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Despite the ubiquity of invasive organisms and their often deleterious effects on native ﬂora and fauna, the consequences of biological
invasions for human health and the ecological mechanisms through
which they occur are rarely considered. Here we demonstrate that
a widespread invasive shrub in North America, Amur honeysuckle
(Lonicera maackii), increases human risk of exposure to ehrlichiosis,
an emerging infectious disease caused by bacterial pathogens transmitted by the lone star tick (Amblyomma americanum). Using largescale observational surveys in natural areas across the St. Louis,
Missouri region, we found that white-tailed deer (Odocoileus virginianus), a preeminent tick host and pathogen reservoir, more frequently used areas invaded by honeysuckle. This habitat preference
translated into considerably greater numbers of ticks infected
with pathogens in honeysuckle-invaded areas relative to adjacent
honeysuckle-uninvaded areas. We conﬁrmed this biotic mechanism
using an experimental removal of honeysuckle, which caused a decrease in deer activity and infected tick numbers, as well as a proportional shift in the blood meals of ticks away from deer. We conclude
that disease risk is likely to be reduced when honeysuckle is eradicated, and suggest that management of biological invasions may help
ameliorate the burden of vector-borne diseases on human health.
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nvasive species, deﬁned here as nonnative species that spread
rapidly and often become dominant members of local assemblages, constitute a signiﬁcant threat to native biological diversity
(1). Invasives often directly degrade various important ecosystemlevel properties, including disturbance regimes, nutrient cycling,
microbial processes, and hydrology (2–6). Additional indirect effects of biological invasions frequently manifest via ecological
interactions within wildlife communities (7). These indirect effects
may include changes in the distribution and abundance of parasites and pathogens, which are often deeply embedded in the
complex, interactive webs of wildlife communities (8). However,
the ﬁeld of ecology has only recently begun to address the potential
consequences of biological invasions for the transmission of parasites and pathogens that cause disease in humans (9).
Among the most ecologically complex disease dynamics are
those involving pathogens that are transmitted among a community of hosts via arthropod vectors (10). The possible inﬂuences of
invasive species on community interactions that govern host–
pathogen dynamics are manifold, but can be divided into two
broad mechanistic pathways. First, invasive species can alter the
distribution, abundance, and/or diversity of hosts for infectious
agents or their arthropod vectors (i.e., biotic pathways) (10).
Second, biological invasions can alter abiotic features of the local
environment (e.g., temperature, humidity), which can potentially
alter vector survival rates and ultimately their transmission rates
of pathogens to hosts (11, 12). In this study, we used surveys of
communities invaded and uninvaded by an exotic shrub, Amur
honeysuckle (Lonicera maackii), coupled with a shrub removal
experiment, to distinguish between these pathways. In so doing,
www.pnas.org/cgi/doi/10.1073/pnas.1008362107

we provide a comprehensive examination of how an invasive plant
affects vertebrate host communities, tick vectors, and the pathogens they carry to ultimately inﬂuence human disease risk.
L. maackii (“honeysuckle” hereafter) is a woody shrub native to
Asia that has become a noxious understory invader in many deciduous forests of eastern North America (13), with myriad biotic
and abiotic consequences (14). By reducing light levels (15) and
through allelopathy (16), honeysuckle has wreaked havoc
on native plant diversity and abundance (17–19). The implications
of these changes for the composition and diversity of vertebrate
species that occupy these habitats remain largely unknown, although some animals appear to take advantage of the thick cover
provided by honeysuckle to evade predators (20).
