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Abstract

Background: The incidence of tick-borne disease has increased dramatically in recent decades, with urban areas
increasingly recognized as high-risk environments for exposure to infected ticks. Green spaces may play a key role in
facilitating the invasion of ticks, hosts and pathogens into residential areas, particularly where they connect residen-
tial yards with larger natural areas (e.g. parks). However, the factors mediating tick distribution across heterogeneous
urban landscapes remain poorly characterized.

Methods: Using generalized linear models in a multimodel inference framework, we determined the residential
yard- and local landscape-level features associated with the presence of three tick species of current and growing
public health importance in residential yards across Staten Island, a borough of New York City, in the state of New
York, USA.

Results: The amount and configuration of canopy cover immediately surrounding residential yards was found to
strongly predict the presence of Ixodes scapularis and Amblyomma americanum, but not that of Haemaphysalis longi-
cornis. Within yards, we found a protective effect of fencing against /. scapularis and A. americanum, but not against H.
longicornis. For all species, the presence of log and brush piles strongly increased the odds of finding ticks in yards.

Conclusions: The results highlight a considerable risk of tick exposure in residential yards in Staten Island and iden-
tify both yard- and landscape-level features associated with their distribution. In particular, the significance of log and

brush piles for all three species supports recommendations for yard management as a means of reducing contact

with ticks.
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Background for the majority of disease burden [4], and its expansion

Within the past two decades, reported cases of tick-borne
disease (TBD) in humans have increased by more than
twofold in the USA [1], with over 20 recognized human
illnesses associated with ticks nationally [2]. In the north-
eastern USA, Lyme disease, caused predominantly by the
bacterium Borrelia burgdorferi sensu stricto [3] accounts
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has been associated with the geographic spread of the
primary vector, Ixodes scapularis [5-10]. Ixodes scapula-
ris is also a vector of multiple other pathogens of concern,
including Babesia microti [11], Anaplasma phagocyt-
ophilum [12], Borrelia miyamotoi [13] and Powassan
virus [14], which are also spreading throughout the USA
[15, 16]. More recently, the lone star tick (Amblyomma
americanum), which until recently has been considered
a nuisance species and is most abundant in southern
USA, has been spreading northward [17]. This species is
associated with the transmission of Ehrlichia chaffeensis
and Ehrlichia ewingii, agents of human granulocytic ehr-
lichiosis [18, 19], Rickettsia rickettsii Wolbach, the agent
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of Rocky Mountain spotted fever, and Francisella tular-
ensis McCoy, the agent of tularemia [20]. In some emerg-
ing areas in the northeastern USA, A. americanum has
surpassed I scapularis as the most commonly reported
human-biting tick [21]. Similar range expansions have
been observed with the Gulf Coast tick (Amblyomma
maculatum), which was historically limited to a nar-
row coastal band in southeastern USA [22] and is now
found in several inland states [23, 24] and, most recently,
in highly urbanized New York City [25, 26]. Gulf coast
ticks are the primary vector for Rickettsia parkeri, which
causes American boutonneuse fever in humans [23].
The Asian longhorned tick (Haemaphysalis longicornis),
a recent invader of the USA and recorded in the north-
eastern USA for the first time in 2017 [27-30], has been
reported parasitizing humans [31, 32]. In its native range,
this species is a vector for a suite of human pathogens,
including severe fever with thrombocytopenia syndrome
virus (SFTSV; [33]) and Japanese spotted fever [34].
Longhorned ticks have also been demonstrated to be
competent for Bourbon virus [35] and Heartland banda-
virus, a virus genetically similar to SETSV, with both pri-
marily vectored by the lone star tick [36].

The absence of human vaccines for endemic and
emerging tick-borne pathogens in the USA has led to
a focus on individual preventative measures to reduce
tick encounters [37]. This includes recommendations
for altering two key components of infection risk: (i) the
acarological hazard (defined as the density of pathogen-
infected nymphal ticks [DIN]) and (ii) human exposure
behaviors [38]. Several studies have identified a positive
association between DIN and human incidence [39-42],
although the strength of this association varies spatially
[43]. Recreational areas have been identified as high risk
environments for exposure to infected ticks [44—48], par-
ticularly at woodland-lawn ecotones where tick densities
are often the greatest [44, 49]. In suburban residential
yards, frequently cited risk factors for the acarological
hazard include proximity to woodland, lack of fencing,
log and brush piles in the yard, bird-feeders and pet
ownership [42, 44, 50-52], all of which may enhance the
number of hosts and tick oft-host survival.

The acarological hazard is determined by complex
interplay between the local abiotic conditions condu-
cive to tick persistence [53, 54] and the presence and
abundance of hosts that support tick populations and
pathogen persistence [55-57]. As ixodid ticks spend the
majority of their lives off-host, local abiotic conditions
are critical for determining local tick survival, develop-
ment and activity [58, 59]. Thermal and desiccation tol-
erance of different tick species determines their habitat
niche [60, 61], in turn impacting their host niche breadth
through mediating exposure to hosts [62]. The high
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sensitivity of 1. scapularis to desiccation means that this
species is typically associated with forests where leaf lit-
ter and high canopy cover drive high humidity conditions
conducive to host-seeking behavior and tick survival [63].
In contrast, other tick vector species, such as A. ameri-
canum, Dermacentor variabilis and H. longicornis have
wider tolerances for microhabitat conditions and can
occupy grassland habitats in addition to forested sites, as
well as ecotonal habitats subject to human disturbance
[64—68].

Urban areas are increasingly recognized as frontiers
for TBD expansion within endemic regions [46, 69],
but the risk factors for acquiring TBD in these areas
remain largely unknown. Urban landscapes are unique
in terms of their extreme levels of habitat fragmenta-
tion, warmer and drier microclimates [70] and reduced
wildlife diversity [71] compared to surrounding natu-
ral areas, although green spaces (e.g. urban parks) may
mitigate these conditions by acting as wildlife refugia or
dispersal corridors. As ixodid tick long-distance disper-
sal is mediated entirely by hosts [72], the community of
hosts and the impact of landscape on host behavior can
profoundly shape tick distribution [46, 73]. Tick popula-
tions in urban parks and natural areas thus form metap-
opulations, i.e. connected subpopulations that are reliant
on other subpopulations for persistence [74, 75], and the
extent to which patches are functionally connected by the
movement of hosts through suitable habitats determines
whether populations can persist in these patches. Abiotic
and yard-specific features acting as attractants or barri-
ers then determine whether hosts can transport ticks into
yards. Deer, in particular, are key agents for structuring
tick populations in urban parks and surrounding neigh-
borhoods [46] due to their roles as reproductive hosts for
adult ticks [76]. Differences in the host and habitat asso-
ciations of different tick species may thus produce rela-
tionships between acarological hazard and habitat that
varies across spatial scales [42, 51, 77, 78], necessitating a
combined focal and landscape-level approach.

In this study, we seek to elucidate the drivers of tick dis-
tribution across an urban landscape focusing on Staten
Island (SI), New York City (NYC), a newly emerging area
for TBD. In our previous study of tick populations in
NYC parks, we found the highest tick burden to be in SI
parks [46]. We take a multi-scale approach to investigate
the associations between landscape heterogeneity and
yard features, and the occurrence of three ticks of pub-
lic health concern: I scapularis, A. americanum and H.
longicornis. We hypothesize that the risk of TBD is hier-
archically structured, depending primarily on the yard’s
connectivity to natural areas at the ‘ecological neighbor-
hood’ scale, and secondarily on the yard’s habitat suitabil-
ity for ticks and potential permeability to hosts [79].
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Methods

Study design and sites

Staten Island is one of five boroughs of NYC in the US
state of New York. It spans 156 km? and is the least popu-
lated borough of NYC, with 468,730 individuals [80, 81].
The island is composed of heterogeneous neighborhoods,
with variable housing structure types and demographic
and socioeconomic composition; 18% of the total area is
covered by urban parks [80]. SI presents a network of dis-
crete patches of urban parks of different sizes, distributed
across a range of housing development of low, medium
and high intensity, representing varying levels of con-
nectivity to host movement. The rate of locally acquired
Lyme disease cases increased from 4 to 25 per 100,000
residents between 2000 and 2016 [82].

