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ABSTRACT
I conducted a study to examine how local scale forest features and local forest
complexity influence forest bird occupancy. In the first chapter, I utilized multi-species
occupancy models to determine if I could identify local scale forest features associated with
increased occupancy of groups of co-occurring species of forest birds. Over the 2015 and 2016
breeding seasons, I conducted 310 avian point counts within 77 sites across forested regions
within the Allegheny Plateau and Ridge and Valley ecoregions in Pennsylvania. I returned to
each of these point count locations to collect vegetation data after the breeding season in 2015
and 2016. For my analysis, I first used a general model that tested the same set of six covariates
across six groups of co-occurring species: species associated with the canopy, midstory,
understory and ground strata as well as conifers and dead wood. This model included the
abundance of canopy, midstory, understory, and ground cover, as well as proportion of conifers
in the canopy and abundance of snags. I then created group specific models for each of the six
groups. For the canopy group, I created a model that included three covariates: canopy cover,
the abundance of large trees, and abundance of understory cover. For the midstory group, I
created a model that included three covariates: the abundance of midstory cover, abundance of
small trees, and standard deviation of DBH. For the understory group, I created a model that
included two covariates: the abundance of tall ericaceous shrubs and the abundance of ground
cover. For the ground group, I created a model that included three covariates: the abundance of
ground cover, abundance of hayscented fern, and litter depth. For the conifer group, I created a
model that included two covariates: the proportion of hemlock and proportion of other conifers
in the canopy. Finally, for the dead wood group, I created a model that included two covariates:
the abundance of snags and abundance of woody debris.
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I found that different local scale forest features were associated with the increased or
decreased occupancy of each group. From the results of each occupancy model, I was able to
determine a posterior mean effect of each covariate. A positive posterior mean effect
demonstrates an increase in predicted occupancy given a certain covariate while a negative
posterior mean effect demonstrates a decrease in predicted occupancy. Each posterior mean
effect size included 95% credible intervals, which can be used to evaluate strength of association.
Intervals that do not overlap 0 or slightly overlap 0 indicate more significant results than credible
intervals that largely overlap 0.
On average, the predicted occupancy of understory associates was 0.29. Of the
covariates I measured, the abundance of tall ericaceous shrubs had the strongest correlation with
the predicted occupancy of understory associates and had a positive mean posterior effect, or β,
of 0.59 with the 95% credible interval slightly overlapping 0 (95% CrI=-0.04 to 1.2). The
predicted occupancy of five out of six understory associates, Common Yellowthroat (Geothlypis
trichas), Hooded Warbler (Setophaga citrina), Chestnut-sided Warbler (Vireolanius
melitophrys), Black-throated Blue Warbler (Setophaga caerulescens), Canada Warbler
(Cardellina canadensis), and Eastern Towhee (Pipilo erythrophthalmus), increased with
increasing abundance of tall ericaceous shrubs. However, the predicted occupancy of Indigo
Bunting (Passerina cyanea) decreased (β=-0.67, 95% CrI=-1.37 to 0.00). Overall, the posterior
mean effect of tall ericaceous shrubs was more positive than the posterior mean effect of the
other covariate included in the understory associate model, abundance of ground cover (β=0.24,
95% CrI=-0.08 to 0.57).
Our results indicate that understory associates utilize areas with increased abundance of
tall ericaceous shrubs, such as mountain laurel. These shrubs occur on acidic soils that are
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considered poor quality and can suppress tree regeneration. Therefore, these shrubs are often
considered detrimental to forest quality. However tall ericaceous are currently a dominant
understory feature within Pennsylvania. The positive relationship we identified with this study
indicate that despite management concerns, tall ericaceous shrubs may provide habitat for certain
bird species. Therefore, the shrubs may provide an important structural feature for understory
associates even in areas with poor quality soils.
The predicted occupancy of midstory associates was 0.20 on average, slightly lower than
that of understory associates. Of the covariates I measured, the standard deviation of DBH had
the strongest correlation with the predicted occupancy of midstory associates and had a positive
mean posterior effect, or β, of 0.16 with the 95% credible interval slightly overlapping 0 (95%
CrI = -0.09 to 0.43). The posterior mean effect was positive for all five species included in this
group and was highest for Acadian Flycatcher (Empidonax virescens) (β=0.23, 95% CrI=-0.07 to
0.54). The posterior mean effects for the other covariates included in the midstory associate
model, midstory cover and small tree abundance, were both negative and had credible intervals
that overlapped 0 (β=-0.15, 95% CrI =-0.46 to 0.14; β=-0.15, 95% CrI =-0.50 to 0.23).
Consequently, our results demonstrate a positive correlation between the standard
deviation of DBH and the predicted occupancy of midstory associates. Management techniques
such as uneven-aged management may prove useful in creating important structural features,
such as a variety of tree sizes. Monitoring features like standard deviation of DBH following
management may allow managers to determine how successful certain prescriptions are for
creating quality habitat. Additionally, identifying areas with high variation of tree sizes may
allow managers to identify areas that have higher quality habitat for midstory associates.
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Canopy associates were the most abundant group of species with a predicted occupancy
of 0.42. Of the covariates I measured, the abundance of understory cover had the strongest
correlation with the predicted occupancy of canopy associates and had a negative mean posterior
effect, or β, of -0.24 (95% CrI=-0.49 to -0.01). The posterior mean effect of understory cover
was negative for all six species included in this group and was most negative for Rose-breasted
Grosbeak (Pheucticus ludovicianus) (β=-0.33, 95% CrI =-0.67 to -0.02). While the abundance
of understory itself likely does not have a direct negative impact on canopy associates, more
abundant of understory cover likely indicates larger canopy openings and reduced availability of
canopy habitat. The posterior mean effects of the other covariates included in the canopy
associate model, canopy cover and abundance of large trees, were considered negligible because
they did not demonstrate as strong of a negative effect as understory cover and had credible
intervals that largely overlapped 0 (β=-0.01, 95% CrI =-0.31 to 0.31; β=-0.08, 95% CrI =-0.38 to
0.23).
Ground associates were the second-most abundant group with a predicted occupancy of
ground associates was 0.35. However, the local scale forest features I included in my ground
associate model had minimal effect on birds within this group. The posterior mean effects of the
covariates included in the ground associate model, abundance of ground vegetation cover (β=0.08, 95% CrI =-0.54 to 0.36), litter depth (β=-0.05, 95% CrI =-0.30 to 0.20), and the abundance
of hayscented fern (β=0.00, 95% CrI =-0.25 to 0.25), were all considered negligible with small
effect sizes and credible intervals that largely overlapped 0. Therefore, it is difficult to draw
conclusions about the direct impact of local forest features on the occupancy of ground
associates.
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Conifer associates were our rarest group with a predicted occupancy of conifer associates
was 0.16. Of the covariates I measured, the proportion of hemlock in the canopy had the
strongest correlation with the predicted occupancy of conifer associates and had a positive mean
posterior effect, or β, of 0.34 (95% CrI=0.09 to 0.59). The posterior mean effect of hemlock was
positive for 10 out of the 11 species we included in this model and was highest for Blue-headed
Vireo (Vireo solitaries) (β=0.62, 95% CrI =0.29 to 0.97). The posterior mean effect of hemlock
was slightly negative for Yellow-rumped Warbler (Setophaga coronata), but considered
negligible as the effect size was small and the credible intervals largely overlapped 0 (β=-0.02,
95% CrI =-0.66 to 0.54). The other covariate included in the conifer associate model,
proportion of other conifers in the canopy, had a positive posterior mean effect (β=0.13, 95% CrI
=-0.10 to 0.36), however the credible intervals overlapped 0 and this posterior mean effect was
not as strong as the effect of hemlock in the canopy. The posterior mean effect of other conifers
in the canopy was highest for Blue-headed Vireo (β=0.42, 95% CrI =0.10 to 0.77).
The positive correlation between the abundance of hemlock in the canopy and the
predicted occupancy of conifer associates indicates another forest feature that managers should
monitor. The abundance of hemlock in the canopy may decrease as pests like hemlock woolly
adelgid damage hemlock stands, while the abundance of woody debris may increase with
hemlock die-off. My results indicating a positive effect of hemlock on conifer associates provide
further evidence that hemlock woolly adelgid will likely negatively affect conifer associates as
forest composition changes. In addition to protecting extant stand of hemlock, managers should
examine other forest features that may provide similar habitat for conifer associates. While the
positive correlation we identified between the predicted occupancy of conifer associates and
other conifers was not as strong as the relationship with hemlock, these findings indicate that
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certain species within this group may be able to utilize other coniferous species as hemlocks
decline. Hemlock is considered valuable to wildlife because it retains its lower branches,
creating complex vertical structures from close to the base of each tree to the crown. Therefore,
it may also be worthwhile for future research to explore how conifer associates utilize other
structural features within the forest that could be managed as hemlock continues to decline.
On average, the predicted occupancy of dead wood associates was 0.17. Of the
covariates I measured, the abundance of woody debris had the strongest correlation with the
predicted occupancy of dead wood associates and had a positive mean posterior effect size, or β,
of 0.18, although credible intervals slightly overlapped 0 (95% CrI=-0.02 to 0.39). The mean
posterior effect of woody debris was highest for Black-and-white Warbler (β=0.13, 95% CrI
=0.02 to 0.54). The mean posterior effect of the other covariate included in the dead wood
associate model, the abundance of snags, was slightly positive (β=0.09, 95% CrI =-0.18 to 0.38),
but had credible intervals that overlapped 0 and was not as high as the mean posterior effect of
woody debris.
The abundance of woody debris was a stronger predictor of increased occupancy of dead
wood associates than snags. Our results suggest that the abundance of woody debris is a better
indicator of the availability of dead wood features than the abundance of snags. Within the
forest there are many trees that are dying from disease, yet are not considered snags. These trees
may create the same nesting and foraging materials as snags. Collectively, woody debris may be
the best indicator of habitat features used by dead wood associates given these condition. Dead
wood associates may also benefit in the short term as dying hemlock creates more dead wood
material.

However, these species may decline in the long term as diseased trees are replaced

and no longer contributes to the amount of coarse woody debris within a forest. Tracking these
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local scale features may allow managers to determine the current suitability of forest habit for
forest bird communities and make more effective management decisions to conserve quality
habitat as these processes continue to shape forested habitat.
These results indicate that local scale forest features may be useful in predicting
increased occupancy of groups of co-occurring species. Of the covariates we included in our
models, the abundance of tall ericaceous shrubs, hemlock in the canopy, and woody debris, as
well as the standard deviation of DBH appeared to positively correlate with the predicted
occupancy of understory, conifer, dead wood, and midstory associates respectively. The
increased abundance of these forest features may therefore be indicators of higher quality habitat
for these groups of habitat associates. These features may be monitored to determine the current
quality of forested habitat for certain groups of interest, as well as the efficacy of management
prescription. Each of these features are already monitored through surveys such as the
Continuous Forest Inventory. Additionally, managers may benefit from utilizing forest bird
monitoring programs and point count data to identify areas where these features may already be
present by examining which forested areas are occupied by the groups of co-occuring species.
Moving beyond a focus on different groups within the forest bird community, in the
second chapter I used multi-species occupancy models to examine how local forest complexity
affects overall species richness of forest specialists. I used the same avian point count and
vegetation data from the first chapter to examine if forest bird species richness increased as local
compositional and structural complexity increase. I created a model that included two measures
of structural complexity as well as four measures of compositional complexity: the standard
deviation of DBH, the volume of vegetation below the canopy, tree species richness, shrub
species richness, the number of ground cover types, and the number of forest cover types within
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500 m. I also examined the nestedness of our points to examine whether species depauperate
(i.e., not species rich) sites were subsets of species rich sites.
Our results indicate that structural complexity had a positive effect on overall species
richness. The standard deviation of DBH had the strongest positive correlation with bird species
richness compared to other measurements of structural complexity and across 47 species had an
average mean posterior effect size of 0.09 (95% CrI=0 to 0.18). The standard deviation of DBH
had a positive correlation with the occupancy of 44 of the species we examined. The standard
deviation of DBH had the strongest positive correlation with the occupancy of the midstory
(β=0.16, 95% CrI = -0.10, 0.41), conifer (β=0.18, 95% CrI = -0.01, 0.38), and dead wood
(β=0.15, 95% CrI = -0.07, 0.36) associated groups, although credible intervals overlapped 0.
These results indicate that uneven-aged management or other management strategies that
can create more variation of tree DBH may be a useful tool for maintaining forest bird species
diversity. Managers monitoring the success of management prescriptions may also benefit from
tracking the standard deviation of DBH as a metric. Prescriptions that results in a higher
standard deviation of DBH will likely be more effective for creating stands that support higher
bird species richness.
While the volume of vegetation below the canopy did not have as strong of a positive
relationship with bird species richness as standard deviation of DBH, this features also hada
positive correlation with bird species richness and had an average mean posterior effect of 0.06,
although credible intervals overlapped 0 (95% CrI= -0.06 to 0.19). This feature had a positive
correlation with the occupancy of about half of the species we examined (n=23) and had the
strongest positive correlation with the occupancy of understory associates (β=0.35, 95% CrI =
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0.00, 0.65). Certain measures of compositional complexity also had a positive correlation with
bird species richness.
The number of cover types within a 500 m buffer around each point had the strongest
positive effect on species richness compared to other measurement of compositional complexity.
The number of cover types within a 500 m buffer had an average mean posterior effect size of
0.10, although credible intervals slightly overlapped 0 (95% CrI=-0.01 to 0.21). The number of
cover types had the strongest positive correlation with the occupancy of the understory (β= 0.14,
95% CrI = -0.11), ground (β=0.16, 95% CrI = -0.19, 0.49), and conifer (β=0.20, 95% CrI = 0.05, 0.45) groups and had a positive correlation with the occupancy of 45 species. This positive
correlation between the number of forest cover types within a 500 m buffer and bird species
richness indicates that spatial heterogeneity is also important for maintaining species diversity.
The results of our other measurements of compositional complexity provide more evidence
supporting the importance of spatial heterogeneity as well.
Measurements of local compositional complexity, including tree species and shrub
species richness and number of ground cover types did not appear to have a strong positive effect
on species richness. Across 47 bird species, tree species richness had an average mean posterior
effect of 0.04 with credible intervals largely overlapping 0 (95% CrI=-0.11 to 0.20), and shrub
species richness had an average mean posterior effect of -0.04 with credible intervals also
overlapping 0 (95% CrI=-0.19 to 0.10). Tree species richness had the strongest positive
correlation with the occupancy of midstory-associated species (β=0.39, 95% CrI = -0.13, 0.94)
and the strongest negative correlation with the occupancy ground-associated species (β=-0.12,
95% CrI = -0.43, 0.17), although credible intervals overlap 0. Shrub species richness had the
strongest positive correlation with the occupancy of the midstory and understory groups (β=0.16,
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95% CrI = -0.13, 0.46; β=0.23, 95% CrI = -0.06, 0.50) and the strongest negative correlation
with the occupancy of the canopy, conifer, and dead wood groups (β=-0.26, 95% CrI = -0.67,
0.21; β=-0.18, 95% CrI = -0.46, 0.11; β=-0.17, 95% CrI = -0.55, 0.19), although credible
intervals overlap 0. The number of ground cover types had an average mean posterior effect of 0.05 with credible intervals slightly overlapping 0 (95% CrI=-0.15 to 0.05), however this
covariate appeared to have a negligible effect on the occupancy of all groups of co-occurring
species. For each of these compositional covariates, the credible intervals largely overlapped 0
and did not appear to affect overall species richness positively or negatively.
These results indicate that changes in compositional complexity may lead to changes in
forest bird community composition, but not overall richness. The varying effect of measures of
compositional complexity on the predicted occupancy of the six groups of interest, as well as our
results from the first chapter linking species groups to local forest features, indicate that
microhabitats within the forest are important to specific groups of co-occuring species.
Therefore, spatial heterogeneity would increase the availability of a variety of these microhabitat
features across a landscape and allow managers to maintain biodiversity across forests.
Our nestedness results also indicate that managing certain for features that increase
species richness, such as the standard deviation of DBH and spatial heterogeneity, stands to
benefit the forest bird community as a whole. Of the points we surveyed, species rich and
species depauperate points were nested based on the expected nesting from a random distribution
(p<0.001). 48.23% of our points demonstrated an overlap pattern consistent with nestedness,
whereas 25.08% of cells in a random matrix demonstrated overlap consistent with a nested
pattern. Therefore, the overlap of species within our points deviated from what would be
expected in a random, non-nested matrix (p<0.001). These results indicate that managing for
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species richness of forest specialists meets the goal of keeping common species common, while
also creating habitat for rare species of interest. This demonstrates that managing for forest bird
species richness may be a useful strategy for managing habitat for the forest bird community as a
whole. Therefore, using management tools that create higher variability of tree sizes and also
encourage spatial heterogeneity across a forested landscape would be useful for balancing the
needs of both rare and common forest bird species on interest.
The results of this project indicate that a number of forest features may be useful for
monitoring the current quality of forested habitat, determining the efficacy of management
techniques, and creating areas of higher diversity. Each of the forest features that demonstrated a
positive correlation with the predicted occupancy of groups of co-occurring species are already
monitored through surveys such as the Continuous Forest Inventory and are highly accessible to
forest managers. The results of Chapter 1 demonstrating that measures of ericaceous shrubs,
hemlock abundance, standard deviation of DBH, and woody debris abundance predict increased
occupancy for understory, conifer, midstory, and dead wood associates respectively indicate the
importance of microhabitat features for certain groups of co-occurring species. Chapter 2
demonstrated that the standard deviation of DBH and the number of cover types within 500 m
positively correlated with predicted bird species richness. This demonstrates that local structural
complexity as well as spatial heterogeneity may be useful to indicate area of forest that can
support higher biodiversity. Across a forested landscape, managers may be able to maintain
robust and diverse forest bird communities by maintaining a variety of microhabitats and forest
cover types across a landscape as well as managing for higher variation of tree sizes within forest
stands.
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THESIS FORMAT
My thesis is written in two chapters. Chapter 1 examines the effect of local scale forest
features on the predicted occupancy of groups of co-occurring forest birds, and Chapter 2
examines how local scale forest complexity affects overall species richness and richness within
groups of co-occurring species. Both are formatted for The Condor.
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CHAPTER ONE