The invasion of eastern North American forests by honeysuckle
has occurred throughout much of the range of the lone star tick
(Amblyomma americanum). Once considered a nuisance but
a nonvector species, the lone star tick is now known to be an important vector of infectious diseases from wildlife to humans (i.e.,
zoonoses) in the United States (21), including Ehrlichia chaffeensis
and E. ewingii (agents of human ehrlichiosis). Because E. chaffeensis and E. ewingii are not transovarially transmitted (i.e., from
mother to offspring), it is the acquisition of a blood meal from
a reservoir-competent and infective host in a juvenile life stage
(i.e., larvae and nymphs) that results in an infected vector life stage
tick (i.e., nymphs and adults) capable of transmitting pathogens to
humans (21). Recent insights into the ecology of lone star tickassociated zoonoses suggest that white-tailed deer (Odocoileus
virginianus) may serve as both the primary host for the lone star
tick and a wildlife reservoir for multiple emerging bacterial
pathogens, including E. chaffeensis and E. ewingii (22, 23).
To quantify the impact of honeysuckle invasion on ticks and
their associated pathogens, as well as on tick hosts, we conducted
ﬁeld surveys of paired honeysuckle-invaded and honeysuckleuninvaded plots (measuring at least 30 × 30 m) in nine natural
areas throughout the St. Louis, Missouri region (Fig. 1A). Furthermore, to provide a strong experimental test of the underlying
mechanisms through which honeysuckle invasion alters community interactions and to examine whether eradication of the
invasive plant can reduce tick-borne disease risk, we conducted
an experimental removal of honeysuckle and measured tick
survival rates in invaded and restored habitats at one of our most
heavily invaded and high-disease risk study sites (Fig. 1B).
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Fig. 1. Effects of honeysuckle invasion and eradication on tick-borne disease dynamics. (A) Land-use map of the St. Louis, Missouri metropolitan area
indicating the nine natural areas used in the regional survey of the effects of
Amur honeysuckle invasion on tick-borne disease risk. (Map produced using
the Geographic Resources Center, copyright 2002.) (B) Honeysuckle in the
understory of an oak-hickory forest before eradication. (C and D) Density of
A. americanum nymphs infected with E. chaffeensis in native vegetation vs.
honeysuckle plots distributed across nine natural areas (C) and E. ewingii in
honeysuckle-intact versus -eradicated experimental plots at the Busch Conservation Area (D). (E and F) Density of white-tailed deer dung clusters in
native vegetation vs. honeysuckle plots distributed across nine natural areas
(E) and honeysuckle-intact vs. -eradicated experimental plots at the Busch
Conservation Area (F). Error bars reﬂect 1 SE.

eysuckle eradication experiment mirrored those from our survey of
naturally invaded and uninvaded areas. Speciﬁcally, we found
signiﬁcantly reduced densities of nymphs (F = 7.18; P = 0.043),
but not adults (F = 3.04; P = 0.104), in plots in which honeysuckle
was removed relative to plots in which it was left intact (Fig. S1B).
The density of nymphs infected with E. ewingii was signiﬁcantly
reduced in honeysuckle-eradicated plots (F = 5.99; P = 0.028; Fig.
1D), although the percentage of infected nymphs did not differ
signiﬁcantly between the two types of plots (F = 0.24, P = 0.672).
We found higher densities of deer scat in the honeysuckle-intact
plots (F = 11.29; P = 0.02; Fig. 1F), and also found that vegetation
density corresponded strongly with honeysuckle density (R2 =
0.82; P < 0.0001), with 22.7 ± 11.3 contacts per 20 m in the honeysuckle-intact plots versus 5.0 ± 6.9 contacts per 20 m in the
honeysuckle-eradicated plots. Overall, these experimental results
conﬁrm the hypothesis that deer preferentially use areas invaded
by honeysuckle, increasing the abundance of ticks in those areas
and increasing the resulting disease risk.