In this study, we use the concept of ‘ecological neigh-
borhoods’ [79, 83], which describes an area within
which an ecological process of interest occurs, taking
into account the time scale appropriate to that process
and the focal organism’s activity or influence during
that period [79, 84, 85]. Across SI, we defined ecologi-
cal neighborhoods as areas encompassing a core park
and the surrounding residential areas within 500 m
from the park edges (Fig. 1a); this is a distance consist-
ent with deer home-range size (43-158 ha or a radius of
370-700 m) [86], white-footed mice average dispersal
distance [87] and the estimated human walkable distance
used in urban design (400 m) [88]. The neighborhoods
were selected to cover a range of urbanization levels on
SI (Fig. 1b) and although sampling occurred across the
entire island, it was concentrated in the mid- and south-
mid sections due to a greater availability of park-adjacent
houses.

Within these ecological neighborhoods residents were
actively recruited using a random cluster sampling strat-
egy. We randomly selected starting points along each
neighborhood cluster using the points-to-polygon func-
tion in QGIS, a geographic information system appli-
cation, which creates a points layer of randomly placed
points within the input polygon, i.e. ecological neighbor-
hood. From each point, we followed a line transect until
10-15 houses were recruited per cluster. We also pas-
sively recruited residents through a combination of tar-
geted advertising in newspapers and online platforms.
House visits were conducted from May through July
2018, 2019 and 2021. Sampling did not occur in 2020 due
to the coronavirus disease pandemic. At each property,
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we recorded yard-level features that could be associated
with the presence of ticks by attracting or deterring hosts
or modifying the microhabitat for the ticks, such as the
presence of log or brush piles, woodchips or gravel at
the edge of the property, vegetable or flower gardens and
bird feeders. We also collected data on fencing around
yards, recording fence type, (aluminum, chain link, wood
picket, full panel, farm fence and other), whether yards
were completely or partially fenced and estimated fence
heights.

Ticks were sampled from April to July in 2018, 2019
and 2021 by dragging a 1 x 1-m corduroy cloth at ground
level along vegetation within each property and at each
property edge. Each property was sampled once in any
given year, and the total area sampled ranged from 10 to
400 m, which was proportional to the size of each resi-
dential yard. The transects dragged were located at the
edges of the property and around the house (Additional
file 1: Figure S1). At 10-m intervals, ticks were counted
and collected into 1.5-ml snap-cap microcentrifuge tubes
containing 70% ethanol [89, 90]. Ticks were identified to
species using established keys [91, 92].

Land cover and Landscape-level metric calculation

The land cover and landscape-level features surrounding
each residential yard were characterized. We combined
a land cover product which uses 2017 4-band ortho-
imagery to classify land cover at a 60-cm resolution
(www.earthdefine.com/landcover), with a 1-m Canopy
Height Model (CHM) dataset, which uses light detec-
tion and ranging (LiDAR) data to estimate the vegetation
height. The resulting land cover dataset encompassed
seven land classes: grass (01 ft), shrub (<6 ft), low can-
opy (<60 ft), high canopy (>60 ft), bare soil, water and
impervious surface. Low and high canopy classes were
designated using the median tree height derived from
the CHM as a cut-off point. We created buffers of 25-,
50-, 100- and 200-m radii around each residential prop-
erty sampled and calculated the area and proportion of
each land cover type, excluding water bodies, within each
radius.

We used the “landscapemetrics” package in R [93],
which uses a drop-in replacement for FRAGSTATS [94],
to extract 16 class-level metrics representing the spatial
distribution and pattern of both canopy classes com-
bined (as the focal class; Table 1), including shape, area,
edge and aggregation metric categories. We scaled and

(See figure on next page.)

Fig. 1 Location of sampling sites in Staten Island, New York City (a) and neighborhood characteristics (b).a Buffers, shown in yellow, denote
ecological neighborhoods, defined as areas within 500 m of parks, within which houses were primarily sampled. b Demographic and
eco-epidemiological information which highlights the variation in tick-borne disease risk and associated risk factors for tick-borne disease across
the study area. Tick density refers to the total number of nymphs per 100 m. Lyme cases are the total number of cases reported from each
neighborhood from 2010 to 2016. Average household income is given in USD
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Fig. 1 (See legend on previous page.)
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Table 1 Class metrics used to describe patterns of canopy cover (focal class, combining high and low canopy cover) around

residential yards

Category Acronym Metric name Description
Aggregation ~ COHESION  Patch cohesion index Connectedness of patches
ENN_MN Mean of Euclidean nearest-neighbor distance Mean edge to edge distance to the nearest neighboring patch of the
same type
NP Number of patches Number of patches
CLUMPY Clumpiness index Proportional deviation of the proportion of like adjacencies involving the
focal class from that expected under a spatially random distribution
nLSI Normalized landscape shape index Ratio of the actual edge length of focal class in relation to the hypotheti-
cal range of possible edge lengths of the focal class (min/max)
Al Aggregation index Percentage of neighboring pixel, being the same land cover class, based
on single-count method
1l Interspersion and juxtaposition index Measure of evenness of patch adjacencies, equals 100 for even and
approaches 0 for uneven adjacencies
MESH Effective mesh size Relative measure of patch structure based on probability that two ran-
domly chosen points will be located in same patch
Areaand edge TE Total edge Total length (m) of all edges between focal class and all other classes
ED Edge density Sum of all edges of focal class in relation to landscape area
LPI Largest patch index Percentage of landscape covered by corresponding largest patch of

GYRATE_MN  Mean radius of gyration

Shape CONTIG_MN  Mean of contiguity index

Core area TCA Total core area
CPLAND Core area percentage of landscape
NDCA Number of disjunct core areas

each class

Mean distance from each cell to the patch centroid

Spatial connectedness of cells in patches

Sum of all core areas of all patches belonging to focal class

Percentage of core area of focal class in relation to the total landscape
area

Number of cells of focal class without neighbors with a different value
other than itself

centered all class-level landscape metrics covariates
for analysis and tested these and the area of three land
cover categories (grass, canopy and impervious surface)
for collinearity in predictor variables using the corrplot
function [95]. Due to high correlation among variables at
both the landscape and class scales, we performed stand-
ardized principal component analysis (‘PCA’ function,
FactoMineR package [96]) to reduce the dimensionality
of the dataset. The Varimax rotation method was used
to derive orthogonal principal components, and the first
two dimensions were used as variables in the statistical
model.

Edge classification

To quantify the ‘permeability’ of a yard to hosts, we cre-
ated a vegetation contrast raster layer using the CHM
layer by estimating the height difference between any
given pixel and its surrounding eight neighboring pixels.
The values of this layer were classified in four catego-
ries: “no edge”; “1- to 3-m difference in vegetation type”;
“3- to 9-m difference in vegetation type”; and “>10 m
difference in vegetation type” and “edge between vegeta-
tion and non-vegetated surface (e.g. impervious surface,
barren land, water)” To characterize the type of edge in

each property we generated an edge index by creating
1-m buffers around the property boundary and extract-
ing the area of land cover classes in each, the area of each
type of category of the vegetation contrast layer and the
mean and standard error of the non-classified vegetation
contrast layer. We also estimated the edge length (i.e. the
perimeter of the property). We used PCA to summarize
edge characteristics (edge length, vegetation contrast
and land cover types), followed by a hierarchical cluster
analysis (complete linkage) using the first two dimensions
of the PCA. Hierarchical clustering identified three edge
types, with edges defined as permeable (i.e. mostly veg-
etated), semi-permeable and low permeability (mostly
impervious surfaces), based on the degree of contrast
between land cover types.

