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ABSTRACT

Author: Ruhl, Patrick, J. PhD
Institution: Purdue University
Degree Received: May 2018
Title: Postfledging Habitat Associations of Mature Forest Birds with Early Successional Habitat
in South-Central Indiana.
Major Professor: John B. Dunning Jr.
In comparison to the nesting ecology of North American breeding birds, the postfledging period
which occurs between nesting and fall migration is a poorly understood stage of avian life
history. The postfledging period represents a critical stage for fledgling survival and nutrient
acquisition for both fledglings and adults undergoing pre-basic molt preceding fall migration.
During this time, many birds use habitat types that differ from their natal habitat; however, the
specific factors driving postfledging habitat associations and foraging preferences remain unclear
because birds are more cryptic, singing and moving less frequently in the postfledging period.
Some birds that require mature forest habitat for nesting use early successional forest
habitat during the postfledging period, but the habitat characteristics and trophic factors driving
postfledging shifts in habitat preference are not well described. Optimal conservation of mature
forest birds in Indiana, a state with a high degree of forest fragmentation, depends on a more
complete understanding of postfledging ecology for multiple species. From 21 May – 18 August
2015 – 2017, I used a combination of constant effort mist-netting, radio-telemetry, nestsearching, and stable isotope techniques to characterize the postfledging associations of six
mature forest bird species [Worm-eating Warbler (Helmitheros vermivorum), Ovenbird (Seiurus
aurocapilla), Scarlet Tanager (Piranga olivaceai), Wood Thrush (Hylocichla mustelina), Redeyed Vireo (Vireo olivaceus), and Black-and-white Warbler (Mniotilta varia)] in the Morgan
Monroe and Yellowwood state forests in south-central Indiana.
In 2016, the Worm-eating Warbler postfledging period was underway by 28 May,
suggesting that postfledging habitat associations for some individuals may have persisted for ≥ 2
months. Radio-tagged female Worm-eating Warblers exhibited multiple strategies of habitat-use
between individuals, and some females exhibited a roost preference for 8-year-old clearcuts.
Habitat structure and food availability were both important predictors of mature forest bird
captures during the postfledging period. Vegetation density was a significant predictor for five of

xii
the six focal mature forest species. Fruit availability was an important predictor of Scarlet
Tanager and Wood Thrush captures, and invertebrate dry mass was a significant predictor for
Worm-eating Warbler, Ovenbird, and Black-and-white Warbler captures. Stable isotope trophic
analysis indicated that Worm-eating Warbler, Ovenbird, and Scarlet Tanager acted as generalist
insectivores during the postfledging period. In addition, the two obligate insectivores (Wormeating Warbler and Ovenbird) exhibited significant niche differentiation, suggesting that 8-yearold clearcuts provided adequate habitat to support the different foraging strategies and
invertebrate preferences of both species during the postfledging period.
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CHAPTER 1.

1.1

INTRODUCTION

Introduction
Over the past century scientists have experienced a significant shift in their understanding

of natural plant communities and their interactions with, and dependence upon, natural
disturbance regimes. In the early 1900s, there was a prevailing notion that climax plant
communities for a given geographic or climatic region were the natural result of the stable
equilibrium state for a particular ecosystem (Clements 1916). Gradually, the common
understanding moved away from this deterministic paradigm, and scientists began to explain
community structure in terms of individual plant interactions and inter-species relationships
(Gleason 1926). Emphasis on individual interactions logically evolved into the study of species
assemblages, and the mechanisms driving the compositional structure of various plant
communities (Watt 1947). Describing the interactions between a mosaic of habitat patches and
the underlying dependence of ecosystem components (i.e., soil, animals, plants) on one another,
Alexander Watt emphasized the importance of the interconnectedness of communities (Watt
1947).
In addition to his descriptions of patch dynamics, Watt also introduced the idea of gap
phases that can occur as a result of rare disturbance events such as fire or drought (Watt 1947).
Watt proposed a relative definition of natural disturbance, suggesting that disturbance events are
a rare deviation from average conditions (Watt 1947). Although his argument is logical, the
relative definition of natural disturbance (i.e., disturbance as a deviation from the norm) is
difficult to apply to ecological problems, because ‘the norm’ can vary depending on individual
focus or perspective. Since Watt (1947) first emphasized the influence of disturbance on patch
dynamics, others have defined the influence of disturbance in more absolute terms (Sousa 1984,
White and Pickett 1985). As the field of ecology continues to advance, the importance of natural
disturbance regimes, and their role in shaping and maintaining ecosystems becomes more
evident.
Although the idea of a climax community in an equilibrium state was popular in the past
(Clements 1916) and is still somewhat pervasive in the public domain (Kimmins 1997), it is now
becoming clear that natural disturbance regimes are an integral component of ecosystem
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sustainability and biodiversity (Bergeron et al. 1999, Franklin et al. 2002). Thus, forest
management that emulates natural disturbance regimes is considered to be beneficial for
biodiversity (Seymour and Hunter 1992, Carey and Curtis 1996, Franklin et al. 1997, Palik et al.
2002, Long 2009). In the Indiana portion of the Central Hardwood Region (CHR), maintenance
of high levels of plant and animal biodiversity now depends, in part, upon the anthropogenic
replication of natural disturbance events of varying size and intensity (Greenberg et al. 2016, p
324).
The CHR stretches from the Ozarks to the Appalachian Mountains and expands north to
the southern border of the Great Lakes Region (Fig 1.1; Greenberg et al. 2011, p 3). This region
has historically experienced a moderate to high level of naturally recurring disturbance events,
resulting in a shifting mosaic of oak-hickory (Quercus-Carya) dominated forest patches of
varying sizes and age classes (Greenberg et al. 2016, p 320). However, given the current extent
of forest fragmentation throughout large stretches of the CHR (e.g., Indiana; Greenberg et al.
2016, p 340) the frequency and severity of such disturbance events in remaining forest habitat
have decreased over the last several decades. Therefore, forest age in Indiana and the
surrounding states is becoming increasingly homogeneous, with most of the forest within the 40
– 80 year-old age class, and only a small percentage of total forest area composed of early
successional forest (< 4% of forests ≤20 years old) or old-growth forest (<5% of forests ≥100
years old; Shifley and Thompson 2011).
Recent declines in the frequency of natural and anthropogenic disturbances in the CHR
have had negative impacts on species of breeding birds that depend on the availability of early
successional forest habitat for nesting (Sauer et al. 2014, Rosenberg et al. 2016). Following a
disturbance, forests in the CHR undergo a predictable succession with four defined stages: stand
initiation, stem exclusion, understory re-initiation, and complex (Oliver and Larson 1990,
Johnson et al. 2009). These four stages are a simplification of the continuous change that occurs
following a stand replacing disturbance, however, there are clear differences in the breeding bird
community among the four stages. Species such as Prairie Warbler (Setophaga discolor),
Chestnut-sided Warbler (Setophaga pensylvanica), Yellow-breasted Chat (Icteria virens), and
Ruffed Grouse (Bonasa umbellus) are dependent on early successional habitat created during the
stand initiation stage, and are experiencing population declines in Indiana associated with loss of
adequate breeding habitat (Backs and Castrale 2014, Ruhl et al. 2015, Rosenberg et al. 2016).
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Therefore, methods that increase early successional habitat availability within the state of
Indiana can positively impact the breeding success of these early successional species (Ruhl et
al. 2015, Kellner et al. 2016).
In addition to the obvious benefits for species that depend on the early successional habitat
provided during the stand initiation stage of forest succession, increased availability of early
successional habitat on the landscape can also benefit mature forest birds during the postfledging
period (Anders et al. 1998, Pagen et al. 2000). Mature forest birds, such as Worm-eating Warbler
(Helmitheros vermivorum), Ovenbird (Seiurus aurocapilla), Scarlet Tanager (Piranga olivacea),
Wood Thrush (Hylocichla mustelina), and Red-eyed Vireo (Vireo olivaceus) depend on large
contiguous tracts of mature forest habitat for nesting, but use early successional habitat during
the postfledging period (Marshall et al. 2003, White et al. 2005, Vitz and Rodewald 2006, Streby
et al. 2011, Major and Desrochers 2012, Ruhl et al. 2018). This early successional habitat
association of mature forest species during the postfledging period has been connected with
increased survival and recruitment of independent young (e.g., “hatching year”) birds (Streby
and Andersen 2013, Vitz and Rodewald 2013), and is often explained within the context of two
alternative hypotheses: predator avoidance and optimal foraging (Rivera et al. 1999, Marshall et
al. 2003, Streby et al. 2011, Vitz and Rodewald 2011, Major and Desrochers 2012). To address
these two prevailing hypotheses, I measured detailed environmental covariates accounting for
habitat structure and food availability in conjunction with a three-year constant effort mistnetting study to explain postfledging site-use of early successional habitat by six different mature
forest bird species.
From 31 May – 18 August, 2015 – 2017, I researched the postfledging associations and
breeding demography of Neotropical migrant mature forest birds within the context of the
Hardwood Ecosystem Experiment (HEE) in southern Indiana. The HEE is a long-term
landscape-level study of the ecological and social impacts of active forest management within
the Morgan-Monroe and Yellowwood State Forests in southern Indiana (Kalb and Mycroft
2013). Given the intrinsic difficulty of habitat management for Neotropical migrant birds (Finch
and Martin 1995, Faaborg et al. 2010), the ability to disentangle important habitat associations
for mature forest birds during the postfledging period on a species-specific basis, as suggested by
Cox et al. (2014), will allow for better informed management decisions. Within chapters 2–4 of
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this dissertation, I report the results of three separate studies designed to assess various
components of this postfledging association.
In chapter 2, I report results of a Worm-eating Warbler breeding demography study that I
initiated in 2016 as a result of unexpected habitat-use trends I observed during the previous
breeding season (Ruhl and Dunning 2015). During the month of June (2016), I placed
transmitters on female Worm-eating Warblers in breeding condition that I caught in clearcut
habitat in southern Indiana. The goals of this study were to track female habitat use during the
postfledging period and determine roost locations for actively breeding birds. Specific objectives
of this study were to determine 1) the breeding status of females with fully developed brood
patches captured in the clearcuts (i.e. nesting, with fledglings, or independent); 2) the utility of
clearcuts for adult females in June (i.e., breeding habitat, postfledging habitat, foraging); and 3)
roost habitat preference for adult female Worm-eating Warblers during the breeding season (i.e.,
clearcut, mature forest, edge).
Chapter 3 contains an intensive characterization of the postfledging habitat associations of
six mature forest bird species (Worm-eating Warbler, Ovenbird, Scarlet Tanager, Wood Thrush,
Black-and-white Warbler [Mniotilta varia], and Red-eyed Vireo). In this chapter, I test the two
prevailing hypotheses, predator avoidance and optimal foraging, to explain site-use of mature
forest birds in this context. By collecting environmental covariate data that account for subtle
variations in food availability and structural habitat corresponding to each banding session at the
individual mist-net scale, I characterize these relationships more completely than previous
studies.
Chapter 4 includes a stable isotope trophic analysis of plasma, red blood cells, feces, and
feathers collected from Worm-eating Warblers, Ovenbirds, and Scarlet Tanagers captured in 8year-old HEE clearcuts in 2016. The inclusion of tissue types with varying turnover rates in my
study provides a more complete depiction of postfledging trophic associations, as well as a
much-needed comparison with the results of a previous study that incorporated only feather
tissues. My study is the first to address postfledging diet of mature forest birds in early
successional habitat utilizing KUD niche overlap methods and tissues with short turnover rates.
Thus, I provide a useful trophic comparison between isotopic signatures of multiple consumer
tissue types in this context.
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1.3

Figures

Figure 1.1 (From Greenberg et al. 2011 Ch. 1, p 3 Fig. 1.1) The geographic extent of the Central
Hardwood Region in the eastern United States (dark shading) situated within the Appalachian
Piedmont (light shading).
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CHAPTER 2.
ROOST PREFERENCE, POSTFLEDGING HABITAT
USE, AND BREEDING PHENOLOGY OF ADULT FEMALE WORMEATING WARBLERS (HELMITHEROS VERMIVORUM) ON THE
BREEDING GROUNDS

Patrick J. Ruhl, Clayton D. Delancey, and John B. Dunning Jr. 2018. Wilson Journal of
Ornithology, in press.

2.1

Abstract

Many birds that breed in mature forest are known to use early successional habitat to some extent
during the postfledging period, but the degree of roosting use remains unclear for most species.
In fact, for Neotropical migrant passerines, roosting ecology on the breeding grounds is largely
undescribed. To determine female Worm-eating Warbler (Helmitheros vermivorum) breeding
status, clearcut utilization, and roosting habitat during the breeding season, I attached radio
transmitters to 19 female Worm-eating Warblers with fully developed brood patches caught in 8year-old clearcuts from 1 – 15 June 2016. Of the 19 radio-tagged females, 11 were found with
dependent fledglings by 17 June: 5 individuals were considered to be independent (i.e., foraging
and moving through the landscape without fledglings) and 6 (3 with fledglings and 3 without) to
be transitory (i.e., located <5 times before the signal was lost). Nest-searching and telemetry data
suggest that the postfledging period may have started by 28 May 2016 for some Worm-eating
Warblers. Overall habitat use of radio-tagged female Worm-eating Warblers differed, with 2
individuals associated with clearcut habitat, 3 associated with mature forest habitat, and 8
showing variable use of edge/both habitat classes. I recorded 116 different roost locations for 18
radio-tagged females in clearcut, mature forest, and edge habitats (55, 42, and 19 locations,
respectively). Overall habitat preference differed among individuals, but this study suggests that
early successional young forest habitat may serve an important role in Worm-eating Warbler
roosting and postfledging ecology.
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2.2