Effects of local forest structure and composition on forest bird
occupancy within contiguous forest
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ABSTRACT
Forest wildlife management often focuses on maintaining the quantity of forest habitat.
Forest quality, which is changing as a result of processes like overbrowsing from deer, soil
acidification, and energy development, is also important for wildlife, specifically for forest birds.
Previous work studying the interactions between forest birds and local forest features often
focuses on single species. However, community approaches to wildlife management questions
may provide more information about group responses to local forest features. Additionally,
understanding which forest features affect the occupancy of groups of forest birds will provide
managers with more tools for prioritizing conservation strategies and monitoring the
effectiveness of management prescriptions. Here, we examine the effect of local compositional
and structural forest features on the occupancy of groups of co-occurring species of forest birds,
utilizing occupancy as a proxy to indicate forest quality. We hypothesized that local forest
compositional and structural features can be used to predict increased occupancy of forest
songbird species. We further hypothesized that groups of birds associated with the ground,
understory, midstory, and canopy stratum, conifers, and dead wood respond to different local
forest features across groups and that species within these groups will demonstrate similar
responses to the same local forest features. If the predicted occupancy of groups of co-occurring
species did increase or decrease as the abundance of local scale forest features increased, it was
our objective to then identify which features most strongly predicted the change in occupancy of
those groups.
We utilized occupancy data collected from 310 point count locations across forested
regions in the Allegheny Plateau and Ridge and Valley ecoregions in Pennsylvania during the
2015-2016 breeding seasons to create multi-species occupancy models. We first used a general
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model to test six groups of co-occurring species against the same set of covariates. We arranged
species into groups associated with the canopy, midstory, understory and ground strata as well as
conifer and dead wood. The general model included the abundance of cover in the canopy,
midstory, understory and ground strata as well as proportion of conifer cover and abundance of
snags. We then created group specific models for each group of co-occurring species. From
these models, we are able to determine the mean posterior effect size of each covariate for each
group. A positive posterior effect size indicates that predicted occupancy increases as a
covariates increases, while a negative posterior effect size indicates that predicted occupancy
decreases as a covariate increases. Each posterior mean had a 95% credible interval and interval
of values that has a 95% probability of containing the true value of the effect size. Credible
intervals that do not overlap 0 or only slightly overlap 0 indicate higher statistical significance of
results than credible intervals that largely overlap 0.
Our model for conifer associates included the proportion of hemlock and other conifer in
the canopy. Of the covariates we measured, our results indicate that the abundance of hemlock
in the canopy had the strongest effect on the occupancy of conifer associates with a positive
correlation with the predicted occupancy of conifer-associated species. The abundance of
hemlock in the canopy had a posterior mean effect, or β of 0.34 (95% CrI = 0.09 to 0.59). Over
the range of values of proportion of hemlock (0-85.5), the average predicted occupancy
increased from 0.06 to 0.25.
Our model for understory associates included the abundance of tall ericaceous shrubs and
abundance of ground cover. Of these two covariates, the abundance of tall ericaceous shrubs had
the strongest effect on the occupancy of understory associates with a positive correlation with the
predicted occupancy of understory-associated species, although the credible interval slightly
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overlapped 0 (β=0.59, 95% CrI = -0.04 to 1.2). Over the range of values of tall ericaceous shrub
abundance (0-100), the average predicted occupancy increased from 0.14 to 0.49.
Our model for canopy associates included the abundance of canopy cover, abundance of
large trees, and abundance of understory cover. Of these covariates, our results indicated that the
abundance of understory cover was the strongest predictor of occupancy for canopy associates
and had a negative correlation with the predicted occupancy of canopy-associated species (β=0.24, 95% CrI = -0.49 to -0.01). Over the range of values of understory cover (0-100), the
average predicted occupancy decreased by nearly half from 0.43 to 0.24.
Our model for midstory associates included the abundance of midstory cover, the
abundance of small trees, and the standard deviation of DBH. Of the covariates we measured,
standard deviation of DBH was the strongest predictor of occupancy for midstory associates and
had a positive correlation with the predicted occupancy of midstory-associated species, although
the credible interval slightly overlapped 0 (β=0.16, 95% CrI = -0.09 to 0.43). Over the range of
values of standard deviation of DBH (1.6-10.7), the average predicted occupancy more than
doubled and increased from 0.09 to 0.21.
Our model for dead wood associates included the abundance of snags and abundance of
woody debris. Of these covariates, the abundance of woody debris was the strongest predictor of
occupancy for dead wood associates and had a positive correlation with the predicted occupancy
of dead wood-associated species, although the credible interval slightly overlapped 0 (β=0.18,
95% CrI = -0.02 to 0.39). Over the range of values of woody debris (0-9), the average predicted
occupancy increased from 0.07 to 0.18.
Our model for ground associates included the abundance of ground cover, the abundance
of hayscented fern, and litter depth. However, none of the features we measured local features
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appeared to have a significant effect on changes in occupancy of ground-associates species. We
are therefore unable to draw clear conclusions about the relationships between local forest
features and the occupancy of ground associates.
These results provide evidence that the abundance of local scale forest features can be
used to predict changes in occupancy of certain groups of forest specialist birds. The abundance
of tall ericaceous shrubs, hemlock in the canopy, and woody debris, as well as the standard
deviation of DBH positively correlated with the predicted occupancy of understory, conifer, dead
wood, and midstory associates respectively and may prove useful to managers looking to track
changes in forested habitat. Tall ericaceous shrubs, which often occur on acidic soils, may
provide an important structural feature for understory associates in otherwise poor soil
conditions. Tall ericaceous shrubs are often considered to be a detrimental presence in
Pennsylvania forests because they can reduce regeneration of desirable tree species. However,
our results indicate that tall ericaceous shrubs such as mountain laurel, which can be a dominant
understory feature, may provide habitat for certain species, such as understory associates.
Our results demonstrating a positive relationship between the abundance of hemlock and
conifer associates may inform other management concerns in Pennsylvania forests as well.
Hemlock may decline as pests like hemlock woolly adelgid damage hemlock stands. Our results
demonstrate a positive correlation between hemlock and conifer associate occupancy and
provide further evidence that hemlock die-off will likely negatively affect conifer associates.
Managers may therefore wish to stress hemlock woolly adelgid management plans, while also
researching additional forest features that conifer associates are able to utilize. Our results
demonstrated a positive correlation between conifer associates and other conifer species, such as
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pines. As hemlock continues to decline, management plans that focus on encouraging other
desirable conifer species may become vital.
The positive correlation between the abundance of woody debris and the predicted
occupancy of dead wood associates may also indicate the state of pests and disease within
Pennsylvania forests. We did not notice a strong positive correlation between snag abundance
and the predicted occupancy of species within this group, but did see a positive correlation with
woody debris may indicate that due to the presence of diseases and pests within our study area,
dying trees may provide adequate habitat for dead wood associates. In our study, we did not
distinguish between healthy and dying trees. Trees were classified as alive or as snags. In more
managed forest habitats with less impact from disease and pests, there may be a stronger
relationship between dead wood associates and snags. However, given the current state of
forests in Pennsylvania, the abundance of woody debris may be a better tool for estimating the
availability of dead wood features within a forest.
Our results demonstrating a positive correlation between midstory associates and the
standard deviation of DBH indicated that uneven-aged management and other management
techniques that create a variety of tree sizes may also prove useful for maintaining important
structures features. Identifying areas with a higher standard deviation of DBH may indicate
areas of high quality habitat. Additionally, monitoring that standard deviation of DBH following
management treatments may allow managers to identify the efficacy of management
prescriptions. Tracking these four local scale features may allow managers to identify areas of
high quality forest habit for forest bird communities and make more effective management
decisions as forests change due to processes like pests and soil-acidification. Each of these four
forest features are also continually monitored through different forest monitoring programs, such
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as the Continuous Forest Inventory. Therefore, information about the status of tall ericaceous
shrubs, hemlock, woody debris, and standard deviation of DBH is relatively accessible. Our
results also indicate that examining current occupancy data for understory, conifer, dead wood,
and midstory associates may also yield insight into the availability of tall ericaceous shrubs,
hemlock, woody debris, and variable tree sizes respectively. In areas where vegetation
monitoring is difficult due to time constraints, monitoring avian populations may therefore prove
useful for indicating the availability of these forest features.
INTRODUCTION
The conservation of forest songbirds is a management priority in of wildlife in North
American forests. Forest birds are indicators of overall forest quality and can be used as
surrogates to judge the suitability of forests for biodiversity across different taxa (O’Connell et
al. 2000, Schuster and Arcese 2013). It is understood that landscape-level features are a major
driver of bird species richness (Boulinier et al. 2001, Mitchell et al. 2001, Rodewald and Yahner
2001). Previous research has shown that forest specialist birds decline in richness and abundance
as forest patch size decreases (Austen et al. 2001, Boulinier et al. 2001). Fragmented landscapes
have also been linked to decreased reproductive success due to increased nest parasitism and
predation (e.g. Robinson et al. 1995). As a results, preserving large areas of contiguous forest
has become the priority for conservation efforts seeking to maintain populations of forest
songbirds. However, even within these large areas of forest, the quality of the forest will
influence the ability of forested regions to maintain high levels of biodiversity and robust
populations of forest birds (Dudley 2006, Bakermans and Rodewald 2009). Forest managers are
often tasked with managing for multiple resources and conserving forested habitat for groups of
species. Managers rely on information about how forest features and certain management
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actions affect species of conservation interest. Identifying features that are indicative of forest
quality for groups of co-occurring species, such as groups of forest songbirds, can therefore
prove useful to managing forest resources for wildlife.
The occurrence and abundance of individual species of forest birds can often be
associated with specific structural features and within forest conditions (MacArthur and
MacArthur 1961, Castaño-Villa et al. 2014, Holoubek and Jensen 2015). MacArthur et al.
(1961) laid down much of the groundwork for the study of avian associations with forest
structure in the late 1950's to the early 1970's. For example, MacArthur (1958) found differences
in feeding zones and nesting heights of different warbler species, which demonstrated use of
different strata in the forest for niche space. Another study concluded that bird species diversity
and foliage height diversity are directly correlated (MacArthur and MacArthur 1961). This
implies that the occurrence of songbirds is driven by structural elements within a forest stand.
More recent research has worked to expand our understanding of how structure affects forest
songbird species. Features such as understory stems, large trees, light gaps, ground litter, and
small trees, have been shown to affect habitat suitability for different forest songbird species
(Bakermans and Rodewald 2009, Bakermans et al. 2012).
While forest structure plays an important role in habitat selection by forest species, forest
composition also influences the abundance of certain species. Forest composition affects the
availability of nesting and foraging material and has the potential to influence forest songbirds
within forest stands. For example, sugar maple (Acer saccharum) and red oak (Quercus rubra)
have leaves that decompose slowly and increase the availability of leaf litter for ground-nesting
birds (Fox et al. 2010). Conifer composition defines how much nesting or foraging habitat is
available for conifer-associated birds, such as Black-throated Green Warblers (Setophaga virens)
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and Blackburnian Warblers (Setophaga fusca) (Yamasaki et al. 1992, Robichaud and Villard
1999). This suggests that both local structural and compositional features affect forest songbird
occurrence.
Consequently, populations of forest songbirds may be affected by various factors that
alter the structure and composition of forest stands even within large contiguous blocks of forest.
For example, within forests, anthropogenic activities such as energy extraction, has the potential
to not only fragment forest, but also introduce invasive species that alter forest composition
(Drohan et al. 2012). Past intensive forest management has also created even-aged stands, which
are associated with a more homogenous forest landscape. Previous intensive forest management
has shifted historically mature forests comprised of variable tree sizes to younger, even-aged
forests (Frelich 1995). Soil acidification and over-browsing from white-tailed deer (Odocoileus
virginianus) reduce regeneration and understory development (DeCalesta 1994, Pabian and
Brittingham 2012). Additionally, pests and diseases, including hemlock woolly adelgid (Adelges
tsugae), continue to significantly alter forest stand composition in the Northeastern United States
(Orwig and Foster 1988, Walker et al. 2014). An analysis of the most recent Breeding Bird
Survey found a collective decrease in eastern forest birds of 25.9% between 1966 and 2013
(Sauer and Link 2014), which is likely a result of changing structure and composition within
forests. In response to these and other threats that occur within forests, it is necessary to look
beyond landscape-level determinates of forest quantity and focus on features that affect forest
quality within areas of contiguous forest.
Previous work on determining how forest structure and composition affects forest quality
has tended to focus on single species that are of conservation concern (e.g. Bakermans and
Rodewald 2009, Bakermans et al. 2012). Although this provides excellent information for a
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single species, given the number of breeding songbirds within the forest it is an impractical
approach for developing a holistic management plan. An alternative approach has been to select
a species that can be used as an umbrella species, a species whose conservation should allow for
the protection of co-occurring species (Roberge and Angelstam 2004). However, priority
species often have differing habitat preferences and the conservation of umbrella species rarely
address the needs of entire communities (Roberge and Angelstam 2004).
Grouping species by the structural and compositional features they are associated with
within the forest allows us to examine which features are important for the group instead of for
each individual species on its own. The effect of local forest features on the predicted
occupancies of groups of species may then serve as a model to identify features that can be used
to predict changes in occupancy of groups within the forest songbird community although
specific requirements of individual species may be lacking. Multi-species occupancy models
provides the best of both worlds by allowing one to model which features are important for a
group of co-occurring species while also providing information on individual species and how
the relationships between covariates of interest and occupancy vary among species (MacKenzie
et al. 2006a, Sauer et al. 2013, Zipkin et al. 2009). Additionally, multi-species occupancy
models are ideal for making inferences about rare species because they borrow information from
other more common species to yield more accurate results (Mackenzie et al. 2005).
This study uses multi-species occupancy models to examine how the presence and
abundance of local forest features effect the occupancy of groups of co-occurring species. Here,
we utilize the increased occupancy of forest songbirds as an indication of forest quality. If local
habitat features affect the occupancy of forest songbirds, these features may serve as a proxy to
determine which management techniques may have a positive or negative effect for a specific
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group of co-occurring species. Identifying relationships between forest songbirds and local
forest features may also serve as a tool to track changes within forested regions, such as deer
browsing and acidic deposition, which stand to negatively affect forest songbird communities.
The objective of this study is to determine if forest bird occupancy is influence by the
presence and abundance of local compositional and structural forest features. If the predicted
occupancy of groups of co-occurring forest bird species increase or decrease as the abundance of
local forest features increased, it is also our objective to determine which structural and
compositional features best predict increased occupancy for these groups. We hypothesize that
local forest compositional and structural features will affect the occupancy of forest songbird
species. We further hypothesize that groups of birds associated with the ground, understory,
midstory, and canopy stratum, conifers, and dead wood will respond to different local forest
features across groups.
STUDY AREA:
We conducted our research in Northcentral Pennsylvania where contiguous forest is the
predominate cover. We worked in the Ridge and Valley and the Northern Allegheny Plateau
Ecoregions where these large tracts of forests are located (Figure 1).
Northern Ridge and Valley
Climate
The mean annual precipitation in the Northern Ridge and Valley ranges from 30-40 in
(750-1,140 mm). Most (~80%) of this precipitation is rain, while the rest is snowfall. The mean
annual temperature ranges from 39-57 degrees F (4-14 degrees C) (McNab 1994).
Soils
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Soils in this region are typically Ultisols, Alfisols and Inceptisols. They occur in mesic
temperatures regimes and the udic moisture regime (McNab 1994).
Typical Vegetation
Forests in this region may be oak, oak-hickory-pine, or northern hardwood. However,
oak species are currently dominant within this region. Eastern white pine (Pinus strobus), white
oak (Quercus alba), scarlet oak (Quercus coccinea), black oak (Quercus velutina), and pitch pine
(Pinus rigida) are also found in this area depending on slope and dryness (McNab 1994). This
region also supports mixed hemlock forests like pine-hemlock-oak or hemlock-mesic hardwood
stands (Fike 1999).
Disturbance and Land Use
This region experienced extensive logging and grazing in the late 1700’s until the early
1900’s. Historically, Native Americans used fire in this region. However, fires have been
largely suppressed by Federal and State agencies since the 1930’s. Gypsy moth (Lymantria
dispar) is a notable disturbance in this region. Over-browsing from white-tailed deer
(Odocoileus virginianus) has altered the understory within forests in the Ridge and Valley
(McNab 1994).
Current agricultural practices including grazing and hay production are common in the
valleys and flood plains. Timber production is a substantial industry in the forested regions.
Recreational pressure from fishing, hunting, camping, hiking and canoeing are light but fairly
common (McNab 1994). Most settlements in this region are small and sparse (McNab 1994),
however the cities of Scranton (population 76,089), Bethlehem (population 74,982), and
Harrisburg (population 49,528) are located within this region. Additionally, the State College
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borough (population 42,161) is located in the Ridge and Valley and is home to Pennsylvania
State University (U.S. Department of Commerce 2010).
Northern Allegheny Plateau
Climate
The Northern Allegheny Plateau consisted of the Northern Glaciated and Northern
Unglaciated Allegheny Plateau. The mean annual precipitation in the Northern Glaciated
Allegheny Plateau ranges from 30-50 in (750-1,250 mm) with average annual snowfalls of 60-80
in (1,520-2,030 mm). The mean annual temperature ranges from 46-50 degrees F (8-10 degrees
C). In the Northern Unglaciated Allegheny Plateau, precipitation ranges from 40-50 in (1,0201,270 mm) with average annual snowfalls of 50-100in (1,270-2,540 mm). The mean annual
temperature ranged from 46-48 degrees F (8-9 degrees C) (McNab 1994).
Soils
Soils in the Northern Glaciated Allegheny Plateau are typically Fregiaquepts,
Fragiochrepts and Dytochrepts (McNab 1994). They occur in predominately mesic temperatures
regimes and the udic and aquic moisture regimes. Alfisols, Entisols, Inceptisols, and Ultisols are
dominant in the Northern Unglaciated Allegheny Plateau. These occur in frigid and mesic
temperature regimes and udic and aquic moisture regimes (McNab 1994).
Typical Vegetation
Forests in the Northern Glaciated Allegheny Plateau may be Appalachian oak or northern
hardwood. More specific cover types may include Appalachian oak-hickory, Appalachian oakpine, beech-maple mesic, and hemlock-northern hardwood forests (McNab 1994). The Northern
Unglaciated Allegheny Plateau contains northern hardwood and Appalachian oak forest, with
Eastern hemlock and American beech-hemlock forests abundant in moist areas. Common tree
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species may include red maple (Acer rubrum), sweet birch (Betula lenta), black cherry (Prunus
serotina), white ash (Fraxinus americana), yellow birch (Betula alleghaniensis), eastern white
pine, tulip poplar (Liriodendron tulipifera), and cucumber tree (Magnolia acuminate) (McNab
1994).
Disturbance and Land Use
Historically, fire maintained oak dominated communities in this region. Insect and
diseases including chestnut blight (Cryphonectria parasitica), beech bark disease (Neonectrai
spp), sugar maple defoliators, and ash dieback are prevalent throughout this region. Tornados
and other windstorms have also created disturbances in the Northern Unglaciated Allegheny
Plateau. Logging and development from oil and gas have disturbed the Northern Unglaciated
Allegheny Plateau for the past 100 years. White-tailed deer are common throughout the
Allegheny Plateau and over-browsing has also altered forests in this region (McNab 1994).
Most of the Northern Glaciated Allegheny Plateau is used for agriculture while one-third
of this region contains second and third growth forest. Current agricultural practices including
grazing and hay production are common in the valleys and flood plains. Timber production is a
substantial industry in the forested regions. Recreational pressure from fishing, hunting,
camping, hiking and canoeing are light but fairly common. The Northern Unglaciated Allegheny
Plateau is mostly forested and used extensively for recreation, wildlife management areas,
hunting, fishing, and the production of forest products (McNab 1994). The Northern Allegheny
Plateau has sparse human settlements, some of the largest of which include Wellsboro
(population 3,328) and Coudersport (population 2,650) (United State Department of Commerce
2010).
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METHODS
Site Selection and Study Design
We conducted this study over two consecutive breeding seasons (2015-2016). We
arranged point count locations in clustered, non-linear groups of 3-6 points (Figure 2). We
created point location using a standardized grid in ArcGIS, which covered the state of
Pennsylvania. Across this grid, points were arranged in a hexagonal pattern overlaying areas of
contiguous forest within the Allegheny Plateau and Ridge and Valley ecoregions. This grid
positioned points to be 250 m away from each other and any points that were within 50 m of a
road were not included in this study. The 250 m distance between points ensured independence
of each sampling location (modified from Martin et al. 1997). We included 77 unique clusters
of 3-6 points selected from this grid based on accessibility within areas of public forest.
Clusters occurred across both the Allegheny Plateau and Ridge and Valley ecoregions across
both years of our study. To create these clusters, we randomly selected a single starting point on
a road for ease of access and then selected points around this access point that were on the
hexagonal grid. Each point was located >50 m away from the access road and was located
within the network of large contiguous forest (Figure 2). The mean distance from a road for
points was 182.19 m (median=219.90 m). When selecting clusters of point, we used a layer
containing forest cover types established by the Pennsylvania Department of Conservation and
Natural Resource and Game Commission. We used this layer to ensure that we selected points
located within a variety of cover types to increase heterogeneity of our samples (Figure 2). We
included points within different cover types arbitrarily based on a visual assessment of what
cover types were available surrounding our starting point.
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Avian Point Count Sampling
We surveyed passerines and near-passerines, such as pigeons, cuckoos, and woodpeckers,
using single-observer point counts at 181 survey points within 49 clusters in 2015 and 129
survey points within 28 clusters in 2016 (modified from Ralph et al. 1995). Before sampling, we
trained field technicians for one week to ensure proper species identification and use of bird and
vegetation sampling protocols. In 2015, our sampling effort included seven observers and in
2016 our sampling effort included four observers. We surveyed each point for a total of six
minutes divided into three two-minute time bands (modified from Ralph et al. 1995, Mackenzie
and Royle 2005, MacKenzie et al. 2006). We recorded all individuals seen or heard during the
point count and denoted during which time bands the individuals were identified and where the
individual was located within three distance bands: 0-50 m, 50-100 m, or >100 m away (Figure
3). We surveyed each point count location twice within a season (modified from Ralph et al.
1995).
We surveyed these points from late May until early July during the peak of breeding
season when it is easiest to identify individual birds by song. To ensure optimum detection
conditions, surveys occurred from 15 minutes before sunrise until 1100 on days without rain,
dense fog, or strong wind (<8 m.p.h.).
Vegetation Sampling
Rapid Assessment
Before starting each point count, we conducted a rapid assessment of vegetation. During
this assessment, we surveyed the 50 m radius central plot of the point count location. We first
recorded hemlock health if hemlock was present on a scale of 0-3 (modified from Wilson et al.
2012). A 0 was used to indicate healthy hemlock live vegetation retaining most branches, a 1
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indicated some die-off on individual trees, a 2 indicated significant die-off on individual trees
with the presence of dead hemlock, and a 3 indicated many dead or dying hemlock.
We measured vegetation cover at 4 strata. For the ground, understory, and midstory
layers, we estimated the proportion of the 50 m plot that had vegetation cover in that layer.
Ground vegetation cover was defined as low growing, herbaceous, green vegetation and
excluded moss. This cover was generally below 0.5 m. Understory vegetation cover was
defined as woody vegetation and included shrubs or short saplings typically between 0.5-1.5 m.
Midstory cover occurred at the vertical middle of the plot halfway between the ground and
canopy, typically between 1.5-10 m and included tall growing shrubs and small trees. For the
canopy layer we estimated the proportion of the canopy that was covered based on how much
sky was visible between individual trees. We then estimated what proportion of canopy and
subcanopy trees were pine, hemlock, spruce, maple, oak, aspen, cherry, birch or other.
During training, we used a range finder to measure canopy height and during actual
surveys, we estimated whether canopy height was in one of three categories: <10 m, 10-20 m, or
>20 m. Finally, we marked whether any microhabitats including standing or flowing water,
seeps, depressions, nest boxes, recent burns, fields, human structures, or other microhabitats
were present within the 50 m plot (modified from Martin et al. 1997). The specific variables
measured are listed in Appendix A.
Intensive Surveys
Between July-September we returned to our point count locations to conduct more
intensive vegetation surveys with two observers at each point. During these vegetation surveys,
we visited three 25 m radius microplots within the 100 m radius central plot of each point count
location. These microplots were arranged so the center of each microplot was 50 m from the
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center of the plot, each located 120 degrees from the next microplot (Figure 4) (modified from
Martin et al. 1997).
Within each 25 m microplot, we measured average canopy height using a range-finder to
estimate within a meter (Appendix B). The measurements for canopy height from the rapid
vegetation surveys and the intensive vegetation surveys appeared to coincide and 80.13% of
canopy height category measurements from the rapid vegetation surveys correctly corresponded
to the more exact measurements from the intensive vegetation surveys. We decided to use only
the measurements from the intensive vegetation survey in our analysis. We felt these
measurements were more specific and precise since the canopy height measurements from the
intensive surveys were averaged across the three microplots. A full comparison of all covariates
that were measured during both the rapid and intensive vegetation surveys can be found in
Appendix C.
For canopy species, we identified each tree species that was present in the plot and
contributed to the canopy and estimated what proportion of the canopy cover each species
contributed to. For midstory species, we identified each tree or high-growing shrub species, such
as rhododendron, that was present halfway between the canopy and the forest floor and estimated
what proportion of the midstory cover each species contributed to. For shrub and understory
species, we identified each species of woody vegetation between approximately 0.5-1.5 m and
estimated what proportion of the understory each species contributed to. In 2016, we also
estimated what proportion of the canopy, midstory, and understory strata had vegetation cover,
or green vegetation of any kind within those vertical strata. At the ground level, we evaluated
ground cover type by estimating what proportion of the plot’s ground layer was made up by the
following categories: Hayscented Fern, other fern, grass, forb, moss, woody debris, water, rock,
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litter, bare ground, or lycopodium. If a microhabitat was present, we estimated what proportion
of the 25 m plot was covered by that microhabitat (Appendix B) (modified from DCNR 2010).
The abundance of each ground cover type at each plot was measured by calculating the average
proportion of each cover type across the three 25 m plots.
Within each 25 m plot, we established 4 separate 25 m transects originating from the
center of the plot and position at right angles with each other. Along each transect we stopped 5
m from the center of the plot and measured litter depth with a ruler and visually estimated the
proportion of the canopy that was open directly overhead within a 5 m radius. We then
continued walking the length of each transect and recorded the number of large pieces of woody
debris (>10 in diameter) that intersected each transect (Figure 5) (modified from DCNR 2010).
The measurements for canopy cover from the rapid vegetation surveys and the intensive
vegetation surveys demonstrated a correlation of 0.35 (see Appendix C). As this was a weak
correlation, we decided to use only the measurements from the intensive vegetation survey in our
analysis. We felt these measurements were more specific and precise since the canopy cover
measurements from the intensive surveys were averaged across the four transects and across
three microplots.
We measured the basal area of each 25 m microplot using a variable radius plot and a 10
BAF prism. One observer stood at the center of the plot and used the 10 BAF prism to identify
trees that were within the variable radius plot while the other observed measured “in” trees. We
denoted the species and DBH of “in” trees, which were measured using a Biltmore Stick. We
counted and measured the DBH of any snags using the Biltmore Stick that were “in” the variable
radius plot (modified from James et al. 1970, Martin et al. 1997, DCNR 2010).
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Within 3 m of the microplot center, we identified the species of seedlings that were
present. We then counted the number of seedlings and saplings within the 3 m plot (modified
from Martin et al. 1997). The data collected during these surveys were averaged across the three
microplots to give an average representation of the entire plot. The list of attributes measured
during our intensive vegetation surveys is found in Appendix B.
Each 100 m point count plot occurred within forest that had been previously surveyed by
DCNR or PGC and assigned a specific cover type. In ArcGIS, we created a 100 m buffer around
each point and calculated the proportion of the point count plot that was assigned to each cover
type. We aggregated cover types into six categories: Oak, Mixed Northern Hardwood, Red
Maple, Other Hardwoods, Hemlock, and Other Conifer. The Oak cover type represented cover
types where oak is the dominant component and included Dry Oak-Mixed Hardwood, Dry OakHeath, and Red Oak-Mixed Hardwood cover types. The Mixed Northern Hardwood (NH) cover
type represented cover types where northern hardwoods including American beech (Fagus
grandifolia), red maple, sugar maple, and black cherry are the dominant component and included
Northern Hardwood and Black-Cherry Northern Hardwood cover types. The Red Maple (RM)
cover type represented Red Maple cover type, a cover type where red maple alone is the
dominant component. The Other Hardwood (OH) cover type represented other hardwoods not
typically included as common northern hardwoods and included Black Birch, Sugar Maple –
Basswood, Aspen – Grey/Paper Birch, Black Gum Ridgetop, Black Locust, Mixed Mesophytic,
Tulip Tree – Beech – Maple, Hardwood Plantation, and Miscellaneous/ Mixed Species
Plantation cover types. The Hemlock (HM) cover type included cover types where Eastern
hemlock (Tsuga canadensis) is the dominant component and included Hemlock (White Pine) –
Northern Hardwood and Hemlock (White Pine) cover types. The Other Conifer (OC) cover type
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included cover types where conifers other than hemlock were the dominant component or where
hemlock was present as a mixed component and included Pitch Pine – Mixed Oak Forest (Oak –
Hard Pine), Virginia Pine – Mixed Hardwood Forest, Dry White Pine (Hemlock) – Oak Forest,
Hemlock - Rich Mesic Hardwood Forest, Hemlock (White Pine) – Red Oak – Mixed Hardwood
Forest, Hemlock - Tuliptree – Birch Forest, Pine Plantation, Red Pine – Mixed Hardwood,
Spruce Plantation cover types (Stone et al. 2006).
Establishment of Bird Groups
To explore beyond species specific interactions with local scale forest features, we
grouped species into co-occurring habitat associations that we believed described the main
structural and compositional features found within a forest. We created six groups of cooccurring species based on where species of passerines and near passerines are typically found
within a forest and their general habitat preferences. We chose four groups that are associated
with different structural layers including the ground, understory, midstory, and canopy layers
within the forest. We also chose two groups associated with compositional components
including conifers and dead woody material. We chose these 6 groups because we felt that they
covered the spectrum of major habitat components that can be found within a forest stand. We
included an individual species in a group if it was noted to predominantly forage or nest using
the habitat features associated with each group. Forest generalist species without evidence of a
strong association with any of our groups were excluded from our analysis. Species that are
commonly found in open woodlots were also excluded from our analysis as this project focused
on species that are associated with the forest interior. We chose to allow individual species to
occur in multiple groups if there was strong enough evidence of a species being associated with
multiple forest features or strata. We selected groups a priori based on previous literature
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available describing the typical habitat utilized by each species (DeGraaf 1992, Wilson et al.
2012, Rodewald 2015).
We assigned species to a group if they were recorded (within 100 m) at a minimum of 5
points across both years. We chose to exclude species that occupied <5 points across both years
because occupancy estimates calculated from low detections are unreliable (modified from
MacKenzie et al. 2006, Wood et al. 2014). In total, 37 passerine or near-passerine species were
included in our analysis. The list of each species and its designated habitat group is found in
Appendix D.
Canopy Associates
The canopy associate group was made up of six species and included Red-eyed Vireo
(Vireo olivaceus), Blue-gray Gnatcatcher (Polioptila caerulea), Magnolia Warbler (Setophaga
magnolia), Black-throated Green Warbler (Setophaga virens), Scarlet Tanager (Piranga
olivacea), and Rose-breasted Grosbeak (Pheucticus ludovicianus) (See Appendix D). Canopy
associates commonly forage or nest in mature canopy trees within a forest. They typically glean
insects from high growing leaves or feed off of soft mast found in canopy trees. For example,
Scarlet Tanagers are commonly found in forests with a high, dense canopy and are often present
high in the canopy where they sing and forage (Mowbray 1990). Blue-gray Gnatcatchers are
commonly found in the canopy, along with Red-eyed Vireos, which utilize the canopy stratum
for nesting (Wilson et al. 2012).
Midstory Associates
The midstory associate group was made up of five species and included Yellow-billed
Cuckoo (Coccyzus americanus), Eastern Wood-pewee (Contopus virens), Acadian Flycatcher
(Empidonax virescens), Wood Thrush (Hylocichla mustelina), and American Redstart
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(Setophaga ruticilla) (See Appendix D). Midstory associates are birds that are generally found
in the vertical middle of the forest. They typically forage or nest in small trees or tall woody
vegetation. Species including Wood Thrush and American Redstart utilize woody vegetation
within 10-30’ as well as deciduous saplings between 2-10’ tall and are typically found in this
stratum (DeGraaf 1992). Eastern Wood-pewee utilizes perches at intermediate heights within
the forest as well (McCarty 1996).
Understory Associates
The understory associate group was made up of seven species and included Common
Yellowthroat (Geothlypis trichas), Hooded Warbler (Setophaga citrina), Chestnut-sided Warbler
(Vireolanius melitophrys), Black-throated Blue Warbler (Setophaga caerulescens), Canada
Warbler (Cardellina canadensis), Eastern Towhee (Pipilo erythrophthalmus), and Indigo
Bunting (Passerina cyanea) (See Appendix D). Understory associates are birds typically found
in the shrub layer within a forest. These birds typically nest or forage in woody vegetation like
ericaceous shrubs or spicebush that are above the ground layer but do not reach the midstory.
The Black-throated Blue Warbler is a typical understory associate, which inhabits forests with
thick undergrowth. They mainly nest in dense shrubs and forage mainly in the shrub layer
(Holmes 2005). Hooded Warblers are another species typically associated with the understory as
they nest in dense understory (Wilson et al. 2012).
Ground Associates
The ground associate group was made up of six species and included Winter Wren
(Troglodytes hiemalis), Veery (Catharus fuscescens), Hermit Thrush (Catharus guttatus) ,
Ovenbird (Seiurus aurocapilla), Worm-eating Warbler (Helmitheros vermivorum), and Eastern
Towhee (See Appendix D). Ground associates are forest birds that are most commonly found on
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the ground layer within a forest. These birds typically nest or forage in leaf litter and generally
do not rely on leaf gleaning or flycatching as forms of foraging. Ovenbirds are a typical ground
associate and use leaf litter as a substrate for building their dome-shaped nests on the forest floor.
They also forage for leaf-litter arthropods on the ground level (Porneluzi 2011). Birds like
Winter Wrens and Hermit Thrush utilize forest litter and moss, as well as dead woody material in
the ground stratum (Wilson et al. 2012).
Conifer Associates
The conifer associate group was made up of eleven species and included Blue-headed
Vireo (Vireo solitaries), Brown Creeper (Certhia americana), Winter Wren, Louisiana
Waterthrush (Parkesia motacilla), Magnolia Warbler, Blackburnian Warbler (Setophaga fusca),
Pine Warbler (Setophaga pinus), Yellow-rumped Warbler (Setophaga coronata), Black-throated
