relationship between mean aspect and Cerulean presence or absence.
Mean aspects from 0 to 180 azimuth degrees were reclassified as east (or E) with mean aspects
of 180 to 360 azimuth degrees reclassified as west (or W).
In order to describe the vegetative surface, summary statistics of the lidar point cloud return
heights were calculated using FUSION. In FUSION, the appropriate-sized habitat plots were
established with the CLIPDATA utility and point elevations converted to heights above ground
using the lidar-derived DEM and /height option. Returns above 48.8 m (160 ft) were removed as
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outliers and therefore not included in any of the subsequent calculations. Based on visual
inspection of the lidar point cloud for plots with relatively high maximum return height, this
cutoff was chosen because it eliminated outlying returns, for example, from birds and cell
towers, while not eliminating returns representing the vegetation structure. A similar height
cutoff of 45.7 m (150 ft) was used by Dickinson et al. (2014) to identify outlying returns of the
PAMAP Program lidar data. Summary statistics of the return heights were determined using the
CLOUDMETRICS command; only returns above 0.3 m (1 ft) of the DEM were used in the
calculations to eliminate possible ground returns (Zhang 2008, Dickinson 2011, Dickinson et al.
2014). Metrics used in model development were chosen based on the habitat features detailed in
the literature to be important to Ceruleans. Of all the available metrics (see Appendix A for
complete list), the focus was on the height metrics of maximum return height (MaxHt) and mean
return height (MeanHt); and the variability metrics of standard deviation of return height (StdHt),
return height coefficient of variation (HtCV), and interquartile distance of return height (HtIQ).
The height metrics indicate the presence of large trees and overall canopy height. Metrics such
as the standard deviation and coefficient of variation provide an estimate of the vertical structural
complexity of the vegetation (Zimble et al. 2003, Kane et al. 2010, Dickinson 2011). In addition,
the /above and /strata options were utilized to calculate canopy cover and return height statistics
within different strata, respectively. Canopy cover was initially measured at height breaks of 0.3
m (1 ft), 3.05 m (10 ft), 6.1 m (20 ft), 12.2 m (40 ft), 18.3 m (60 ft), and 24.4 m (80 ft) but due to
high correlation between the metrics, only the canopy cover above 0.3 m (CC1) was considered
in modeling. In FUSION, canopy cover is calculated as the percentage of first returns above a
specified threshold or height break (Figure 2.5). The strata-specific metrics used in model
development were the proportion of lidar returns within the following height classes: <3.05 m
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(<10 ft; Prop1to10), 3.05 – 6.1 m (10 – 20 ft; Prop10to20), 6.1 – 12.2 m (20 – 40 ft;
Prop20to40), 12.2 – 18.3 m (40 – 60 ft; Prop40to60), 18.3 – 24.4 m (60 – 80 ft; Prop60to80),
>18.3 m (>60 ft; PropAbv60), and >24.4 m (>80 ft; PropAbv80). Height classes were chosen
based on those investigated in previous Cerulean studies (Jones and Robertson 2001, Weakland
and Wood 2005, Wood et al. 2006, Hartman et al. 2009). The proportion of returns within
different strata is a way to measure the vegetative density of the understory, midstory, and
canopy, respectively. To compare the relationships between different layers, two ratios were
also calculated. The first ratio (Abv601to10) compares the proportion of returns >18.3 m (>60
ft) to the proportion of returns <3.05 m (<10 ft), i.e. the upper-canopy to the understory. The
second (Abv6020to40) compares the proportion of returns >18.3 m (>60 ft) to the proportion of
returns 6.1 – 12.2 m (20 – 40 ft), i.e. the upper-canopy to the midstory.
In addition, the canopy layer was further summarized by creating a canopy height model (CHM)
for each habitat plot using the CANOPYMODEL command and a 3.05 m (10 ft) cell size. The
SURFACESTATS utility was then used to calculate a canopy rumple index (canopy surface area
to planar surface area ratio; RumpIndex) from each CHM. This metric serves as an indicator of
canopy structural complexity, with higher ratio values corresponding to a more complex canopy
(Kane et al. 2010, Dickinson 2011; Figure 2.6).

Statistical Analysis
All analyses were conducted at both the territory- (presence point vs. absence point <2.5 km of a
presence point) and landscape- (presence point vs. absence point >10 km of a presence point)
levels. First, differences in habitat metrics at presence and absence plots were analyzed with
two-sample t-tests for equality of means for continuous variables and a chi-square test of
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independence for the categorical variable (i.e. aspect). Welch’s t-test was used for continuous
variables with unequal variance. Only metrics that proved statistically significantly different (P
< 0.10) were considered for inclusion in a potential habitat model. An alpha-level <0.10 was
chosen due to the undesirability of type II error given the conservation status of the study species
(Wood et al. 2005, Carpenter et al. 2011). Multiple models at both scales were developed from
varying combinations of these statistically significant metrics. Binary logistic regression was
used in model development due to the dichotomous nature of the response (presence or absence),
and the quality of each model was compared using the information-theoretic approach (Burnham
and Anderson 2002). This method utilizes Akaike’s information criterion (AIC) with final
selection being the candidate model with the lowest AIC value. To determine the top candidate
models, the difference between each model’s AIC value and that of the lowest was determined
(i.e. delta AIC or Δi). Models with delta AIC less than 2 have strong support for being the best
model, values between 4 and 7 have considerably less support, and models with values greater
than 10 are highly unlikely (Burnham and Anderson 2002). Models with delta AIC beyond 10
were therefore removed from any further analysis. Evidence for the top models was further
determined by calculating the Akaike weight (wi) and evidence ratio. The Akaike weight gives
the probability that the model in question is the best model given the set of models being
considered. The evidence ratio determines to what extent a model is better than a competing
model; models with an evidence ratio of less than 2.7 show strong evidence for being the top
model (Burnham and Anderson 2002). All analysis was completed with the R statistical package
(R Development Core Team 2013) with results reported as mean ± standard deviation (SD).
Final habitat models (Appendix B) were evaluated using the PresenceAbsence package (Freeman
2007, Freeman and Moisen 2008) for R (R Development Core Team 2013) and the full dataset.
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The probability of a Cerulean being present at each habitat plot was determined using the top
models. The threshold that maximized (sensitivity + specificity – 1), also known as the true skill
statistic (TSS; Allouche et al. 2006), was chosen as the optimal cutoff to predict presence. TSS
is comparable to maximizing the sum of sensitivity and specificity, which acts to minimize the
total number of false positives and false negatives. A confusion matrix was calculated for each
model detailing the number of presence and absence plots that were predicted correctly or
incorrectly by the model (Appendix C). Measures including the percent correctly classified
(PCC), sensitivity, specificity, kappa (κ), and TSS were used to assess the predictive accuracy of
each habitat model. The PCC represents overall accuracy, describing the total percentage of
habitat plots that were correctly identified by the model, whereas sensitivity and specificity are
the percentage of plots that were correctly classified as presence or absence, respectively. TSS is
similar to the widely used kappa statistic in that they both describe the model’s observed
accuracy while taking into account what is due to random chance alone. Unlike kappa, however,
TSS is not influenced by the prevalence of the study species and may, in turn, be a more accurate
indication of each model’s predictive performance (Allouche et al. 2006). However, since
Cerulean prevalence for this study ranged from 0.40 to 0.50 and κ and TSS are equal at a
prevalence of 0.50, both accuracy measures were found to be similar for the same model. In
order to characterize the quality of each predictive model, the scale of κ values and the
corresponding model performance descriptor used by Luck (2002) and Vogeler et al. (2013)
were also utilized here. Adapted from Landis and Koch (1977), κ values <0.40 signify a ‘poor’
model, 0.40≤κ<0.75 a ‘good’ model, and κ≥0.75 an ‘excellent’ model.
Probability maps identifying breeding habitat for the Cerulean based on suitability were created
for both the Appalachian Plateaus Province and the Ridge and Valley Province study areas using
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the final landscape-level habitat model for each study area. Habitat metrics were calculated
using the same method and resolution as in model development, but then aggregated to produce
the 100-m resolution probability maps.
Model evaluation. In order to further evaluate the predictive habitat models developed in this
study, a second analysis was conducted. For this analysis, the full dataset used to create each
model was split into two datasets: training and validation. Of the total habitat plots, 75% were
randomly selected for the training data, while the remaining 25% were used for the validation
data. The main objective of this evaluation procedure was to investigate whether the top habitat
model chosen using the full dataset still remained the best model after subsetting the data. For
each training dataset, statistical analysis comparing the multiple candidate models using the
information-theoretic approach and AIC (Burnham and Anderson 2002) was repeated. The
predictive accuracy of each resulting top model (i.e. the habitat model with the lowest AIC
value) was assessed as before with a confusion matrix and the accuracy measures (i.e. PCC,
sensitivity, specificity, κ, and TSS) using the threshold that maximized TSS as the optimal cutoff
to predict presence. A similar accuracy assessment was then repeated using each top habitat
model and the validation dataset (Appendix D).