Introduction

Neotropical migrant birds incur significant energetic costs during breeding and migration
(Martin 1987, Alerstam and Lindström 1990); therefore, failure to conserve adequate habitat on
breeding, wintering, or migration stopover locations can have significant effects on species
survival (Faaborg et al. 2010). To further complicate matters, habitat requirements for any given
life history stage can be multifaceted, with species utilizing different subhabitats within seasonal
breeding or wintering ranges to address different ecological needs (e.g., nesting, postfledging,
foraging; Rivera et al. 1998, Marshall et al. 2003, Streby et al. 2014).
The postfledging period, which occurs between nesting and fall migration, represents a
substantial shift in habitat preference for many species (Pagen et al. 2000, Cox et al. 2014,
Porneluzi et al. 2014). Many birds use one distinct habitat type for nesting but prefer a
completely different non-natal habitat type during the postfledging period (Anders et al. 1998,
Marshall et al. 2003, Stoleson 2013, Streby et al. 2014). These habitat shifts are often linked to
changes in resource availability or differences in food accessibility needs during different life
history phases (Keller et al. 2003, Streby et al. 2014). Thus, optimal bird conservation is not just
dependent on preservation of nesting habitat, but can also be directly tied to the prevalence of
adequate postfledging habitat within the landscape (Rivera et al. 1998, Vitz and Rodewald 2011).
Compared to the nesting period, birds are often less conspicuous during the postfledging
period, making them difficult to observe (Faaborg et al. 1996, Cox et al. 2014). Point count
surveys are largely ineffective for delineating habitat associations during the postfledging period,
so many studies rely on other methods such as radio telemetry (Faaborg et al. 1996, Anders et al.
1998). Not only does radio telemetry allow researchers to effectively track bird movements
during the day, but recently this technology has been employed to describe the roosting ecology
of passerines at night (Jirinec et al. 2016).
Roosting, a behavior with significant antipredatory implications during a period of
increased vulnerability, is a relatively poorly understood subject in avian biology (Lima et al.
2005). Only a handful of studies have evaluated roost sites of passerines, and even fewer have
focused on roosting ecology on the breeding grounds (Slager and Rodewald 2015, Jirinec et al.
2016). Although data on the roosting ecology of passerines on breeding grounds is sparse, the
existing body of research, largely from the wintering grounds, suggests that nocturnal roosting
locations are distinctly different from diurnal foraging locations for many species (Warkentin
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and Morton 1995, Smith et al. 2008, Townsend et al. 2009, Jirinec et al. 2011, Slager and
Rodewald 2015).
Jirinec et al. (2016) reported the first roost study of a breeding North American passerine.
In this study, 31% of male Wood Thrush (Hylocichla mustelina) roosts were located outside of
their territories, and vegetation density was 7% higher at roost sites than at random points within
the home range. Considering the limited understanding of the postfledging and roosting ecology
of many Neotropical migrant passerines and the associated potential conservation and habitat
management implications, the need for more research in this field is clear. As part of a
continuing project initiated in 2015 to study the postfledging associations of mature forest
species with early successional habitat, I banded birds in southern Indiana clearcuts during 2
breeding seasons. In both field seasons the Worm-eating Warbler (Helmitheros vermivorum) was
the most abundant bird encountered in the clearcuts, outnumbering the next abundant species by
41% (Fig. 2.1).
To date, use of breeding habitat by Worm-eating Warblers has been explored largely
through the study of males via point count surveys and territory mapping (Robbins et al. 1989,
Annand and Thompson 1997) or radio-marked fledglings (Vitz and Rodewald 2010, 2011, Burke
et al. 2017). As with most other passerines, observational studies often cannot adequately
describe female habitat preferences because females of most species are usually more cryptic and
less vocal than males. Thus, radio telemetry is often used to locate nests, track extraterritorial
forays, or follow family groups during the postfledging period (Rush and Stutchbury 2008, Hung
et al. 2009, Peterson et al. 2015). In addition, Worm-eating Warblers are not sexually dimorphic.
Thus, radio telemetry provides the best option to obtain information on habitat use and roost
location for a relatively unknown and understudied cohort within this species. Given the
characterization of Worm-eating Warbler as a mature forest species (Vitz et al. 2013), and recent
work documenting that this species can be found in early successional habitat, a better
understanding of female habitat use throughout the breeding season would have conservation and
management implications.
In the present study, I placed transmitters on female Worm-eating Warblers with fully
developed brood patches (Pyle 1997) that I caught in clearcut habitat in southern Indiana. The
goals were to track female habitat use during the postfledging period and determine roost
locations for actively breeding birds. The objectives were to determine (1) the breeding status of
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females with fully developed brood patches captured in the clearcuts (i.e., nesting, with
fledglings, or independent); (2) the utility of clearcuts for adult females in June (i.e., breeding
habitat, postfledging habitat, foraging); and (3) roost habitat preference for adult female Wormeating Warblers during the breeding season (i.e., clearcut, mature forest, edge).

2.3

Methods

2.3.1 Study Area
Research was conducted in the Morgan-Monroe and Yellowwood state forests, situated within
the Brown County Hills region of southern Indiana (Homoya et al. 1985). Topography at these
sites was characterized by xeric ridges and steep ravines with silt-loam soils (Jenkins and Parker
1998). Forests were composed largely of 60–90-year-old oak (Quercus spp.), hickory (Carya
spp.), and tulip poplar (Liriodendron tulipifera) in the overstory, and American beech (Fagus
grandifolia) and sugar maple (Acer saccharum) in the understory (Saunders and Arseneault
2013). Clearcut sites (each ~4 ha) were harvested from fall 2008 to spring 2009 as a part of the
Hardwood Ecosystem Experiment (HEE), a 100-year collaborative project assessing the
ecological and social impacts of active forest management in southern Indiana (Kalb and
Mycroft 2013). Approximately 8 years post-harvest at the time of this study, HEE clearcuts
consisted of a dense understory of shrubs and saplings and were dominated by thorny species
(green briar [Smilax spp.] and blackberry [Rubus spp.]) and aggressive woody stems (sassafras
[Sassafras albidum] and sumac [Rhus spp.]).
2.3.2 Study Species
Worm-eating Warbler is generally considered to be a mature forest breeder (Vitz et al. 2013).
Territorial pairs require 21–340 ha of mature forest habitat for breeding (Hayden et al. 1985,
Robbins et al. 1989, Keller and Yahner 2007). Worm-eating Warbler is perceived to be
extremely sensitive to forest fragmentation (Donovan and Flather 2002), and therefore
management for the species has historically involved preservation of large contiguous tracts of
mature forest habitat (Vitz et al. 2013). Like many mature forest breeders, however, Wormeating Warblers are also commonly detected in early successional habitat during the postfledging
period (Marshall et al. 2003, Vitz and Rodewald 2006). Additionally, in locally abundant
populations, Worm-eating Warbler nest survival and population density metrics indicate a
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positive response to the presence of clearcut openings within a matrix of mature forest habitat
(Thompson et al. 1992, Bakermans et al. 2012).
2.3.3 Results From Previous Study
The present study was implemented in response to the observation of unexpected Worm-eating
Warbler breeding phenology in a previous field season (21 May to 14 August, 2015) during
which I captured 257 Worm-eating Warblers in clearcuts. I banded 126 adults, 75 of which were
in breeding condition (engorged cloacal protuberances, fully developed brood patches), 120
young of the year, and 11 individuals of unknown age (Ruhl and Dunning 2015). Of the adults
captured, 97 were captured in June compared to only 25 adults in July and August combined
(Fig. 2.2). The predominance of June-caught adults in breeding condition was unexpected
because most sources present June as the peak of the nesting period for this species in the Central
Hardwood Region (Brock 2006, Vitz et al. 2013). Because Worm-eating Warblers nest in mature
forest, I did not expect to find adults in early successional habitat during this time. In addition, I
did not start catching fledglings until 26 June 2015, suggesting that the influx of breeding adults
in early June was not indicative of expected postfledging movements. Based on the results of the
2015 field season, Worm-eating Warbler associations with early successional habitat appeared
more complex than simply nesting in mature forest and bringing fledglings to early successional
habitat during the postfledging period. Using the 2015 brood-patch phenology (Fig. 2.3) as a
guide, I explored habitat use of breeding-condition females by radio tracking birds captured in
clearcuts from 1 June to 5 July 2016.
2.3.4 2016 Telemetry Study
I used constant effort mist-netting, following the Monitoring Avian Productivity and
Survivorship (MAPS) protocol (DeSante et al. 2000), to capture Worm-eating Warblers in 6
clearcuts from 31 May to 19 June 2016. At each site, 5 nets were positioned to maximize capture
rate and efficiency (DeSante et al. 2000). Nets were spaced at least 50 m apart as well as at least
25 m away from the forest edge, allowing adequate sampling of the clearcut habitat and efficient
net checks to minimize injury and mortality of birds. Nets were operated at each clearcut for 1 d
(6 net-hours) during a 10 d sampling rotation. All birds were captured and handled in accordance
with Federal Banding Permit #21781 and Purdue Animal Care and Use Committee guidelines
(protocol #110000078C002).
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I used radio telemetry to assess Worm-eating Warbler site-use. Based on data from the
2015 pilot season (Fig. 2.2), I focused the majority of the 2016 telemetry and nest-searching
efforts during June 2016. In addition, I only attached transmitters to females captured in the 4
southernmost clearcuts located in Brown County, Indiana. Of these 4 clearcuts, 3 had higher
Worm-eating Warbler densities than either of the 2 northern sites in 2015, and the close
proximity of these southern sites (~4 km) allowed me to maximize the telemetry and nestsearching efforts. I attached radio transmitters (custom-made by Blackburn Transmitters,
Nacogdoches, TX, USA) to 19 females with a fully developed brood patch from 1 to 15 June
2016. Transmitters weighed 0.4 g, had a pulse duration of 20 ms and pulse spacing of 2 s.
Capacity of the battery was 12 mAhr with a maximum calculated battery life of ~25 d.
Transmitters were attached via figure 8 leg loop harness using modifications of the Rappole and
Tipton (1991) method, as described in Streby et al. (2015).
I tracked birds from 2 June to 9 July in the morning (0600–1100 h EST) and evening
(1930–2200 h), locating individuals first with triangulation and then with homing to determine
habitat use. I used ATS R2100 and R410 receivers (Advanced Telemetry Systems, Isanti, MN)
and directional Yagi and RA-23K VHF antennas (Telonics Mesa, AZ) to locate radio-tagged
birds. These 2 antenna types were used in conjunction to facilitate tracking in both open and
densely vegetated habitat types. The signal strength within the study terrain was reliable up to
500 m with a maximum distance of 700 m. If I was unable to receive a signal for a given bird, I
searched for that bird for an hour on foot from the last known location. If, after this time period, I
was still unable to pick up a signal, I drove around the HEE research core in a truck in an attempt
to locate the signal. This process was repeated for ~5 d. I periodically checked for lost signals
throughout the duration of the tracking period (2 June to 9 July). During both diurnal and
nocturnal tracking, I attempted to minimize the observer effect on the behavior of tracked
individuals. Instead of using more invasive direct tracking techniques, I moved along the border
of the forest and clearcut until I recorded adequate readings on each bird or could visually
confirm its presence in a given habitat type. If I was unable to see the birds (a common
occurrence during the evening tracking period, especially if birds were located in dense clearcut
vegetation), I estimated locations using triangulation. Triangulation was usually necessary during
nocturnal tracking when birds were roosting and inactive. Individuals were determined to be on
roost if radio signals did not shift position for the entirety of the evening tracking period.
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Roost locations were broken into 3 main habitat types: roosts within the clearcut, roosts
within the mature forest, and roosts within 10 m of the clearcut/forest edge. By taking readings
of each bird from multiple locations (>5 locations at 50–100 m spacing) around the clearcut
edge, I was able to confidently assign a habitat-type to each roosting bird. Because clearcuts in
this study were only 4 ha, in many cases I encircled the entire clearcut to determine whether
Worm-eating Warbler roost habitat was within the clearcut or the adjacent mature forest. Most
uses of triangulation in this context did not involve recording specific compass bearings or using
software to calculate error; instead, I used this technique in the field to assign general habitat
associations to roosting birds. In some cases, however, when I suspected females to be on nests, I
recorded compass bearings at ≥3 waypoints (≥50 m apart) and used Location of a Signal (LOAS;
Sallee et al. 2010) to calculate error polygons around each potential nest location (Bechtoldt and
Stouffer 2005). If I recorded females in the same location within a clearcut on consecutive
evenings, I attempted to locate potential nests via direct tracking (i.e., homing) during the day.
I assigned a habitat class to each radio-tagged female by calculating the percent of
locations I recorded in each habitat type. Based on this initial analysis, I only assigned
individuals to mature forest or clearcut habitat classes if ³65% of locations (roosts or total
locations) for a given individual occurred within each respective habitat type. Otherwise,
individuals were assigned to the both/edge habitat class. If individuals were observed <5 times
over the course of the tracking period, I considered the birds to be transitory and did not assign
individuals to an overall habitat class.
I performed a chi-square goodness of fit test as an objective assessment of habitat
preference for both roost and overall (roost + foraging) locations, in which I define preference in
this instance as the use of a habitat more than expected if habitats were used equally. Although
clearcut habitat comprised <10% of the surrounding forested landscape within the HEE study
area, I modeled the proportion of available habitat types aspatially, based on an equal probability
of choice, to account for 2 main ecological considerations. First, radio-tagged Worm-eating
Warblers were originally captured in clearcut habitat, suggesting a potential bias for this habitat
type. Second, I assumed that the territories of females captured in the clearcuts would represent a
smaller subsample of the surrounding landscape, with clearcut habitat ultimately making up
>10% of the available habitat. Thus, by modeling the null frequency of expected habitat types as
33% each between clearcut, mature forest, or edge habitats, I attempted to remove any
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unintentional bias. If the chi-square test indicated a significant preference in the observed
proportions compared to the expected values for the 3 habitat types, I ran a second chi-square
test using only 2 habitat types with a null frequency representing equal use (i.e., 50%) to
determine whether clearcut or mature forest habitat was preferred. Because of sample size
constraints of this statistical test, I could not include individuals with ≤4 total locations in the
analysis.
In addition to using radio-telemetry to search for nests within clearcuts and in the
adjacent forest, I also actively searched for Worm-eating Warbler nests in the nearby mature
forest habitat from 26 May to 20 June 2016. This nest searching period was chosen based on the
observed brood patch phenology in 2015 (Fig. 2.3) as well as the large peaks of adult activity in
the 2015 banding data, with little to no fledgling presence before 26 June 2015 (Fig. 2.2). During
active nest searching, I opportunistically observed Worm-eating Warblers on steep slopes in
contiguous tracts of mature forest habitat within the Yellowwood and Morgan-Monroe state
forests, using behavioral cues of adults (e.g., carrying food, territorial singing, or aggressive
chipping) to locate nests. I recorded nest locations with a Garmin eTrex 20 GPS using waypoint
averaging and observed nests at a regular interval (every 2–3 d) until young were determined to
have fledged or nests failed.

2.4

Results

Throughout the 2015 and 2016 breeding seasons I captured 378 unique Worm-eating Warblers
(257 in 2015 and 121 in 2016) in the clearcuts. Overall, capture numbers were lower in 2016
than 2015, but Worm-eating Warbler brood patch phenology remained similar in both seasons,
peaking during the 10–19 June sampling period (Fig. 2.3). In 2016, I encountered 35 females
with brood patches in clearcuts during the month of June. I attached radio-transmitters to 19 of
these females from 1–15 June 2016.
2.4.1 2016 Telemetry Study
By 17 June, I considered that 11 of the 19 females had dependent fledglings (Table 2.1), 5 to be
independent (i.e., foraging and moving through the landscape without fledglings), and 6 (3 with
fledglings and 3 without) to be transitory (i.e., they were located <5 times before the signal was
lost). One particular female, radio-tracked from 5 June to 27 June and found with fledglings on
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13 June, was determined to have a potential nest in the clearcut. Although a nest was never
visually confirmed, circumstantial evidence points strongly to this conclusion. From 5 June to 12
June, the female remained in the same general location within the clearcut. I used triangulation
and homing techniques to locate this female on 7 different occasions. On 3 separate occasions, I
searched for this nest during daylight hours. Each time I approached within 5–10 m before the
female flushed; however, I was unable to locate the nest or identify the exact location of the
female before she flushed. In an effort to minimize disturbance to the bird, I did not exhaust all
efforts to locate the nest in the dense clearcut vegetation. In the evening (1930–2100 h) of 12
June, I used homing to approach the female for a fourth time in search of the potential nest,
homing ~30 m into the clearcut from the mature forest edge. As I reached her location, both the
female and another individual (presumably the male) began chipping aggressively and defending
what seemed to be a small (~10 m2) area. The next morning, 13 June, I observed the female and
her partner feeding young fledglings at the clearcut edge (~40 m from the previous evening’s
location). Based on the age of the fledglings on 13 June (fledglings were capable of short flights
but had very short tails, feather tufts, and indistinct dusky streaking still developing on their
heads) and the female’s behavior over the previous week, I assumed she was nesting in the
clearcut. Without visual confirmation of a nest, however, I was unable to make a definitive
conclusion.
I assigned roost habitat and overall habitat classes to 13 individuals and considered 6 to
be transitory (i.e., they were located <5 times before the signal was lost; Table 2.1). Based on
percent habitat use of roosting locations, I assigned 3, 5, and 5 individuals to mature forest,
clearcut, and edge/both habitat classes, respectively (Table 2.1). Based on overall percent habitat
use (including both roosting and foraging telemetry locations), I assigned 3, 2, and 8 individuals
to mature forest, clearcut, and edge/both habitat classes, respectively (Table 2.1).
Because of the statistical constraints of sample size for the chi-square goodness of fit test,
only 8 individuals were included in the analysis of roost habitat preference. Of these, 1, 2, and 5
individuals were determined to prefer mature forest, clearcut, and edge/both habitat types,
respectively (Table 2.2). Altogether, I determined overall habitat preferences (sum of roosting
and foraging locations) for 13 individuals. Of these, 1, 4, 1, and 7 individuals were determined to
prefer mature forest, clearcut, edge, and both habitat types, respectively. Individual 12 was found
within 10 m of the edge on 5 separate occasions (Table 2.1), making it the only individual
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determined to prefer edge as opposed to the alternative distinction between variable preference
of both mature forest habitat and clearcut habitat.
I recorded 116 different roost locations for 18 of the radio-tagged females (I was unable
to relocate 1 female on its roost) in 3 different habitat types: early successional clearcuts, mature
forest, and edge (55, 42, and 19 locations, respectively). Roosting habitat preference differed
greatly among individuals (Table 2.1).
2.4.2 Nest Searching
Throughout the nest-searching period I located 8 active nests and found the first family group
(adults feeding fledglings) in the mature forest on 28 May. I consistently found several family
groups a day in the mature forest for the remainder of the June nest-searching period.