Green Warbler, Canada Warbler, and Dark-eyed Junco (Junco hyemalis) (See Appendix D).
Conifer associates were forest birds that are described as being found predominantly in conifer or
mixed-conifer stands. They are generally rare or absent in deciduous stands. Some examples
include Blackburnian Warbler, which specialize on hemlock, often glean from small conifer
branches, and typically nest in conifers (Morse 2004). Black-throated Green Warblers are an
example of a species that may be found in deciduous forest, but are more frequently located in
coniferous or mixed coniferous stands (Wilson et al. 2012).
Dead Wood Associates
The dead wood associate group was made up of nine species and included Red-bellied
Woodpecker (Melanerpes carolinus), Yellow-bellied Sapsucker (Sphyrapicus varius), Downy
Woodpecker (Picoides pubescens), Hairy Woodpecker (Picoides villosus), Northern Flicker
(Colaptes auratus), Pileated Woodpecker (Dryocopus pileatus), Brown Creeper, Winter Wren,
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and Black-and-white Warbler (Mniotilta varia) (See Appendix D). Dead wood associates were
birds reported to use dead wood including snags and fallen woody debris for foraging and
nesting substrate. This group includes woodpeckers and other cavity nesters as well as bark
gleaners. Brown Creepers for example feed off of bark-dwelling invertebrates. Brown Creepers
also utilize flaps of bark on dead and dying trees not only for foraging, but also for building nests
(Poulin et al. 2013). Other species like Downy and Hairy woodpeckers utilize snags and dead
wood for cavity excavation (Wilson et al. 2012).
DATA ANALYSIS
Analysis of Point Count Data
Group Models: General Model
To examine relationships between groups of co-occurring forest songbird species and
related forest features, we used multi-species occupancy models fit using JAGS (Plummer 2003)
via the runjags package in program R (Denwood, in press; Development Core Team 2016).
Occupancy modeling predicts the probability that a species will occur at a given site (ψ) as a
function of covariates of interest, while accounting for incomplete detection probability (p),
where p is the probability of detecting a species given the site is occupaied(Mackenzie et al.
2006). Each two-minute time band from our point count surveys was treated as a different
encounter occasion (modified from Mackenzie and Royle 2005). As each point count was
visited twice within a season, each point had an encounter history of six repeat visits where we
assumed that occupancy did not change across visits.
We utilized multi-species occupancy models to examine the effect of different covariates
on the occupancy of groups of co-occurring species (Dorazio et al. 2005, Zipkin et al. 2009).
The hierarchical model for occurrence was specified as: zi,j ~ Bern (ψi,j). Here, zi,j represents the
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occupancy state of species i at site j where zi,j=1 represents a site that is occupied and zi,j=0
represents a site that is unoccupied. The occupancy state is predicted by a Bernoulli distribution
with a probability of occurrence ψi,j. We used the logit link to create the equation for our models
where logit (ψi,j) = β0 + ∑ (βj*covariatei). The observation model is represented by
yi,j~binom(pi,j*zi,j), where the number of detections at a site (yi,j) is predicted by a binomial
distribution with a detection probability pi,j.
We first fit a general model containing the six most general covariates associated for each
of our six species groups. The general model contained the most general forest features and
allowed us to directly compare groups for a common set of covariates. The model included
cover type (OC, HM, NH, OH, Oak, RM), percent cover in the ground (GR), understory (UN),
midstory (MID), and canopy strata (CAN) as well as the combined proportion of all conifers in
the canopy (CON) and abundance of snags (SNAG). This model was used to identify general
effects of local forest features on group occupancy before investigating more specific features.
We also included cluster (CL) as a random effect in each model to control for this larger scale
feature. The model included a group specific mean effect for each covariate. Among species,
variation with each covariate was captured by a random effect. This allowed species within a
group to vary around group specific mean. The general model included species effects each
covariate of interest (denoted by βcovariatej * covariatei) as well as group effects (denoted by
βcovariategroupj * covariatei). The logit equation used for our general model is:
logit(ψi,j) ~ βCLij+ βOCj*OCi+ βHMj*HMi+ βNHj*NHi+ βOHj*OHi+ βOAKj*OAKi+
βRMj*RMi+ βGRj*GRi+ βUNj*UNi+ βMIDj*MIDi+ βCANj*CANi+ βCONj*CONi+
βSNAGj*SNAGi+ βOCgroupj*OCi+ βHMgroupj*HMi+ βNHgroupj*NHi+ βOHgroupj*OHi+
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βOAKgroupj*OAKi+ βRMgroupj*RMi+ βGRgroupj*GRi+ βUNgroupj*UNi+ βMIDgroupj*MIDi+
βCANgroupj*CANi+ βCONgroupj*CONi+ βSNAGgroupj*SNAGi
We estimated model parameters using a Bayesian analysis. For priors, we specified a
uniform distribution from 0-1 for intercept coefficients for both occupancy and detection. For
covariate effects we used a normal prior (mean 0 and variance 10). We included data from both
years together in the same model. We estimated posteriors using Markov chain Monte Carlo
(MCMC) with 3 independent Markov chains, each run for 50,000 iterations. We discarded the
first 10,000 iterations as burn-in and thinned the remaining results to include every 10th value
from the chain. The full code used for the general model can be found in Appendix G.
Group Models: Structural and Compositional Groups
In addition, we developed more specific models for each group of co-occurring species.
This allowed us to explore more specific features that may affect the predicted occupancy of
different groups. We did not disregard covariates that had 95% credible intervals that
overlapped 0 if the overlap was slight (<25% of the 95% credible interval was in the opposite
direction of the predicted effect size).
Canopy Associates
We modeled the occupancy of canopy associates in relation to canopy cover (CAN), the
abundance of large trees (>10 in. DBH) (LG), and understory cover (UC). Canopy cover and the
abundance of large trees are all features associated with mature forest and are thought to create
more available habitat in the canopy and therefore influence canopy associates (Sallabanks et al.
2006, Hagenbuch et al. 2011, Culbert et al. 2013). We included understory cover as an
alternative measurement of canopy cover within the forest. The structure of the understory can
reflect changes in the canopy and may serve as an important metric for examining the canopy
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stratum (Rogers et al. 2008). Areas of increased understory cover indicate larger canopy
openings that may not provide adequate habitat for canopy associates. The full model was:
logit(ψi,j) ~ βCLij+ βLGj*LGi+ βCANj*CANi+ βUCj*UCi
Midstory Associates
We modeled the occupancy of midstory associates in relation to midstory cover (MC),
the abundance of small (4.5-6in DBH) trees (SMALL), and standard deviation of DBH (DBH).
We felt that the amount of midstory cover and abundance of small trees would be a direct
measure of midstory density, which is thought to be an important feature for birds within this
group (Hagenbuch et al. 2011). We also included the standard deviation of DBH as we felt that
this would represent not only the presence of a midstory, but also the presence of larger trees. A
higher standard deviation of DBH demonstrates a stand within mature forest that still maintained
a midstory component. A higher standard deviation of DBH also demonstrates variability within
the midstory stratum. The full model was:
logit(ψi,j) ~ βCLij+ βMCj*MCi+ βSMALLj*SMALLi+ βDBHj*DBHi
Understory Associates
For understory associates we considered understory cover, ground cover (GR), the
presence and abundance of shrubs in the understory, and the presence and abundance of tall
ericaceous shrubs, which included mountain laurel (Kalmia latifolia) and rhododendron
(Rhododendron maximum) (ERICA). We incldued understory and ground cover to directly
measures of the structural elements of the understory. We considered the presence and absence
of general shrubs as well as tall ericaceous shrubs because tall ericaceous shrubs such as
mountain laurel can occur in thickets in Pennsylvania forests and alter forest understory
composition (Brose 2016).
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There was a strong correlation (>0.50) between understory cover, the presence and
abundance of tall ericaceous shrubs, and the presence and abundance of tall ericaceous shrubs.
Preliminary analysis using univariate occupancy models demonstrated a similar amount of
variation explained by the abundance of understory cover, general shrubs, and tall ericaceous
shrubs, suggesting that each of these covariates explained similar habitat characteristics. We
chose to only include the abundance of tall ericaceous shrubs in our full model. The strong
correlation of tall ericaceous shrubs with understory cover (0.67) indicates that tall ericaceous
shrubs were a significant understory component within our study site. The full model was:
logit(ψi,j) ~ βCLij+ βGRj*GRi+ βERICAj*ERICAi
Ground Associates
For ground associates we considered ground cover (GR), litter depth (LD), the abundance
of hayscented fern (HAY), and the presence of hayscented fern. Ground cover and litter depth
may directly influence the availability of foraging and nesting material for birds in this group
(Bakermans et al. 2012). For example, decreased litter depth has been linked to increased nest
predation and decreased nest survival for Ovenbirds (Mattsson and Niemi 2006, Loss and Blair
2011). We chose to separate out hayscented fern as a ground feature. Hayscented fern can be a
dominant feature within Pennsylvania forests and has the potential to significantly alter the
composition of the ground stratum (Horsley and Marquis 1983, Horsley 1993). However, due to
the correlation between the presence and abundance of hayscented fern (0.57), we included
abundance of hayscented fern as we felt this provided more detailed information than mere
presence of hayscented fern. The full model was:
logit(ψi,j) ~ βCLij+ βGRj*GRi+ βLDj*LDi+ βHAYj*HAYi
Conifer Associates
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We initially modeled the occupancy of conifer associates in relation to the presence and
proportion of hemlock (HEM) and the proportion of other conifers in the canopy (OC). We
expected the presence and proportion of specific conifer types to affect occupancy within this
group due to previous literature citing the importance of certain coniferous species, especially
Eastern hemlock (DeGraaf 1992). We chose to separate out conifer species into these general
groups to better understand if hemlock was driving occupancy compared to other conifers.
Preliminary analysis showed a strong correlation between the proportion and presence of conifer
groups within each group. Therefore, we chose to only include either a measurement of presence
or proportion of each conifer group within the model. Preliminary analysis showed a similar
effect size between the proportion and presence of each conifer group. We included measures of
proportion because we felt these measures provided more information than measures of presence
or absence. The full model was:
logit(ψi,j) ~ βCLij+ βHEMj*HEMi+ βOCj*OCi
Dead Wood Associates
We initially modeled the occupancy of dead wood associates in relation to the abundance
and presence of snags or large snags (>10 in DBH) as well as the abundance of large woody
debris (fallen logs or trees >10in DBH) (WD). Both snags and woody debris may influence the
availability of cavities and loose bark and have been previously identified as potentially
important features for birds within this group. While birds in this group may utilize live trees,
snags and woody debris represent dead wood features that birds within this group preferentially
utilize for nesting and foraging (Sallabanks et al. 2006, Hagenbuch et al. 2011). There was a
significant correlation between the abundance of snags and large snags (0.89). Preliminary
analysis using univariate occupancy models showed a similar effect size for both of these
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covariates. Therefore, we only included a covariate for the abundance of snags (SNAG). The
full model was:
logit(ψi,j) ~ βCLij+ βWDj*WDi+ βSNAGj*SNAGi
Group Models: Model of Relevant Forest Features
After completing our group specific models, we created a model that included the most
important features that explained occupancy in the previous group models. This model allowed
us to compare group mean effects to the same set of covariates that were found to affect the
occupancy of individual species group. This would allow us to identify if there were specific
forest features that predicted the increased occupancy of multiple groups. In this final model, we
included each covariate that had the strongest effect on occupancy of each individual group.
This model included the abundance of understory cover (UC), the standard deviation of DBH
(DBH), the proportion of hemlock in canopy (HEM), and the abundance of woody debris (WD).
The full model was:
logit(ψi,j) ~ βCLij+ βUCj*UCi+ βDBHj*DBHi+ βHEMj*HEMi+ βWDj*WDi
RESULTS
Avian Point Counts
During the 2015 breeding season, we detected 4307 individuals within 100 m of our
points across 181 point count locations. During the 2016 breeding season, we detected 3218
individuals withing 100 m of our points across 129 point count locations. Over both years, we
detected 75 species of passerines and near passerines. Of these, 37 species were considered
forest interior habitat specialists and included in our analysis. Ovenbirds, Red-eyed Vireos and
Black-throated Green Warblers were the three most commonly detected species. Ovenbirds were
detected at of 274 (88.4%) points, Red-eyed Vireos were detected at of 252 (81.2%) points, and
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Black-throated Green Warblers were detected at of 149 points (48.1%). Neotropical migrants
accounted for 53.3% of all observed species, while short distance migrants accounted for 14.7%
and residents accounted for 32%. Each species and the number of points they were detected at
are listed in Appendix D.
Vegetation Surveys
On average, 45.8% of the survey area within 100m of point count locations was located
within oak forest, 15.9% northern hardwood forest, 4.3% red maple forest, 8.8% was located
within other hardwood forest, 14.7% hemlock forest, and 10.5% other conifer forest. Hemlock
was the most abundant conifer and was present in the canopy at 32.5% of points (n=101), while
pine was present in the canopy at 30.6% of points (n=95), and spruce at only 1.3% of points
(n=4). Hayscented fern was a common feature of the ground vegetation layer and was present at
62.9% of points (n=195). Tall ericaceous shrubs were present at 38.7% of points (n=120). On
average, ground vegetation covered 39.81% of the plot, understory vegetation covered for
31.82% of the plot, and midstory vegetation covered 37.18% of the plot. The average canopy
cover was 79.20% and on average canopy height was 16.68 m and standard deviation of canopy
height was 1.65 m. Each point had an average of 2.05 small trees, 7.45 large trees, 0.81 snags,
and 0.52 large snags. Detailed results from both vegetation surveys can be found in Appendix E.
Group Models
Canopy Associates
On average, the predicted occupancy of species within this group was 0.42. Red-eyed
vireo was the most common species with a predicted occupancy value of 0.91 (95% CrI=0.88 to
0.94). Black-throated Green Warbler had a predicted occupancy of 0.60 (95% CrI=0.55 to 0.64),
Scarlet Tanager had a predicted occupancy of 0.64 (95% CrI=0.59 to 0.69), and Rose-breasted
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Grosbeak had a predicted occupancy of 0.14 (95% CrI=0.10 to 0.18). Blue-gray Gnatcatcher
and Magnolia Warbler were the least common species within this group with predicted
occupancy values of 0.12 (95% CrI=0.07 to 0.17) and 0.09 (95% CrI=0.06 to 0.12).
General Model
Birds within this group had a higher occupancy at points with an increased proportion of
Other Hardwood (β=-0.24, 95% CrI=-1.82 to 1.33), Mixed Northern Hardwood cover type (β=0.32, 95% CrI=-2.10 to 1.48), and Red Maple cover type (β=-0.36, 95% CrI=-2.23 to 1.54)
compared to other cover types. Here, the posterior mean effect of each cover type was negative.
However, estimated occupancy of canopy associates at points with an increased abundance of
Other Hardwood, Mixed Northern Hardwood, and Red Maple cover type was still higher than at
points with all other cover types (Figure 6). The credible intervals for each cover type largely
overlap those of the other cover types, making it difficult to draw conclusions for this covariate
(Figure 6). In the general model, the abundance of understory cover was the strongest local
scale predictor of occupancy within this group. Predicted occupancy was lower with increased
abundance of understory cover although credible intervals slightly overlapped 0. The posterior
mean effect of the abundance of understory cover was -0.31 in the general model (95% CrI = 0.64 to -0.01). Here, the posterior mean effect demonstrates the directionality and magnitude of
a covariate’s effect on occupancy. Values close to 0 indicate a negligible effect while positive
values indicate a positive effect and negative values indicate a negative effect. Discounting all
other covariates, over the range of values of understory cover (0-100), the average predicted
occupancy decreased from 0.22 to 0.09. All other covariates included in the general model
appeared to have only a negligible effect on the predicted occupancy of this group (Figure 7). A
detailed table of results from the general model may be found in Table 8 in Appendix F.
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Group Specific Model
Of the three variables tested, the abundance of understory was the strongest local scale
predictor of occupancy within this group (Figure 8). Predicted occupancy was lower with
increased abundance of understory cover although the credible interval slightly overlapped 0.
The posterior mean effect of the abundance of understory cover was -0.24 in the group specific
model (95% CrI: -0.49 to -0.01) (Figure 8). Discounting all other covariates, over the range of
values of understory cover (0-100), the average predicted occupancy decreased by nearly half
from 0.43 to 0.24 (Figure 9). The posterior mean effect of the abundance of understory cover
was most negative for Rose-breasted Grosbeak and Magnolia Warbler (β=-0.33, 95% CrI=-0.67
to -0.02; β=-0.31, 95% CrI=-0.66 to 0.02) (Figure 8, Figure 9). Overall, the abundance of large
trees had a negligible effect on the predicted occupancy of this group as credible intervals largely
overlapped 0 (β=-0.08, 95% CrI=-0.38 to 0.23). However, the posterior mean effect of the
abundance of large trees was negative for Rose-breasted Grosbeak (β=-0.41, 95% CrI=-0.86 to
0.00) (Figure 8). Overall, the abundance of canopy cover had a negligible effect on the
occupancy of this group (β=-0.01, 95% CrI=-0.31 to 0.31) (Figure 8). A detailed table of results
for each species for each covariate of interest can be found in Table 9 in Appendix F.
Midstory Associates
On average, the predicted occupancy of species within this group was 0.20. Eastern
Wood-pewee and Wood Thrush were the most common species within this group with predicted
occupancy values of 0.25 (95% CrI=0.21 to 0.29) and 0.27 (95% CrI=0.22 to 0.31). Acadian
Flycatcher had a predicted occupancy of 0.20 (95% CrI=0.16 to 0.24) and American Redstart
had a predicted occupancy of 0.18 (95%CrI=0.14 to 0.22). Yellow-billed Cuckoo was the least
common species in this group with a predicted occupancy value of 0.10 (95% CrI=0.07 to 0.13).
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General Model
Birds within this group had a higher occupancy at points with an increased proportion of
Oak and Other Hardwood cover type compared to other cover types (β=-1.28, 95% CrI=-3.10 to
0.50, β=-1.46, 95% CrI=-3.12 to 0.29) (Figure 6). Here, the posterior mean effect of Oak and
Other Hardwood cover type were both negative. However, estimated occupancy of midstory
associates at points with an increased abundance of Oak and Other Hardwood cover type was
still higher than at points with all other cover types (Figure 6). In the general model, the
abundance of canopy cover was the strongest local scale predictor of occupancy within this
group although credible intervals slightly overlapped 0 (Figure 7). Predicted occupancy was
higher with increased abundance of canopy cover. The posterior mean effect of canopy cover
was 0.26 with a slight overlap of 0 for the 95% credible interval (95% CrI = -0.02 to 0.55)
(Figure 7). Discounting all other covariates, over the range of values of canopy cover (8.75100), the average predicted occupancy increased from 0.05 to 0.20. Predicted occupancy also
increased with the increased abundance of ground cover although the credible interval overlaps 0
(β=0.16, 95% CrI=-0.16 to 0.46). Discounting all other covariates, over the range of values of
ground cover (0-100), the average predicted occupancy increased from 0.12 to 0.19. Predicted
occupancy decreased with the increased abundance of midstory cover. The posterior mean effect
of midstory cover was -0.18 in the general model with a slight overlap of 0 for the 95% credible
interval (95% CrI=-0.41 to 0.04). Discounting all other covariates, over the range of values of
midstory cover (0-100), the average predicted occupancy increased from 0.19 to 0.10. The
abundance of understory cover appeared to have a slightly negative effect on the predicted
occupancy of midstory associate, however the credible intervals largely overlap 0 (β=-0.10, 95%
CrI=-0.43 to 0.24). The proportion of conifer cover as well as snag abundance had only a
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negligible effect on predicted occupancy with credible intervals largely overlapping 0 (β=-0.06,
95% CrI=-0.35 to 0.23; β=-0.02, 95% CrI= -0.28 to 0.23). A detailed table of results from the
general model may be found in Table 8 in Appendix F.
Group Specific Model
Of the three variables tested in the group specific model, the standard deviation of DBH
had the strongest effect on occupancy within this group, however credible intervals overlap 0
(Figure 10). Predicated occupancy was higher with increased standard deviation of DBH with a
posterior mean effect of standard deviation of DBH was 0.16 (95% CrI=-0.11 to 0.43) (Figure
10). Discounting all other covariates, over the range of values of standard deviation of DBH
(1.6-10.7), the average predicted occupancy more than doubled and increased from 0.09 to 0.21
(Figure 11). The posterior mean effect of the standard deviation of DBH was highest for Wood
Thrush and Acadian Flycatcher (β=0.22, 95% CrI=-0.07 to 0.51; β=0.23, 95% CrI=-0.07 to 0.54)
(Figure 10, Figure 11). The abundance of midstory cover had a negative effect on occupancy in
the group specific models. Predicted occupancy decreased with increasing abundance of
midstory cover, however credible intervals overlap 0. The posterior mean effect of midstory
cover was -0.15 (95% CrI=-0.46 to 0.14) in the group specific model. Discounting all other
covariates, over the range of values of midstory cover (0-100), the average predicted occupancy
decreased from 0.15 to 0.08. The posterior mean effect of the abundance of midstory cover was
most negative for American Redstart and Wood Thrush (β=-0.22, 95% CrI=-0.55 to 0.11; β=0.29, 95% CrI=-0.62 to 0.01) (Figure 10). The posterior mean effect of the abundance of small
trees was negative for this group with credible intervals largely overlapping 0 (β=-0.15, 95%
CrI=-0.50 to 0.23). Discounting all other covariates, over the range of values of numbers of
small trees (0-13), the average predicted occupancy decreased from 0.13 to 0.06. However,
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Yellow-billed Cuckoo demonstrated a positive posterior mean effect (β=0.12, 95% CrI=-0.29 to
0.56; β=0.20). Eastern Wood-Pewee demonstrated the most negative posterior mean effect of the
abundance of small trees (β=-0.39, 95% CrI=-0.77 to -0.03) (Figure 10). A detailed table of
results for each species for each covariate of interest can be found in Table 10 in Appendix F.
Understory Associates
On average, the predicted occupancy of species within this group was 0.29. Eastern
Towhee was the most common species with a predicted occupancy of 0.5 (95% CrI=0.46 to
0.55), followed by Common Yellowthroat and Black-throated Blue Warbler, each with a
predicted occupancy of 0.37 (95% CrI=0.32 to 0.41; 95% CrI=0.33 to 0.41). Hooded Warbler
had a predicted occupancy of 0.34 (95% CrI=0.3 to 0.38) and Chestnut-sided Warbler had a
predicted occupancy of 0.3 (95%CrI=0.26 to 0.34). Canada Warbler and Indigo Bunting were
the least common species within this group, each with a predicted occupancy of 0.08 (95%
CrI=0.05 to 0.11; 95% CrI=0.06 to 0.11).
General Model
Birds within this group were more likely to occupy points with an increased proportion of
Oak cover type compared to other cover types (β=-1.28, 95% CrI=-3.10 to 0.50). Here, the
posterior mean effect of Oak cover type was negative. However, estimated occupancy of
understory associates at points with an increased abundance of Oak cover type was still higher
than at points with all other cover types (Figure 6). The credible intervals for each cover type
largely overlap the credible intervals of all other cover types, making it difficult to draw
conclusions for this covariate (Figure 6). The abundance of understory cover was the strongest
local scale predictor of occupancy for this group (β=0.70, 95% CrI=0.38 to 0.99) (Figure 7).
Discounting all other covariates, over the range of values of understory cover (0-100), the
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average predicted occupancy increased from 0.08 to 0.51. Predicted occupancy also decreased
with increasing abundance of canopy cover (β=-0.28, 95% CrI=-0.50 to -0.06) (Figure 7).
Discounting all other covariates, over the range of values of canopy cover (8.75-100), the
average predicted occupancy decreased from 0.39 to 0.11. The abundance of ground vegetation
cover also demonstrated a positive posterior mean effect with 95% credible intervals slightly
overlapping 0 (β=0.21, 95% CrI=-0.05 to 0.48). Discounting all other covariates, over the range
of values of ground cover (0-100), the average predicted occupancy increased from 0.13 to 0.22.
Predicted occupancy also decreased with increasing abundance of midstory cover with 95%
credible intervals slightly overlapping 0 (β=-0.14, CrI= -0.32 to 0.05). Discounting all other
covariates, over the range of values of midstory cover (0-95), the average predicted occupancy
decreased from 0.19 to 0.12. The proportion of conifer cover as well as snag abundance
appeared to have only a negligible effect on occupancy with credible intervals largely
overlapping 0 (β=0.06, 95% CrI=-0.17 to 0.28; β=-0.07, 95% CrI=-0.29 to 0.14). A detailed
table of results from the general model may be found in Table 8 in Appendix F.
Group Specific Model
Of the two variables tested, the abundance of tall ericaceous shrubs was the strongest
local scale predictor of occupancy within this group. Predicted occupancy was higher with
increased cover of tall ericaceous shrub cover. The posterior mean effect of tall ericaceous shrub
abundance was 0.59 with credible intervals slightly overlapping 0 (95% CrI=-0.04 to 1.20)
(Figure 12). Discounting all other covariates, over the range of values of tall ericaceous shrub
abundance (0-100), the average predicted occupancy increased from 0.14 to 0.49 (Figure 13).
The posterior mean effect of tall ericaceous shrub abundance was highest for Black-throated
Blue Warbler, Canada Warbler and Eastern Towhee (β=1.15, 95% CrI=0.76 to 1.52; β=1.02,
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95% CrI=0.49 to 1.54; β=1.00, 95% CrI=0.65 to 1.39). However, the posterior mean effect of
tall ericaceous shrubs was negative for Indigo Bunting (β=-0.67, 95% CrI=-1.37 to 0.00) (Figure
12, Figure 13). Predicted occupancy also increased with the increased abundance of ground
vegetation cover in the group specific model with credible intervals slightly overlapping 0
(β=0.24, 95% CrI=-0.08 to 0.57). Discounting all other covariates, over the range of values of
ground cover (0-100), the average predicted occupancy increased from 0.09 to 0.26. The
posterior mean effect of the abundance of ground cover was highest for Common Yellowthroat
(β=0.54, 95% CrI=0.19 to 0.88). The posterior mean effect of the abundance of ground cover
was negligible for Hooded Warbler (β=0.07, 95% CrI=-0.26 to 0.39) and negative for Indigo
Bunting (β=-0.12, 95% CrI=-0.61 to 0.37) (Figure 12). A detailed table of results for each
species for each covariate of interest can be found in Table 11 in Appendix F.
Ground Associates
On average, the predicted occupancy of species within this group was 0.35. Ovenbird
was the most common species in this group with a predicted occupancy of 0.93 (95% CrI=0.90
to 0.96). Veery had a predicted occupancy of 0.28 (95% CrI=0.23 to 0.32), Hermit Thrush had a
predicted occupancy of 0.24 (95%CrI=0.19 to 0.28), Worm-eating Warbler had a predicted
occupancy of 0.1 (95%CrI=0.07 to 0.13), and Eastern Towhee had a predicted occupancy of 0.5
(95%CrI=0.46 to 0.55). Winter Wren was the least common species in this group with a
predicted occupancy of 0.05 (95% CrI=0.03 to 0.17).
General Model
Birds within this group had a higher occupancy at points with an increased proportion of
Other Hardwood and Other Conifer cover type compared to other cover types (β=-0.54, CrI=2.17 to 1.03; β=-0.68, CrI=-2.47 to 1.02). Here, the posterior mean effect of Other Hardwood
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and Other Conifer cover type were both negative. However, estimated occupancy of ground
associates at points with an increased abundance of Other Hardwood and Other Conifer cover
type was still higher than at points with all other cover types (Figure 6). The credible intervals
for each cover type largely overlap the credible intervals of all other cover types, making it
difficult to draw conclusions for this covariate (Figure 6). The abundance of understory cover
was the strongest local scale predictor of occupancy within this group. Predicted occupancy
increased with increasing abundance of understory cover with credible intervals overlapping 0
and had a posterior mean effect of 0.16 (95% CrI= -0.17 to 0.45) (Figure 7). Discounting all
other covariates, over the range of values of understory cover (0-100), the average predicted
occupancy increased from 0.14 to 0.23. All other covariates included in this model appeared to
have only a negligible effect on the predicted occupancy of this group. A detailed table of results
from the general model may be found in Table 8 in Appendix F.
Group Specific Model
The amount of ground vegetation cover was the strongest local scale predictor of
occupancy, but showed only a slight negative trend. The posterior mean effect of ground
vegetation cover was slightly negative in the group specific model with credible intervals largely
overlapping 0 (β=-0.08, 95% CrI=-0.54 to 0.36) (Figure 14). Discounting all other covariates,
over the range of values of ground cover (0-100), the average predicted occupancy decreased
from 0.30 to 0.25 (Figure 15). The posterior mean effect of the abundance of ground vegetation
cover was most negative for Ovenbird (β=-0.57, 95% CrI=-1.11 to -0.02) and positive for
Eastern Towhee (β=0.28, 95% CrI=-0.03 to 0.60) (Figure 14, Figure 15). The posterior mean
effect of litter depth was negligible with credible intervals largely overlapping 0 (β=-0.05, 95%
CrI=-0.30 to 0.20) (Figure 14). The posterior mean effect of the abundance of hayscented fern
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was also negligible with credible intervals largely overlapping 0 (β=0.00, 95% CrI=-0.25 to 0.25)
(Figure 14). A detailed table of results for each species for each covariate of interest can be
found in Table 12 in Appendix F.
Conifer Associates
On average, the predicted occupancy of species within this group was 0.16. Blackthroated Green Warbler was the most common species within this group with a predicted
occupancy of 0.59. Blue-headed Vireo had a predicted occupancy of 0.21 (95% CrI=0.17 to
0.25), Brown Creeper and Magnolia Warbler both had a predicted occupancy of 0.08 (95%
CrI=0.05 to 0.11; 95% CrI=0.05 to 0.11), Blackburnian Warbler had a predicted occupancy of
0.32 (95% CrI=0.27 to 0.37), Yellow-rumped Warbler had a predicted occupancy of 0.05 (95%
CrI=0.03 to 0.08), Canada Warbler had a predicted occupancy of 0.07 (95% CrI=0.05 to 0.1) and
Dark-eyed Junco had a predicted occupancy of 0.19 (95% CrI=0.15 to 0.23). Winter Wren and
Pine Warbler were the least common species in this group with predicted occupancy values of
0.04 (95% CrI=0.02 to 0.06) and 0.03 (95% CrI = 0.01 to 0.05).
General Model
Birds within this group showed a higher occupancy at points with an increased
abundance Hemlock cover type (β=-1.82, 95% CrI=-3.18 to -0.47) compared to other cover types
(Figure 6). Here, the posterior mean effect of Hemlock cover type was negative. However,
estimated occupancy of conifer associates at points with an increased abundance of Hemlock
cover type was still higher than at points with all other cover types (Figure 6). The proportion of
conifer cover in the canopy was the strongest local scale predictor of occupancy within this
group. Predicted occupancy increased with the increased proportion of conifer cover and had a
posterior mean effect size of 0.34 (95% CrI= 0.13 to 0.55) (Figure 7). Discounting all other
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covariates, over the range of values of conifer cover (0-92.5), the average predicted occupancy
increased from 0.13 to 0.39. Predicted occupancy increased with increasing abundance of
ground cover, although credible intervals overlap 0 (β= 0.15, 95% CrI= -0.10 to 0.38) (Figure 7).
Discounting all other covariates, over the range of values of ground cover (0-100), the average
predicted occupancy increased from 0.13 to 0.19. Predicted occupancy also increased with
increasing abundance of snags with credible intervals slightly overlapping 0 (β=0.11, 95% CrI=0.08 to 0.30) (Figure 7). Discounting all other covariates, over the range of values of snag
abundance (0-6.3), the average predicted occupancy increased from 0.14 to 0.26. All other
covariates included in this model appeared to have only a negligible effect on the predicted
occupancy of this group. A detailed table of results from the general model may be found in
Table 8 in Appendix F.
Group Specific Model
The proportion of hemlock in the canopy was the strongest local scale predictor of
occupancy within this group. Predicted occupancy was higher with increased proportion of
hemlock. The posterior mean effect of the proportion of hemlock was 0.34 (95% CrI=0.09 to
0.59) (Figure 16). Discounting all other covariates, over the range of values of proportion of
hemlock (0-85.5), the average predicted occupancy increased from 0.06 to 0.25 (Figure 17). The
posterior mean effect of the proportion of hemlock was highest for Dark-eyed Junco and Blueheaded Vireo (β=0.62, 95% CrI=0.29 to 0.97; β=0.58, 95% CrI=0.27 to 0.90). The posterior
mean effect of the proportion of hemlock was negligible for Yellow-rumped Warbler (β=-0.02,
95% CrI=-0.66 to 0.54) (Figure 16). The posterior mean effect of the proportion of other
conifers was 0.13 with credible intervals overlapping 0 (95% CrI=-0.10 to 0.36). Discounting all
other covariates, over the range of values of proportion of other conifers (0-74.25), the average
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predicted occupancy decreased from 0.06 to 0.15. The posterior mean effect of the proportion of
other conifers was highest for Pine Warbler and Blue-headed Vireo (β=0.38, 95% CrI=-0.04 to
0.78; β=0.42, 95% CrI=0.10 to 0.778). The posterior mean effect of the proportion of other
conifers was negligible for Black-throated Green Warbler, Louisiana Waterthrush, and Yellowrumped Warbler (β=-0.04, 95% CrI=-0.33 to 0.25; β=0.05, 95% CrI=-0.38 to 0.43; β=0.01, 95%
CrI=-0.46 to 0.44) (Figure 16). A detailed table of results for each species for each covariate of
interest can be found in Table 13 in Appendix F.
Dead Wood Associates
On average, the predicted occupancy of species within this group was 0.17. Black-andwhite Warbler was the most common species within this group with a predicted occupancy of
0.47 (95% CrI=0.42 to 0.52). Red-bellied Woodpecker had a predicted occupancy of 0.12 (95%
CrI=0.07 to 0.17), Yellow-bellied Sapsucker had a predicted occupancy of 0.19 (95% CrI=0.14
to 0.24), Downy Woodpecker and Hairy Woodpecker each had a predicted occupancy of 0.15
(95% CrI=0.1 to 0.22; 95% CrI=0.1 to 0.21), Northern Flicker had a predicted occupancy of 0.1
(95% CrI=0.016 to 0.14), and Pileated Woodpecker had a predicted occupancy of 0.18 (95%
CrI=0.1 to 0.27). Brown Creeper and Winter Wren were the least common species in this group
with predicted occupancy values of 0.09 (95% CrI=0.06 to 0.13) and 0.04 (95% CrI= 0.02 to
0.07).
General Model
This group did not show increased occupancy with any single cover type, but had the
highest estimated occupancy at points with an increased proportion of Mixed Northern
Hardwood cover type (β=-2.17, 95% CrI=-3.74 to -0.70) compared to other cover types (Figure
6). Here, the posterior mean effect of Mixed Northern Hardwood cover type was negative.
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However, estimated occupancy of dead wood associates at points with an increased abundance of
Mixed Northern Hardwood cover type was still higher than at points with all other cover types
(Figure 6). The proportion of conifer cover in the canopy was the strongest local scale predictor
of occupancy within the group followed closely by the abundance of snags, although for both
covariates, credible intervals overlapped 0. Predicted occupancy within this group increased
with the increased proportion of conifer cover and had a posterior mean effect of 0.14 (95%
CrI=-0.10 to 0.38) (Figure 7). Discounting all other covariates, over the range of values of
conifer cover (0-92.5), the average predicted occupancy increased from 0.14 to 0.23. The
posterior mean effect of the abundance of snags was positive in the general model (β=0.13, 95%
CrI=-0.09 to 0.34). Discounting all other covariates, over the range of values of snag abundance
(0-6.3), the average predicted occupancy increased from 0.14 to 0.27. All other covariates
included in the general model appeared to have only a negligible effect on the predicted
occupancy of this group. A detailed table of results from the general model may be found in
Table 8 in Appendix F.
Group Specific Model
The abundance of large pieces of woody debris was the strongest local scale predictor of
occupancy within this group. The posterior mean effect of the abundance of woody debris was
0.18 although credible intervals slightly overlap 0 (95% CrI=-0.02 to 0.38) (Figure 18).
Discounting all other covariates, over the range of values of woody debris (0-9), the average
predicted occupancy increased from 0.07 to 0.18 (Figure 19). The posterior mean effect of the
abundance of woody debris was highest for Black-and-white Warbler and Yellow-bellied
Sapsucker (β=0.26, 95% CrI=0.02 to 0.54; β=0.23, 95% CrI=-0.05 to 0.52) (Figure 18). The
posterior mean effect of the abundance of snags was also positive in the group specific model
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with credible intervals overlapping 0 (β=0.09, 95% CrI=-0.18 to 0.38). Over the range of values
of number of snags (0-6.3), the average predicted occupancy increased from 0.08 to 0.13. The
posterior mean effect of the abundance of snags was highest for Red-bellied Woodpecker and
Winter Wren (β=0.34, 95% CrI=-0.02 to 0.75; β=0.40, 95% CrI=-0.02 to 0.84) (Figure 18). A
detailed table of results for each species for each covariate of interest can be found in Table 14 in
Appendix F.
Model of Relevant Forest Features
In the model of relevant forest features, the abundance of understory cover again
demonstrated the strongest negative posterior mean effect for canopy associates with credible
intervals slightly overlapping 0 and the strongest positive posterior mean effect on the occupancy
of understory associates (β=-0.28, 95% CrI=-0.59 to 0.03; β=0.67, 95% CrI=0.38 to 0.94). The
abundance of understory cover demonstrated only a negligible effect on all other groups (Figure
20). The predicted occupancy of the conifer, dead wood, and midstory associates increased with
increasing standard deviation of DBH, although credible intervals slightly overlap 0 for each
group (β=0.14, 95% CrI=-0.02 to 0.31; β=0.11, 95% CrI=-0.07 to 0.29; β=0.18, 95% CrI=-0.02
to 0.39). The predicted occupancy of the canopy and understory associates decreased with
increasing standard deviation of DBH, although credible intervals largely overlap 0 (β=-0.04,
95% CrI=-0.24 to 0.16; β=-0.03, 95% CrI=-0.20 to 0.15) (Figure 20). The proportion of
hemlock in the canopy had the strongest negative posterior mean effect for midstory and
understory associates, although credible intervals slightly overlap 0 (β=-0.19, 95% CrI=-0.50 to
0.10; β=-0.20, 95% CrI=-0.46 to 0.05). The proportion of hemlock in the canopy had the
strongest positive posterior mean effect on the occupancy of conifer associates (β=0.31, 95%
CrI=0.11 to 0.53). The proportion of hemlock in the canopy also had a negative posterior mean
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effect for canopy associates and a positive posterior mean effect for dead wood associates,
although credible intervals overlap 0 (β=-0.13, 95% CrI=-0.41 to 0.15; β=0.12, 95% CrI=-0.11 to
0.34) (Figure 20). The abundance of woody debris had the strongest negative posterior mean
effect for midstory and understory associates, although credible intervals slightly overlap 0 (β=0.15, 95% CrI=-0.41 to 0.09; β=-0.14, 95% CrI=-0.34 to 0.07). The abundance of woody debris
had the strongest positive posterior mean effect for canopy and dead wood associates, although
the credible interval slightly overlaps 0 for dead wood associates (β=0.24, 95% CrI=0.02 to 0.46;
β=0.14, 95% CrI=-0.07 to 0.32). The predicted occupancy of conifer associates also increased
with increase abundance of woody debris, although credible intervals slightly overlap 0 (β=0.11,
95% CrI=-0.07 to 0.29) (Figure 20). A detailed table of results for each group for each covariate
of interest can be found in Table 15 in Appendix F.
DISCUSSION
Group Results
The results of this study indicate that several local scale forest features can be used to
predict an increase in the predicted occupancy of groups of co-occurring forest bird species.
Additionally, our study has identified specific habitat features that correlate with the increased
occupancy of certain groups of co-occuring. These results expand upon previous work that has
studied the habitat use of select focal species to demonstrate the influence of local forest features
on multi-species groups (MacArthur and MacArthur 1961, Bakermans and Rodewald 2009,
Castaño-Villa et al. 2014, Kroll et al. 2014, and others). Our occupancy models enable us to
simultaneously determine the specific features associated with increased occupancy of multiple
species, thus allowing managers to better predict changes in bird communities in response to
direct management activities or external and internal factors affecting the forest.