RESULTS
Appalachian Plateaus Province Study Area
Territory-level. Of the 20 lidar-derived metrics considered, the following five metrics were
different (P < 0.10) between areas of Cerulean presence (n = 168) and absence (n = 249):
MeanElev, MaxSlop, Aspect, HtIQ, and Prop60to80 (Table 2.3). Ceruleans were detected in
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areas of lower mean elevation (439.39 ± 106.41 m for presence vs. 464.81 ± 85.53 m for
absence; two-sample t-test: t305.27 = -2.58, P = 0.010) and higher maximum slope (116.17 ± 64.63
percent rise vs. 100.04 ± 46.34 percent rise; two-sample t-test: t280.24 = 2.79, P = 0.006),
preferring an east-facing aspect (chi-square: Χ21 = 8.87, P = 0.003). In terms of vegetative
structure, Ceruleans favored greater complexity and a denser canopy as shown by the higher
interquartile distance (13.10 ± 3.12 m vs. 12.51 ± 3.12 m; two-sample t-test: t415 = 1.90, P =
0.059) and proportion of returns in the upper height class (0.26 ± 0.09 vs. 0.25 ± 0.09; twosample t-test: t415 = 1.85, P = 0.065), respectively.
Eleven candidate models (Δi < 10; Table 2.4) were considered. The top territory-level habitat
model (Model A; AIC = 541.92) for the Appalachian Plateaus Province study area included the
metrics MeanElev, MaxSlop, Aspect, and Prop60to80. A second competing model (Model B; Δi
= 1.35, evidence ratio = 1.96) consisted of MeanElev, Aspect, HtIQ, and Prop60to80 (Appendix
B Table B.1). Both habitat models performed similarly in terms of accuracy (Table 2.5 and
Appendix C Table C.1). Overall, Model A correctly classified 63% of the plots and Model B
65%. The sensitivity or percentage of presence plots that were correctly identified by each
model was low; 50% for Model A and 49% for Model B. On the other hand, the specificity or
percentage of absence plots that were classified correctly was higher; 72% for Model A and 75%
for Model B. However, based on κ values of 0.22 and 0.25, both models would be categorized as
having ‘poor’ predictive performance.
Landscape-level. When comparing plots where Ceruleans were deemed present (n = 168) with
those deemed absent beyond 10 km (n = 242), 18 of the 20 lidar-derived habitat metrics differed
(P < 0.10; Table 2.6). Topographic metrics such as MeanElev, MeanSlop, and Aspect were
statistically significant for Cerulean presence, with presence plots being characterized as having
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a lower mean elevation (439.39 ± 106.41 m for presence vs. 460.51 ± 71.79 m for absence; twosample t-test: t270.50 = -2.24, P = 0.026), a higher mean slope (19.29 ± 11.35 percent rise vs.
12.89 ± 6.11 percent rise; two-sample t-test: t234.31 = 6.66, P = < 0.001), and an east-facing aspect
(chi-square: Χ21 = 20.75, P = < 0.001). In addition, metrics such as MaxHt, StdHt, and
Abv6020to40 were important, as Ceruleans were shown to prefer areas with a taller maximum
canopy height (33.59 ± 3.90 m vs. 30.18 ± 3.88 m; two-sample t-test: t408 = 8.76, P = < 0.001),
greater variability in the vegetative structure as represented by the higher standard deviation
(8.13 ± 1.20 m vs. 6.88 ± 1.02 m; two-sample t-test: t320.71 = 11.08, P = < 0.001), and a denser
upper-canopy relative to the midstory as described by the higher ratio value comparing the
proportion of returns >18.3 m to the proportion between 6.1 – 12.2 m (4.14 ± 4.57 vs. 1.77 ±
2.21; two-sample t-test: t221.49 = 6.23, P = < 0.001). Areas of Cerulean presence also had higher
RumpIndex (2.96 ± 0.86 vs. 2.55 ± 0.78; two-sample t-test: t408 = 4.95, P = < 0.001) and CC1
(58.57 ± 19.97% vs. 49.37 ± 19.15%; two-sample t-test: t408 = 4.70, P = < 0.001) values
representing a more complex canopy structure and overall denser cover, respectively, at those
plots.
Of the 10 candidate models (Table 2.7), there was only one top habitat model (AIC = 411.79)
with ~62% probability (wi = 0.617) of being the best model given the model set considered. This
model included the following habitat metrics: MeanElev, MeanSlop, Aspect, StdHt, and
Abv6020to40 (Appendix B Table B.2). Compared to the territory-level habitat models for the
Appalachian Plateaus Province study area, the landscape-level model had greater predictive
accuracy (Table 2.8 and Appendix C Table C.2), correctly classifying 76% of the plots; 74% and
78% of which were presence (sensitivity) and absence (specificity) plots, respectively. Also,
with a κ value of 0.51, this habitat model is a ‘good’ predictor of Cerulean presence.
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Ridge and Valley Province Study Area
Territory-level. Nine of the 20 habitat metrics measured were different (P < 0.10) between plots
of Cerulean presence (n = 244) and absence (n = 256; Table 2.9). As in the Appalachian
Plateaus Province study area, topographic metrics such as MeanElev, MeanSlop, and Aspect
were statistically important to Cerulean presence. Ceruleans were associated with areas of
greater mean slope (25.44 ± 11.98 percent rise for presence vs. 20.32 ± 9.18 percent rise for
absence; two-sample t-test: t455.24 = 5.34, P = < 0.001) and an east-facing aspect (chi-square: Χ21
= 11.50, P = < 0.001). However, unlike the more northern study area, the elevation of presence
plots (431.47 ± 153.32 m) was, on average, higher than absence plots (402.11 ± 154.44 m; twosample t-test: t498 = 2.13, P = 0.033). Statistically significant metrics describing the vegetative
structure included MaxHt, StdHt, and Abv601to10. Based on these metrics, Ceruleans preferred
habitat with taller maximum canopy height (31.77 ± 5.04 m vs. 30.78 ± 5.27 m; two-sample ttest: t498 = 2.15, P = 0.032), greater structural diversity (6.94 ± 1.37 m vs. 6.72 ± 1.40 m; twosample t-test: t498 = 1.76, P = 0.079), and a dense understory relative to the upper-canopy layer
(2.12 ± 2.08 vs. 2.54 ± 2.63; two-sample t-test: t481.60 = -1.95, P = 0.052).
Twelve models (Table 2.10) were considered for the top predictive model for the Ridge and
Valley Province study area at the territory-level. Given the candidate models, the top model
(AIC = 648.68) had ~63% probability (wi = 0.633) of being the best model and consisted of the
metrics MeanElev, MeanSlop, Aspect, StdHt, and Abv601to10 (Appendix B Table B.3). Despite
a lower specificity value of 62%, this model performed slightly better (Table 2.11 and Appendix
C Table C.3) than the territory-level models for the Appalachian Plateaus Province study area
with an overall correct classification rate of 66% and a higher sensitivity value of 70% (vs. 50%
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for Model A and 49% for Model B). However, with a κ value of 0.33, the predictive performance
of this habitat model would also be categorized as ‘poor.’
Landscape-level. When comparing habitat metrics at plots of Cerulean presence (n = 244) and
absence (n = 241), 13 of the 20 lidar-derived metrics were different (P < 0.10; Table 2.12) at the
landscape scale. Similar to Cerulean presence at the territory-level, topographic metrics
including MeanElev, MeanSlop, and Aspect were important. Areas where Ceruleans were
detected had a higher mean elevation (431.47 ± 153.32 m for presence vs. 366.61 ± 193.84 m for
absence; two-sample t-test: t456.21 = 4.08, P = < 0.001) and greater mean slope (25.44 ± 11.98
percent rise vs. 15.41 ± 6.91 percent rise; two-sample t-test: t389.54 = 11.31, P = < 0.001) with an
east-facing aspect (chi-square: Χ21 = 14.93, P = < 0.001). Vegetative metrics significant at the
landscape-level within the Appalachian Plateaus Province study area such as MaxHt,
RumpIndex, and CC1 were also found to be different within the Ridge and Valley Province
study area along with the strata-based metrics: Prop10to20, Prop20to40, and Prop60to80.
Ceruleans preferred areas with a higher maximum canopy height (31.77 ± 5.04 m vs. 30.18 ±
3.97 m; two-sample t-test: t460.27 = 3.86, P = < 0.001), a more diverse canopy structure as shown
by the higher rumple index value (2.91 ± 0.69 vs. 2.64 ± 0.71; two-sample t-test: t483 = 4.28, P =
< 0.001), and denser canopy cover (54.23 ± 16.85% vs. 50.28 ± 18.38%; two-sample t-test: t483 =
2.47, P = 0.014). In terms of the vegetative layers, plots where Ceruleans were detected had, on
average, a lower vegetative density between 3.05 – 6.1 m (0.11 ± 0.04 vs. 0.12 ± 0.04; twosample t-test: t483 = -1.87, P = 0.062), a higher density between 6.1 – 12.2 m (0.24 ± 0.10 vs.
0.22 ± 0.08; two-sample t-test: t459.42 = 2.76, P = 0.006), and a lower density between 18.3 – 24.4
m (0.18 ± 0.10 vs. 0.19 ± 0.10; two-sample t-test: t483 = -1.77, P = 0.077).
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From the eight candidate models analyzed (Table 2.13), only one was the top predictive habitat
model (AIC = 513.53) for the landscape-level. The final model had ~68% probability (wi =
0.677) of being the best model from the set considered and included the habitat metrics:
MeanElev, MeanSlop, Aspect, MaxHt, RumpIndex, Prop10to20, Prop20to40, and Prop60to80
(Appendix B Table B.4). Compared to the territory-level habitat model for the Ridge and Valley
Province study area, this model performed better (Table 2.14 and Appendix C Table C.4), with
an overall correct classification rate of 75%. However, the model was much better at classifying
absence plots than presence plots, with a specificity value of 90% and a sensitivity of 59%.
Despite this, with a κ value of 0.50, the habitat model has ‘good’ predictive accuracy.

