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Abstract. Identifying the effects of human-driven perturbations, such as species introductions or habitat
fragmentation, on the ecology and dynamics of infectious disease has become a central focus of disease
ecologists. Yet, comparatively little is known about how the ecology of zoonotic disease systems responds
to catastrophic disturbance events such as wildfires or hurricanes. In California, wildfire disturbance is
centrally important to the ecology of forests and oak woodlands and is projected to increase in severity
and extent under future climate change. Here, taking advantage of a recent wildfire as a natural experi-
ment, we investigate the effects of wildfire disturbance on the ecology of tick-borne disease in California
oak woodlands. We find that wildfire leads to elevated abundance of questing adult and nymphal western
blacklegged ticks (Ixodes pacificus) in the year following fire, relative to unburned control plots, but that
vector tick abundance declines sharply in the following two years. We find that the abundance of non-com-
petent hosts (western fence lizards) for the Lyme disease bacterium is unaffected by fire, but that the abun-
dances of important reproductive hosts (deer) for ticks and reservoir hosts (dusky-footed woodrats) for
tick-borne pathogens are significantly negatively affected by fire. We found ticks and hosts infected with
Borrelia burgdorferi sensu lato only within the burn extent and only in the year following the wildfire,
though rates of infection were exceedingly low representing little risk to humans. In aggregate, due to the
differential effects of this catastrophic disturbance event on different key host species and vector tick life
stages in the transmission of tick-borne pathogens, we conclude that wildfire may potentially increase risk
of exposure to vector ticks in the first year following wildfire in California, but that risk is dampened
substantially in following years due to tick population declines and loss of key reservoir hosts from the
system.
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INTRODUCTION

Understanding the role of disturbance in shap-
ing ecological communities remains a central aim
in ecology and is particularly salient in zoonotic
disease systems on an increasingly altered and
human-dominated planet (Bellard et al. 2012,
Cardinale 2012, Kilpatrick and Randolph 2012,
Lawler et al. 2014). Both human-driven and nat-
ural processes that disrupt ecological communi-
ties and ecosystem function, such as habitat
fragmentation (Brownstein et al. 2005) or species
invasions (Benedict et al. 2007), have been exten-
sively studied in zoonotic and vector-borne dis-
ease systems. However, far less is understood
about how the ecology of disease responds to
catastrophic natural disturbance events such as
hurricanes or wildfires, which could have impor-
tant implications for management or public
health intervention, but are challenging to antici-
pate.

In the fire-prone western United States, ticks
transmit dozens of pathogens causing a range of
diseases including Lyme disease, tick-borne
relapsing fever, and anaplasmosis. Many of these
disease cycles rely on transmission between tick
vectors and a suite of vertebrate hosts. For exam-
ple, while the causative agents of Lyme disease
(Borrelia burgdorferi sensu stricto, s.s.), and
anaplasmosis (Anaplasma phagocytophilum), are
amplified and transmitted most efficiently by
small mammal hosts such as rodents (Brown and
Lane 1992, Foley et al. 2008, Salkeld et al. 2008,
Swei et al. 2012), maintenance of populations of
the primary vector, Ixodes pacificus, is tied to
large, wide-ranging mammals such as mule deer
(Odocoileus hemionus) that act as reproductive
hosts for adult ticks (Lane and Burgdorfer 1986).
Further, host preference is specific to tick life
stage: Larval and nymphal ticks feed primarily
on small vertebrate hosts, while adult ticks seek
large mammal hosts from understory vegetation
(Eisen et al. 2001, 2003, Casher et al. 2002, Lane
et al. 2009, MacDonald and Briggs 2016). Thus,
the effects of perturbations on the ecology of
tick-borne disease systems will strongly depend
on how each group of hosts and each tick life
stage responds to the disturbance (Swei et al.
2012). This response will largely be determined
by the variable habitat requirements and spatial
ranges of key host species, and the degree to

which the disturbance alters important host and
vector tick habitat.
In the western United States, wildfire is one of

the most important and significant natural, as
well as anthropogenic, disturbances and plays a
central role in the ecology of Californian forests
(Steel et al. 2015). While California oak wood-
lands were burned regularly by Native Ameri-
cans as part of early land management practices
(Stephens et al. 2007, Collins et al. 2017), com-
paratively recent changes in forestry practices,
including fire suppression and fuels manage-
ment, have contributed to an increase in the
number and severity of wildfires in the state.
Further, in California, wildfire activity has
increased in recent years and is expected to
increase into the future due to climate change
(Westerling and Bryant 2007, Westerling et al.
2011, Westerling 2016). Wildfires have pervasive
effects on entire communities from direct effects
of mortality associated with fire itself (Smith
et al. 2012) to post-fire succession and associated
effects on herbivores and their predators (Swan-
son et al. 2011). These effects may have implica-
tions for tick populations, potentially directly
from mortality during wildfire events, as well as
indirectly through changes in environmental
conditions resulting from loss of vegetation or
through effects on vertebrate hosts (Lawrence
1966, Alverson et al. 1988, Allan 2009). Given the
widespread distribution, frequency, and proxim-
ity of wildfire disturbance to human population
centers in California (Fig. 1), and expectations
that wildfire frequency and intensity are likely to
increase under climate change (Westerling and
Bryant 2007, Westerling et al. 2011, Westerling
2016), better understanding of the impacts of fire
on ticks and their hosts will be critical to predict-
ing changing patterns of disease risk associated
with tick-borne pathogens in California.
While investigating the effects of fire on tick

abundance and tick-borne disease risk has been
of interest to disease ecologists and public health
practitioners in its possible application as an
intervention measure for the prevention of
human disease (Stafford et al. 1998, Padgett et al.
2009), these effects have been explored only uti-
lizing controlled burns. Further, these studies
have tended to focus only on the effects of fire on
questing tick abundance (Hoch et al. 1972,
Scifres et al. 1988, Spickett et al. 1992, Davidson
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et al. 1994, Stafford et al. 1998, Horak et al.
2006), with only limited attention paid to concur-
rent effects on key species of tick (or blood meal)
hosts (Allan 2009, e.g., Padgett et al. 2009). This
limits inference about the ecological mechanisms
producing observed patterns of tick abundance,
as well as about the potential long-term implica-
tions of fire disturbance for the ecology of

tick-borne pathogens and possible changes in
human disease risk.
Studies of controlled burns have found mixed

results of the effects of fire on tick populations
and disease risk, depending on the tick species
(Spickett et al. 1992, Horak et al. 2006), the
severity of the fire (Stafford et al. 1998), the fre-
quency of prescribed burns (Davidson et al.