46

The predicted occupancy of species associated with the understory stratum and conifers
showed the strongest positive correlations with local scale features. This suggests that birds in
these groups are more strongly influenced by the local scale forest features we measured than
other groups of co-occurring species. This also suggests better consistency between species
within these groups with the majority of species within each group demonstrating similar
relationships to the same covariates. Birds associated with the midstory stratum as well as birds
associated with conifers showed higher occupancy in certain cover types.

While our results for

the effect of cover type and local scale forest features are not directly comparable, we can
conclude that for these groups, management should still take cover type into consideration.
Canopy Associates
According to results from the global, group specific, and revisited general models, an
increased abundance of understory cover is associated with reduced occupancy of species found
within the canopy stratum, and in both the general and group specific models the predicted
occupancy decreased by about half across all values of understory cover. Understory itself likely
does not have a negative effect on canopy-associated species. It is more likely that it is a
reflection of the amount of canopy cover, and the abundance of understory showed a slight
negative correlation with the abundance of canopy cover.
While we did include a direct measurement of canopy cover in our model, this measure
did not show a significant effect on occupancy. This is surprising given previous research
linking increased canopy cover to increased occupancy of mature-forest species including Redeyed Vireo (Canterbury et al. 2000). Previous studies using canopy cover as a metric for habitat
suitability often compare areas of open forest or early successional habitat to mature forest.
Within areas of forest, canopy cover and composition are often correlated with changes in the
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structure and composition in the understory (Rogers et al. 2008). Understory species may be
shade intolerant and therefore, understory cover can often decrease with increasing canopy
closure (Halpern and Lutz 2013, Lecerf et al. 2016). Therefore, within areas of contiguous
forest, increased understory cover may indicate larger gaps in the canopy that are not suitable for
canopy associates and may serve as a metric for canopy habitat. Additionally, new technology,
such as Light Detection and Ranging (LIDAR), is rapidly improving and appears to be another
useful tool for accurately measuring canopy cover (Goetz et al. 2007).
The positive correlation between the predicted occupancy of this group and the
abundance of woody debris in the revisited global model was also surprising. However, woody
debris is often a measure of forest maturity (Williams and Cook 2010). Therefore, the
abundance of woody debris may serve as another indicator of mature canopy habitat availability.
Additionally, coarse woody debris created by treefalls may indicate the availability of canopy
gaps, which benefit a number of species within this group (Levey 1988, Smith and Dallman
1996, Bakermans et al. 2012). Tracking woody debris abundance may allow managers to
identify areas with canopy gap availability for canopy associates.
Midstory Associates
The predicted occupancy of this group decreased with increasing abundance of midstory
cover, our direct measurement of midstory in both the global and group specific models. This is
surprising given previous management recommendations to increase midstory cover for species
like Wood Thrush (Hagenbuch et al. 2011, Bakermans et al. 2012). However, the presence of
midstory trees may inhibit the growth of shrubs (Hagar et al. 2016), which may also be utilized
by species in this group (Sherry and Holmes 1997, Whitehead and Taylor 2002; Evans et al.
2011, Hughes 2015). Additionally, sallying species like Eastern Wood-pewee and American
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Redstart occur within the midstory, but are cited to prefer an open midstory for sallying and
insect eating (McCarty 1996, Sherry and Holmes 1997). Therefore, midstory associates, while
associated with this vertical layer in the forest, are not exclusively associated with cover in that
layer. Again, our results for this group depend upon correct designation of species to their
assigned group. Given our methods for designating species, species like Eastern Wood-pewee
that occur in the midstory should be placed in the midstory group. However, species that utilize
an open midstory will require different midstory cover features than species that rely on midstory
vegetation. In this case, our multi-species occupancy models may not accurately capture how
midstory cover drives occupancy and single species results may be more telling. It may also
prove useful to designate more specific groups in the future that would separate midstory nesters
from sallying species.
Additionally, we are not confident that our direct measure of midstory accurately
measured the midstory habitat utilized by species within this group. The positive correlation of
the predicted occupancy of midstory associates with both canopy cover and ground cover in our
general model indicate that birds within this group may be utilizing structural features not
accounted for by a measure of overall midstory cover. Therefore, we feel that our other
measurements of midstory habitat better describe important features within the midstory.
Our results also demonstrate a positive relationship between standard deviation of DBH
and the occupancy of this group. As opposed to a measure like midstory cover, the standard
deviation of DBH indicates variability of tree sizes as well as variability within the midstory
layer. This metric may better serve to describe the quality of midstory habitat for species that
utilize midstory cover as well as those that utilize an open midstory. The standard deviation of
DBH has been used in other studies to measure the complexity of structure within the forest
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(Zenner et al. 2012, Peck et al. 2014) . Structural complexity overall may therefore influence
birds within this group and requires further investigation. The positive correlation between the
predicted occupancy of this group and the standard deviation of DBH indicates that forestry
practices utilizing even-aged management may be detrimental to midstory associated species.
Even-aged management can create areas with lower variation of DBH sizes compared to areas
that utilize uneven-aged management strategies (Peck et al. 2014). Therefore, our results
indicate that management should consider utilizing methods that create tree size variability to
manage for species within this group. Additionally, monitoring the resulting standard deviation
of DBH after management techniques have been applied may be a useful metric for estimating
the efficacy of certain cuts or prescriptions. For the midstory group, cuts and prescriptions that
eventually create stands with a high standard deviation of DBH may be considered successful
practices.
Understory Associates
The strong positive correlation of predicted occupancy for this group with not only the
abundance of low growing vegetation cover, but particularly to the abundance of tall ericaceous
shrubs yields interesting conclusions. The strong positive correlation of predicted occupancy of
this group with the abundance of tall ericaceous shrubs and understory cover, as well as the
positive correlation of the predicted occupancy of this group with the abundance of ground cover
in both the general and group specific models demonstrates that this group is positively
associated with understory structural components. Predicted occupancy also decreased with
increasing abundance of canopy cover, complementary to our results for the canopy associate
group, and again demonstrates that interactions between the overstory and understory layers.
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The positive correlation between predicted occupancy and the abundance of tall
ericaceous shrubs appears to be a product of the current composition of forests in Pennsylvania.
At our points, the abundance of tall ericaceous shrub cover showed a high correlation with the
general understory cover. This indicates that the majority of understory cover at our sites was
composed of tall ericaceous shrubs. Tall ericaceous shrubs are a thick woody component when
present in the understory and can contribute a strong structural element by creating thickets of
cover (Brose 2016). Long-term decreases in pH in regions like the Allegheny Plateau have
created more acidic soils that promote the growth of ericaceous shrubs (Bailey et al. 2005, Brose
2016). As a result, thickets of species like mountain laurel are fairly common in the eastern
United States, especially along the Appalachian Mountains (Brose 2016). In other regions of the
United States, other dominant woody vegetation may serve to create similar understory cover.
Soil-acidification has been shown to have negative effects on the productivity of species
like Ovenbird (Pabian et al. 2011). Areas with acidic soil have also been shown to have a
negative relationship with overall species richness of birds and tree species diversity (Pabian and
Brittingham 2012). However, the increased predicted occupancy of understory-associated
species in areas of increased tall ericaceous shrub abundance indicates that certain species will
still utilize areas with lower quality soils.
In addition to serving as an indicator of soil-acidification, mountain laurel and other
ericaceous species may inhibit the establishment of hardwood seedlings (Brose 2016).
Therefore, thickets of ericaceous shrubs may negatively affect forest regeneration and other
studies have suggested that ericaceous shrubs should be removed from forested areas (Brose
2016). However, tall ericaceous shrubs currently dominate the midstory in Pennsylvania forests
and our results indicate that understory associates would be negatively impacted by the removal
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of this thick, woody, structural elements. We suggest that intermediate amounts of tall
ericaceous shrubs may suit the needs of understory-associated species without leading to
degradation of overall forest quality. We also suggest that maintaining patches of ericaceous
shrubs dispersed throughout a forested landscape may allow forests to support understory
structure for understory associates without negatively impacting forest regeneration across a
large area.
Additionally, this study used species occupancy as a metric of forest quality. Previous
work has demonstrated a positive effect of soil calcium levels on the territory density, clutch
size, and nest density of other species like Ovenbirds (Pabian et al. 2011). As soil acidification
reduces levels of soil calcium, understory-associated species may demonstrate reduced success
despite occupying sites with acidic soils. Monitoring the abundance of tall ericaceous shrubs
like mountain laurel may allow managers to identify areas with significant understory cover for
understory associates while also monitoring areas of acid deposition. More research examining
nest success in areas of high ericaceous shrub abundance may also provide important
information about whether these areas are truly higher quality for understory associates, or if the
association of understory associates with tall ericaceous shrubs is simply due to their dominance
in Pennsylvania.
While the majority of individual species showed an increased predicted occupancy at
sites with increased tall ericaceous shrubs, Indigo Bunting showed an opposing negative
correlation. This particular understory associate is noted to be more of an edge associate than
other species and have been found to utilize edges created by timber harvest (Kendrick et al.
2015). This species may therefore may have a different interaction with tall ericaceous shrubs
than species that utilize the understory in more interior forest. Despite the predicted occupancy
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of Indigo Bunting decreasing as the abundance of tall ericaceous shrubs increased, the increased
predicted occupancy of the rest of this group was fairly consistent and demonstrate a welldefined group of co-occurring species. Our ability to determine how the effect of tall ericaceous
shrubs differs for Indigo Bunting compared to other species within this group demonstrates the
advantage of using a multi-species occupancy model that allows us to see the effect of a
covariate on a group as well as individual species.
Ground Associates
It is difficult to draw conclusions for the ground associate group due to the weak
correlations between predicted occupancy and any of our covariates. The lack of an effect of our
litter related covariate was surprising given previous work indicating a positive effect of litter
depth on these species (Mattsson and Niemi 2006, Bakermans et al. 2012). This weak
relationship may be a result of making inferences off of a limited number of litter depth
measurements (4 per microplot). In the future, taking more measurements of litter depth across
our plots may provide more detailed information about how litter depth affects ground associates
(i.e., Pabian and Brittingham 2012).
However, the predicted occupancy of this group did decrease slightly as the abundance of
ground cover increased. Increased ground cover generally reduces the available leaf litter cover,
so ground cover may serve as an indirect measure of litter. These results may further be
confounded by opposing negative results for Worm-eating Warbler and Ovenbird and positive
results for Eastern Towhee and Veery. Ovenbirds use litter not only for foraging, but also for
building their nests (Wilson et al. 2012). The negative correlation between the predicted
occupancy of this species and increasing ground cover is unsurprising given previous research
showing decreased nest success of ovenbirds with decreased litter depth (Canterbury et al. 2000,
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Mattsson and Niemi 2006). Worm-eating Warblers also utilize the ground layer for foraging for
caterpillars (Wilson et al. 2012).
Changes in ground vegetation cover in forests can result from overbrowsing of deer.
While overbrowsing can sometimes limit plant growth in areas of high deer density, they can
also promote the growth of undesirable ground vegetation. In managed forest stands, research
has shown a positive correlation between deer browsing and the abundance of ferns, grasses and
sedges that may limit foraging opportunities for species that utilize leaf litter (Horsley et al.
2003). Our study focused on utilizing species occupancy as a metric of habitat quality and future
research would benefit from analyzing the effect of ground cover changes on nest success and
other demographics.
Additionally, this group may have been too diverse to accurately determine a group effect
for the covariates we measured. While species like Ovenbird rely on litter for nesting, species
like Eastern Towhee and Veery are also associated with shrubs and utilize the lower vegetation
features within the forest (Wilson et al. 2012). Including species that each utilize the ground
layer but in different capacities may create more difficulties when trying to determine if any
single local forest feature affects the occupancy of this group overall. Similar to the midstory
group, each of the species included in this group are associated with the ground layer, but may
rely on different features that the ground layer is composed of. These particular species may
therefore not benefit by being managed as ground specialists. This demonstrates some of the
challenges in creating groups of co-occurring species, but also the advantages of using multispecies occupancy modeling that allow for interpretations of individual species.
Since the predicted occupancy of this group changed very little with the increased
abundance of local scale covariates, larger scale forest features likely would have a larger effect.
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For example a number of species within this group, including Ovenbird and Hermit Thrush are
often described as area-sensitive species, and respond negatively to forest harvests and
fragmentation (Keller and Anderson 1992, Anderson and Crompton 2002). Species that are
highly impacted by patch size will likely demonstrate a stronger relationship with landscape
level features than to local forest features. This demonstrates that balancing both forest quantity
and quality is important for forest bird management.
Conifer Associates
The increased predicted occupancy of this group with increased hemlock abundance has
strong implications for management. Eastern Hemlocks are currently in peril as a result of
hemlock wooly adelgid (Adelges tsugae) (Orwig and Foster, 1988; Walker et al., 2014).
Therefore, the potential loss of hemlock will likely have serious consequences for this group.
This is especially true for Black-throated Green Warbler, Dark-eyed Junco, Louisiana
Waterthrush, and Winter Wren, for which the abundance of hemlock had a stronger positive
effect size than to the abundance of other conifers. These results therefore provide further
evidence supporting anticipated declines in conifer-associates as hemlock woolly adelgid
continues to alter forest composition (i.e., Tingley et al. 2002).
Our results also demonstrated that the abundance of woody debris had a positive effect on
the predicted occupancy of conifer associates in our revised general model. This may likely be a
result of the degrading health of hemlock in Pennsylvania. In Pennsylvania, dead and dying
hemlock can contribute to increasing amounts of downed woody material (Goraloretta et al.
2014). Areas with increased abundance of downed woody material may also indicate areas of
dying hemlock. While hemlock had a positive effect on the predicted occupancy of species
within this group, areas affected by hemlock wooly adelgid will have increased abundance of
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dead and dying woody material and this positive association between conifer associates and
woody debris likely indicates this relationship.
Previous research of hemlock woolly adelgid has demonstrated the declined abundance
of hemlock-associated species as hemlock declines (Tingley et al., 2002). However, the positive
correlation between the abundance of other conifers in the canopy on the predicted occupancy of
this group may indicate that as hemlock declines in Pennsylvania, hemlock-associated species
may begin to use other conifers as they do in other regions within North America (Robichaud
and Villard 1999). Hemlock is an important forest feature because these trees retain their lower
branches, and these structural elements throughout the vertical layers of the forest allow different
species to use hemlock at various heights and allows for greater species diversity (Martin 1988).
Other conifer and pine also retain their lower branches to some degree and may therefore support
the same structure habitat features that hemlock provides. Research exploring how conifer
associates utilize the different structural features associated with hemlock would also shed light
on how other structural elements in the forest may be managed to create other important habitat
features for conifer associates as hemlock declines. While maintaining healthy hemlock stands
should be a management priority, managers would benefit from exploring the use of other
conifers and structural features to maintain habitat for conifer associates
This group was also more likely to occupy sites with a hemlock cover type compared to
other cover types, including conifer. This again demonstrates the importance of hemlock even
among other conifer types within the forest. Management should therefore focus on maintaining
healthy hemlock stands not only at the local level, but also as a cover type in the forest
landscape.
Dead Wood Associates
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The lack of a strong positive effect of abundance of snags on the predicted occupancy of
this group was surprising given the association of these birds to tree cavities and previous
research linking the abundance of snags to increased bird diversity (Lohr et al. 2002). However,
some species within this group still utilize live trees. For example, Yellow-bellied Sapsuckers
rely on live trees for sap wells (Walters et al., 2002). Woodpeckers have also been found to
show a preference for large-diameter living trees in a state of decline (Gunn and Hagan 2000).
Temperate forests such as those found in North-central Pennsylvania can feature an abundance
of dying large trees due to pests and diseases like emerald-ash borer (Agrilua planipennis),
beech-bark disease, and hemlock-woolly adelgid (Orwig and Foster 1988, Forrester et al. 2003,
Anulewicz et al. 2007). Due to the nature of our vegetation surveys, we measured the abundance
of snags within our plots, but did not account for the number of dying trees. These dying trees
provide cavity and foraging opportunities for dead wood associates like woodpeckers and likely
provide the same benefits to these species that snags do (Gunn and Hagan 2000). In the case of
ash trees that die in response to infestations from emerald-ash borers, these live but dying trees
provide cavity habitat as well as a food resource in the form of prepupal emerald-ash borer larvae
(Anulewicz et al. 2007). Given the state of temperate eastern deciduous forests and the number
of pests and diseases present, snag abundance may no longer be an accurate metric to judge
habitat suitability for dead wood associates.
Our findings suggest that large pieces of woody debris better correlate with increased
occupancy of dead wood associates and therefore may serve as a better indication of the
availability of dead wood features for these species. Coarse woody debris is often used as an
indication of the overall maturity of a forest (Ziegler 2000, Goraloretta et al. 2014). Within
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forests that have an abundance of live, dying trees, woody debris may better indicate the
availability of dead wood materials for foraging and nesting than the abundance of snags.
Previous studies of coarse woody debris have found an increase in coarse woody debris
created by dying hemlock and beech in eastern deciduous forest (Goraloretta et al. 2014). The
loss of these shade-tolerant species is expected to benefit species that utilize woody debris in the
short term (Goraloretta et al. 2014). This may be demonstrated in the results of our revisited
general model where the proportion of hemlock in the canopy had a positive correlation with the
predicted occupancy of dead wood associates. However, these species will likely be replaced by
oak and maple species, which do not appear to contribute much woody debris to forest systems
and may lead to the reduction of available dead wood and coarse woody debris over time
(Goraloretta et al. 2014). Currently, the abundance of coarse woody debris may be utilized to
indicate the abundance of available dead wood for dead wood associated species. However, we
caution that management of tree species that are threatened by disease and pests, like ash and
hemlock, is critical to ensure that forests maintain sustainable amounts of dead wood features
rather than short-term increases and long-term decreases that will negatively affect dead woodassociated birds.
Conclusion
For a number of our habitat specialist groups, the effect of local forest features on
occupancy was clear. We conclude that several local scale forest features do correlate with the
increased predicted occupancy of certain specialist groups of forest-interior birds. Most notably,
the standard deviation of DBH, abundance of tall ericaceous shrubs, proportion of hemlock in the
canopy, and abundance of woody debris had a positive correlation with the predicted occupancy
of species associated with midstory, understory, conifers, and dead wood, respectively. The
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implications of these results are dependent on our classification of groups of co-occurring
species. Most of our groups were fairly straightforward to classify. However, the midstory
group in particular was challenging to define due to ambiguity of how midstory associates use
the midstory, and whether they rely on midstory cover for leaf gleaning or an open midstory for
sallying.
Despite challenges in assigning species to groups associated with structural or
compositional features, our results indicate that management can utilize local features to
maintain populations of forest birds and manage for groups of co-occurring species rather than
single umbrella species. This expands upon previous work that often focuses on single species
responses to forest features to demonstrate that groups of co-occurring species may be utilized to
identify the effect of local forest features for communities. Additionally, these local features
may prove useful to managers tracking changes within forested habitat and how those changes
may affect population of forest birds. Foresters seeking to manage forest for multiple resources
and multiple groups of species may be able to utilize measures of ericaceous shrubs, hemlock
abundance, standard deviation of DBH, and woody debris abundance to monitor the effects of
changing forest conditions, as well as the success of different management prescriptions for
different groups of species. We would like to note that a number of forest monitoring surveys,
such as the Continuous Forest Inventory in Pennsylvania, already monitor these features and may
readily available to forest managers(PADCNR 2010). However, these surveys can often be
expensive and time consuming. Our results demonstrating positive correlations between four
groups of co-occuring species and certain local forest features indicate that surveys monitoring
forest bird species occupancy could also be useful for understanding what features are available
within a forested landscape. Areas with a higher occupancy of understory, conifer, dead wood,
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and midstory associates may prove to be a useful indication of higher abundance of tall
ericaceous shrubs, hemlock, woody debris, and a higher standard deviation of DBH respectively.
We caution that in this study we utilized occupancy as a proxy for judging habitat quality
and studies of nest success and other demographics may be more telling in determining how
local scale forest features contribute to habitat quality (i.e., Bakermans et al. 2012). Further
research is also needed to understand how these features affect the interior forest bird community
as a whole. We intend to use the results of this research to understand how the complexity
within a forest stand affects overall diversity (Chapter 2).
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FIGURES

Figure 1. Map of 77 clusters of point count locations within contiguous forest in north central
Pennsylvania within State Forests and State Gamelands in the Ridge and Valley and Northern
Allegheny Plateau ecoregions. These clusters occurred in These clusters were visited during
the 2015-2016 breeding seasons. Here, clusters are indicated by black dots and in the inset, the
city of State College, Pennsylvania is indicated by a black star.
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Figure 2. Example of cluster points used to perform avian point counts in north central
Pennsylvania during the 2015-2016 breeding seasons. Here, each triangle represents a point
count location included within a single cluster of points. The point labeled “Access Point”
indicates the randomly placed road point used to establish a cluster location for ease of access.
The different colors across the landscape each represent different forest cover types as
established by the Pennsylvania Department of Conservation and Natural Resources and the
Pennsylvania Game Commission.
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Figure 3. Example point count location and distance bands used to record the occupancy and
location of birds during 6 minute avian point count surveys conducted in north central
Pennsylvania in 2015-2016. Here, the solid gray circle at the center indicates the plot center, the
light gray dashed circle represents a 50 m distance band, and the black dashed circle represents a
100 m distance band.
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Figure 4. Example intensive vegetation survey plot used to record vegetation data in north
central Pennsylvania in 2015-2016. Here, the solid black circle represents the 100 m radius of
the point count location, the dashed lines represent the 25 m microplots located 120 degrees and
80-90 m away from two other microplots within the 100 m plot, and the dotted lines represent
the 3 m central plot used to count seedling and sapling species.
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25 m

Figure 5. Example of transects used to count woody debris, litter depth, and canopy openness
during intensive vegetation surveys conducted in north central Pennsylvania in 2015-2016.
Here, the solid black circle represents to the 25 m radius microplot and the dashed lines represent
4 separate 25 m transects that we walked to count the number of pieces of woody debris located
on each transect. The solid black lines represent distances along each transect that were 5 m
away from the center of the plot. These locations were used to measure canopy cover and litter
depth.
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Figure 6. Results from the general model testing how cover type affects the occupancy of six
groups of co-occuring species as calculated by the runjags package in Program R. Each graph
represents the predicted occupancy of each species group. Here, the x axis represents each of the
six possible cover types: Hemlock (HM), Mixed Northern Hardwood (NH), Oak (Oak), Other
Conifer (OC), Other Hardwood (OH), and Red Maple (RM). The y axis represents the mean
predicted occupancy of each group for each cover type. Here the dots represent estimated
occupancy of groups when the value of each cover type was 1 (cover type accounted for 100% of
the 100 m point count radius). The vertical black lines represent 95% credible intervals. The
dashed horizontal black line represents the overall mean predicted occupancy of the group.
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Figure 7. Results from the general model testing how the abundance of canopy, midstory,
understory, and ground cover as well as proportion of conifer cover and abundance of snags, as
calculated by the runjags package in Program R, affect the occupancy of 6 groups of co-occuring
species. Each individual graph demonstrates the effect size of each individual covariate across
all groups. Here, the x axis represents each of the six species groups: canopy, conifer, dead
wood, ground, midstory and understory. The y axis represents the posterior mean effect size of
the covariate for each group. Here the dots represent the posterior mean effect of the covariates
for individual groups and the vertical black lines represent 95% credible intervals. The solid
horizontal black line represents a posterior mean effect of 0.
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Figure 8. Results from the canopy associate model testing how the abundance of understory
cover, canopy cover, and large tree abundance, as calculated by the runjags package in Program
R, affect the occupancy of canopy-associated species. Each individual graph demonstrates the
effect size of each individual covariate across all species. Here, the x axis represents each of the
species included in this group: Blue-gray Gnatcatcher, Black-throated Green Warbler, Magnolia
Warbler, Rose-breasted Grosbeak, Red-eyed Vireo, and Scarlet Tanager. The y axis represents
the posterior mean effect size of the covariate for each species. Here the dots represent the
posterior mean effect of the covariates for individual groups and the vertical black lines represent
95% credible intervals. The solid horizontal black line represents a posterior mean effect of 0.
The dashed line represents the average posterior mean effect for the group.
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Figure 9. Results from the canopy associate model testing how occupancy probability of canopy
associates, as calculated by the runjags package in Program R, varies across all values of
understory cover abundance. Here, the x axis represents the range of values of understory cover.
The y axis represents the occupancy probability. Each colored line represents the change in
occupancy of individual species as the proportion of understory cover increases. The dotted
black line represents the mean change in occupancy probability for the group as the proportion of
understory cover increases.
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Figure 10. Results from the midstory associate model testing how the standard deviation of
DBH, small tree abundance, and abundance of midstory cover, as calculated by the runjags
package in Program R, affect the occupancy of midstory-associated species. Each individual
graph demonstrates the effect size of each individual covariate across all species. Here, the x
axis represents each of the species included in this group: Acadian Flycatcher, American
Redstart, Eastern Wood-pewee, Wood Thrush, and Yellow-billed Cuckoo. The y axis represents
the posterior mean effect size of the covariate for each species. Here the dots represent the
posterior mean effect of the covariates for individual groups and the vertical black lines represent
95% credible intervals. The solid horizontal black line represents a posterior mean effect of 0.
The dashed line represents the average posterior mean effect for the group.
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Figure 11. Results from the midstory associate model testing how occupancy probability of
midstory associates, as calculated by the runjags package in Program R, varies across all values
of standard deviation of DBH. Here, the x axis represents the range of values of standard
deviation of DBH. The y axis represents the occupancy probability. Each colored line represents
the change in occupancy of individual species as the proportion of understory cover increases.
The dotted black line represents the mean change in occupancy probability for the group as the
proportion of understory cover increases.
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Figure 12. Results from the understory associate model testing how the abundance of tall
ericaceous shrubs and ground cover, as calculated by the runjags package in Program R, affect
the occupancy of understory-associated species. Each individual graph demonstrates the effect
size of each individual covariate across all species. Here, the x axis represents each of the
species included in this group: Black-throated Blue Warbler, Canada Warbler, Common
Yellowthroat, Chestnut-sided Warbler, Eastern Towhee, Hooded Warbler, and Indigo Bunting.
The y axis represents the posterior mean effect size of the covariate for each species. Here the
dots represent the posterior mean effect of the covariates for individual groups and the vertical
black lines represent 95% credible intervals. The solid horizontal black line represents a
posterior mean effect of 0. The dashed line represents the average posterior mean effect for the
group.
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Figure 13. Results from the understory associate model testing how occupancy probability of
understory associates, as calculated by the runjags package in Program R, varies across all values
of tall ericaceous shrub abundance. Here, the x axis represents the range of values of tall
ericaceous shrub abundance. The y axis represents the occupancy probability. Each colored line
represents the change in occupancy of individual species as the abundance of tall ericaceous
shrubs increases. The dotted black line represents the mean change in occupancy probability for
the group as the abundance of tall ericaceous shrubs increases.
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Figure 14. Results from the ground associate model testing how the abundance of ground cover,
litter depth, and abundance of hayscented fern, as calculated by the runjags package in Program
R, affect the occupancy of ground-associated species. Each individual graph demonstrates the
effect size of each individual covariate across all species. Here, the x axis represents each of the
species included in this group: Eastern Towhee, Hermit Thrush, Ovenbird, Veery, Worm-eating
Warbler, and Winter Wren. The y axis represents the posterior mean effect size of the covariate
for each species. Here the dots represent the posterior mean effect of the covariates for
individual groups and the vertical black lines represent 95% credible intervals. The solid
horizontal black line represents a posterior mean effect of 0. The dashed line represents the
average posterior mean effect for the group.
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Figure 15. Results from the ground associate model testing how occupancy probability of
ground associates, as calculated by the runjags package in Program R, varies across all values of
ground cover. Here, the x axis represents the range of values of ground vegetation cover. The y
axis represents the occupancy probability. Here each colored line represents the change in
occupancy of individual species as the abundance of ground cover increases. The dotted black
line represents the mean change in occupancy probability for the group as the abundance of
ground cover increases.
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Figure 16. Results from the conifer-associate model testing how the proportion of hemlock and
other conifers in the canopy, as calculated by the runjags package in Program R, affect the
occupancy of conifer-associated species. Here, the x axis represents each of the species included
in this group: Blue-headed Vireo, Blackburnian Warbler, Brown Creeper, Black-throated Green
Warbler, Canada Warbler, Dark-eyed Junco, Louisiana Waterthrush, Magnolia Warbler, Pine
Warbler, Winter Wren, and Yellow-rumped warbler. The y axis represents the posterior mean
effect size of the covariate for each species. Here the black dots represent the posterior mean
effect of the proportion of hemlock in the canopy for individual species with vertical black lines
representing 95% credible intervals, and the blue dots represent the posterior mean effect of the
proportion of other conifers in the canopy for individual species with vertical blue lines
representing 95% credible intervals. The solid horizontal black line represents a posterior mean
effect of 0 and the black dashed line represents the average posterior mean effect of hemlock for
the entire group while the blue dashed line represents the average posterior mean effect of other
conifers for the entire group.
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Figure 17. Results from the conifer associate model testing how occupancy probability of
conifer associates, as calculated by the runjags package in Program R, varies across all values of
the proportion of hemlock in the canopy. Here, the x axis represents the range of values of the
proportion of hemlock in the canopy. The y axis represents the occupancy probability. Here
each colored line represents the change in occupancy of individual species as the proportion of
hemlock in the canopy increases. The dotted black line represents the mean change in
occupancy probability for the group as the proportion of hemlock in the canopy increases.
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Figure 18. Results from the dead wood model testing how the abundance of woody debris and
snags, as calculated by the runjags package in Program R, affect the occupancy of dead woodassociated species. Each individual graph demonstrates the effect size of each individual
covariate across all species. Here, the x axis represents each of the species included in this
group: Black-and-white Warbler, Brown Creeper, Downy Woodpecker, Hairy Woodpecker,
Northern Flicker, Pileated Woodpecker, Red-bellied Woodpecker, Winter Wren and Yellowbellied Sapsucker. The y axis represents the posterior mean effect size of the covariate for each
species. Here the dots represent the posterior mean effect of the covariates for individual groups
and the vertical black lines represent 95% credible intervals. The solid horizontal black line
represents a posterior mean effect of 0. The dashed line represents the average posterior mean
effect for the group.
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Figure 19. Results from the dead wood associate model testing how occupancy probability of
dead wood associates, as calculated by the runjags package in Program R, varies across all
values of woody debris abundance. Here, the x axis represents the range of values of woody
debris abundance. The y axis represents the occupancy probability. Here each colored line
represents the change in occupancy of individual species as the abundance of woody debris
increases. The dotted black line represents the mean change in occupancy probability for the
group as the abundance of woody debris increases.
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Figure 20. Results from the model of relevant forest features testing how the abundance of
understory cover, standard deviation of DBH, proportion of hemlock in the canopy, and
abundance of woody debris, as calculated by the runjags package in Program R, affect the
occupancy of six groups of co-occuring species. Each individual graph demonstrates the effect
size of each individual covariate across all groups. Here, the x axis represents each of the six
species groups: canopy, conifer, dead wood, ground, midstory and understory. The y axis
represents the posterior mean effect size of the covariate for each group. Here the dots represent
the posterior mean effect of the covariates for individual groups and the vertical black lines
represent 95% credible intervals. The solid horizontal black line represents a posterior mean
effect of 0.
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APPENDIX A: Rapid Vegetation Surveys (50 m plot radius)
Table 1: Covariates measured during rapid vegetation surveys at each point count location
during 2015-2016 avian point count surveys.
Covariate
Measurement
Hemlock Health
Scale of 0-3; 0 = healthy, 1= some dieback, 2=
significant die off, 3= many dead or dying
Ground Vegetation Cover