Model Evaluation
For the Appalachian Plateaus Province and Ridge and Valley Province study areas at both spatial
scales, the top predictive habitat model created with the full dataset remained the top model after
the data were subset. The models considered as candidate models (i.e. Δi < 10), however, did
vary from the full dataset analysis. The difference in candidate models was much more
pronounced for the Ridge and Valley Province study area where candidate models considered
originally with the full dataset were removed from consideration either because the model
included a metric that was no longer statistically significant within the model or the Δi was
greater than 10. An asterisk within Tables 2.4, 2.10, and 2.13 indicate these models.
The accuracy measures calculated using the training data were similar to those for the full dataset
(Appendix D Tables D.1 – D.4). Based on the κ values, the territory- and landscape-level habitat
models for both study areas were categorized as having ‘poor’ and ‘good’ predictive
performance, respectively; a similar finding to the full dataset analysis. All of the habitat models
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performed better according to the training data than with the validation data. The poorer
predictive performance was most noticeable at the territory-level for the Appalachian Plateaus
Province study area. However, despite the poorer accuracy including lower κ values, both of the
landscape-level habitat models are still ‘good’ predictors of Cerulean presence based on the
validation data.

DISCUSSION
Airborne leaf-off topographic lidar was able to describe the topography and vegetation structure
at plots of Cerulean presence and absence, and produce habitat models at the landscape-level
with ‘good’ predictive accuracy of Cerulean presence. The results demonstrate that Cerulean
presence is positively associated with areas of steeper slope, east-facing aspect, and a more
diverse vegetation structure. In addition to confirming previously noted habitat preferences,
these models further illustrate the value and cost-effective utilization of leaf-off topographic lidar
for the identification of suitable habitat across large extents.
Metrics identified in this study as being important to the habitat selection of Ceruleans have been
observed in past studies. Topography has been shown to play a significant role in the habitat
characterization of Ceruleans. In this study, lidar-derived metrics describing the elevation, slope,
and aspect were included in each study area’s top predictive habitat models. Ceruleans within
the Appalachian Plateaus Province study area preferred areas with lower mean elevation,
whereas the opposite was observed in the Ridge and Valley Province study area. Slope, whether
measured as the maximum or mean, was found to be higher at areas of Cerulean presence for
both study areas. In the Cumberland Mountains of Tennessee, Buehler et al. (2006) found
Ceruleans, on average, chose areas with higher elevation and greater slope. A preference for
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ridges and upper-slope positions has also been well documented in West Virginia (Weakland and
Wood 2005, Wood et al. 2006). Ceruleans in southeastern Ohio selected steeper sites but not
ridge tops (Dettmers and Bart 1999). The current study also confirms previous observations
regarding the importance of aspect to Ceruleans. In this study, an east-facing slope was
positively associated with Cerulean presence; similar findings have been observed in
southwestern West Virginia (Wood et al. 2006), eastern Kentucky (Hartman et al. 2009), and
southeastern Ohio (Newell and Rodewald 2011). North- to east-facing (vs. west- to southwestfacing) slopes are shown to have higher productivity resulting in a greater number of taller and
larger trees (Desta et al. 2004). Ceruleans often select the larger trees within a territory for
singing posts (Hartman et al. 2009) or nest trees (Oliarnyk and Robertson 1996, Roth and Islam
2008, Bakermans and Rodewald 2009, Newell and Rodewald 2011). In terms of the vegetation
structure, a metric of variability (i.e. standard deviation, interquartile distance, or rumple index)
was included in each study area’s top habitat models. Within both study areas, Cerulean
presence was associated with higher variability. A diverse vegetative structure has been shown
to be important to the habitat selection of Ceruleans (Lynch 1981, Hamel 2000b). Even the
density of various vegetative layers and the relationship between them is an indication of
vegetative complexity. Based on the findings of this study and others, forest management for
Ceruleans should focus on sites with steeper, east-facing slopes. In addition, preserving oldgrowth and uneven-aged forests is important as these forest types exhibit the structural
complexity Ceruleans favor.
Differences in the habitat selection of Ceruleans among physiographic provinces were observed.
As previously mentioned, within the Appalachian Plateaus Province study area, elevation was,
on average, lower at plots of presence than at plots of absence. The opposite association was
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seen in the Ridge and Valley Province study area with presence plots having a higher mean
elevation. This regional difference is likely due to the differing topography of the physiographic
provinces with the Appalachian Plateaus Province having overall higher elevations. When
compared, the mean elevation at plots of Cerulean presence was similar between the
Appalachian Plateaus Province and the Ridge and Valley Province study areas. In addition, the
uplands of the Appalachian Plateaus are broader than the ridges of the Ridge and Valley;
therefore, Ceruleans may be selecting areas of lower elevation within the Appalachian Plateaus
in order to select areas with steeper slope.
Other differences in habitat preference between study areas were seen in the density of the
various vegetative layers and the relationship between them. Within the Appalachian Plateaus
Province study area, Ceruleans preferred the canopy (>18.3 m) to be more dense than the
midstory (6.1 – 12.2 m) at the landscape-level. In fact, metrics describing the density of the
canopy layer were much greater for the presence plots (vs. absence plots) within the study area.
As a canopy nester, Cerulean nests are concealed by the dense foliage, which also provides
foraging substrate, and often built on lateral limbs above a more open midstory (Oliarnyk and
Robertson 1996, Wood et al. 2013). The opposite association was seen in the Ridge and Valley
Province study area, where Ceruleans were positively associated with a vegetation structure that
included a less dense canopy (18.3 – 24.4 m), a relatively denser midstory (6.1 – 12.2 m), and a
relatively less dense understory (3.05 – 6.1 m) at the landscape scale. Though a negative
relationship was observed between Cerulean presence and canopy density, metrics describing the
density of the canopy layer were, unlike in the Appalachian Plateaus Province study area, similar
for both presence and absence plots within the Ridge and Valley Province study area. The
different topographies of the study areas likely contribute to this difference in strata densities. At
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higher elevations, tree growth declines due to factors such as poorer soil quality, increased wind
exposure, and shorter growing season; as a result, the canopy layers tend to be more open
(Coomes and Allen 2007). Even though the Appalachian Plateaus Province has overall higher
elevations, the effect of elevation on growth may be more pronounced on the steeper ridges of
the Ridge and Valley Province (vs. the broader uplands of the former). In fact, the maximum
and mean return heights for both the presence and absence plots were, on average, lower within
the Ridge and Valley Province study area compared to the Appalachian Plateaus Province study
area, indicating an overall shorter forest within the Ridge and Valley.
Another factor to consider is the differing forest types of the two study areas. The Appalachian
Plateaus Province is primarily occupied by northern hardwood species (e.g., American beech,
sugar maple, and black cherry), whereas the Ridge and Valley Province is mostly mixed
oak/hickory forests. Within the northern hardwoods, many of the species are shade-tolerant and
therefore able to form dense canopy layers in the absence of light. On the other hand, oaks and
hickories are relatively shade-intolerant requiring more light to germinate and grow, but once
established they form a more open canopy, which allows increased light to penetrate that, in turn,
fuels the growth of understory layers (Fralish 2004). Also, according to Fralish (2004), oaks
growing on more xeric sites, such as on ridges, tend to be stunted with more open crowns. This
explains why the canopy layer within the oak/hickory dominated Ridge and Valley Province
study area was overall less dense/more open than the canopy in the northern hardwood
dominated Appalachian Plateaus Province study area.
The relationship between the different strata seen in the Ridge and Valley Province study area
could also signify the existence and preference of openings in the canopy that do not extend all
the way to the forest floor. Various studies have noted the association of Ceruleans with canopy
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gaps or openings (Oliarnyk and Robertson 1996, Wood et al. 2006, Bakermans and Rodewald
2009, Carpenter et al. 2011), which add complexity to the forest structure. While the specific
heights may differ, the importance of different strata to Ceruleans has also been recorded in the
literature. Weakland and Wood (2005) found Cerulean territories in southern West Virginia had
greater cover from 6 to 12 m and above 24 m, while Wood et al. (2006) found Ceruleans in
southwestern West Virginia preferred areas with a lower sapling density, implying a more open
midstory layer. Ceruleans in eastern Ontario were also associated with dense canopy cover
(between 12 – 18 m and >18 m) and lower sapling density (Jones and Robertson 2001). Many of
the vegetative features discussed above serve as further evidence of Cerulean preference for a
diverse forest structure. Therefore, in terms of management, silvicultural treatments that
promote this quality should be favored, while those resulting in a more homogenous vegetation
structure should be limited or avoided. Cerulean abundance in West Virginia was found to be
higher in unharvested, mature forests and two-aged stands compared to regenerating clearcuts
(even-aged); the former two having more structural complexity (Wood et al. 2005). In southern
Indiana, Register and Islam (2008) compared Cerulean abundance in unharvested stands to those
