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ABSTRACT

Urbanization and human development are accelerating globally, rapidly
changing surrounding ecosystems. Urbanization-induced changes to biotic and abiotic
processes affect wildlife populations and the dynamics of associated infectious
diseases. In this dissertation, I explore how features of urban forest fragments in the
mid-Atlantic region of the United States impact the ecology of zoonotic tick-borne
disease systems. In Chapter 1, I describe the relationship between nonnative woody
plant invasion and the abundance of host-seeking nymphal blacklegged ticks (Ixodes
scapularis) at two spatial scales. Within forest fragments with significant nonnative
plant invasion in the understory, /. scapularis are aggregated within patches of
invasive plants. At the forest fragment scale, however, invasion by nonnative plants is
associated with loss of leaf litter, which reduces habitat quality for I. scapularis. Thus,
at the broader, forest fragment scale, 1. scapularis are found in higher abundance in
forests without nonnative plant invasion. In Chapter 2, I characterize prevalence of
four zoonotic tick-borne pathogens in northern Delaware, and I study the vegetation
and landscape factors that determine prevalence of Borrelia burgdorferi, the causative
agent of Lyme disease, among host-seeking /. scapularis. Nonnative plant invasion
and several habitat features specific to small mammal and bird host niches increase the
prevalence of B. burgdorferi. In a comparison of invaded and uninvaded forest
fragments, B. burgdorferi prevalence is nearly twice as high among ticks from invaded
forests compared to ticks from uninvaded forests. In Chapter 3, I investigate urban

forest fragment characteristics that influence the distribution and abundance of an
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important reservoir host for B. burgdorferi, the white-footed mouse (Peromyscus
leucopus). I also model habitat and landscape features that promote interactions
between P. leucopus and immature stages of 1. scapularis, and ultimately could
amplify infection prevalence. In spring, landscape variables have the greatest
influence on P. leucopus distributions, but in fall a combination of landscape and
habitat variables explain P. leucopus abundance. Both intrinsic P. leucopus traits and
extrinsic habitat features predict the tick burdens found on P. leucopus individuals in
spring and summer. In Chapter 4, I focus on population vital rates in urban forest
fragments of another important group of tick hosts, ground-foraging passerine birds.
Specifically, I estimate cumulative survival rates of Gray Catbirds (Dumetella
carolinensis) and Wood Thrushes (Hylocichla mustelina) during the post-fledging
stage, and I model how behavior and anthropogenic hazards in an urban landscape
affect mortality risk. Gray Catbird fledglings have approximately half the survival rate
of Wood Thrushes; but for both species, mortality risk increases as individuals cross
more roads and become exposed to more anthropogenic hazards. Overall, urbanization
has complex, cascading effects on wildlife populations and tick-borne disease
dynamics. Given the heterogeneity of urban forest fragments, both topics warrant

further study with careful attention to the issue of scale.
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Chapter 1

SCALE-DEPENDENT EFFECTS OF NONNATIVE PLANT INVASION ON
HOST-SEEKING TICK ABUNDANCE

Introduction

Altered ecosystems can produce cascading effects. For example, nonnative,
invasive species impact a range of abiotic and biotic ecosystem components from soil
chemistry (Howard et al. 2004) to biodiversity (Wilcove et al. 1986, Coblentz 1990),
and even human health (Juliano and Lounibos 2005, Allan et al. 2010, Morlando et al.
2012). On the east coast of the United States, multiflora rose (Rosa multiflora) is an
ubiquitous invader in forest understories (Huebner et al. 2014), with documented
ecosystem effects including accelerated litter nitrogen loss (Ashton et al. 2005) and
reduced avian nest success (Borgmann and Rodewald 2004). Herein, we investigate
whether R. multiflora may also affect human health by increasing tick-borne disease
risk.

Blacklegged ticks (Ixodes scapularis Say) are an important vector of zoonotic
pathogens, including Borrelia burgdorferi, Anaplasma phagocytophilum, Babesia
microti, Borrelia miyamotoi, and Powassan virus (Centers for Disease Control and
Prevention 2015). Borrelia burgdorferi causes Lyme disease, the most commonly
reported vector-borne disease in North America (Bacon et al. 2008). Recent work in
forest ecosystems suggests that the abundance of host-seeking 1. scapularis (nymphs
and adults) is positively associated with invasion by nonnative shrubs (Lubelczyk et

al. 2004, Elias et al. 2006, Williams et al. 2009, Williams and Ward 2010). Ixodes



scapularis abundance is a key factor in predicting human Lyme disease cases (Mather
et al. 1996, Khatchikian et al. 2012); thus, nonnative plant invasion potentially
increases human disease risk.

The dense understory structure created by nonnative plants can increase
humidity and protection from extreme temperature fluctuations, thereby creating a
more favorable microclimate for ticks (Williams et al. 2009). Dense understory
structure is also used preferentially by host animals (e.g. white-tailed deer, Odocoileus
virginianus) that are important to tick reproduction and survival (Allan et al. 2010).
Both of these mechanisms (improved microclimate and increased host use) support a
potential positive association between 1. scapularis abundance and the presence of
nonnative, invasive shrubs.

There is a critical need to determine whether fine-scale habitat associations
between invasive shrubs and ticks create larger vector populations at broad enough
scales to increase human disease risk (Allan et al. 2010). Ecological processes are
often scale-dependent (Wiens 1989). Many biotic and abiotic factors affect 1.
scapularis density and distribution (Ostfeld et al. 1995) and likely operate at different
scales. Nonnative plant invasion may increase tick abundance at a fine scale within a
given forest patch, but it is unclear whether this would produce a larger vector
population at a landscape scale relevant to human disease risk.

We assessed the effects of R. multiflora invasion at two spatial scales: at a fine
scale within forest fragments and at a patch scale among different forest fragments.
We tested the following: 1. whether /. scapularis abundance differs under R.

multiflora compared to other shrub species or open understory within the same forest



patch; and 2. whether 1. scapularis abundance differs among R. multiflora-invaded

forest fragments compared to forest fragments without R. multiflora invasion.

Methods

Study area
Delaware has one of the highest per capita rates of human Lyme disease cases
in the United States (Bacon et al. 2008). This, combined with fragmented forests
containing significant nonnative plant invasion, makes Delaware an ideal location to
examine the effects of nonnative plants on /. scapularis populations. We trapped ticks
in forest fragments (Figure 1) composed of mixed deciduous hardwood stands in New

Castle County, DE (Rega 2012).

Tick trapping

In 2013 and 2014, we selected eight forest fragments ranging from 6 to 16 ha
for trapping—four “uninvaded fragments” with <1% R. multiflora cover in the
understory and four “invaded fragments” with >10% R. multiflora cover in the
understory. We used dry-ice (CO2) baited traps (Kensinger and Allan 2011) to target
host-seeking I. scapularis nymphs because they pose the greatest disease risk to
humans (Centers for Disease Control and Prevention 2015). Although dragging or
flagging methods are often preferred for capturing 1. scapularis nymphs (Falco and
Fish 1992), CO2 traps avoid sampling bias due to vegetation structure (Falco and Fish
1992, Schulze et al. 1995, 1997, Daniels et al. 2000, Kensinger and Allan 2011). Drag
cloths become snagged on R. multiflora thorns, making tick habitat beneath it

inaccessible for dragging or flagging.



Within invaded fragments, we deployed traps in a paired design, with each pair
consisting of one trap under R. multiflora and one trap 25 meters away, not under R.
multiflora. We chose four pairs (8 traps total) in each invaded fragment. Trap locations
beneath R. multiflora were randomly selected within previously mapped and digitized
patches of R. multiflora in ArcGIS v10 (ESRI 2012); paired trap locations not under R.
multiflora were designated 25 meters away in a random cardinal direction, with the
only selection criterion being that they could not be under R. multiflora. As a result,
we set up these paired traps beneath a variety of understory structures and plant
species. Within each uninvaded forest fragment, we randomly chose four points as
trap locations using ArcGIS. Each year, we deployed 16 pairs of traps (32 total) across
four R. multiflora-invaded fragments and 16 traps across four uninvaded fragments.
Over the two years of the study, we used a total of 64 trap locations (Figure 1). On any
given trap night, half of the traps were active. To eliminate biases associated with
weather, we always deployed trap pairs together and in equal numbers of invaded and
uninvaded fragments on the same nights. Each trap was baited with 1.4 kg of pelleted
dry ice, and we lined the edges of the plywood base with double-sided carpet tape (3M
brand). We checked traps after 24h and collected all ticks with forceps and deposited
them into individual microcentrifuge tubes. Ticks were transported live, frozen at -
80°C, and later identified to species and life stage using dichotomous keys (Keirans
and Litwak 1989, Durden and Keirans 1996, Keirans and Durden 1998). Between
April and July of 2013 and 2014, we trapped up to two nights per week, avoiding rain,

for a total of 671 trap nights.



Vegetation surveys

We measured understory vegetation at several scales surrounding each trap
during June and July. Within a 12.5 m radius surrounding the trap, we identified the
dominant four understory plant species and estimated the percent of the ground that
each covered, the percent of ground covered by R. multiflora, the percent of ground
covered by coarse woody debris, and we measured understory vegetation density
using 2.0 m high Nudds boards divided into four 0.5 m sections (Nudds 1977). The
12.5 m radius area was chosen to represent the approximate size of Peromyscus
leucopus (an important larval tick host) home ranges (Wolff 1985) that could
influence immature tick abundance, while avoiding overlap with paired traps. Within a
2.5 m radius around the trap, we estimated the percent of ground covered by R.
multiflora to more closely represent the effective trapping area (Falco and Fish 1991).
We identified the plant species immediately over the trap, and we quantified leaf litter
volume by gathering up all litter within a 0.5m2 quadrat next to the trap and
measuring its volume in a 19L bucket.

We calculated landscape variables for each trap location in ArcGIS using 2007
Delaware Land Use Land Cover layer (State of Delaware 2008). We quantified
landscape variables that might influence habitat suitability for ticks and/or host
animals and that represent the human-dominated landscape context of the study sites
(Nicholson and Mather 1996, Bunnell et al. 2003). These variables included distance
to nearest stream, distance to nearest road, distance to nearest agriculture, distance to
nearest human development, distance to nearest impervious surface, distance to
nearest residential development, and distance to nearest forest edge from each trap

location.



We included vegetation variables that characterized vegetation at the patch
scale (Rega 2012). These variables included proportion of Fagus grandifolia, Acer
spp, Quercus spp, Liriodendron tulipifera, or Liquidambar styraciflua as dominant
canopy trees, percent of ground covered by R. multiflora, average leaf litter volume,
tree basal area, average diameter at breast height (dbh) of trees, percent of ground
covered by understory plants (all spp.), proportion of understory woody stems that

were nonnative, year of canopy closure.

Statistical analyses

We standardized total /. scapularis nymphs captured at each trap by effort
(number of trap nights) to get a daily mean tick capture rate, which we used as an
index of host-seeking 1. scapularis abundance (hereafter: tick abundance) at each
location. Prior to analyses, we log-transformed the response, tick abundance, to satisfy
parametric test assumptions. At the fine scale, we used a paired t-test to determine if
tick abundance differed between paired traps under R. multiflora and not under R.
multiflora. At the patch scale we used an analysis of variance (ANOVA), blocking on
site, to test for a difference in tick abundance between invaded and uninvaded forest

patches.

Tick abundance models
Because forest fragments differed in additional characteristics beyond
presence/absence of R. multiflora invasion, we assessed which vegetation and
landscape variables influenced tick abundance at the landscape scale. We used boosted
regression trees (BRT) to assess relative variable importance (Friedman and Meulman

2003, Elith et al. 2008) using packages gbm (Ridgeway 2015) and dismo (Hijmans et



al. 2015) to run BRTs in R v 3.1.1 (R Development Core Team 2014); we set the error
distribution for the response variable as gaussian, and specified the learning rate as
0.005, bag fraction as 0.5, and tree complexity at 2. Using the top four predictor
variables according to BRT rankings, we built several generalized additive models

(GAM) to compare for the best fit using package mgcv (Wood 2015) in R.

Results

Tick captures

We captured 282 total 1. scapularis individuals (275 nymphs, 7 adults) over
671 trap nights. At traps deployed in R. multiflora-invaded fragments, we captured a
total of 79 and 33 I. scapularis nymphs in R. multiflora and not in R. multiflora,
respectively. We caught a total of 163 1. scapularis nymphs in uninvaded forest
fragments. Forty-seven of the 64 traps (73%) captured at least one 1. scapularis
nymph, and tick abundance ranged from 0 to 2.33 (nymphs/day). At the fine scale
within invaded forest fragments, tick abundance under R. multiflora was 2.3 times
greater than not under R. multiflora (t19=2.37, P = 0.03) (Figure 2). At the patch scale,
we detected the opposite pattern; tick abundance in uninvaded forest fragments was
3.2 times greater than in R. multiflora-invaded fragments (F(; 53=30.27, P < 0.01)
(Figure 2). To verify that patch-level differences were not driven by the low capture
rates in the invaded patches at the traps not under R. multiflora, we confirmed that tick
abundance at traps in uninvaded patches was greater than at traps under R. multiflora

(t42=2.75, P< 001)



Tick models

Several vegetation variables were correlated (coefficients > 0.6), so we
reduced the candidate set of local vegetation and landscape predictor variables to
include only those listed in Table 1. Boosted regression trees (BRT) achieved a cross
validation correlation 0.731 after fitting 1,350 trees. Of all potential predictor
variables, leaf litter volume at the trap location had the highest relative influence (17%
of total deviance explained) on tick abundance, followed by several variables with
similar relative influence (11.7-11.9%): distance to nearest road, average tree dbh, and
distance to nearest stream.

We log-transformed certain predictor variables to improve their distributions
along the x-axis. Our best GAM (61% deviance explained) based on Akaike’s
information criterion adjusted for small sample size (Burnham and Anderson 2002)
included log-transformed litter volume, distance to nearest road, log-transformed
distance to nearest stream, and average tree dbh (Figure 3, Table 2). Tick abundance
responded to leaf litter volume nonlinearly. Increase in leaf litter volume at low levels
(<10 L/m2) had little effect on tick abundance. Between 12 L/m2 and 20 L/m2 there
was a strong positive change in tick abundance with increasing leaf litter volume,
which then leveled out around 30 L/m2. We saw a similar non-linear response with the
distance to stream. Close to a stream, there were very few ticks captured, but this
response increased rapidly up to a certain distance from the stream, beyond which
there is little effect of the stream on tick abundance. Distance to nearest road had a
positive effect on tick abundance at low and high values, and average tree dbh was

inversely related to tick abundance.