Proportion of plot covered with herbaceous,
low growing vegetation below 0.5 m (%)

Dominant Ground Vegetation

2 top dominant species in the ground cover

Understory Vegetation Cover

Proportion of plot covered with woody
vegetation growing between 0.5-1.5 m (%)

Dominant Understory Vegetation

2 top dominant species in the understory

Midstory Vegetation Cover

Proportion of plot covered with woody
vegetation between 1.5-10 m (%)

Dominant Midstory Vegetation

2 top dominant species in the midstory

Upper Story Cover

Proportion of canopy and subcanopy trees that
were pine, hemlock, spruce, maple, oak, aspen,
cherry, birch or other (%)

Canopy Height

Estimated if canopy height was <10 m, 10-20
m or >20 m

Canopy Openness

Estimate of how much sky was visible between
individual trees (%)
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APPENDIX B: Intensive Vegetation Surveys
Table 2: Covariates measured within 25 m radius of intensive vegetation survey micro-plots
during 2015-2016 field seasons.
Covariate
25 m microplot

Measurement

Canopy Height

Rangefinder estimate (m)

Canopy Species

Proportion of canopy covered by each species (%)

Midstory Species

Proportion of midstory covered by each woody
vegetation species occurring within the midstory
(%)

Understory Species

Proportion of understory covered by each species
(%)

Litter Depth

Measurement of litter depth at 4 locations 5 m from
center of the plot (mm)

Woody Debris

Total number of downed trees >10in DBH located
on 4 transects

Canopy Openness

Proportion of canopy open directly overhead 5 m
away from plot center in 4 directions

Ground Cover Types

Proportion of ground stratum that was hayscented
fern, other fern, grass, forb, moss, woody debris,
water, rock, litter, bare ground, or lycopodium (%)

3 m plot at center of 25 m plot
Seedling Species

Number of seedlings of each species

Sapling Species

Number of sapling of each species

Variable radius plots at center of 25 m plot
Basal Area

10 BAF prism used to locate and measure DBH of
“in” trees

Tree species

Identified species of all “in” trees

Snags

Measured DBH of all “in” snags
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Table 2 Continued.
Covariate

Measurement

Microhabitats
Recent Burn

Presence/ Absence

Human Structure

Presence/ Absence

Standing Water

Presence/ Absence

Flowing Water

Presence/ Absence

Seep

Presence/ Absence

Rock Field

Presence/ Absence

Field or opening

Presence/ Absence
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APPENDIX C: Comparison of Rapid and Intensive Vegetation Surveys
Table 3: Comparison of similar covariates measured by both the rapid and intensive vegetation surveys during 2015-2016 field
seasons.
Covariate
Ground Cover Types

Understory Species

Midstory Species

Canopy Species

Rapid Vegetation Survey Measurement (50
m plot)
2 dominant vegetation species in the ground
cover

2 dominant woody species in the understory

2 dominant woody species in the midstory

Intensive Vegetation Survey Measurement
(Average values of three 25 m plots)
Proportion of ground stratum that was
hayscented fern, other fern, grass, forb, moss,
woody debris, water, rock, litter, bare ground, or
lycopodium (%) *
Proportion of understory covered by each
species (%) *
Proportion of midstory covered by every woody
vegetation species occurring within the midstory
(%) *

Comparison Values

/

/

/

Proportion of canopy and subcanopy trees that
were general categories of pine, hemlock,
spruce, maple, oak, aspen, cherry, birch or other
(%)

Proportion of canopy covered by each species
(%) *

Canopy Height

Estimated if canopy height was in one of three
height classes: <10 m, 10-20 m or >20 m

Rangefinder estimate (m) *

80.13% of values from rapid
vegetation corresponded to
more exact intensive survey
measurements

Canopy Openness

Estimate of how much sky was visible between
individual trees (%)

Proportion of canopy open directly overhead 5
m away from plot center in 4 directions *

Values from the rapid and
intensive vegetation surveys
demonstrates a correlation
of 0.36

/

* Indicates measurement was chosen for inclusion in analysis

95

APPENDIX D: Structural and Compositional Species Groups
Table 4: Passerine and non-passerine species and their a priori assigned structural and/ or compositional groups. Number of
points with detections is based off of total encounters during the 2015-2016 avian point count surveys across 310 points in
North-central PA.
Number of Points
Detected At

Species

Scientific Name

Group

Mourning Dove

Zenaida macroura

/

21

Yellow-billed Cuckoo

Coccyzus americanus

MIDSTORY

17

Ruby-throated Hummingbird

Archilochus colubris

/

2

Red-headed Woodpecker

Melanerpes erythrocephalus

/

2

Red-bellied Woodpecker

Melanerpes carolinus

DEAD WOOD

19

Yellow-bellied Sapsucker

Sphyrapicus varius

DEAD WOOD

24

Downy Woodpecker

Picoides pubescens

DEAD WOOD

16

Hairy Woodpecker

Picoides villosus

DEAD WOOD

16

Northern Flicker

Colaptes auratus

DEAD WOOD

11

Pileated Woodpecker

Dryocopus pileatus

DEAD WOOD

14

Eastern Wood Pewee

Contopus virens

MIDSTORY

51

Acadian Flycatcher

Empidonax virescens

MIDSTORY

48

Alder Flycatcher

Empidonax alnorum

/

1

Least Flycatcher

Empidonax minimus

/

3

Eastern Phoebe

Sayornis phoebe

/

10

Great-crested Flycatcher

Myiarchus crinitus

/

10

Yellow-throated Vireo

Vireo flavifrons

/

1

Blue-headed Vireo

Vireo solitaries

CONIFER

40

Red-eyed Vireo

Vireo olivaceus

CANOPY

252

Blue Jay

Cyanocitta cristata

/

40

American Crow

Corvus brachyrhynchos

/

20

Black-capped Chickadee

Poecile atricapillus

/

45

Tufted Titmouse

Baeolophus bicolor

/

26
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Table 4 Continued.
Number of Points
Detected At

Species

Scientific Name

Group

Red-breasted Nuthatch

Sitta canadensis

/

4

White-breasted Nuthatch

Sitta carolinensis

/

47

Brown Creeper

Certhia americana

CONIFER, DEAD WOOD

13

House Wren

Troglodytes aedon

1

Winter Wren

Troglodytes hiemalis

Carolina Wren

Thryothorus ludovicianus

/
CONIFER, DEAD WOOD,
GROUND
/

Blue-gray Gnatcatcher

Polioptila caerulea

CANOPY

Golden-crowned Kinglet

Regulus satrapa

/

1

Eastern Bluebird

Sialia sialis

/

1

Veery

Catharus fuscescens

GROUND

60

Hermit Thrush

Catharus guttatus

GROUND

39

Wood Thrush

Hylocichla mustelina

MIDSTORY

58

American Robin

Turdus migratorius

/

26

Gray Catbird

Dumetella carolinensis

/

16

Brown Thrasher

Toxostoma rufum

/

1

Cedar Waxwing

Bombycilla cedrorum

/

29

American Goldfinch

Spinus tristis

/

19

Ovenbird

Seiurus aurocapilla

GROUND

274

Worm-eating Warbler

Helmitheros vermivorum

GROUND

17

Louisiana Waterthrush

Parkesia motacilla

CONIFER

8

Blue-winged Warbler

Vermivora cyanoptera

/

1

Black-and-white Warbler

Mniotilta varia

DEAD WOOD

Nashville Warbler

Oreothylpis ruficapilla

/

2

Mourning Warbler

Geothlypis philadelphia

/

1

Common Yellowthroat

Geothlypis trichas

UNDERSTORY

76

Hooded Warbler

Setophaga citrina

UNDERSTORY

85

7
1
15

97

97

Table 4 Continued.
Number of Points
Detected At

Species

Scientific Name

Group

American Redstart

Setophaga ruticilla

MIDSTORY

Cerulean Warbler

Setophaga cerulea

/

4

Northern Parula

Setophaga americana

/

2

Magnolia Warbler

Setophaga magnolia

CANOPY, CONIFER

13

Blackburnian Warbler

Setophaga fusca

CONIFER

67

Yellow Warbler

Setophaga petechia

/

Chestnut-sided Warbler

Vireolanius melitophrys

UNDERSTORY

Blackpoll Warbler

Setophaga striata

/

Black-throated Blue Warbler

Setophaga caerulescens

UNDERSTORY

Pine Warbler

Setophaga pinus

CONIFER

6

Yellow-rumped Warbler

Setophaga coronata

CONIFER

11

Prairie Warbler
Black-throated Green
Warbler
Canada Warbler

Setophaga discolor

/

Setophaga virens

CANOPY, CONIFER

Cardellina canadensis

CONIFER, UNDERSTORY

16

Eastern Towhee

Pipilo erythrophthalmus

GROUND, UNDERSTORY

121

Chipping Sparrow

Spizella passerina

/

7

Field Sparrow

Spizella pusilla

/

7

Song Sparrow

Melospiza melodia

/

Dark-eyed Junco

Junco hyemalis

CONIFER

37

Scarlet Tanager

Piranga olivacea

CANOPY

126

Northern Cardinal

Cardinalis cardinalis

/

Rose-breasted Grosbeak

Pheucticus ludovicianus

CANOPY

20

Indigo Bunting

Passerina cyanea

UNDERSTORY

16

Red-winged Blackbird

Agelaius phoeniceus

/

1

Brown-headed Cowbird

Molothrus ater

/

8

Baltimore Oriole

Icterus galbula

/

3

33

1
57
2
81

2
149

4

7
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APPENDIX E: Vegetation Survey Summaries
Table 5: Proportion of total survey area composed of 6 different cover type categories
across 310 100 m points visited during the 2015-2016 breeding season in North-central PA.
Cover Type *
Proportion of total
survey area
Other Conifer
10.5%
Hemlock

14.7%

Mixed Northern Hardwood

15.9%

Oak

45.8%

Other Hardwood

8.8%

Red Maple

4.3%

*See Methods page 19 for cover type definitions

Table 6: Presence of compositional features identified from the rapid vegetation surveys
and average proportion of each 50 m rapid vegetation plot. Averages calculated from 310
points visited during the 2015-2016 breeding season in North-central PA.
Covariate
Points Present
Average Proportion of 50 m Plot*
Ericaceous Shrubs
120
53.27
Hayscented Fern

195

22.61

Hemlock in Canopy

101

22.96

95

11.69

4

23.71

Pine in Canopy
Spruce in Canopy

* Description of proportion measurements in Table 1 and Methods page 14
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Table 7: Covariates used for analysis collected during rapid and intensive vegetation
surveys across 310 points during the 2015-2016 breeding season in Northcentral PA.
Survey
Covariate
Average
Standard Deviation
Ground Cover (%)
Rapid
39.81
30.65
Understory Cover (%)

Rapid

31.82

27.34

Midstory Cover (%)

Rapid

37.18

21.17

Canopy Cover (%)

Rapid

79.20

17.77

Canopy Height (m)

Intensive

16.68

3.93

Standard Deviation of Height

Intensive

1.65

1.20

Litter Depth (mm)

Intensive

14.20

9.15

Woody Debris per Transect

Intensive

1.54

1.58

Small Trees (4.5-6in DBH)

Intensive

2.05

2.23

Large Trees (<10in DBH)

Intensive

7.46

3.04

Standard Deviation of DBH

Intensive

4.83

1.54

Snags

Intensive

0.81

0.96

Large Snags (>10in DBH)

Intensive

0.52

0.74

100

APPENDIX F: Occupancy Model Results
Table 8: Results of general multi-species occupancy models for all groups
Posterior Beta Coefficient
Covariate

Proportion Other Hardwood
Cover Type

Proportion Oak Cover Type

Proportion Other Conifer
Cover Type

Proportion Hemlock Cover
Type

Proportion Mixed Northern
Hardwood Cover Type

Proportion Red Maple Cover
Type

Group

Mean

SD

95% Credible Interval
1.33
-1.82

Canopy

-0.24

0.80

Conifer

-3.15

0.67

-4.51

-1.88

Dead Wood

-2.70

0.71

-4.09

-1.29

Ground

-0.54

0.81

-2.17

1.03

Midstory

-1.46

0.87

-3.12

0.29

Understory

-1.50

0.74

-2.93

0.00

Canopy

-0.62

0.87

-2.31

1.11

Conifer

-3.39

0.66

-4.63

-2.05

Dead Wood

-2.63

0.72

-4.07

-1.26

Ground

-1.38

0.86

-3.06

0.32

Midstory

-1.28

0.92

-3.10

0.50

Understory

-1.22

0.80

-2.77

0.33

Canopy

-1.28

0.90

-3.06

0.51

Conifer

-2.83

0.71

-4.21

-1.44

Dead Wood

-2.98

0.78

-4.58

-1.50

Ground

-0.68

0.90

-2.47

1.02

Midstory

-2.32

0.98

-4.36

-0.48

Understory

-1.95

0.83

-3.59

-0.30

Canopy

-0.77

0.92

-2.51

1.11

Conifer

-1.82

0.69

-3.18

-0.47

Dead Wood

-3.42

0.79

-5.03

-1.93

Ground

-1.04

0.92

-2.90

0.72

Midstory

-3.13

1.00

-5.13

-1.21

Understory

-1.77

0.85

-3.40

-0.03

Canopy

-0.32

0.91

-2.10

1.48

Conifer

-2.47

0.71

-3.89

-1.10

Dead Wood

-2.17

0.78

-3.74

-0.70

Ground

-1.02

0.92

-2.83

0.74

Midstory

-2.79

1.00

-4.75

-0.82

Understory

-1.72

0.87

-3.45

-0.01

Canopy

-0.36

0.95

-2.23

1.54

Conifer

-2.81

0.78

-4.39

-1.33

Dead Wood

-2.82

0.87

-4.53

-1.11

Ground

-1.08

0.96

-3.06

0.73

Midstory

-3.66

1.15

-5.99

-1.44

Understory

-1.45

0.88

-3.16

0.30
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Table 8: Continued.
Posterior Beta Coefficient
Covariate
Abundance Canopy Cover

Group

Mean
-0.06

0.13

-0.31

0.20

Conifer

-0.04

0.11

-0.24

0.17

Dead Wood

0.08

0.12

-0.15

0.33

Ground

0.04

0.13

-0.21

0.30

0.26

0.14

-0.02

0.55

-0.28

0.11

-0.50

-0.06

Canopy

0.03

0.11

-0.18

0.24

Conifer

0.04

0.09

-0.14

0.22

Dead Wood

0.04

0.10

-0.16

0.24

Ground

0.05

0.11

-0.16

0.26

Midstory

-0.18

0.12

-0.41

0.04

Understory

-0.14

0.09

-0.32

0.05

Canopy

-0.31

0.16

-0.64

-0.01

Conifer

0.04

0.13

-0.21

0.29

-0.08

0.14

-0.36

0.21

0.16

0.16

-0.17

0.45

Understory

Abundance Understory Cover

Dead Wood
Ground

-0.10

0.17

-0.43

0.24

Understory

0.70

0.14

0.43

0.99

Canopy

0.01

0.15

-0.30

0.30

Conifer

0.15

0.12

-0.10

0.38

Dead Wood

-0.01

0.14

-0.29

0.25

Ground

-0.02

0.15

-0.32

0.28

Midstory

0.16

0.16

-0.16

0.46

Understory

0.21

0.13

-0.05

0.48

Canopy

-0.10

0.13

-0.35

0.17

Conifer

0.34

0.11

0.13

0.55

Dead Wood

0.14

0.12

-0.10

0.38

Ground

-0.02

0.13

-0.28

0.24

Midstory

Midstory
Abundance Ground Cover

Proportion Conifer Cover

Snag Abundance

95% Credible Intervals

Canopy

Midstory
Abundance Midstory Cover

SD

-0.06

0.15

-0.35

0.23

Understory

0.06

0.12

-0.17

0.28

Canopy

0.06

0.12

-0.18

0.31

Conifer

0.11

0.10

-0.08

0.30

Dead Wood

0.13

0.11

-0.09

0.34

Ground

0.09

0.12

-0.15

0.33

Midstory

-0.02

0.13

-0.28

0.23

Understory

-0.07

0.11

-0.29

0.14
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Table 9: Results of canopy-associated species multi-species occupancy models
Covariate

Canopy Cover

Species
Red-eyed Vireo
Blue-gray Gnatcatcher
Magnolia Warbler
Black-throated Green Warbler
Scarlet Tanager
Rose-breasted Grosbeak
Group Mean

Mean

Posterior Beta Coefficient
SD
95% Credible Interval
0.21
0.19
-0.16
0.58
-0.24
0.21
-0.66
0.15
0.08
0.19
-0.29
0.48
0.12
0.14
-0.15
0.39
-0.18
0.15
-0.47
0.13
-0.04
0.17
-0.38
0.32
-0.01
0.16
-0.31
0.31

Understory
Cover

Red-eyed Vireo
Blue-gray Gnatcatcher
Magnolia Warbler
Black-throated Green Warbler
Scarlet Tanager
Rose-breasted Grosbeak
Group Mean

-0.24
-0.2
-0.31
-0.23
-0.14
-0.33
-0.24

0.15
0.16
0.17
0.12
0.13
0.17
0.12

-0.55
-0.52
-0.66
-0.47
-0.38
-0.67
-0.49

0.06
0.11
0.02
0.01
0.12
-0.02
-0.01

Number of
Large Trees

Red-eyed Vireo
Blue-gray Gnatcatcher
Magnolia Warbler
Black-throated Green Warbler
Scarlet Tanager
Rose-breasted Grosbeak
Group Mean

-0.03
-0.01
-0.05
-0.07
0.11
-0.41
-0.08

0.19
0.19
0.18
0.13
0.15
0.23
0.15

-0.39
-0.39
-0.4
-0.33
-0.17
-0.86
-0.38

0.35
0.36
0.32
0.19
0.41
0
0.23

Psi

Red-eyed Vireo
Blue-gray Gnatcatcher
Magnolia Warbler
Black-throated Green Warbler
Scarlet Tanager
Rose-breasted Grosbeak

0.91
0.12
0.09
0.6
0.64
0.14

0.02
0.02
0.02
0.02
0.03
0.02

0.88
0.07
0.06
0.55
0.59
0.1

0.94
0.17
0.12
0.64
0.69
0.18
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Table 10: Results of midstory-associated species multi-species occupancy models
Covariate

Species

Posterior Beta Coefficient
95% Credible
Mean
SD
Interval
0.12
0.22
-0.29
0.56
-0.39
0.19
-0.77
-0.03
-0.08
0.16
-0.38
0.26
-0.21
0.16
-0.54
0.09
-0.19
0.18
-0.53
0.16
-0.15
0.20
-0.50
0.23

Number Small
Trees

Yellow-billed Cuckoo
Eastern Wood-pewee
Acadian Flycatcher
Wood Thrush
American Redstart
Group Mean

Standard
Deviation of
DBH

Yellow-billed Cuckoo
Eastern Wood-pewee
Acadian Flycatcher
Wood Thrush
American Redstart
Group Mean

0.10
0.13
0.23
0.22
0.14
0.16

0.17
0.14
0.15
0.15
0.15
0.14

-0.26
-0.15
-0.07
-0.07
-0.14
-0.11

0.43
0.41
0.54
0.51
0.45
0.43

Abundance
Midstory

Yellow-billed Cuckoo
Eastern Wood-pewee
Acadian Flycatcher
Wood Thrush
American Redstart
Group Mean

-0.01
-0.18
-0.04
-0.29
-0.22
-0.15

0.19
0.15
0.16
0.16
0.16
0.15

-0.38
-0.48
-0.35
-0.62
-0.55
-0.46

0.39
0.11
0.28
0.01
0.11
0.14

Psi

Yellow-billed Cuckoo
Eastern Wood-pewee
Acadian Flycatcher
Wood Thrush
American Redstart

0.10
0.25
0.20
0.27
0.18

0.02
0.02
0.02
0.02
0.02

0.07
0.21
0.16
0.22
0.14

0.13
0.29
0.24
0.31
0.22
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Table 11: Results of understory-associated species multi-species occupancy models
Covariate

Abundance
Ground Cover

Species
Common Yellowthroat
Hooded Warbler
Chestnut-sided Warbler
Black-throated Blue Warbler
Canada Warbler
Eastern Towhee
Indigo Bunting
Group Mean

Mean

Posterior Beta Coefficient
SD
95% Credible Interval
0.54
0.18
0.19
0.88
0.07
0.17
-0.26
0.39
0.37
0.17
0.04
0.7
0.17
0.17
-0.15
0.5
0.23
0.22
-0.22
0.64
0.44
0.17
0.12
0.77
-0.12
0.25
-0.61
0.37
0.24
0.16
-0.08
0.57

Abundance
Ericaceous
Shrubs

Common Yellowthroat
Hooded Warbler
Chestnut-sided Warbler
Black-throated Blue Warbler
Canada Warbler
Eastern Towhee
Indigo Bunting
Group Mean

0.55
0.42
0.68
1.15
1.02
1
-0.67
0.59

0.18
0.18
0.19
0.2
0.27
0.19
0.35
0.31

0.2
0.08
0.31
0.76
0.49
0.65
-1.37
-0.04

0.91
0.77
1.06
1.52
1.54
1.39
0
1.2

Psi

Common Yellowthroat
Hooded Warbler
Chestnut-sided Warbler
Black-throated Blue Warbler
Canada Warbler
Eastern Towhee
Indigo Bunting

0.37
0.34
0.3
0.37
0.08
0.5
0.08

0.02
0.02
0.02
0.02
0.01
0.02
0.01

0.32
0.3
0.26
0.33
0.05
0.46
0.06

0.41
0.38
0.34
0.41
0.11
0.55
0.11
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Table 12: Results of ground-associated species multi-species occupancy models
Species

Posterior Beta Coefficient
95% Credible
Mean
SD
Interval
-0.05
0.19
-0.42
0.33
-0.08
0.14
-0.36
0.2
0.02
0.14
-0.25
0.3
0.1
0.19
-0.24
0.49
0.03
0.17
-0.29
0.37
-0.01
0.13
-0.27
0.25
0
0.13
-0.25
0.25

Abundance
Hayscented
Fern

Winter Wren
Veery
Hermit Thrush
Ovenbird
Worm-eating Warbler
Eastern Towhee
Group Mean

Abundance
Ground Cover

Winter Wren
Veery
Hermit Thrush
Ovenbird
Worm-eating Warbler
Eastern Towhee
Group Mean

0
0.21
0
-0.57
-0.39
0.28
-0.08

0.26
0.17
0.17
0.28
0.25
0.16
0.23

-0.52
-0.11
-0.33
-1.11
-0.89
-0.03
-0.54

0.52
0.55
0.33
-0.02
0.08
0.6
0.36

Litter Depth

Winter Wren
Veery
Hermit Thrush
Ovenbird
Worm-eating Warbler
Eastern Towhee
Group Mean

0.02
0.01
-0.01
-0.17
-0.12
-0.05
-0.05

0.19
0.14
0.15
0.18
0.18
0.14
0.13

-0.33
-0.27
-0.28
-0.53
-0.47
-0.32
-0.3

0.41
0.3
0.29
0.17
0.23
0.22
0.2

Psi

Winter Wren
Veery
Hermit Thrush
Ovenbird
Worm-eating Warbler
Eastern Towhee

0.05
0.28
0.24
0.93
0.1
0.5

0.01
0.02
0.02
0.01
0.02
0.02

0.03
0.23
0.19
0.9
0.07
0.46

0.07
0.32
0.28
0.96
0.13
0.55
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Table 13: Results of conifer-associated species multi-species occupancy models
Covariate

Species

Proportion
Other
Conifer

Blue-headed Vireo
Brown Creeper
Winter Wren
Louisiana Waterthrush
Magnolia Warbler
Blackburnian Warbler
Pine Warbler
Yellow-rumped Warbler
Black-throated Green
Warbler
Canada Warbler
Dark-eyed Junco
Group Mean

0.42
0.13
-0.1
0.05
-0.13
0.26
0.38
0.01

Proportion
Hemlock

Psi

Mean

Occupancy
95% Credible
SD
Interval
0.17
0.1
0.77
0.18
-0.26
0.48
0.26
-0.65
0.35
0.21
-0.38
0.43
0.25
-0.62
0.31
0.15
-0.02
0.56
0.21
-0.04
0.78
0.23
-0.46
0.44

-0.04

0.15

-0.33

0.25

0.19
0.22
0.13

0.17
0.15
0.12

-0.16
-0.06
-0.1

0.5
0.54
0.36

Blue-headed Vireo
Brown Creeper
Winter Wren
Louisiana Waterthrush
Magnolia Warbler
Blackburnian Warbler
Pine Warbler
Yellow-rumped Warbler
Black-throated Green
Warbler
Canada Warbler
Dark-eyed Junco
Group Mean

0.62
0.36
0.45
0.39
0.19
0.5
0.36
-0.02

0.18
0.18
0.19
0.19
0.2
0.15
0.22
0.33

0.29
0.01
0.08
0.01
-0.21
0.2
-0.07
-0.66

0.97
0.72
0.82
0.77
0.56
0.8
0.78
0.54

0.22

0.16

-0.1

0.51

0.11
0.58
0.34

0.24
0.16
0.13

-0.37
0.27
0.09

0.53
0.9
0.59

Blue-headed Vireo
Brown Creeper
Winter Wren
Louisiana Waterthrush
Magnolia Warbler
Blackburnian Warbler
Pine Warbler
Yellow-rumped Warbler
Black-throated Green
Warbler
Canada Warbler
Dark-eyed Junco

0.21
0.08
0.04
0.06
0.08
0.32
0.03
0.05

0.02
0.02
0.01
0.01
0.01
0.02
0.01
0.01

0.17
0.05
0.02
0.04
0.05
0.27
0.01
0.03

0.25
0.11
0.06
0.09
0.11
0.37
0.05
0.08

0.59

0.02

0.54

0.63

0.07
0.19

0.01
0.02

0.05
0.15

0.1
0.23

107

Table 14: Results of dead wood-associated species multi-species occupancy models
Posterior Beta Coefficient
95% Credible
Mean
SD
Interval
0.08
0.17
-0.27
0.41
0.23
0.14
-0.05
0.52
0.19
0.15
-0.1
0.49
0.21
0.15
-0.07
0.52
0.15
0.16
-0.17
0.48
0.13
0.16
-0.2
0.45
0.17
0.16
-0.16
0.47
0.18
0.16
-0.14
0.5
0.26
0.13
0.02
0.54
0.18
0.1
-0.02
0.38

Covariate

Species

Abundance
Woody Debris

Red-bellied Woodpecker
Yellow-bellied Sapsucker
Downy Woodpecker
Hairy Woodpecker
Northern Flicker
Pileated Woodpecker
Brown Creeper
Winter Wren
Black-and-white Warbler
Group Mean

Abundance
Snags

Red-bellied Woodpecker
Yellow-bellied Sapsucker
Downy Woodpecker
Hairy Woodpecker
Northern Flicker
Pileated Woodpecker
Brown Creeper
Winter Wren
Black-and-white Warbler
Group Mean

0.34
-0.22
0.11
0.07
0.09
-0.1
0.13
0.4
-0.04
0.09

0.2
0.26
0.19
0.2
0.21
0.25
0.2
0.22
0.15
0.14

-0.02
-0.74
-0.26
-0.31
-0.33
-0.61
-0.27
-0.02
-0.35
-0.18

0.75
0.24
0.49
0.49
0.53
0.36
0.53
0.84
0.23
0.38

Psi

Red-bellied Woodpecker
Yellow-bellied Sapsucker
Downy Woodpecker
Hairy Woodpecker
Northern Flicker
Pileated Woodpecker
Brown Creeper
Winter Wren
Black-and-white Warbler

0.12
0.19
0.15
0.15
0.1
0.18
0.09
0.04
0.47

0.02
0.03
0.03
0.03
0.02
0.04
0.02
0.01
0.03

0.08
0.14
0.1
0.1
0.06
0.1
0.06
0.02
0.42

0.17
0.24
0.22
0.21
0.14
0.27
0.13
0.07
0.52
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Table 15: Results of model of relevant forest features for all groups
Covariate
Abundance Understory
Cover

Group
Canopy
Conifer
Dead Wood
Ground
Midstory
Understory

Mean

Posterior Beta Effect Size
SD
95% Credible Interval
-0.28
0.16
-0.59
0.03
0.00
0.12
-0.24
0.25
-0.08
0.14
-0.34
0.19
0.07
0.16
-0.25
0.39
-0.05
0.17
-0.38
0.28
0.67
0.14
0.38
0.94