that underwent uneven-aged management (i.e. single tree or group selection) and found no
difference, indicating that uneven-aged silvicultural treatments can provide suitable Cerulean
habitat. In addition, stands in Pennsylvania that underwent a shelterwood-cut were observed as
having a higher occurrence of Ceruleans (Stoleson 2004). Silvicultural prescriptions that create
more disturbance in the canopy (e.g., group selections and shelterwood-cuts with reserves) may
be better implemented in the Ridge and Valley Province where a more open canopy layer was
favored by Ceruleans.
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Despite the ‘poor’ predictive habitat models that were created at the territory scale, both the
landscape-level models were ‘good’ predictors of Cerulean presence. In fact, the significance of
the density and structure of the different forest layers was more evident when analyzing presence
and absence at the broader scale. This was also the case for overall canopy cover, which was
found to be important only at the landscape-level. The metric, however, was not included in
either of the top habitat models. As in this study, Roth and Islam (2008) and Carpenter et al.
(2011) found a positive association between overall cover and Cerulean presence. The height of
the canopy, as measured by the maximum return height, was also significant to Cerulean
presence at the landscape scale for both study areas, but only included in the top model for the
Ridge and Valley Province study area. Ceruleans favored areas with, on average, a greater
maximum canopy height. Cerulean territories in eastern Ontario (Jones and Robertson 2001) and
southern Indiana (Roth and Islam 2008) along with bird presence in northern Alabama
(Carpenter et al. 2011) were positively associated with a taller canopy height.
The landscape scale models can also be used to identify conservation areas based on habitat
suitability while taking into account regional preferences. There is evidence of regional
differences in the habitat preferences of Ceruleans, highlighting the importance of establishing
site-specific management plans (Boves et al. 2013). Even in this study, there were similarities
and differences in the metrics that were included in the top habitat model for the Appalachian
Plateaus Province and Ridge and Valley Province study areas, reemphasizing regional
differences. The 100-m resolution habitat suitability maps (Figure 2.7) for the two study areas
clearly outline a spatial pattern to the habitat considered most suitable for Ceruleans based on the
landscape-level models. In the Appalachian Plateaus Province study area, the most suitable
breeding habitat is concentrated in the eastern half within the Allegheny National Forest and
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along the Allegheny Reservoir and surrounding area in the northeast corner covering ~16% of
the total study area (Table 2.15). Within the Ridge and Valley Province study area, highest
habitat suitability is along the ridges that run through the western two-thirds and makes up ~14%
of the total area (Table 2.16). Therefore, Cerulean management should focus on these specific
areas identified by the habitat models as having the greatest breeding habitat suitability.
For both study areas, the habitat models at the territory-level had ‘poor’ predictive accuracy.
Despite the inclusion of statistically significant metrics, the ranges of values for these metrics
within the presence and absence plots overlap with similar mean values, which likely explain the
poorer performance of the models. However, several other factors may contribute to the poorer
accuracy at the local scale. The main considerations have to do with the data itself and the
collection method. It is widely known that species non-detection does not guarantee absence
(Thompson 2002, Gu and Swihart 2004, MacKenzie 2005). By treating occupied locations as
absence points due to non-detection, significant habitat metrics may have been missed or
misidentified. In addition, habitat at each presence and absence location was characterized using
a 150-m radius plot around each survey point. This may not be the appropriate size to capture
the features that are important to Ceruleans and their habitat selection at the territory-level.
Hartman et al. (2009) cited plot size as a possible reason for why significant differences were not
detected between sites of Cerulean use and non-use; however, they employed 50-m radius plots
to characterize the habitat, much smaller than the habitat plots used in this study. Another factor
to consider is the density of the lidar returns. The lidar used in this study was low density and
may not have been dense enough to capture the microhabitat features Ceruleans prefer. On the
other hand, other factors that were not analyzed in this study may be driving or further
constraining the habitat choice of Ceruleans at the local level. For example, forest type or
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prevalence of different tree species was not considered. White oaks (vs. red oak species
(subgenus Erythrobalanus)) have been documented by various studies to be a preferred nest tree
species (Bakermans 2008, Newell and Rodewald 2011, Boves et al. 2013). Stoleson (2004) has
also noted that, in Pennsylvania, Ceruleans were found almost exclusively in mixed-oak stands
compared to northern hardwood forests, which primarily consist of black cherry, maples (Acer
spp. L.), and American beech. The proximity to other Cerulean territories was not analyzed
either. Perhaps the microhabitat features are not the main driving force for habitat selection, but
the presence of conspecifics nearby. Hamel (2000b) noted the observations of some who
describe Ceruleans as breeding in clusters. The tendency of Ceruleans to form colonies was
given as a possible explanation for the uneven bird distributions seen within study sites in
southeastern Ontario (Oliarnyk and Robertson 1996). Roth and Islam (2007) investigated the
colonial nature of Ceruleans in southern Indiana and found that Ceruleans exhibited territory
clustering within some of the study plots. Based on the equal habitat quality within these plots, it
was reasoned that the presence of conspecifics was driving territory establishment and not
specific habitat characteristics; one would expect more spacing between adjacent territories if
habitat selection was based on quality alone. Weakland and Wood (2005) cited clustering as
being a possible reason for the poor performance of their microhabitat models in predicting
Cerulean territory presence in southern West Virginia since clustering would result in suitable
habitat being unoccupied. However, the poorer performance of the territory-level models in this
study may also be an indication that the forest structure at this scale is similar providing
Ceruleans with plenty of suitable habitat. Therefore, breeding habitat is not limited at the more
local scale providing Ceruleans with a habitat choice.
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CONCLUSIONS
Despite the poorer performance of the territory-level habitat models, the study was able to show,
by combining BBA data with PAMAP lidar data, the value of airborne leaf-off topographic lidar
in quantifying and identifying suitable habitat for a high conservation concern species like the
Cerulean. Topographic lidar, though commonly of lower density, is being flown for increasingly
more areas and has the benefit of being publicly accessible (Vierling et al. 2008, 2011).
Collected before leaf emergence, it allows for better penetration of the laser pulse to the ground
surface in forested areas, which is ideal for mapping the terrain. However, leaf-off (vs. leaf-on)
conditions also allows for better laser penetration for the mapping of the canopy internal
structure including understory (Hill and Broughton 2009). Although discrete-return lidar
(especially if of lower density) could result in miscalculations such as the underestimation of tree
heights (Dubayah and Drake 2000, Lefsky et al. 2002), studies have demonstrated its utility in
characterizing vegetative features that may be important to wildlife species and valuable in
habitat modeling. Zimble et al. (2003) used low density discrete-return lidar to distinguish
between single-story and multistory forests by using the variance of return heights to describe the
different vertical structure. Kane et al. (2010) demonstrated that the successional stage of forests
could be identified by quantifying the structural complexity of the vegetation using various lidarderived metrics. Zhang (2008) detected canopy gaps in mangrove forests, while Martinuzzi et al.
(2009) estimated the presence of understory shrubs and snags.
Future Cerulean studies should focus not only on field validation of sites with suitable breeding
habitat but also combine the lidar-derived metrics identified in this study with field-based
measurements to help isolate prime locations for Cerulean habitat management. Field surveys
characterizing forest types and prevalence of different tree species are important. Broader
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metrics such as forest patch size and neighboring land cover classes (e.g., agricultural or urban)
should also be taken into consideration. Even though this study focused on two areas of
Pennsylvania, topographic lidar is available for the entire commonwealth; therefore, the study
could be expanded to analyze Cerulean habitat selection throughout the whole state. In addition,
similar habitat selection studies could be conducted in other regions of the Cerulean breeding
range for which lidar is available. Lidar’s ability to describe the vertical structure of vegetation
in fine detail across the landscape has been shown, through this study and others, to be beneficial
to habitat modeling and should therefore be considered in future habitat characterization studies,
especially those concerning habitat specialists or area-sensitive species.
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Figure 2.1. Areas (shown in red) where PAMAP Program lidar data is restricted to two
returns per pulse (PA DCNR 2013)
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Figure 2.2. Map of Pennsylvania’s physiographic provinces (outlined in grey) with study
area locations (in black)
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Figure 2.3. Collection years of PAMAP Program lidar data (PA DCNR 2013)
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Table 2.1. Summary statistics of lidar-derived metrics for plots within the Appalachian Plateaus Province study area where Cerulean
Warblers were deemed present by volunteers or trained individuals
Results from t-test/chi-square testa