Statistical analyses

All statistical analyses were conducted with R Version
4.03 [97]. We used generalized linear models (GLMs)
with a binomial distribution and a log link function to
assess the yard- and landscape-level features associ-
ated with the probability of nymph presence in yards,
for each of the tick species collected. Small numbers
of ticks precluded analyses based on density. Yard- and
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Table 2 Frequency of residential yard features and yard feature association with the presence of ticks (Amblyomma americanum,

Haemaphysalis longicornis or Ixodes scapularis)

Yard feature

Number (%) of residential yards with the feature

Number (%) of yards with the feature
present from which ticks were

collected
Fully enclosed fencing 302 (68) 71 (24)
Water source® 142 (54) 36 (26)
Vegetable or flower garden 274 (52) 84 (31)
Trashcan in yard? 114 (45) 33(29)
Log or brush pile 144 (27) 73 (51)
Outdoor seating in lawn 133 (25) 44 (34)
Woodchips or gravel 130 (25) 45 (36)
Bird feeder 83(16) 26 (32)
Children’s play equipment 86 (16) 24 (29)
Food or shelter for feral cats® 32(12) 17 (53)
Compost bin® 25 (10) 19 (37)
Chicken coop 6(2) 0 (data not available)

2Sampled in 2021 only

landscape-level features were initially explored in sepa-
rate models, including separate landscape-level mod-
els for each buffer radius size around yards. The Akaike
information criterion (AIC) was used to identify the most
parsimonious model explaining variation in the presence
of each tick species in yards from all possible combina-
tions of explanatory variables (model selection using the
‘dredge’ function in the R package MuMIn) [98]. Vari-
ables significant in the yard- and landscape-level models
were included in the global model. To account for model
selection uncertainty, multimodel inference was used
to quantitatively rank the best fit models, where mod-
els with an AIC difference (AAIC)<2 were designated
as having similar support to the best model. Odds ratios
(ORs) and their 95% confidence intervals (CIs) were
calculated from model-averaged coefficients for each
explanatory variable.

Results

Residential yard surveys

From April to September in 2018, 2019 and 2021, we
conducted door-to-door recruitment at a total of 1988
houses. We were unable to speak with residents at
56% of these houses (i.e. either householders were not
home at the time or did not open the door). Receptiv-
ity to recruitment was high among those who did open
the door; 72% of residents approached were willing to
participate in the study, with an average (£ standard
deviation [SD]) of 29 (£1.5) houses participating in
two of the years, and eight houses participating in all
3 years. A total of 529 unique yards were surveyed for

ticks across SI, and each individual yard was only sam-
pled once per season. We observed considerable varia-
tion in the presence of yard features among sites, with
fully enclosed fencing being the most common feature,
followed by water sources (e.g. swimming pools) and
vegetable or flower gardens (Table 2).

Most yards contained some form of fencing (84%).
Most houses had only a fully enclosed backyard (68%),
followed by partial fencing (32%); only a few houses had
a fully enclosed front yard and backyard (10%). For the
analyses, we combined yards that had both the front
yards and backyards completely fenced with those hav-
ing only the backyard completely fenced into a “fully
enclosed fencing” category (68%). Fence types included
chain link, wooden picket, full panel, farm (broadly
spaced horizontal wooden slats) and aluminum fences,
and ranged from 0.3 to 2.5 m (mean: 1.60 m, SD: 0.35 m)
in height. We categorized the fences into three height
categories for analysis based on an assumed effect on
deer movement [99]: no fence; non-deer-proof fence
(< 1.8 m high); and deer-proof fence (> 1.8 m high).

The proportion of yards containing at least one tick
of any species was consistently approximately30%
(range: 29-35%) over the 3 years (Fig. 2). However, the
prevalence of each of the tick species in yards and their
spatial distribution varied across years, with 1. scapula-
ris dominating the urban tick community in 2018 (35%
houses), and H. longicornis most frequently observed
in 2019 and 2021 (25% and 26% of houses, respectively;
Fig. 2).
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Fig. 2 Kernel density estimate heatmaps of yards positive for each tick species across Staten Island over 3 field seasons (May—July)

Property edges: classification and relationship

to block-type levels

The most common yards were those with permeable
edges (n=266), followed by semi-permeable (n=195)
and low permeability (n=66) edge types. The distribu-
tion of edges varied across ecological neighborhoods,
with yards in the northernmost sites (e.g. Clove Lakes)
being dominated by impermeable edge types and those
in the mid-island being largely semi-permeable and
permeable.

Land cover and landscape metric multivariate classification
of urban yards

The proportion of land cover types was relatively consist-
ent across buffer radii, with impervious surface, high and
low canopy categories each comprising 20-30% of land
cover classes (Table 3).

Table 3 Proportion of land cover classes in buffer radii around
yards sampled

Land cover class Buffer size (radius)

25m 50m 100m 200m
High canopy 0.22(0.18)  0.24(0.18) 030(0.18)  0.35(0.18)
Low canopy 0.29(0.10)  0.28(0.08) 0.27(0.07)  0.26 (0.06)
Shrub 0.05(0.02) 0.05(0.01) 005(0.01) 0.04(0.01)
Grass 0.08 (0.05)  0.08 (0.04) 0.07(0.03) 0.07(0.03)
Impervious surface 0.35(0.15)  033(0.14) 030(0.13)  0.27(0.13)
Barren soil 0.008 (0.02) 0.01(0.02) 0.007 (0.01) 0.006 (0.01)

Data in table are presented as the mean (standard deviation)

For the landscape metric PCA analysis, which included
the 16 class-level landscape metrics, and areas of grass,
canopy and impervious surface cover, the two first
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Fig. 3 Biplot of principal component analysis (PCA) for landscape metrics and land cover in 25-m (a), 50-m (b), 100-m (c) and 200-m (d) buffers
around residential yards, and examples of yards with low (e) and high (f) PC1 loadings. Abbreviations for landscape metrics: Cohesion, patch
cohesion index; enn_mn, mean of Euclidean nearest neighbor; np, number of patches; clumpy, clumpiness index; nlsi, normalized landscape shape
index; ai,, aggregation index; iji, interspersion and juxtaposition index; mesh, effective mesh size; te, total edge; ed, edge density; Ipi, largest patch
index; gyrate_mn, mean radius of gyration; contig_mn, mean of contiguity index; tca, total core area; cpland, core area percentage of landscape;
ndca, number of disjunct core areas. Abbreviations for landcover classes: Grass, area of grass; low canopy, area of low canopy; high canopy, area of
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components combined explained between 56% and 70%
of variation, with increasing length of the radii length
representing greater proportions of variation. For all
radii, increasing values of PC1 (the first dimension of
the PCA analysis) were positively correlated with area
of high canopy cover and high values for aggregation
and core area metrics (Fig. 3) and negatively associated
with impervious cover. Thus, yards with high PC1 load-
ings contained large, compact and connected patches
of canopy within the surrounding buffer area (Fig. 3).
Increasing values of PC2 (the second dimension of the
PCA analysis) were positively correlated with number
of disjunct core areas, number of patches and grass and
low canopy cover (Additional file 1: Table S1), indicative
of smaller, disaggregated patches of lower canopy cover

classes, for radii of 50, 100 and 200 m, respectively. The
same features correlated with PC2 for radius of 25 m,
although the sign was reversed (i.e. negative rather than
positive association with PC2).

Yard- and landscape-level features associated with tick
presence

The probability of detecting each of the three tick species
was associated with different yard- and landscape-level
features and was in all cases best explained by models
containing parameters from both yard and landscape
scales. All species showed significant associations with
year, with the probability of finding I. scapularis decreas-
ing over the sampling period, and the probabilities of
finding A. americanum and H. longicornis increasing
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over the same period by an average of three- and nine-
fold, respectively.

In the yard-level-only model, log and brush piles signif-
icantly increased the odds of finding all three tick species
(Additional file 1: Table S2). This effect was particularly
strong for H. longicornis and A. americanum, which were
associated with 3.6- and 4-fold increases in the odds of
tick presence, respectively. Woodchips and gravel at the
edge of yard properties increased the probability of find-
ing A. americanum (OR:2.3, 95% CI: 1.2-4.3; P=0.01),
but not for finding either of the other species. Full fenc-
ing of any kind around the yards decreased the odds of
L scapularis being present (OR:0.43, 95% CI: 0.22-0.87;
P=0.01), but had no effect on A. americanum (P=0.07)
or H. longicornis (P=0.10). The permeability of the prop-
erty edge impacted the probability of finding A. america-
num but not H. longicornis or I scapularis, and was only
significant for a permeable/semi-permeable edge con-
trast (OR:0.47, 95% CI: 0.23-0.96; P = 0.04).