Discussion

At a fine scale, we trapped 2.3 times more nymphal blacklegged ticks under R.
multiflora compared to areas without R. multiflora within the same forest fragments.
However, we trapped over 3 times as many ticks in uninvaded forest fragments
compared to R. multiflora-invaded forest fragments. Host-seeking ticks were
concentrated beneath R. multiflora within invaded forests, but they were more
abundant in uninvaded forests. Thus, although at fine scales R. multiflora appears to
increase tick abundance, R. multiflora invasion actually suppresses tick abundance at
the patch scale. Our results suggest that reduced leaf litter volume constrains tick
abundance (Schulze et al. 1995, Burtis et al. 2014). The lack of leaf litter in R.
multiflora-invaded forest fragments creates an inhospitable environment for ticks,
from which they are rescued by invasive shrubs with dense growth forms (e.g.
Williams et al. 2009).

Within invaded forests, our results are consistent with prior studies that show a
positive relationship between nonnative, invasive shrubs (e.g. B. thunbergii) and
questing nymphal and adult . scapularis abundance (Williams et al. 2009, Lubelczyk
et al. 2004, Elias et al. 2006). Densities of nymphal and adult lone star ticks
(Amblyomma americanum) were also higher in invasive honeysuckle (Lonicera
maackii)-dominated plots compared to uninvaded, adjacent plots (Allan et al. 2010).
At a landscape scale, however, we found ticks were more abundant in uninvaded
forest fragments than invaded fragments. We captured more than three times as many
1. scapularis nymphs in uninvaded forest fragments compared to R. multiflora-invaded
forest fragments. Rosa multiflora invasion was associated with habitat changes at the
forest-fragment scale that create an aggregation of ticks around R. multiflora within

invaded forests. However, uninvaded habitats appear to be more suitable for ticks than



invaded habitats, seemingly due to the greater volume of leaf litter in uninvaded forest
fragments.

Of all vegetation and landscape covariates tested, leaf litter volume was the
best predictor of tick abundance. Leaf litter is an important component of . scapularis
habitat (Schulze et al. 1995, 2002, Lubelczyk et al. 2004, Elias et al. 2006). In the
forests investigated, leaf litter volume was negatively correlated with invasion by
nonnative plants at the patch scale. We found more than four times the volume of leaf
litter in R. multiflora-free forest fragments compared to R. multiflora-invaded forest
fragments (P < 0.01), and there was no difference in leaf litter volume between paired
points within invaded forests. The widespread relationship between leaf litter and
invasive plants is ultimately driven by nonnative, invasive earthworms (Nuzzo et al.
2009). These earthworms lead the nonnative plant invasion front by devouring leaf
litter and disrupting mycorrhizal networks, inhibiting native plant growth and
regeneration (Lawrence et al. 2003, Suérez et al. 2006, Hale et al. 2006). This
reduction in habitat quality for native plants, combined with high densities of white-
tailed deer over-browsing native plants, helps nonnative plants to invade. Therefore, at
a patch scale, the forest fragments with significant nonnative plant invasion are
lacking the layer of leaf litter that comprises favorable tick habitat.

The presence or absence of earthworm invasion and subsequent nonnative
plant invasion are determined by numerous factors including soil chemistry (Moore et
al. 2013), litter composition (Belote and Jones 2009), and historical land use patterns
(Beauséjour et al. 2015). With increasing disturbance and propagule pressure in
human-dominated landscapes, currently uninvaded forest fragments may eventually

host high densities of earthworms and nonnative plants, with implications for tick and
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litter arthropod survival. On the other hand, uninvaded forest fragments may possess
certain characteristics, such as high soil acidity (Bernard et al. 2009), that make them
more resistant to earthworm invasion. In either scenario, we suggest continued
monitoring at multiple spatial scales to understand the impacts of invasion on tick

population dynamics.

Conclusions and Future Directions

Our results suggest that while R. multiflora invasion concentrates host-seeking
1. scapularis nymphs at a fine scale, the loss of leaf litter associated with R. multiflora
invasion reduces tick habitat quality at the patch scale. We found the greatest
abundance of host-seeking /. scapularis nymphs in uninvaded forests with deep litter
layers. Thus, while removal of invasive plants may reduce tick abundance within
certain forests, management actions toward reducing host-seeking tick abundance may
have a greater impact in forests with deep litter layers.

Future work should test potential mechanisms influencing tick abundance in
invaded and uninvaded forest fragments. Furthermore, we should implement broader
scale studies using multiple landscapes within the temperate deciduous forest biome to
test our hypotheses about invasive earthworms, leaf litter, and invasive shrub effects

on host-seeking 1. scapularis abundance.
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Table 1

Summary of vegetation and landscape covariates measured at the trap

and patch scale. Covariates are summarized as mean + standard error.
Letters (A,B,C) denote significant differences among groups (P < 0.05)
detected using analysis of variance (ANOVA), blocking on site, followed
up with Tukey post-hoc comparison when there were more than two
groups. “Nudds” refers to Nudds board (Nudds 1977) measurements, and

“dbh” stands for diameter at breast height.

Trap and patch level covariates Uninvaded forests Invaded forests
Trap-level covariates traps Zj};tsl;;:)fl ;;?}:Z ;:l;;oi:;
Nudds at 0.5-1.0 m (%) 18.0*+£3.9 73.9%+ 4.5 533°+£59
Leaf litter volume (L/mz) 28.0£2.8 6.1°+ 1.4 6.7°£ 12
Coarse woody debris (%) 6.5+0.9 34507 428+0.7
Distance to agriculture (m) 288.3% +54.7 156.7° +24.6 159.65 +24.6
Distance to edge (m) 67.8* +9.1 39.8°+8.8 41.9°+84
Distance to road (m) 154.7 £ 16.7 135+ 18.1 1334+ 154
Distance to residential (m) 716.9 +377.6 186.2 = 31.5 174.4+32.9
Distance to stream (m) 371.8* £ 62.7 148.4° £35.7 134.1° £ 35.6
Patch-level covariates
Fagus grandifolia (%) 8.5 +£2.8 0.7°+£0.2
Acer spp. (%) 0.7*£0.1 2128+ 12
Year of canopy closure 1916.7* £ 4.9 1963 +5.1
Nonnative stems (%) 9.1*+2.7 40.0° £33
Liriodendron tulipifera (%) 21.2+24 229+2.8
Average tree dbh (m) 0.6 £0.0 0.6+ 0.0

13



Table 2 Summary of candidate generalized additive models including number of
parameters (K), AIC,, differences (AAIC,), and Akaike weights (w;). The
variable “litter” is the volume of leaf litter (L/m?) at each trap. The
variables “road,” and “stream” refer to the distance between these
features and the trap; “dbh” is the average diameter at breast height of
dominant canopy trees in each forest fragment. The response (tick
abundance) and two predictors (litter and stream) were log-transformed
prior to analysis.

Predictor variable(s) K AIC, AAIC, w;

litter, road, stream, dbh 6 209.47 0 0.59
litter, dbh, stream 5 211.65 2.18 0.20
litter, road, stream 5 212.66 3.19 0.12
litter, stream 4 213.26 3.79 0.09
litter, road, dbh 5 224.19 14.72 0.00

litter, road 4 231.72 22.25 <0.001

stream, road, dbh 5 232.41 22.93 <0.001

litter, dbh 4 233.07 23.60 <0.001

road, stream 4 233.74 24.27 <0.001

stream, dbh 4 237.33 27.86 <0.001

stream 3 237.84 28.37 <0.001

litter 3 238.47 28.99 <0.001

dbh 3 239.15 29.68 <0.001

road, dbh 4 239.64 30.17 <0.001

road 3 249.95 40.48 <0.001

null 2 258.45 48.98 <0.001
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Rose-invaded fragments
Uninvaded fragments

O 2013
[ 2014
¢ 2013 &2014

Figure 1 Study area in New Castle County, Delaware. Green represents forest
cover; pale yellow is agriculture; blue is water; and white is any type of
human development. “Rose-invaded” and “uninvaded” fragments refer to
forest fragments with and without R. multiflora invasion.
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Figure 2
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nymphal tick abundance (ticks per trap night)

Boxplot of tick abundance measured at traps in uninvaded forests, at
traps under R. multiflora in invaded forests (“in rose”), and at traps not
under R. multiflora (“not in rose”) in invaded forests. Horizontal white
lines represent medians and boxes demonstrate the interquartile range.
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Figure 3 Generalized additive model (GAM) partial dependence plot of top-ranked
model. Lines display the best fit for the relationship between log-
transformed tick abundance and predictor variables. Gray bars represent
95% confidence interval and black dots show actual data points.
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Chapter 2

MULTIFLORA ROSE INVASION AMPLIFIES PREVALENCE OF LYME
DISEASE PATHOGEN AMONG BLACKLEGGED TICKS

Introduction

Urbanization affects all aspects of vector-borne disease ecology (Bradley and
Altizer 2007). In the case of tick-borne disease systems such as Lyme disease (caused
by Borrelia burgdorferi) in forested ecosystems, urbanization alters habitat suitability
for vectors (i.e. ticks), hosts, and pathogens. Human development in the Lyme-disease
endemic, mid-Atlantic region reduces overall forest cover and average patch size
while increasing the area of edge and impervious surface. Reduced forest patch size, in
particular, changes host community composition predictably to increase acarological
risk in terms of nymphal infection prevalence and density of infected nymphs (Allan et
al. 2003, LoGiudice et al. 2003, 2008, but see Zolnik et al. 2015). Yet in urban
landscapes, patch size may have a smaller or perhaps unpredictable influence on host
community relative to other effects of urbanization on forested ecosystems. How
factors characteristic of urban forest fragments affect acarological risk has not been
well explored.

Complex land use histories in human-dominated landscapes form networks of
diverse, heterogeneous forest fragments. In the urban mid-Atlantic region, clear-
cutting, intensive agriculture, and urban sprawl have created a variety of forest
fragment types on a spectrum between two extremes: at one end are forest fragments

that are true remnants of mature (>100 yr old) forests; at the opposite end are forest
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fragments that have regrown from fallow agricultural land set aside while surrounding
areas were developed. In the latter case, native tree species have competed with and
grown up alongside nonnative species that were part of the agricultural landscape or
subsequent development. As a result, regrown urban forest patches have closed
canopies of mostly native trees with thick understories composed of nonnative,
invasive species (Huebner et al. 2014).These two extremes of urban forest fragment
types both face serious ecological problems, with implications for tick-borne disease
risk.

Due to intensive browsing pressure imposed by high white-tailed deer
(Odocoileus virginianus) densities (in Delaware, recent county surveys estimate
between 18-52 deer/km” (Rogerson et al. 2010)), mature forests have sparse or no
woody understories and cannot replace most species of dead or dying trees (Rossell et
al. 2007). Although they maintain a thick litter layer and low soil pH, which may help
buffer mature forests from invasion by nonnative plants (Bernard et al. 2009), most
native woody plants cannot regenerate. The thick litter layer maintained in these
forests provides suitable habitat for blacklegged ticks, which are found in greater
abundance in mature forests relative to other urbanized forest fragment types
(Adalsteinsson et al. 2016). In contrast, forest fragments with significant nonnative
plant invasion in the understory have high densities of invasive earthworms and very
little leaf litter (Lawrence et al. 2003, Suarez et al. 2006, Hale et al. 2006, Nuzzo et al.
2009), which constrains tick abundance (Schulze et al. 1995, Burtis et al. 2014,
Adalsteinsson et al. 2016). However, the dense understory structure provided by

invasive plants may aggregate immature ticks and infective hosts, potentially
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amplifying acarological risk in invaded forest fragments (Lubelczyk et al. 2004, Elias
et al. 2006, Williams et al. 2009, Allan et al. 2010).

Recent studies have identified higher pathogen prevalence in ticks and
reservoir hosts associated with invasive shrubs (Lubelczyk et al. 2004, Prusinski et al.
2006, Elias et al. 2006, Williams et al. 2009). However, because leaf litter loss, which
constrains tick abundance, is also associated with nonnative plant invasion, it is
unclear how tick-borne disease risk differs in regrown, invaded compared to mature,
uninvaded forest fragments. To contribute to our understanding of tick-borne disease
ecology in urbanized landscapes, we designed a study in urban forest fragments with
three main objectives: 1. Characterize B. burgdorferi and emerging tick-borne
pathogen prevalence among questing ticks; 2. Test for differences in pathogen
prevalence between forests invaded by nonnative understory plants and uninvaded
forests; and 3. Determine which habitat and landscape features influence pathogen

prevalence.

Methods

Study area and tick collection
We collected nymphal 1. scapularis from April-July, 2013 and 2014, using
CO;-baited traps in 11 forest fragments around New Castle County, Delaware; see
Adalsteinsson et al. 2016 for details on trap design, spatial arrangement, and tick
capture rates. Forest fragments (6—16 ha) consisted of mixed deciduous hardwood
stands and varied in understory woody species composition, particularly in the extent
of nonnative Rosa multiflora invasion. Five of the 11 forest fragment understories had

between 10% and 58% of total area covered by R. multiflora invasion (hereafter:
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invaded), and six fragments lacked R. multiflora invasion (<1%), (hereafter:
uninvaded). Within invaded sites, we captured ticks at paired traps — one trap within R.
multiflora cover and its pair 25 m away, not in R. multiflora. In uninvaded sites, we
deployed traps at random points. We transported all captured ticks to the laboratory

live, in individual microcentrifuge tubes, and froze them at -80°C.

Pathogen testing

We used a modified version of the DNeasy Blood & Tissue Kit protocol
(Qiagen) to extract DNA from ticks. Here, we explain the steps in which we deviated
from the standard protocol (Qiagen). First, we used sterile pipette tips to manually
crush each 1. scapularis nymph individually in 20uL of Hyclone Dulbecco’s
Phosphate Buffer Saline Solution (Fisher). Next, we incubated samples with lysis
buffer ATL and proteinase K in a 56°C hot water bath for three hours. We performed
an extra spin step at 13,000 rpm to remove trace ethanol after the Buffer AW2 wash.
Finally, we modified the last step by eluting our samples twice (50uL each time), for a
final product of 100puL. We checked concentrations of a subset of our samples using a
NanoDrop UV-Vis Spectrophotometer (Thermo Scientific) to confirm successful
DNA extractions. We tested ticks for four pathogens; 1) Borrelia burgdorferi, 2)
Anaplasma phagocytophilum, 3) Babesia microti, and 4) Borrelia miyamotoi, using
two multiplex quantitative real-time polymerase chain reactions designed for /.

scapularis (Hojgaard et al. 2014).
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Data analysis

Enough ticks tested positive for Borrelia burgdorferi to allow statistical
analyses; however infection prevalence was too low for the remaining pathogens to
determine patterns related to invasion and other habitat and landscape features.