Fig. 1. Map of historical wildfire extents in California, USA, and human population centers in the state; darker
red indicates higher burn frequency (e.g., in wildlands surrounding Los Angeles in southern California), and dar-
ker gray indicates higher population density (people/km2). Fire perimeter data are from Cal Fire (http://frap.fire.
ca.gov/data/frapgisdata-sw-fireperimeters_download), and United Nations adjusted human population density
data for the year 2000 are from the NASA Socioeconomic Data and Applications Center (http://sedac.ciesin.
columbia.edu/data/collection/gpw-v4).
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1994, Cully 1999), and patterns of seasonal
activity or host preferences of vector ticks
(Spickett et al. 1992, Horak et al. 2006). For
example, in southern Africa, Horak and col-
leagues (2006) find no effect of fire on abun-
dance of the tick Amblyomma hebraeum, which
feeds primarily on large, wide-ranging herbivo-
rous mammal hosts that are often attracted to
new growth following fire for forage (Horak
et al. 2006). However, in the same study, other
species of tick with life stages that feed primar-
ily on small mammal and rodent hosts (e.g.,
Dermacentor rhinocerinus and Rhipicephalus
simus), which can experience local population
declines following fire due to reduced cover
and food availability, were found to decrease
significantly in abundance following fire (Horak
et al. 2006). Burn frequency has also been found
to be associated with tick abundance; for exam-
ple, annual fires have been shown to depress
populations of the lone star tick (Amblyomma
americanum) in the southeast and great plains
regions of the United States (Davidson et al.
1994, Cully 1999). Similarly, higher severity pre-
scribed burns have also been found to lead to
larger reductions than low-severity prescribed
burns in populations of Ixodes scapularis, the pri-
mary vector of B. burgdorferi s.s. in eastern
North America (Stafford et al. 1998), though
these effects were limited to the year of the
burn. Long-term prescribed burning regimes, on
the other hand, have been found to consistently
reduce tick populations, including I. scapularis,
in the southeastern United States (Gleim et al.
2014). Finally, one of the only studies of the
effect of prescribed fire on I. pacificus, the pri-
mary (and hypothesized) vector of numerous
pathogens including B. burgdorferi s.s., Borrelia
miyamotoi, A. phagocytophilum, and Babesia odo-
coilei (Eshoo et al. 2015) in the fire-prone west-
ern United States, found no difference in
questing adult tick abundance between burned
and unburned control plots in the year follow-
ing prescribed fire (Padgett et al. 2009). More-
over, the same study found no difference or
significantly higher rates of juvenile tick infesta-
tion of rodent hosts, depending on the con-
trolled burn, in burned as compared with
unburned control plots (Padgett et al. 2009).

Prescribed fires, however, tend to be relatively
small in geographic area and low in intensity

and severity. Unlike prescribed fires, wildfires
can burn very large areas of forest and other
habitat, and have the potential to burn at higher
temperatures leading to more destruction of leaf
litter, duff, and belowground organic material
(Neary et al. 1999). Wildfires thus have the
potential to have greater effects on tick abun-
dance, potentially directly through mortality as
well as indirectly through effects on vertebrate
host abundance and abiotic and habitat condi-
tions, than do prescribed burns. Yet, given the
unpredictability of wildfires, and the substantial
challenges associated with studying wildfire in
an experimental context, their effect on vector
ticks and the community of key hosts in the
transmission of tick-borne pathogens have not
been explored. Here, we report the results of the
first investigation, to our knowledge, of the effect
of wildfire on both vector tick and vertebrate
host abundance in California using a recent wild-
fire in the central coast region of the state as a
natural experiment. We sampled tick populations
and vertebrate host communities within and
adjacent to the burn extent for three years follow-
ing the fire to track the response of each parasitic
life stage of the vector, and key vertebrate host
species, to wildfire disturbance.

METHODS

Field sampling was conducted in the Los Padres
National Forest (NF) of Santa Barbara County,
California (34°33006.22″ N, 119°46043.15″ W). This
region is characterized by a Mediterranean climate
with relatively cool, wet winters and warm, dry
summers. With the onset of the summer dry sea-
son in California comes elevated wildfire risk,
when live fuel moisture declines, increasing the
chance of ignition (Roberts et al. 2006). This study
took advantage of the May 2013 White Fire as a
natural experiment, which burned ~800 ha of oak
woodland and oak savannah habitat in Los Padres
NF while leaving neighboring oak woodland habi-
tat unaffected (Fig. 2). The fire began 27 May 2013
and more than doubled in size from ~280 to ~730
ha on 28 May as high winds fanned the flames.
Throughout much of the burn area, scorch height
was well into the oak canopy and all aboveground
vegetation was removed by the fire, with the
exception of scorched woody stems and large oak
trees, with surface soil reduced to gravel leading
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to slope erosion within the burn perimeter (Fig. 3).
The White Fire was larger than the average histori-
cal wildfire in California, and over six times the
size of the average prescribed burn in the state,
based on historical fire perimeter data from Cal
Fire (Fig. 1). Given the size and vegetation impacts
of the fire (Fig. 4), the severity of the burn was
considerably higher than the typical prescribed
burn. Within the Los Padres NF, six 1-ha sites were
chosen, three in oak woodland habitat within the
fire perimeter and three in oak woodland habitat
adjacent to the burn to sample abundance of ticks
and hosts. These six sites were located within a
~4-km2 area and were chosen to minimize varia-
tion in background (pre-fire) microclimate or habi-
tat differences between sites. We selected only
dense oak woodland sites because this habitat
type has been found to be associated with elevated
densities of Ixodes pacificus (Eisen et al. 2003, 2006,
Swei et al. 2011a), the primary vector of numer-
ous tick-borne pathogens in the western United
States.