In the landscape-level-only model, the distribution of
ticks was best predicted by landscape metrics at differ-
ent scales. PC1 calculated at the 100-m buffer best pre-
dicted I scapularis distribution (OR:1.45, 95% CIL: 1.3,
1.7; P<0.001); PC1 at the 50-m buffer best predicted A.
americanum (OR:1.2, 95% CIL: 1.0-1.4; P=0.01); and
PC1 was not significant at any scale for H. longicornis.
PC2 was not significant in any models (Additional file 1:
Table S3).

In the global model, I scapularis presence was best
predicted by PC1 at the 100-m buffer, the presence of
log or brush piles and sampling year. Log and brush piles
and woodchips remained the strongest predictors of A.
americanum presence in yards, followed by PC1 at the
50-m buffer. Additionally, the density of A. americanum
nymphs per 100 m in nearby parks increased the odds
of detecting A. americanum ticks in yards. Landscape
metrics had no effect on the odds of detecting H. longi-
cornis, which was associated with the presence of log
and brush piles and the density of conspecific nymphs in
the nearest park. Sampling year had the strongest effect
on H. longicornis, with the odds of finding them in 2021
ninefold greater than in 2018. For all species, the pres-
ence of fully enclosed fencing was retained in the models
and had a negative association; however the effect was no
longer significant when the landscape-level metrics were
included (Additional file 1: Table S2).

Discussion

Tick-borne diseases present an increasing threat in urban
areas, where high human density can intensify human
exposure to ticks given the presence of a suitable tick
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habitat and competent host niches. In the present study,
we highlight the considerable risk of tick exposure in
residential yards on SI and demonstrate that the dynam-
ics of three tick vector species in a highly fragmented
urban environment are determined by both yard- and
landscape-level features. In particular, we found that the
distributions of the Lyme disease spirochetes vector I
scapularis and A. americanum were largely determined
by yard- and landscape- level factors, whereas the distri-
bution of H. longicornis was only impacted by yard-level
features but not landscape level factors assessed in this
study.

Tick survival depends on the local abiotic and biotic
conditions [5, 38, 53, 54]. The finding that I scapularis
presence is most strongly associated with the amount
of large, well-connected patches of canopy cover in the
surrounding landscape is in line with previous work link-
ing the species to forest habitat and connectivity [46, 75,
100-104]. Underlying this relationship is the sensitiv-
ity of I scapularis to desiccation, which may constrain
the tick to patches of canopy cover in urban areas, out-
side of which high impervious surface cover dramati-
cally increases local temperatures and reduces saturation
deficit [105, 106]. Specifically on SI, VanAcker et al. [46]
showed that the percentage of bare soil, impervious sur-
face, water and grass in a buffer of 100 m around parks
reduced the density of I scapularis nymphs in parks.
Both A. americanum and H. longicornis are more tolerant
to desiccation and heat stress than I scapularis, allow-
ing them to persist in a range of habitats. In particular,
H. longicornis can withstand temperatures up to 40 °C
and severe dehydrating conditions under laboratory
conditions [107, 108]. Differences in the distributions of
A. americanum and H. longicornis may be explained by
these differences in environmental tolerances as well as
the time since their invasion.

At the yard level, log and brush piles were consistently
associated with the presence of all tick species. Log and
brush piles may act as thermal refugia for ticks, allow-
ing them to persist and to quest near open lawns where
they would otherwise desiccate, and may also act as habi-
tat for small-bodied hosts, such as mice, and dens for
meso-mammals, such as raccoons [109, 110]. Brush piles
increase overwinter survival of white-footed mice [111],
which act as important hosts for I scapularis larvae,
and the distribution of which may determine where fed
larvae are deposited and emerge the following spring as
nymphs. Landscaping tick control measures (e.g. clear-
ing brush piles) have been found to increase the risk of
L scapularis-associated disease, potentially by increas-
ing exposure to ticks [100], but to have no effect on Lyme
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disease cases [112]. These different findings may reflect
the discordant scales and metrics at which the two stud-
ies were conducted, the former being a meta-analysis of
several studies that aggregated log and brush clearing
into a property management risk category, and the lat-
ter being a neighborhood-matched case—control study.
Our finding of a higher probability of nymph presence
with log and brush piles may or may not lead to increased
human tick exposure and disease depending on human
exposure behavior. Further work elucidating human
behavior in similar urban settings would provide insights
into the relative roles of the natural and human compo-
nents of urban TBD risk.

Landscape connectivity linked to host movement is
an important determinant of tick distribution. The adult
stages of all tick species in the present study are depend-
ent on white-tailed deer as the primary reproductive
stage host [11] and for movement through landscapes
[46]. However, A. americanum and particularly H. longi-
cornis are also associated with mesomammal hosts, such
as raccoons and opossums [27, 107, 113-115]. Adult-
stage A. americanum and H. longicornis have been found
to exhibit generalist feeding behavior, feeding on a range
of livestock, birds and small mammal species [107, 116],
which would allow them to feed on hosts less limited
by landscape structure and fences than deer (e.g. squir-
rels and racoons [117]). The association between fencing
and nymphal I scapularis, but not A. americanum or H.
longicornis, may thus reflect differences in proportional
host use of adults, which determines to some extent sub-
sequent larval and nymphal distributions, between the
three species.

Differences in host use and differences in the impact of
the landscape on host movement (i.e. its functional con-
nectivity [119]) may also explain the positive association
between I scapularis and A. americanum in residential
yards and canopy cover and connectivity in surround-
ing yards, but not H. longicornis. Previous work in NYC
found considerably greater burdens of immature stages
of A. americanum and H. longicornis on raccoons than
L. scapularis [115]. Additionally, opossums were found
to have highest infestation prevalence and intensity of
immature H. longicornis than either I scapularis or A.
americanum, providing some support for differences in
host use. However, as we did not conduct mammal trap-
ping in yards to assess ticks on hosts for this study, we
can only speculate on host movement being the mecha-
nism for the observed patterns.

It is important to note that while we identify risk fac-
tors for tick presence in residential yards, reducing the
acarological hazard alone does not necessarily result in
a concomitant decrease in the incidence of tick-borne
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disease. In a recent experiment conducted over 4 years
in a residential neighborhood in NYC, two tick control
methods effectively reduced the number of questing
ticks, ticks on rodents and TBD in pets, but they had no
discernable effect on the incidence of human TBDs [120].
While small sample size per neighborhood, relatively few
TBD cases over the study period and variation in human
preventative behaviors may have all played a role in
decoupling tick abundance from human incidence [120],
the present study highlights the need to better under-
stand the coupling between tick distribution and human
exposure behaviors across human-dominated landscapes
in order to evaluate where exposure is most frequently
occurring.

Finally, we identified a potential invasion front for H.
longicornis, and potentially for A. americanum, which
increased ninefold and threefold, respectively, from 2018
to 2021. The concomitant decrease in I scapularis over
the study period, and similar observations in several
studies in the region raises the question of whether envi-
ronmental conditions may be changing that favor these
expanding tick species over I scapularis. More specu-
latively, H. longicornis and A. americanum may be cur-
rently displacing I scapularis, although an ecological
mediating mechanism has not been identified. Variation
in climate may be expected to impact tick populations;
however, in the present study mean summer tempera-
tures were similar across the sampling years [121, 122]. A
decline in L scapularis relative abundance may also sim-
ply be the result of yearly population variation resulting
from the tick’s 2- to 3-year life-cycle. Understanding the
environmental factors associated with the distribution of
these expanding tick populations, at appropriate spatial
scales, is a critical first step towards guiding future policy
regarding tick surveillance and management recommen-
dations for individuals in high-risk areas.