To tease apart possible mechanisms through which tick abundances and their associated pathogen prevalences were inﬂuenced by the honeysuckle removal treatment, we performed two
more detailed analyses. First, to discern whether differences in
tick abundances might have been due to differences in the survivorship of ticks in honeysuckle-intact versus honeysuckle-erad-
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abundances of both nymph (t = −4.011; P = 0.004) and adult (t =
−3.117; P = 0.014) life stage ticks in honeysuckle-invaded plots
relative to neighboring uninvaded native vegetation plots in the
nine surveyed natural areas (Fig. S1A). We found no signiﬁcant
differences in the proportion of ticks infected with pathogens
across the sites (range, 0.011–0.078 nymph infection prevalence);
however, the density of nymphs infected with E. chaffeensis was
∼10-fold higher in the honeysuckle-invaded plots compared with
the native vegetation plots (t = −3.766; P = 0.020; Fig. 1C), indicating that the presence of honeysuckle is associated with
a substantial increase in disease risk.
Because white-tailed deer represent the primary host for lone
star ticks and several of their associated pathogens (22, 23), we
conducted ﬁeld surveys to estimate their abundance based on
scats found in the same plots surveyed for ticks. These surveys
indicated a nearly ﬁvefold greater density of deer in honeysuckleinvaded areas relative to uninvaded areas (t = −3.420; P = 0.009;
Fig. 1E). One possible mechanism through which deer might use
honeysuckle-invaded areas more frequently would be if the invaded areas had a higher overall vegetation density, providing
possible food or security to resting deer. Indeed, we found a positive relationship between the density of honeysuckle in a given
area and the overall vegetation density (R2 = 0.74; P < 0.0001), as
well as an 18-fold increase in the overall density of plants in
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honeysuckle-invaded areas relative to uninvaded areas (1 ± 1.7
contacts with vegetation per 20 m in plots of native vegetation vs.
18.1 ± 13.8 contacts per 20 m in honeysuckle-invaded plots).
Overall, these results suggest that increased use by deer of the
densely vegetated habitat created by invasive honeysuckle might
trigger a chain of ecological events that increases the local densities of ticks and their associated pathogens.
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Fig. 2. Proportion of blood meals from white-tailed deer vs. the proportion
of A. americanum nymphs infected with E. ewingii (A) and the density of
A. americanum nymphs infected with E. ewingii (B) in 12 experimental plots
sampled at the Busch Conservation Area in May 2008.
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Conclusions
Overall, our results show a mechanistic link between an invasive
shrub and human risk of exposure to tick-borne diseases through
a cascade of ecological interactions. First and foremost, honeysuckle alters the habitat use of white-tailed deer, which in turn
alters the abundance of lone star ticks and human risk of exposure
to the bacterial pathogens that they vector. Possible factors that
cause white-tailed deer to select honeysuckle-invaded habitats are
diverse but are likely related to deer foraging on some component
of honeysuckle vegetative structure (e.g., leaves, bark) and/or
using dense honeysuckle stands for shelter. In the St. Louis,
Missouri region, honeysuckle invasion alters the nature of understory vegetation, forming a monoculture in the understory that
is ≈18 times denser than uninvaded areas. Further, relative to
native plants, honeysuckle produces leaves earlier and retains
them longer during the growing season (26). The combined effect
of increased stem density and altered leaf phenology is increased
understory complexity and density. Wildlife may seek out such
refuges for several reasons, including favorable microclimate and
protection from predators (27). Viewed in light of evidence that
deer prefer to select bed sites in more densely vegetated woody
habitats (28), and that honeysuckle cover alters the behavior of
other native vertebrates (20), our patterns of deer habitat use are
consistent with the hypothesis that honeysuckle may provide
a refuge (e.g., ref. 29) in which deer preferentially bed when
not feeding.
The generalizability of our results to other plant invasions and
infectious agents is an area in critical need of further study. The
results of our tick survival study suggest that abiotic pathways
were not responsible for the increase in lone star tick abundance
observed in the honeysuckle-invaded plots. However, a recent
study demonstrated that survival of lone star and American dog
ticks was reduced by Japanese stiltgrass (Microstegium vimineum),
an exotic annual grass invasive to eastern North America (12).
Thus, the abiotic effects of plant invasions on tick-borne disease
risk may vary depending on the species of tick and invasive plant.