Detection
Volunteer (n = 126)
Trained (n = 42)
Habitat metrics
Topographic
MeanElev (m)
MaxSlop (% rise)
MeanSlop (% rise)
Aspect (E or W)
Height
MaxHt (m)
MeanHt (m)
Variability
StdHt (m)
HtCV
HtIQ (m)
RumpIndex
Strata-based
Prop1to10
Prop10to20
Prop20to40
Prop40to60
Prop60to80
PropAbv60
PropAbv80
Abv601to10
Abv6020to40
Other
CC1 (%)
a

t/Χ2

df

P-value

437.28 (98.79)
113.28 (54.51)
19.35 (9.33)
---

0.15
0.33
-0.04
0.31

166.00
166.00
166.00
1.00

0.882
0.739
0.968
0.577

33.44 (3.88)
15.05 (2.91)

34.05 (3.95)
15.28 (2.68)

-0.87
-0.43

166.00
166.00

0.387
0.665

8.02 (1.19)
0.54 (0.09)
12.91 (3.00)
2.97 (0.84)

8.48 (1.16)
0.57 (0.10)
13.66 (3.43)
2.92 (0.94)

-2.21
-1.35
-1.36
0.34

166.00
166.00
166.00
166.00

0.029
0.179
0.176
0.734

0.12 (0.06)
0.09 (0.04)
0.17 (0.07)
0.21 (0.07)
0.26 (0.09)
0.41 (0.16)
0.15 (0.13)
4.46 (3.46)
3.71 (3.86)

0.14 (0.07)
0.08 (0.05)
0.14 (0.06)
0.19 (0.06)
0.28 (0.09)
0.45 (0.15)
0.17 (0.11)
3.85 (2.15)
5.45 (6.09)

-2.16
0.46
2.49
1.85
-1.44
-1.25
-0.58
1.34
-1.74

166.00
166.00
166.00
166.00
166.00
166.00
166.00
114.32
52.41

0.032
0.647
0.014
0.067
0.152
0.213
0.564
0.183
0.088

60.68 (20.48)

-0.79

166.00

0.430

mean (SD)
440.10 (109.20)
117.13 (67.84)
19.27 (11.98)
---

57.86 (19.83)

mean (SD)

For the categorical variable (i.e. Aspect), the chi-square test of independence was used
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Table 2.2. Summary statistics of lidar-derived metrics for plots within the Ridge and Valley Province study area where Cerulean
Warblers were deemed present by volunteers or trained individuals
Results from t-test/chi-square testa

Detection
Volunteer (n = 162)
Trained (n = 82)
Habitat metrics
Topographic
MeanElev (m)
MaxSlop (% rise)
MeanSlop (% rise)
Aspect (E or W)
Height
MaxHt (m)
MeanHt (m)
Variability
StdHt (m)
HtCV
HtIQ (m)
RumpIndex
Strata-based
Prop1to10
Prop10to20
Prop20to40
Prop40to60
Prop60to80
PropAbv60
PropAbv80
Abv601to10
Abv6020to40
Other
CC1 (%)
a

mean (SD)

t/X2

df

P-value

443.39 (133.88)
120.44 (86.80)
23.60 (11.76)
---

-0.86
2.11
1.71
0.20

242.00
210.43
242.00
1.00

0.389
0.036
0.088
0.654

31.86 (5.11)
12.19 (2.67)

31.59 (4.93)
12.30 (2.57)

0.40
-0.30

242.00
242.00

0.686
0.764

6.98 (1.37)
0.58 (0.11)
11.32 (2.95)
2.87 (0.67)

6.86 (1.39)
0.57 (0.09)
11.12 (2.92)
2.99 (0.73)

0.61
1.47
0.51
-1.29

242.00
200.57
242.00
242.00

0.540
0.144
0.612
0.199

0.15 (0.08)
0.11 (0.05)
0.24 (0.10)
0.26 (0.07)
0.18 (0.09)
0.24 (0.15)
0.06 (0.08)
2.10 (2.14)
1.50 (1.88)

0.14 (0.07)
0.11 (0.04)
0.25 (0.10)
0.27 (0.08)
0.17 (0.10)
0.23 (0.15)
0.06 (0.07)
2.17 (1.96)
1.31 (1.29)

1.27
0.75
-1.10
-0.51
0.32
0.16
-0.08
-0.25
0.88

242.00
198.77
242.00
242.00
242.00
242.00
242.00
242.00
220.72

0.206
0.452
0.274
0.612
0.751
0.870
0.939
0.801
0.378

52.31 (16.41)

1.27

242.00

0.206

mean (SD)
425.44 (162.34)
148.60 (117.82)
26.37 (12.02)
---

55.21 (17.04)

For the categorical variable (i.e. Aspect), the chi-square test of independence was used
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Figure 2.4. Sampling hierarchy map illustrating the study area locations within Pennsylvania,
the 150-m radius plot used in the habitat characterization, and the presence and
absence point locations
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Figure 2.5. Illustration of FUSION’s canopy cover calculation.
In this diagram, 16 of the 21 lidar first returns are above
the designated height break (black line) resulting in a
canopy cover estimate of 76% (McGaughey 2013).
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Figure 2.6. Diagram of canopy rumple index. Higher ratio values represent a more complex
canopy structure (Kane et al. 2010).

54

Table 2.3. Summary statistics of lidar-derived metrics for plots within the Appalachian Plateaus Province study area where Cerulean
Warblers were deemed present or absent (within 2.5 km of a present point)
Results from t-test/chi-square testa

Detection
Presence (n = 168)
Absence (n = 249)
Habitat metrics
Topographic
MeanElev (m)
MaxSlop (% rise)
MeanSlop (% rise)
Aspect (E or W)
Height
MaxHt (m)
MeanHt (m)
Variability
StdHt (m)
HtCV
HtIQ (m)
RumpIndex
Strata-based
Prop1to10
Prop10to20
Prop20to40
Prop40to60
Prop60to80
PropAbv60
PropAbv80
Abv601to10
Abv6020to40
Other
CC1 (%)
a

t/Χ2

df

P-value

464.81 (85.53)
100.04 (46.34)
17.71 (8.92)
---

-2.58
2.79
1.51
8.87

305.27
280.24
300.04
1.00

0.010
0.006
0.132
0.003

33.59 (3.90)
15.11 (2.85)

33.20 (4.07)
15.15 (3.16)

0.99
-0.12

415.00
415.00

0.323
0.904

8.13 (1.20)
0.55 (0.10)
13.10 (3.12)
2.96 (0.86)

7.94 (1.36)
0.54 (0.09)
12.51 (3.12)
2.85 (0.88)

1.49
1.56
1.90
1.28

415.00
415.00
415.00
415.00

0.136
0.119
0.059
0.200

0.13 (0.06)
0.08 (0.04)
0.16 (0.07)
0.21 (0.07)
0.26 (0.09)
0.42 (0.16)
0.16 (0.13)
4.31 (3.18)
4.14 (4.57)