Conclusions

Proximity to parks and the amount and aggregation of
forest canopy immediately (50—100 m) surrounding resi-
dential properties is a key risk factor for finding ticks in
yards, particularly the Lyme disease spirochetes vector,
L scapularis. However, complete fencing and removal
of log and brush piles can mitigate landscape-mediated
effects on the tick hazard by impeding host movement
through yards and decreasing the amount of suitable
habitat available for wildlife hosts and ticks.

Abbreviations
NYC: New York City; PCA: Principal component analysis; SI: Staten Island; TBD:
Tick-borne disease.



Gregory et al. Parasites & Vectors (2022) 15:288

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513071-022-05416-2.

Additional file 1: Table S1. PCA loadings for land cover and landscape
metrics in buffer radii around residential yards. Table S2. Model-average
odds ratios and 95% confidence limits of covariates in yard-only general-
ized linear models of tick presence in yards. Table S3. Best fit models for
full models (including all features) of tick presence in yards. Figure S1.
Dragging locations for tick sampling in a residential yard. Numbers cor-
respond to transects, and letters denote 10-m sections of each transect.

Acknowledgements

We would like to acknowledge our field assistants (Michaela Mincone, Olivia
Card, Anna Catherine Grady, Myles Davis, Brigitte Franco, Lily Davenport, Rob-
ert Cassidy, Patrick Connelly, Torre Lavelle, Richie Konowal, Gabriela Galindo
and Christina Ng) for providing research support.

Author contributions

NG and MPF wrote the main manuscript text and prepared the figures equally.
All authors reviewed the manuscript. All authors read and approved the final
manuscript

Funding

This publication was supported by the Cooperative Agreement Number
U01CK000509-01 between the Centers for Disease Control and Prevention
and Northeast Regional Center for Excellence in Vector Borne Diseases, and
the National Science Foundation’s Coupled Natural Human Systems 2/Dynam-
ics of Integrated Socio-Environmental Systems (CNH2/DISES) program (Award
#1924061). Its contents are solely the responsibility of the authors and do not
necessarily represent the official views of the Centers for Disease Control and
Prevention, the Department of Health and Human Services or the National
Science Foundation

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The study obtained ethical clearance from The Institutional Review Board of
Columbia University.

Consent for publication
Not applicable

Competing interests

The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
conflict of interest.

Author details

'Department of Ecology, Evolution and Environmental Biology, Columbia
University, New York, NY, USA. 2Earth Institute, Columbia University, New York,
NY, USA. *Paul G. Allen School for Global Health, Washington State University,
Pullman, WA, USA.

Received: 12 April 2022 Accepted: 27 July 2022
Published online: 10 August 2022

References
1. Rosenberg R, Lindsey NP, Fischer M, Gregory CJ, Hinckley AF, Mead PS,
et al. Vital signs: trends in reported vectorborne disease cases—United
States and territories, 2004-2016. MMWR Morb Mortal Wkly Rep.
2018,67:496-501.

20.

22.

23.

Page 11 of 14

US Centers for Disease Control and Prevention (CDC). Tickborne disease
surveillance data summary. 2019. https://www.cdc.gov/ticks/data-
summary/index.html. Accessed 12 Feb 2022.

Burgdorfer W, Barbour AG, Hayes SF, Benach JL, Grunwaldt E, Davis JP.
Lyme disease—a tick-borne spirochetosis? Science. 1982;216:1317-9.
US Centers for Disease Control and Prevention (CDC). Tick-borne
diseases of the United States. 2016. http://www.cdc.gov/ticks.diseases/.
Accessed 10 Jan 2021.

Bisanzio D, Ferndndez MP, Martello E, Reithinger R, Diuk-Wasser MA.
Current and future spatiotemporal patterns of lyme disease reporting
in the Northeastern United States. JAMA Netw Open. 2020;3:6200319.
Diuk-Wasser MA, Gatewood AG, Cortinas MR, Yaremych-Hamer S,

Tsao J, Kitron U, et al. Spatiotemporal patterns of host-seeking Ixodes
scapularis nymphs (acari: ixodidae) in the United States. J Med Entomol.
2006;43:166-76.

Diuk-Wasser MA, Hoen AG, Cislo P, Brinkerhoff R, Hamer SA, Rowland M,
et al. Human risk of infection with Borrelia burgdorferi, the lyme disease
agent, in eastern United States. Am J Trop Med Hyg. 2012;86:320.

Eisen RJ, Eisen L, Beard CB. County-scale distribution of Ixodes scapularis
and Ixodes pacificus (Acari: Ixodidae) in the continental United States. J
Med Entomol. 2016;53:349-86.

Gardner AM, Pawlikowski NC, Hamer SA, Hickling GJ, Miller JR,
Schotthoefer AM, et al. Landscape features predict the current and
forecast the future geographic spread of Lyme disease. Proc R Soc B.
2020;287:20202278.

Hickling GJ, Kelly JR, Auckland LD, Hamer SA. Increasing prevalence of
Borrelia burgdorferi sensu stricto—infected blacklegged ticks in Tennes-
see Valley, Tennessee, USA. Emerg Infect Dis. 2018;24:1713-6.

Spielman A, Wilson ML, Levine JF, Piesman J. Ecology of Ixodes dammini-
borne human babesiosis and Lyme disease. Annu Rev Entomol.
1985;30:439-60.

Chen SM, Dumler JS, Bakken JS, Walker DH. Identification of a granulo-
cytotropic Ehrlichia species as the etiologic agent of human disease. J
Clin Microbiol. 1994,32:589-95.

Fukunaga M, Takahashi Y, Tsuruta Y, Matsushita O, Ralph D, McClelland
M, et al. Genetic and phenotypic analysis of Borrelia miyamotoi sp. Nov.,
isolated from the ixodid tick Ixodes persulcatus, the vector for Lyme
disease in Japan. Int J Syst Bacteriol. 1995;45:804-10.

Anderson JF, Armstrong PM. Prevalence and genetic characterization of
powassan virus strains infecting Ixodes scapularis in connecticut. Am J
Trop Med Hyg. 2012;87:754-9.

Krause PJ, Narasimhan S, Wormser GP, Rollend L, Fikrig E, Lepore T, et al.
Human Borrelia miyamotoi infection in the United States. N Engl J Med.
2013;368:291-3.

O'Connor C, Prusinski MA, Jiang S, Russell A, White J, Falco R, et al. A
comparative spatial and climate analysis of human granulocytic ana-
plasmosis and human babesiosis in New York State (2013-2018). J Med
Entomol. 2021;58:2453-66.

Raghavan RK, Peterson AT, Cobos ME, Ganta R, Foley D. Current and
future distribution of the lone star tick, Amblyomma americanum (L.)
(Acari: Ixodidae) in North America. PLoS ONE. 2019;14:20209082.

Ewing SA, Dawson JE, Kocan AA, Barker RW, Warner CK, Panciera RJ,

et al. Experimental transmission of Ehrlichia chaffeensis (Rickettsiales:
Ehrlichieae) among white-tailed deer by Amblyomma americanum
(Acari: Ixodidae). ] Med Entomol. 1995;32:368-74.

Buller RS, Arens M, Hmiel P, Paddock CD, Sumner JW, Rikihisa Y, et al.
Ehrlichia ewingii, a newly recognized agent of human ehrlichiosis. New
Engl J Med. 1999;341:148-55.

Eisen L. A call for renewed research on tick-borne Francisella tularensis in
the Arkansas-Missouri primary national focus of tularemia in humans. J
Med Entomol. 2007;44:389-97.

Jordan RA, Egizi A. The growing importance of lone star ticks in a

lyme disease endemic county: passive tick surveillance in monmouth
County, NJ, 2006-2016. PLoS ONE. 2019;14:0211778.

Hooker WA, Bishopp FC, Wood HP. The life history and bionomics of
some North American ticks. Washington DC: US Department of Agricul-
ture, Bureau of Entomology; 1912.