Proportion Hemlock

Canopy
Conifer
Dead Wood
Ground
Midstory
Understory

-0.13
0.31
0.12
-0.01
-0.19
-0.20

0.14
0.11
0.12
0.14
0.15
0.13

-0.41
0.11
-0.11
-0.29
-0.50
-0.46

0.15
0.53
0.34
0.27
0.10
0.05

Standard Deviation of
DBH

Canopy
Conifer
Dead Wood
Ground
Midstory
Understory

-0.04
0.14
0.11
0.02
0.18
-0.03

0.10
0.08
0.09
0.10
0.11
0.09

-0.24
-0.02
-0.07
-0.18
-0.02
-0.20

0.16
0.31
0.29
0.23
0.39
0.15

Abundance Woody Debris

Canopy
Conifer
Dead Wood
Ground
Midstory
Understory

0.24
0.11
0.14
0.01
-0.15
-0.14

0.11
0.09
0.10
0.12
0.13
0.10

0.02
-0.07
-0.07
-0.22
-0.41
-0.34

0.46
0.29
0.32
0.24
0.09
0.07
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APPENDIX G: Example R code from general model
#####################################################################################
############
# Example code analyze occupancy data of songbirds from repeat visits (at some, but not all sites)
#
# Occupancy model:
# Local forest feature covariates - specific intercept (random effect with a single precision parameter)
#
# Detection model:
#
iid random observer by species effect, hour of day, and day of year
#
# Glenn Stauffer, June 2016
#####################################################################################
############
setwd("S:/Miller Lab/Forest Bird Project/ACB Models/Occupancy")

rm(list=ls())
library(runjags)
Canopy=sort(c("RBGR","REVI","SCTA","BGGN","BTNW","MAWA"))
Conifer=sort(c("BHVI","BLBW","BRCR","BTNW","CAWA","DEJU","LOWA","MAWA","PIWA","W
IWR","YRWA"))
Dead=sort(c("BAWW","BRCR","DOWO","HAWO","NOFL","PIWO","RBWO","WIWR","YBSA"))
Ground=sort(c("EATO","HETH","OVEN","VEER","WEWA","WIWR"))
Midstory=sort(c("ACFL","AMRE","EAWP","WOTH","YBCU"))
Understory=sort(c("BTBW","CAWA","COYE","CSWA","EATO","HOWA","INBU"))
spp <- c(Canopy,Conifer,Dead,Ground,Midstory,Understory)
group <- c(rep(1,length(Canopy)),rep(2,length(Conifer)),rep(3,length(Dead)),
rep(4,length(Ground)),rep(5,length(Midstory)),rep(6,length(Understory)))
nspp <- length(spp)
nvisits <- 2
noccs <- 3
ngrp <- length(unique(group))
##############################################
# load occupancy and covariate data, and manipulate
# subset to desired species
##############################################
# covariates specific to visits
VisitCov <- read.csv("VisitCovBOTH9.7.16.csv",stringsAsFactors =FALSE)
VisitCov <- VisitCov[order(VisitCov$Point_ID,VisitCov$Visit),]
# covariates specific to sites
SiteCov <- read.csv("SiteCovBOTH9.28.16.csv",stringsAsFactors =FALSE)
SiteCov <- SiteCov[order(SiteCov$Point_ID),]
# the bird observations
Occ <- read.csv("BirdDataBOTH9.7.16.csv",stringsAsFactors =FALSE)
dim(Occ)
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# identify all the point count locations
pts <- sort(unique(VisitCov$Point_ID))
npts <- length(pts)
first <- last <- vector(length=npts) # need to identify which points received first and second visits
for(i in 1:npts){
y <- VisitCov[VisitCov$Point_ID == pts[i],]
first[i] <- min(y$Visit)
last[i] <- max(y$Visit)
}
# number of observers
VisitCov$Obs<-as.numeric(as.factor(VisitCov$Obs))
nobs <- length(unique(VisitCov$Observer))
# subset encounter data to desired species and sum over all intervals (detection modeled constant over the
three 2-minute intervals)
Occ <- droplevels(Occ[Occ$Species %in% spp,])
Occ$y <- apply(Occ[,4:6],1,sum)
dim(Occ)
# scale some visit covariates (Site ones will remain vectors, so easy to do on the fly)
scaled <- scale(VisitCov[,c("Sky","Noise","DOY","hour")])
colnames(scaled) <- c("sSky","sNoise","sDOY","shour")
scaled[is.na(scaled)==TRUE] <- 0 # a very few missing values
VisitCov <- cbind(VisitCov,scaled)
# put observations in an array, npoints x nspecies x nvisits
# also put Visit Covariates in an appropriate array
OCC=array(NA,dim=c(npts,nspp,nvisits))
COV=array(NA,dim=c(npts,5,nvisits))
covs <- c("sSky","sNoise","sDOY","shour","Obs")
dimnames(COV) <- list(1:npts,covs,c("visit1","visit2"))
for(s in 1:npts){
for(j in first[s]:last[s]){
COV[s,,j] <- as.matrix(VisitCov[VisitCov$Point_ID == pts[s] & VisitCov$Visit == j,covs],1,5)
#
if(dim(x)[1]>0){COV[s,,j] <- x}
for(i in 1:nspp){
y <- Occ[Occ$Point_ID == pts[s] & Occ$Species == spp[i] & Occ$Visit == j,7]
if(length(y) >0){
OCC[s,i,j] <-y}else{OCC[s,i,j] <-0}
}
}}
dim(OCC)
dim(COV)
N=dim(OCC)[1]
#####################################################################################
#######
# Specify the JAGS model (accounting for re-visits)
#####################################################################################
#######
{generalmodel <- "model {
######################################################
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# Linear models, constraints, and likelihoods
######################################################
for (i in 1:N){ # start loop over sites
for(j in 1:nspp){ # start loop over species
# occupancy (assumed to not change accross visits)
z[i,j] ~ dbern(psi[i,j])
# linear model for occupancy probability
logit(psi[i,j]) <- bCluster[cluster[i],j]+boh[j]*oh[i]+boak[j]*oak[i]+bhm[j]*hm[i]+bcon[j]*con[i]+
bnh[j]*nh[i]+brm[j]*rm[i] +bCan[j]*canopy[i]+bMid[j]*midstory[i]+
bShrub[j]*shrub[i]+bGro[j]*ground[i]+ bCon[j]*conifer[i]+bDead[j]*dead[i]+
bohG[group[j]]*oh[i]+boakG[group[j]]*oak[i]+bhmG[group[j]]*hm[i]+
bconG[group[j]]*con[i]+bnhG[group[j]]*nh[i]+brmG[group[j]]*rm[i]+
bCanG[group[j]]*canopy[i]+bMidG[group[j]]*midstory[i]+bShrubG[group[j]]*shrub[i]+
bGroG[group[j]]*ground[i]+bConG[group[j]]*conifer[i]+bDeadG[group[j]]*dead[i]
# start loop over visits (vectors first and last indicate which visits to index for each site)
for(k in first[i]:last[i]){
# observation of species j at site i during visit k
y[i,j,k] ~ dbin(z[i,j]*p[i,j,k],noccs)
# linear model for detection probability
logit(p[i,j,k]) <- gObs[Obs[i,k],j] + gDate[j]*day[i,k] + gHour[j]*hour[i,k]
} #end visit loop k
} # end species loop
} # end site loop i
###########################################################
# priors
###########################################################
# prior for random effect of cluster
# separated from the random effect of species
# as written the species random effect has the same variance as for the species effect involved with cover
type
for(h in 1:nclust){
muClust[h] ~ dnorm(0,tauCL)
for(j in 1:nspp){
bCluster[h,j]~dnorm(muClust[h],tauSP)
}
}
tauCL ~ dgamma(0.1,0.01)
sdCL <- 1/sqrt(tauCL)
tauSP ~ dgamma(0.1,0.01)
sdSP <- 1/sqrt(tauSP)
for(j in 1:nspp){
boh[j] ~ dnorm(0,tauoh)
boak[j] ~ dnorm(0,tauoak)
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bhm[j] ~ dnorm(0,tauhm)
bcon[j] ~ dnorm(0,taucon)
bnh[j] ~ dnorm(0,taunh)
brm[j] ~ dnorm(0,taurm)
bCan[j] ~ dnorm(0,tauCan)
bMid[j] ~ dnorm(0,tauMid)
bShrub[j] ~ dnorm(0,tauShrub)
bGro[j] ~ dnorm(0,tauGro)
bCon[j] ~ dnorm(0,tauCon)
bDead[j] ~ dnorm(0,tauDead)
gDate[j] ~ dnorm(0,tauGdate)
gHour[j] ~ dnorm(0,tauGhour)
# prior for observer and species specific effects on detection
for(k in 1:nobs){
gObs[k,j] ~ dnorm(muP,tauP)
}
}
# hyperpriors for mean and variance hyperparameters
# for occupancy probability
tauoh ~ dgamma(0.1,0.01)
sdoh <- 1/sqrt(tauoh)
tauoak ~ dgamma(0.1,0.01)
sdoak <- 1/sqrt(tauoak)
tauhm ~ dgamma(0.1,0.01)
sdhm <- 1/sqrt(tauhm)
taucon ~ dgamma(0.1,0.01)
sdcon <- 1/sqrt(taucon)
taunh ~ dgamma(0.1,0.01)
sdnh <- 1/sqrt(taunh)
taurm ~ dgamma(0.1,0.01)
sdrm <- 1/sqrt(taurm)
tauCan ~ dgamma(0.1,0.01)
sdCan <- 1/sqrt(tauCan)
tauMid ~ dgamma(0.1,0.01)
sdMid <- 1/sqrt(tauMid)
tauShrub ~ dgamma(0.1,0.01)
sdShrub <- 1/sqrt(tauShrub)
tauGro ~ dgamma(0.1,0.01)
sdGro <- 1/sqrt(tauGro)
tauCon ~ dgamma(0.1,0.01)
sdCon <- 1/sqrt(tauCon)
tauDead ~ dgamma(0.1,0.01)
sdDead <- 1/sqrt(tauDead)
# for detection probability
muP ~ dnorm(0,0.1)
tauP ~ dgamma(0.1,0.1)
sdP <- 1/sqrt(tauP)
muGdate ~ dnorm(0,0.1)
tauGdate ~ dgamma(0.1,0.1)
sdGdate <- 1/sqrt(tauGdate)
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muGhour ~ dnorm(0,0.1)
tauGhour ~ dgamma(0.1,0.1)
sdGhour <- 1/sqrt(tauGhour)
# priors for community level psi parameters
for(g in 1:ngrp){
bohG[g] ~ dnorm(0,0.1)
boakG[g] ~ dnorm(0,0.1)
bconG[g] ~ dnorm(0,0.1)
bhmG[g] ~ dnorm(0,0.1)
bnhG[g] ~ dnorm(0,0.1)
brmG[g] ~ dnorm(0,0.1)
bCanG[g] ~ dnorm(0,0.1)
bMidG[g] ~ dnorm(0,0.1)
bShrubG[g] ~ dnorm(0,0.1)
bGroG[g] ~ dnorm(0,0.1)
bConG[g] ~ dnorm(0,0.1)
bDeadG[g] ~ dnorm(0,0.1)
}
###########################################################
# some derivations
###########################################################
for(j in 1:nspp){
meanPsi[j] <- mean(psi[,j])
}
}"}
# end of BUGS model
#----------------------------------------------# Bundle data to pass to jags
# and provide initial values for sampler
#----------------------------------------------{dat <- list(N=N,
nspp=dim(OCC)[2],
nclust=length(unique(SiteCov$Cluster)),
cluster=as.numeric(as.factor(SiteCov$Cluster)),
ngrp=ngrp,
oh=c(SiteCov$O.Hardwoods),
oak=c(SiteCov$Oak.y),
hm=c(SiteCov$Hemlock.y),
con=c(SiteCov$O.Conifer),
nh=c(SiteCov$N.Hardwoods),
rm=c(SiteCov$Red.Maple),
canopy=c(scale(SiteCov$AvgOfCanCover)),
midstory=c(scale(SiteCov$Mid_Cover)),
shrub=c(scale(SiteCov$Under_Cover)),
ground=c(scale(SiteCov$Ground_Cover)),
conifer=c(scale(SiteCov$X.ConCover)),
dead=c(scale(SiteCov$Snags.x)),
first=first,
last=last,
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y=OCC,
Obs=COV[,"Obs",,drop=TRUE],
noccs = noccs,
day = COV[,"sDOY",,drop=TRUE],
hour = COV[,"shour",,drop=TRUE],
nobs=nobs,
group=group)}
{inits <- function(){list(
z=matrix(as.numeric(apply(OCC,c(1,2),sum,na.rm=TRUE)>0),N,nspp))}
}
#----------------------------------------------# Specify MCMC controls and parameters to monitor
#----------------------------------------------{parameters <c("tauCL","tauSP","muClust","sdCL","boh","sdoh","boak","sdoak","bhm","sdhm","bcon","sdcon",
"bnh","sdnh","brm","sdrm","bCan","sdCan","bMid","sdMid","bShrub","sdShrub",
"bGro","sdGro","bCon","sdCon","bDead","sdDead",
"bCanG","bMidG","bShrubG","bGroG","bConG","bDeadG","bohG","boakG","bconG","bhmG","bnhG",
"brmG",
"muP","sdP","gDate","muGdate","sdGdate","gHour","muGhour","sdGhour",
"meanPsi", "meanPsi")}
# MCMC settings
ni <- 5000
nt <- 10
nb <- 10000
nc <- 3
ad <- 100
#----------------------------------------------# run model and time it
#----------------------------------------------start.time = Sys.time()
generalout <run.jags(model=generalmodel,monitor=parameters,data=dat,n.chains=nc,inits=inits,burnin=nb,
sample=ni,adapt=ad,thin=nt,modules=c("glm"),method="parallel")
end.time = Sys.time(); elapsed.time = round(difftime(end.time, start.time, units='mins'), dig = 2)
paste('Elapsed time was ', elapsed.time, ' minutes, or ', round(elapsed.time/60,3), ' hours', sep='')
save(generalout,file="General12.15.16.RData")
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CHAPTER TWO
Influence of forest complexity on forest bird species richness within
large tracts of contiguous forest.
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ABSTRACT
Maintaining biodiversity is often a goal of wildlife management practices since diverse
ecosystems are considered to be more resilient to changes in the environment. Ecological theory
proposes that heterogeneous habitat should lead to increased biodiversity at various spatial
scales. Here, we examine how compositional and structural complexity affect forest bird species
richness within areas of contiguous forest. We hypothesized the increased levels of forest
complexity would have a positive relationship with forest bird species richness. We utilized
occupancy data collected from 310 point count locations across the 2015-2016 breeding seasons
to create multi-species occupancy models. We used these models to estimate species richness at
each individual point, while accounting for imperfect detection associated with point count
surveys. We tested for relationships between richness and two measures of structural complexity
and four measures of compositional complexity: the standard deviation of DBH, the volume of
vegetation below the canopy, tree species richness, shrub species richness, the number of ground
cover types, and the number of forest cover types. We also tested the nestedness of our point
count data to determine if depauperate points were subsets of species rich points.
We found a positive relationship between measures of structural complexity, and that the
standard deviation of DBH had the strongest positive effect on species richness compared to
other measurements of structural complexity with an overall mean posterior effect size of 0.09
(95% CrI=0 to 0.18) across 47 species. The standard deviation of DBH was associated with the
increased occupancy of 43 out of 47 species. The number of cover types within a 500 m buffer
around each point had the strongest positive effect on species richness compared to other
measurement of compositional complexity and had an overall mean posterior effect size of 0.1
(95% CrI=-0.01 to 0.21) across 47 species. We found that other measures of compositional
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complexity, including tree and shrub species richness, and number of ground cover types within
100 m had no effect on overall species richness at the point level. However, these features had
varying effects on the species richness within six groups of co-occurring species.
Our results indicate that management techniques such as uneven-aged management that
create variability of tree DBH may prove effective to increase forest species richness at a local
level. Due to the varying effect sizes of measurements of composition complexity for individual
groups of co-occurring species, our results also indicate that changes in compositional
complexity may to lead to species turnover rather than higher species richness. Relationships
between species groups and specific microhabitat features demonstrate the importance of
managing for a variety of forest types and spatial heterogeneity. Additionally, our points
demonstrated nesting of species, meaning that species depauperate sites appeared to be subsets of
species rich sites. This indicates that managing for forest species richness may allow managers
to create quality habitat for common as well as rare species. Therefore, techniques that create
more variability of tree sizes and heterogeneity across a landscape may prove useful for creating
diverse forests that allow common species to remain common while also creating habitat for rare
species of interest.
INTRODUCTION
Since the early stages of avian habitat association research, evidence has shown that
vegetation structure and composition have the potential to impact species diversity (James and
Wamer 1982, Khanaposhtani et al. 2012, MacArthur and MacArthur 1961, and others). The
study of how structure and composition affect birds is especially relevant within forested
ecosystems where the presence of vegetation in different strata as well as plant species diversity
contribute to the available habitat. Within forests, foliage height diversity is a common structural
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measurement that has been shown to have a positive relationship with avian species diversity
(MacArthur and MacArthur 1961) Previous research has also shown that forest compositional
and structural features, such as tree species richness, canopy openness, and understory density,
affect the abundance and occupancy of certain forest songbird species (James and Wamer 1982,
Smith et al. 2008, Fox et al. 2010 , Bakermans et al. 2012). More recently, research has built off
of these habitat associations to study how complexity and environmental heterogeneity of forest
features affect songbird diversity.
Maintaining species diversity is often a goal of wildlife management because diverse
communities are thought to be more resilient in the face of changing ecological conditions
(Allison 2004). Current ecological theory proposes that heterogeneity across various spatial
scales will increase the amount of available niche space and therefore allow for increased species
diversity (Currie 1991, Tews et al. 2004). While a wealth of research is available showing a
positive relationship between landscape level heterogeneity and species diversity (i.e., Chocron
et al. 2015, Hovick et al. 2015, Klingbeil and Willig 2016, Lorenzon et al. 2016, and others)
studies focusing on stand level complexity are less common. A number of studies have shown
that increased structural heterogeneity within forested ecosystems has a positive relationship
with forest songbird species richness. For example, Khanasphotani et al. (2012) examined the
relationship of songbird species richness abundance and an index of forest complexity index in
Iran. They created an index of complexity based off of the additive effect of local forest
features, including canopy cover, shrub cover, ground cover, litter layer, and logs, rocks and
fallen branches. They found a strong positive influence of overall structural complexity on the
richness and abundance of bird species (Khanaposhtani et al. 2012). Another recent study
showed a positive relationship between the heterogeneity of basal area, stem diameter, and
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number of stems and insectivorous bird richness and abundance within a tropical forest
(Castaño-Villa et al. 2014). While forest structure is often cited as having a strong effect on
songbird diversity, compositional features like plant species richness may also affect species
diversity (James and Wamer 1982, Rompré et al. 2007).
Given previous evidence linking complexity with songbird diversity, understanding
complexity within forested ecosystems is becoming increasingly important as forest structure
and composition change. Recently, there have been growing concerns over the simplification of
forests in North America (Rooney et al. 2004, Schulte et al. 2007). Eastern deciduous forests
experience a number of disturbances that can alter the structure and composition of these forests.
Overbrowsing from white-tailed deer not only reduces the height of woody vegetation and
saplings (DeCalesta 1994), but also increases homogenization of ground vegetation within the
forest (Rooney 2009). Forest regeneration and tree species diversity are also negatively
influenced by soil acidification (Pabian and Brittingham 2012). Studies in North America have
demonstrated trends of decreasing tree and understory species diversity, structural complexity,
and conifer presence, likely as a result of these processes as well as even-aged management
practices (Rooney et al. 2004, Schulte et al. 2007, Rogers et al. 2008). The resulting
simplification of forests indicates that it is vital to understand how forest complexity contributes
to avian species diversity. This is especially relevant in areas of contiguous forest, which appear
to be quality habitat from a larger spatial scale.
The objective of this study is do determine if local scale forest complexity positively
affects local forest songbird diversity within areas of contiguous forest. We hypothesize that as
forest stand complexity increases, the species richness of forest birds will increase as a result. In
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addition, we hypothesize that as forest stand complexity increases, richness within groups of cooccurring species will also increase.
METHODS
For full details of study area, avian point counts and vegetation surveys, see Chapter One.
Vegetation Surveys: Measures of Complexity
A number of studies have used metrics of forest composition and structure to quantify
stand complexity. A literature review by McElhinny et al. 2005 describes a number of indices
created by other studies and recommended using a group of these indices to describe forest
complexity. We included a number of covariates described in this study that we felt would
characterize local scale forest complexity including two measures of structural complexity and
four measures of compositional complexity. Measures of complexity included tree and shrub
species richness, the number of ground cover types, standard deviation of DBH, abundance of
vegetation below the canopy and the number of cover types present within a 500 m buffer around
each point count. Tree and shrub species richness was calculated by counting the number of
native tree and shrub species encountered across all three microplots from the intensive
vegetation surveys. The number of ground cover types was calculated by counting the number
of ground cover types encountered across the three microplots from the intensive vegetation
surveys. The standard deviation of DBH was calculated as the standard deviation of tree DBH
across all trees across all three microplots from the intensive vegetation surveys. To measure the
abundance of vegetation below the canopy, we summed our measurements of ground vegetation
cover, understory vegetation cover, and midstory vegetation cover at each point and divided this
summed total by 3. This gave us an estimate of the average volume below the canopy at each
point, which we felt would be an important measurement of structural complexity. To measure
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the number of cover types present within a 500 m buffer, we used ArcGIS to create a 500 m
buffer around each individual point. We then used the intersect tool to measure the proportion of
each point that had been assigned to each general cover type group assigned in Chapter 1 (Figure
1). We summed the number of cover types that accounted for >10% of the buffer area to count
the number of cover types present at each point.
Bird Species Richness
We used the richness of forest specialist species as our response variable. We included a
total of 47 species of passerine and near passerines (see Appendix A). Previous studies using
bird species richness as a response variable, especially those done at a larger landscape scale,
have included generalist species in overall counts of richness (Rudnicky and Hunter 1993, Pino
et al. 2000, Pavlacky and Anderson 2007, Skórka et al. 2006, and others). However, the species
richness of forest specialist species may not follow the same trends of overall richness (Zipkin et
al. 2009). If all species are included in a measure of richness, this may not accurately measure
how biological covariates affect species of management interest within forests. Therefore, we
included only forest specialist species to gain more specific results for forested habitat. We
included all species that were detected within 100 m of the center of each point count location,
regardless of the total number of points a species was detected at across both years.
Establishment of Bird Groups
We examined not only the effect of complexity on overall richness, but also if the effect
of complexity on richness differed among groups of species with similar habitat associations. We
classified species into one of more of six categories based on where species are typically found
within a forest and their general habitat preferences. We chose four groups associated with
forest structural layers that included ground, understory, midstory, and canopy associates. We
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also chose two groups associated with forest compositional features that included conifer and
dead wood associates. We utilized the Pennsylvania list of Species of Greatest Conservation
Need to denote which species included in our analysis were of conservation interest to examine
if the predicted occupancy of species of conservation concern increased with increasing
complexity (PGC-PFBC 2015). We also considered any species with an occupancy or ψ <0.10
to be rare within our study. We did not consider species of conservation concern and rare
species to be mutually exclusive. By examining the relationships between our measures of
complexity and the occupancy of rare species as well as those of conservation concern, we will
be able to identify more detailed results about how increased forest complexity specifically
affects species of conservation interest. Our species list included 16 species of conservation
concern and 18 rare species. For a detailed description of how species were assigned to groups,
see Chapter 1. The list of each species and its designated habitat group as well as information on
which species were considered rare or of conservation concern is found in Appendix A.
Canopy Associates
The canopy associate group was made up of nine species and included Rose-breasted
Grosbeak (Pheucticus ludovicianus), Scarlet Tanager (Piranga olivacea), Black-throated Green
Warbler (Setophaga virens), Cerulean Warbler (Setophaga cerulea), Magnolia Warbler
(Setophaga magnolia), Northern Parula (Setophaga americana), Blue-gray Gnatcatcher
(Polioptila caerulea), Red-eyed Vireo (Vireo olivaceus), and Yellow-throated Vireo (Vireo
flavifrons) (See Appendix A). For a full description of how canopy associates were assigned see
Chapter 1.
Midstory Associates
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The midstory associate group was made up of five species and included Yellow-billed
Cuckoo (Coccyzus americanus), American Redstart (Setophaga ruticilla), Wood Thrush
(Hylocichla mustelina), Acadian Flycatcher (Empidonax virescens), and Eastern Wood-pewee
(Contopus virens) and (See Appendix A). For a full description of how canopy associates were
assigned see Chapter 1.
Understory Associates
The understory associate group was made up of nine species and included Indigo Bunting
(Passerina cyanea), Eastern Towhee (Pipilo erythrophthalmus), Blackpoll Warbler (Setophaga
striata), Black-throated Blue Warbler (Setophaga caerulescens), Canada Warbler (Cardellina
canadensis), Chestnut-sided Warbler (Vireolanius melitophrys), Common Yellowthroat
(Geothlypis trichas), Hooded Warbler (Setophaga citrina), and Nashville Warbler (Leiothlypis
ruficapilla) (See Appendix A). For a full description of how canopy associates were assigned
see Chapter 1.
Ground Associates
The ground associate group was made up of seven species and included Eastern Towhee,
Mourning Warbler (Geothlypis philadelphia), Ovenbird (Seiurus aurocapilla), Worm-eating
Warbler (Helmitheros vermivorum), Winter Wren (Troglodytes hiemalis), Hermit Thrush
(Catharus guttatus), and Veery (Catharus fuscescens) (See Appendix A). For a full description
of how canopy associates were assigned see Chapter 1.
Conifer Associates
The conifer associate group was made up of fourteen species and included Brown
Creeper (Certhia americana), Dark-eyed Junco (Junco hyemalis), Blackburnian Warbler
(Setophaga fusca), Blackpoll Warbler, Black-throated Green Warbler, Canada Warbler,
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Louisiana Waterthrush (Parkesia motacilla), Magnolia Warbler, Pine Warbler (Setophaga
pinus), Yellow-rumped Warbler (Setophaga coronata), Golden-crowned Kinglet (Regulus
satrapa), Red-breasted Nuthatch (Sitta canadensis), Winter Wren, and Blue-headed Vireo (Vireo
solitaries) (See Appendix A). For a full description of how canopy associates were assigned see
Chapter 1.
Dead Wood Associates
The dead wood associate group was made up of eleven species and included Brown
Creeper, Black-and-white Warbler (Mniotilta varia), Downy Woodpecker (Picoides pubescens),
Hairy Woodpecker (Picoides villosus), Northern Flicker (Colaptes auratus), Pileated
Woodpecker (Dryocopus pileatus), Red-bellied Woodpecker (Melanerpes carolinus), Redheaded Woodpecker (Melanerpes erythrocephalus), Yellow-bellied Sapsucker (Sphyrapicus
varius), Red-breasted Nuthatch, and Winter Wren (See Appendix A). For a full description of
how canopy associates were assigned see Chapter 1.
DATA ANALYSIS
Analysis of Point Count Data
Multi-species Occupancy Models
For a full description of the structure of our multi-species occupancy model, see Chapter
1. In order to calculate species richness, we summed the latent z values calculated for each
species at each of 310 points. Latent z values (zi,j)=1 represents the occupancy state of species i
at site j, where zi,j= 1 indicates occupancy and zi,j = 0 indicates absence. The estimated
proportion of sites (a value between 0-1) where zi,j =1 demonstrates the probability that species i
is present at site j, even if it was not observed (MacKenzie et al. 2006b). Raw calculations of
species richness using the number of species detected at a point provide information about the
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minimum species richness value at a point and are negatively biased when the detection of
species is imperfect. Summing latent z values for all species at a point provides a more accurate
measurement of richness since it includes the probability that certain species were present but not
detected and sums this probability across all species at a point. This method also allows us to
examine how covariates of interest affect the predicted occupancy of individual species to
provide more information for species specific relationships.
Covariates of Interest and Model Structure
We included two measures of structural complexity and four measures of compositional
complexity in our model. The covariates of interest we included in this model were the standard
deviation of DBH (DBH), abundance of vegetation cover below the canopy (VEG), number of
tree species (TREE), number of shrub species (SHRUB), number of ground cover types
(GROUND), and number of forest cover types that accounted for >10% of a 500 m radius buffer
around each point count (CT). Example code for the model can be found in Appendix C.
We also included cluster (CL) as a random effect and dominant cover type (DOM) (forest
cover type accounting for >60% of 100 m radius buffer around each point count) as a fixed effect
in the model to control for these larger scale features. We used this model to examine the effect
of these covariates on overall richness, as well as richness within the six groups of co-occurring
species described above. The full model predicting occupancy (ψ) for the jth species within ith
site was:
logit(ψi,j) ~ βCLij+ βDOMj*DOMi+ βDBHj*DBHi+ βVEGj*VEGi+ βTREEj*TREEi+
βSHRUBj*SHRUBi+ βGROUNDj*GROUNDi+ βCTj*CTi
From the results of this model, we are able to determine a posterior beta coefficient value
or posterior mean effect size. The beta coefficient value indicates the magnitude and direction of
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a relationship between a covariate and a response variable with a positive beta coefficient
indicating a positive relationship and a negative beta coefficient indicating a negative
relationship. We considered these beta coefficient values as well as their 95% credible intervals
to examine correlations between measures of complexity and predicted species richness. We
considered credible intervals that largely overlapped 0 to indicate a negligible relationship due to
uncertainty.
Measure of Nestedness
We measured the nestedness of our points to determine if species rich and species
depauperate sites were nested. Nestedness occurs when species compromising a depauperate
(i.e., less species rich) community are a subset of species compromising a species rich
community (Patterson 1987). We created a matrix of presence-absence data for all 47 species
across all 310 points and utilized the Nestedness for Dummies (NeD) program (Strona et al.
2014). This program uses a nestedness metric based on overlap and decreasing fill (NODF) to
quantify the nestedness of columns or rows within a matrix of presence absence data (AlmeidaNeto et al. 2008). From this value, we are able to determine the relative nestedness of a matrix
and whether species depauperate sites are subsets of species rich sites. NeD also allowed us to
test the nestedness values of our matrix against 500 null matrices to determine if the nestedness
values of our data were significantly different from what would be expected if species occur
randomly.
RESULTS
Overall Species Richness
Across 310 avian point counts performed during the 2015-2016 breeding season, the
average predicted richness was 9.61 species (95% CI=8.83 to 10.93). Predicted richness values
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ranged from 4.63 to 17.59 among sites. The average predicted species richness at a cluster of
points ranged from 6.0 to 15.64 (mean richness =10; Figure 2). Across 310 point counts during
the 2015-2016 breeding season, 35 points were dominated by Conifer cover type, 41 by Mixed
Northern Hardwood, 129 by Oak, 21 by Other Hardwood, 13 by Red Maple, and 71 were
considered Mixed without a dominant cover type. On average, points that were dominated by
Conifer cover type had the highest species richness (10.14, 95% CrI=9.22 to 11.06). On average,
points that were dominated by Red Maple cover type had the lowest species richness (8.39, 95%
CrI=7.33 to 9.45) (Figure 2).
The number of forest cover types within 500 m of a point ranged from 1 to 4 with 16
points containing 4 cover types, 88 points containing 3 cover types, 143 points containing 2
cover types, and 63 points containing 1 cover type. Of the points with 4 cover types, 68.8% of
points contained Oak cover type (n=11), 68.8% contained Conifer cover type, 43.8% contained
Northern Hardwood cover type (n=7), 31.3% contained Other Hardwood cover type (n=5), and
18.8% contained Red Maple cover type. Of the points with 3 cover types, 67.0% contained Oak
cover type (n=59), 54.5% contained Conifer cover type (n=48), 28.4% contained Northern
Hardwood cover type (n=25), 25% contained Other Hardwood cover type (n=22), and 13.6%
contained Red Maple cover type. Of the points with 2 cover types, 72.0% of points contained
Oak cover type (n=103), 35.7% contained Conifer cover type (n=51), 21.0% contained Northern
Hardwood Cover type (n=30), 16.1% contained Other Hardwood cover type (n=23), and 3.5%
contained Red Maple cover type (n=5). Of the points with 1 cover type, 76.2% contained Oak
cover type (n=48), 20.6% contained Northern Hardwood cover type (n=13), and 11.1%
contained Conifer cover type (n=7) while none of these points contained Red Maple or Other
Hardwood cover type.
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Predicted species richness increased with increasing standard deviation of DBH. The
overall posterior mean effect of standard deviation of DBH was 0.09 (95% CrI = 0.00, 0.18)
(Figure 3). Across the observed range of values of standard deviation of DBH (1.6 to 10.07), the
predicted species richness increased from 7.96 to 10.56. The results of the general model
examining overall species richness indicated that all species except Eastern Towhee, Blackthroated Blue Warbler, and Common Yellowthroat, all of which were understory associates, had
a positive beta coefficient value (Figure 4). Of the 16 species of conservation concern we
included in our model, 14 species had a positive beta coefficient value and all of the 18 rare
species had a positive beta coefficient value (Figure 4).
Predicted species richness increased with increasing number of cover types. The overall
posterior mean effect of the number of cover types was 0.10 with a slight overlap of 0 for the
95% credible interval (95% CrI= -0.01, 0.21) (Figure 3). Over the observed range of values of
number of cover types (1-4), the predicted species richness increased from 7.78 to 10.86. The
results of the general model examining overall species richness indicated that all species except
Downy Woodpecker, a dead wood associate, and Magnolia Warbler, a conifer and canopy
associate, had a positive beta coefficient value (Figure 5). All 16 species of conservation
concern and 17 rare species had a positive beta coefficient value (Figure 5).
Volume of vegetation below the canopy showed a slight positive effect on predicted
species richness and had an overall posterior mean effect of 0.06, although credible intervals
overlap 0 (95% CrI = -0.07, 0.18) (Figure 3). Over the range of values of volume of vegetation
below the canopy (0-75), predicted species richness increased from 8.53 to 10.66. Of all species,
Common Yellowthroat, and understory had the highest beta coefficient value in the general
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model of overall species richness, however 10 species of conservation concern had positive beta
coefficient values and 11 rare species had positive beta coefficient values (Figure 6).
Predicted species richness increased slightly with increasing tree species richness,
however, credible intervals overlap largely 0 (β = 0.04, 95% CrI= -0.11, 0.20) (Figure 3). Across
the range of values of tree species richness (6 to 34), predicted species richness increased from
9.09 to 10.49. Acadian Flycatcher, a midstory associate, demonstrated the highest overall beta
coefficient value and 7 species of conservation concern had positive mean beta coefficient values
while 8 rare species had positive beta coefficient values (Figure 7).
Predicted species richness declined slightly with increased shrub species richness and had
an overall posterior mean effect of -0.04, although credible intervals largely overlap 0 (95% CrI
= -0.19, 0.10) (Figure 3). Across the range of values of shrub species richness (0-15), predicted
species richness decreased from 9.74 to 8.99. Eastern Towhee, and understory associate had the
highest beta coefficient value overall and 7 species of conservation concern had positive mean
beta coefficient values while 9 rare species had positive beta coefficient values (Figure 8).
Predicted species richness slightly decreased with increasing number of ground cover
types and had a posterior mean effect of -0.05, although credible intervals slightly overlap 0
(95% CrI = -0.15, 0.06) (Figure 3). Across the range of values of the number of ground cover
types (3-10), predicted species richness decreased from 9.41 to 8.28. Acadian Flycatcher, a
midstory associate, had the highest mean beta coefficient value, but only 3 species of
conservation concern had positive mean beta coefficient values and only 2 rare species had
positive beta coefficient values (Figure 9).
Group Specific Results
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The standard deviation of DBH had the strongest positive effect on the midstory, conifer,
and dead wood associated groups, although credible intervals overlap 0 (β=0.16, 95% CrI = 0.10, 0.41; β=0.18, 95% CrI = -0.01, 0.38; β=0.15, 95% CrI = -0.07, 0.36) (Figure 4). The
number of cover types appeared to have the strongest positive effect on the understory, ground,
and conifer groups, although credible intervals overlap 0 (β= 0.14, 95% CrI = -0.11, 0.39;
β=0.16, 95% CrI = -0.19, 0.49; β=0.20, 95% CrI = -0.05, 0.45) (Figure 5).
The volume of vegetation below the canopy had the strongest positive effect on the
understory-associated group (β=0.35, 95% CrI = 0.00, 0.65) (Figure 6). Tree species richness
had the strongest positive effect on midstory-associated species (β=0.39, 95% CrI = -0.13, 0.94)
and the strongest negative effect on ground-associated species (β=-0.12, 95% CrI = -0.43, 0.17),
however credible intervals for both groups overlap 0 (Figure 7). Shrub species richness had the
strongest positive effect on the midstory and understory groups (β=0.16, 95% CrI = -0.13, 0.46;
β=0.23, 95% CrI = -0.06, 0.50) and the strongest negative effect on the canopy, conifer, and dead
wood groups (β=-0.26, 95% CrI = -0.67, 0.21; β=-0.18, 95% CrI = -0.46, 0.11; β=-0.17, 95% CrI
= -0.55, 0.19), however credible intervals for each of these groups overlapped 0 (Figure 8). The
number of ground cover types appears to have only a negligible effect on all of the groups
(Figure 9). Full results from each occupancy model can be found in Appendix B.
Nestedness
Species rich and species depauperate points were nested within our study. The NODF
index for our point count data was 48.23 out of 100. This indicates that 48.23% of cells within
the matrix of species presence and absence data demonstrated overlap consistent with a nested
pattern. The average null NODF index value was 25.08 (SD=0.505), indicating that 25.08% of
cells in a random matrix demonstrated overlap consistent with a nested pattern. The overlap and
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decreasing fill of our points therefore deviated from what would be expected in a random, nonnested matrix (p<0.001) (Figure 10).
DISCUSSION
While previous studies have found a positive correlation between overall complexity and
bird species richness, our results indicate that different measures of forest complexity have
varying effects on species richness. Most notably, our results demonstrate a positive relationship
between forest bird species richness and standard deviation of DBH. This measurement of
complexity is particularly relevant when comparing even-aged to other management techniques,
such as uneven-aged management strategies. Historically, forests in Pennsylvania featured a
heterogeneous distribution of stands dominated by small, medium, and large DBH trees, as well
as other characteristics of uneven-aged forests, such as canopy gaps (Whitney 1990, USFS and
PADCNR 2004). Currently, the majority of Pennsylvania forests are dominated by even-aged
stands as a result of large scale deforestation that was prevalent in eastern North America in the
late 1800s and early 1900s, as well as the use of even-aged management techniques (USFS and
PADCNR 2004). Previous research has found that even-aged forest stands tend to have reduced
standard deviation of DBH compared to uneven-aged forest stands (Peck et al. 2014).
Conversely, uneven-aged management techniques can contribute to increased structural
complexity within stands (Sharma et al. 2016). Therefore, uneven-aged management serves as a
viable solution to enhance bird species diversity within forests.
Our results demonstrating a positive effect of standard deviation of DBH and a slight
positive effect of volume of vegetation below the canopy are consistent with previous studies of
forest structure that demonstrate a positive relationship between structural complexity and
species diversity (MacArthur 1965, Ghadiri Khanaposhtani et al. 2012). This demonstrates that
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even at a local level, structural complexity is an important aspect to maintain within forested
ecosystems. Due to vertical niche partitioning, complexity of structural features likely create
more available habitat, allowing for an increased number of bird species even at a local scale.
Even-aged management, over-browsing of white-tailed deer, and soil acidification, all of which
occur in Pennsylvania forests, can lead to homogenization of structural features and therefore
may threaten forest bird species diversity (DeCalesta 1994, Rooney et al. 2004, Pabian and
Brittingham 2012). Increasing structural complexity through practices such as uneven-aged
management may allow managers to maintaining robust and diverse forest bird communities.
Our results showed little effect of measurements of local compositional complexity,
including the number of shrub and tree species, and the number of ground cover types, on
predicted species richness. While tree species richness is commonly used to describe forest
complexity (Mcelhinny et al. 2005), at the local level it does not appear to be as associated with
changes in bird species richness as measures of structural complexity. This indicates that as
local composition changes in complexity, forest stands within contiguous forest may demonstrate
bird species turnover rather than accumulation of more species.
Our results indicating a negligible effect of the complexity of forest composition is
unsurprising given the individual relationships between our six groups of co-occurring species
and these covariates. While canopy, ground, and dead wood associates demonstrated no effect
of tree species richness, the midstory associate group demonstrated a positive effect and the
understory and conifer associate groups demonstrated a negative effect. The effect of these
covariates on the predicted occupancy of these groups appear to coincide with the individual
associations of each of these groups. For example, conifer associates have a positive relationship
with the abundance of hemlock in the canopy and may therefore demonstrate reduced occupancy
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as tree composition changes to include more deciduous trees (Chapter 1). Understory associates
also demonstrate a positive relationship with the abundance of ericaceous shrubs, which are
commonly found in more acidic soils with and oak overstory (Chapter 1). Therefore, increased
tree species richness may indicate decreased availability of these desirable habitat features for
these groups.
Conversely, higher tree species richness may support higher species richness within the
midstory associate group. Previous research has shown that the abundance of certain midstory
species, such as Wood Thrush, increases with increasing abundance of acid-sensitive vegetation
species and that these species have a positive relationship with soils that are high in calcium
(Pabian and Brittingham 2012). Higher calcium soils have been found to support more tree
species (Pabian and Brittinham 2012). For this group, higher tree species richness may therefore
indicate high calcium soils that support more of the compositional features that midstory
associates rely on and support higher species richness within this group.
The relationships we observed between species richness and compositional complexity
are likely related to the scale of our project. Avian species richness may be correlated with
different habitat types at different spatial scales (Abteilung et al. 2016). Across larger scales,
higher bird species richness may be found at intermediate levels of tree species richness (James
and Wamer 1982). The effect of larger scale compositional complexity on species richness is
further supported by our results that demonstrated a positive effect of the number of cover types
within 500 m on species richness. Therefore, to create forested habitat that supports habitat for a
number of species groups with specific habitat associations, spatial heterogeneity should be
prioritized within areas of forest.
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Our results also support the idea that supporting species diversity may be beneficial for
management on multiple levels. Within our study, species depauperate sites were subsets of
species rich sites, indicating the species rich sites are able to support both common and rare
species. Current management plans often focus on keeping common species common (ie. PGSPFBC 2015). If species depauperate and species rich sites are nested, managers could then
manage for common species while also creating habitat for rare species by managing with
biodiversity as a goal. Our results provide evidence that managing for increased structural
complexity by using techniques like uneven-aged management as well as increased spatial
heterogeneity would be useful for achieving these management goals.
Conclusions and Management Implications
Ecological theory has long supported the idea that heterogeneous habitat to increase
species diversity. From our results, we are able to identify in more detail what measurements of
heterogeneity and complexity actually contribute to a more diverse forest bird community.
Structural complexity appears to affect species richness at even a very local level. Specifically,
the standard deviation of DBH demonstrated the strongest positive effect on forest bird species
richness compared to all other covariates included in this study. This implies that uneven-aged
management, which can create more variability of tree sizes within a forest stand, serves as a
practical solution to maintaining or increasing forest bird species richness.
While our results did not identify a relationship between local compositional complexity
and bird species richness, these results imply that interspersion of microhabitats across a forested
landscape may contribute to maintaining diverse bird communities throughout entire tracts of
forest. Within our study, species depauperate sites were subsets of species rich sites. Therefore,
enhancing forest bird species richness should benefit rare species, as well as those found at
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species poor sites. Once the needs of common forest, but area-sensitive species are met by
maintaining larger quantities of forest, management may then be able to focus on increasing
structural complexity and spatial heterogeneity to create quality habitat for rarer species as well.
Identifying and conserving areas of high forest bird species richness may also prove useful when
prioritizing management strategies for groups for species. While this study only used forest
species richness as a metric of forest quality, we feel that this may be a useful metric for
managers as it may indicate the suitability of habitat for both common and rare species of
interest.
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FIGURES