2.5

Discussion

Worm-eating Warblers are considered to be mature forest specialists, heavily dependent on the
preservation of large intact forests for breeding (Vitz et al. 2013); however, some studies have
identified increases in their density in the years following timber harvest (Thompson et al. 1992,
Gram et al. 2003). In addition, in areas where they are locally abundant, Worm-eating Warblers
can be one of the most common mature forest species to utilize clearcuts during the postfledging
period (Marshall et al. 2003, Vitz and Rodewald 2006).
In this study, I recorded many mature forest bird species in the clearcuts during the
postfledging period (Fig. 2.1). Postfledging utilization of early successional habitat by mature
forest bird species is not a novel discovery (Anders et al. 1998, Pagen et al. 2000). This
phenomenon has been documented in numerous species throughout several ecological regions in
the United States (Marshall et al. 2003, Vitz and Rodewald 2006, Streby et al. 2011, Stoleson
2013). Although the ecology of many of these birds dictates that the postfledging period begins
in late May or early June (Faaborg et al. 1996), the timing of the postfledging period is often
perceived to be later in the summer (July and August), just prior to fall migration (Laabe and
King 2014). Thus, several postfledging studies of mature forest species do not begin mist netting
in clearcuts until July (Chandler et al. 2012, Vitz and Rodewald 2012, Laabe and King 2014).
Based solely on the influx of hatching year Worm-eating Warblers in 2015 (Fig. 2.2), the data
would support a methodology that delays banding until July; however, the banding (Fig. 2.4) and
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telemetry data from 2016 suggest that the Worm-eating Warbler postfledging period was well
underway by 12 June. In addition, the nest-searching observations suggest a much earlier
postfledging period beginning by 28 May. This postfledging phenology is similar to that
described for Ovenbird (Seiurus aurocapillus) in Ohio, where the majority of young fledge
between 25 May and 11 June (Vitz and Rodewald 2013).
Within the current habitat management paradigm, more emphasis is placed on preserving
nesting habitat as opposed to postfledging habitat (Streby et al. 2014). However, if the
postfledging period begins in late May for some single brooded species (e.g., Worm-eating
Warbler, Ovenbird; Vitz and Rodewald 2013), many of these birds may spend a large portion of
the breeding season utilizing postfledging habitat. Thus, adequate survival and recruitment for
many species may be equally dependent, if not more dependent, on the availability of high
quality postfledging habitat within the landscape (King et al. 2006, Streby and Andersen 2011,
Streby et al. 2014).
One common method of maximizing habitat availability and biodiversity throughout the
landscape is to maintain a variety of habitat types as a shifting mosaic (Anders et al. 1998,
Askins 2001, Greenberg et al. 2016). Because of logistical constraints in this study, I am unable
to make any specific management recommendations concerning the suggested proportion of
early successional habitat necessary within the landscape to optimize survival or recruitment of
Worm-eating Warblers. Clearcut habitat in this study system comprised ~10% of the surrounding
forested landscape matrix (within each HEE research core), and individuals seemed to utilize
clearcut habitat more than would be expected given its availability within the landscape. I
recognize, however, that making any claims about habitat preference with respect to the total
proportions of available habitat is inappropriate because of the territorial range restrictions of the
species (Vitz et al. 2013).
Although I know that 10% of the landscape within the context of this study was
composed of clearcut habitat, individuals with territories near clearcut openings were most likely
impacted more than individuals with territories farther away from the clearcut edge (Manolis et
al. 2002, Streby and Andersen 2012). Thus, mature forest birds with territories near a clearcut
had more opportunity to utilize early successional habitat during the postfledging period (Streby
and Andersen 2012). Furthermore, exercising caution is necessary when using the habitat
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preference of birds captured in clearcuts to represent the population as a whole (Vitz and
Rodewald 2013).
In addition to overall habitat preferences or associations, I identified 4 unique strategies
of clearcut utilization by female Worm-eating Warblers (excluding potential nesting activity)
during the month of June. Ten individual females (individuals 1, 2, 3, 7, 8, 9, 10, 11, 12, and 13;
Table 2.1), 5 with fledglings and 5 independent of fledglings, moved between mature forest and
clearcut habitat throughout the entirety of the tracking period. Three other females (individuals 4,
5, and 6; Table 2.1) remained in the clearcuts with fledglings for the duration of the project. By
contrast, 2 females (individuals 14 and 19) considered to be transitory were originally captured
in the clearcut but were located with fledglings in the adjacent mature forests and never located
in a clearcut again. Finally, the remaining 4 transitory females (individuals 15, 16, 17, and 18)
were only relocated 4 times or fewer; thus, describing habitat associations of these females with
much confidence is difficult.
I observed 3 females (individuals 5, 6, and 9; Table 2.1) foraging in the adjacent mature
forest and bringing food back to fledglings in the clearcut. Five females were considered to be
independent of fledglings, suggesting potential brood loss or possibly that their young had
already reached independence, although the latter seems unlikely given the described breeding
phenology (Brock 2006, Vitz et al. 2013). I recognize the limitations of extrapolation using a
dataset with a small sample size, but with so many apparent strategies of habitat utilization, the
availability of early successional habitat on the landscape is clearly an attractive feature to some
mature forest species (Streby et al. 2011).
Throughout the study, Worm-eating Warblers were documented using clearcut sites for
nearly every stage of the breeding season. Males were routinely heard singing from the middle of
clearcuts. And although Worm-eating Warbler breeding has yet to be documented in clearcut
sites, this utilization is not entirely inconceivable. Worm-eating Warblers are open-cup ground
nesters, preferring mature forest sites associated with steep slopes and thick understory cover
(Vitz et al. 2013), and I have circumstantial data suggesting at least one female nested in a
clearcut in 2016. Regenerating clearcuts in study sites were located on steep slopes and
composed of dense shrubs and young saplings that could easily provide ample cover for several
years post-harvest (Keller et al. 2003, Porneluzi et al. 2014). Thus, if Worm-eating Warblers are
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nesting in dense (often nearly impenetrable) clearcut regrowth, this behavior could easily go
unnoticed.
Although many of the radio-tagged females in this study used clearcuts as roosting and
postfledging habitat, the local abundance of Worm-eating Warblers in the study region must be
considered. This species is one of the most commonly encountered birds on HEE point counts
(Kellner et al. 2016) and is easily the most abundant bird in this banding study. Given their
prevalence within the Yellowwood and Morgan-Monroe state forests, the density of Wormeating Warblers utilizing clearcuts could conceivably represent a spillover of suboptimal
individuals from mature forest habitat and does not necessarily indicate a habitat preference (Van
Horne 1983). Other studies on Worm-eating Warbler breeding demography, however, have
reported similar associations with clearcuts during the postfledging period and provide
supporting data on nesting success and fledgling survival with respect to early successional
habitat availability within the landscape (Vitz and Rodewald 2010, Bakermans et al. 2012, Burke
et al. 2017).
In the United States, Neotropical migrant conservation efforts are best directed toward
adequate protection and provision of necessary breeding habitat. Thus, a comprehensive
understanding of species-specific habitat requirements during the breeding season is critical for
avian conservation. I reiterate the importance of including both nesting and postfledging habitat
under the broad umbrella of ‘breeding habitat.’ The benefit to conserving large tracts of
contiguous mature forest habitat for birds like Worm-eating Warbler is clear, but perhaps less
obvious are the benefits of maintaining early successional young forest habitat for these species
within the landscape. This research suggests that early successional young forest habitat may
serve an important role for Worm-eating Warbler roosting and postfledging ecology.
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Tables

Table 2.1 Female Worm-eating Warbler habitat use (roost and foraging locations) in the 2016
southern Indiana breeding season. Locations were divided into 3 separate habitat classes
(Clearcut [CC], Mature Forest [MF], and Edge/Both [E/B]). Number of roost locations (n) and
total combined locations (roost + foraging; N) are reported for each individual. I only assigned
individuals to MF or CC habitat classes if ³65% of recorded locations (roosts or total locations)
for a given individual occurred within each respective habitat type. Otherwise, individuals were
assigned to the Edge/Both habitat class. Individuals in column 1 are grouped based on roost
habitat class assignments. If N <5, I considered individuals to be transitory and did not assign a
roost or overall habitat class.
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Table 2.1
Individual and
Roost habitat
roost habitat
class
CC MF E/B
Mature Forest
1
1
7
1
2
6
12
—
3
—
3
—
Clearcut
4
15
2
1
5
11 —
1
6
4
1
1
7
2
1
—
8
2
—
—
Edge/Both
9
8
5
1
10
3
5
—
11
2
3
8
12
— —
2
13
— —
3
Transitory
14
—
1
—
15
— —
1
16
—
1
—
17
—
1
—
18
1
—
—
19
— —
—

n

Foraging habitat

N

Overall %
habitat use
CC MF E/B

Overall
habitat class

Fledglings

CC

MF

E/B

Y/N

9
18
3

—
4
1

3
7
4

1
—
2

13
29
10

8
34
10

77
66
70

15
0
20

Mature Forest
Mature Forest
Mature Forest

Y
N
N

18
12
6
3
2

7
5
7
2
1

—
—
1
2
1

—
2
5
—
1

25
19
19
7
5

88
84
58
57
60

8
0
10
43
20

4
16
32
0
20

Clearcut
Clearcut
Edge/Both
Edge/Both
Edge/Both

Y
Y
Y
N
N

14
8
13
2
3

7
—
—
—
—

2
4
4
—
1

1
2
2
3
2

24
14
19
5
6

63
21
10
0
0

29
64
37
0
17

8
14
53
100
83

Edge/Both
Edge/Both
Edge Both
Edge/Both
Edge/Both

Y
Y
Y
Y
N

1
1
1
1
1
0

—
—
—
—
—
—

3
1
1
1
—
1

—
—
—
—
—
—

4
2
2
2
1
1

—
—
—
—
—
—

—
—
—
—
—
—

—
—
—
—
—
—

—
—
—
—
—
—

Y
Y
N
N
N
Y

30

31
Table 2.2 Female Worm-eating Warbler roost habitat, and overall (roost locations + diurnal
foraging locations) habitat preferences during the 2016 southern Indiana breeding season. I
determined habitat preference (Mature Forest, Clearcut, Edge, or Both) with Chi-square
goodness of fit test (test statistic [χ2 (df, N)] and associated P-value are reported). Due to
constraints of small sample size (I only performed Chi-square tests if N ³ 5), I was able to assign
roost habitat preference for 8 individuals and overall habitat preference for 13 individuals.

Individual
1
2
3
4
5
6
7
8
9
10
11
12
13

Roost habitat preference
Preference
χ2 (df, N)
P-value
Mature Forest 4.5 (1, 9)
0.034
Both
2.0 (1, 18)
0.157
—
—
—
Clearcut
9.9 (1, 18)
0.002
Clearcut
11.0 (1, 12) < 0.001
Both
1.8 (1, 6)
0.180
—
—
—
—
—
—
Both
0.7 (1, 14)
0.405
Both
0.5 (1, 8)
0.480
Both
0.2 (1, 13)
0.655
—
—
—
—
—
—

Overall Habitat Preference
Preference
χ2 (df, N)
P-value
Mature Forest 7.4 (1, 13)
0.006
Both
2.8 (1, 29)
0.095
Clearcut
4.5 (1, 10)
0.033
Clearcut
16.7 (1, 25)
<0.001
Clearcut
16.0 (1, 19)
<0.001
Clearcut
6.23 (1, 19)
0.013
Both
0.14 (1, 7)
0.706
Both
1.0 (1, 5)
0.317
Both
2.9 (1, 24)
0.088
Both
3.0 (1, 14)
0.083
Both
2.8 (1, 19)
0.096
Edge
5.0 (1, 5)
0.030
Both
2.7 (1, 6)
0.103
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Figure 2.1 Combined total captures of 5 different mature forest species (Worm-eating Warbler
[Helmitheros vermivorum], Red-eyed Vireo [Vireo olivaceus], Scarlet Tanager [Piranga
olivacea], Ovenbird [Seiurus aurocapillus], Wood Thrush [Hylocichla mustelina]) in 6 (4 ha)
clearcuts in southern Indiana during the 2015 and 2016 breeding seasons.
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Figure 2.2 Differences in captures of after hatching year (black closed circles) and hatching year
(gray open circles) Worm-eating Warblers by date during the 2015 breeding season. Birds were
banded in Brown and Monroe counties, Indiana.
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Figure 2.3 Number of unique female Worm-eating Warblers with a visible, fully developed
brood patch that were banded in southern Indiana clearcuts during MAPS 10 d sampling periods
during the 2015 and 2016 breeding seasons.
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Figure 2.4 Differences in captures of after hatching year (black closed circles) and hatching year
(gray open circles) Worm-eating Warblers by date during the 2016 breeding season. Birds were
banded in Brown and Monroe counties, Indiana.
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CHAPTER 3.
DECIPHERING THE POSTFLEDGING HABITAT
ASSOCIATIONS OF MATURE FOREST SONGBIRDS IN CLEARCUTS

Patrick J. Ruhl, Kenneth F. Kellner, and John B. Dunning Jr. 2018. Journal of Avian Biology
in review.