Paddock CD, Goddard J. The Evolving medical and veterinary
importance of the gulf coast tick (Acari: Ixodidae). J Med Entomol.
2015;52:230-52.


https://doi.org/10.1186/s13071-022-05416-2
https://doi.org/10.1186/s13071-022-05416-2
https://www.cdc.gov/ticks/data-summary/index.html
https://www.cdc.gov/ticks/data-summary/index.html
http://www.cdc.gov/ticks.diseases/

Gregory et al. Parasites & Vectors

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

(2022) 15:288

Phillips VC, Zieman EA, Kim CH, Stone CM, Tuten HC, Jiménez FA.
Documentation of the expansion of the gulf coast tick (Amblyomma
maculatum) and Rickettsia parkeri: First Report in lllinois. J Parasitol.
2020;106:9-13.

Bajwa WI, Tsynman L, Egizi AM, Tokarz R, Maestas LP, Fonseca DM. The
Gulf Coast tick, Amblyomma maculatum (Ixodida: Ixodidae) and spotted
fever group Rickettsia in the highly urbanized northeastern US. bioRxiv.
2021;10:1066.

Ramirez-Garofalo JR, Curley SR, Field CE, Hart CE, Thangamani S. Estab-
lished populations of Rickettsia parkeri-infected Amblyomma maculatum
ticks in New York City, New York, USA. Vector-Borne and Zoonotic
Diseases. 2022;22:184-7.

Tufts DM, VanAcker MC, Fernandez MP, DeNicola A, Egizi A, Diuk-Wasser
MA. Distribution, host-seeking phenology, and host and habitat asso-
ciations of Haemaphysalis longicornis ticks, Staten Island, New York, USA.
Emerg Infect Dis. 2019,25:792-6.

White SA, Bevins SN, Ruder MG, Shaw D, Vigil SL, Randall A, et al. Surveys
for ticks on wildlife hosts and in the environment at Asian longhorned
tick ( Haemaphysalis longicornis )-positive sites in virginia and new
jersey, 2018. Transbound Emerg Dis. 2021,68:605-14.

United States Department of Agriculture. National Haemaphysalis
longicornis (Asian longhorned tick) situation report. 2022. https://www.
aphis.usda.gov/animal_health/animal_diseases/tick/downloads/longh
orned-tick-sitrep.pdf. Accessed 3 Mar 2022.

Beard CB, Occi J, Bonilla DL, Egizi AM, Fonseca DM, Mertins JW, et al.
Multistate Infestation with the exotic disease-vector tick Haemaphysalis
longicornis—United States, August 2017-September 2018. MMWR
Morb Mortal Wkly Rep. 2018;67:1310-3.

Pritt BS. Haemaphysalis longicornis is in the United States and biting
humans: where do we go from here? Clin Infect Dis. 2020;70:317-8.
Wormser GP, McKenna D, Piedmonte N, VinciV, Egizi AM, Backen-

son B, et al. First recognized human bite in the United States by the
Asian Longhorned tick Haemaphysalis longicornis. Clin Infect Dis.
2020;70:314-6.

Luo LM, Zhao L, Wen HL, Zhang ZT, Liu JW, Fang LZ, et al. Haemaphysalis
longicornis ticks as reservoir and vector of severe fever with thrombocy-
topenia syndrome virus in China. Emerg Infect Dis. 2015;21:1770-6.
Mahara F. Japanese spotted fever: report of 31 cases and review of the
literature. Emerg Infect Dis. 1997;3:105-11.

Cumbie AN, Trimble RN, Eastwood G. Pathogen spillover to an invasive
tick species: first detection of bourbon virus in Haemaphysalis longi-
cornis in the United States. Pathogens. 2022;11:454.

Brault AC, Savage HM, Duggal NK, Eisen RJ, Staples JE. Heartland

virus epidemiology, vector association, and disease potential. Viruses.
2018;10:498.

US Centers for Disease Control and Prevention (CDC). Preventing tick
bites on people. 2020. https://www.cdc.gov/ticks/avoid/on_people.
html. Accessed 23 Mar 2022.

Diuk-Wasser MA, VanAcker MC, Fernandez MP. Impact of land use
changes and habitat fragmentation on the eco-epidemiology of tick-
borne diseases. J Med Entomol. 2021;58:1546-64.

Mather TN, Nicholson MC, Donnelly EF, Matyas BT. Entomologic index
for human risk of Lyme disease. Am J Epidemiol. 1996;144:1066-9.
Stafford KC Ill, Cartter ML, Magnarelli LA, Ertel SH, Mshar PA. Temporal
correlations between tick abundance and prevalence of ticks infected
with Borrelia burgdorferi and increasing incidence of lyme disease. J Clin
Microbiol. 1998;36:1240-4.

Connally NP, Ginsberg HS, Mather TN. Assessing peridomestic
entomological factors as predictors for Lyme disease. J Vector Ecol.
2006;31:364-70.

Fischhoff IR, Bowden SE, Keesing F, Ostfeld RS. Systematic review and
meta-analysis of tick-borne disease risk factors in residential yards,
neighborhoods, and beyond. BMC Infect Dis. 2019;19:861.

Pepin KM, Eisen RJ, Mead PS, Piesman J, Fish D, Hoen AG, et al. Geo-
graphic variation in the relationship between human lyme disease inci-
dence and density of infected host-seeking Ixodes scapularis nymphs in
the Eastern United States. Am J Trop Med Hyg. 2012;86:1062-71.

Hahn MB, Bjork JKH, Neitzel DF, Dorr FM, Whitemarsh T, Boegler KA, et al.
Evaluating acarological risk for exposure to Ixodes scapularis and Ixodes
scapularis-borne pathogens in recreational and residential settings in
Washington County Minnesota. Ticks Tick-borne Dis. 2018;9:340-8.

45.

46.

47.

48.

49.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Page 12 of 14

Yuan Q, Llanos-Soto SG, Gangloff-Kaufmann JL, Lampman JM, Frye

MJ, Benedict MC, et al. Active surveillance of pathogens from ticks
collected in New York State suburban parks and schoolyards. Zoonoses
Public Health. 2020,67:684-96.

VanAcker MC, Little EAH, Molaei G, Bajwa WI, Diuk-Wasser MA. Enhance-
ment of risk for lyme disease by landscape connectivity, New York, New
York, USA. Emerging Infect Dis. 2019;25:1136-43.

Falco RC, Fish D. Potential for exposure to tick bites in recreational parks
in a Lyme disease endemic area. Am J Public Health. 1989;79:12-5.
Schulze TL, Taylor GC, Vasvary LM, Simmons W, Jordan RA. Effectiveness
of an aerial application of carbaryl in controlling Ixodes dammini (Acari:
Ixodidae) adults in a high-use recreational area in New Jersey. J Med
Entomol. 1992;29:544-7.

Carroll MC, Ginsberg HS, Hyland KE, Hu R. Distribution of [xodes dam-
mini (Acari: Ixodidae) in residential lawns on Prudence Island Rhode
Island. J Med Entomol. 1992;29:1052-5.

Eisen L, Stafford KC lII. Barriers to effective tick management and tick-
bite prevention in the United States (Acari: Ixodidae). J Med Entomol.
2021,58:1588-600.

Fischhoff IR, Keesing F, Pendleton J, DePietro D, Teator M, Duerr

STK; et al. Assessing effectiveness of recommended residential yard
management measures against ticks. J Med Entomol. 2019;56:1420-7.
https://doi.org/10.1093/jme/tjz077.

Jones EH, Hinckley AF, Hook SA, Meek JI, Backenson B, Kugeler KJ, et al.
Pet ownership increases human risk of encountering ticks. Zoonoses
Public Health. 2018;65:74-9.

Jones CJ, Kitron UD. Populations of Ixodes scapularis (Acari: Ixodidae)
are modulated by drought at a lyme disease focus in illinois. J Med
Entomol. 2000;37:408-15.

Ogden NH, Bigras-Poulin M, O'callaghan CJ, Barker IK, Lindsay LR,
Maarouf A, et al. A dynamic population model to investigate effects of
climate on geographic range and seasonality of the tick Ixodes scapula-
ris. Int J Parasitol. 2005;35:375-89.