There is widespread evidence for biotic effects of environmental
change on human risk of exposure to zoonotic diseases due to
changes in the composition of wildlife communities (30). However, although there is phenomenological support for potential
biotic effects of plant invasions on tick-borne disease risk mediated via tick hosts, mechanistic understanding has remained
elusive. Studies conducted in the northeastern United States (31,
32) have demonstrated that human risk of exposure to Lyme
disease, which is caused by the bacterium Borrelia burgdorferi and
transmitted by the black-legged tick (Ixodes scapularis), is inAllan et al.

creased by several exotic shrubs, including honeysuckle and Japanese barberry (Berberis thunbergii). The ecological mechanisms
through which these plant invasions inﬂuence Lyme disease risk
remain unknown, however, and an enhanced understanding of
the mechanisms that drive disease risk is critical to mitigation and
control strategies.
Furthermore, determining the spatial scale over which invasive
honeysuckle increases tick-borne disease risk is a crucial area of
future research. Although our results clearly indicate an increase
in disease risk at the scale of a local honeysuckle patch, increased
use of invaded areas by deer could cumulatively decrease the time
spent in native vegetation, such that disease risk in native areas is
decreased relative to preinvasion conditions. Alternatively, proximity to honeysuckle-invaded sites could increase the disease risk
in native vegetation due to a spillover effect of high disease risk
from invaded areas. A broad-scale survey that includes large areas
of uninvaded and fully invaded sites is needed to determine
whether honeysuckle invasion increases disease risk beyond the
scale of the local honeysuckle patch.
Our ﬁndings contribute to a growing body of literature that
illustrates how extensively invasive species can alter interactions in
native communities (29, 33). An accumulation of evidence indicates that the loss of biological diversity and the homogenization of
wildlife communities have the potential to increase the prevalence
of and risk of exposure to zoonotic diseases (10, 34). Our results
illustrate an underappreciated consequence of anthropogenic
global change: that biological invasions may indirectly contribute
to human risk of exposure to infectious diseases, mediated by how
invasive species alter ecological interactions in the communities
that they invade. Further, our ﬁnding that removal of the invader
mitigates disease risk, coupled with the beneﬁts of invasive plant
removal to wildlife communities, suggests a potential “win-win”
scenario (35) for biodiversity conservation and human health.
Methods
Regional Survey. Our survey in the St. Louis, Missouri region was conducted in
nine natural areas that are naturally dominated by oak-hickory forests with
an herbaceous understory (36) but are undergoing extensive invasion by
honeysuckle. In each of these natural areas, we selected three plots of primarily native vegetation and three plots dominated by honeysuckle in which
to conduct our surveys. Plots were intentionally selected to consist primarily
of native or honeysuckle vegetation, and thus were not selected randomly
within sites. All plots were at least 30 × 30 m in area, although many plots
were much larger. To assess the impact of honeysuckle invasion on the
complexity of understory vegetation, we measured vegetation density along
one 20-m transect in one native plot and one invaded plot at each of the
nine natural areas. Across this transect, we counted the number of times
that any plant material touched a polyester line (i.e., encounters) held 2 m
above the ground and counted the number of L. maackii individuals within
2 m of the line.
Human risk of exposure to tick-borne diseases is often quantiﬁed by
measuring the density of vector life stages, their pathogen infection rates, and
the product of these two variables, the density of infected ticks. This latter
metric is widely considered the best estimate of human risk of encountering
an infected tick (37). We sampled three native vegetation plots and three
honeysuckle-invaded plots in each of the nine natural areas for the density of
host-seeking ticks using CO2 traps baited with dry ice, a highly effective
method for sampling lone star ticks (38). Nymph and adult life stage ticks
were sampled by placing two CO2 traps ∼10 m apart near the center of each
of the six plots at each study site. Traps were baited with 1 kg of dry ice and
set out for 24 h. Sites were sampled once each in random order under constant meteorological conditions between June 12 and July 11, 2008, for
a total of 108 trap-nights. Sampling coincided with the peak in abundance of
the nymph and adult life stages of lone star ticks in Missouri (39).