0.12 (0.06)
0.09 (0.04)
0.17 (0.09)
0.21 (0.09)
0.25 (0.09)
0.41 (0.18)
0.16 (0.15)
4.47 (3.25)
4.50 (6.15)

1.45
-0.14
-1.26
-0.88
1.85
0.52
-0.53
-0.49
-0.69

415.00
415.00
402.49
394.71
415.00
415.00
415.00
415.00
411.18

0.148
0.890
0.209
0.381
0.065
0.605
0.600
0.627
0.493

61.34 (21.43)

-1.33

415.00

0.184

mean (SD)
439.39 (106.41)
116.17 (64.63)
19.29 (11.35)
---

58.57 (19.97)

mean (SD)

For the categorical variable (i.e. Aspect), the chi-square test of independence was used
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Table 2.4. Lidar-derived metrics of the top territory-level habitat models for the Cerulean
Warbler within the Appalachian Plateaus Province study area
Model
Intercept only
MeanElev, MaxSlop, Aspect, Prop60to80
MeanElev, Aspect, HtIQ, Prop60to80*
MeanElev, Aspect, Prop60to80
MaxSlop, Aspect, Prop60to80
MeanElev, MaxSlop, Aspect
MeanElev, MaxSlop, HtIQ, Prop60to80*
MeanElev, Aspect, HtIQ*
MeanElev, MaxSlop, Prop60to80
MaxSlop, Aspect
MeanElev, HtIQ, Prop60to80
MeanElev, Aspect*

AIC
564.25
541.92
543.27
545.29
547.33
547.99
549.24
549.86
550.34
550.53
550.57
550.77

Delta AIC
(Δi)
22.33
0.00
1.35
3.37
5.41
6.07
7.32
7.94
8.42
8.61
8.65
8.85

Akaike weight
(wi)

Evidence
ratio

0.524
0.267
0.097
0.035
0.025
0.014
0.010
0.008
0.007
0.007
0.006

1.00
1.96
5.39
14.93
20.79
38.81
52.98
67.35
74.01
75.50
83.44

* A candidate model that was removed from consideration after subsetting the full dataset either due to a
statistically insignificant metric within the model or Δi > 10

Table 2.5. Accuracy assessment of the top predictive models for Cerulean
Warbler presence within the Appalachian Plateaus Province
study area at the territory-level
Value
Accuracy measure
Model A
Model B
Percent correctly classified
(PCC)
0.63
0.65
Sensitivity
0.50
0.49
Specificity
0.72
0.75
Kappa (κ)
0.22
0.25
True skill statistic (TSS)
0.22
0.24
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Table 2.6. Summary statistics of lidar-derived metrics for plots within the Appalachian Plateaus Province study area where Cerulean
Warblers were deemed present or absent (beyond 10 km of a present point)
Results from t-test/chi-square testa

Detection
Presence (n = 168)
Absence (n = 242)
Habitat metrics
Topographic
MeanElev (m)
MaxSlop (% rise)
MeanSlop (% rise)
Aspect (E or W)
Height
MaxHt (m)
MeanHt (m)
Variability
StdHt (m)
HtCV
HtIQ (m)
RumpIndex
Strata-based
Prop1to10
Prop10to20
Prop20to40
Prop40to60
Prop60to80
PropAbv60
PropAbv80
Abv601to10
Abv6020to40
Other
CC1 (%)
a

t/X2

df

P-value

460.51 (71.79)
90.96 (43.02)
12.89 (6.11)
---

-2.24
4.42
6.66
20.75

270.50
267.97
234.31
1.00

0.026
<0.001
<0.001
<0.001

33.59 (3.90)
15.11 (2.85)

30.18 (3.88)
12.81 (3.04)

8.76
7.72

408.00
408.00

<0.001
<0.001

8.13 (1.20)
0.55 (0.10)
13.10 (3.12)
2.96 (0.86)

6.88 (1.02)
0.55 (0.10)
11.00 (2.29)
2.55 (0.78)

11.08
-0.41
7.44
4.95

320.71
408.00
286.69
408.00

<0.001
0.678
<0.001
<0.001

0.13 (0.06)
0.08 (0.04)
0.16 (0.07)
0.21 (0.07)
0.26 (0.09)
0.42 (0.16)
0.16 (0.13)
4.31 (3.18)
4.14 (4.57)

0.13 (0.07)
0.11 (0.05)
0.23 (0.08)
0.26 (0.07)
0.21 (0.11)
0.27 (0.17)
0.06 (0.09)
3.16 (3.21)
1.77 (2.21)

-0.01
-6.36
-8.57
-7.09
5.84
8.82
8.02
3.57
6.23

408.00
401.87
408.00
408.00
396.33
408.00
276.48
408.00
221.49

0.991
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

49.37 (19.15)

4.70

408.00

<0.001

mean (SD)
439.39 (106.41)
116.17 (64.63)
19.29 (11.35)
---

58.57 (19.97)

mean (SD)

For the categorical variable (i.e. Aspect), the chi-square test of independence was used
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Table 2.7. Lidar-derived metrics of the top landscape-level habitat models for the Cerulean
Warbler within the Appalachian Plateaus Province study area
Model
Intercept only
MeanElev, MeanSlop, Aspect, StdHt,
Abv6020to40
MeanElev, Aspect, StdHt, Abv6020to40
MeanElev, MeanSlop, Aspect, StdHt, Prop20to40
MeanElev, MeanSlop, Aspect, StdHt, PropAbv60
MeanElev, Aspect, StdHt, Prop20to40
MeanElev, MeanSlop, StdHt, Abv6020to40
MeanElev, MeanSlop, Aspect, StdHt
MeanElev, Aspect, StdHt, PropAbv60
MeanElev, MeanSlop, StdHt, Prop20to40
MeanElev, StdHt, Abv6020to40

AIC
556.95

Delta AIC
(Δi)
145.16

Akaike weight
(wi)

Evidence
ratio

411.79
414.41
415.21
417.69
418.54
418.71
419.37
420.28
421.56
421.75

0.00
2.62
3.42
5.90
6.75
6.92
7.58
8.49
9.77
9.96

0.617
0.167
0.112
0.032
0.021
0.019
0.014
0.009
0.005
0.004

1.00
3.69
5.51
19.10
29.24
31.80
44.39
69.72
132.12
145.52

Table 2.8. Accuracy assessment of the top predictive model for
Cerulean Warbler presence within the Appalachian
Plateaus Province study area at the landscape-level
Accuracy measure
Value
Percent correctly classified (PCC)
0.76
Sensitivity
0.74
Specificity
0.78
Kappa (κ)
0.51
True skill statistic (TSS)
0.52
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Table 2.9. Summary statistics of lidar-derived metrics for plots within the Ridge and Valley Province study area where Cerulean
Warblers were deemed present or absent (within 2.5 km of a present point)
Results from t-test/chi-square testa

Detection
Presence (n = 244)
Absence (n = 256)
Habitat metrics
Topographic
MeanElev (m)
MaxSlop (% rise)
MeanSlop (% rise)
Aspect (E or W)
Height
MaxHt (m)
MeanHt (m)
Variability
StdHt (m)
HtCV
HtIQ (m)
RumpIndex
Strata-based
Prop1to10
Prop10to20
Prop20to40
Prop40to60
Prop60to80
PropAbv60
PropAbv80
Abv601to10
Abv6020to40
Other
CC1 (%)
a

t/X2

df

P-value

402.11 (154.44)
108.72 (59.01)
20.32 (9.18)
---

2.13
3.85
5.34
11.50

498.00
370.14
455.24
1.00

0.033
<0.001
<0.001
<0.001

31.77 (5.04)
12.23 (2.63)

30.78 (5.27)
12.37 (2.97)

2.15
-0.58

498.00
498.00

0.032
0.562

6.94 (1.37)
0.58 (0.11)
11.25 (2.94)
2.91 (0.69)

6.72 (1.40)
0.56 (0.10)
10.81 (2.99)
2.91 (0.72)

1.76
2.45
1.67
-0.03

498.00
498.00
498.00
498.00

0.079
0.014
0.096
0.980

0.15 (0.07)
0.11 (0.04)
0.24 (0.10)
0.26 (0.07)
0.18 (0.10)
0.23 (0.15)
0.06 (0.07)
2.12 (2.08)
1.44 (1.70)

0.14 (0.08)
0.11 (0.04)
0.25 (0.11)
0.27 (0.09)
0.18 (0.10)
0.23 (0.16)
0.06 (0.09)
2.54 (2.63)
1.43 (1.62)