Sample sizes were uneven because of differences in tick abundance in invaded
and uninvaded sites (Adalsteinsson et al. 2016) so we used logistic regression models
in a Bayesian framework to compare pathogen (i.e. B. burgdorferi) prevalence among
ticks collected from invaded and uninvaded forest fragments. This approach allowed
us to include uncertainty in pathogen prevalence due to varying sample sizes rather
than comparing raw proportions. We first tested whether pathogen prevalence differed
among treatments (in rose vs. not in rose) within invaded forest fragments. Next, we
tested whether infection prevalence differed between invaded and uninvaded forests.
For both of these questions, we used the following model structure (McElreath
2016b):

Y; ~ Binomial(1, p;),
logit(p;) = o + p*X,,

where Y is infection status of each individual tick (0 or 1), which has a
binomial distribution with probability p. With the logit link, the probability of
infection (p) was estimated as a linear function of baseline infection probability («)
plus the effect of being from one of two treatment groups (*X), where the variable X
indicates whether the sampling site was either in rose or not in rose, or in an invaded
forest or not (0 or 1), depending on the question. We specified vague priors for the
parameters a and S including a normal distribution, and we used a Hamiltonian Monte
Carlo sampler to run the analysis with STAN (Stan Development Team 2015) using

packages rstan (Guo et al. 2016) and rethinking (McElreath 2016a) in program R (R
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Development Core Team 2014). Using the difference between posterior predictions of
the two groups (in rose or not in rose, and invaded or uninvaded forest), we calculated
the probability of infection prevalence in one treatment group being larger than the
other, given our data and the specified model (McElreath 2016b).

We used aggregated logistic regression models in a Bayesian framework
(McElreath 2016b) to understand the influence of habitat and landscape factors on B.
burgdorferi prevalence,

Y; ~ Binomial(n, p;),
logit(p;) = a + B1* X + fo* X0 + ... + B-* X

Counts of B. burgdorferi positive ticks (Y;) were aggregated by trap (i), and the
number of trials (n) was the number of ticks tested from each trap. We identified a set
of variables that we expected would influence B. burgdorferi infection rates by
increasing or decreasing interactions between larval ticks and competent reservoir
hosts (Table 3). We developed multivariate model sets that grouped variables
according to their classification (vegetation, habitat, landscape) and spatial scale (trap
or forest fragment). To select between models, we used Watanabe-Akaike Information
Criterion (WAIC) (Watanabe 2010, Gelman et al. 2014, McElreath 2016b) and
converged on several “best models” that included similar combinations of variables
(Table 4). We compared the relative influence of individual variables on the
performance of the model by systematically dropping variables and comparing

changes in WAIC scores and their standard errors (Yamashita et al. 2007).

Results
We tested 258 1. scapularis nymphs, from which we successfully extracted

DNA. Twenty-nine ticks (11.2%) were positive for Borrelia burgdorferi, five (1.9%)
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were positive for Anaplasma phagocytophilum, and two (0.8%) were positive for
Borrelia miyamotoi. Only one tick was coinfected with B. burgdorferi and A.
phagocytophilum. We did not find any Babesia microti-positive ticks. Within invaded
forests, 11 of 75 ticks (14.6%) captured within R. multiflora and 6 of 32 ticks (18.7%)
captured outside of R. multiflora were B. burgdorferi-positive. Of 151 ticks tested
from uninvaded sites, 12 (7.9%) were positive for B. burgdorferi. Based on
differences between posterior distributions, we estimated that there was a 64%
probability that infection prevalence was higher outside of R. multiflora patches within
invaded sites. However, there was a 97% probability that infection prevalence was
higher among nymphs from invaded sites compared to nymphs from uninvaded sites
(Figure 4).

Our best models for B. burgdorferi infection prevalence (Table 4) included
woody debris, leaf litter, distance to road, mouse abundance, tick abundance (all at
trap-scale), and total cover (fragment-scale). Woody debris, distance to road, mouse
abundance, and total cover were positively related to infection prevalence. Leaf litter

and tick abundance were negatively related to infection prevalence (Figure 5).

Discussion
In our comparison of invaded and uninvaded forest fragments, we found that
B. burgdorferi prevalence among questing ticks did not differ within invaded forests,
but that ticks from invaded forests had almost double the mean infection prevalence
compared to ticks from uninvaded forests (Figure 4). Borrelia burgdorferi was the
most common pathogen detected in nymphal 1. scapularis from our study sites,

followed by A. phagocytophilum, and B. miyamotoi. Only one 1. scapularis nymph
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was coinfected with B. burgdorferi and A. phagocytophilum, and we did not detect Ba.
microti in any of the ticks tested. At finer scales within both invaded and uninvaded
sites, infection prevalence was positively related to coarse woody debris, distance to
the nearest road, mouse abundance, and extent of understory cover within the forest
fragment (Figure 5). We found a negative relationship between infection prevalence
and both leaf litter and tick abundance (Figure 5). Rosa multiflora invasion and the
additional factors positively influencing pathogen prevalence point to suitable habitat
characteristics for small mammal and bird hosts that are competent pathogen
IeServoirs.

Invaded and uninvaded fragments represent two extremes of different,
degraded habitat fragment types that can be separated by the presence/absence of R.
multiflora invasion in our landscape. Uninvaded sites have deep litter layers, no
understory, lots of questing nymphs, and relatively lower infection prevalence (mean
=0.079). Invaded sites have very little leaf litter, dense understory structure, relatively
fewer questing nymphs, and roughly double the infection prevalence (mean = 0.159).
Our modeling results showed that the total understory cover in a forest fragment
positively influenced pathogen prevalence. Understory structure, which is provided
almost exclusively by invasive plants, may aggregate immature ticks and infective
hosts, resulting in increased pathogen prevalence among ticks in invaded forest
fragments (Elias et al. 2006, Williams et al. 2009). Because B. burgdorferi is not
transmitted transovarially (Rollend et al. 2013), infected free-living nymphs have
acquired it by feeding on infected hosts during their larval stage. Similarly, potential

pathogen reservoirs must acquire B. burgdorferi by being fed upon by an infected
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nymph. Therefore, both immature stages of ticks must interact with infective hosts to
elevate pathogen prevalence among nymphs (Buskirk and Ostfeld 1995).

Previously, the prevalence of B. burgdorferi and A. phagocytophilum were
reported from ticks collected from hunter-harvested deer in Delaware’s three counties
in 1988 and 1998 (Wolfe et al. 1994, Curran et al. 2000). In New Castle County,
where we conducted our study, Curran et al. (2000) found that 6 of 50 ticks (12%)
were positive for B. burgdorferi, 2 of 50 were positive for 4. phagocytophilum, and no
ticks were co-infected with both pathogens. Ticks in New Castle County had the
highest B. burgdorferi prevalence of all three counties (12% vs. 8%), and no ticks
from the other two Delaware counties tested positive for 4. phagocytophilum. The age
class of ticks was not reported, but because collections were made in November, these
were most likely adult 7. scapularis (Piesman et al. 1979, Carey et al. 1980, Daniels et
al. 1989, Simmons et al. 2015). We found similar B. burgdorferi prevalence among
nymphs, which typically have lower (~50%) infection prevalence than adults (Piesman
et al. 1986, Schulze et al. 1986, Falco and Fish 1988, Lane et al. 1991). Therefore, if
ticks in Curran et al. (2000) were adults, this suggests that B. burgdorferi prevalence
among New Castle County 1. scapularis has potentially doubled since 1998.

Understory structure facilitates interactions between immature ticks and
competent B. burgdorferi reservoir hosts (Adler et al. 1992, Willson and Comet 1996,
Prusinski et al. 2006). White-footed mouse and passerine bird territory densities are
positively related to understory structure (Adler and Wilson 1987, Willson and Comet
1996, Leston and Rodewald 2006, Croci et al. 2008), i.e. invasive plants (unpublished
data) and within invaded forests, immature ticks are aggregated in stands of invasive

shrubs (Williams et al. 2009, Allan et al. 2010, Adalsteinsson et al. 2016). We
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hypothesize that larval ticks in uninvaded sites derive a greater proportion of
bloodmeals from larger-bodied hosts that are less-competent B. burgdorferi reservoirs
(Cagnacci et al. 2012, Barbour et al. 2015). We expect that this is in contrast to larval
tick bloodmeals in invaded sites, which we predict are composed of a greater
proportion of small-bodied hosts that are positively affected by understory structure
(Adler et al. 1992) and are competent B. burgdorferi reservoirs (Donahue et al. 1987,
Ginsberg et al. 2005, Barbour et al. 2015). Future work should use bloodmeal analysis
or identification of ospC types in B. burgdorferi-positive ticks to understand how
nonnative plant invasion affects the interaction between specific hosts and ticks, and
the resulting implications for transmission of human-invasive B. burgdorferi strains
(Brisson and Dykhuizen 2004, Onder et al. 2013, Vuong et al. 2014).

An additional hypothesis for the higher nymphal infection prevalence in
invaded sites concerns tick overwinter survival. Invaded habitats lack the litter layer
that comprises suitable off-host tick habitat (Schulze et al. 1995, Burtis et al. 2014,
Adalsteinsson et al. 2016). Ticks depend on the high humidity microclimate within the
litter to conserve moisture and to buffer themselves from environmental fluctuations
(Stafford 1994). Recent studies show that ixodid ticks infected with B. burgdorferi
have greater energy reserves and are more robust to desiccation (Naumov 2003,
Herrmann and Gern 2010, 2015, Herrmann et al. 2013). Therefore, the harsh litter-free
environment of invaded forests may exert stronger pressure against over-winter
survival of uninfected ticks, thus increasing overall infection prevalence.

The negative relationships of nymphal infection prevalence with leaf litter and
tick abundance raise questions about our understanding of Lyme disease ecology in

over-browsed, mature forest fragments. Uninvaded, mature forest fragments that lack
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understory structure have higher litter volumes and questing tick abundance than
invaded forests. We hypothesize that the lack of understory structure in uninvaded
fragments shifts the composition of bloodmeal hosts toward reservoir-incompetent
species such as white-tailed deer or other large-bodied hosts (Telford III et al. 1988,
Barbour et al. 2015). Talleklint and Jaenson (1996) also detected a negative
relationship between tick density and infection prevalence at high tick densities (>20
nymphs/m?), which they attributed to higher roe deer (Capreolus capreolus) densities
in those sites. Heightened deer densities could account for both higher tick density and
lower infection prevalence if deer act as both reproductive hosts and the dominant
bloodmeal source (Gray et al. 1995, Talleklint and Jaenson 1996). The close proximity
of our study sites and high deer densities throughout our landscape (18—52 deer/km’,
Rogerson 2010) suggest that deer do not account for differences in tick abundance.
However, deer may lower infection prevalence by shifting bloodmeals away from
reservoir competent hosts that do not find suitable understory cover in over-browsed,
uninvaded fragments.

The importance of invasion, habitat, and landscape variables from our models
support that understory structure and woody debris aggregate infectious hosts and
larval ticks, increasing pathogen transmission. Coarse woody debris, total understory
cover, distance to road, and P. leucopus abundance, variables that directly or indirectly
represent the distribution of reservoir hosts, were positively related to infection
prevalence. Coarse woody debris provides cover, nest sites, movement corridors, and
foraging opportunities for immature tick hosts such as white-footed mice (P.
leucopus), Sorex and Blarina shrews, and ground-foraging birds (Roche et al. 1999,

Greenberg 2002, Lohr et al. 2002, McCay and Komoroski 2004, Jones and Lindquist
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2012). Shrews, in particular, are often overlooked in terms of their importance in the
Lyme disease system, despite evidence that they can feed and infect more ticks than
white-footed mice (Brisson et al. 2008). Outside of the Pacific Northwest and southern
Appalachian regions of the U.S., there is a dearth of studies on habitat associations of
shrews, especially in small forest fragments (Getz 1961, 1989, Miller and Getz 1977,
McCay and Komoroski 2004). In regions where shrews have been well studied, coarse
woody debris appears to be an important habitat component (Carey and Johnson 1995,
McCay et al. 1998, Butts and McComb 2000, but see Brannon 2000). Similarly, total
understory cover represents the structure available to white-footed mice and shrub-
nesting birds (Adler and Wilson 1987, Willson and Comet 1996, Leston and
Rodewald 2006). The importance of distance to road suggests that perhaps small
mammals and birds avoid hard edges near roads in our landscape, or at least that larval

ticks encounter infectious hosts farther from roads.

Conclusions

Although nymphal infection prevalence was higher in invaded forests,
acarological risk in terms of density of infected nymphs may be higher in uninvaded
sites; the uninvaded sites examined in this study supported ~3 times as many questing
nymphs compared to invaded sites (Adalsteinsson et al. 2016). Although uninvaded
sites lack understory structure and therefore support lower densities of immature tick
hosts, their relatively intact litter layers may allow nymphal ticks to survive longer
(Yuval and Spielman 1990) and quest more often (Randolph and Storey 1999),
creating more opportunities to attach to humans than in invaded forests. Perhaps in

uninvaded fragments, restoration of native understory structure (Morlando et al. 2012)
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that promotes greater host diversity and abundance could reduce densities of questing

infected nymphs.
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Table 3

Modified from Adalsteinsson et al. 2016. Summary of vegetation and

landscape covariates measured at the trap and patch scale. Covariates are
summarized as mean + standard error. Letters (A,B,C) denote significant
differences among groups (P < 0.05) detected using analysis of variance
(ANOVA), blocking on site, followed up with Tukey post-hoc
comparison when there were more than two groups. “Nudds” refers to
Nudds board (Nudds 1977) measurements, “dbh” stands for diameter at
breast height, and “rose” means Rosa multiflora.