Site-specific habitat, abiotic, and environmental
data relevant to tick and host populations were

collected each year of the study (2013–2016), and
the variables were chosen based on previous
studies (Padgett and Lane 2001, Eisen et al. 2003,
Swei et al. 2011a, MacDonald et al. 2017), in order
to track environmental conditions and recovery
of vegetation following the fire. Data loggers,
placed in each site just above ground level and
protected from direct solar radiation, collected
hourly temperature data (iButtons, Maxim Inte-
grated, San Jose, California, USA). From the data
loggers, we calculated average maximum and
minimum daily temperature over the dry (1
May–31 October) and rainy (1 November–30
April) seasons. We also measured overstory
canopy cover, stem density (number of stems
>5 cm in diameter at breast height and >1.5 m in
height), slope and elevation, percent cover of
dense leaf litter (>5 cm in depth), grass/herba-
ceous vegetation, understory woody vegetation
(e.g., Artemisia californica, Toxicodendron diver-
silobum), and bare-ground microhabitats in each
site. These variables were included in models of
the effect of wildfire on tick and host abundance
(see Statistical analyses) to control for factors, other

Fig. 2. Map of study area, including six 1-ha plots within and adjacent to the perimeter of the White
Fire (May 2013), Santa Barbara County, California, USA. White Fire perimeter data layer was obtained from
Cal Fire (http://frap.cdf.ca.gov/data/frapgisdata-sw-fireperimeters_download), and the California hillshade
data layer was obtained from Cal-Atlas (www.atlas.ca.gov/download.html) through https://koordinates.
com.
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than wildfire, that have previously been shown to
influence tick and host populations (Padgett and
Lane 2001, Eisen et al. 2003, Swei et al. 2011a).

Tick and vertebrate host sampling
Ticks were sampled within each of the 1-ha

sites approximately monthly between early
February and early June of 2014–2015, and
between early March and early May of 2016,
encompassing periods of peak seasonal activity
of all three parasitic life stages in this region

(MacDonald and Briggs 2016). A total area of
4000 m2 was sampled at each site in 2014 and
2015 and 2000 m2 each in 2016. Sampling in 2016
was interrupted by periodic flooding of roads
and debris flows, which limited access to the
field sites throughout the season, so a smaller
total area was sampled in 2016 than in 2014–
2015. Ticks were collected using the drag method
in which a 1-m2 white flannel cloth is dragged
along the ground and understory vegetation and
periodically checked for attached ticks. In total,

a.

b.

Fig. 3. Photographs of representative study plots that were (a) unburned and (b) burned. The fire removed
understory vegetation and accumulated debris (e.g., dead logs and downed branches), and removed surface soil
organic matter leading to erosion, and scorch height was well into the canopy (b). Photographs were taken in the
winter of 2014, when sampling first began in the year following the fire.
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50 separate 10-m transects were sampled in each
site, each collection date, and the flannel cloth
checked for attached ticks after each transect.
These transects were revisited and resampled
eight times in 2014–2015, and four times in 2016.
Ticks were stored in 70% EtOH for later identifi-
cation, using a dichotomous key for the ticks of
California, and pathogen testing by polymerase
chain reaction (PCR).

Small mammals such as dusky-footed woo-
drats (Neotoma fuscipes) and western gray squir-
rels (Sciurus griseus) are important reservoir
hosts for tick-borne pathogens in California,
including Borrelia burgdorferi s.s. and Anaplasma
phagocytophilum, while other common species
such as deer mice (Peromyscus maniculatus) can
act as reservoirs, even though they are less

competent (Lane and Brown 1991, Brown and
Lane 1992, Lane et al. 2005, Foley et al. 2008, Sal-
keld et al. 2008, Salkeld and Lane 2010, Swei
et al. 2012). A 10 9 10 trapping grid was estab-
lished at each of the six sites to estimate relative
abundance of small mammal hosts. Each trap
station was located 10 m apart from adjacent
trap stations and included two extra-large Sher-
man live traps (7.6 9 9.5 9 30.5 cm; H.B. Sher-
man Traps, Tallahassee, Florida, USA), for a total
of 200 traps per grid. Mark–recapture trapping
took place for three consecutive nights at each
site between mid-March and mid-May 2014.
Captured mammals were anesthetized to collect
ear tissue samples using sterile biopsy punches
(Integra Miltex, York, Pennsylvania, USA) and
ectoparasites and tagged with an individually

Fig. 4. Percent vegetation cover of each sampled plot through time to illustrate the effects of fire on tick and
host habitat. Burned plots recovered to conditions that approximated observed conditions in adjacent unburned
plots by the third year of the study, over three years post-fire. Data were collected in April of each year, in the
middle of the rainy season.
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numbered eartag (National Band & Tag Com-
pany, Newport, Kentucky, USA) for identifica-
tion of recaptured animals.

Western fence lizards (Sceloporus occidentalis)
are important hosts for immature I. pacificus
(Casher et al. 2002). They are also non-competent
hosts for B. burgdorferi s.s. in California, because
they cleanse ticks of infection with the pathogen
(Lane and Quistad 1998). Sceloporus occidentalis
abundance was estimated using a “sight–re-
sight” protocol in which five of the ten transects
of each of the six trapping grids were surveyed
for S. occidentalis between mid-March and mid-
May, 2014. Sceloporus occidentalis were marked
with a diluted latex paint mixture using a tree-
marking gun (Swei et al. 2011b). Three different
colors of paint were used, one for each of three
consecutive days to determine encounter history
(Swei et al. 2011b). Sceloporus occidentalis were
also captured using nooses at each of the six sites
between early March and early May 2014 in
order to estimate tick burdens.

Because small vertebrate host sampling was
undertaken in only the first year following the
fire (2014), density of inhabited N. fuscipes mid-
dens (Hamm et al. 2002) was also surveyed each
year as a proxy for small vertebrate host abun-
dance to include as a covariate in models of tick
abundance (see Statistical analyses). Density of
inhabited N. fuscipes middens was used because
it has been found to be a good proxy for small
vertebrate host abundance both in this study
(Spearman’s correlation coefficient between sam-
pled small vertebrate host abundance and den-
sity of inhabited woodrat middens, q = 0.64) and
in previous studies (Bolger et al. 1997, Tietje
et al. 1997). In addition, N. fuscipes is an impor-
tant reservoir for tick-borne pathogens in Califor-
nia, and a previous study found that controlled
burns in northern California removed N. fuscipes
from the system for at least one year following
the burn (Padgett et al. 2009).