3.1

Abstract

The postfledging period represents a critical stage for fledgling survival and nutrient acquisition
for both fledglings and adults undergoing pre-basic molt preceding fall migration. During this
time, many birds utilize habitat types that differ from their natal habitat; however, the specific
factors driving postfledging habitat associations and foraging preferences of birds remain poorly
understood. In the summer of 2015–2017, I used constant effort mist-netting to band birds in 6
7–9-year-old clearcuts in southern Indiana, and characterized postfledging habitat associations of
6 mature forest bird species (Worm-eating Warbler [Helmitheros vermivorum], Ovenbird
[Seiurus aurocapilla], Scarlet Tanager [Piranga olivacea], Wood Thrush [Hylocichla mustelina],
Black-and-white Warbler [Mniotilta varia], and Red-eyed Vireo [Vireo olivaceus]). In this study,
I provide a more complete characterization of environmental covariate data to account for subtle
variation in food availability and structural habitat characteristics corresponding to each banding
session at the individual mist-net scale. I fit separate generalized linear mixed models, using a
negative binomial error structure, for all focal bird species captured within clearcuts. Habitat
structure and food availability were both important predictors of mature forest bird captures
during the postfledging period. Vegetation density was a significant predictor for 5 of the 6
species, corroborating results from previous studies that attributed vegetation structure as the
driving factor behind this early successional habitat association. In addition to vegetation density,
fruit availability was an important predictor of Scarlet Tanager and Wood Thrush captures, and
invertebrate dry mass was a significant predictor for Worm-eating Warbler, Ovenbird, and
Black-and-white Warbler captures. The importance of both habitat structure and food availability
in best-fit models for multiple mature forest species suggests that the predator avoidance and
optimal foraging hypotheses may not be mutually exclusive.
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3.2

Introduction

Many birds that have been classified as mature forest species (e.g., Ovenbird [Seiurus
aurocapilla], Wood Thrush [Hylocichla mustelina], Worm-eating Warbler [Helmitheros
vermivorum]) were previously assumed to be reliant on the presence of large contiguous tracts of
mature forest habitat for the breeding season (Hayden et al. 1985, Robbins et al. 1989, Hoover et
al. 1995). However, several studies have described use of early successional habitat by mature
forest birds (those that require mature forest habitat for nesting) during the postfledging period
(Anders et al. 1997, Pagen et al. 2000, Marshall et al. 2003). Furthermore, the availability of
early successional habitat in proximity to mature forest habitat on the landscape may have
significant implications for postfledging survival and recruitment of mature forest birds (Streby
and Andersen 2011).
The postfledging period, which occurs between the completion of nesting and the onset
of fall migration, is a poorly understood stage of avian life history compared to breeding and
nesting (Faaborg et al. 2010). During the postfledging period, birds are more cryptic, singing and
moving less frequently than they do during the nesting portion breeding season (Faaborg et al.
1996). Because birds are more difficult to observe during this time, point count surveys are less
effective and researchers often rely on alternative techniques such as radio-telemetry and mistnetting to detect birds (Vitz and Rodewald 2010, Streby et al. 2011).
Many researchers have examined the postfledging utilization of early successional habitat
by mature forest birds in eastern deciduous forests (Vitz et al. 2007, Streby et al. 2011, Major
and Desrochers 2012). However, conclusions from these studies are inconsistent and vary by
species, region, and year (Labbe and King 2014). In addition, the importance of different habitat
characteristics can be contingent upon environmental conditions such as precipitation (Vernasco
et al. 2017). There is much disagreement in the literature concerning the importance of fruit
availability (White et al. 2005, Major and Desrochers 2012), vegetation density (Rivera et al.
1998, Vitz et al. 2007), invertebrate availability (McDermott and Wood 2010, Streby et al. 2011)
and size of harvest-created openings (Vitz and Rodewald 2006, Chandler et al. 2012) with
respect to the early successional habitat association of mature forest birds during postfledging
period. Thus, the habitat associations during the postfledging period represent a significant
knowledge gap, and further research in this area can have substantial implications for avian
conservation (Cox et al. 2014).
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Two alternative hypotheses are routinely proposed to explain why mature forest birds use
early-successional habitat during the postfledging period (Marshall et al. 2003). The predator
avoidance hypothesis suggests that vegetation density provides protection for naïve fledglings, as
well as vulnerable adults undergoing pre-basic molt (Rivera et al. 1999, Vitz and Rodewald
2011). Conversely, the optimal foraging hypothesis suggests that increased food availability,
fruit or invertebrate abundance, in early successional stands may be the primary driver of this
association in the weeks preceding fall migration (Streby et al. 2011, Major and Desrochers
2012).
Regenerating vegetation within 6–9-year-old clearcuts supports high levels of bird
biodiversity in eastern deciduous forests in comparison to other habitat types present on the same
landscape (Porneluzi et al. 2014). Vegetation density, fruit abundance, and invertebrate biomass
are often greater in recent clearcuts than the adjacent mature forest (Keller et al. 2003, Vitz et al.
2007). Thus, mature forest bird species may foray into clearcuts to capitalize on abundant
resources.
Given the intrinsic difficulty of habitat management for Neotropical migrant birds (Finch
and Martin 1995, Faaborg et al. 2010), the ability to disentangle important habitat associations
for mature forest birds during the postfledging period on a species-specific basis, as suggested by
Cox et al. (2014), will allow for better informed management decisions. In the present study, I
characterize postfledging habitat associations of 6 mature forest bird species [Worm-eating
Warbler, Ovenbird, Scarlet Tanager (Piranga olivacea), Wood Thrush, Black-and-white Warbler
(Mniotilta varia), and Red-eyed Vireo (Vireo olivaceus)] to test the 2 prevailing hypotheses,
optimal foraging and predator avoidance. By collecting environmental covariate data that
account for variations in food availability and structural habitat corresponding to each banding
session at the individual mist-net scale, I characterize these relationships more completely than
previous studies.
Several mature forest birds exhibit associations with early successional habitat during the
postfledging period, and previous studies have yielded conflicting conclusions concerning the
driving factors behind this association. Therefore, I predicted that the focal species in this study
would exhibit some level of niche differentiation, capitalizing on a variety of resources (e.g.,
dense cover, prevalent insects, or abundant fruit), rather than exploiting one abundant resource. I
predicted that variables associated with both food availability and structural habitat
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characteristics would be important predictors of early successional site-use by mature forest bird
species during the postfledging period, but the level of support for the 2 prevailing hypotheses,
optimal foraging or predator avoidance, would be species-specific. This prediction could be
falsified if all species responded similarly to availability of prey and habitat resources, as has
been found in studies of other avian breeding communities (e.g., Wiens and Rotenberry 1979,
1981).

3.3

Methods

3.3.1 Study Site
This research is a product of the ongoing Hardwood Ecosystem Experiment (HEE), a long-term,
landscape-level study monitoring the social and ecological impacts of forest management within
the Morgan-Monroe (39.320°N, 86.448°W) and Yellowwood (39.128°N, 86.332°W) State
Forests (MMYSF) in southern Indiana (Kalb and Mycroft 2013). The HEE was initiated in 2006
by the Indiana Department of Natural Resources-Division of Forestry, as a multidisciplinary,
100-year, collaborative study between scientists at Purdue University and other regional
universities. Consisting of 9 management units (303−483 ha), each with a central research core
(78−110 ha) and surrounding buffer (219−393 ha), the HEE encompasses 3,063 ha (20% of the
MMYSF complex).
I used the 3 HEE research cores assigned to the even-aged forest management treatment.
Within each research core, 2 sites (~4 ha each) were harvested as silvicultural clearcuts in 2008
(totaling 6 sites). Unlike a commercial clearcut, all stems >5 cm were cut or girdled in these
stands to ensure all growing space was made available to new forest regeneration. Clearcuts were
7–9 years old during this study, containing a densely vegetated understory and a developing
sapling overstory. I observed a low level of interconnectedness between clearcuts in this study,
encountering >90 % of recaptured birds within the same clearcut in which they were originally
banded. Thus, although the 2 clearcuts within any given research core were separated by 450–
600 m, I considered all 6 individual clearcuts as independent sites in analyses.
3.3.2 Mist-netting Protocol
I used constant effort mist-netting, following the Monitoring Avian Productivity and
Survivorship (MAPS) protocol (DeSante et al. 2008), to monitor trends in avian demography in
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each clearcut site from May 31–August 18, 2015–2017. I used 12 m, 30 mm mesh, 4-tier, black,
tethered, nylon mist nets. I placed 5 nets at each site. All nets were spaced at least 50 m apart and
at least 25 m into the site from the clearcut edge. This spacing allowed for adequate sampling of
the clearcut habitat and efficient net checks to minimize injury and mortality of birds. I operated
nets in a standardized rotation, banding birds at each clearcut for one day (6 net hr) during each
10-day sampling period. Under this rotation scheme, I sampled each site a total of 8 times per
season. All birds were captured and handled in accordance with Federal Banding Permit #21781
and Purdue Animal Care and Use Committee guidelines (protocol # 110000078C002). I used
Pyle (1997) to identify birds to species and age-class.
3.3.3 Environmental Sampling
To assess the influence of environmental parameters on variations in bird captures, I measured
environmental covariates at each mist-net location after I finished banding each day. Thus, each
mist-net location was sampled once during each 10-day sampling period. I positioned 12 1-m2
vegetation plots in a standardized array surrounding each mist-net lane, with 6 plots on either
side of the mist-net lane. Vegetation plots were oriented at 3-m intervals, extending 2 m and 5 m
into the surrounding clearcut habitat matrix (Fig 3.1). I calculated mean values for habitat
structure and food availability variables at the site scale by averaging estimates across all 5 mistnet locations.
3.3.3.1 Habitat Structure Variables
I estimated vegetation density (vertical structure) at each mist-net location using a profile board
method modified from MacArthur and MacArthur (1961) and described in Streby et al. (2011). I
positioned the profile board vertically in the mist-net lane, oriented perpendicular to an observer
(the same individual for all 3 field seasons to limit observer variability) who estimated vegetation
density at each of the 5-m vegetation plots (Fig 3.1). I visually estimated percent vegetation
ground cover (horizontal structure; to the nearest 10 %) below 0.25 m within each vegetation
plot. Once per season, I recorded measurements of leaf litter depth, percent woody cover, and
number of woody stems within all vegetation plots, and conducted a mid-season vegetation
survey in which I identified the tallest species, estimated the height of the tallest species, and
summarized the 3 most common sapling or shrub species at each mist-net lane.

41
3.3.3.2 Food Availability Variables
I estimated fruit availability for each 10-day sampling period by counting all ripe blackberry fruit
(Rubus spp.) within each 1-m2 vegetation plot (Labbe and King 2014; Fig 3.1). In this study
system, I assumed that quantifying Rubus was a sufficient surrogate for fruit availability, because
Rubus was the most common fruiting species in HEE clearcut sites representing >95% of the
available fruit surrounding mist-net lanes during the postfledging period (P. J. Ruhl, personal
observation).
I measured invertebrate availability corresponding to each mist-net location for each 10day sampling period. I collected invertebrates using 2 methods: pitfall traps and vacuum
sampling (Stewart and Wright 1995, Leather 2008, Streby et al. 2011) to assess distinct
invertebrate communities that could potentially explain niche differentiation of ground-feeding
and leaf-gleaning bird species. I placed pitfall traps in the center of each mist-net lane, with a 1m section of plastic flashing buried on either side of the pitfall trap (~5 cm exposed above the
ground) to serve as a drift fence. I used 0.95 L plastic containers as pitfall traps. I had tightfitting lids for each container, to close traps during non-sampling periods and prevent
unnecessary bycatch. I covered pitfalls with a 30×30 cm piece of plywood to maximize catch and
minimize disturbance (Leather 2008). I opened pitfall traps at each site for ~72 hr within each
10-day sampling period. When I opened pitfall traps, I removed the plastic lid, poured ~0.25 L of
water in the bottom of each cup, and added a drop of unscented dish soap to break the surface
tension. All invertebrates collected with pitfall sampling were stored in ethanol and identified to
order.
I sampled invertebrates from foliage with a modified leaf blower vacuum (Osborne and
Allen 1999, Brook et al. 2008). Because much of the clearcut vegetation consists of thorny
Rubus and Smilax spp., vacuum sampling can be an effective method of active sampling
(Buffington and Redak 1998). In addition, this active sampling technique allowed me to quantify
invertebrate prey items that are important food sources for leaf-gleaning birds (e.g., Lepidoptera
larvae) but that are more difficult to sample with some passive sampling techniques (e.g., fly
paper). After banding was completed at a site and vegetation and fruit measurements were
recorded at each mist-net lane, I used the leaf blower vacuum to sample all of the 2-m vegetation
plots (Fig 3.1). I sampled each vegetation plot for one min (6 min total per net lane) following a
standardized progression around each net lane. I collected invertebrates using a slow sweeping
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motion, starting with vegetation near ground level, and gradually moving higher throughout the
one min time period. I only performed vacuum sampling at the 2-m plots to avoid excessive
disturbance to the surrounding habitat matrix. This active sampling technique allowed me to
compare avian site use with invertebrate samples collected at the same site, on the same day.
However, I only performed vacuum sampling in dry conditions. Therefore, if weather did not
allow sampling on the same day, I collected vacuum sample data during the next suitable time
within the same 10-day sampling period. Invertebrates collected with vacuum sampling were
placed in a plastic bag, frozen, and identified to order. For each pitfall and vacuum sample
collected at the mist-net scale, I recorded total invertebrate dry mass and calculated site means
for both methods.
3.3.3.3 Weather Variables
I recorded weather variables corresponding to each banding day in an attempt to account for
variability in bird detection. I estimated percent cloud cover (to the nearest 10%) and recorded
temperature (°C) and wind speed (m s-1) at the time of net opening and closing on each banding
day. In addition, I attained weather data (temperature and precipitation) from a nearby weather
station located ~7 km from the Morgan Monroe State Forest, and ~25 km from the Yellowwood
State Forest (Martinsville 2 SW, IN US, NCDC). I calculated the sum of precipitation over a 3day period surrounding each banding date. I included this metric of precipitation instead of using
daily precipitation levels, because I did not band birds during precipitation events but still
wanted to address the less tangible effects of weather fronts that may influence bird movements
both before and after the actual precipitation event.
3.3.4 Data Analysis
I fit separate generalized linear mixed models for each bird species at the spatial scale of a
clearcut (each composed of 5 mist net lanes, hereafter site). The response variable for a given
model was the total number of mist-net captures, yijk, for species i at site j for visit k. I found that
for most species capture counts yijk were overdispersed (defined as c-hat > 1). I used a chi-square
goodness-of-fit test to decide, based on residual deviance and degrees of freedom, which type of
count data best fit the models. The negative binomial distribution handled overdispersion issues
better than the Poisson or quasi-Poisson distributions. Thus, I chose a negative binomial error
structure for all models to accommodate this extra variability.
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Prior to model selection, I standardized covariate data and constrained the set of possible
predictors using the following approach. First, predictors were categorized into one of 3 groups:
habitat structure, food availability, and weather. The first 2 groups were associated with the main
hypotheses, while the last group represented nuisance variables potentially associated with
detection. Second, I tested for correlations among the predictors within groups. When 2
predictors were highly correlated (defined as r ≥ 0.4), I included only one of the 2 in the final set
of predictors in order to minimize multicollinearity. The final set of candidate predictors in the
habitat structure group included vegetation density, leaf litter depth, and woody stem density.
The food availability group included fruit availability, invertebrate dry mass from pitfall traps,
and invertebrate dry mass from vacuum samples. The nuisance predictor group consisting of
weather variables included maximum temperature and 3-day precipitation total (hereafter
temperature and precipitation).
For each species, I fit negative binomial models for all possible predictor subsets and
ranked the fitted models using AICc with package “MuMIn” in R version 3.3.1 (Barton 2016, R
Development Core Team 2017). All candidate models included a random effect of site to
account for pseudoreplication within site across visits. I defined the “best” model as the
candidate model with the minimum AICc score. Furthermore, I considered candidate models
with ΔAICc < 2 to have equivalent support. I report a summary of all candidate models with
equivalent support in an attempt to identify important predictors for each species. I chose this
approach, rather than implementing model averaging, to avoid the problems identified by Cade
(2015).