. Uninvaded Invaded: Invaded:

Trap-level covariates " . )

orests 1n rose not 1n rose
Nudds at 0.5-1.0 m (%) 18.0+3.9 73.98+45 533459
Rose cover, 12.5 m radius (%) 2.5*+0.2 11.2% +0.6 7.0 £0.6
Leaf litter volume (L/m?) 28.04+£2.8 6.1°+ 1.4 6.7°+1.2
Coarse woody debris (%) 6.5" £0.9 348407 42%+0.7
Rose cover, 2.5 m radius (%) 0.0 + 0.0 67.18+2.2 3.5440.7
Distance to agriculture (m) 288.3%+54.7 156.7°+24.6 159.6°+24.6
Distance to edge (m) 67.8% +9.1 39.8%+8.8 41.9% + 8.4
Distance to road (m) 154.7+16.7 135 £18.1 133.4+15.4
Distance to residential (m) 7169+ 377.6 186.2+31.5 174.4 +£32.9
Distance to stream (m) 371.8°+62.7 148.4°+357 134.1°+35.6
Tick abundance’ 0.8%+0.1 0.4%+0.1 0.2540.0
Mouse abundance? 2.7£0.5 4.5+0.9 2.1+0.4
Mean larvae per mouse” 0.4+0.1 0.5+0.1 0.7+0.2
Patch-level covariates Uninvaded Invaded forests

forests

Rose cover (%) 0.8*+0.5 36.95+7.7
Total understory cover (%) 19.6" +4.4 41.6" £6.1
Leaf litter volume (L/m2) 13.9% £1.1 6.8% 0.9
Fagus grandifolia (%) 8.54+2.8 0.7°+0.2
Acer spp. (%) 0.74+0.1 212°+12
Year of canopy closure 1916.7* £ 4.9 1963% +5.1
Nonnative stems (%) 9.14+2.7 40.0° +3.3
Average tree dbh (m) 0.6+0.0 0.6+0.0
Quercus spp. (%) 42.0" + 6.4 11.0°+5.8
Mean mice per nest box” 0.4 +0.1 0.5+0.2
Mean larvae per mouse” 0.7+0.2 09+0.3
Bird territory density’ 3.6+0.5 53+0.8
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" Tick abundance values from traps that caught ticks which could be screened
for pathogens (Adalsteinsson et al. 2016)

* Mouse abundance and larval burdens on mice from nest box study
(Adalsteinsson et al., in prep). For trap-level estimates, we calculated the
mean of the mice caught during fall at two nest boxes in closest proximity to
the tick trap. For patch-level estimates, total mouse captures during fall were
averaged across all 15 nest boxes in the site. Larval burdens are the average
number of larvae per mice at either the two closest nest boxes (trap level) or
across 15 nest boxes (patch level).

? Spot mapping data for all ground-foraging bird species, collected during 2010
and 2011 breeding seasons (Rega 2012).
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Table 4 WAIC table of best models. Variables in the model set are coarse woody
debris (CWD), leaf litter volume (litter), distance to the nearest road (dist.
road), mouse abundance in fall (mice), total understory cover (total
cover), and nymphal tick capture rate (tick abundance). Field headings
refer to the effective number of parameters (pWAIC), the difference
between WAIC estimates for each model and the top-ranked model
(AWAIC), the Akaike weight (Weight), the standard error of the WAIC
estimate (SE), and the standard error of AWAIC value (ASE).

Model structure pWAIC AWAIC Weight SE ASE
CWD + litter + dist. road + mice 5.10 0.00 0.37 20.80 NA
CWD -+ litter + dist. road 3.80 0.80 0.25 26.70 3.78
CWD + litter + dist. road + mice +

total cover 5.80 0.90 0.24 21.00 28.10
CWD + litter + dist. road + mice +

tick abundance 6.40 2.00 0.14 21.10 1.98
NULL 1.00 13.60 0.00 21.30 8.36
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Figure 4 Differences in 89% posterior probabilities of Borrelia burgdorferi
infection prevalence in nymphs between invaded and uninvaded forest
fragments (A) and within invaded forests, between ticks captured within
Rosa multiflora and outside of it (B).
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intervals) of Borrelia burgdorferi prevalence among ticks to six different
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abundance (mice per nest box per check); F) distance to nearest road (m)
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Chapter 3

DISTRIBUTIONS OF RESERVOIR HOSTS AND ZOONOTIC DISEASE
VECTORS IN FRAGMENTED FORESTS

Introduction

The white-footed mouse (Peromyscus leucopus) is a habitat generalist and an
important reservoir host for zoonotic pathogens within eastern deciduous forests
(Levine et al. 1985, Adler and Wilson 1987, Mather et al. 1989). Not only is P.
leucopus an efficient host for immature stages of the blacklegged tick (Zxodes
scapularis), but it is also a competent reservoir for multiple zoonotic pathogens
vectored by blacklegged ticks including Borrelia burgdorferi (causative agent of
Lyme disease), Babesia microti, and Anaplasma phagocytophilum (Donahue et al.
1987, Lane et al. 1991, Telford and Spielman 1993, Telford et al. 1996, LoGiudice et
al. 2003, Brisson and Dykhuizen 2004). Prevalence of B. burgdorferi among ticks is
amplified when immature ticks take a larger proportion of bloodmeals from P.
leucopus relative to less competent reservoir hosts (Ostfeld and Keesing 2000,
Schmidt and Ostfeld 2001, LoGiudice et al. 2003). Although it is a habitat generalist,
P. leucopus densities vary across habitat types and seasons (e.g., Merriam and Wegner
1992, Nupp and Swihart 1996, Barko et al. 2003). How urbanization affects the
distributions of P. leucopus and I. scapularis, and their resulting interactions, is not
well understood.

In the absence of transovarial transmission, ticks acquire pathogens from their

hosts inter-stadially when taking larval bloodmeals from hosts infected during
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nymphal bloodmeals (Randolph and Storey 1999). Therefore, the extent of
interactions between reservoir hosts (e.g. P. leucopus) and potentially infectious
vectors (nymphal 1. scapularis) is crucial in determining the rate of pathogen
transmission to larval ticks. It also follows that interactions between infectious mice
and larval ticks will influence the pathogen prevalence among questing nymphs the
following year. Thus, features of the urban landscape that increase interactions
between P. leucopus and larval or nymphal 1. scapularis may amplify acarological
risk. Identifying such features will contribute to our understanding of vector-borne
disease systems in urban ecosystems and ideally will guide targeted disease risk
mitigation strategies.

Invasive species are a common feature in urban landscapes of Eastern North
America (Kowarik 2008, Trentanovi et al. 2013); where White-tailed Deer
(Odocoileus virginianus) densities are high, invasive shrubs may comprise the
dominant form of understory cover within urban forest fragments (Ehrenfeld 1997,
Elias et al. 2006, Vidra et al. 2007, Williams et al. 2009). Peromyscus leucopus prefer
complex understory habitat structure for increased protection and sometimes food
resources (Myton 1974, M’Closkey and Lajoie 1975, Kaufman et al. 1983, Seagle
1985, Adler and Wilson 1987, Drickamer 1990, Seamon and Adler 1996, Prusinski et
al. 2006, Mattos and Orrock 2010). Within forests with invasive understories, ixodid
tick distributions are clumped within the invasive plants that provide structure
(Lubelczyk et al. 2004, Williams et al. 2009, Allan et al. 2010, Williams and Ward
2010, Adalsteinsson et al. 2016). Therefore, invasive plants seem to facilitate
interactions between P. leucopus and I. scapularis, resulting in higher tick burdens

where invasives are present (Prusinski et al. 2006, Williams et al. 2009).
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In addition to invasive plants, other factors in urban landscapes may influence
interactions between P. leucopus and 1. scapularis. Specifically, leaf litter, ambient
temperature, humidity, and extent of edge habitat are all affected by the urban
environment (Kim 1992, Pouyat et al. 1997, Kostel-Hughes et al. 1998). Ticks
maintain water balance using leaf litter, and their survival and questing behavior is
determined largely by temperature and humidity (Stafford 1994, Lindsay et al. 1995,
1999, Schulze et al. 1995, Randolph and Storey 1999, Rodgers et al. 2007). Urban
forests are fragmented, with extensive edge habitat that is typically warmer and drier
than forest interiors. Although Bertrand and Wilson (1997) did not detect a difference
in nymphal tick survival between forest edge and interior habitats, a more recent study
found 1. scapularis nymphs were in greater abundance and with higher B. burgdorferi
infection prevalence within forests compared to forest/old field edges (Horobik et al.
2007). Similarly, habitat edges have varying effects on P. leucopus populations,
depending on surrounding land uses (Cummings and Vessey 1994, Barko et al. 2003,
Rytwinski and Fahrig 2007), predation pressure (Wolf and Batzli 2004, Eagan et al.
2011), food availability (Morris and Davidson 2000, Anderson et al. 2003), and
seasonality (Wilder et al. 2005, Wilder and Meikle 2006). Thus, these habitat and
landscape factors influence the distributions of ticks and hosts and may determine the
potential for pathogen transmission.

Intrinsic characteristics of hosts also affect host-parasite interactions (Perkins
et al. 2003, Brunner and Ostfeld 2008, Calabrese et al. 2011, Devevey and Brisson
2012). Ticks are often aggregated on hosts, such that a small subset of individuals feed
the majority of ticks (Schmidt 1999, Perkins et al. 2003, Brunner and Ostfeld 2008,

Kiffner et al. 2011, Devevey and Brisson 2012). Large aggregations of ticks on a

51



minority of P. leucopus may be determined by individuals’ condition or behavioral
traits (e.g., Shaw et al. 2003) instead of habitat or landscape factors mediating
exposure to ticks. Age, sex, mass, and home range size have all been significant
predictors of nymphal or larval tick burdens on mice (Ostfeld et al. 1996, Schmidt
1999, Perkins et al. 2003, Brunner and Ostfeld 2008, Kiffner et al. 2011, Bouchard et
al. 2011, Devevey and Brisson 2012).

To characterize factors affecting tick-host interactions in urban forest
fragments, we designed a study with two main objectives: 1. Determine factors
influencing P. leucopus abundance during nymphal and larval tick seasons, and 2.
Describe which intrinsic and extrinsic variables impact larval and nymphal tick
burdens. In both cases, we were interested in identifying the important habitat,
vegetation, landscape, phenological, or individual-specific variables and assessing
their relative importance for predicting either mouse abundance or tick burdens.
Overall, we expected invasive shrubs (high vegetation density) to aggregate P.
leucopus and ticks during both larval and nymphal seasons by providing cover for P.
leucopus and questing habitat for ticks. We predicted that P. leucopus abundance
would be positively related to edge habitat, and that tick burdens in both seasons

would be influenced by both intrinsic and extrinsic factors.

Methods

Study area
We captured mice in 22 forest fragments (5-163 ha) in New Castle County,
Delaware. Forest fragments consisted of mixed deciduous hardwood stands with

variation in age, dominant canopy species, and understory species composition.
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Canopy trees included Fagus grandifolia, Quercus spp., Liriodendron tulipifera,
Liquidambar styraciflua, Acer rubrum. The most common native woody shrub was
Lindera benzoin, but some fragments also had stands of Viburnum spp. Vaccinium,
and Clethra alnifolia. Forest fragments varied in the extent of nonnative shrubs in the
understory; Rosa multiflora understory cover ranged from 0 to 58%. Other common
nonnative woody species were Eleagnus umbellata, Rubus spp., Celastrus orbiculatus.
Additional descriptions of forest fragments and their soil and vegetation characteristics

can be found in Rega (2012).

Mouse captures

We used nest boxes to estimate mouse abundance. Mouse density estimates
derived from nest boxes censuses are correlated with those from Sherman trap data
(Lewellen and Vessey 1999). Therefore, we assumed that mice per nest box counts
were correlated with mouse abundance within our study sites. We constructed cubic
nest boxes from 2 cm thick cypress with dimensions measuring 15 cm x 15 cm x 15
cm. Nest box lids were constructed at a slight angle to allow water drainage. Two 3.8
cm diameter entrance holes were on either side of the box, placed toward the back. We
stuffed all nest boxes with polyester fiber for bedding and tied them to tree trunks
using heavy gauge wire, approximately 1.5 m above the ground. Nest box design and
placement was based on prior studies of P. leucopus in deciduous forests (e.g.
Anderson et al. 2003). We deployed nest boxes at each of 10-17 random locations
within each forest fragment where monitoring stations exist for intensive vegetation
and landscape data collection. All nest box locations were at least 50 m apart. We
deployed 327 nest boxes across 22 forest fragments. To complement an existing

dataset at each nest box location, we also conducted vegetation surveys within a 12.5
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m radius surrounding each nest box to account for habitat characteristics within an
area roughly the size of one P. leucopus home range (Wolff 1985). We quantified
landscape variables by overlaying nest box locations on Delaware Land Use Land
Cover 2007 (State of Delaware 2008) in ArcGIS v10 (ESRI 2012) (Table 1).

We checked every nest box monthly from June through September during
2013 and April through September in 2014, for a total of 3,270 individual nest box
checks. During each nest box check, we plugged the entrance holes with rubber
stoppers and emptied the nest box contents into a plastic container with steep ~1 m
sides to prevent mice from escaping. We counted, identified, aged, and sexed all
individuals. With the exception of nursing females (which were returned immediately
to the nest box with their pups), we also weighed (g) and quantified tick burdens on all
individual mice. In spring 2014, we initiated ear biopsy punches for a concurrent
study, which allowed us to determine if individuals had been previously
captured/sampled. In addition to quantifying tick burdens, in 2014 we also removed
ticks from mice using forceps and collected them in microcentrifuge tubes, which
were frozen in the laboratory at -80C until they could be identified using taxonomic
keys (Keirans and Litwak 1989, Durden and Keirans 1996, Keirans and Durden 1998).
After data collection, we returned mice to the nest box and re-mounted it to the tree.

All capture and handling procedures were carried out with approval from
University of Delaware Institutional Animal Care and Use Committee under Animal
Use Protocol #1249 and with permit #2013-007W from the State of Delaware

Department of Natural Resources and Environmental Control to J.L.B.
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Analyses

Mouse occupancy and abundance

We used zero-inflated Poisson models in a Bayesian framework to
simultaneously assess which variables influenced mouse occupancy and abundance.
Zero-inflated Poisson models use a logistic function to account for separate processes
that produce zeros in addition to zeros in the count data modeled by the Poisson

process, with the following basic structure (McElreath 2016a):
y; ~ Zero-Inflated Poisson(p;, 4;)
logit(p)) = ap+ (Bpixis + .+ BonXin)s
log(A:) = oy + (Biixis + .. + Binkin)s
where p is the probability of producing zeros (unoccupied nest box), and 4 is
the mean count of mice in a nest box, given that the logistic function does not produce
a zero. Therefore, we make predictions using this model structure by multiplying (1-
p)* A
Our response variable was the number of mice in a nest box at each check.
Mouse populations may respond differently to the same habitat features during
different seasons, and this has implications for the enzootic pathogen transmission
cycle (Brunner et al. 2008). Therefore, we estimated the main effects of covariates on
mouse abundance during two seasons: 1) Nymphal tick season, “Spring,” (April —
June) and 2) During larval tick season, “Summer” (July — September). Recaptured
individuals were excluded from mouse abundance analyses. We used the same
covariates and model selection procedures for both seasons in order to make
comparisons about factors affecting mouse distribution between nymphal and larval

tick seasons.