Finally, deer are important reproductive hosts
for adult I. pacificus (Lane and Burgdorfer 1986).
California mule deer (Odocoileus hemionus califor-
nicus) use of each site was estimated using stan-
dardized pellet-group counts in which five,
4 9 22 m, randomly assigned subplots within
each site were surveyed for pellet groups (>4 pel-
lets/group) and subsequently cleared. Each of
these subplots was then re-surveyed and new

pellet groups quantified (White and Eberhardt
1980, Rowland et al. 1984) in the fall and spring
of each year of the study. Pellet-group data were
summed across all subplots within a site to
obtain relative measures of O. h. californicus use.

Infection with Borrelia burgdorferi sensu lato
Lyme disease is the most common tick-borne

disease in human populations in the western
United States, so collected samples were assayed
for infection with B. burgdorferi sensu lato (s.l.)
group spirochetes. DNA was extracted from col-
lected ticks and small mammal tissue samples
using a Qiagen DNeasy extraction kit (Qiagen,
Valencia, California, USA) following the manu-
facturer’s instructions. All samples were then
screened for infection with B. burgdorferi s.l. via
nested PCR targeting the 5S–23S rRNA spacer
region of all borreliae belonging to this group,
which includes B. burgdorferi s.s., following the
methods outlined in Lane et al. (2004). Poly-
merase chain reaction-positive samples were
sequenced at the 5S–23S intergenic spacer region
following Lane et al. (2004), and sequenced on
an AB 3100 (Applied Biosystems, Foster City,
California, USA).

Statistical analyses
Generalized linear mixed-effects models

(GLMMs) were used to determine the effect of
wildfire on abundance of I. pacificus of each life
stage. Because this study took advantage of a
natural experiment, which by definition pre-
cludes random assignment of treatment and con-
trol, additional factors known to influence tick
abundance were included in models to control
for their effects on tick abundance and to reduce
bias in the estimation of the effect of wildfire.
Counts of I. pacificus per collection date per site
were the outcome variables, regressed against
whether the site was burned or not, year of the
study (2014–2016, 1 yr post-fire to 3 yr post-fire),
Julian day2 (to account for seasonal effects), site-
specific habitat characteristics, maximum aver-
age wet- and dry-season temperature, and den-
sity of inhabited N. fuscipes middens (a proxy for
small vertebrate host abundance), all included as
fixed effects. Site was included as a random effect
to control for repeated measures in each site sam-
pled. An interaction term between burn status
and year was included to determine whether the
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effect of being burned changed from year to year
as the system recovered following the fire. In
addition, lagged relative O. h. californicus activity
was included in the model predicting larval tick
abundance. Adult female I. pacificus ticks lay
eggs in the spring at the site where they drop off
of O. h. californicus, or other large vertebrate
hosts, following blood meals; these eggs hatch
into larval ticks in the summer and emerge to
seek hosts the following spring (Padgett and
Lane 2001). Thus, O. h. californicus activity in the
previous spring would be expected to predict lar-
val tick abundance in the current year. In con-
trast, nymphal and adult tick abundance would
be expected to respond more directly to small
vertebrate host abundance in the previous year,
due to the host preferences of larval and nym-
phal ticks, while O. h. californicus activity would
not be expected to be predictive of nymphal and
adult tick abundance, so was not included in
these models. The full model of tick abundance
for each life stage included each of these fixed
and random effects described above. Model
selection was based on Akaike weights derived
from AICc and WAIC.

The effect of wildfire on key hosts in the trans-
mission of B. burgdorferi s.s. (e.g., N. fuscipes) as
well as key hosts in the maintenance of tick pop-
ulations (e.g., O. h. californicus and S. occidentalis)
was also of interest, in order to understand and
predict potential longer-term impacts of wildfire
on risk of tick exposure and tick-borne disease
ecology. Thus, GLMMs were also used indepen-
dently to determine the effect of wildfire on rela-
tive activity of O. h. californicus. The measure of
relative O. h. californicus activity was regressed
against the same set of fixed and random covari-
ates as the models of tick abundance, with the
exception of N. fuscipes density, and candidate
models chosen using identical model selection
criteria as above. Generalized linear mixed-
effects models with Poisson error distributions
for count data were implemented using the pack-
age “lme4” (Bates et al. 2015) in R (R Core Team
2016) for adult I. pacificus and O. h. californicus
activity, because they produced the best fit to the
data. Generalized linear mixed-effects models
with zero-inflated negative binomial error distri-
butions were implemented using the package
“pscl” (Zeileis et al. 2008) in R (R Core Team
2016) for nymphal and larval I. pacificus

abundance, due to overdispersion in the data as
well as the relatively low probability of encoun-
tering these life stages in southern as compared
to northern California (MacDonald and Briggs
2016), resulting in excess zeros in the data.
In order to estimate relative abundance of

small vertebrate hosts in the year following the
fire (2014) within and adjacent to the fire perime-
ter, a Huggins closed population mark–recapture
model was used (Huggins 1989). Each common
species (P. maniculatus, N. fuscipes, and S. occiden-
talis) was analyzed individually by site, for each
of the six sampling sites using the “mra” package
(McDonald 2015) in R (R Core Team 2016). Popu-
lation estimates for small vertebrate hosts were
produced only for the year following the fire
(2014), because host sampling was conducted
only in this year. A partial least squares regres-
sion (PLSR) approach (Carrascal et al. 2009) was
utilized to determine the effect of wildfire, and
other covariates, on populations of important
host species in the year following the fire. Sepa-
rate PLSR models were specified for each small
vertebrate host species to determine whether
wildfire had a significant effect on relative abun-
dance. Partial least squares regression models
were similarly used to determine whether wild-
fire had a significant impact on average tick bur-
dens for each species of small vertebrate host.
Partial least squares regression models were
run in R (R Core Team 2016) using the package
“plsdepot” (Sanchez 2012).