Dung surveys were conducted on October 22–31, 2008, coinciding with the
peak in abundance for larval life stage lone star ticks in Missouri (39) and
thus indicative of the availability of deer for larval blood meals at our study
sites. We randomly selected one plot of native vegetation and one plot of
honeysuckle at each study site and delineated a central 20 × 20-m area using
stake-wire ﬂags. The entire grid was surveyed by a single observer (B.F.A.),
who walked a transect every 2.5 m up and down each row of the survey area
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icated areas as a result of abiotic differences between the habitat
types (e.g., temperature, humidity), we performed a tick-survival
experiment in each of the plots (24). We found no differences in
survival of nymphs (z = −0.716; P = 0.470; Fig. S2A) and adults
(z = 0.728, P = 0.47; Fig. S2B), suggesting that the observed
differences were more likely due to honeysuckle-mediated
changes in deer activity and not to abiotic changes imposed by
honeysuckle removal.
Second, to determine whether the distribution of tick blood
meals among hosts, and thus the potential to acquire pathogens
from different hosts, changes as host abundance changes, we
used molecular techniques to identify the sources of the previous
instar’s blood meal from ﬁeld-collected nymphs (23, 25). We
found a trend toward an increased proportion of tick blood
meals taken from deer in honeysuckle-intact plots relative to
honeysuckle-eradicated plots (F = 4.79; P = 0.079) (Fig. S3). We
also found a signiﬁcant correlation between the proportion of
blood meals derived from deer within a plot and both the infection prevalence for E. ewingii (R2 = 0.346; P = 0.044; Fig. 2A)
and the density of nymphs infected with E. ewingii (R2 = 0.397;
P = 0.028; Fig. 2B).

and scanned side-to-side for dung clusters. All dung clusters observed were
marked with an additional ﬂag to prevent recounting.
For pathogen analyses, we focused on nymph life stage ticks, because
previous studies of tick-borne diseases have shown that this is often the
primary vector life stage (37). Five of the nine natural areas yielded sufﬁcient
quantities of nymphs for pathogen analyses. We selected 90 nymphs from
native vegetation plots and 90 nymphs from honeysuckle plots from each of
these ﬁve areas. In brief, we screened ticks for pathogens using a combination of PCR with general primers to amplify any bacterial DNA that might be
present and reverse line blot (RLB) hybridization with a series of pathogenspeciﬁc oligonucleotide probes to identify ampliﬁed bacterial DNA from the
tick samples (25, 40). We used established RLB methods and probes (23) to
screen for E. chaffeensis and E. ewingii.
Removal Experiment. Our honeysuckle removal experiment was conducted at
one study site (August A. Busch Memorial Conservation Area, Missouri Department of Conservation) that was heavily invaded by honeysuckle. We
implemented a second study treatment that entailed the removal of honeysuckle fruits to tease apart the importance of honeysuckle vegetation
versus honeysuckle fruits. We implemented this experimental removal of
honeysuckle vegetation and fruits using a random-block study design, with
one of four study treatments (honeysuckle vegetation intact or removed
combined with honeysuckle fruits left intact or removed) in each of three
experimental blocks.
The oak-hickory overstory was consistent among the experimental blocks,
and treatments were randomly assigned to each 30 × 30 m-quadrant of each
block. Honeysuckle individuals were physically removed by cutting the stem
at the base in the fall of 2006 and pruning continuously until the end of the
study period. Honeysuckle berries were individually removed by hand
starting in the fall of 2006 and were continually removed each fall thereafter. In sites where vegetation was removed but honeysuckle fruits left
intact, fruits were removed by hand and dropped on the ground before the
vegetation was removed in the ﬁrst year of the study. In subsequent years,
fruits from “vegetation-intact fruits-removed” plots were added to the
“vegetation-removed fruits-intact” plots on a weekly basis. Few signiﬁcant
effects were detected from the fruit removal treatment (Table S1), suggesting that the treatment had a minimal biologically relevant effect on
tick-borne disease risk. Furthermore, no signiﬁcant interactions were
detected between the fruit and vegetation removal treatments in any of our
analyses (Table S1), indicating that the effect of honeysuckle vegetation
removal was not contingent on the inﬂuence of fruit removal. Therefore, we
focused solely on the results from the vegetation removal treatment and
conducted vegetation surveys using the same methods as described above
for all 12 study plots, including removal areas.