Figure 1. Example of buffer used to calculate the number of cover types as well as the dominant
cover type within 500 m of a point count for all point counts conducted in north central
Pennsylvania across the 2015-2016 breeding seasons. Here, the dot represents the center of the
point count and the black circle around it represents the 500 m buffer created in ArcGIS. Each
color on the landscape represents a different cover type as established by the Pennsylvania
Department of Natural Resources and Pennsylvania Game Commission.
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Figure 2. Results of general richness model for cover type and cluster using data from 310 avian
point counts across 77 clusters located across the Allegheny Plateau and Ridge and Valley
Ecoregions in north central Pennsylvania. The bar plot on the left demonstrates the average
predicted species richness across all points that were dominated by either Conifer (CON), Mixed
(MIX), Mixed Northern Hardwood (NH), Oak, Other Hardwood (OC), or Red Maple (RM)
forest cover type within 500 m of a point. Here, the black vertical lines demonstrate 95%
confidence intervals. The histogram on the right demonstrates the frequency of average species
richness per cluster.
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Figure 3. Results from the general model testing how measures of forest complexity affect
species richness as calculated by the runjags package in Program R. Each graph represents how
species richness changes as six different covariates increase: standard deviation of DBH, volume
of vegetation below the canopy, tree species richness, shrub species richness, number of forest
cover types, and number of ground cover types. Here, the x axes represents the range of values
for each covariate. The y axis represents the predicted species richness. In the three top plots and
bottom left-most plot, the solid line indicates the mean predicted species richness and the dotted
lines indicate upper and lower confidence intervals. In the two bottom right-most plots, the dots
represent predicted species richness. The vertical black lines represent 95% credible intervals.
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‡=Species of conservation concern
*=Rare species (psi<0.10)

Figure 4. Results from the general model testing how standard deviation of DBH affects species
richness as calculated by the runjags package in Program R. Each graph represents the predicted
occupancy of each species group. Here, the x axis represents each species within each group.
The y axis represents the mean predicted occupancy. Here the dots represent the posterior mean
effect of standard deviation of DBH. The vertical black lines represent 95% credible intervals.
The solid horizontal black line represents a posterior mean effect of 0. The dashed line
represents the overall mean posterior beta effect across all species.
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‡=Species of conservation concern
*=Rare species (psi<0.10)

Figure 5. Results from the general model testing how the number of forest cover types affects
species richness as calculated by the runjags package in Program R. Each graph represents the
predicted occupancy of each species group. Here, the x axis represents each species within each
group. The y axis represents the mean predicted occupancy. Here the dots represent the posterior
mean effect of number of forest cover types. The vertical black lines represent 95% credible
intervals. The solid horizontal black line represents a posterior mean effect of 0. The dashed
line represents the overall mean posterior beta effect across all species.
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‡=Species of conservation concern
*=Rare species (psi<0.10)

Figure 6. Results from the general model testing how volume of vegetation below the canopy
affects species richness as calculated by the runjags package in Program R. Each graph
represents the predicted occupancy of each species group. Here, the x axis represents each
species within each group. The y axis represents the mean predicted occupancy. Here the dots
represent the posterior mean effect of volume of vegetation below the canopy. The vertical black
lines represent 95% credible intervals. The solid horizontal black line represents a posterior
mean effect of 0. The dashed line represents the overall mean posterior beta effect across all
species
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‡=Species of conservation concern
*=Rare species (psi<0.10)

Figure 7. Results from the general model testing how tree species richness affects species
richness as calculated by the runjags package in Program R. Each graph represents the predicted
occupancy of each species group. Here, the x axis represents each species within each group.
The y axis represents the mean predicted occupancy. Here the dots represent the posterior mean
effect of tree species richness. The vertical black lines represent 95% credible intervals. The
solid horizontal black line represents a posterior mean effect of 0. The dashed line represents the
overall mean posterior beta effect across all species.
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‡=Species of conservation concern
*=Rare species (psi<0.10)

Figure 8. Results from the general model testing how shrub species richness affects species
richness as calculated by the runjags package in Program R. Each graph represents the predicted
occupancy of each species group. Here, the x axis represents each species within each group.
The y axis represents the mean predicted occupancy. Here the dots represent the posterior mean
effect of shrub species richness. The vertical black lines represent 95% credible intervals. The
solid horizontal black line represents a posterior mean effect of 0. The dashed line represents the
overall mean posterior beta effect across all species.
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‡=Species of conservation concern
*=Rare species (psi<0.10)

Figure 9. Results from the general model testing how number of ground cover types affects
species richness as calculated by the runjags package in Program R. Each graph represents the
predicted occupancy of each species group. Here, the x axis represents each species within each
group. The y axis represents the mean predicted occupancy. Here the dots represent the posterior
mean effect of number of ground cover types. The vertical black lines represent 95% credible
intervals. The solid horizontal black line represents a posterior mean effect of 0. The dashed
line represents the overall mean posterior beta effect across all species.
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Figure 10. Matrix demonstrating the nestedness of species across 310 avian point count surveys
conducted in north central Pennsylvania during the 2015-2016 breeding season. The matrix
arranges species from left to right from most common to least common and points from top to
bottom from high to low values of species richness per point.
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APPENDIX A: Structural and Compositional Species Groups
Table 1: Passerine and non-passerine species and their a priori assigned structural and/ or compositional groups. Number of occupied
points is based off of total encounters during the 2015-2016 avian point count surveys across 310 points in North-central PA.
‡=Species of conservation concern; *=Rare species (psi<0.10).
Species

Scientific Name

Group

Mourning Dove

Zenaida macroura

/

21

Yellow-billed Cuckoo

Coccyzus americanus

MIDSTORY

17

Ruby-throated Hummingbird

/

2

DEAD WOOD

2

Red-bellied Woodpecker

Archilochus colubris
Melanerpes
erythrocephalus
Melanerpes carolinus

DEAD WOOD

19

Yellow-bellied Sapsucker

Sphyrapicus varius

DEAD WOOD

24

Downy Woodpecker

Picoides pubescens

DEAD WOOD

16

Hairy Woodpecker

Picoides villosus

DEAD WOOD

16

Northern Flicker *

Colaptes auratus

DEAD WOOD

11

Pileated Woodpecker

Dryocopus pileatus

DEAD WOOD

14

Eastern Wood Pewee

Contopus virens

MIDSTORY

51

Acadian Flycatcher

Empidonax virescens

MIDSTORY

48

Alder Flycatcher

Empidonax alnorum

/

1

Least Flycatcher

Empidonax minimus

/

3

Eastern Phoebe

Sayornis phoebe

/

10

Great-crested Flycatcher

Myiarchus crinitus

/

10

Yellow-throated Vireo *

Vireo flavifrons

CANOPY

1

Blue-headed Vireo

Vireo solitaries

CONIFER

40

Red-eyed Vireo

Vireo olivaceus

CANOPY

252

Blue Jay

Cyanocitta cristata

/

40

American Crow

Corvus brachyrhynchos

/

20

Black-capped Chickadee

Poecile atricapillus

/

45

Tufted Titmouse

Baeolophus bicolor

/

26

Red-breasted Nuthatch *

Sitta canadensis

CONIFER, DEAD WOOD

White-breasted Nuthatch

Sitta carolinensis

/

Red-headed Woodpecker ‡*

Number of Points Detected At

4
47

152

Table 1 Continued. ‡=Species of conservation concern; *=Rare species (psi<0.10)
Species

Scientific Name

Group

Brown Creeper ‡

Certhia americana

CONIFER, DEAD WOOD

House Wren

Troglodytes aedon

/

1

Winter Wren ‡*

CONIFER, DEAD WOOD, GROUND

7

/

1

Blue-gray Gnatcatcher

Troglodytes hiemalis
Thryothorus
ludovicianus
Polioptila caerulea

CANOPY

15

Golden-crowned Kinglet *

Regulus satrapa

CONIFER

1

Eastern Bluebird

Sialia sialis

/

1

Veery

Catharus fuscescens

GROUND

60

Hermit Thrush

Catharus guttatus

GROUND

39

Wood Thrush ‡

Hylocichla mustelina

MIDSTORY

58

American Robin

Turdus migratorius

/

26

Gray Catbird

Dumetella carolinensis

/

16

Brown Thrasher

Toxostoma rufum

/

1

Cedar Waxwing

Bombycilla cedrorum

/

29

American Goldfinch

Spinus tristis

/

19

Ovenbird

Seiurus aurocapilla

GROUND

274

Worm-eating Warbler *

Helmitheros vermivorum

GROUND

17

Louisiana Waterthrush ‡*

Parkesia motacilla

CONIFER

8

Blue-winged Warbler

Vermivora cyanoptera

/

1

Black-and-white Warbler ‡

Mniotilta varia

DEAD WOOD

97

Nashville Warbler ‡*

Leiothlypis ruficapilla

UNDERSTORY

2

Mourning Warbler *

Geothlypis philadelphia

GROUND

1

Common Yellowthroat

Geothlypis trichas

UNDERSTORY

76

Hooded Warbler ‡

Setophaga citrina

UNDERSTORY

85

American Redstart

Setophaga ruticilla

MIDSTORY

33

Cerulean Warbler ‡*

Setophaga cerulea

CANOPY

4

Northern Parula *

Setophaga americana

CANOPY

2

Carolina Wren

Number of Points Detected At
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13

Table 1 Continued. ‡=Species of conservation concern; *=Rare species (psi<0.10)
Species

Scientific Name

Group

Magnolia Warbler *

Setophaga magnolia

CANOPY, CONIFER

13

Blackburnian Warbler ‡

Setophaga fusca

CONIFER

67

Yellow Warbler

UNDERSTORY

1

UNDERSTORY

57

Pine Warbler *

Setophaga petechia
Vireolanius
melitophrys
Setophaga striata
Setophaga
caerulescens
Setophaga pinus

CONIFER

6

Yellow-rumped Warbler *

Setophaga coronata

CONIFER

11

Prairie Warbler

Setophaga discolor

/

Black-throated Green Warbler ‡

Setophaga virens

CANOPY, CONIFER

Canada Warbler ‡*

CONIFER, UNDERSTORY

16

GROUND, UNDERSTORY

121

Chipping Sparrow

Cardellina Canadensis
Pipilo
erythrophthalmus
Spizella passerina

/

7

Field Sparrow

Spizella pusilla

/

7

Song Sparrow

Melospiza melodia

/

4

Dark-eyed Junco

Junco hyemalis

CONIFER

37

Scarlet Tanager ‡

Piranga olivacea

CANOPY

126

Northern Cardinal

/

Indigo Bunting *

Cardinalis cardinalis
Pheucticus
ludovicianus
Passerina cyanea

Red-winged Blackbird

Agelaius phoeniceus

/

1

Brown-headed Cowbird

Molothrus ater

/

8

Baltimore Oriole

Icterus galbula

/

3

Chestnut-sided Warbler
Blackpoll Warbler ‡*
Black-throated Blue Warbler ‡

Eastern Towhee ‡

Rose-breasted Grosbeak

Number of Points Detected At

CONIFER, UNDERSTORY
UNDERSTORY

2
81

2
149

7

CANOPY

20

UNDERSTORY

16
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APPENDIX B: Occupancy Model Results
Table 2: Results of multi-species occupancy models containing all 47 species
Posterior Beta Coefficient
95% Credible
Covariate
Mean
SD
Interval
Standard Deviation
of DBH
0.09
0.05
0.00
0.18
Shrub Species
Richness

-0.04

0.07

-0.19

0.10

Tree Species
Richness

0.04

0.08

-0.11

0.20

-0.05

0.05

-0.15

0.06

Number of Cover
Types

0.10

0.06

-0.01

0.21

Volume of
Vegetation Below
Canopy

0.06

0.06

-0.07

0.18

Number of Ground
Cover Types
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Table 3: Results of canopy-associated species multi-species occupancy models
Covariate

Standard
Deviation of
DBH

Species
Yellow-throated Vireo
Red-eyed Vireo
Blue-gray Gnatcatcher
Cerulean Warbler
Northern Parula
Magnolia Warbler
Black-throated Green Warbler
Scarlet Tanager
Rose-breasted Grosbeak
Group Mean

Mean

Posterior Beta Coefficient
SD
95% Credible Interval
0.00
0.20
-0.42
0.40
0.11
0.18
-0.25
0.48
-0.12
0.20
-0.54
0.26
-0.08
0.21
-0.52
0.31
-0.03
0.20
-0.44
0.38
-0.03
0.16
-0.35
0.29
0.00
0.14
-0.27
0.30
-0.02
0.14
-0.29
0.25
-0.06
0.16
-0.39
0.26
-0.03
0.12
-0.26
0.21

Shrub Species
Richness

Yellow-throated Vireo
Red-eyed Vireo
Blue-gray Gnatcatcher
Cerulean Warbler
Northern Parula
Magnolia Warbler
Black-throated Green Warbler
Scarlet Tanager
Rose-breasted Grosbeak
Group Mean

-0.01
-0.10
-0.44
0.17
-0.11
-0.28
-0.80
-0.07
-0.73
-0.26

0.42
0.28
0.30
0.44
0.40
0.28
0.26
0.22
0.32
0.22

-0.81
-0.64
-1.06
-0.61
-0.87
-0.84
-1.30
-0.50
-1.37
-0.67

0.85
0.46
0.14
1.08
0.72
0.26
-0.31
0.36
-0.12
0.21

Tree Species
Richness

Yellow-throated Vireo
Red-eyed Vireo
Blue-gray Gnatcatcher
Cerulean Warbler
Northern Parula
Magnolia Warbler
Black-throated Green Warbler
Scarlet Tanager
Rose-breasted Grosbeak
Group Mean

0.10
0.22
0.63
0.02
0.17
-0.15
-0.59
0.25
-0.10
0.06

0.39
0.27
0.33
0.37
0.38
0.30
0.25
0.22
0.29
0.22

-0.64
-0.30
0.00
-0.75
-0.56
-0.75
-1.08
-0.18
-0.68
-0.38

0.93
0.76
1.29
0.74
0.95
0.44
-0.10
0.67
0.45
0.48

Number of
Ground Cover
Types

Yellow-throated Vireo
Red-eyed Vireo
Blue-gray Gnatcatcher
Cerulean Warbler
Northern Parula
Magnolia Warbler
Black-throated Green Warbler
Scarlet Tanager
Rose-breasted Grosbeak
Group Mean

0.04
0.13
0.02
0.02
0.01
-0.02
0.01
0.06
-0.13
0.02

0.22
0.19
0.19
0.21
0.22
0.18
0.15
0.15
0.21
0.13

-0.40
-0.23
-0.36
-0.40
-0.44
-0.39
-0.28
-0.23
-0.57
-0.25

0.50
0.52
0.40
0.46
0.44
0.33
0.32
0.37
0.25
0.27
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Table 3 Continued.

Number of
Cover Types

Yellow-throated Vireo
Red-eyed Vireo
Blue-gray Gnatcatcher
Cerulean Warbler
Northern Parula
Magnolia Warbler
Black-throated Green Warbler
Scarlet Tanager
Rose-breasted Grosbeak
Group Mean

0.06
0.01
0.16
0.00
0.08
-0.10
0.06
-0.06
0.06
0.03

0.25
0.19
0.24
0.24
0.25
0.22
0.17
0.18
0.20
0.15

-0.42
-0.39
-0.25
-0.46
-0.39
-0.57
-0.27
-0.42
-0.34
-0.24

0.59
0.39
0.67
0.50
0.59
0.30
0.41
0.28
0.47
0.33

Volume of
Vegetation
Below Canopy

Yellow-throated Vireo
Red-eyed Vireo
Blue-gray Gnatcatcher
Cerulean Warbler
Northern Parula
Magnolia Warbler
Black-throated Green Warbler
Scarlet Tanager
Rose-breasted Grosbeak
Group Mean

0.02
-0.22
0.19
0.03
0.04
0.06
-0.13
-0.13
-0.04
-0.02

0.25
0.21
0.24
0.25
0.25
0.20
0.15
0.15
0.19
0.14

-0.47
-0.65
-0.25
-0.48
-0.44
-0.31
-0.44
-0.45
-0.41
-0.30

0.56
0.16
0.68
0.54
0.58
0.49
0.16
0.16
0.34
0.25

Psi

Yellow-throated Vireo
Red-eyed Vireo
Blue-gray Gnatcatcher
Cerulean Warbler
Northern Parula
Magnolia Warbler
Black-throated Green Warbler
Scarlet Tanager
Rose-breasted Grosbeak

0.04
0.90
0.14
0.04
0.04
0.09
0.59
0.64
0.15

0.02
0.01
0.03
0.02
0.02
0.01
0.02
0.03
0.03

0.01
0.87
0.09
0.01
0.01
0.06
0.55
0.59
0.10

0.07
0.93
0.21
0.07
0.09
0.12
0.63
0.69
0.20
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Table 4: Results of midstory-associated species multi-species occupancy models
Covariate

Species

Posterior Beta Coefficient
95% Credible
Mean
SD
Interval
0.13
0.16
-0.18
0.44
0.15
0.13
-0.12
0.41
0.18
0.14
-0.10
0.47
0.19
0.14
-0.08
0.47
0.13
0.14
-0.15
0.41
0.16
0.13
-0.10
0.41

Standard
Deviation of
DBH

Yellow-billed Cuckoo
Eastern Wood-pewee
Acadian Flycatcher
Wood Thrush
American Redstart
Group Mean

Shrub Species
Richness

Yellow-billed Cuckoo
Eastern Wood-pewee
Acadian Flycatcher
Wood Thrush
American Redstart
Group Mean

0.13
0.11
0.19
0.12
0.24
0.16

0.18
0.16
0.17
0.16
0.18
0.15

-0.23
-0.22
-0.14
-0.20
-0.08
-0.13

0.50
0.41
0.52
0.44
0.61
0.46

Tree Species
Richness

Yellow-billed Cuckoo
Eastern Wood-pewee
Acadian Flycatcher
Wood Thrush
American Redstart
Group Mean

0.16
0.34
0.88
0.60
-0.03
0.39

0.24
0.18
0.24
0.20
0.21
0.27

-0.28
-0.02
0.42
0.21
-0.45
-0.13

0.64
0.68
1.34
0.98
0.39
0.94

Number of
Ground Cover
Types

Yellow-billed Cuckoo
Eastern Wood-pewee
Acadian Flycatcher
Wood Thrush
American Redstart
Group Mean

-0.21
-0.21
0.42
0.18
0.18
0.07

0.23
0.18
0.20
0.17
0.18
0.23

-0.67
-0.55
0.04
-0.17
-0.18
-0.36

0.23
0.14
0.83
0.51
0.54
0.52

Number of
Cover Types

Yellow-billed Cuckoo
Eastern Wood-pewee
Acadian Flycatcher
Wood Thrush
American Redstart
Group Mean

-0.14
-0.17
0.04
-0.11
-0.15
-0.11

0.20
0.17
0.20
0.17
0.18
0.16

-0.53
-0.51
-0.33
-0.46
-0.49
-0.43

0.24
0.15
0.45
0.21
0.20
0.21

Volume of
Vegetation
Below Canopy

Yellow-billed Cuckoo
Eastern Wood-pewee
Acadian Flycatcher
Wood Thrush
American Redstart
Group Mean

-0.05
0.04
-0.11
-0.07
0.02
-0.04

0.16
0.14
0.15
0.14
0.14
0.13

-0.35
-0.23
-0.41
-0.35
-0.26
-0.29

0.27
0.31
0.17
0.19
0.31
0.22

Psi

Yellow-billed Cuckoo
Eastern Wood-pewee
Acadian Flycatcher
Wood Thrush
American Redstart

0.11
0.25
0.20
0.27
0.18

0.02
0.02
0.02
0.02
0.02

0.07
0.20
0.17
0.22
0.15

0.15
0.29
0.24
0.31
0.22
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Table 5: Results of understory-associated species multi-species occupancy models
Covariate

Standard
Deviation of
DBH

Species
Nashville Warbler
Common Yellowthroat
Hooded Warbler
Yellow Warbler
Chestnut-sided Warbler
Blackpoll Warbler
Black-throated Blue Warbler
Canada Warbler
Eastern Towhee
Indigo Bunting
Group Mean

Mean

Posterior Beta Coefficient
SD
95% Credible Interval
-0.09
0.23
-0.56
0.38
-0.25
0.17
-0.58
0.07
0.14
0.17
-0.18
0.48
-0.09
0.24
-0.58
0.38
0.03
0.16
-0.28
0.35
-0.08
0.23
-0.56
0.37
-0.23
0.16
-0.55
0.09
0.00
0.19
-0.36
0.39
-0.22
0.16
-0.55
0.08
0.01
0.19
-0.35
0.40
-0.08
0.12
-0.32
0.17

Shrub Species
Richness

Nashville Warbler
Common Yellowthroat
Hooded Warbler
Yellow Warbler
Chestnut-sided Warbler
Blackpoll Warbler
Black-throated Blue Warbler
Canada Warbler
Eastern Towhee
Indigo Bunting
Group Mean

0.16
0.23
0.30
0.26
0.19
0.17
0.17
0.16
0.50
0.13
0.23

0.26
0.18
0.18
0.25
0.19
0.25
0.18
0.22
0.22
0.22
0.14

-0.38
-0.12
-0.05
-0.24
-0.19
-0.36
-0.19
-0.28
0.11
-0.30
-0.06

0.66
0.60
0.65
0.77
0.55
0.65
0.52
0.58
0.95
0.56
0.50

Tree Species
Richness

Nashville Warbler
Common Yellowthroat
Hooded Warbler
Yellow Warbler
Chestnut-sided Warbler
Blackpoll Warbler
Black-throated Blue Warbler
Canada Warbler
Eastern Towhee
Indigo Bunting
Group Mean

-0.07
-0.18
0.29
0.03
-0.29
-0.08
-0.17
-0.13
-0.04
0.16
-0.05

0.30
0.20
0.23
0.31
0.23
0.30
0.20
0.24
0.19
0.26
0.16

-0.65
-0.58
-0.14
-0.58
-0.75
-0.69
-0.58
-0.60
-0.43
-0.32
-0.36

0.54
0.20
0.75
0.65
0.15
0.51
0.21
0.36
0.33
0.70
0.27

Number of
Ground Cover
Types

Nashville Warbler
Common Yellowthroat
Hooded Warbler
Yellow Warbler
Chestnut-sided Warbler
Blackpoll Warbler
Black-throated Blue Warbler
Canada Warbler
Eastern Towhee
Indigo Bunting
Group Mean

-0.17
0.09
-0.20
-0.09
-0.20
-0.20
-0.21
-0.01
-0.13
-0.01
-0.11

0.23
0.18
0.16
0.23
0.17
0.23
0.16
0.20
0.15
0.19
0.12

-0.64
-0.25
-0.52
-0.54
-0.54
-0.71
-0.53
-0.40
-0.43
-0.37
-0.35

0.29
0.46
0.10
0.38
0.12
0.22
0.10
0.39
0.17
0.39
0.13
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Table 5 Continued.