RESULTS

Wildfire had a clear effect on tick and host habi-
tat and vegetation cover in the study area, with
burned plots dominated by bare-ground micro-
habitats in the winter and spring immediately
following the fire, recovering to comparable vege-
tation cover to unburned control plots by the final
year of the study, three years post-fire (Fig. 4). This
loss of vegetation and organic material also
appeared to have an effect on microclimates in the
first year of the study. While maximum average
winter temperature was not significantly higher in
burned sites in the year following the fire, 2013–
2014 (two-sample t test comparing burned and
unburned mean temperatures: t(202.46) = 1.0835,
P = 0.14), maximum average summer temperature
in the following summer—2014—was significantly
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higher in burned sites (t(365.98) = 4.1517, P <
0.0001). These differences in microclimatic condi-
tions between burned and unburned sites were no
longer present in the second and third years of the
study.

Tick communities sampled in this region were
dominated by western blacklegged ticks (Ixodes
pacificus), which made up ~94.4% of all 557 ticks
collected, across all life stages. Pacific coast ticks
(Dermacentor occidentalis) were also encountered,
making up the other ~5.6% (Fig. 5; Appendix S1:
Table S1). Tick abundance is likely to be influ-
enced by other factors beyond burn status, such
as temperature or habitat conditions. Using
GLMMs to control for these potentially con-
founding factors reveals a significant positive
effect of wildfire on adult tick abundance
(Table 1). However, the interaction between year
and wildfire reveals a significant negative effect
in the second and third years post-fire (Table 1),
which is visually evident in the raw data illustrat-
ing annual patterns of abundance (Fig. 5;
Appendix S1: Table S1). Nymphal I. pacificus dis-
play a similar pattern, but with abundance
declining to zero within the fire perimeter in the
second and third years post-fire (Fig. 5;
Appendix S1: Table S1). Again, statistical model
results indicate a significant positive effect of
wildfire on nymphal tick abundance, but no sig-
nificant interaction between burn status and year
(Table 1), despite the absence of nymphal ticks
from burned sites in 2015 and 2016. Larval I. paci-
ficus, on the other hand, were more immediately
negatively affected with significantly reduced
abundance within the fire perimeter in the first
year, and declining to zero in years 2 and 3 post-
fire (Fig. 5, Table 1; Appendix S1: Table S1).

Deer herds in the Los Padres NF of Santa Bar-
bara County are comprised primarily of Califor-
nia mule deer (O. h. californicus). Relative
abundance of O. h. californicus in the year follow-
ing the fire was substantially lower within the
fire perimeter than in adjacent sites, though
rebounded in subsequent years (Fig. 6). Model
results indicate a significant negative effect of
wildfire on abundance of deer (Table 1). How-
ever, the interaction of burn status with year
indicates that deer activity was less negatively
impacted in the second year post-fire, and was
comparable to unburned control plots by the
third year of the study (Table 1, Fig. 6).

Small vertebrate host communities were domi-
nated by western fence lizards (S. occidentalis), deer
mice (Peromyscus maniculatus), and dusky-footed
woodrats (Neotoma fuscipes), though southern
alligator lizards (Elgaria multicarinata), Merriam’s
chipmunks (Tamias merriami), and California
ground squirrels (Otospermophilus beecheyi) were
also captured in this study (Appendix S1:
Table S2). In the first year following the fire, abun-
dance of P. maniculatus was indistinguishable
between burned and unburned sites (Fig. 6), and
PLSR model results indicate no significant effect of
wildfire on observed patterns of abundance
(Table 2; Appendix S1: Table S3). Similarly, abun-
dance of S. occidentaliswas not affected by wildfire
(Fig. 6, Table 2; Appendix S1: Table S3). However,
wildfire did have a significant negative effect on
the abundance of N. fuscipes, as observed in earlier
studies of prescribed burns (Padgett et al. 2009),
with population estimates reduced to zero within
the fire perimeter (Fig. 6, Table 2; Appendix S1:
Table S3). Further, N. fuscipes middens were
destroyed in the fire, with limited evidence for
construction of new middens or post-fire recolo-
nization until the third and final year of the study
(Appendix S1: Fig. S1). Recolonization and con-
struction of new nests within the burn extent
represented only a small fraction of all inhabited
nests across all study sites (~5%).
The distribution of tick burdens or number of

attached ticks per host largely followed this same
pattern of host abundance, with no detectable
effect of wildfire on P. maniculatus tick burdens.
There was a small positive effect of wildfire on
the residual variation in S. occidentalis tick bur-
dens (Table 2; Appendix S1: Table S4), though
this effect was only observed acting on the small
amount of variation unexplained by the first
component and thus contributed minimally to
general patterns of tick burdens. Overall, tick
burdens were slightly lower in sites impacted by
wildfire on both P. maniculatus and S. occidentalis
(Fig. 6). Further, because N. fuscipes were not
captured in sites impacted by wildfire, no body
burdens of blacklegged ticks were detected on
this species within the fire perimeter (Fig. 6,
Table 2; Appendix S1: Table S4). The reduced
O. h. californicus activity as well as lower tick bur-
dens on small vertebrate hosts and loss of N. fus-
cipes observed in sites impacted by wildfire may
explain the elevated abundance of questing adult
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Fig. 5. Adult (a), nymphal (b), and larval (c) Ixodes pacificus abundance (no./500 m2) by year, by burn status
(gray, “Unburned”; white, “Burned”). Boxplots with standard errors and individual sample points represent a
summary of the raw collection data. Statistical analysis of the effect of wildfire on tick abundance by life stage,
controlling for other factors that could be influencing patterns of abundance, is presented in Table 1.
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and nymphal I. pacificus, respectively, in the year
immediately following wildfire in this study.

A total of 296 adult and 53 nymphal I. pacificus
ticks, as well as 72 P. maniculatus and 31
N. fuscipes, were assayed for infection with Borre-
lia burgdorferi s.l. While infection prevalence was
extremely low, as in previous studies conducted
in southern California (Lane et al. 2013, Padgett
et al. 2014, Billeter et al. 2017,. MacDonald et al.
2017), infected hosts were only identified from
within the burn extent (two P. maniculatus
infected with Borrelia bissettiae; Appendix S1:
Table S5) and infected ticks were only identified
from within the burn extent in the year following
the fire (two nymphs, one infected with Borrelia
californiensis and one with B. burgdorferi s.l.
CA393; Appendix S1: Table S4). No ticks or hosts
were infected with the causative agent of Lyme
disease, B. burgdorferi s.s. in this study, though
infection has been detected in the broader region
(MacDonald et al. 2017).