3.4

Results

I captured 522 Worm-eating Warblers, 260 Red-eyed Vireos, 171 Ovenbirds, 145 Scarlet
Tanagers, 128 Wood Thrush, and 50 Black-and-white Warblers in clearcuts from May 31, 2015
– August 18, 2017 (Fig 3.4 in Appendix 3.A). I operated 5 nets per site, for 6 hr a day, and 6
days per banding session, totaling ~4,320 net hr. During the study period, I observed a trend of
declining vegetation density (Fig 3.2) accompanied by an increase in canopy height. Species
composition of the vegetation community did not change drastically from 2015-2017; however, I
did observe a shift toward a more open understory within clearcuts (P. J. Ruhl, personal
observation). This trend was especially evident in 2017 when some of the tallest tulip poplar
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(Liriodendron tulipifera), oak (Quercus spp.), and sassafras (Sassafras albidum) saplings began
to reach heights of approximately 8–10 m, and for the first time in the study, Rubus was no
longer the most common genus identified during the midseason vegetation survey.
The summer of 2015 was an especially productive year for blackberries, with mean site
values reaching 10–15 ripe berries per m2 in some clearcuts. Although 2016 and 2017 yielded
lower blackberry numbers relative to 2015, all 3 years show a similar quadratic trend of ripe fruit
availability over the course of the summer (Fig 3.3). While processing birds, I observed evidence
of frugivory (i.e. berry stains on the bill or feathers). Most notably, 80 of the 145 Scarlet
Tanagers banded during this study had recent berry stains on their bills or plumage.
The most abundant invertebrate orders encountered in pitfall samples were Hymenoptera,
Collembola, Diplopoda, Coleoptera, Diptera, Araneae, and Orthoptera (with 6,047; 4,272; 4,059;
2,067; 1,844; 1,551; and 1,069 individuals identified respectively). The most abundant
invertebrate orders encountered in vacuum samples were Diptera, Auchenorhyncha,
Hymenoptera, Araneae, Coleoptera, Heteroptera, and Lepidoptera (with 18,952; 14,655; 11,642;
7,773; 6,282; 4,524; and 2,921 individuals identified respectively). Although 4 of the most
abundant orders (Diptera, Hymenoptera, Araneae, and Coleoptera) were present in both pitfall
and vacuum samples, there was not a significant correlation between the pitfall and vacuum
invertebrate dry masses (r = 0.03).
3.4.1 Abundance Modeling
For each species, there were several candidate models (4, 7, 10, 12, 14 and 14, for Wood Thrush,
Black-and-white Warbler, Ovenbird, Scarlet Tanager, Worm-eating Warbler, and Red-eyed
Vireo respectively) with equivalent support (i.e. ΔAICc < 2; Table 3.2 in Appendix 3.B).
However, the significant predictors in the best fit models provided a reliable depiction of the
important variables in subsequent candidate models with equivalent support.
3.4.1.1 Worm-eating Warbler
The best-fit model for Worm-eating Warblers included vegetation density and invertebrate
abundance from vacuum samples as significant predictors of captures (i.e. site-use; Table 3.1).
Vegetation density and invertebrate abundance from vacuum samples were positively associated
with Worm-eating Warbler captures in all 14 of the candidate models with equivalent support.
Leaf litter depth, pitfall invertebrate dry mass, fruit availability, woody stem density, and
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precipitation were included in some of the other candidate models with equivalent support (Table
3.2 in Appendix 3.B), but were not significant predictors of Worm-eating Warbler captures (i.e.
these predictors did not have a P value < 0.05 in any model in which they were included).
3.4.1.2 Scarlet Tanager
The best-fit model for Scarlet Tanagers identified vegetation density and fruit availability as
significant predictors of site-use (Table 3.1). Vegetation density and fruit availability were
positively associated with Scarlet Tanager captures in all 12 of the candidate models with
equivalent support. Woody stem density, precipitation, and both pitfall and vacuum invertebrate
dry mass were also included as covariates in other candidate models with equivalent support, but
were not significant (Table 3.2 in Appendix 3.B).
3.4.1.3 Wood Thrush
The best fit model for Wood Thrush included vegetation density and fruit availability as
significant predictors of site-use (Table 3.1). Wood Thrush captures were positively associated
with fruit availability, but (unlike Scarlet Tanagers) negatively associated with vegetation density
in all 4 candidate models with equivalent support. Pitfall invertebrate dry mass, woody stem
density, and temperature were also included in some of the other candidate models with
equivalent support, but were not significant predictors of Wood Thrush captures (Table 3.2 in
Appendix 3.B).
3.4.1.4 Ovenbird
Vegetation density and vacuum invertebrate dry mass were significant predictors of Ovenbird
captures in the best fit model (Table 3.1), and were also positively associated with Ovenbird
captures in a subset (vegetation density in 3 and vacuum invertebrate dry mass in 4) of the
remaining 9 candidate models with equivalent support. Leaf litter depth, pitfall invertebrate dry
mass, fruit availability, and woody stem density were also included in some of the other
candidate models with equivalent support, but were not significant (Table 3.2 in Appendix 3.B).
3.4.1.5 Black-and-white Warbler
In the best fit model, vegetation density and pitfall invertebrate dry mass were positively
associated with Black-and-white Warbler captures (Table 3.1). Woody stem density and pitfall
invertebrate dry mass were included as significant predictors in 2 of the remaining 6 candidate
models with equivalent support, and vegetation density was included as a significant predictor of
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Black-and-White Warbler captures in all 7 candidate models with equivalent support (Table 3.2
in Appendix 3.B). Temperature and precipitation were also included in some candidate models
with equivalent support, but were not significant (Table 3.2 in Appendix 3.B).
3.4.1.6 Red-eyed Vireo
Leaf litter depth was a significant predictor of Red-eyed Vireo captures in the best fit model
(Table 3.1), and was also positively associated with Red-eyed Vireo captures in 10 of the
remaining 13 candidate models with equivalent support. Vegetation density, precipitation, and
temperature were also significant predictors in 2, 2, and one of the 14 candidate models with
equivalent support respectively (Table 3.2 in Appendix 3.B). Other non-significant predictors of
Red-eyed Vireo captures included in candidate models with equivalent support were pitfall
invertebrate dry mass, fruit availability, and woody stem density (Table 3.2 in Appendix 3.B).

3.5

Discussion

I explored the habitat associations of breeding mature forest birds during the post-fledgling
period. While the results are limited to the study system in the Central Hardwood Region in
southern Indiana, they reflect similar patterns and processes described in other regions of North
America (White et al. 2005, Labbe and King 2014). Similar to previous studies that attributed
vegetation structure as the driving factor behind early successional habitat associations of mature
forest birds during the postfledging period (Vitz et al. 2007, Chandler et al. 2012), vegetation
density was a significant predictor for 5 of the 6 species in this study. However, in addition to
vegetation density, fruit availability was an important predictor of Scarlet Tanager and Wood
Thrush captures, and invertebrate dry mass was an important predictor of Worm-eating Warbler,
Ovenbird, and Black-and-white Warbler captures.
In this study, shrubs and saplings were the dominant cover type in the 7–9-year-old
clearcuts. During 2015–2017, I documented annual decreases in understory vegetation density
(Fig 3.2) as stands matured and approached the stem exclusion stage of succession (Oliver 1980).
During this time, I also detected a marked decrease in Rubus fruit production (Fig 3.3) as
primocanes had difficulty growing high enough to capture adequate sunlight for florocane
production.
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Previous studies have demonstrated the importance of the availability of saplingdominated clearcuts on the landscape for independent, mature-forest fledglings (e.g., Ovenbird
and Wood Thrush; Rivera et al. 1999, Streby and Andersen 2012). Unlike some previous studies
(e.g., Vitz et al. 2007), I observed a positive association of most mature forest bird captures with
vegetation density, with the exception of Wood Thrush captures, which increased as vegetation
density decreased. The discrepancy in the direction of these associations with vegetation density
is unclear, but predator avoidance may adequately explain either association depending on the
specific context. Some studies have reported the probability of predation after fledging near
50%, and attribute approximately 95% of all fledgling mortality to predation by avian and
mammalian predators (Anders et al. 1997, Streby and Andersen 2011). Known predators of
fledglings during the postfledging period include: Cooper’s Hawk (Accipiter cooperii), Sharpshinned Hawk (Accipiter striatus), Red-tailed Hawk (Buteo jamaicensis), Broad-winged Hawk
(Buteo platypterus), timber rattlesnake (Crotalus horridus), Barred Owl (Strix varia), and eastern
chipmunk (Tamias striatus; Anders et al. 1997, Streby and Andersen 2011). Dense understory
vegetation would provide cover for fledglings avoiding diurnal raptors, but a more open
understory may aid in escape from mammalian or reptilian predators.
In this study, Scarlet Tanager and Wood Thrush captures were positively associated with
fruit availability. Previous research has described an opportunistic shift toward frugivory for
Scarlet Tanager and Wood Thrush during the postfledging period (Rivera et al. 1998, Vitz et al.
2007). Because these 2 species were significantly associated with fruit availability in this study
and not invertebrates, this perceived shift in diet preference may allow other mature forest
species to fill an available niche, taking advantage of the abundant invertebrate resources present
within the clearcuts. However, it is possible that invertebrate abundance is not a limiting factor
within clearcuts if invertebrate availability is sufficiently high within clearcuts in comparison to
mature forest habitat (Keller et al. 2003).
Worm-eating Warbler, Ovenbird, and Black-and-white Warbler captures were positively
associated with invertebrate dry mass in this study. As expected, Worm-eating Warbler was
associated with vacuum invertebrate dry mass, suggesting it was mainly gleaning invertebrates
from foliage within clearcuts (Vitz et al. 2013). The observed invertebrate association of
Ovenbird in this study was not expected. Ovenbirds are known to forage on the ground
(Porneluzi et al. 2011), so I expected to detect an association with pitfall (rather than vacuum)
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invertebrate dry mass. However, a diet analysis of postfledging Ovenbirds in Minnesota revealed
that ground-sampling methods were inadequate for sampling the main component of juvenile
Ovenbird diets, which they found to be a preferential selection of Lepidoptera larvae and snails
(Streby et al. 2013).
The Black-and-white Warbler association with pitfall invertebrate dry mass was also not
expected. Like Worm-eating Warbler and Ovenbird, Black-and-white Warbler has traditionally
been described as an obligate mature forest species (James 1971). However, recent studies have
shown a positive response of Black-and-white Warbler abundance to the creation of timber
harvest openings, suggesting that it may be more of a young forest species (Kendrick et al. 2015,
Kellner et al. 2016). Preferential foraging substrate for Black-and-white Warbler within mature
forest has been described as tree trunks and large dead limbs (Morse 1989, Kricher 2014). If
Black-and-white Warbler foraging efforts within clearcuts are directed toward similar substrates
(i.e. large tree trunks and dead limbs), downed coarse woody debris would seem to be the most
likely target. Because the larger invertebrates that influence variations in invertebrate dry mass
would likely move between the ground and downed coarse woody debris within clearcuts, it is
reasonable to assume that there would be a relationship between the variation in forest floor
invertebrate dry mass and that of nearby downed coarse woody debris (J. D. Holland, personal
communication). Thus, if Black-and-white Warblers focus foraging efforts on large downed
coarse woody debris within 7–9-year-old clearcuts, the association with pitfall invertebrate dry
mass in this study is justified.
The Red-eyed Vireo response in the models was perhaps the most unexpected. Leaf litter
depth was the best predictor of Red-eyed Vireo captures. But candidate models were
inconsistent, and attributed significant variation in some models to nuisance variables (i.e.
temperature and precipitation) associated with bird detection. Leaf litter depth is related to the
development of an overstory, which has been associated with Red-eyed Vireo abundance to a
certain extent (Kellner et al. 2016). But in this instance, I attribute the lack of a discernable
habitat association (consistent in all candidate models with equivalent support) to the
overwhelming abundance of Red-eyed Vireos in this study system. A concurrent HEE study
using point count data collected over a 10-year period suggested that Red-eyed Vireo is nearly
twice as common as Worm-eating Warbler on the landscape (n = 6,580 and n = 3,207 for Redeyed Vireo and Worm-eating Warbler detections, respectively; Kellner et al. 2016). Unlike other
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mature forest species included in the models, the distribution of Red-eyed Vireo captures most
resembled a uniform distribution, not reflecting a postfledging influx of individuals with early
successional habitat, but instead suggesting a constant presence of Red-eyed Vireo throughout
the summer (Fig 3.5 in Appendix 3.C). Thus, it is possible that Red-eyed Vireo abundance was
too great in this system to effectively disentangle postfledging habitat associations.
Several studies have reported negative effects of intensive timber harvests (e.g.,
clearcutting) on the abundance of mature forest breeding birds such as Worm-eating Warbler,
Ovenbird, and Scarlet Tanager (Morris et al. 2013, Kellner et al. 2016, Perry et al. 2018).
However, the extent of the habitat disturbance caused by timber harvesting can affect the
intensity of the impact on mature forest birds within a forest-dominated landscape (Kellner et al.
2016). In some situations, if early successional habitat creation can be constrained to a small
enough area (i.e. below a particular threshold), the negative effects of timber harvest on the
mature forest breeding bird community might be minimized (Becker et al. 2011). Ultimately, the
provision of some early successional habitat within a forest-dominated landscape results in
increased levels of biodiversity within the breeding bird community, and the negative impacts on
mature forest species may be mitigated by the value of early successional habitat during the
postfledging period to some extent (Anders et al. 1998, Streby et al. 2011, Kellner et al. 2016).
Although creation of early successional habitat via timber harvest can have a negative
impact on the availability of nesting habitat for mature forest birds, an ecological tradeoff
resulting in increased postfledging survival can have an overall positive effect on seasonal
productivity (Streby et al. 2011). Studies on habitat use of adult and fledgling mature forest birds
during the postfledging period emphasize positive effects of early successional habitat
availability within close proximity to natal (mature forest) habitat for increased survival and
recruitment of mature forest birds (Anders et al. 1998, Streby and Andersen 2013, Vitz and
Rodewald 2013, Ruhl et al. In press). Thus, optimal forest management strategies should attempt
to maximize potential for nest success during the initial portion of the breeding season, while
also considering factors related to increased survival during the postfledging period.
In this study, both habitat structure and food availability were important predictors of
site-use for multiple mature forest species during the postfledging period. Similar studies have
identified a significant effect of both structural and trophic factors for mature forest bird habitatuse during the breeding season, but attributed either prey availability or vegetation structure as
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the sole driving factor (Streby et al. 2011, Jirinec et al. 2016). I emphasize the importance of
prey availability and habitat structure in this study system, and the role that both factors play in
niche partitioning during the postfledging period. These results suggest that mature forest birds
utilizing 7–9-year-old clearcuts during the postfledging period may reap benefits from an
increased level of protection from predators and from increased food availability. Thus, I posit
that the 2 most commonly cited alternative hypotheses, predator avoidance and optimal foraging,
may not be mutually exclusive hypotheses to explain site use by multiple species.
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3.8

Tables

Table 3.1 Habitat structure (woody stem density, leaf litter depth, and vegetation density) and food availability (fruit availability,
vacuum invertebrate dry mass, and pitfall invertebrate dry mass) parameters included in the best fit model (minimum AICc score) for
each species. I report standardized β-values (± SE) and P values for each parameter included in the best fit model. Asterisks indicate a
significant association (P ≤ 0.05). Output from all models with equivalent support (ΔAICc < 2) can be found in Appendix 3.B Table
3.2.
Species
Worm-eating
Warbler

Woody
Stems

Vegetation
Density

Leaf Litter

0.12 (0.08) 0.13 (0.08)
P = 0.13
P = 0.95

Fruit
Availability

* 0.21 (0.09)

-

P = 0.02

Vacuum
Inverts

* 0.25 (0.07)
P < 0.001

Pitfall
Inverts

3-day
Precip

Temp

-

-

-

-

-0.22 (0.13)
P = 0.11

-

-

-

Scarlet
Tanager

-

-

* 0.43 (0.15)

*

-

Wood Thrush

-

-

*

*

-

Ovenbird

-

-

*

-

* 0.18 (0.09)

-

-

-

Black-andwhite Warbler

-

-

*

-

-

* 0.33 (0.15)

-

-

Red-eyed
Vireo

-

* 0.25 (0.11)