The abundance of nymph and adult life stage ticks were sampled by CO2
traps as described above, with two surveys conducted in May and July of
both 2007 and 2008, for a total of four surveys in each of the 12 plots. All 12
plots were sampled simultaneously with two CO2 traps each under relatively
constant meteorological conditions. To avoid any potential edge effects,
white-tailed deer dung cluster surveys were performed in the inner 20 × 20m area of each plot on October 20–21, 2008, as described above for the
regional survey.
We determined the prevalence of pathogens in nymphs for all 12 plots
from the May 2007 and 2008 tick surveys. We tested at least 45 nymphs from
each plot from the May 2007 survey (except for four plots that yielded <45
ticks; mean number tested, 41.3 ± 23.2) and exactly 45 nymphs from all 12
plots for May 2008.
For the removal experiment only, we also used a combination of PCR and
RLB to identify blood meals derived from white-tailed deer for the afore-

mentioned nymphs collected in May 2007 and 2008. As in our method for
pathogen detection, we used universal primers to amplify a region of vertebrate 18S rDNA that is highly conserved across vertebrate taxa. We then
identiﬁed this ampliﬁed vertebrate DNA using host-speciﬁc oligonucleotide
probes in a RLB panel (23).
Finally, to explore the effects of abiotic conditions in our experimental
plots on tick survival, we conducted a tick survival study (24) in all 12 study
plots in 2008. In this study, 20 nymph and 10 adult life stage ticks were
placed in each of 12 mesh bags, one of which was then partially buried in
the leaf litter at the center of each study plot, protected by a chicken wire
cage. The bags were examined weekly to determine the number of surviving
nymphs and adults, until all ticks in all bags had succumbed to desiccation.
The survival experiment was established on May 30, 2008, and continued for
22 wk until November 14, 2008, when all ticks in all plots were observed to
have desiccated.
Statistical Analyses. For the regional study, all samples from the three control
plots of native vegetation and the three honeysuckle-invaded plots were
averaged for each site, allowing for paired comparisons, with study sites
serving as the level of replication. We used paired t tests to identify any
signiﬁcant difference between native vegetation versus honeysuckle for all
response variables sampled (i.e., density of nymphs and adults, proportion of
nymphs infected with zoonotic pathogens, density of infected nymphs, and
density of deer dung clusters). All analyses were conducted in Systat.
For the experimental study, we used permutational ANOVA, using the
PERMANOVA program (41, 42), to explore the effects of honeysuckle vegetation removal on the abundance of ticks, nymph infection rates with
pathogens, density of infected nymphs, density of dung clusters, and proportion of blood meals from deer. We also explored for the effects of block,
month (May vs. July), year (2007 vs. 2008), and all possible interactions
among variables. PERMANOVA makes no particular assumptions regarding
the distributions of original variables, because all P values are obtained by
permutation. Analyses were performed with type III sums of squares and
9,999 unrestricted permutations of the raw data, using correct permutable
units for the permutational ANOVA.
For the tick survival study, we conducted a Cox proportional hazards
survival analysis for both nymphs and adults in the R programming environment using the “survival” library. The Cox proportional hazards approach
has the beneﬁt of being semiparametric, in that the baseline hazard function is left unspeciﬁed, whereas the covariates enter the model linearly.
Again, we tested for the effects of vegetation removal, block effects, and all
possible combinations of interactions on survival of nymphs and adults.
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