DISCUSSION

Wildfire is one of the most significant and
important natural disturbances in the western
United States, with impacts on everything from
patterns of biodiversity to nutrient cycling and
carbon storage (North and Hurteau 2011, Steel
et al. 2015). Moreover, wildfire frequency and

extent are expected to increase in California into
the future under projected climate change, with
impacts on forested habitats increasing statewide
(Westerling and Bryant 2007, Westerling et al.
2011, Westerling 2016). These same habitats sup-
port the tick and host populations necessary for
maintenance and transmission of numerous tick-
borne pathogens. Using the Santa Barbara County
White Fire as a natural experiment, our study
found that, in contrast to expectations, wildfire
initially leads to elevated abundance of questing
ticks on the landscape and therefore potential tick
exposure, with subsequent dampening of risk
through time. This provides some of the first evi-
dence suggesting that wildfire disturbance may
have different consequences for the ecology of
tick-borne disease systems than do prescribed
burns in the western United States. Specifically,
our study investigated the effect of wildfire on
important host species and populations of Ixodes
pacificus, the primary vector of the causative
agents of Lyme disease, tick-borne relapsing fever,
and anaplasmosis in the western United States,
for three years following the White Fire to deter-
mine the potential aggregate effect on tick-borne
disease ecology and risk of tick exposure.
Notably, the abundance of both questing adult

and nymphal I. pacificus was elevated in the year
following the wildfire. Because this fire occurred
during the last week of May of 2013, at the very

Table 1. Generalized linear mixed-effects model results for Ixodes pacificus abundance by stage, and deer (Odo-
coileus hemionus californicus) activity for the 2013–2014 through 2015–2016 seasons (1–3 yr post-fire).

Variable

Adult I. pacificus Nymphal I. pacificus Larval I. pacificus
O. hemionus
californicus

Estimate P Estimate P Estimate P Estimate P

Intercept 0.49 0.047� �2.07 0.004�� 8.11 <0.001��� 3.12 <0.001���

Burned 2.57 <0.001*** 4.87 <0.001*** �18.15 0.001** �1.62 <0.001***
Year: 2015 �0.81 <0.001��� �0.82 0.114 �2.03 0.004�� 0.38 <0.001���

Year: 2016 �0.11 0.72 0.08 0.889 �0.42 0.599 0.38 <0.001���

Julian Day2 �0.50 <0.001��� 0.53 0.006�� �0.46 0.042� NA NA
Maximum summer temperature NA NA �1.70 <0.001��� NA NA NA NA
Maximum winter temperature NA NA NA NA �1.29 0.003�� NA NA
Bare-ground cover NA NA NA NA 7.42 0.002�� NA NA
Canopy cover NA NA NA NA NA NA 0.15 <0.001���

Woodrat nest density 1.08 <0.001��� NA NA NA NA NA NA
Burned 9 year: 2015 �1.10 <0.001*** �0.20 0.996 �9.19 0.994 0.96 <0.001***
Burned 9 year: 2016 �1.12 0.03 �0.24 0.998 5.15 0.995 1.75 <0.001***

Notes: Generalized linear mixed-effects model results for adult (Poisson, log link), nymphal (negative binomial, log link),
and larval (negative binomial, log link) I. pacificus abundance, and O. hemionus californicus (Poisson, log link) plot use. Results
are shown as model estimates and P values. Levels of significance are as follows: �P ≤ 0.05, ��P ≤ 0.01, and ���P ≤ 0.001. Values
in boldface indicate significant effects of wildfire on tick abundance and deer activity.
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Fig. 6. Deer (Odocoileus hemionus californicus) plot use by year (2013–2016), by burn status (a); small vertebrate
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represented as boxplots with standard errors.
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end of the period of seasonal activity of I. pacifi-
cus in southern California (MacDonald and
Briggs 2016), it is unlikely that a significant num-
ber of ticks were transported into the burn area
by wide-ranging hosts, such as O. h. californicus,
prior to tick sampling in winter and spring of the
following year (2014). This suggests that any
questing ticks collected in 2014 had survived the
fire, likely in soil refugia (Padgett et al. 2009).
Thus, in contrast to expectations that wildfires
may cause direct tick mortality, both nymphal
and adult I. pacificus ticks appear to have
responded similarly to this wildfire as to pre-
scribed burns in northern California where rates
of survivorship in soil refugia were shown exper-
imentally to be indistinguishable between
burned and control plots (Padgett et al. 2009).
Further, because wildfires largely occur during
the dry summer months in California when I.
pacificus is inactive in soil refugia, these observed
patterns of abundance following wildfire may be
consistent across burns in this region of the west-
ern United States. However, under changing cli-
mate conditions and increasing duration of
annual fire seasons in California, this temporal
mismatch between I. pacificus questing activity
and dry-season wildfires may shift into the
future resulting in different effects of fire on ticks
and tick-borne disease ecology. Increases in
abundance of questing adult and nymphal ticks
in this study may have been due to these life
stages failing to successfully locate hosts (Perkins

et al. 2006, Kilpatrick 2017), due to the reduced
abundance of O. h. californicus and small verte-
brate hosts within the burn extent. This increased
abundance of vector ticks on the landscape may
translate into higher risk of tick exposure and,
potentially, elevated disease risk in the winter
and spring immediately following summer wild-
fires in California in regions where rates of
pathogen infection in tick populations are com-
paratively high. However, due to the dearth of
infection in tick and host populations in this
study, this remains an important open question.
In contrast, in the second and third years fol-

lowing the fire adult and nymphal tick, abun-
dance declined substantially within the burn
extent, suggesting a decrease in risk of tick expo-
sure through time. Reduced adult and nymphal
tick populations in years 2 and 3 following the
fire could have been the result of lower nymphal
and larval tick survivorship, respectively, over
the summer dry season due to adverse abiotic
conditions resulting from the fire. For example,
there were clear changes in microhabitats and
reduced vegetation cover within the burn
perimeter, as well as significantly higher summer
temperatures within the burn sites in the sum-
mer immediately preceding the observed decli-
nes in tick abundance. It is also possible that
these observed reductions were due to fewer suc-
cessful juvenile tick blood meals resulting from
reduced host populations within the burn
perimeter, or to reduced host acquisition as a

Table 2. Partial least squares regression results for small vertebrate host abundance and tick burdens in 2014
(1 yr post-fire).