Daniels TJ, Fish D, Schwartz I. Reduced abundance of Ixodes scapularis
(Acari: Ixodidae) and lyme disease risk by deer exclusion. J Med Ento-
mol. 1993;30:1043-9.

LoGiudice K, Ostfeld RS, Schmidt KA, Keesing F. The ecology of infec-
tious disease: effects of host diversity and community composition on
lyme disease risk. Proc Natl Acad Sci USA. 2003;100:567-71.

LoGiudice K, Duerr STK, Newhouse MJ, Schmidt KA, Killilea ME, Ostfeld
RS. Impact of host community composition on lyme disease risk. Ecol-
0gy. 2008;89:2841-9.

Berger KA, Ginsberg HS, Dugas KD, Hamel LH, Mather TN. Adverse
moisture events predict seasonal abundance of lyme disease vector
ticks (Ixodes scapularis). Parasit Vectors. 2014;14:181.

McClure M, Diuk-Wasser MA. Climate impacts on blacklegged tick host-
seeking behavior. Int J Parasitol. 2019,49:37-47.

Pavlovsky EN. Natural nidality of transmissible diseases, with special
reference to the landscape epidemiology of zooanthroponoses, by EN
Pavlovsky, English translation edited by Norman D. Levine. Translated by
Frederick K. Plous, Jr. Champaign: University of lllinois Press; 2013
Needham GR, Teel PD. Off-host physiological ecology of ixodid ticks.
Annu Rev Entomol. 1991,36:659-81.

Durden LA, Vogel GN, Oliver JH. Nocturnal questing by adult
blacklegged ticks, Ixodes scapularis (Acari: Ixodidae). J Parasitol.
1996;82:174-5.

Mathisson DC, Kross SM, Palmer MI, Diuk-Wasser MA. Effect of vegeta-
tion on the abundance of tick vectors in the northeastern United
States: a review of the literature. J Med Entomol. 2021,58:2030-7.
Childs JE, Paddock CD. The ascendancy of Amblyomma americanum as
a vector of pathogens affecting humans in the United States. Annu Rev
Entomol. 2003;48:307-37.

Stein KJ, Waterman M, Waldon JL. The effects of vegetation density and
habitat disturbance on the spatial distribution of ixodid ticks (Acari:
Ixodidae). Geospat Health. 2008;2:241-52.

Trout Fryxell RT, Moore J, Collins M, Kwon 'Y, Jean-Philippe S, Schaeffer
S, et al. Habitat and vegetation variables are not enough when predict-
ing tick populations in the Southeastern United States. PLoS ONE.
2015;10:¢0144092.

Stafford KC Ill, Molaei G, Little EA, Paddock CD, Karpathy SE, Labonte
AM. Distribution and establishment of the lone star tick in Connecticut


https://www.aphis.usda.gov/animal_health/animal_diseases/tick/downloads/longhorned-tick-sitrep.pdf
https://www.aphis.usda.gov/animal_health/animal_diseases/tick/downloads/longhorned-tick-sitrep.pdf
https://www.aphis.usda.gov/animal_health/animal_diseases/tick/downloads/longhorned-tick-sitrep.pdf
https://www.cdc.gov/ticks/avoid/on_people.html
https://www.cdc.gov/ticks/avoid/on_people.html
https://doi.org/10.1093/jme/tjz077

Gregory et al. Parasites & Vectors

68.

69.

70.

71

72.

73.

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9.

(2022) 15:288

and implications for range expansion and public health. J Med Ento-
mol. 2018;55:1561-8.

Simpson DT, Teague MS, Weeks JK, Kaup BZ, Kerscher O, Leu M. Habitat
amount, quality, and fragmentation associated with prevalence of the
tick-borne pathogen Ehrlichia chaffeensis and occupancy dynamics of
its vector Amblyomma americanum. Landscape Ecol. 2019;34:2435-49.
Vasan A. 2022 Health Advisory #10: Tick-borne disease advisory. 2022.
https://www1.nyc.gov/assets/doh/downloads/pdf/han/advisory/2022/
tick-borne-diseases.pdf. Accessed 19 Jun 2022.

Stone B Jr, Rodgers MO. Urban form and thermal efficiency: how the

design of cities influences the urban heat island effect. J Am Plan Assoc.

2001;67:186.

Goddard MA, Dougill AJ, Benton TG. Scaling up from gardens:
biodiversity conservation in urban environments. Trends Ecol Evol.
2010;25:90-8.

Norte AC, Margos G, Becker NS, Albino Ramos J, Nincio MS, Fingerle
V, et al. Host dispersal shapes the population structure of a tick-borne
bacterial pathogen. Mol Ecol. 2020;29:485-501.

Madhav NK, Brownstein JS, Tsao JI, Fish D. A dispersal model for the
range expansion of blacklegged tick (Acari: Ixodidae). J Med Entomol.
2004;41:842-52.

Levins R. Some demographic and genetic consequences of envi-
ronmental heterogeneity for biological control. Am Entomol.
1969;15:237-40.

Watts AG, Saura S, Jardine C, Leighton P, Werden L, Fortin MJ. Host
functional connectivity and the spread potential of Lyme disease.
Landscape Ecol. 2018;33:1925-38.

Gray JS. Review the ecology of ticks transmitting Lyme borreliosis. Exp
Appl Acarol. 1998;22:249-58.

Jackson LE, Hilborn ED, Thomas JC. Towards landscape design guide-
lines for reducing Lyme disease risk. Int J Epidemiol. 2006;35:315-22.
McClure M, Diuk-Wasser M. Reconciling the entomological hazard and
disease risk in the Lyme disease system. Int J Environ Res Public Health.
2018;15:1048.

Addicott JF, Aho JM, Antolin MF, Padilla DK, Richardson JS, Soluk DA.
Ecological neighborhoods: scaling environmental patterns. Oikos.
1987,49:340-6.

Kulasekera VL, Kramer L, Nasci RS, Mostashari F, Cherry B, Trock SC, et al.
West Nile virus infection in mosquitoes, birds, horses, and humans,
Staten Island, New York, 2000. Emerg Infect Dis. 2001;7:722-5.

U.S. Census Bureau. 2010 Census data. 2010. https://www.census.gov/
population/www/cen2010/glance/. Accessed 1 Jan 2018.

New York City Department of Health and Mental Hygiene. Epiquery:
NYC interactive health data system—communicable disease surveil-
lance data. https://nyc.gov/health/epiquery. Accessed 2 May 2022.
Holland JD, Yang S. Multi-scale studies and the ecological neighbor-
hood. Curr Landscape Ecol Rep. 2016;1:135-45.

DeAngelis DL, Petersen JH. Importance of the predator’s ecologi-

cal neighborhood in modeling predation on migrating prey. Oikos.
2001;94:315-25.

Hersperger AM. Spatial adjacencies and interactions: Neighbor-

hood mosaics for landscape ecological planning. Landsc Urban Plan.
2006;77:227-39.

Grund MD, McAninch JB, Wiggers EP. Seasonal movements and habitat
use of female white-tailed deer associated with an Urban Park. J Wildl
Manag. 2002;66:123-30.

Stickel LF. Home range and travels. In: King JA, editor. Biology of Pero-
myscus (Rodentia). Stillwater: American Society of Mammalogy Special
Publication; 1968. p. 373-411.

Wolch J, Wilson J, Fehrenbach JP. Park funding in Los Angeles: an equity
mapping analysis. Los Angeles: University of Southern California; 2002.
Daniels T, Falco R, Fish D. Estimating population size and drag sampling
efficiency for the blacklegged tick (Acari: Ixodidae). J Med Entomol.
2000;1:357-63.

Rulison EL, Kuczaj IM, Pang G, Hickling G, Tsao J, Ginsberg H. Flagging
versus dragging as sampling methods for nymphal Ixodes scapularis
(Acari: Ixodidae). J Vect Ecol. 2013;38:163-7. https://doi.org/10.1111/].
1948-7134.2013.12022.x.

Egizi AM, Robbins RG, Beati L, Nava S, vans CR, Occi JL, et al. A picto-
rial key to differentiate the recently detected exotic Haemaphysalis

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

104.

105.

106.

107.

108.