55



We used the “rethinking” package (McElreath 2016b) in Program R (R
Development Core Team 2014) to compile models using rstan (Guo et al. 2016). We
used an iterative process to construct model sets for comparison using Watanabe
Akaike Information Criterion (WAIC) (Watanabe 2010, Gelman et al. 2014). First, we
grouped variables into four categories that could influence mouse occupancy or
abundance: visit (ordinal day, temperature), understory vegetation (descriptors of
understory structure and nonnative plant invasion surrounding nest boxes and within
the whole forest fragment), habitat (Woody debris, leaf litter, basal area, mean
diameter-at-breast-height of dominant canopy trees), and landscape variables (distance
to nearest stream, distance to nearest edge, proportion of agriculture surrounding the
forest fragment, road density surrounding the fragment) (Table 5). We then selected
the best model from within each category, and compare the relative influence of
different variable types. Next, we created an additive model by combining variables
from the best model of each category into one global model. Because relative
contributions of parameters may change when combined with new parameters, we
used a reverse stepwise procedure to eliminate variables that were not contributing to
the global model; we systematically dropped each variable from both the logistic and
Poisson parts of the model and compared WAIC scores. If dropping a particular
variable either did not affect or improved the WAIC score, then we removed it from

subsequent iterations until we arrived at a best model according to WAIC (Table 6).

Tick burdens
In analyses of tick burdens, we treated recaptured individuals as independent
samples because all ticks were removed and any repeat samples occurred one month

apart. However, we excluded individuals from whom we were not able to obtain tick
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counts: individuals that escaped during handling, nursing females, and pups not yet
weaned. We used the same model structure and selection procedure described above to
describe factors influencing tick burdens on mice. However, in this case, our response
variable was the number of ticks (either nymphs or larvae) counted on each individual
mouse. As above, we conducted two separate analyses for nymphal and larval tick
seasons. Because we were interested in which habitat and landscape factors facilitated
interactions between mice and ticks, we used the same extrinsic covariates in this
analysis. We also added a few intrinsic covariates (total number of mice in a nest box,
age, gender, mass) to control for variation from differences among individual P.

leucopus.

Results

Spring mouse abundance and nymphal tick burdens

In June 2013 and April — June 2014, we had 265 P. leucopus captures (55 in
2013 and 210 in 2014) and counted 92 nymphal ticks (17 in 2013 and 75 in 2014) on
those mice. In 2014, we only recaptured one individual during spring. After removing
individuals from whom we could not assess tick counts (see Methods), we analyzed
tick burden data from 185 mice in the spring. Of nymphal ticks that have been
identified so far, 25 of 26 were I. scapularis (unpublished data). Forty-two of 185
mice (23%) hosted at least 1 nymphal tick, with nymphal burdens ranging from 1-8
nymphs per mouse. Twenty-seven mice hosted both nymphs and larvae, and an
additional 14 mice hosted only larvae in spring. Spring larval burdens ranged from 1—

8 larvae per mouse. Among mice that were analyzed for nymphal tick burdens, we
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captured 63 females, 87 males, and 35 of unknown sex. Of those, 103, 16, and 66 were
adults, sub-adults, and juveniles, respectively.

In Spring, landscape variables (road density, agricultural land use, and distance
to stream) were the most influential for describing mouse abundance. Road density
had a negative relationship with mouse abundance, and agricultural land use had a
positive relationship with mouse abundance. Distance to stream had a strong positive
net effect on mouse abundance (Table 6). Nymphal tick burdens on mice in spring
were influenced by: percent of multiflora rose (Rosa multiflora) cover (at the patch
scale), mass, and coarse woody debris. Multiflora rose cover at the patch scale had a
slight negative effect on the probability of nymphs parasitizing mice. Mouse mass and
woody debris emerged in the log link function for estimating lambda, suggesting that
given the presence of nymphs on mice, heavier mice host more ticks than lighter mice
(Figure 7). Coarse woody debris had a slightly negative effect on nymphal tick counts

(Table 6).

Summer mouse abundance and larval tick burdens

From July through September of 2013 and 2014, we had 481 mouse captures
(250 in 2013 and 231 in 2014) with 1,352 larvae (541 in 2013 and 811 in 2014). Based
on biopsy markings in 2014, 11 of the 231 mice captured during summer of 2014 were
recaptures. After removing individuals from whom we could not assess tick counts
(see Methods), we analyzed tick burden data 345 mice in the summer. Of 737 larvae
that have been identified so far, 99% were Ixodes spp. and 1% were Dermacentor
variabilis. In the summer, 248 of 345 mice (72%) hosted at least one larval tick; tick
burdens ranged from 1 — 64 larvae per mouse. In summer, 98 of 345 mice (28%)

hosted 1,023 of 1,352 larvae (76%), approaching the 80-20 description of parasite

58



aggregation on hosts (Perkins et al. 2003). Nineteen mice in the summer also hosted
between 1-5 nymphs. Among summer mice that were analyzed for tick burdens, there
were 124 females, 159 males, and 62 of unknown sex. By age classes, there were 201
adults, 51 sub-adults, and 91 juveniles.

In summer, the overall best model for mouse abundance included variables
from all four categories (Table 6). Mouse abundance was positively related to ordinal
day (Figure 9) and negatively related to temperature. The percent of nonnative stems
contributed to both the logit and log link functions, suggesting that it positively
contributed to both the probability of nest box occupancy and mouse abundance, given
an occupied box. Leaf litter volume and road density contributed to both functions;
however, their contributions had a net effect close to zero. The proportion of
agricultural land use within a 250 m buffer surrounding a forest patch had a strong
positive effect on mouse abundance. Distance to nearest edge and distance to nearest
stream (consistent with spring mouse models) also had positive effects on mouse
abundance (Figure 8).

Larval tick burdens on mice in summer were influenced by ordinal day, mouse
sex, basal area, woody debris, leaf litter, and distance to nearest edge (Table 6, Figures
8, 9). Larval tick burdens were negatively related to increasing ordinal day, reflecting
larval tick phenology during this time (Ostfeld et al. 1996, Brunner and Ostfeld 2008,
Devevey and Brisson 2012). Female mice in reproductive condition had higher larval
tick burdens than males and mice of unknown sex. Larval tick burdens were
negatively related to basal area, coarse woody debris, and leaf litter volume, but

positively related to distance to forest edge (Table 6).
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Discussion

We used identical covariate sets and model structures to identify and compare
which factors drive mouse and predict interactions with nymphal and larval ticks in
heterogeneous urban forest fragments. Our analyses revealed differences in the
variables driving mouse abundance by season and affecting tick burdens by life stage,
thus underscoring the complexity of processes behind the seasonal distributions of
reservoir hosts and pathogen vectors (Brunner and Ostfeld 2008, Calabrese et al.
2011). In the spring, landscape factors best predicted mouse abundance, while
characteristics of individual mice most strongly influenced nymphal tick burdens
(Devevey and Brisson 2012). Summer mouse abundance was driven by a combination
of understory habitat characteristics and landscape variables. Larval tick burdens on
summer mice were best predicted by a combination of phenology, habitat, and

landscape factors, and characteristics of individual mice.

Spring mouse abundance and nymphal tick burdens
In spring, P. leucopus populations disband winter huddles, disperse, and

initiate breeding once again (Wolff and Durr 1986). Simultaneously, fed larvae that
have successfully molted and over-wintered emerge as questing nymphs (Carey et al.
1980, Daniels et al. 1989). Infected, questing nymphs transmit pathogens to P.
leucopus individuals that subsequently can infect larval ticks. We found that spring
mouse abundance was affected by two patch-level landscape variables, the proportion
of agricultural land use and road density within a 250 m buffer surrounding the patch.
Peromyscus populations experience high overwinter mortality rates that may cause
local extinctions, especially in small habitat patches like those found in urban areas

(Merriam and Wegner 1992, Rytwinski and Fahrig 2007). Therefore, landscape
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features that promote or inhibit recolonization of patches from surrounding areas may
have strong impacts on spring mouse abundance (Taylor 1978, Fahrig and Merriam
1985, Merriam and Wegner 1992, Krohne and Hoch 1999, Rytwinski and Fahrig
2007). The positive effect of agricultural land use on spring mouse abundance we
found may indicate that agricultural land is relatively more permeable to mice than
urban cover types (Whitaker 1967, Goundie and Vessey 1986, Wegner and Merriam
1990, Cummings and Vessey 1994, Krohne and Hoch 1999). The negative
relationship between road density and mouse abundance is consistent with prior
studies showing roads create barriers to small mammal movement (Oxley et al. 1974,
Kozel and Fleharty 1979, Mader 1984, Garland and Bradley 1984, Swihart and Slade
1984, Merriam et al. 1989, Barko et al. 2003, Fahrig and Rytwinski 2009) and that
wider roads are stronger barriers (McLaren et al. 2011). Spring mouse abundance
increased with increasing distance from stream, reflecting known habitat preferences
for drier and better-drained soils (Adler et al. 1992, Prusinski et al. 2006). The positive
effect of stream distance was stronger for mouse abundance in spring compared to
summer, perhaps because spring rains may raise water levels and saturate soil close to
stream banks.

Overall, nymphal tick burdens were influenced by nonnative plant invasion,
woody debris, and mass of individual mice (Table 6, Figure 7). We previously found a
positive relationship between distance to stream and questing nymphal tick abundance
(Adalsteinsson et al. 2016); however, this was not reflected in nymphal tick burdens
on mice. Nymphal tick burdens were negatively related to R. multiflora cover at the
patch scale, consistent with relative abundance of questing nymphs between invaded

and uninvaded sites (Adalsteinsson et al. 2016), and therefore site-specific questing
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nymph densities (Lyon et al. 1996, Ostfeld et al. 1996, Markowski et al. 1997). The
lack of leaf litter in invaded sites aggregates ticks beneath densely growing invasive
plants, but at the patch scale, the absence of litter reduces habitat suitability (Schulze
et al. 1995, Burtis et al. 2014). Malo et al. (2013) reported lower densities of nymphal
ticks in patches of invasive Rhododendron, while Adler et al. (1992) and Prusinski et
al. (2006) found higher nymphal tick burdens on P. leucopus in plots with high shrub
densities; however, none of these studies measured leaf litter. If the links among
invasive shrubs, shrub densities, and reductions in leaf leaf litter are forest or
landscape specific, there may be differential effects on nymphal tick burdens in
invaded forests.

While nonnative understory plant invasion at the patch scale predicted the
presence/absence of nymphs on mice, intrinsic mouse characters had the strongest
effect on the aggregation of nymphs on mice (Devevey and Brisson 2012). In
particular, mass had a positive relationship with nymphal tick burdens (Devevey and
Brisson 2012). Mass is strongly correlated with age across juvenile, subadult, and
adult age classes, so the positive relationship with mass also demonstrates that adult
mice had higher nymphal tick burdens than juveniles (Bouchard et al. 2011). Although
we included a categorical age class variable in our analysis, the continuous mass
variable was a better predictor of nymphal tick burdens. In contrast to our results,
Brunner and Ostfeld (2008) found that smaller, younger mice had higher nymphal tick
burdens than larger, older mice, which is perhaps attributable to self-grooming and
allogrooming practices (Shaw et al. 2003). It is conceivable that juveniles inhabiting

nest boxes with their mothers and littermates might receive more allogrooming than
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independent, trapped juveniles; however, we did not find a relationship between the

total number of mice in a nest box and nymphal tick burdens.

Summer mouse abundance and larval tick burdens

In late summer, P. leucopus populations are still breeding and they begin to
encounter questing larval ticks that emerge from egg masses laid by females earlier in
the season. Given the high reservoir competency of P. leucopus for pathogens such as
B. burgdorferi, larval ticks feeding on infected P. leucopus are likely to acquire
pathogens (Lane et al. 1991, Telford and Spielman 1993, LoGiudice et al. 2003,
Brisson and Dykhuizen 2004). Infected larvae that molt and survive winter may
transmit those pathogens to future host animals. We found that in summer, timing and
temperature had the strongest influence on mouse abundance, most likely due to
population growth and behavioral shifts during this time period (Lewellen and Vessey
1999, Wilder and Meikle 2006). The relationship between mouse abundance and
agricultural land use, road density, and distance to stream was consistent for both
spring and summer, but landscape variables had a lesser influence in the summer
relative to other variable types. Unexpectedly, distance to edge in summer had a
positive correlation with mouse abundance. Edge effects on mammal populations may
be complex and dependent on habitat type and surrounding landscapes (Yahner 1988,
Lidicker Jr 1999, Kingston and Morris 2000). Forest habitat edges may increase
mouse densities by providing greater structural complexity, protection from predators,
and food resources relative to forest interiors (Nupp and Swihart 1996, Krohne and
Hoch 1999, Anderson et al. 2003, Wilder et al. 2005). However, edges may also
provide relatively poorer quality habitat resulting in lower mouse densities due to

increased predation risk or reduced food availability (Morris and Davidson 2000, Wolf
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and Batzli 2002, 2004, Eagan et al. 2011). Our data support the latter scenario, though
we did not explicitly test the mechanism here.

As predicted, mouse abundance in summer was positively related to nonnative
stems, suggesting that mice respond positively to increasing understory structure and
complexity (Myton 1974, M’Closkey and Lajoie 1975, Kaufman et al. 1983, Seagle
1985, Adler and Wilson 1987, Drickamer 1990, Seamon and Adler 1996, Prusinski et
al. 2006, Dutra et al. 2011, Malo et al. 2013).

Larval burdens on summer mice were best explained by habitat and understory
variables, but our best model also included variables related to landscape, intrinsic
characters, and phenology. Larval burdens were negatively correlated with basal area
(Prusinski et al. 2006), coarse woody debris, and leaf litter volume. Understory
vegetation density between 0 — 0.5 m was negatively correlated with leaf litter
volume; models with leaf litter volume performed slightly better, so we retained litter
volume in the final model sets when we combined variable groups. The negative
association between litter volume and understory vegetation density is well-
documented in landscapes like ours where nonnative, invasive plants comprise the
majority of understory structure because of intense browsing pressure from white-
tailed deer (Odocoileus virginianus) (Nuzzo et al. 2009). Most studies of larval tick
burdens on hosts have not measured the correlation between litter volume and
understory structure, but there is a positive link between larval tick burdens and
understory vegetation structure (Adler et al. 1992, Lindsay et al. 1999, Prusinski et al.
2006, Williams et al. 2009, Kiffner et al. 2011).