-

-

-

-0.19 (0.12)
P = 0.10

-

P = 0.02

P < 0.01

-0.50 (0.12)
P < 0.001
0.24 (0.11)
P = 0.04
0.49 (0.17)
P < 0.01
-

0.70 (0.13)
p < 0.001
0.45 (0.10)
P < 0.001

P < 0.05

0.15 (0.09)
P = 0.09

P = 0.03
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3.9

Figures

2m

5m
3m
6m
9m

Figure 3.1 Spatial arrangement of 1-m2 vegetation plots (black squares) around a mist-net lane
(bold vertical line with circles on ends).
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Figure 3.2 Trend in declining vegetation density within Hardwood Ecosystem Experiment
clearcuts among banding sessions (x axis; 1-8) and years (2015, 2016, and 2017). Percent
vertical vegetation density is plotted for all 6 study locations (1312, 1321, 1602, 1627, 1917, and
1919).
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Figure 3.3 Variation in ripe blackberry (Rubus spp.) availability within Hardwood Ecosystem
Experiment clearcuts among banding sessions (x axis; 1-8) and years (2015, 2016, and 2017).
Site means of ripe blackberries per m2 are plotted for all 6 study locations (1312, 1321, 1602,
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Appendices
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Appendix 3.A Figure 3.4 Individual species capture histograms for Worm-eating Warbler (A),
Red-eyed Vireo (B), Ovenbird (C), Scarlet Tanager (D), Wood Thrush (E), and Black-and-white
Warbler (F). Frequency is plotted on the y axis, and the number of daily captures is plotted on
the x axis. Mean ± SD daily capture rate of plotted data were 4.16 ± 3.57, 2.01 ±2.88, 1.27 ±1.57,
1.05 ± 2.0, 0.94 ± 1.26, and 0.39 ± 0.79 for Worm-eating Warbler, Red-eyed Vireo, Ovenbird,
Scarlet Tanager, Wood Thrush, and Black-and-white Warbler respectively.
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Appendix 3.B Table 3.2 Results of all negative binomial candidate models with equivalent
support (ΔAICc < 2), for Worm-eating Warbler, Ovenbird, Scarlet Tanager, Wood Thrush,
Black-and-white Warbler, and Red-eyed Vireo (WEWA, OVEN, SCTA, WOTH, BAWW,
REVI) captured in southern Indiana clearcuts during the postfledging period (2015-2017). I
report standardized β-values for leaf litter depth, woody stem density, fruit availability,
invertebrate dry mass (pitfall and vacuum), precipitation, and temperature.
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Appendix 3.B Table 3.2
Species

Model
#
WEWA 114
50
178
242
113
49
53
241
177
54
182
181
117
122

Intercept Leaf
Litter
1.308
0.134
1.310
0.137
1.309
0.147
1.306
0.145
1.307
1.311
1.309
1.306
1.309
1.310
0.116
1.308
0.126
1.308
1.306
1.307
0.131

Veg
Density
0.206
0.218
0.201
0.189
0.294
0.308
0.316
0.284
0.297
0.237
0.220
0.303
0.302
0.192

OVEN

0.109
0.108
0.099
0.121
0.108
0.109
0.097
0.110
0.113
0.118

0.236
0.204
0.207
0.245
0.281

49
57
53
33
50
25
21
113
17
41

-0.085

Woody
Stems
0.119

Fruit

0.115
0.124
0.120

0.104
0.125

0.038

Pitfall Vacuum
Inverts Inverts
0.249
0.236
0.207
0.221
0.273
0.26
0.089 0.260
0.250
0.236
0.063 0.239
0.068 0.209
0.095 0.235
0.065 0.270
0.244

0.088
-0.113
0.131
-0.166

0.229
0.200

0.060
0.118

0.176
0.158
0.175
0.191
0.154
0.182
0.182
0.182

Precip

0.087
0.084

0.071
0.074
0.090
0.079

Temp

df

DAICc

weight

7
6
7
8
6
5
6
7
6
7
8
7
7
8

0.00
0.04
0.27
0.39
0.42
0.63
1.16
1.31
1.35
1.50
1.65
1.70
1.82
1.86

0.108
0.105
0.094
0.088
0.087
0.078
0.060
0.056
0.055
0.051
0.047
0.046
0.043
0.042

5
6
6
4
6
5
5
6
4
5

0.00
1.22
1.23
1.60
1.60
1.79
1.83
1.91
1.91
1.93

0.188
0.102
0.102
0.085
0.085
0.077
0.076
0.073
0.072
0.072
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Appendix 3.B Table 3.2 continued
Species

Model
#
169
57
233
41
105
173
121
185
237
61
109
45

Intercept Leaf
Litter
-0.458
-0.445
-0.438
-0.437
-0.413
-0.479
-0.429
-0.454
-0.456
-0.462
-0.429
-0.455

Veg
Density
0.433
0.446
0.331
0.439
0.332
0.435
0.358
0.437
0.329
0.448
0.331
0.439

45
41
105
47

-0.227
-0.237
-0.236
-0.230

-0.497
-0.519
-0.537
-0.493

BAWW 37
101
97
165
229
39
225

-1.115
-1.135
-1.106
-1.132
-1.155
-1.125
-1.126

0.489
0.411
0.365
0.482
0.401
0.487
0.353

SCTA

WOTH

Woody
Stems
0.232
0.252
0.201
0.262
0.278

0.091

0.238
0.353
0.251
0.369

Fruit
0.696
0.704
0.746
0.648
0.709
0.674
0.742
0.724
0.725
0.681
0.686
0.627
0.451
0.449
0.464
0.444

Pitfall Vacuum
Inverts Inverts

Precip

Temp

-0.216
-0.230
-0.201
-0.176

-0.229
-0.190
-0.158

-0.183
-0.139
-0.154
-0.148

-0.160
-0.217

-0.229

0.154
0.160

0.068

0.331
0.246
0.343
0.253
0.346

0.181
0.194
0.152
0.186

df

DAICc

weight

6
6
7
5
6
7
7
7
8
7
7
6

0.00
0.31
0.44
0.52
0.61
1.11
1.18
1.26
1.31
1.80
1.81
1.90

0.127
0.108
0.102
0.098
0.093
0.073
0.070
0.068
0.066
0.051
0.051
0.049

6
5
6
7

0.00
0.07
1.61
1.86

0.315
0.305
0.140
0.124

5
6
5
6
7
6
6

0.00
0.65
0.82
0.96
1.50
1.51
1.72

0.212
0.153
0.141
0.131
0.100
0.099
0.090
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Appendix 3.B Table 3.2 continued
Species
REVI

Model
#
130
132
161
2
4
163
162
164
134
194
196
138
140
136

Intercept Leaf
Litter
0.383
0.251
0.374
0.279
0.398
0.396
0.267
0.388
0.294
0.392
0.387
0.161
0.378
0.192
0.380
0.257
0.377
0.260
0.367
0.292
0.381
0.268
0.370
0.304
0.371
0.285

Veg
Density

Woody
Stems

Fruit

Pitfall Vacuum
Inverts Inverts

0.299
0.313
0.165
0.158
-0.077
-0.093
-0.117
-0.052
-0.073
-0.081

Precip

Temp

-0.188
-0.196
-0.240

0.141

-0.251
-0.212
-0.219
-0.195
-0.190
-0.199
-0.176
-0.180
-0.203

0.133
0.118
0.139
0.152
0.152
0.144

df

DAICc

weight

5
6
5
4
5
6
6
7
6
6
7
6
7
7

0.00
0.23
0.50
0.59
1.00
1.27
1.38
1.70
1.72
1.74
1.75
1.90
1.90
1.94
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Appendix 3.C Figure 3.5 Number of captures (Mean ± SE) by banding session for Worm-eating
Warbler (A), Ovenbird (B), Scarlet Tanager (C), Wood Thrush (D), Red-eyed Vireo (E), and
Black-and-white Warbler (F). Banding sessions (1-8) and years (2015, 2016, and 2017) are plotted
on the x axis.
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CHAPTER 4.
USING STABLE ISOTOPES OF PLASMA, RED BLOOD
CELLS, FECES, AND FEATHERS TO ASSESS MATURE FOREST BIRD
DIET DURING THE POSTFLEDGING PERIOD

Patrick J. Ruhl, Elizabeth A. Flaherty, and John B. Dunning Jr. 2018. Oikos, in review.

4.1

Abstract

In comparison to the nesting ecology of birds, the postfledging period which occurs between
nesting and fall migration is a poorly understood stage of avian life history. Furthermore, the
important trophic factors driving postfledging shifts in habitat preference are largely unknown.
In this study, I used stable isotope analysis of tissues with varying turnover rates (plasma, red
blood cells, feces, and feathers) to determine foraging preferences of 3 mature forest bird species
(consumers) captured in 8-year-old clearcuts during the postfledging period (23-Jun–12-Aug2016). I did not identify a significant source contribution in any consumer tissue combination
using MixSIAR posterior distributions, but the position of consumer tissues in bivariate isotope
mixing space suggested that all 3 mature forest bird species acted as generalist insectivores
during the postfledging period. Furthermore, estimates of the proportional contribution of fruit to
the overall diet were < 0.10 for all Scarlet Tanager tissue types, despite observational evidence of
frugivory (> 50% of Scarlet Tanagers captured during this study had berry stains on their bills or
feathers). I observed significant niche differentiation in core niche space estimates between the
two obligate insectivores (Worm-eating Warbler and Ovenbird), suggesting that clearcuts
provided adequate habitat to support the different foraging strategies and invertebrate
preferences of both species. This study is the first to address postfledging diet of mature forest
birds in early successional habitat utilizing tissues with a short turnover rate, thus I provide a
much-needed trophic comparison between isotopic signatures of multiple consumer tissue types
in this context.

4.2

Introduction

Some Neotropical migrant birds that require mature forest habitat for the nesting portion of the
breeding season (hereafter mature forest birds) use early successional habitat during the
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postfledging period (Pagen et al. 2000, Cox et al. 2014). Although this trend has been described
for several mature forest birds (Vitz and Rodewald 2006, Porneluzi et al. 2014), trophic
associations that explain this postfledging shift in habitat use are largely correlational
(McDermott and Wood 2010, Streby et al. 2011, Major and Desrochers 2012, but see Vitz and
Rodewald 2012, Streby et al. 2013). Most studies have reported relationships between site-use,
habitat variables, and food availability to explain either foraging preference or site-association in
this context (Marshall et al. 2003, Vitz and Rodewald 2006, Chapter 3). These types of
correlations can be helpful for informing conservation decisions, but to fully understand foraging
preference, more direct trophic analysis is required. For example, Streby et al. (2013) directly
measured gut contents of juvenile Ovenbirds (Seiurus aurocapilla), and demonstrated that diet
reflected selective foraging for Lepidoptera larvae and snails and did not reflect overall
invertebrate availability.
Increased food availability (invertebrate or fruit abundance) in early successional habitat
may be the primary factor driving postfledging habitat associations of mature forest birds in the
weeks preceding fall migration (Streby et al. 2011, Major and Desrochers 2012). Levels of fruit
and invertebrate biomass are often greater in recent clearcuts than adjacent mature forest (Keller
et al. 2003, Vitz and Rodewald 2007). Thus, the optimal foraging hypothesis is often used to
explain this postfledging habitat association (White et al. 2005). However, to adequately address
the importance of various diet items found in early successional habitat for mature forest birds
during the postfledging period, it is necessary to use a more direct method of trophic analysis.
Stable isotope analysis can reveal subtleties in diet preference that are difficult to identify
using traditional techniques (i.e., gut and fecal analyses, and field observation; Pearson et al.
2003, Flaherty et al. 2010). In addition, isotopic values of consumer tissues can reflect
distinctions in niche partitioning and trophic position between closely related species that would
be difficult to distinguish otherwise (Wolf et al. 2002, Lorrain et al. 2009). As food moves
through the digestive tract of consumers, isotopic signatures of assimilated prey items are
incorporated, to varying extent, into the tissues of consumers (DeNiro and Epstein, 1978).
Therefore, by measuring isotopic composition of diet samples (i.e., the prey of consumers) and
consumer tissue samples (e.g., feathers, hair, blood, feces), and accounting for diet–tissue
discrimination (Hobson and Clark 1992, Dalerum and Angerbjörn 2005), researchers can use
mathematical mixing models to estimate the proportional contributions of various food sources
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in consumer diet (Phillips 2012, Stock and Semmens 2013). This technique has been mostwidely employed to investigate diet preferences of mammals (Ben-David and Flaherty 2012,
Phillips 2012). Additionally, application of stable isotope analyses in avian (and other taxa)
research has proved beneficial for both diet preference and migration inference using stable
isotope signatures to link food sources back to a specific geographic location (Hobson and Clark
1992, Hobson 1999, Inger and Bearhop 2008).
Stable isotope analysis is a valuable tool for uncovering foraging preferences at varying
temporal scales (Podlesak et al. 2005), and is well-suited for resolving foraging preferences of
mature forest birds in the densely vegetated early successional habitat that these birds occupy
during the postfledging period. In fact, a recent study used stable isotopes of feathers to explain
this association (Vitz and Rodewald 2012). However, because feathers are inert, their isotopic
signature reflects diet throughout the entire molting period, making it more difficult to draw
specific conclusions on habitat or foraging preference (Pearson et al. 2003). In addition, diet
requirements during molt are protein driven and may not accurately reflect overall foraging
preference during the postfledging period (Vitz and Rodewald 2012). Intravenous fluids and
feces, on the other hand, have a relatively short turnover rate (Bearhop et al. 2002). Half-life
estimates of δ15N and δ13C in wild caught omnivorous songbirds range from 0.4–1.7 days in
plasma and 7.7–14.1 days in red blood cells (RBC), and the isotopic signature of fecal samples
correspond to the most recently processed meal (Pearson et al. 2003, Podlesak et al. 2005).
In this study, I analyzed plasma, RBCs, feces, and feathers collected from Worm-eating
Warblers (Helmitheros vermivorum), Ovenbirds, and Scarlet Tanagers (Piranga olivacea)
captured in 8-year-old clearcuts to characterize the diet of mature forest birds throughout the
postfledging period. The inclusion of three additional tissue types with varying turnover rates in
this study provides a more complete depiction of trophic associations throughout the
postfledging period, as well as a comparison with the results of Vitz and Rodewald (2012) who
used only feathers.
Based on prior studies describing positive associations of mature forest birds with either
fruit or invertebrate availability (Vitz and Rodewald 2007, Streby et al. 2011), I predicted that
the Scarlet Tanager isotopic signatures of tissues with a shorter turnover rate (e.g., plasma and
feces) would reflect a shift to a frugivorous diet during the postfledging period, while Wormeating Warbler and Ovenbird isotopic signatures would reflect an insectivorous diet. I also
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predicted that Worm-eating Warbler and Ovenbird isotopic signatures would differ based on
variations in foraging preference. Because Worm-eating Warbler is classified as a foliage gleaner
(Greenberg 1987), and Ovenbird forages on or near the ground (Holmes and Robinson 1988), I
expected to detect differences in invertebrate preference reflecting isotopic niche differentiation
during the postfledging period.