1.46
0.95
-0.85
-0.61
0.02
-0.07
-0.16
-1.95
0.01

498.00
498.00
498.00
493.65
498.00
498.00
488.79
481.60
498.00

0.144
0.341
0.395
0.542
0.980
0.946
0.874
0.052
0.989

52.37 (16.60)

1.25

498.00

0.214

mean (SD)
431.47 (153.32)
139.14 (109.02)
25.44 (11.98)
---

54.23 (16.85)

mean (SD)

For the categorical variable (i.e. Aspect), the chi-square test of independence was used
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Table 2.10. Lidar-derived metrics of the top territory-level habitat models for the Cerulean
Warbler within the Ridge and Valley Province study area
Model
Intercept only
MeanElev, MeanSlop, Aspect, StdHt, Abv601to10
MeanElev, MeanSlop, StdHt, Abv601to10
MeanElev, MeanSlop, Aspect, MaxHt, HtIQ,
Abv601to10*
MeanElev, MeanSlop, Aspect, MaxHt, HtCV*
MeanElev, MeanSlop, Aspect, MaxHt,
Abv601to10*
MeanElev, MeanSlop, Aspect, StdHt*
MeanSlop, Aspect, StdHt, Abv601to10*
MeanElev, MeanSlop, MaxHt, HtIQ,
Abv601to10*
MeanElev, MeanSlop, MaxHt, HtCV*
MeanElev, MeanSlop, MaxHt, Abv601to10
MeanElev, MeanSlop, Aspect, MaxHt*
MeanSlop, Aspect, MaxHt, Abv601to10*

AIC
694.86
648.68
652.54

Delta AIC
(Δi)
46.18
0.00
3.86

Akaike weight
(wi)

Evidence
ratio

0.633
0.092

1.00
6.89

652.73
653.74

4.05
5.06

0.084
0.050

7.57
12.56

654.00
654.17
655.92

5.32
5.49
7.24

0.044
0.041
0.017

14.29
15.55
37.24

656.37
657.54
657.65
657.92
658.44

7.69
8.86
8.97
9.24
9.76

0.014
0.008
0.007
0.006
0.005

46.89
83.95
88.66
101.44
131.60

* A candidate model that was removed from consideration after subsetting the full dataset either due to a
statistically insignificant metric within the model or Δi > 10

Table 2.11. Accuracy assessment of the top predictive model for
Cerulean Warbler presence within the Ridge and
Valley Province study area at the territory-level
Accuracy measure
Value
Percent correctly classified (PCC)
0.66
Sensitivity
0.70
Specificity
0.62
Kappa (κ)
0.33
True skill statistic (TSS)
0.32
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Table 2.12. Summary statistics of lidar-derived metrics for plots within the Ridge and Valley Province study area where Cerulean
Warblers were deemed present or absent (beyond 10 km of a present point)
Results from t-test/chi-square testa

Detection
Presence (n = 244)
Absence (n = 241)
Habitat metrics
Topographic
MeanElev (m)
MaxSlop (% rise)
MeanSlop (% rise)
Aspect (E or W)
Height
MaxHt (m)
MeanHt (m)
Variability
StdHt (m)
HtCV
HtIQ (m)
RumpIndex
Strata-based
Prop1to10
Prop10to20
Prop20to40
Prop40to60
Prop60to80
PropAbv60
PropAbv80
Abv601to10
Abv6020to40
Other
CC1 (%)
a

t/X2

df

P-value

366.61 (193.84)
104.50 (56.18)
15.41 (6.91)
---

4.08
4.40
11.31
14.93

456.21
364.56
389.54
1.00

<0.001
<0.001
<0.001
<0.001

31.77 (5.04)
12.23 (2.63)

30.18 (3.97)
12.09 (2.49)

3.86
0.57

460.27
483.00

<0.001
0.572

6.94 (1.37)
0.58 (0.11)
11.25 (2.94)
2.91 (0.69)

7.10 (1.35)
0.60 (0.12)
12.00 (3.28)
2.64 (0.71)

-1.29
-2.25
-2.63
4.28

483.00
483.00
483.00
483.00

0.198
0.025
0.009
<0.001

0.15 (0.07)
0.11 (0.04)
0.24 (0.10)
0.26 (0.07)
0.18 (0.10)
0.23 (0.15)
0.06 (0.07)
2.12 (2.08)
1.44 (1.70)

0.16 (0.08)
0.12 (0.04)
0.22 (0.08)
0.25 (0.09)
0.19 (0.10)
0.24 (0.14)
0.05 (0.07)
2.10 (1.97)
1.53 (1.60)

-1.98
-1.87
2.76
1.19
-1.77
-0.73
0.86
0.11
-0.63

471.91
483.00
459.42
472.00
483.00
483.00
483.00
483.00
483.00

0.048
0.062
0.006
0.236
0.077
0.464
0.392
0.911
0.528

50.28 (18.38)

2.47

483.00

0.014

mean (SD)
431.47 (153.32)
139.14 (109.02)
25.44 (11.98)
---

54.23 (16.85)

mean (SD)

For the categorical variable (i.e. Aspect), the chi-square test of independence was used
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Table 2.13. Lidar-derived metrics of the top landscape-level habitat models for the Cerulean
Warbler within the Ridge and Valley Province study area
Model
Intercept only
MeanElev, MeanSlop, Aspect, MaxHt,
RumpIndex, Prop10to20, Prop20to40,
Prop60to80
MeanElev, MeanSlop, Aspect, MaxHt,
RumpIndex, Prop10to20, Prop60to80*
MeanElev, MeanSlop, MaxHt, RumpIndex,
Prop10to20, Prop20to40, Prop60to80*
MeanElev, MeanSlop, Aspect, MaxHt,
RumpIndex, Prop10to20, Prop20to40*
MeanElev, MeanSlop, Aspect, MaxHt,
RumpIndex, Prop20to40
MeanElev, MeanSlop, MaxHt, RumpIndex,
Prop10to20, Prop60to80*
MeanElev, MeanSlop, MaxHt, RumpIndex,
Prop10to20, Prop20to40*
MeanElev, MeanSlop, Aspect, MaxHt,
RumpIndex, Prop60to80

AIC
674.33

Delta AIC
(Δi)
160.80

Akaike weight
(wi)

Evidence
ratio

513.53

0.00

0.677

1.00

516.54

3.01

0.150

4.51

518.15

4.62

0.067

10.07

518.21

4.68

0.065

10.38

521.09

7.56

0.015

43.96

521.32

7.79

0.014

49.06

522.73

9.20

0.007

99.56

523.35

9.82

0.005

135.67

* A candidate model that was removed from consideration after subsetting the full dataset either due to a
statistically insignificant metric within the model or Δi > 10

Table 2.14. Accuracy assessment of the top predictive model for
Cerulean Warbler presence within the Ridge and
Valley Province study area at the landscape-level
Accuracy measure
Value
Percent correctly classified (PCC)
0.75
Sensitivity
0.59
Specificity
0.90
Kappa (κ)
0.50
True skill statistic (TSS)
0.49
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Figure 2.7. The probability of breeding habitat suitability for the Cerulean Warbler within two physiographic
provinces of Pennsylvania. Maps are 100-m resolution with values referring to the probability
within each 100-m cell. The landscape-level habitat models developed in this study were used to
create the maps.
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Table 2.15. Total habitat area for the predicted levels of breeding
habitat suitability for the Cerulean Warbler within the
Appalachian Plateaus Province study area based on the
landscape-level habitat model created in this study
Level of
Predicted
Total area
Total area
suitability
probability
(sq km)
(%)
Unsuitable
0 - 0.15
5,732
42
Least suitable
0.15 - 0.40
3,544
26
Suitable
0.40 - 0.65
1,866
14
Most suitable
0.65 - 1
2,205
16
No data
-358
3