Concordant with the summer mouse abundance response, larval burdens

increased with distance from the forest edge (Figure 8). Although summer nymphal /.
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scapularis survival does not differ between forest interior and edge (Bertrand and
Wilson 1997), we are not aware of any studies examining egg mass survival and
hatching success between interior and edge habitats. Given constant overwinter
survival of fed larvae between interior and edge habitats, our results are consistent
with greater abundance of - and B. burgdorferi prevalence among - questing 1.
scapularis nymphs found in forest interior relative to edge (Horobik et al. 2007).

We did not detect an influence of mouse density (within a nest box) on tick
burdens, which has been shown to dilute the mean larval burden across individual
hosts (Schmidt 1999, Brunner and Ostfeld 2008, Kiffner et al. 2011, but see Monello
and Gompper 2010). Especially because multiple individuals inhabiting the same nest
box share a nest site and likely at least some of the surrounding territory, we expected
we would see reduced larval burdens among these mice.

In contrast to summer mouse abundance, larval burdens declined with ordinal
day, most likely reflecting the seasonal peak and decline of questing larval ticks
(Ostfeld et al. 1996, Markowski et al. 1997, Brunner and Ostfeld 2008, Kiffner et al.
2011, Devevey and Brisson 2012) (Figure 9). Unexpectedly, female mice carried
higher larval tick burdens than males, which had higher burdens than mice of
unknown sex. Adult males typically have higher larval tick loads than females
(Ostfeld et al. 1996, Schmidt 1999, Perkins et al. 2003, Brunner and Ostfeld 2008,
Kiffner et al. 2011, Bouchard et al. 2011, Devevey and Brisson 2012). Male mice
defend larger territories than females; increased movement could lead to greater
accumulation of parasites (Calabrese et al. 2011). Unlike males, female mice increase
their territory size to compensate for reductions in habitat quality or foraging

opportunities (Klein and Cameron 2012). If female mice in urban forest fragments
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have expanded territories, this could help explain their high tick burdens relative to

males.

Conclusions

Understory structure, largely attributed to invasive nonnative shrubs, increased
summer mouse abundance and larval tick burdens, but not mouse abundance nor
nymphal tick burdens during spring. This may be because questing nymph densities in
invaded sites are relatively lower than in uninvaded sites at the patch scale,
presumably due to poorer quality habitat (i.e. lack of leaf litter) (Schulze et al. 1995,
Nuzzo et al. 2009, Burtis et al. 2014, Adalsteinsson et al. 2016). The loss of leaf litter
associated with invasion potentially reduces overwinter survival rates for nymphs in
these habitats. Spring mouse abundance was more influenced by landscape features
than habitat structure. Therefore, if spring mice are not aggregated in forests with
invasive understories then surviving nymphal ticks may exhaust energy reserves
before finding hosts in invaded fragments. In a tick survival study, Carroll (2003)
reported the rapid disappearance of leaf litter in deciduous forest sites during summer
and posited that this contributed to the low survival rate unfed nymphal I. scapularis.
In contrast, summer mouse abundance was positively related to nonnative stems and
understory structure. Provided that egg masses can successfully develop and hatch,
larvae may quickly find mouse hosts in invaded fragments (due to high mouse
abundance and ample questing habitat), which could explain the increased larval tick
burdens associated with invasion.

Our results demonstrate that host characteristics as well as understory, habitat,
and landscape factors mediate interactions between reservoir hosts and vectors, with

implications for pathogen transmission rates. We described certain trends consistent
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with tick-mouse interactions found elsewhere such as the effects of mouse age and
mass on tick burdens (Brunner and Ostfeld 2008, Kiffner et al. 2011, Bouchard et al.
2011). However, we also found new patterns that may be unique to urban landscapes
including the relatively higher tick burdens on female mice compared to males and the
differential effects of nonnative plant invasion on nymphal vs. larval tick burdens.
Therefore, heterogeneous forest fragments in urban landscapes require special
consideration as urbanization may alter interactions between hosts and vectors through

changes in habitat and behavior.
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Table 5 Summary (mean and standard error) of continuous covariates grouped
according to variable classification. Measurements included in the name
of the variable indicate the radius (or height, in the case of Nudds) around
the nest box or the patch in which the variable was measured. “Nudds”
refers to Nudds board measurements of vegetation density (Nudds 1977),
sampled 12.5 m from the nest box at 0-0.5 m height stratum. “Mean
DBH” is the mean diameter at breast height of the dominant canopy trees
within an 11 m radius of the nest box. Categorical variables (year, mouse
age, mouse sex) used in analyses are summarized in the Results section.

Covariates Mean  SE
Visit

Spring ordinal day 148.2 0.6
Summer ordinal day 2282 0.6
Spring temperature (°C) 20.2 0.3
Summer temperature (°C) 22.2 0.2
Understory

Nudds (% 0-0.5m) 50.8 1.6
Rose cover (% in 12.5 m) 10.4 0.9
Total stem count (2.5 m) 16.7 1.5
Nonnative stem count (2.5 m) 8.1 1.2

Nonnative stems (% in 2.5 m)  24.8 2.0
Rose cover (% in entire study

plot) 13.6 3.5
Habitat

Woody debris (% in 12.5 m) 6.6 0.4
Basal area (m”/ha) 26.6 0.6
Mean DBH (cm) 53.8 0.9
Litter volume (L/m2) 10.4 0.2
Landscape

Distance to stream (m) 256.6 14.2
Distance to edge (m) 57.6 2.6
Agriculture (% in 250 m) 10.7 3.1
Road density (250 m) 4.6 0.6
Intrinsic characters

Spring total individuals 23 0.1
Summer total individuals 2.2 0.1
Spring mass (g) 19.2 0.5
Summer mass (g) 19.7 0.3
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Table 6 Summary of parameter estimates (mean and standard deviation, SD) with
89% credibility intervals for best models of spring and summer mouse
abundance and tick burdens. Model parameters in the logit link function
for estimating the probability of a nest box (for mouse abundance
models), or a mouse (for tick burden models), being unoccupied are
denoted with “p.” Parameters in the log link function for estimating
counts of mice (for mouse abundance models), or ticks (for tick burden
models), are indicated with “A.” Negative coefficients in the probability
(p) models increase the probability of occupancy, while negative
coefficients in the lamba (A) models decrease the mean count of the

response (mice or ticks).

Model parameters Mean SD L 89% U 89%
Spring mouse abundance

ap 1.53 0.13 1.32 1.73
p, - road density 0.14  0.10 -0.03 0.31
B, - agriculture -0.17  0.10 -0.32 -0.01
B, - distance to stream -0.13  0.10 -0.28 0.02
o, -0.02  0.11 -0.19 0.16
b, - distance to stream 0.35 0.07 0.24 0.46
Spring nymphal tick burdens

ap 0.53 0.27 0.07 0.95
B, - percent rose (patch) 0.77 0.27 0.34 1.18
o -0.15 0.19 -0.44 0.16
p, - mass 0.66 0.15 0.44 0.91
[, - woody debris -0.77 0.17 -1.03 -0.50
Summer mouse abundance

ap 1.05 0.12 0.85 1.23
B, - ordinal day 032 0.11 0.14 0.50
p, - temperature 043 0.09 0.28 0.57
p, - percent nonnative stems -0.22  0.10 -0.38 -0.06
B, - litter volume 042 0.12 0.24 0.62
p, - road density 032 0.10 0.15 0.49
B, - distance to stream -0.24  0.09 -0.38 -0.11
o, -0.32 0.09 -0.47 -0.18
p, - ordinal day 048 0.06 0.39 0.59
p, - percent nonnative stems 026 0.06 0.15 0.36
b, - litter volume 030 0.09 0.16 0.44
b, - road density 026 0.08 0.13 0.38
b, - agriculture 0.34 0.05 0.25 0.42
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B, - distance to edge 032 0.05 0.23 0.40

Summer larval tick burdens

ap -0.10  0.63 -1.10 0.90
B, - ordinal day 047 0.14 0.23 0.69
B, - distance to edge -0.79  0.17 -1.05 -0.50
By - sex -0.36 0.20 -0.66 -0.03
o 0.88 0.15 0.65 1.11
p, - ordinal day -0.23  0.03 -0.28 -0.18
[ - basal area -0.28 0.03 -0.33 -0.24
[ - woody debris -0.12  0.03 -0.17 -0.07
B, - litter volume -0.21  0.03 -0.26 -0.16
B, - distance to edge 022 0.03 0.18 0.27
B - sex 0.19 0.04 0.13 0.26
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Figure 6 Locations of 22 forest fragments where we trapped Peromyscus leucopus
in New Castle County, Delaware, USA. Land cover types are color-
coded: forest (green), urban (white), agriculture (beige), water (blue).
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Figure 7 Partial response of nymphal tick burdens in spring to P. leucopus mass.
Mean (white line) and 89% posterior distribution (shaded region) shown.

72



mice per nest box per month

larvae per mouse

0 20 40 60 80 100 120 140 160 180
distance to nearest forest edge (m)

Figure 8 Response of summer mouse abundance and larval tick burdens on
summer mice to distance to forest edge. Mean (white line) and 89%
posterior distribution (shaded region) shown.



1.07

0.8 1

mice per nest box per month

larvae per mouse

July 8 ordinal day Sept. 30

Figure 9 Response of summer mouse abundance and larval tick burdens on
summer mice to ordinal day. Mean (white line) and 89% posterior
distribution (shaded region) shown.
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Response of summer P. leucopus abundance to percentage of nonnative
stems surrounding the nest box. Mean (white line) and 89% posterior
distribution (shaded region) shown.
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Chapter 4

ANTHROPOGENIC HAZARDS IN URBAN LANDSCAPES REDUCE
JUVENILE SONGBIRD SURVIVAL AFTER INDEPENDENCE FROM
PARENTAL CARE

Introduction

Urbanization is increasing globally; from 1950-2014 the world’s urban
population increased from 746 million to 3.9 billion people (United Nations 2014).
The effects of urbanization on bird populations occur through changes in habitat
quality, increases in predator densities, introductions of invasive species, exposure to
pollutants and pathogens, or other novel threats such as collisions with windows or
cars (Rodewald and Gehrt 2014, Loss et al. 2014). For forest-dwelling birds,
urbanization reduces overall habitat area and creates habitat fragments, which affects
survival during the post-fledging stage. In urban environments, fledglings from nests
closer to forest edges have greater mortality risk than fledglings from nests farther
from the edge (Shipley et al. 2013). Fledgling predation risk varies with proximity to
urban land cover, depending on the species and timing during the post-fledging stage
(Ausprey and Rodewald 2011). Proximity to urban cover and matrix habitat use
(Whittaker and Marzluff 2009) may also determine risks from collisions with human
structures and vehicles. Although, forest birds are generally hesitant to cross habitat
gaps (Bélisle et al. 2001), in urban landscapes where habitat patches are small and

isolated, fledglings may have no other dispersal options. Dispersal in urban
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environments requires crossing roads, and juvenile/naive birds may be more
vulnerable than adults to road hazards (Mumme et al. 2000).

With ~58% of migratory bird species in decline across North America (Sauer
et al. 2013), effective conservation measures require an understanding of population-
limiting processes affecting all aspects of the annual cycle for all life stages (Marra et
al. 2015). Annual breeding productivity of migratory passerine birds is best defined as
the number of offspring that survive until recruitment into the breeding population the
following year as adults. However, estimates of annual productivity often rely solely
on evidence of nesting success (Anders and Marshall 2005, Streby et al. 2014a). Other
life stages of juvenile birds, including the period of time between leaving the nest until
initiating first migration (hereafter referred to as the “post-fledging stage”), are poorly
understood (Cox et al. 2014). Mortality may be high during the post-fledging stage,
potentially exhibiting evolutionary tradeoffs with nestling survival or limiting
population growth (Streby et al. 2014a, b; Cox et al. 2014). Post-fledging survival may
vary significantly among species and populations, but only a few studies have
measured post-fledging survival of passerines in urban landscapes (Whittaker and
Marzluff 2009, Ausprey and Rodewald 2011, Balogh et al. 2011, Shipley et al. 2013)
or other human-dominated environments (Jackson et al. 2011).

Urbanization has differential effects on bird species depending on life history
traits and habitat requirements. For example, we consider two migratory passerine
species of eastern deciduous forest, Gray Catbird (Dumetella carolinensis) and Wood
Thrush (Hylocichla mustelina); the Gray Catbird is considered synanthropic, while the
Wood Thrush is considered an urban-avoider. Gray Catbirds readily nest in small

forest fragments and in backyard shrubs within the urban/suburban matrix (Ryder et
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al. 2010, Balogh et al. 2011, Evans et al. 2015) while Wood Thrushes nest exclusively
in forest habitat (James et al. 1984, Robbins et al. 1989). In the mid-Atlantic U.S.,
Gray Catbird populations are increasing while Wood Thrush populations have
declined 2.33% annually since 1966 (Sauer et al. 2015). Loss of breeding habitat and
climate change are limiting Wood Thrush populations (Rushing et al. 2016), and
additional hazards in urban landscapes during the post-fledging period may further
reduce annual productivity.

Given the importance of the post-fledging period in the overall annual
population growth rate (Cox et al. 2014, Streby et al. 2014a), we sought to contribute
to our understanding of this period for urban birds using Gray Catbird and Wood
Thrush as models for synanthropic and urban-avoider species, respectively.
Specifically, we estimated Gray Catbird and Wood Thrush post-fledging survival
rates, and modeled factors that influence fledgling mortality risk. We predicted that
the urban-avoider would have a higher mortality rate than the synanthropic species if
the post-fledging period were more limiting in these populations. We also predicted
that increased movement and crossing habitat gaps would increase mortality risk for

both species.

Methods

Study Area
We used VHF radio transmitters to track catbird and wood thrush fledglings in
13 urban and suburban forest fragments around Newark, Delaware, and Landenberg,
Pennsylvania, USA. Forest fragments consisted of mixed deciduous hardwood stands

and ranged in size from 5 to 163 ha. Common canopy tree species included Fagus
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grandifolia, Acer rubrum, Quercus spp., Liriodendron tulipifera, and Liquidambar
styraciflua. A mix of native and nonnative woody species such as Lindera benzoin,
Viburnum spp., Clethra alnifolia, Rosa multiflora, Eleagnus umbellata, and Rubus
spp. comprised forest fragment understories. Detailed descriptions of forest fragments

and their breeding bird communities can be found in Rega (2012).