109.

112.

Page 13 of 14

longicornis Neumann, 1901 (Acari, Ixodidae) from native congeners in
North America. Zookeys. 2019,818:117-28.

Hoskins JD. Ixodid and argasid ticks: keys to their identification. Vet Clin
North Am Small Anim Pract. 1991;21:185-97.

Hesselbarth MH, Sciaini M, With KA, Wiegand K, Nowosad J. land-
scapemetrics: an open-source R tool to calculate landscape metrics.
Ecography. 2019;42:1648-57.

McGarigal K, Cushman SA, Ene E. FRAGSTATS v4: spatial pattern
analysis program for categorical and continuous maps. Amherst:
University of Massachusetts; 2012. http://www.umass.edu/landeco/
research/fragstats/fragstats.ntml. Accessed 10 Aug 2021

Wei T, Simko V, Levy M, Xie Y, Jin Y, Zemla J. Package ‘corrplot! Statisti-
cian. 2017;56:e24.

Lé S, Josse J, Husson F. FactoMineR: an R package for multivariate
analysis. J Stat Softw. 2008;25:1-18.

R Core Team. R: A language and environment for statistical comput-
ing. Vienna: R Foundation for Statistical Computing; 2020. https://
www.R-project.org/

Barton K, Barton MK. Package ‘'mumin’ 2020. https://CRAN.R-project.
org/package=MuMiIn.

Vercauteren KC, Vandeelen TR, Lavelle MJ, Hall WH. Assessment

of abilities of White-Tailed Deer to jump fences. J Wildl Manag.
2010;74:1378-81.

Fischhoff IR, Keesing F, Ostfeld RS. Risk factors for bites and diseases
associated with black-legged ticks: a meta-analysis. Am J Epidemiol.
2019;188:1742-50.

Frank DH, Fish D, Moy FH. Landscape features associated with lyme
disease risk in a suburban residential environment. Landscape Ecol.
1998;13:27-36.

Ginsberg HS, Rulison EL, Miller JL, Pang G, Arsnoe IM, Hickling GJ,

et al. Local abundance of Ixodes scapularis in forests: Effects of envi-
ronmental moisture, vegetation characteristics, and host abundance.
Ticks Tick-borne Dis. 2020;11:101271.

Ostfeld RS, Cepeda OM, Hazler KR, Miller MC. Ecology of Lyme
disease: habitat associations of ticks (Ixodes scapularis) in a rural
landscape. Ecol Appl. 1995;5:353-61.

Piedmonte NP, Shaw SB, Prusinski MA, Fierke MK. landscape features
associated with blacklegged tick (acari: ixodidae) density and tick-
borne pathogen prevalence at multiple spatial scales in central New
York State. J Med Entomol. 2018;55:1496-508.

Yuan F, Bauer ME. Comparison of impervious surface area and
normalized difference vegetation index as indicators of surface
urban heat island effects in Landsat imagery. Remote Sens Environ.
2007;106:375-86.

Zhou W, Huang G, Cadenasso ML. Does spatial configuration matter?
understanding the effects of land cover pattern on land surface tem-
perature in urban landscapes. Landsc Urban Plan. 2011;102:54-63.
Heath A. Biology, ecology and distribution of the tick, Haemaphysalis
longicornis Neumann (Acari: Ixodidae) in New Zealand. N Z Vet J.
2016;64:10-20.

Heath ACG. An investigation into the temperature and humidity pref-
erenda of ixodid ticks: and their distribution in relation to bioclimatic
zones in Australia. PhD thesis. Brisbane: University of Queensland;
1975.

Henner CM, Chamberlain MJ, Leopold BD, Burger LW Jr. A multi-
resolution assessment of raccoon den selection. J Wildl Manag.
2004,68:179-87.

Loeb SC. The role of coarse woody debris in the ecology of south-
eastern mammals. Biodiversity and coarse woody debris in southern
forests. US For Serv Tech Rep SE-94. Washington DC: United States
Forest Service; 1996. p. 108-18.

Goguen CB, Fritsky RS, San Julian GJ. Effects of brush piles on small
mammal abundance and survival in central pennsylvania. J Fish Wildl
Manag. 2015;6:392-404.

Connally NP, Durante AJ, Yousey-Hindes KM, Meek JI, Nelson RS,
Heimer R. Peridomestic Lyme disease prevention: results of a
population-based case-control study. Am J Prev Med. 2009;37:201-6.
Allan BF, Goessling LS, Storch GA, Thach RE. Blood meal analysis to
identify reservoir hosts for Amblyomma americanum ticks. Emerg
Infect Dis. 2010;16:433-40.


https://www1.nyc.gov/assets/doh/downloads/pdf/han/advisory/2022/tick-borne-diseases.pdf
https://www1.nyc.gov/assets/doh/downloads/pdf/han/advisory/2022/tick-borne-diseases.pdf
https://www.census.gov/population/www/cen2010/glance/
https://www.census.gov/population/www/cen2010/glance/
https://nyc.gov/health/epiquery
https://doi.org/10.1111/j.1948-7134.2013.12022.x
https://doi.org/10.1111/j.1948-7134.2013.12022.x
http://www.umass.edu/landeco/research/fragstats/fragstats.html
http://www.umass.edu/landeco/research/fragstats/fragstats.html
https://www.R-project.org/
https://www.R-project.org/
https://CRAN.R-project.org/package=MuMIn
https://CRAN.R-project.org/package=MuMIn

Gregory et al. Parasites & Vectors (2022) 15:288 Page 14 of 14

114. Kollars TM Jr, Oliver JH Jr, Durden LA, Kollars PG. Host associations
and seasonal activity of Amblyomma americanum (Acari: Ixodidae) in
Missouri. J Parasitol. 2000;86:1156-9.

115. Tufts DM, Goodman LB, Benedict MC, Davis AD, VanAcker MC, Diuk-
Wasser M. Association of the invasive Haemaphysalis longicornis
tick with vertebrate hosts, other native tick vectors, and tick-borne
pathogens in New York City, USA. Int J Parasitol. 2021,51:149-57.

116. Heath ACG, Tenquist JD, Bishop DM. Goats, hares, and rabbits as hosts
for the New Zealand cattle tick, Haemaphysalis longicornis. N Z J Zool.
1987;14:549-55.

117. Daniels TJ, Fish D. Effect of deer exclusion on the abundance of imma-
ture ixodes scapularis (acari: ixodidae) parasitizing small and medium-
sized mammals. J Med Entomol. 1995;32:5-11.

118. Heath ACG, Allen CG. "A review of ectoparasites of Apteryx spp. (kiwi) in
New Zealand, with new host records, and the biology of Ixodes anatis
(Acari: Ixodidae). Tuhinga. 2010;21:147-59.

119. Baguette M, Van Dyck H. Landscape connectivity and animal behavior:
functional grain as a key determinant for dispersal. Landsc Ecol.
2007;22:1117-29.

120. Keesing F, Mowry S, Bremer W, Duerr S, Evans AS, Fischhoff IR, et al.
Effects of tick-control interventions on tick abundance, human
encounters with ticks, and incidence of tickborne diseases in residential
neighborhoods, New York, USA. Emerg Infect Dis. 2022,28:957-66.

121. Vose RS, Applequist S, Squires M, Durre I, Menne MJ, Williams CN Jr,
et al. Improved historical temperature and precipitation time series for
US climate divisions. J Appl Meteorol Climatol. 2014;53:1232-51.

122. National Oceanic and Atmospheric Administration, National Weather
Service. www.weather.gov/wrh/Climate?wfo=okx. Accessed 22 Jun
2022.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



http://www.weather.gov/wrh/Climate?wfo=okx

	Risk of tick-borne pathogen spillover into urban yards in New York City
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study design and sites
	Land cover and Landscape-level metric calculation
	Edge classification
	Statistical analyses

	Results
	Residential yard surveys
	Property edges: classification and relationship to block-type levels
	Land cover and landscape metric multivariate classification of urban yards
	Yard- and landscape-level features associated with tick presence

	Discussion
	Conclusions
	Acknowledgements
	References