Model outcomes

Peromyscus maniculatus Neotoma fuscipes Sceloporus occidentalis

Comp
1 wts VIP

Comp
2 wts VIP

Full
model

Comp
1 wts VIP

Comp
2 wts VIP

Full
model

Comp
1 wts VIP

Comp
2 wts VIP

Full
model

Effect of fire on
host populations

�0.11 0.36 0.05 0.17 – �0.39 1.23 0.11 0.34 – �0.09 0.28 0.31 0.98 –

R2 0.73 – 0.18 – – 0.88 – 0.08 – – 0.89 – 0.04 – –
Cum. R2 – – – – 0.91 – – – – 0.96 – – – – 0.93
Effect of fire on
host tick burdens

�0.30 0.95 0.29 0.93 – �0.39 1.24 0.11 0.34 – �0.25 0.78 0.34 1.09 –

R2 0.36 – 0.28 – – 0.64 – 0.24 – – 0.63 – 0.27 – –
Cum. R2 – – – – 0.64 – – – – 0.88 – – – – 0.90

Notes: Weights and VIP scores indicate that wildfire had a significant negative effect on abundance of N. fuscipes, but no
measurable effect on abundance of P. maniculatus or S. occidentalis; wildfire also had a significant negative effect on N. fuscipes
tick burdens (due to absence of N. fuscipes from burned plots), but no measurable effect on tick burdens of P. maniculatus or S.
occidentalis (except on the residual variation in S. occidentalis tick burdens). Partial least squares regression results for the effect
of wildfire on P. maniculatus, N. fuscipes, and S. occidentalis abundance and Ixodes pacificus tick burdens in 2014 (1 yr post-fire).
Results are presented as variable weights (wts), indicating direction of the effect, and VIP scores. Significant variables (VIP > 1)
appear in boldface. R2 values are for the full model (presented in Appendix S1: Tables S1 and S2).
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result of changes in vegetation structure that
could have negatively affected tick questing
behavior. Given comparable small vertebrate
host populations, with the exception of Neotoma
fuscipes, and immature tick burdens between
burned and unburned sites in the year following
the fire, adult and nymphal tick population
reduction in years 2 and 3 was more likely the
result of reduced survivorship over the summer
dry season. Larval ticks appear to have been
most directly impacted, leading necessarily to
lower nymphal tick abundance in subsequent
years. Again, these effects may have been the
result of adverse abiotic conditions, such as ele-
vated summer temperatures, leading to reduced
survivorship over the summer dry season, or
direct mortality of this particular life stage.

California mule deer (O. h. californicus) showed
patterns of reduced activity within the fire
perimeter in the first two years following the fire,
recovering to levels comparable to adjacent
unburned woodland by the third year. This
slower recovery was unexpected, as new growth
following fire has been shown to provide addi-
tional forage and initially attract large herbivores
(Allan 2009). The observed pattern may have
been due to the synergistic effect of wildfire and
drought, which was impacting California
throughout this study, leading to a more pro-
tracted recovery of pre-fire vegetation. Drought
may have also reduced inter-annual tick sur-
vivorship within the burn area due to lack of
suitable microhabitats and adverse abiotic condi-
tions, like elevated temperature, resulting from
loss of soil organic matter, duff, and herbaceous
vegetation (Padgett and Lane 2001, Lane et al.
2009). Due to lower O. h. californicus activity
within the fire perimeter, fewer adult tick blood
meals and lower tick reproductive success would
be expected to result from wildfire, reducing
local tick populations, as observed.

The loss of N. fuscipes, an important pathogen
reservoir (Lane and Brown 1991, Brown and
Lane 1992, Foley et al. 2008, Swei et al. 2012),
from sites impacted by wildfire is significant and
mirrors earlier results from studies of prescribed
burns in California (Padgett et al. 2009). Coupled
with significantly reduced tick populations
within the burn area, the loss of this pathogen
reservoir could serve to reduce tick-borne disease
risk for multiple years in oak woodlands

impacted by wildfire. Rates of infection with Bor-
relia burgdorferi s.l. in this study were extremely
low, similar to the results of previous studies
conducted in southern California (Lane et al.
2013, Padgett et al. 2014, Billeter et al. 2017,
MacDonald et al. 2017), with infected nymphal
ticks found only within the burn extent and only
in the year following fire. With low sample sizes
and insufficient variation in rates of infection to
statistically assess the effect of wildfire on infec-
tion prevalence in vector ticks, the existence of
such an effect merits further investigation. How-
ever, if wildfire serves initially to increase abun-
dance of questing ticks on the landscape,
particularly of the nymphal stage as observed in
this study, this could lead to increased human
contact with vector ticks, which could increase
human disease risk in more highly endemic areas
for tick-borne pathogen transmission in other
regions of California. Thus, based on the results
of this study, risk of tick exposure would be
expected to increase in the winter and spring fol-
lowing summer wildfires and subsequently
decline sharply for a minimum of two additional
years in California oak woodlands impacted by
fire. However, given the protracted life cycle of
I. pacificus (Padgett and Lane 2001), tick popula-
tions are likely to be suppressed even longer due
to time lags associated with slow transition from
the juvenile stages to reproductive adults. These
results convey key aspects of tick and vertebrate
host ecology and response to fire that may be
applicable to other regions in California where
disease prevalence is higher.
The effects of forest perturbations have been