Transmitter Attachment

From May—August, 2012-2014, we searched for and monitored Gray Catbird
and Wood Thrush nests in 23 forest fragments, of which 13 fragments produced
fledglings that we were able to radio-tag. We checked nests at 3-4 day intervals
(Martin and Geupel 1993), and we banded and radio-tagged birds when nestlings were
between 1-3 days before fledging: day 7-9 for Gray Catbirds and day 9-11 for Wood
Thrushes (Evans et al. 2011, Smith et al. 2011). We radio-tagged 1-2 nestlings
selected randomly per nest from all nests in which nestlings were available. We
attached <1 g VHF radio-transmitters that ranged from ~150-151 MHz (Blackburn
transmitters, Nacogdoches, Texas) using 1 mm elastic thread in a figure 8 loop harness
(Rappole and Tipton 1991). Nestlings were replaced in nests after tagging. All
handling, marking, and tagging procedures were carried out in accordance with
University of Delaware Institutional Animal Care and Use and Committee approval

under protocol #1129 and USFWS permit #23475 to W.G. Shriver.

Tracking Data
We used programmable receivers and hand-held three-element Yagi antennas
(Advanced Telemetry Systems, Isanti, MN) to locate all individuals once a day, seven

days per week until one of three outcomes occurred: mortality, transmitter battery
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failure, or dispersal from study area. Each time we located a bird, we recorded the
precise location (latitude, longitude). We defined mortalities when a transmitter was
recovered either with part or all of a carcass, blood, or broken feathers. When a bird
was not in range of its last known location, we searched for it using an omnidirectional
antenna mounted on the roof of a vehicle. We drove a progressively wider search grid
starting with the bird’s last known location. We continued to search for all missing
birds each day until five days beyond the estimated date of transmitter battery failure.
We collected sets of time-independent and time-dependent variables that we
expected may impact survival probability. Time-independent covariates were specific
to each individual bird and remained static over the study duration: species, year,
ordinal day when fledged, and nest distance to forest edge (m). Time-dependent
covariates changed with each bird’s daily movements and habitat use: daily movement
distance between one day’s location and the previous one (m), displacement distance
from the nest (m), cumulative number of roads crossed, distance to urban land use (m),
and a binary variable to represent whether the bird was in a forest each day. We used
ArcGIS (ESRI 2012) and Geospatial Modelling Environment (Beyer 2012) to quantify

time-dependent movement and habitat variables based on daily locations (Table 7).

Analysis
Because we sometimes tagged two individuals from the same nest, we tested
whether siblings could be treated as independent samples. We used an exact binomial
test for goodness of fit to determine whether fledglings from the same nest were more
likely to have the same fate than randomly paired birds. To assess survival, we first fit
Kaplan-Meier curves to calculate species-specific cumulative survival rates using the

‘survival’ package (Therneau 2015) in program R (R Development Core Team 2014).
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We then used Cox’s proportional hazard models to assess which time-independent and
time-dependent covariates had the greatest impact on mortality risk. We performed
model selection in a two step process using Akaike’s Information Criterion (Burnham
and Anderson 2002). First, we compared models with only time-independent
covariates. Then we used the variable(s) from the best time-independent model in all
subsequent models with time-dependent covariates.

Finally, because we were interested in urban effects on post-fledging survival,
we also implemented models with competing risks under the Cox’s proportional
hazard framework. We compared the relative risk of the most influential covariates on
two possible outcomes: anthropogenic mortality, defined as mortalities directly related
to human activities (included car, window, and building strikes), and non-
anthropogenic mortality (i.e., predation or drowning). We recognize that predator
communities, for example, may be artificially high in urban areas (Prange et al. 2004);
however, as a relatively indirect effect, we treated all predation mortalities as non-

anthropogenic.

Results

From 2012-2014, we searched for and monitored nests in 23 forest fragments
and radio-tagged 158 fledglings, 83 catbirds and 75 wood thrushes from 93 nests in 13
fragments. Based on transmitter battery life constraints and duration of time spent in
the study area, we tracked surviving birds from 45 to 85 days, yielding ~4,500 total
locations for all individuals. We reduced the dataset to 55 days to limit the number of
right-censored individuals due to battery failure. To satisfy assumptions of known-fate
models, we removed individuals from the dataset for which we could not be certain of

outcomes. For example, if we recovered a transmitter but could not be certain whether
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a bird was depredated or slipped out of its harness we removed these records (n =31
individuals) from the dataset. Our analyses were based on 127 fledglings: 60 Gray
Catbirds and 67 Wood Thrushes (3,583 total locations over 55 days). Sibling fates
were not more likely to be similar than those of randomly paired birds (catbirds: P =
0.40; wood thrush: P = 0.20); therefore, we treated all 127 birds as independent
individuals. We observed 64 mortalities: 40 Gray Catbirds and 24 Wood Thrushes.
The majority of mortalities were due to predation (86%, 55 fledglings). We also
classified 6 mortalities as anthropogenic, caused by window/building strikes (3), cars
(2), and an open pipe (1) in the forest in which one of the birds became trapped. Three
birds apparently drowned due to flash flooding. The overall majority of mortalities
happened within fledglings’ earliest days out of the nest; fifty percent of mortalities
occurred on days 1 and 2 post-fledging, and 75% of mortalities occurred on day 9 or
earlier.

The cumulative survival rate for Gray Catbirds (0.32, 95% CI: 0.22-0.47) was
half that of Wood Thrushes (0.63, 95% CI: 0.52—0.75) (Figure 11). Among time-
independent variables in Cox models, the categorical species variable had the
strongest effect, with catbirds experiencing nearly twice the mortality risk compared to
wood thrushes (Table 8). We did not detect an effect of timing (ordinal day when
fledged) or year on mortality risk. In a univariate model, nest distance to edge was
significant, but its effect was reduced when combined with species in a multivariate
model. Nest distance to edge was a bimodally distributed variable, driven by species —
catbirds typically nested closer to the edge than wood thrush. Because of this potential

confound and the fact that the univariate species model performed similarly to the
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model with species and nest distance to edge (Table 8), subsequent time-dependent
models included species as the only time-independent variable.

Our best time-dependent model included species, step length, and road
crossings (Table 9). Relative mortality risk increased by 41% (95% CI: 16-69%) with
an increase of ~2.5 road crossings (Figure 12), but decreased by 33% (10-50%) with a
200 m increase in daily movement distance. We estimated 337 total road crossings
over all individuals of both species, ranging from 0 to 31 and 0 to 16 for individual
Gray Catbirds and Wood Thrushes, respectively. Urban land use was the only habitat
variable that influenced mortality, suggesting that mortality risk declined as distance
to urban land use increased.

All anthropogenic mortalities occurred after birds reached independence, >20
days post-fledging (Evans et al. 2011, Smith et al. 2011), while the majority of non-
anthropogenic mortalities occurred before independence (Figure 13). Competing risks
analysis indicated that road crossings increased the risk of anthropogenic mortality
relative to non-anthropogenic mortality by 59%. For natural mortalities, daily
movement distance reduced the risk of non-anthropogenic mortality by 27% with

increasing daily movement distance (Table 10).

Discussion
Contrary to our predictions about synanthropic vs. urban-avoider species,
catbird post-fledging survival was half that of Wood Thrushes in our urbanized
landscape. Mortality risk for both species increased with the number of road crossings,
but decreased with longer daily movements. While the majority of mortality events
were due to predation, nearly ten percent of all mortalities resulted from direct human

impacts after fledglings reached independence from parental care. Our results
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demonstrate the hazards faced by fledgling birds in built-up environments and the
need to estimate species-specific survival rates in urban landscapes.

Despite being considered a synanthropic species (Evans et al. 2015), the
catbird fledglings in our study had a lower cumulative survival probability compared
to Wood Thrushes. We suspect that the 31% discrepancy in post-fledging survival
rates between the two species results from life history differences. Ausprey and
Rodewald (2011) found a similar pattern when comparing fledgling northern cardinals
(Cardinalis cardinalis) and Acadian flycatchers (Empidonax virescens), urban-
adapters and urban-avoiders, respectively. Wood Thrushes, like Acadian Flycatchers,
are older and more developed when they fledge compared to catbirds and cardinals.
This developmental difference may make Wood Thrushes better able to avoid
predators immediately after fledging; on a broad scale across species, nestling period
duration is positively associated with post-fledging survival (Cox et al. 2014, Lloyd
and Martin 2015). To better understand limiting factors for these types of species in
urban environments, future work should consider post-fledging survival rates within
the context of overall breeding season productivity and annual survival and
recruitment rates.

Compared to prior studies of catbird post-fledging survival (Maxted 2001,
Balogh et al. 2011), catbirds in our study generally had a lower cumulative survival
rate. In contrast, Wood Thrush fledglings in our study had a higher cumulative
survival rate than previous wood thrush post-fledging survival studies elsewhere
(Anders et al. 1997, Fink 2003, Schmidt et al. 2008). Catbirds in our study had lower
cumulative survival than catbird fledglings tracked over 12 weeks (0.58) in shrubland

habitat in Indiana (Maxted 2001). However, we observed comparable catbird fledgling
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survival to that in urban sites around Washington D.C. (Balogh et al. 2001); see
further discussion below. During the parental-dependence period, wood thrush
survival in our study was slightly higher than that of wood thrush fledglings in a 325
ha forest in Dutchess County, NY (mean cumulative survival = 0.65, Schmidt et al.
2008), but lower than observed in Missouri forests (0.83, Fink 2003). Wood Thrushes
in our study also had higher cumulative survival over ~8 weeks than wood thrush
fledglings in contiguous forested habitat in the Missouri Ozarks (0.42, Anders et al.
1997).

Among other time-independent variables we tested, nest distance to forest edge
was the only other factor that had a marginal influence on mortality risk. Its effect
could not be separated from species-specific differences, however, as catbirds tended
to nest closer to the forest edges. Species also appeared to be driving this relationship
because of the independence among fates of birds from the same nests. Although there
is support for developmental differences driving variation in survival between species
(Cox et al. 2014, Lloyd and Martin 2015), we cannot rule out negative edge-effects on
catbird post-fledging survival. Shipley et al. (2010) found that spotted towhee (Pipilo
maculatus) nests closer to the forest edge tended to be more successful, but that
fledglings near the edge were more likely to be depredated. Among golden-winged
warblers (Vermivora chrysoptera), Streby et al. (2014b) identified tradeoffs in survival
for nestling and post-fledging periods with respect to nest placement distance from
forest edge. Future work should incorporate nest data to examine potential tradeoffs
for Gray Catbirds’ and Wood Thrushes’ stage-specific survival related to nest distance

to edge.
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Anthropogenic Mortality

Our data raise the question of whether anthropogenic mortality is additive or
compensatory to non-anthropogenic mortality rates. We observed 6 mortalities that
were a direct result of anthropogenic hazards in built-up urban environments: nearly
10% of the mortality in our study. Since in all cases anthropogenic mortalities
occurred after fledglings reached independence, when fledglings are expected to be at
lower risk of mortality (Ricklefs 1968, Cox et al. 2014, Anders et al. 1997, Berkeley et
al. 2007), this highlights the value of monitoring fledglings beyond the dependence
period.

We found that causes of mortality after juveniles become independent from
parental care can differ from those while they are dependent on their parents. Thus,
our general understanding of juvenile mortality in birds, especially after independence
from parents, may be biased since many post-fledging studies do not follow birds
beyond ~20-30 days (reviewed in Cox et al. 2014). The novel threats imposed by
urbanized landscapes may be underestimated if we do not have adequate survival
estimates for is a very vulnerable period after independence from parental care but
before dispersal and migration. Juvenile and naive birds are more vulnerable to
anthropogenic hazards than adults (Mumme et al. 2000), and the post-independence
part of the post-fledging period is a bird’s first attempt to disperse and navigate its
landscape independently. Improvements in transmitter technology will make feasible
tracking studies of longer duration with a greater variety of small passerine species
(Bridge et al. 2011). Emphasis should be placed on studying the post-independence
period of the post-fledging stage to fully characterize anthropogenic mortality rates.

Cox et al. (2014) identified 0.4 as a threshold for post-fledging survival, below

which juvenile overwinter survival and/or adult survival and fecundity would need to
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be unusually high to prevent population decline. The fledgling catbirds in our study
had a cumulative survival rate of 0.32 over the study period (55 days). When catbirds
reached the end of the parental-dependence period, cumulative survival was already
down to 0.40; subsequent anthropogenic mortality reduced this to 0.32 during the
post-independence period. We only sampled birds from nests within forest fragments,
so perhaps natural forested areas are ecological sinks for catbirds in urban landscapes.
Alternatively, elevated nest success in urban forests could potentially compensate for
low fledgling survival (Streby et al. 2014b). Post-fledging survival rates for catbirds in
urban/suburban matrix habitat and shrubland were 0.10-0.45 (depending on site,
Balogh et al. 2011), and 0.60 (Maxted 2001), respectively. Follow up work should
focus on catbird productivity in backyards within the same landscape to determine
whether this may offset the low survival rates within forests.

Our analyses showed that crossing roads, which is unavoidable in many
urbanized areas, significantly increased the risk of mortality by anthropogenic causes.
Although not all of the anthropogenic mortalities were due to cars, road crossings
likely also represented individual birds’ behavioral responses to urban habitat features.
Rather than remain in small habitat fragments, the birds that succumbed to
anthropogenic causes repeatedly crossed roads and ventured into built up areas. Road
crossings did not have a significant impact on the likelihood of depredation, in
contrast to Streby and Andersen (2013). We expected that proximity to urban land
cover would have a stronger effect on mortality risk; the trend indicates a negative
relationship, but we did not have sufficient statistical power to detect it. In contrast to

the trend we observed, Ausprey and Rodewald (2011) found that degree of

97



surrounding urbanization had a positive effect on northern cardinal survival during the
first few days after fledging.

Other studies on fledgling songbirds in built-up environments have observed
road mortality of focal birds (Mumme et al. 2000, Maxted 2001) and their siblings
(Ausprey and Rodewald 2011). Roads pose fatal risks to wildlife (Gibbs and Shriver
2002, Erickson et al. 2005, Row et al. 2007, Hovick et al. 2014), but the extent of their
impact on bird population dynamics is not well known (Loss et al. 2014). Given the
naturally high background mortality rates among fledgling passerines, anthropogenic
hazards in urban environments potentially cause additive mortality as inexperienced
birds attempt to navigate both natural and anthropogenic risks.