Table 2.16. Total habitat area for the predicted levels of breeding
habitat suitability for the Cerulean Warbler within the
Ridge and Valley Province study area based on the
landscape-level habitat model created in this study
Level of
Predicted
Total area
Total area
suitability
probability
(sq km)
(%)
Unsuitable
0 - 0.15
8,028
45
Least suitable
0.15 - 0.40
4,368
25
Suitable
0.40 - 0.65
2,390
14
Most suitable
0.65 - 1
2,389
14
No data
-509
3
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APPENDIX A: LIST OF LIDAR SUMMARY STATISTICS* CALCULATED WITH
FUSION’S CLOUDMETRICS COMMAND AND /ABOVE, /STRATA OPTIONS
Total number of returns
Count and proportion of returns by return number (support for up to 9 discrete returns)
Minimum and maximum
Mean
Median (output as 50th percentile)
Mode
Standard deviation and variance
Coefficient of variation (CV)
Interquartile distance
Skewness and kurtosis
AAD (Average Absolute Deviation)
MADMedian (Median of the absolute deviations from the overall median)
MADMode (Median of the absolute deviations from the overall mode)
L-moments (L1, L2, L3, L4)
L-moment CV, skewness, and kurtosis
Percentiles (1st, 5th, 10th, 20th, 25th, 30th, 40th, 50th, 60th, 70th, 75th, 80th, 90th, 95th, 99th)
Canopy relief ratio ((mean - min) / (max – min))
Generalized means for the 2nd and 3rd power (Elev quadratic mean and Elev cubic mean)
Percentage of first returns above a specified height break (canopy cover estimate)
Percentage of first returns above the mean height
Percentage of first returns above the mode height
Percentage of all returns above a specified height
Percentage of all returns above the mean height
Percentage of all returns above the mode height
Number of returns above a specified height break / total first returns * 100
Number of returns above the mean height / total first returns * 100
Number of returns above the mode height / total first returns * 100
Number and proportion of returns in the strata
Minimum and maximum height for the points in the strata
Mean height for the points in the strata
Mode height for the points in the strata
Median height for the points in the strata
Standard deviation of the height for the points in the strata
CV of the height for the points in the strata
Skewness and kurtosis of the height for the points in the strata

* Modified from McGaughey (2013)
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APPENDIX B: COEFFICIENT ESTIMATES FOR THE TOP PREDICTIVE HABITAT
MODELS FOR CERULEAN WARBLER PRESENCE
Appalachian Plateaus Province Study Area – Territory-level

Table B.1. Top logistic regression models for Cerulean Warbler presence/absence within the
Appalachian Plateaus Province study area at the territory-level
Metric
Coefficient
SE
P-value
Model A
Intercept
-0.711849
0.653247
0.276
MeanElev
-0.003177
0.001182
0.007
MaxSlop
0.004470
0.001947
0.022
AspectE
0.673746
0.211049
0.001
Prop60to80
3.476736
1.245589
0.005
Model B
Intercept
-0.757951
0.698214
0.278
MeanElev
-0.004030
0.001153
<0.001
AspectE
0.639233
0.211558
0.003
HtIQ
0.068868
0.034607
0.047
Prop60to80
3.665064
1.280860
0.004

Appalachian Plateaus Province Study Area – Landscape-level

Table B.2. Top logistic regression model for Cerulean Warbler presence/absence within the
Appalachian Plateaus Province study area at the landscape-level
Metric
Coefficient
SE
P-value
Intercept
-4.181260
1.182529
<0.001
MeanElev
-0.007773
0.001592
<0.001
MeanSlop
0.032933
0.015646
0.035
AspectE
0.741545
0.250103
0.003
StdHt
0.796323
0.152605
<0.001
Abv6020to40
0.171812
0.061000
0.005
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Ridge and Valley Province Study Area – Territory-level

Table B.3. Top logistic regression model for Cerulean Warbler presence/absence within the
Ridge and Valley Province study area at the territory-level
Metric
Coefficient
SE
P-value
Intercept
-4.1916678
0.8194686
<0.001
MeanElev
0.0022346
0.0007445
0.003
MeanSlop
0.0409182
0.0091249
<0.001
AspectE
0.4632988
0.1917372
0.016
StdHt
0.3402338
0.0920859
<0.001
Abv601to10
-0.1284178
0.0482639
0.008

Ridge and Valley Province Study Area – Landscape-level

Table B.4. Top logistic regression model for Cerulean Warbler presence/absence within the
Ridge and Valley Province study area at the landscape-level
Metric
Coefficient
SE
P-value
Intercept
-7.811
1.551
<0.001
MeanElev
0.002639
0.0007492
<0.001
MeanSlop
0.08976
0.01391
<0.001
AspectE
0.5697
0.2224
0.010
MaxHt
0.1391
0.03574
<0.001
RumpIndex
0.5670
0.1677
<0.001
Prop10to20
-10.67
3.505
0.002
Prop20to40
4.604
2.086
0.027
Prop60to80
-5.197
2.026
0.010
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APPENDIX C: CONFUSION MATRICES SHOWING THE PREDICTIVE
PERFORMANCE OF EACH CERULEAN WARBLER HABITAT MODEL
The following confusion matrices were used in the calculation of various measures to assess each
habitat model’s predictive accuracy. The optimal threshold for prediction of Cerulean Warbler
presence maximized (sensitivity + specificity – 1), known as the true skill statistic (TSS). This
cutoff differed for each model and is indicated in the table footnotes below. Values in tables are
counts of plots.
Appalachian Plateaus Province Study Area – Territory-level
Table C.1. Confusion matricesa,b for the top models in the prediction
of Cerulean Warbler presence within the Appalachian
Plateaus Province study area at the territory-level
Model A
Observed
Presence
Absence
Predicted
Presence
84
70
Absence
84
179

Model B
Predicted
a
b

Observed
Presence
Absence
83
62
85
187

Presence
Absence

Optimal cutoff for Model A = 0.44
Optimal cutoff for Model B = 0.45

Appalachian Plateaus Province Study Area – Landscape-level
Table C.2. Confusion matrixa for the top model in the prediction of
Cerulean Warbler presence within the Appalachian Plateaus
Province study area at the landscape-level
Observed
Presence
Absence
Predicted
Presence
124
54
Absence
44
188
a

Optimal cutoff = 0.41
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Ridge and Valley Province Study Area – Territory-level
Table C.3. Confusion matrixa for the top model in the prediction of
Cerulean Warbler presence within the Ridge and Valley
Province study area at the territory-level
Observed
Presence
Absence
Predicted
Presence
172
97
Absence
72
159
a

Optimal cutoff = 0.45

Ridge and Valley Province Study Area – Landscape-level
Table C.4. Confusion matrixa for the top model in the prediction of
Cerulean Warbler presence within the Ridge and Valley
Province study area at the landscape-level
Observed
Presence
Absence
Predicted
Presence
145
23
Absence
99
218
a

Optimal cutoff = 0.63
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APPENDIX D: PREDICTIVE ACCURACY OF EACH CERULEAN WARBLER
HABITAT MODEL USING THE TRAINING AND VALIDATION DATASETS
Appalachian Plateaus Province Study Area – Territory-level

Table D.1. Accuracy assessment of the top predictive model of Cerulean
Warbler presence within the Appalachian Plateaus Province
study area at the territory-level using subset data. For training
data: presence (n = 136), absence (n = 177); for validation data:
presence (n = 32), absence (n = 72).
Value
Accuracy measure
Training
Validation
Percent correctly classified
(PCC)
0.65
0.59
Sensitivity
0.58
0.44
Specificity
0.71
0.65
Kappa (κ)
0.29
0.09
True skill statistic (TSS)
0.29
0.09

Appalachian Plateaus Province Study Area – Landscape-level

Table D.2. Accuracy assessment of the top predictive model of Cerulean
Warbler presence within the Appalachian Plateaus Province
study area at the landscape-level using subset data. For training
data: presence (n = 123), absence (n = 185); for validation data:
presence (n = 45), absence (n = 57).
Value
Accuracy measure
Training
Validation
Percent correctly classified
(PCC)
0.76
0.71
Sensitivity
0.78
0.80
Specificity
0.74
0.63
Kappa (κ)
0.51
0.42
True skill statistic (TSS)
0.52
0.43
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Ridge and Valley Province Study Area – Territory-level

Table D.3. Accuracy assessment of the top predictive model of Cerulean
Warbler presence within the Ridge and Valley Province
study area at the territory-level using subset data. For training
data: presence (n = 181), absence (n = 194); for validation data:
presence (n = 63), absence (n = 62).
Value
Accuracy measure
Training
Validation
Percent correctly classified
(PCC)
0.66
0.64
Sensitivity
0.66
0.73
Specificity
0.65
0.55
Kappa (κ)
0.31
0.28
True skill statistic (TSS)
0.31
0.28

Ridge and Valley Province Study Area – Landscape-level

Table D.4. Accuracy assessment of the top predictive model of Cerulean
Warbler presence within the Ridge and Valley Province
study area at the landscape-level using subset data. For training
data: presence (n = 181), absence (n = 183); for validation data:
presence (n = 63), absence (n = 58).
Value
Accuracy measure
Training
Validation
Percent correctly classified
(PCC)
0.75
0.71
Sensitivity
0.62
0.54
Specificity
0.89
0.90
Kappa (κ)
0.50
0.43
True skill statistic (TSS)
0.51
0.44
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