4.3

Methods

4.3.1 Study Site
I conducted this study in the Morgan-Monroe and Yellowwood state forests, situated within the
Brown County Hills region of southern Indiana (Homoya et al. 1985). Study sites were
composed largely of 60 – 90-year-old oak-hickory (Quercus-Carya spp.) forest (Saunders and
Arseneault 2013). Within the forest-dominated landscape, six clearcuts (each ~ 4 ha) were
harvested during fall 2008 – spring 2009 as a part of the Hardwood Ecosystem Experiment
(HEE), a 100-year collaborative project assessing the ecological and social impacts of active
forest management in southern Indiana (Kalb and Mycroft 2013). Approximately eight years
post-harvest at the time of this study, HEE clearcuts consisted of a dense understory of shrubs
and saplings, and were dominated by thorny species (e.g., greenbrier [Smilax spp.] and
blackberry [Rubus spp.]) and fast-growing tree species (e.g., sassafras [Sassafras albidum] and
yellow poplar [Liriodendron tulipifera]).
4.3.2 Avian Sampling
In the summer of 2016 (June 23 – August 12), I used constant effort mist-netting, following the
Monitoring Avian Productivity and Survivorship (MAPS) protocol (DeSante et al. 2000), to
capture Worm-eating Warblers, Ovenbirds, and Scarlet Tanagers within HEE clearcuts. I used 12
m long, 30 mm mesh, four-tier, black, tethered, nylon mist nets to capture birds. I placed 5 nets
at each clearcut site, positioned in an attempt to maximize productivity and efficiency (DeSante
et al. 2000). All nets were at least 50 m apart as well as at least 25 m into the site from the
clearcut edge. This spacing allowed for adequate sampling of the clearcut habitat and efficient
net checks to minimize injury and mortality of birds. I operated nets at each clearcut for one day
(6 net-hours) during 10-day sampling periods. All birds were captured and handled in accordance
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with Federal Banding Permit #21781 and Purdue Animal Care and Use Committee guidelines
(protocol # 110000078C002).
4.3.3 Isotope Sample Collection
I collected tissue samples (i.e., red blood cells, plasma, feathers, and feces) from hatching year
(HY) and after hatching year (AHY) Worm-eating Warblers, Ovenbirds, and Scarlet Tanagers. I
opportunistically plucked feathers in the process of molting from AHY and HY birds. Feathers
were stored in a plastic bag and frozen (as described in Podlesak et al. 2004, Vitz and Rodewald
2012). I used brachial venipuncture to collect ≤ 100 µl of blood from birds (Pearson et al. 2003,
Podlesak et al. 2004). I centrifuged and separated blood (i.e., plasma from red blood cells)
immediately in the field, and placed samples in a freezer within 6 hours of collection (Pearson et
al. 2003, Carleton and Martinez Del Rio 2005). I collected feces in a specially designed fecal
sampling apparatus (Ruhl et al. 2016). I held birds in this apparatus for a maximum of 10 min,
but birds were released as soon as a fecal sample was donated (usually within the first 2 min;
Ruhl et al. 2016). Fecal samples were placed in 1.5 mL microcentrifuge tubes and frozen. I
opportunistically collected potential prey items differing in isotopic signature (e.g., fruit,
detritivorous insects, herbivorous insects, predatory insects) in an attempt to determine the
proportional diet contributions of each prey source for each of the three focal mature forest
species found within the clearcut sites throughout the postfledging period (Appendix A Table 5)
I stored invertebrate samples in microcentrifuge tubes, and fruit samples in plastic bags in a
freezer.
4.3.4 Sample Prep
I prepared isotope samples in the Wildlife Physiology Lab in the Department of Forestry and
Natural Resources at Purdue University. I cleaned feathers with a 2:1 chloroform:methanol
mixture (Hobson and Bairlein 2003), and dried prey items and consumer tissues in an oven for ≥
48 hr at 60°C. I used scissors to cut feathers into small pieces for analysis, and used a mixer mill
(Retsch MM 200; Glen Mills Inc., Clinton, NJ, USA) to homogenize and grind large
invertebrates and fruit. I used a mortar and pestle method to maximize sample yield for very
small prey item or consumer tissue samples. Finally, I weighed tissue and source samples to the
nearest 0.001 mg in miniature tin weigh boats (3 x 5 mm Costech Analytical Tech Inc., Valencia,
CA, USA) using a Sartorius microbalance (model CPA2P, Arvada, CO, USA).
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I submitted the samples (in duplicate if sample amount allowed) to the University of
Wyoming Stable Isotope Facility (UWSIF) for final analysis of stable isotope signatures. I used
the mean values of duplicate samples in the final analysis, and only accepted sample results if the
variance between the two subsamples did not exceed the variance of the standards (Ben-David
and Flaherty 2012). Isotope data were obtained using a Costech 4010 Elemental Analyzer
(Costech Analytical Technologies, Valencia, CA, USA) coupled to a Thermo Deltaplus XP
IRMS (Thermo Fisher Scientific, Inc., Waltham, MA, USA). PeeDee Belemnite and atmospheric
air were used as standards for δ13C and δ15N, respectively, and the UWSIF used Glutamic 1,
Glutamic 2, Whole Blood, Alfalfa, Liver, Chitin, and Keratin as quality control reference
materials. Average standard uncertainty for δ13C and δ15N was 0.1 and 0.06 respectively.
4.3.5 Diet Analysis
I used multivariate analysis of variance (MANOVA) with post-hoc Tukey analyses (Zar 2013)
and a K nearest-neighbor randomization test to evaluate differences among prey items and
ensure that all potential prey items were significantly different in bivariate mixing space (Rosing
et al. 1998) before incorporation into mixing models. I combined diet items that did not differ
significantly (P > 0.05) in δ13C and δ15N values. I composed different source profiles among bird
species based on existing descriptions of gut analyses and foraging observations (Poole 2005). I
did not include Rubus in the source profile of Ovenbird or Worm-eating Warbler, because I did
not detect any evidence of frugivory either observationally or in the literature. However, I did
include Rubus in the Scarlet Tanager source profile, because > 50% of Scarlet Tanagers captured
during this study had berry stains on their bills or feathers.
I adjusted isotopic source estimates using discrimination factors reported in the literature
for avian red-blood cells (D13C = 2.0‰, and D15N = 3.0‰), plasma (D13C = 0.5‰ and D15N =
3.0‰), feathers (D13C = 2.7‰ and D15N = 4.0‰), and feces (D13C = 0‰ and D15N = 1.0‰)
(Hobson and Bairlein 2003, Pearson et al. 2003, Ogden et al. 2004, Bird et al. 2008). To avoid
including unnecessary diet items in mixing models, I only included sources in the final analysis
if: 1) the median proportional contribution of a given source was > 0.10; 2) the exclusion of a
source would cause the consumer mixture to fall outside the isotopic mixing space; or 3) I had
determined a priori to test for a particular source contribution (e.g., proportional contribution of
Rubus for Scarlet Tanager diet).
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I used the MixSIAR package in program R version 3.4.3 (R Development Core Team
2017) to create mixing models and estimate the proportional contributions of various diet items
in a Bayesian framework (Stock and Semmens 2013). I used 3 Markov Chain Monte Carlo
(MCMC) chains run until they reached satisfactory convergence (Rhat values < 1.01 and
Geweke diagnostic with z-scores for 0 variables outside ± 1.96 in each chain; Geweke 1991,
Brooks and Gelman 1998). I obtained 95% credible intervals from the posterior distributions of
each mixing model, and considered proportional source contribution to be significantly different
among diet items if there was no overlap in 95% credible intervals. In addition, I used kernel
utilization density (KUD) methods to calculate the size of isotopic niche space and percent
overlap for the 50%, 75%, and 95% contours with the rKIN package in program R (Eckrich et al.
in review). Due to sample size constraints, I only used KUD methods to compare isotopic niche
for two consumer tissue types (feces and RBCs).

4.4

Results

I collected tissue samples from 55 Worm-eating Warblers, 34 Ovenbirds, and 27 Scarlet
Tanagers captured in HEE clearcuts from 23 June – 12 August 2016, and the final assemblage of
diet items used in mixing models contained blackberry fruit (Rubus spp.), caterpillars
(Lepidoptera), beetles (Coleoptera), true bugs (Heteroptera), spiders (Araneae), and millipedes
(Diplopoda) (Fig 1; Appendix A Table 5). I combined diet items into six distinct groups based on
results of the K-nearest neighbor test (P < 0.01). I did not identify a significant source
contribution in any consumer tissue combination based on 95% credible intervals of mixing
model posterior distributions (Table 1). For Worm-eating Warbler, the values of median
proportional source contribution estimates were largest in Lepidoptera in 3 out of 4 tissue types
(Table 1), however this association was not significant (i.e., there was overlap among 95%
credible intervals). Median estimates of Rubus proportional contribution did not exceed 0.10 for
any Scarlet Tanager tissue (Table 1).
In mixing model analyses, I observed similarities in the proportional contributions of
various diet items among bird species (Table 1). For example, for all three mature forest bird
species, the estimated proportional contribution of Coleoptera was ≥ 0.20 for plasma, RBCs, and
feathers (Table 1). The proportional contribution of Lepidoptera was ≥ 0.27 for Worm-eating
Warbler and Ovenbird RBCs and feces (Table 1). The proportional contributions of Araneae (for
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plasma and molt), Heteroptera (for feces) and Diplopoda (for feathers) were ≥ 0.21 for Ovenbird
and Scarlet Tanager.
Results of KUD analyses identified a significant amount of niche overlap among Wormeating Warbler, Ovenbird, and Scarlet Tanager tissues, although the degree of overlap differed
between the two tissue types (Fig 2). Isotopic niche space estimates were larger for feces than
RBCs, with core niche space (50% contour) estimates of 0.62 – 5.13, 0.27 – 6.19, and 0.81 –
6.67 (RBCs – feces) for Worm-eating Warbler, Ovenbird, and Scarlet Tanager respectively
(Table 2). I observed ≥50 % overlap of feces core niche space estimates among all three species
(Table 3). However, I observed some differentiation in RBC niche space between Worm-eating
Warbler and the other two species (Fig 2). Red blood cell core niche space estimates for Wormeating Warbler did not overlap with Ovenbird (at any contour level), and only overlapped by
13% and 21% at the 75% and 95% contours respectively (Fig 3; Table 4). Isotopic niche space
estimates were largest for Scarlet Tanager (Table 2). Thus, estimates of Worm-eating Warbler
niche space overlap with Scarlet Tanager exceeded 60% at the 75% and 95% contours, and
Ovenbird niche space overlap with Scarlet Tanager was 100% at the 75% and 95% contours (Fig
3; Table 4).

4.5

Discussion

The stable isotope trophic analyses suggest that Worm-eating Warbler, Ovenbird, and Scarlet
Tanager forage primarily as generalist insectivores during the postfledging period. Mixing model
results did not identify a significant preference, and the largest estimated proportional source
contribution for any diet item was 52% (Table 1). I did observe evidence of niche differentiation
in RBCs between obligate insectivores (Worm-eating Warbler and Ovenbird) using KUD
methods (Fig. 3), however Scarlet Tanager niche space overlapped with the other two species
(Fig. 2).
Feathers are the most commonly used tissue for stable isotope analysis in birds (Dalerum
and Angerbjörn 2005). I provide strong support for the utility of other consumer tissue types with
short turnover rates to discern trophic associations of mature forest birds during the postfledging
period. In this study, I applied discrimination factors for plasma and feathers that were
empirically determined in previous studies of small warblers using diets that varied in elemental
composition (Hobson and Bairlein 2003, Pearson et al. 2003), and in the case of red blood cells
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and feces, I used discrimination factors for Dunlin and sea birds respectively (Ogden et al. 2004,
Bird et al. 2008). I recognize the inherent bias associated with using empirically derived
discrimination factors that reflect a largely insectivorous or protein driven diet to determine
foraging preferences of birds in situ. In addition, I understand the potential limitations of using
non-concentration dependent mixing models in this ecological context (Phillips and Koch 2002,
Hobson and Bairlein 2003). However, I argue that the ecological understanding gained from this
experiment outweighs the potential flaws in inference that might result from these limitations
associated with implementing stable isotope trophic analysis of consumer tissues in this field
context.
Niche space estimates using feces, which represent a recent meal, were ~8X larger than
estimates using RBCs and exhibited a significant amount of overlap among species (Table 2).
Larger niche space estimates using feces were most likely a result of the short turnover rate
associated with feces. Each fecal sample was composed of a small subset of recent prey items,
whereas RBC tissue samples represented an average of all the prey items that had been
assimilated over the previous two-week time period (Podlesak et al. 2005). Therefore, I would
only expect similar estimates of niche space using feces and RBCs if consumers were highly
specialized (Flaherty and Ben-David 2010). Previous behavioral studies of Worm-eating
Warbler, Ovenbird, and Scarlet Tanager report consumption of a large variety of invertebrate
prey that differ in isotopic signature (e.g., Lepidoptera, Coleoptera, Araneae, Hymenoptera;
Greenberg 1987, Holmes and Robinson 1988, Poole 2005). Thus, large feces niche space
estimates and extensive feces niche overlap in this context are justified.
The RBC niche space and niche overlap results were slightly more informative than the
corresponding fecal sample analysis. With the exception of Scarlet Tanager niche space, which
overlapped with the isotopic niche space of Ovenbird and Worm-eating Warbler, I observed
niche differentiation between the two obligate insectivores reflecting subtle species-specific
foraging preferences. Although foraging preferences identified in KUD niche overlap analysis of
Ovenbird and Worm-eating Warbler (Fig 3) were not strong enough to result in significant
differences in proportional source contributions in mixing models, I did observe similar nonsignificant trends in the values of estimated proportional contributions. For example, Lepidoptera
provided the largest estimated proportional contribution in 3 out of 4 Worm-eating Warbler
tissues (Table 1). Conversely, Coleoptera and Araneae provided the largest estimated
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proportional contribution in 3 out of 4 Ovenbird tissues. Although not statistically significant,
these differences support the observed separation in niche space (Fig 3) in the KUD analysis.
The results of Ovenbird niche space contradict those of Streby et al. (2013) who
determined, through direct gut analysis of juveniles, that Ovenbirds exhibited a diet preference
for Lepidoptera larvae during the postfledging period. The mixing models identified proportional
diet contribution of Lepidoptera ≥ 0.27 for Ovenbird and Worm-eating Warbler RBCs and feces,
and mixing models also identified Lepidoptera as the largest proportional source contribution for
Ovenbird feces (0.28). However, Coleoptera and Araneae were the largest proportional source
contributors for the other 3 Ovenbird tissue types. Behavioral studies suggest that Ovenbirds
forage mostly on the ground and consume an assortment of invertebrate prey items, including
Coleoptera, Lepidoptera, Hymenoptera, and Diptera (Holmes and Robinson 1988). However, if
Lepidoptera is indeed the primary component of Ovenbird diet (as suggested by Streby et al.
2013), it is possible that the more nitrogen-rich prey items may have exhibited greater influence
on the isotopic signature of consumer tissues (Pearson et al. 2003). Furthermore, it is prudent to
remember that inference from stable isotope analysis is based on assimilated diet which can
differ greatly from ingested diet (Phillips et al. 2014).
Although previous studies have identified fruit availability as a significant predictor of
Scarlet Tanager site-use during the postfledging period (Vitz et al. 2007, Chapter 3), and I
observed evidence of frugivory in this study (several Scarlet Tanager fecal samples were stained
purple and contained Rubus seeds), I did not identify fruit as a main component of assimilated
Scarlet Tanager diet in isotopic signatures of RBCs, plasma, feces, or molting feathers. The only
other study to examine postfledging diet of mature forest birds in a similar ecological context
only considered isotopic signature of molting feathers. These researchers attributed their inability
to identify a dietary shift toward frugivory for Wood Thrush and Scarlet Tanager to the protein
contingent physiological processes driving feather production (Vitz and Rodewald 2012).
Although I incorporated 3 additional tissue types that are less stringently tied to protein
production (especially plasma and feces), I encountered similar difficulties detecting this dietary
shift in Scarlet Tanager tissues using stable isotope methods. Laboratory studies have
demonstrated that the elemental composition of a bird’s diet (i.e., the percentage of invertebrates
or fruit in the diet) can affect diet-tissue-discrimination factors (Pearson et al. 2003). In addition,
differences in isotopic routing of macromolecules (e.g., carbohydrates in fruit) in response to diet
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shifts of omnivores can result in decoupling of nitrogen and carbon turnover rates, making it
more difficult to track shifts to frugivory in isotopic signatures of consumers (Hobson and
Bairlein 2003). Furthermore, the postfledging period corresponds with the timing of the prebasic
molt (Vitz and Rodewald 2012), and during feather molt, total protein turnover accelerates in all
avian tissues, not just feathers (Murphy and Taruscio 1995), which could confound the
discernable impacts of carbohydrate assimilation (of Rubus) in Scarlet Tanagers.
In light of recent declines in early successional habitat availability due to changing
human land-use practices, scientific understanding of the extent to which mature forest songbirds
use early successional habitat during the postfledging period has become more important for
avian conservation on the summer breeding grounds (Cox et al. 2014, Chapter 3). This study
used stable isotope analysis to examine the diet of mature forest birds occupying early
successional habitat within a forest landscape using RBCs, plasma, and feces (in addition to
molting feathers). These results provide some clarity to the complex postfledging trophic
associations in this ecological system. However, I emphasize the need for more empirically
derived discrimination factors for use in field studies. In addition, I recommend further
exploration and implementation of novel techniques for collecting bird breath in the field (Voigt
2009) to convey trophic associations on the scale of minutes and hours as opposed to days or
weeks.
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Tables