Number of
Cover Types

Nashville Warbler
Common Yellowthroat
Hooded Warbler
Yellow Warbler
Chestnut-sided Warbler
Blackpoll Warbler
Black-throated Blue Warbler
Canada Warbler
Eastern Towhee
Indigo Bunting
Group Mean

0.17
0.30
0.07
0.16
0.07
0.11
0.15
0.22
0.08
0.11
0.14

0.22
0.19
0.17
0.22
0.17
0.21
0.16
0.20
0.17
0.19
0.13

-0.25
-0.05
-0.26
-0.25
-0.29
-0.33
-0.17
-0.16
-0.28
-0.28
-0.11

0.63
0.67
0.39
0.62
0.39
0.54
0.45
0.62
0.40
0.47
0.39

Volume of
Vegetation
Below Canopy

Nashville Warbler
Common Yellowthroat
Hooded Warbler
Yellow Warbler
Chestnut-sided Warbler
Blackpoll Warbler
Black-throated Blue Warbler
Canada Warbler
Eastern Towhee
Indigo Bunting
Group Mean

0.09
0.82
0.35
0.21
0.64
0.17
0.45
0.09
0.65
-0.03
0.35

0.35
0.19
0.17
0.34
0.19
0.33
0.17
0.25
0.17
0.24
0.17

-0.60
0.47
0.01
-0.50
0.27
-0.53
0.11
-0.39
0.32
-0.50
0.00

0.74
1.21
0.67
0.83
1.01
0.77
0.79
0.58
0.99
0.44
0.65

Psi

Nashville Warbler
Common Yellowthroat
Hooded Warbler
Yellow Warbler
Chestnut-sided Warbler
Blackpoll Warbler
Black-throated Blue Warbler
Canada Warbler
Eastern Towhee
Indigo Bunting

0.02
0.36
0.34
0.02
0.29
0.02
0.36
0.08
0.50
0.08

0.01
0.02
0.02
0.01
0.02
0.01
0.02
0.01
0.02
0.01

0.01
0.32
0.29
0.01
0.26
0.01
0.32
0.05
0.46
0.05

0.03
0.41
0.38
0.03
0.33
0.04
0.41
0.10
0.54
0.11
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Table 6: Results of ground-associated species multi-species occupancy models

Covariate

Species

Posterior Beta Coefficient
95% Credible
Mean
SD
Interval
-0.11
0.24
-0.60
0.35
0.14
0.17
-0.20
0.48
-0.06
0.17
-0.41
0.28
0.05
0.22
-0.38
0.50
0.30
0.27
-0.19
0.84
0.05
0.27
-0.48
0.60
-0.21
0.18
-0.57
0.13
0.02
0.16
-0.30
0.35

Standard
Deviation of
DBH

Winter Wren
Veery
Hermit Thrush
Ovenbird
Worm-eating Warbler
Mourning Warbler
Eastern Towhee
Group Mean

Shrub Species
Richness

Winter Wren
Veery
Hermit Thrush
Ovenbird
Worm-eating Warbler
Mourning Warbler
Eastern Towhee
Group Mean

0.03
-0.04
-0.15
-0.27
0.25
0.19
0.61
0.09

0.31
0.22
0.23
0.32
0.29
0.38
0.26
0.23

-0.60
-0.47
-0.60
-0.93
-0.31
-0.55
0.10
-0.37

0.64
0.40
0.30
0.30
0.84
0.99
1.10
0.55

Tree Species
Richness

Winter Wren
Veery
Hermit Thrush
Ovenbird
Worm-eating Warbler
Mourning Warbler
Eastern Towhee
Group Mean

-0.16
-0.17
-0.14
-0.04
-0.10
-0.08
-0.14
-0.12

0.23
0.17
0.18
0.21
0.20
0.24
0.17
0.15

-0.61
-0.51
-0.49
-0.45
-0.49
-0.54
-0.48
-0.43

0.30
0.17
0.21
0.39
0.30
0.43
0.18
0.17

Number of
Ground Cover
Types

Winter Wren
Veery
Hermit Thrush
Ovenbird
Worm-eating Warbler
Mourning Warbler
Eastern Towhee
Group Mean

-0.05
0.04
0.07
0.15
-0.05
-0.11
-0.07
0.00

0.22
0.17
0.17
0.22
0.20
0.26
0.16
0.15

-0.53
-0.28
-0.26
-0.25
-0.47
-0.65
-0.38
-0.29

0.38
0.37
0.40
0.61
0.35
0.37
0.25
0.29

Number of
Cover Types

Winter Wren
Veery
Hermit Thrush
Ovenbird
Worm-eating Warbler
Mourning Warbler
Eastern Towhee
Group Mean

0.28
0.18
0.37
0.07
0.07
0.07
0.08
0.16

0.27
0.19
0.22
0.24
0.24
0.30
0.19
0.17

-0.23
-0.19
-0.05
-0.42
-0.41
-0.55
-0.32
-0.19

0.84
0.57
0.82
0.53
0.53
0.62
0.43
0.49
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Table 6 Continued.

Volume of
Vegetation
Below
Canopy

Winter Wren
Veery
Hermit Thrush
Ovenbird
Worm-eating Warbler
Mourning Warbler
Eastern Towhee
Group Mean

-0.17
0.31
-0.03
-0.29
-0.30
-0.13
0.62
0.00

0.30
0.19
0.19
0.27
0.27
0.37
0.20
0.23

-0.77
-0.06
-0.40
-0.82
-0.82
-0.91
0.22
-0.48

0.41
0.70
0.34
0.23
0.23
0.56
0.99
0.42

Psi

Winter Wren
Veery
Hermit Thrush
Ovenbird
Worm-eating Warbler
Mourning Warbler
Eastern Towhee

0.05
0.28
0.24
0.93
0.10
0.02
0.51

0.01
0.02
0.02
0.01
0.02
0.01
0.02

0.03
0.24
0.20
0.90
0.07
0.01
0.46

0.07
0.32
0.28
0.95
0.13
0.03
0.54
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Table 7: Results of conifer-associated species multi-species occupancy models

Covariate

Standard
Deviation of
DBH

Shrub
Species
Richness

Tree Species
Richness

Species
Blue-headed Vireo
Red-breasted Nuthatch
Brown Creeper
Winter Wren
Golden-crowned Kinglet
Louisiana Waterthrush
Magnolia Warbler
Blackburnian Warbler
Blackpoll Warbler
Pine Warbler
Yellow-rumped Warbler
Black-throated Green
Warbler
Canada Warbler
Dark-eyed Junco
Group Mean

Posterior Beta Coefficient
95% Credible
Mean
SD
Interval
0.17
0.15
-0.11
0.47
0.08
0.21
-0.34
0.46
0.16
0.17
-0.18
0.49
0.08
0.19
-0.32
0.44
0.15
0.20
-0.26
0.54
0.30
0.19
-0.05
0.69
0.12
0.16
-0.20
0.44
0.28
0.14
0.01
0.57
0.15
0.19
-0.23
0.55
0.17
0.19
-0.21
0.53
0.18
0.18
-0.18
0.52
0.14
0.17
0.34
0.18

0.14
0.16
0.16
0.10

-0.15
-0.14
0.03
-0.01

0.40
0.51
0.66
0.38

Blue-headed Vireo
Red-breasted Nuthatch
Brown Creeper
Winter Wren
Golden-crowned Kinglet
Louisiana Waterthrush
Magnolia Warbler
Blackburnian Warbler
Blackpoll Warbler
Pine Warbler
Yellow-rumped Warbler
Black-throated Green
Warbler
Canada Warbler
Dark-eyed Junco
Group Mean

-0.22
-0.09
-0.28
-0.15
-0.09
-0.06
-0.24
-0.11
-0.17
0.01
-0.15

0.20
0.28
0.23
0.25
0.29
0.26
0.23
0.19
0.27
0.30
0.26

-0.61
-0.62
-0.74
-0.63
-0.61
-0.55
-0.70
-0.48
-0.70
-0.55
-0.64

0.19
0.51
0.20
0.39
0.52
0.47
0.21
0.26
0.41
0.62
0.38

-0.59
-0.10
-0.28
-0.18

0.24
0.24
0.20
0.14

-1.06
-0.53
-0.67
-0.46

-0.13
0.39
0.14
0.11

Blue-headed Vireo
Red-breasted Nuthatch
Brown Creeper
Winter Wren
Golden-crowned Kinglet
Louisiana Waterthrush
Magnolia Warbler
Blackburnian Warbler
Blackpoll Warbler
Pine Warbler
Yellow-rumped Warbler
Black-throated Green
Warbler
Canada Warbler
Dark-eyed Junco
Group Mean

0.18
-0.01
0.01
-0.19
-0.12
0.21
-0.17
0.03
-0.12
-0.14
-0.22

0.22
0.30
0.25
0.28
0.30
0.28
0.25
0.19
0.29
0.28
0.27

-0.23
-0.59
-0.48
-0.77
-0.74
-0.32
-0.65
-0.35
-0.70
-0.74
-0.77

0.62
0.59
0.52
0.33
0.45
0.77
0.33
0.41
0.48
0.41
0.29

-0.49
-0.17
-0.12
-0.09

0.23
0.24
0.21
0.15

-0.93
-0.65
-0.54
-0.38

-0.04
0.31
0.31
0.20
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Table 7 Continued.

Number of
Ground
Cover Types

Number of
Cover Types

Volume of
Vegetation
Below
Canopy

Blue-headed Vireo
Red-breasted Nuthatch
Brown Creeper
Winter Wren
Golden-crowned Kinglet
Louisiana Waterthrush
Magnolia Warbler
Blackburnian Warbler
Blackpoll Warbler
Pine Warbler
Yellow-rumped Warbler
Black-throated Green
Warbler
Canada Warbler
Dark-eyed Junco
Group Mean

0.11
0.02
-0.11
-0.18
-0.04
0.17
-0.06
0.04
-0.16
-0.11
-0.09

0.17
0.24
0.20
0.23
0.24
0.24
0.19
0.16
0.25
0.23
0.22

-0.23
-0.42
-0.53
-0.64
-0.51
-0.28
-0.46
-0.27
-0.67
-0.61
-0.53

0.45
0.53
0.27
0.27
0.46
0.64
0.31
0.35
0.32
0.32
0.35

-0.05
0.03
-0.27
-0.05

0.15
0.20
0.20
0.12

-0.34
-0.36
-0.69
-0.28

0.26
0.43
0.09
0.17

Blue-headed Vireo
Red-breasted Nuthatch
Brown Creeper
Winter Wren
Golden-crowned Kinglet
Louisiana Waterthrush
Magnolia Warbler
Blackburnian Warbler
Blackpoll Warbler
Pine Warbler
Yellow-rumped Warbler
Black-throated Green
Warbler
Canada Warbler
Dark-eyed Junco
Group Mean

0.13
0.15
0.17
0.29
0.23
0.16
0.00
0.37
0.15
0.36
0.04

0.19
0.25
0.22
0.24
0.25
0.23
0.24
0.19
0.25
0.27
0.25

-0.26
-0.40
-0.27
-0.15
-0.26
-0.31
-0.48
0.00
-0.39
-0.13
-0.50

0.48
0.62
0.61
0.80
0.76
0.60
0.45
0.75
0.62
0.92
0.49

0.15
0.29
0.30
0.20

0.17
0.21
0.19
0.13

-0.18
-0.11
-0.07
-0.05

0.49
0.75
0.69
0.45

Blue-headed Vireo
Red-breasted Nuthatch
Brown Creeper
Winter Wren
Golden-crowned Kinglet
Louisiana Waterthrush
Magnolia Warbler
Blackburnian Warbler
Blackpoll Warbler
Pine Warbler
Yellow-rumped Warbler
Black-throated Green
Warbler
Canada Warbler
Dark-eyed Junco
Group Mean

-0.22
-0.02
-0.12
-0.12
-0.08
0.02
0.02
-0.02
-0.06
-0.01
0.17

0.17
0.21
0.18
0.19
0.21
0.20
0.19
0.15
0.21
0.21
0.26

-0.57
-0.43
-0.49
-0.51
-0.51
-0.35
-0.33
-0.31
-0.47
-0.42
-0.26

0.08
0.42
0.23
0.27
0.34
0.42
0.41
0.26
0.39
0.43
0.72

-0.16
-0.04
-0.11
-0.05

0.15
0.18
0.15
0.11

-0.46
-0.38
-0.41
-0.27

0.12
0.33
0.20
0.15
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Table 7 Continued.

Psi

Blue-headed Vireo
Red-breasted Nuthatch
Brown Creeper
Winter Wren
Golden-crowned Kinglet
Louisiana Waterthrush
Magnolia Warbler
Blackburnian Warbler
Blackpoll Warbler
Pine Warbler
Yellow-rumped Warbler
Black-throated Green
Warbler
Canada Warbler
Dark-eyed Junco

0.21
0.03
0.08
0.04
0.02
0.07
0.08
0.31
0.02
0.03
0.05

0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.01
0.01
0.01

0.17
0.01
0.05
0.03
0.01
0.04
0.06
0.27
0.01
0.01
0.03

0.25
0.04
0.11
0.06
0.03
0.09
0.11
0.36
0.04
0.05
0.08

0.58
0.08
0.19

0.02
0.01
0.02

0.54
0.05
0.15

0.62
0.10
0.22
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Table 8: Results of dead wood-associated species multi-species occupancy models
Covariate

Species

Posterior Beta Coefficient
95% Credible
Mean
SD
Interval
0.14
0.20
-0.26
0.56
0.13
0.17
-0.21
0.47
0.17
0.16
-0.15
0.49
0.30
0.19
-0.04
0.72
0.23
0.17
-0.11
0.58
0.09
0.18
-0.27
0.46
0.21
0.18
-0.15
0.57
0.06
0.21
-0.37
0.45
0.13
0.17
-0.22
0.45
0.05
0.19
-0.36
0.40
0.13
0.13
-0.14
0.39
0.15
0.11
-0.07
0.36

Standard
Deviation of
DBH

Red-headed Woodpecker
Red-bellied Woodpecker
Yellow-bellied Sapsucker
Downy Woodpecker
Hairy Woodpecker
Northern Flicker
Pileated Woodpecker
Red-breasted Nuthatch
Brown Creeper
Winter Wren
Black-and-white Warbler
Group Mean

Shrub Species
Richness

Red-headed Woodpecker
Red-bellied Woodpecker
Yellow-bellied Sapsucker
Downy Woodpecker
Hairy Woodpecker
Northern Flicker
Pileated Woodpecker
Red-breasted Nuthatch
Brown Creeper
Winter Wren
Black-and-white Warbler
Group Mean

-0.13
-0.01
-0.89
-0.16
-0.48
-0.02
-0.02
-0.02
-0.36
-0.13
0.31
-0.17

0.36
0.27
0.37
0.27
0.29
0.29
0.29
0.36
0.29
0.30
0.21
0.19

-0.87
-0.53
-1.61
-0.72
-1.07
-0.60
-0.58
-0.71
-0.97
-0.73
-0.11
-0.55

0.59
0.53
-0.17
0.36
0.08
0.56
0.56
0.72
0.17
0.46
0.73
0.19

Tree Species
Richness

Red-headed Woodpecker
Red-bellied Woodpecker
Yellow-bellied Sapsucker
Downy Woodpecker
Hairy Woodpecker
Northern Flicker
Pileated Woodpecker
Red-breasted Nuthatch
Brown Creeper
Winter Wren
Black-and-white Warbler
Group Mean

-0.04
0.58
-0.30
0.30
-0.01
0.23
0.25
0.09
0.07
-0.18
-0.43
0.05

0.36
0.28
0.30
0.27
0.26
0.29
0.27
0.34
0.27
0.33
0.22
0.18

-0.78
0.03
-0.89
-0.20
-0.51
-0.31
-0.26
-0.61
-0.47
-0.85
-0.86
-0.31

0.67
1.12
0.26
0.85
0.49
0.82
0.80
0.77
0.60
0.43
0.00
0.39

Number of
Ground Cover
Types

Red-headed Woodpecker
Red-bellied Woodpecker
Yellow-bellied Sapsucker
Downy Woodpecker
Hairy Woodpecker
Northern Flicker
Pileated Woodpecker
Red-breasted Nuthatch
Brown Creeper
Winter Wren
Black-and-white Warbler
Group Mean

-0.10
-0.04
-0.09
-0.14
-0.10
-0.13
-0.14
-0.08
-0.18
-0.16
-0.28
-0.13

0.21
0.19
0.18
0.18
0.17
0.18
0.18
0.21
0.18
0.19
0.16
0.12

-0.53
-0.39
-0.43
-0.49
-0.44
-0.47
-0.49
-0.48
-0.53
-0.54
-0.60
-0.36

0.32
0.34
0.27
0.22
0.25
0.25
0.22
0.34
0.17
0.22
0.02
0.10
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Table 8 Continued.

Number of
Cover Types

Red-headed Woodpecker
Red-bellied Woodpecker
Yellow-bellied Sapsucker
Downy Woodpecker
Hairy Woodpecker
Northern Flicker
Pileated Woodpecker
Red-breasted Nuthatch
Brown Creeper
Winter Wren
Black-and-white Warbler
Group Mean

0.19
0.14
0.02
-0.10
0.11
-0.02
0.27
0.07
0.11
0.22
0.14
0.11

0.26
0.21
0.21
0.26
0.21
0.24
0.25
0.25
0.21
0.24
0.16
0.14

-0.30
-0.27
-0.41
-0.64
-0.32
-0.53
-0.18
-0.42
-0.32
-0.23
-0.18
-0.18

0.75
0.55
0.43
0.36
0.51
0.41
0.79
0.57
0.52
0.71
0.47
0.37

Volume of
Vegetation
Below Canopy

Red-headed Woodpecker
Red-bellied Woodpecker
Yellow-bellied Sapsucker
Downy Woodpecker
Hairy Woodpecker
Northern Flicker
Pileated Woodpecker
Red-breasted Nuthatch
Brown Creeper
Winter Wren
Black-and-white Warbler
Group Mean

-0.02
-0.13
-0.04
0.20
-0.18
-0.25
0.01
-0.01
-0.12
-0.13
0.02
-0.06

0.24
0.19
0.19
0.22
0.20
0.24
0.20
0.23
0.19
0.21
0.14
0.12

-0.49
-0.52
-0.41
-0.21
-0.60
-0.74
-0.36
-0.47
-0.52
-0.59
-0.28
-0.31

0.48
0.23
0.34
0.65
0.20
0.17
0.42
0.48
0.25
0.27
0.30
0.18

Psi

Red-headed Woodpecker
Red-bellied Woodpecker
Yellow-bellied Sapsucker
Downy Woodpecker
Hairy Woodpecker
Northern Flicker
Pileated Woodpecker
Red-breasted Nuthatch
Brown Creeper
Winter Wren
Black-and-white Warbler

0.03
0.13
0.19
0.16
0.16
0.10
0.18
0.03
0.09
0.05
0.47

0.01
0.02
0.02
0.03
0.03
0.02
0.04
0.01
0.02
0.01
0.02

0.01
0.08
0.14
0.10
0.10
0.06
0.10
0.01
0.06
0.03
0.42

0.06
0.17
0.24
0.22
0.22
0.14
0.26
0.06
0.12
0.07
0.52
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APPENDIX C: Example R code from general model
#############################################################################################
####
# Example code analyze occupancy data of songbirds from repeat visits (at some, but not all sites)
#
#
# Glenn Stauffer, June 2016
#############################################################################################
####
setwd("S:/Miller Lab/Forest Bird Project/ACB Models/Occupancy")
rm(list=ls())
library(runjags)
spp <- sort(c("CERW","NOPA","REVI","RBGR","SCTA","YTVI","BGGN","BTNW","MAWA",
"BLBW","BHVI","DEJU","GCKI","LOWA","PIWA","YRWA","BRCR","RBNU","WIWR","BLPW","CAWA",
"BAWW","DOWO","HAWO","PIWO","RBWO","RHWO","YBSA","NOFL",
"HETH","MOWA","OVEN","VEER","WEWA","EATO",
"ACFL","AMRE","EAWP","WOTH","YBCU",
"BTBW","CSWA","COYE","HOWA","INBU", "NAWA"))
nspp <- length(spp)
nvisits <- 2
noccs <- 3
##############################################
# load occupancy and covariate data, and manipulate
# subset to desired species
##############################################
# covariates specific to visits
VisitCov <- read.csv("VisitCovBOTH9.7.16.csv",stringsAsFactors =FALSE)
VisitCov <- VisitCov[order(VisitCov$Point_ID,VisitCov$Visit),]
# covariates specific to sites
SiteCov <- read.csv("SiteCovBOTH9.28.16.csv",stringsAsFactors =FALSE)
SiteCov <- SiteCov[order(SiteCov$Point_ID),]
# the bird observations
Occ <- read.csv("BirdDataBOTH9.7.16.csv",stringsAsFactors =FALSE)
dim(Occ)
# identify all the point count locations
pts <- sort(unique(VisitCov$Point_ID))
npts <- length(pts)
first <- last <- vector(length=npts) # need to identify which points received first and second visits
for(i in 1:npts){
y <- VisitCov[VisitCov$Point_ID == pts[i],]
first[i] <- min(y$Visit)
last[i] <- max(y$Visit)
}
# number of observers
VisitCov$Obs<-as.numeric(as.factor(VisitCov$Obs))
nobs <- length(unique(VisitCov$Observer))
# subset encounter data to desired species and sum over all intervals (detection modeled constant over the three 2minute intervals)
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Occ <- droplevels(Occ[Occ$Species %in% spp,])
Occ$y <- apply(Occ[,4:6],1,sum)
dim(Occ)
# scale some visit covariates (Site ones will remain vectors, so easy to do on the fly)
scaled <- scale(VisitCov[,c("Sky","Noise","DOY","hour")])
colnames(scaled) <- c("sSky","sNoise","sDOY","shour")
scaled[is.na(scaled)==TRUE] <- 0 # a very few missing values
VisitCov <- cbind(VisitCov,scaled)
# put observations in an array, npoints x nspecies x nvisits
# also put Visit Covariates in an appropriate array
OCC=array(NA,dim=c(npts,nspp,nvisits))
COV=array(NA,dim=c(npts,5,nvisits))
covs <- c("sSky","sNoise","sDOY","shour","Obs")
dimnames(COV) <- list(1:npts,covs,c("visit1","visit2"))
for(s in 1:npts){
for(j in first[s]:last[s]){
COV[s,,j] <- as.matrix(VisitCov[VisitCov$Point_ID == pts[s] and VisitCov$Visit == j,covs],1,5)
#
if(dim(x)[1]>0){COV[s,,j] <- x}
for(i in 1:nspp){
y <- Occ[Occ$Point_ID == pts[s] and Occ$Species == spp[i] and Occ$Visit == j,7]
if(length(y) >0){
OCC[s,i,j] <-y}else{OCC[s,i,j] <-0}
}
}}
dim(OCC)
dim(COV)
N=dim(OCC)[1]
############################################################################################
# Specify the JAGS model (accounting for re-visits)
############################################################################################
{model <- "model {
######################################################
# Linear models, constraints, and likelihoods
######################################################
for (i in 1:N){ # start loop over sites
for(j in 1:nspp){ # start loop over groups
# occupancy (assumed to not change accross visits)
z[i,j] ~ dbern(psi[i,j])
# linear model for occupancy probability
logit(psi[i,j]) <- bCT[ct[i],j]+bCluster[cluster[i],j]+
bDBH[j]*dbh[i]+bShrub[j]*shrub[i]+bTree[j]*tree[i]+bGround[j]*ground[i]+bCoverType[j]*covertype[i]+bLayers[
j]*layers[i]
# start loop over visits (vectors first and last indicate which visits to index for each site)
for(k in first[i]:last[i]){
# observation of species j at site i during visit k
y[i,j,k] ~ dbin(z[i,j]*p[i,j,k],noccs)
# linear model for detection probability
logit(p[i,j,k]) <- gObs[Obs[i,k],j] + gDate[j]*day[i,k] + gHour[j]*hour[i,k]
} #end visit loop k
} # end group loop j
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# sum latent z values
rich[i]<-sum(z[i,])
} # end site loop i
###########################################################
# priors
###########################################################
# priors for fixed effect of cover type
# this is the species mean for cover type, where species is a random effect
# and the variance among species is the for each cover type (this could be changed)
for(m in 1:nct){
muCT[m] <- log(alpha[m]/(1-alpha[m]))
alpha[m] ~ dunif(0,1)
for(j in 1:nspp){
bCT[m,j]~dnorm(muCT[m],tauSP)
}
}
tauSP ~ dgamma(0.1,0.01)
sdSP <- 1/sqrt(tauSP)
# prior for random effect of cluster
# separated from the random effect of species
# as written the species random effect has the same variance as for the species effect involved with cover type
for(h in 1:nclust){
muClust[h] ~ dnorm(0,tauCL)
for(j in 1:nspp){
bCluster[h,j]~dnorm(muClust[h],tauSP)
}
}
tauCL ~ dgamma(0.1,0.01)
sdCL <- 1/sqrt(tauCL)
# species-specific priors for the remaining covariate effects
for(j in 1:nspp){
bDBH[j] ~ dnorm(muDBH,tauDBH)
bShrub[j] ~ dnorm(muShrub,tauShrub)
bTree[j] ~ dnorm(muTree,tauTree)
bGround[j] ~ dnorm(muGround,tauGround)
bCoverType[j] ~ dnorm(muCoverType,tauCoverType)
bLayers[j] ~ dnorm(muLayers,tauLayers)
# these 2 are for detection probability
gDate[j] ~ dnorm(muGdate,tauGdate)
gHour[j] ~ dnorm(muGhour,tauGhour)
}
# hyperpriors for mean and variance hyperparameters for above Psi parameters above and detection parameters
below
# for occupancy probability
muDBH ~ dnorm(0,0.1)
tauDBH ~ dgamma(0.1,0.01)
sdDBH <- 1/sqrt(tauDBH)
muShrub ~ dnorm(0,0.1)
tauShrub ~ dgamma(0.1,0.01)
sdShrub <- 1/sqrt(tauShrub)
muTree ~ dnorm(0,0.1)
tauTree ~ dgamma(0.1,0.01)
sdTree <- 1/sqrt(tauTree)
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muGround ~ dnorm(0,0.1)
tauGround ~ dgamma(0.1,0.01)
sdGround <- 1/sqrt(tauGround)
muCoverType ~ dnorm(0,0.1)
tauCoverType ~ dgamma(0.1,0.01)
sdCoverType <- 1/sqrt(tauCoverType)
muLayers ~ dnorm(0,0.1)
tauLayers ~ dgamma(0.1,0.01)
sdLayers <- 1/sqrt(tauLayers)
# for detection probability
muP ~ dnorm(0,0.1)
tauP ~ dgamma(0.1,0.1)
sdP <- 1/sqrt(tauP)
muGdate ~ dnorm(0,0.1)
tauGdate ~ dgamma(0.1,0.1)
sdGdate <- 1/sqrt(tauGdate)
muGhour ~ dnorm(0,0.1)
tauGhour ~ dgamma(0.1,0.1)
sdGhour <- 1/sqrt(tauGhour)
# prior for observer and species specific effects on detection
# written this way the effects of species and observer on detection are not separable
for(k in 1:nobs){
for(j in 1:nspp){
gObs[k,j] ~ dnorm(muP,tauP)
}
}
###########################################################
# some derivations
###########################################################
for(j in 1:nspp){
meanPsi[j] <- mean(psi[,j])
}
}"}
# end of BUGS model
#----------------------------------------------# Bundle data to pass to jags
# and provide initial values for sampler
#----------------------------------------------{dat <- list(N=N,
nspp=dim(OCC)[2],
nclust=length(unique(SiteCov$Cluster)),
cluster=as.numeric(as.factor(SiteCov$Cluster)),
nct=length(unique(SiteCov$DomCover500)),
ct=as.numeric(as.factor(SiteCov$DomCover500)),
dbh=c(scale(SiteCov$StDevOfDBH.y)),
shrub=c(scale(SiteCov$ShrubSpecies)),
tree=c(scale(SiteCov$TreeSpecies)),
ground=c(scale(SiteCov$NumGround)),
covertype=c(scale(SiteCov$Number.of.Cover.Types500)),
layers=c(scale(SiteCov$CoverAbun)),
first=first,
last=last,
y=OCC,
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Obs=COV[,"Obs",,drop=TRUE],
noccs = noccs,
day = COV[,"sDOY",,drop=TRUE],
hour = COV[,"shour",,drop=TRUE],
nobs=nobs)}
{inits <- function(){list(z=matrix(as.numeric(apply(OCC,c(1,2),sum,na.rm=TRUE)>0),N,nspp))}
}
#----------------------------------------------# Specify MCMC controls and parameters to monitor
#----------------------------------------------{parameters <- c("muCT","bCT","sdSP",
"muClust","sdCL", # could drop the monitoring of bCluster - that is a LOT of parameters
"muDBH","sdDBH","bDBH",
"muShrub","sdShrub","bShrub",
"muTree","sdTree","bTree",
"muGround","sdGround","bGround",
"muCoverType","sdCoverType","bCoverType",
"muLayers","sdLayers","bLayers",
"muP","sdP",
"muGdate","sdGdate","gDate",
"muGhour","sdGhour","gHour",
"meanPsi", "meanPsi","rich")}
# MCMC settings
ni <- 5000
nt <- 10
nb <- 10000
nc <- 3
ad <- 100
#----------------------------------------------# run model and time it
#----------------------------------------------start.time = Sys.time()
richnessout <- run.jags(model=model,monitor=parameters,data=dat,n.chains=nc,inits=inits,burnin=nb,
sample=ni,adapt=ad,thin=nt,modules=c("glm"),method="parallel")
end.time = Sys.time(); elapsed.time = round(difftime(end.time, start.time, units='mins'), dig = 2)
paste('Elapsed time was ', elapsed.time, ' minutes, or ', round(elapsed.time/60,3), ' hours', sep='')
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