the subject of much attention in the ecology of
tick-borne disease in North America (Allan et al.
2003, LoGiudice et al. 2003, Brownstein et al.
2005, Jackson et al. 2006, Larsen et al. 2014, Seu-
kep et al. 2015). However, unlike forest fragmen-
tation resulting from human development (Allan
et al. 2003, LoGiudice et al. 2003, Brownstein
et al. 2005, Jackson et al. 2006, Larsen et al. 2014,
Seukep et al. 2015) or sudden oak death (Swei
et al. 2011b, 2012), destruction of forested habi-
tats by wildfire is much more sudden and catas-
trophic, which may have very different effects on
the ecology of tick-borne disease. Previous stud-
ies have found that controlled burns tend to
reduce tick populations only temporarily (Hoch
et al. 1972, Stafford et al. 1998, Cully 1999), but
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that these effects do not last beyond the year of
the burn (Stafford et al. 1998, Cully 1999). Other
studies have even found an amplification of tick
populations following fire, but burn frequency
may modify these effects with higher frequency
fires preventing population recovery (Davidson
et al. 1994, Allan 2009). In one of the only studies
conducted in the fire-prone western United
States, Padgett et al. (2009) found that controlled
burns in northern California reduced popula-
tions of rodent hosts, but had little overall effect
on tick density. Adult I. pacificus survived fire in
subsurface soil refugia and immature stages of
I. pacificus were found infesting rodent hosts at
similar or even higher densities in the prescribed
burns as compared to unburned control plots
(Padgett et al. 2009). These results have led to the
conclusion that fire does not reduce tick abun-
dance or tick-borne disease risk in California
(Padgett et al. 2009), but our data show that the
effect of wildfire differs fundamentally from pre-
scribed burns and has the potential to have non-
linear and long-lasting impacts on tick and key
host populations in the transmission of tick-
borne pathogens.

Given the results of earlier studies exploring
the effects of controlled burns on tick and host
populations, we expected that wildfire would
have little effect on tick populations and tick-
borne disease risk. In this study wildfire was
found to have similar effects on tick and host
populations in the year immediately following
fire; questing tick abundance was elevated and
N. fuscipes abundance was reduced within the
burn extent, but other small vertebrate hosts and
host tick burdens were not. However, we found
that wildfire substantially reduced tick popula-
tions and tick exposure risk in subsequent years,
with possible long-term reductions in risk due to
(1) loss of reservoir hosts (N. fuscipes) from the
system for a minimum of three years following
the fire, (2) no observed change in populations of
non-competent hosts (Sceloporus occidentalis), (3)
slow recovery of reproductive hosts (O. h. califor-
nicus), and (4) substantial reductions in popula-
tions of the primary tick vector (I. pacificus) in the
second and third years of the study, following
initial increases in abundance of questing ticks.

While these clear differences between burned,
experimental plots and unburned, control plots
were both observed in the field and statistically

in the data, the lack of pre-fire data from this sys-
tem makes these effects challenging to elucidate
experimentally. Indeed, the unpredictable nature
of catastrophic natural disturbances such as
wildfire makes the ecological effects of such
events nearly impossible to study experimentally.
An experimental prescribed fire is highly unli-
kely to match the spatial scale and intensity of a
large wildfire, and it is equally unlikely that a
wildfire occurs on a landscape with ongoing
monitoring of tick and host populations, leaving
a balanced number of sampled plots burned and
unburned. Short of such an unlikely scenario, we
are left with quasi-experimental approaches,
such as those employed in this study, and the
potential that observed differences between
“treatment” and “control” are due to other unob-
served factors. For example, it is possible that the
elevated abundance of ticks within the burn
extent in the year following the fire was simply
due to elevated abundance of ticks in this area
prior to the fire. However, given the relative sta-
bility in tick populations across life stages in the
unburned, control plots in this study, and that
study plots were located in relatively close prox-
imity in very similar habitats and topographies,
the comparatively large changes in tick abun-
dance through time in the burned plots were
very likely due to the direct and/or indirect
effects of the fire described above. Further, the
finding that N. fuscipes were eliminated from
within the burn extent in this study is consistent
with earlier studies of prescribed burns in
California (Padgett et al. 2009) and suggests a
true effect of wildfire on this important reservoir
species.
Beyond the implications of these findings for

the ecology of ticks and tick-borne pathogens in
California, and potential to alter patterns of
human disease risk in disease endemic regions of
the state, these results also have important impli-
cations for management of public lands in the
state. The majority of fires occur on publicly
owned and managed lands open to recreational
activity and public use. For example, in the past
~30 yr, since Lyme disease became a notifiable
disease in the United States, 62% of the total area
burned in wildfires in California occurred on
public lands (Appendix S1: Fig. S2). Further,
heavily used recreation areas are often opened
shortly after wildfires have been contained, and

 ❖ www.esajournals.org 16 May 2018 ❖ Volume 9(5) ❖ Article e02227

DISEASE ECOLOGY MACDONALD ET AL.



certainly by the following winter and spring,
unless there are major issues with slope erosion
or recovery of sensitive habitat. Based on the
results of this study, this potentially puts people
at elevated risk of vector tick exposure. Follow-
ing the White Fire, trails were officially reopened
by 20 June, less than one month following this
late spring wildfire, and were heavily used by
hikers and for other recreational activities (A. J.
MacDonald, personal observation) throughout the
summer and following winter and spring when
vector tick activity on the landscape was ele-
vated. This scenario is likely often the case given
that wildfires occur well before peak tick season
the following winter and spring when people are
likely to come into contact with ticks. Agencies
managing these public lands, like the U.S. Forest
Service or National and State Park Services,
could use signage at trailheads and other recre-
ation areas in regions with endemic Lyme, or
other tick-borne diseases, that have experienced
recent wildfires to indicate elevated risk of tick
exposure, as this relationship is not intuitive and
unlikely to be on the minds of the average recre-
ator in California public lands.

Large-scale disturbances resulting from
human activity and climate change are increas-
ing in frequency and intensity (Dale 2001). As the
pace of environmental change increases, result-
ing from changes in land use and climate, so too
may the rate of emergence of zoonotic and vec-
tor-borne infectious disease (Patz et al. 2000,
Jones et al. 2008, Lambin et al. 2010, Kilpatrick
and Randolph 2012, Jones et al. 2013). It is there-
fore increasingly important for ecologists to
study the impacts of disturbance and environ-
mental change on human disease emergence and
risk. In California, increasing understanding of
the effects of wildfire, and potential interactions
with climate change, on tick-borne disease risk is
thus of critical importance. In this study, we find
that wildfire results in elevated risk of tick
encounter and, potentially, tick-borne disease
risk immediately following fire, but that risk is
subsequently reduced substantially for multiple
years into the future.
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