Table 4.1 Median (95% CI) proportional source contribution of caterpillars (Lepidoptera), beetles (Coleoptera), spiders (Araneae),
detritivores (Diplopoda), true bugs (Heteroptera), and fruit (Rubus) in consumer diet. I report mixing model results of four different
consumer tissues (plasma, blood, feces, and molting feathers) for 3 mature forest birds: Worm-eating Warbler (WEWA) Ovenbird
(OVEN) and Scarlet Tanager (SCTA) captured in southern Indiana clearcuts from 23 June – 12 August 2016. I emphasize the largest
median proportional source contribution estimate for each consumer tissue with boldface type.
Consumer Tissue
WEWA
Plasma
Blood
Feces
Feather

Lepidoptera
0.25 (0.05,0.51)
0.52 (0.34,0.73)
0.45 (0.25,0.64)
0.41 (0.17,0.64)

Coleoptera
0.52 (0.06,0.84)
0.21 (0.01,0.53)
0.13 (0.01,0.45)
0.28 (0.013,0.72)

Araneae
0.15 (0.01,0.44)
0.10 (0.01,0.26)
0.11 (0.00,0.38)
0.15 (0.01,0.36)

Diplopoda
0.14 (0.02,0.27)
0.05 (0.00,0.19)
0.13 (0.01,0.27)

Heteroptera
Rubus
0.07 (0.00,0.22)
0.20 (0.02,0.40)
-

OVEN

Plasma
Blood
Feces
Feather

0.07 (0.00,0.22)
0.27 (0.09,0.45)
0.28 (0.06,0.48)
0.16 (0.01,0.34)

0.20 (0.01,0.60)
0.32 (0.02,0.72)
0.19 (0.01,0.57)
0.40 (0.02,0.81)

0.52 (0.29,0.67)
0.15 (0.01,0.33)
0.16 (0.01,0.49)
0.22 (0.11,0.43)

0.19 (0.05,0.30)
0.24 (0.06,0.36)
0.07 (0.00,0.24)
0.22 (0.09,0.33)

0.23 (0.02,0.48)
-

-

SCTA

Plasma
Blood
Feces
Feather

0.14 (0.01,0.40)
0.14 (0.01,0.39)
0.13 (0.01,0.38)
0.12 (0.01,0.39)

0.25 (0.01,0.75)
0.29 (0.01,0.75)
0.15 (0.01,0.52)
0.26 (0.01,0.73)

0.41 (0.08,0.64)
0.25 (0.02,0.47)
0.21 (0.01,0.57)
0.28 (0.03,0.50)

0.07 (0.00,0.18)
0.18 (0.06,0.29)
0.07 (0.00,0.24)
0.21 (0.06,0.34)

0.25 (0.04,0.50)
-

0.08 (0.00,0.24)
0.09 (0.01,0.24)
0.09 (0.01,0.25)
0.08 (0.00,0.24)
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Table 4.2 Isotopic niche space estimates generated using Kernel Utilization Density methods for
Worm-eating Warbler (WEWA), Ovenbird (OVEN), and Scarlet Tanager (SCTA) for feces and
red blood cells (RBCs) at 50% 75% an 95% contour levels. Tissue samples were collected in 6
different clearcuts in southern Indiana from 23 June – 12 August 2016.
Species
WEWA

Contour (%) Feces
50
5.13
75
9.56
95
17.48

RBCs
0.62
1.28
2.50

OVEN

50
75
95

6.19
12.99
26.62

0.27
0.51
0.95

SCTA

50
75
95

6.67
13.27
25.06

0.81
1.84
3.95
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Table 4.3 Percent overlap estimates of feces isotopic niche space generated using Kernel
Utilization Density methods for Worm-eating Warbler (WEWA), Ovenbird (OVEN), and Scarlet
Tanager (SCTA) at 50% 75% an 95% contour levels. A dash symbol (-) indicates 100 % overlap.
Tissue samples were collected in 6 different clearcuts in southern Indiana from 23 June – 12
August 2016.

Worm-eating Warbler

WEWA

OVEN

SCTA

Ovenbird

Scarlet Tanager

50%

75%

95%

50%

75%

95%

50%

75%

95%

50%

-

-

-

0.60

0.97

-

0.80

-

-

75%

0.54

-

-

0.57

0.89

-

0.64

0.94

-

95%

0.29

0.55

-

0.35

0.69

0.98

0.38

0.67

0.92

50%

0.50

0.87

-

-

-

-

0.74

0.94

1.0

75%

0.39

0.65

0.93

0.48

-

-

0.46

0.76

0.99

95%

0.19

0.40

0.64

0.23

0.49

-

0.25

0.45

0.78

50%

0.61

0.91

-

0.68

0.90

-

-

-

-

75%

0.39

0.68

0.88

0.44

0.75

0.90

0.50

-

-

95%

0.21

0.38

0.64

0.25

0.51

0.83

0.27

0.53

-
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Table 4.4 Percent overlap estimates of red blood cell isotopic niche space generated using Kernel Utilization Density methods for
Worm-eating Warbler (WEWA), Ovenbird (OVEN), and Scarlet Tanager (SCTA) at 50% 75% an 95% contour levels. A dash symbol
(-) indicates 100 % overlap. Tissue samples were collected in 6 different clearcuts in southern Indiana from 23 June – 12 August 2016.

Worm-eating Warbler

WEWA

OVEN

SCTA

Ovenbird

Scarlet Tanager

50%

75%

95%

50%

75%

95%

50%

75%

95%

50%

-

-

-

0.00

0.00

0.00

0.15

0.69

-

75%

0.49

-

-

0.09

0.13

0.17

0.22

0.60

0.94

95%

0.25

0.51

-

0.10

0.15

0.21

0.21

0.45

0.77

50%

0.00

0.43

0.90

-

-

-

0.91

-

-

75%

0.00

0.32

0.74

0.53

-

-

0.88

-

-

95%

0.00

0.23

0.54

0.29

0.54

-

0.69

0.94

-

50%

0.12

0.34

0.66

0.31

0.55

0.81

-

-

-

75%

0.23

0.42

0.61

0.15

0.28

0.49

0.44

-

-

95%

0.16

0.30

0.49

0.07

0.13

0.24

0.21

0.47
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Figures
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Scarlet Tanager
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Figure 4.1 Red blood cell (RBC) isotopic means (± SD) plotted in bivariate mixing space for
Worm-eating Warbler (green), Ovenbird (blue), and Scarlet Tanager (red) captured in southern
Indiana clearcuts from 23 June – 12 August 2016. Isotopic mixing space is delineated by all six
potential diet sources (mean ± SD), adjusted for avian RBC discrimination (D13C = 2.0‰, and
D15N = 3.0‰).
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Figure 4.2 Isotopic niche estimates generated using Kernel Utilization Density methods for
Ovenbird (orange), Scarlet Tanager (purple), and Worm-eating Warbler (green) RBCs (A.) and
feces (B.) at 50%, 75%, and 95% contour levels. Tissue samples were collected in 6 different
clearcuts in southern Indiana from 23 June – 12 August 2016.
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Figure 4.3 Isotopic niche estimates generated using Kernel Utilization Density methods for
Worm-eating Warbler (green) and Ovenbird (orange) RBCs and feces at 50%, 75%, and 95%
contour levels. Tissue samples were collected in 6 different clearcuts in southern Indiana from 23
June – 12 August 2016.
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Appendices

Appendix 4.A Table 4.5 Mean isotopic values of δ15N and δ13C for prey items opportunistically sampled in 6 different clearcuts (Site)
in southern Indiana from 24 June – 10 August 2016 (Collection Date). I identify specimens to species if possible, report the
invertebrate order or fruit genus used in stable isotope analyses (Group), and identify the trophic level of prey items (Diet).
Specimen
Rubus spp.
Rubus spp.
Rubus spp.
Rubus spp.
Rubus spp.
Rubus spp.
Rubus spp.
Rubus spp.
Rubus spp.
Rubus spp.
Rubus spp.
Rubus spp.
Araneae spp.
Araneae spp.
Araneae spp.
Araneae spp.
Araneae spp.

Group
Rubus
Rubus
Rubus
Rubus
Rubus
Rubus
Rubus
Rubus
Rubus
Rubus
Rubus
Rubus
Araneae
Araneae
Araneae
Araneae
Araneae

Diet
Primary producer
Primary producer
Primary producer
Primary producer
Primary producer
Primary producer
Primary producer
Primary producer
Primary producer
Primary producer
Primary producer
Primary producer
Predator
Predator
Predator
Predator
Predator

Mean d15N
-4.8628883
-3.1056105
-1.4362763
-5.9244115
-5.7594368
-5.415112
-5.8393998
-1.6115148
-2.4890758
-2.490575
-2.3711348
-4.1066108
3.93941025
4.10349225
2.4374302
1.95995415
2.263047

Mean d13C
-30.348259
-29.653969
-30.277163
-29.049428
-29.521838
-30.363964
-29.697785
-29.117728
-27.235709
-28.588331
-30.391827
-29.697
-25.283006
-25.534613
-27.071362
-24.921732
-25.902844

Collection Date
7/10/16
7/10/16
7/10/16
7/13/16
7/5/16
7/9/16
7/15/16
7/11/16
7/11/16
7/11/16
7/12/16
7/12/16
7/10/16
6/30/16
7/30/16
8/2/16
7/9/16

Site
1
1
1
2
2
3
3
4
4
4
6
6
1
1
1
2
3
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Appendix 4.A Table 4.5 continued
Araneae spp.
Araneae spp.
Araneae spp.
Araneae spp.
Tetragnathidae spp.
Tetragnathidae spp.
Tetragnathidae spp.
Tetragnathidae spp.
Tetragnathidae spp.
Tetragnathidae spp.
Tetragnathidae spp.
Tetragnathidae spp.
Diplopoda spp.
Diplopoda spp.
Diplopoda spp.
Diplopoda spp.
Diplopoda spp.
Diplopoda spp.
Diplopoda spp.
Diplopoda spp.
Diplopoda spp.
Diplopoda spp.
Diplopoda spp.
Diplopoda spp.
Diplopoda spp.
Lepidoptera spp.
Lepidoptera spp.

Araneae
Araneae
Araneae
Araneae
Araneae
Araneae
Araneae
Araneae
Araneae
Araneae
Araneae
Araneae
Diplopoda
Diplopoda
Diplopoda
Diplopoda
Diplopoda
Diplopoda
Diplopoda
Diplopoda
Diplopoda
Diplopoda
Diplopoda
Diplopoda
Diplopoda
Lepidoptera
Lepidoptera

Predator
Predator
Predator
Predator
Predator
Predator
Predator
Predator
Predator
Predator
Predator
Predator
Detritivore
Detritivore
Detritivore
Detritivore
Detritivore
Detritivore
Detritivore
Detritivore
Detritivore
Detritivore
Detritivore
Detritivore
Detritivore
Herbivore
Herbivore

3.6799194
3.46894375
1.79784
1.2590178
3.730313
3.78878375
4.46220075
3.104493
2.8949786
2.4139715
1.8162705
1.8622884
-1.8554858
-0.9803305
-2.6118638
-1.2900615
-2.3513627
-2.1971009
-1.7047653
-2.4789624
-1.435308
-2.222169
-2.3597378
-1.9536878
-1.81946
-0.7989213
-0.8327855

-26.207712
-26.171342
-26.917181
-24.403553
-26.825363
-26.566997
-27.158694
-24.62235
-25.677285
-25.455516
-26.56345
-26.482038
-23.533913
-24.746783
-23.2575
-23.840196
-25.583711
-23.738976
-23.813373
-23.863013
-24.320485
-24.204188
-24.268481
-23.782501
-22.671611
-28.918634
-31.452952

6/25/16
7/22/16
7/11/16
7/7/16
7/30/16
7/30/16
7/30/16
6/25/16
7/25/16
7/16/16
7/23/16
7/23/16
6/30/16
7/15/16
8/3/16
7/15/16
7/15/16
7/15/16
7/15/16
8/3/16
7/11/16
6/26/16
7/7/16
6/26/16
7/7/16
7/30/16
6/30/16

3
4
4
5
1
1
1
3
3
5
6
6
1
3
3
3
3
3
3
3
4
5
5
5
5
1
1
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Appendix 4.A Table 4.5 continued
Lepidoptera spp.
Lepidoptera spp.
Lepidoptera spp.
Lepidoptera spp.
Lepidoptera spp.
Lepidoptera spp.
Lepidoptera spp.
Phosphila turbulenta
Phosphila turbulenta
Phosphila turbulenta
Phosphila turbulenta
Phosphila turbulenta
Phosphila turbulenta
Phosphila turbulenta
Phosphila turbulenta
Oncopeltus fasciatus
Oncopeltus fasciatus
Oncopeltus fasciatus
Oncopeltus fasciatus
Oncopeltus fasciatus
Oncopeltus fasciatus
Oncopeltus fasciatus
Oncopeltus fasciatus
Calopteron terminale
Calopteron terminale
Calopteron terminale
Calopteron terminale

Lepidoptera
Lepidoptera
Lepidoptera
Lepidoptera
Lepidoptera
Lepidoptera
Lepidoptera
Lepidoptera
Lepidoptera
Lepidoptera
Lepidoptera
Lepidoptera
Lepidoptera
Lepidoptera
Lepidoptera
Heteroptera
Heteroptera
Heteroptera
Heteroptera
Heteroptera
Heteroptera
Heteroptera
Heteroptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera

Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Omnivore
Omnivore
Omnivore
Omnivore

4.73967165
-2.306667
-3.0430365
0.40247775
-1.2186675
-4.6147038
0.02266775
-1.3506644
-1.668986
-1.7359525
-1.6566837
0.90215895
-0.235703
-1.8324043
-2.5128143
5.6223665
4.4229665
3.5893835
5.20946895
2.2850058
2.27148285
9.0914054
3.2183662
-0.4677923
0.128663
-0.6983282
1.27507875

-24.178777
-25.419548
-31.268226
-30.89488
-28.0203
-28.253894
-28.924713
-29.543437
-27.30106
-28.825926
-27.007876
-26.918802
-28.945484
-28.752976
-27.053363
-28.047788
-27.884663
-27.434802
-28.701287
-27.993253
-25.605979
-29.353866
-26.105571
-25.629788
-26.170294
-25.83707
-24.984825

6/30/16
6/24/16
6/24/16
8/10/16
6/26/16
6/26/16
7/23/16
7/21/16
7/5/16
7/5/16
7/5/16
7/5/16
7/15/16
7/8/16
NA
7/22/16
7/22/16
7/22/16
7/22/16
7/22/16
7/22/16
7/22/16
7/22/16
7/10/16
7/13/16
7/13/16
7/13/16

1
2
2
4
5
5
6
1
2
2
2
2
3
3
6
4
4
4
4
4
4
4
4
1
2
2
2
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Appendix 4.A Table 4.5 continued
Calopteron terminale
Calopteron terminale
Calopteron terminale
Macrodactylus subspinosus
Macrodactylus subspinosus
Macrodactylus subspinosus
Macrodactylus subspinosus
Macrodactylus subspinosus
Macrodactylus subspinosus
Macrodactylus subspinosus
Macrodactylus subspinosus
Macrodactylus subspinosus
Macrodactylus subspinosus
Macrodactylus subspinosus

Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera
Coleoptera

Omnivore
Omnivore
Omnivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore
Herbivore

2.16029415
1.580403
-0.62337
0.301092
-0.5776836
1.194941
0.86509605
-0.6783042
1.19807975
1.45109055
0.54956055
1.6739688
0.5971413
1.0809624

-26.211781
-27.297893
-26.715188
-26.161856
-26.883766
-26.891351
-27.022047
-26.817526
-26.8436
-26.45977
-27.201712
-25.851944
-27.158188
-25.118099

7/27/16
7/27/16
7/27/16
7/21/16
7/13/16
7/13/16
6/25/16
6/25/16
7/16/16
6/26/16
6/26/16
6/26/16
7/7/16
6/26/16

5
5
5
1
2
2
3
3
5
5
5
5
5
5
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