When considering natural and anthropogenic risks, we point out that our
definitions here do not fully characterize urban effects on risk. Anthropogenic
mortality, in our study, is used to describe only the deaths that could be directly
attributed to human activity: e.g. car and building strikes. We were not able to quantify
indirect effects such as potentially high mesopredator densities in urban areas (Prange
et al. 2004) or altered hydrology (Hollis 1975) that may have contributed to several
drownings. As a result, the actual number of anthropogenic mortalities was most likely
underestimated in our study. To improve on our understanding of urban risks during
the post-fledging period, we suggest that future work compare populations in both
urban and more natural landscapes.

Contrary to our prediction, we found that longer daily movements decreased
mortality risk, especially for non-anthropogenic mortality. We expected that increased
movement would make fledglings more conspicuous and therefore vulnerable to

predation. Especially because the majority of non-anthropogenic occurred during the
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early days after fledging, we predicted that more mobile birds would be at greater risk
than well-hidden birds (King et al. 2006). We consider two interpretations of this
finding: 1. Body condition/development, and 2. Measurement ambiguity. In the way
that longer nestling developmental periods are correlated with higher post-fledging
survival among species (Cox et al. 2014, Lloyd and Martin 2015), the magnitude of
net movement distance over 24 h may serve as a proxy for individual developmental
status and body condition. More developed birds in better condition may have
improved flight capabilities, move farther, and be better able to evade predators. We
did not directly test for an effect of nestling condition on fledgling survival because of
the recognized unreliability of body mass measures as indicators of condition (Streby
et al. 2014). Furthermore, our daily movement distance measure is simply the
Euclidian distance between locations taken ~24 h apart that represent the net
displacement distance a bird moved from day to day. This measure may not accurately
reflect the gross (i.e., cumulative) distance moved or time spent in motion during the
intervening 24 h.

We did not observe an influence from either our forest variable or
displacement distance from nest. In agreement with prior studies, we also did not
detect an effect of fledging date on mortality risk (Maxted et al. 2001, Balogh et al.
2011, Anders et al. 1997). We expected that nest displacement distance might be
related to mortality risk at the beginning of the fledgling period, either negatively if
birds that stay near their nest are more vulnerable to predators that find the nest
location or positively by increased exposure to predators for birds that move farther
from the nest. Our variable reflecting proportion of locations in forest was likely too

coarse to describe the fine-scale behavioral habitat use patterns of the fledglings in our
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study. While wood thrush certainly cross and move through the urban matrix, they
were nearly always found in forests. Although catbirds spent less time in forests, other
variables (distance to urban and number of road crossings) likely were better

representations of their habitat preferences and use.

Conclusions and Future Directions

Wood Thrush fledglings had a higher cumulative survival rate than gray
catbirds, presumably due to life history differences. Mortality risk for both species was
driven by net daily movement distance and road crossings. We found that
anthropogenic causes of mortality were restricted to the period after fledglings become
independent from their parents (after ~20 days), and that anthropogenic mortality in
urban environments could have an additive effect on mortality. Future work should
prioritize investigation into whether anthropogenic mortality is compensatory or
additive in urban landscapes. By comparing urban and rural populations, future studies
should elucidate the full impacts (direct and indirect) of urbanization on the post-
fledging period. Both of our focal species are migratory, and it is likely they will not
escape the effects of roads and urbanization during migration or other life stages.
Therefore, we recommend full life cycle studies of these same populations (Marra et
al. 2015) in order to understand the context for mortality during the post-fledging

period and whether it may have limiting effects on urban bird populations.
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Table 7

Summary of data used in Cox proportional hazards models. Continuous

variables are shown as mean (standard error) and categorical variables
are represented as proportions to describe groups within the data. For
time-independent variables (nest distance to edge, ordinal day when
fledged, and year) there is one value for each individual in the dataset (60
for catbirds and 67 for wood thrushes). The sample size for time-
dependent variables (daily step length, daily displacement from nest,
distance to urban cover, roads crossed, forest) is the sum of all locations
for all individuals (1,359 for catbirds and 2,224 for wood thrushes).

Variable Gray Catbird ~ Wood Thrush
nest distance to edge (m) 77.8 (6.3) 115.2 (7.0)
ordinal day when fledged 191.1 (2.7) 185.7 (3.0)
daily step length (m) 80.0 (4.0) 102.6 (4.8)
daily displacement from nest (m)  291.7 (10.1) 350.7 (11.9)
distance to urban cover (m) 131.9 (3.4) 180.3 (4.0)
number of roads crossed 1.5(0.1) 0.9 (0.1)
proportion locations in forest 930/1,359 2,092/2,224
proportion survived 2012 5/14 11/19
proportion survived 2013 8/20 16/19
proportion survived 2014 7/26 16/29
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Table 8 Results of comparisons among Cox models using only time-independent
predictor variables: species (binary variable); distance between nest
location and forest edge; ordinal day when individual fledged; and year

(1,2, or 3).

Model edf AAICc  Weight
species 1 0 0.49
species + nest distance to edge 2 0.92 0.31
species + ordinal day + year 3 3.17 0.10
species + nest distance to edge + year + ordinal day 4 4.15 0.06
nest distance to edge 1 6.70 0.01
null 0 8.43 0.01
nest distance to edge + ordinal day + year 3 10.07 0.00
ordinal day + year 2 11.48 0.00
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Table 9 Results of comparisons among Cox models using species and time-
dependent covariates: cumulative number of roads crossed (roads);
straight line distance moved between one location and the next (step
length); displacement from nest location (displacement); distance to
urban land use (urban); whether bird was using forest habitat or not

(forest).
Model edf AAICc  Weight
species + roads + step length 3 0 0.82
global 6 4.39 0.09
species 1 6.39 0.03
species + urban 2 7.22 0.02
species + roads + displacement 3 7.42 0.02
species + forest + urban 3 9.42 0.01
null 0 14.86 0.00
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Table 10 Beta estimates for Cox model with competing risks demonstrate the
relative importance of road crossings for anthropogenic mortality risk
and movement rate for natural mortality risk.

lower upper

B exp(B) 95% 95% p
Roads model
species 0.80 2.22 1.33 3.7 0.002
roads: anthro 046 1.59 1.31 1.93 <0.001
roads: natural -1.56 0.21 0.02 2.29 0.20
Movement model
species 0.64 1.89 1.11 3.20 0.02
move: natural -0.32 0.73 0.54 0.99 0.04
move: anthro -0.69 0.50 0.20 1.24 0.13
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Figure 11  Kaplan-Meier survival curves for Wood Thrushes (gray) and Gray

Catbirds (black) through time during the post-fledging period. Vertical
lines indicate right-censored individuals.
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TICKS PARASITIZING BIRDS IN 13 URBAN FOREST FRAGMENTS
DURING MAY - AUGUST, 2013 AND 2014

Appendix A

FRAME Tick Ixodes Ixodes Ixodes Totals
. Species Spp. scapularis  minor
Site hosts
L N L L L N L

Cover-

dale Site totals 13/52 3 9 6 30 11 9 50
Blue Jay 1/1 1 1 1 0 3
Carolina Wren 1/3 2 2 4 3 2 8
Eastern Towhee Ya 2 2 0 4
House Wren Yo 1 1 O
Northern Cardinal 6/15 4 1 24 5 1 33
Red-eyed Vireo 1/7 2 0 2
Wood Thrush 2/6 3 2 50
Acadian
Flycatcher 0/5 00
American Robin  0/1 0 0
Carolina
Chickadee 0/6 00
Ovenbird 0/1 0 0
Tufted Titmouse  0/2 0 0
White-breasted
Nuthatch 0/1 00

Ecology

Woods Site totals 107541 > 8 14 3 9 22
American Robin ~ 2/6 1 1 1 2 1
Carolina Wren 2/4 2 3 1 0 6
Gray Catbird 3/20 2 3 1 2 4
Northern Cardinal 1/5 1 0 1
Ovenbird 1/1 2 1 1 0 4
Wood Thrush 1/7 7 6 7 6
Carolina
Chickadee 0/3 00
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Common

Yellowthroat 0/3 0
Down
Woodgecker 011 0
Red-eyed Vireo 0/4 0

Folk Site totals 7721 2 4 9 3 10 16
American Robin 5/5 1 1 3 2 8 6
Carolina Wren 2/2 1 3 6 1 2 10
Carolina Chickadee 0/1 0 0
Common
Yellowthroat 071 0 0
Red-eyed Vireo 0/1 0 0
Swainson’s Thrush  0/1 0 0
Wood Thrush 0/7 0 0
White-throated 03 0 0
Sparrow

Iron

Hill 2 Site totals & 3 0
Carolina Wren 1/1 3 0
Wood Thrush 0/1 0 0

Motor-

pool Site totals 14 ! 0 !
American Robin ) 1 0 1
Acadian Flycatcher  0/2 0 0
Blue-gra
Gnatcgatciller 071 0 0
Carolina Wren 0/5 0 0
Indigo Bunting 0/1 0 0
Magnolia Warbler ~ 0/1 0 0
Northern Cardinal ~ 0/2 0 0

Mt. Cuba

Rose Site totals 27/43 32 214 34 0 282
American Robin 1/1 2 0 2
Carolina Wren 3/3 12 47 9 0 68
Eastern Towhee 1/1 3 18 1 0 23
Gray Catbird 15/23 9 65 10 O 84
House Wren 1/1 1 14 1 0 16
Northern Cardinal 2/5 17 5 0 23
Tufted Titmouse 2/4 2 0 2
Veery 2/2 7 49 8 0 64
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Carolina Chickadee 0/2 0 0
Red-eyed Vireo 0/1 0 0

Reservoir  Site totals 16/44 3 5 7 22 10 10 37
American Robin 9/11 1 2 3 8 2 4 12
Carolina Wren 4/5 2 1 3 6 3 5 10
Ovenbird Vs 2 6 5 0 13
Red-eyed Vireo 1/5 1 1 0
Wood Thrush 1/3 2 0 2
Blue Jay 0/1 0 0
Downy
Woodpecker 011 0 0
Eastern Wood- 0/1 0 0
Peewee
Gray Catbird 0/4 0 0
Northern Cardinal 0/3 0 0
Scarlet Tanager 0/1 0 0
Tufted Titmouse 0/5 0 0
White-breasted
Nuthatch 072 0 0

Ritten-

house Site totals 3/25 1 1 1 0 13
American Robin Ya 1 11 1 0 13
Carolina Chickadee 1/9 1 0 1
Carolina Wren 1/3 1 0 1
Downy
Woodpecker 0/5 0 0
Northern Cardinal 0/1 0 0
Red-eyed Vireo 0/1 0 0
Tufted Titmouse 0/2 0 0
White-breasted
Nuthatch 072 0 0

Webb

Farm Site totals 3/14 ) 2 17 6 2 28
Carolina Wren 3/8 5 2 17 6 2 28
Carolina Chickadee 0/2 0 0
Gray Catbird 0/2 0 0
Northern Cardinal 0/1 0 0
Tufted Titmouse 0/1 0 0
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White

Clay 1 Site totals 39 10 ! 10
Red-eyed Vireo 1/3 1 0 1
Wood Thrush 2/5 9 1 9
Ovenbird 0/1 0 0

Christina

Creek 1 Site totals 0/6 0 0
Carolina Chickadee 0/2 0 0
Least Flycatcher 0/1 0 0
Northern Cardinal ~ 0/2 0 0
Tufted Titmouse 0/1 0 0

Christina

Creek 2 Site totals 0/27 0 0
American Redstart  0/1 0 0
American Robin 0/2 0 0
Carolina Chickadee 0/5 0 0
Carolina Wren 0/4 0 0
Northern Cardinal ~ 0/9 0 0
Northern Parula 0/1 0 0
Red-eyed Vireo 0/3 0 0
Tufted Titmouse 0/1 0 0
Wood Thrush 0/1 0 0

Glasgow

2 Site totals 0715 0 0
Blue Jay 0/1 0 0
Carolina Chickadee 0/5 0 0
Down
Woodgecker 011 0 0
Eastern Wood- /1 0 0
Peewee
Northern Cardinal ~ 0/1 0 0
Ovenbird 0/1 0 0
Tufted Titmouse 0/3 0 0
Wood Thrush 0/1 0 0

Grand 84/32 45

Total All species, all sites 6 g 37329 46 9
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Appendix B

INSTITUTIONAL ANIMAL CARE AND USE COMMITTEE RESEARCH
PERMIT

RECEVED

University of Delaware APR 15
Institutional Animal Care and Use Commijttee < 21

Application to Use Animals in Research and "tgaghilfgf) N 1~y //}_,-,-"'
RN Lt & 9

(Please complete below using Arial, size 12 Font.)

Title of Protocol: Estimating mouse densities in urban forest fragments

AUP Number: 1249-2013-0 € (4 digits only — if new, leave blank)

Principal Investigator: Dr. Jacob L. Bowman

| Common Name: White-footed mouse, Deer mouse

Genus Speeies: Peromyscus leucopus, Peromyscus maniculatus

Pain Category: (please mark one)

[USDA PAIN CATEGORY: (Note change of categories from previous form)
| Category [ Deseription
' B | Breeding or holding where NO research is conducted

| x| ¢ Procedure involving momentary or no pain or distress

= S e N — |
D Procedure where pain or distress is alleviated by appropriate means |
(analgesics, tranquilizers, euthanasia etc.) |

|

'E Procedure where pain or distress cannot be alleviated, as this would
adversely affect the procedures, results or interpretation

Official Use Only

>
-
.
S

118



Appendix C

RIGHTS LINK FROM ECOSPHERE

02016 Rightslink® by Copyright Clearance Center
£= Copyright . .
garnnce - RightsLink Home
& Center
W Title: Scale-dependent effects of
ILEY nonnative plant invasion on :
If you're a copyright.com
host-seeking tick abundance u,:,.' you can E,:in'm
Author: Solny A. Adalsteinsson,Vincent Eé%:f;::‘tkc:i;ngr:g:nrrals

D'Amico, W. Gregory Alrearfi al RightsLink I|.|s¢;r or
Shriver,Dustin Brisson, Jeffrey J. wamt: |ear: more?
Buler

Publication: Ecosphere
Publisher: John Wiley and Sons
Date: Mar 25, 2016

& 2016 Adalsteinsson et al.
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