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Habitat loss and forest fragmentation are often linked to
increased pathogen transmission, but the extent to which
habitat isolation and landscape connectivity affect disease
dynamics through movement of disease vectors and reservoir
hosts has not been well examined. Tick-borne diseases are
the most prevalent vector-borne diseases in the United States
and on the West Coast, Ixodes pacificus is one of the most
epidemiologically important vectors. We investigated the
impacts of habitat fragmentation on pathogens transmitted
by I. pacificus and sought to disentangle the effects of wildlife
communities and landscape metrics predictive of pathogen
diversity, prevalence and distribution. We collected pathogen
data for four co-occurring bacteria transmitted by I. pacificus
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and measured wildlife parameters. We also used spatial data and cost-distance analysis integrating
expert opinions to assess landscape metrics of habitat fragmentation. We found that landscape
metrics were significant predictors of tick density and pathogen prevalence. However, wildlife
variables were essential when predicting the prevalence and distribution of pathogens reliant on
wildlife reservoir hosts for maintenance. We found that landscape structure was an informative
predictor of tick-borne pathogen richness in an urban matrix. Our work highlights the implications
of large-scale land management on human disease risk.

1. Introduction
Rapid shifts in land use, such as landscape degradation for urbanization, mining or agriculture, have
caused the emergence of many vector-borne zoonotic diseases [1–4]. The impact of habitat fragmenta-
tion on the emergence of vector-borne diseases has largely focussed on the impact of habitat patch size
[5–7]. However, habitat isolation and distance to a founding host population are other aspects of island
biogeography theory with relevance to pathogen richness [8,9] and are starting to be applied to other
vector-borne disease systems [10–12].

Habitat fragmentation can have important implications for tick-borne disease dynamics [5,6,13,14].
Tick-borne pathogens are maintained by natural transmission cycles between a tick vector and
reservoir hosts that serve as the tick’s bloodmeal. The presence, movement patterns and pathogen
competency of key tick hosts, such as deer and rodents, influence pathogen prevalence and disease risk
by carrying pathogens or attached ticks wherever they migrate and disperse [15–19]. In the western
United States, the western blacklegged tick, Ixodes pacificus, vectors numerous tick-borne pathogens
and is the vector for the causal bacteria of Lyme disease, Borrelia burgdorferi sensu stricto [20], among
others. The presence of reservoir hosts such as dusky-footed woodrats (Neotoma fuscipes) and various
Peromyscus species such as the deer mouse, California deer mouse, and pinyon mouse, is important
for maintaining higher tick infection prevalence with B. burgdorferi, while greater predator diversity is
linked with lower tick burdens on rodents, and therefore lower pathogen transmission rates between
ticks and reservoir hosts [16,21]. Despite the established positive relationship between forest fragmen-
tation, reforestation and Lyme disease risk in the northeastern United States [5,6], a generalized and
mechanistic understanding of the relationship between habitat fragmentation, community composition
and human disease risk is still lacking. The transmission mode of tick-borne pathogens also plays a
crucial role in their maintenance and amplification within a disease system. Horizontally transmitted
pathogens are pathogens that can only be acquired from a reservoir bloodmeal host while transova-
rially transmitted pathogens are transmitted from adult female ticks to their progeny and do not
require a vertebrate reservoir [22]. While horizontally transmitted pathogens such as B. burgdorferi
sensu stricto, one of the causative agents of Lyme disease and Borrelia bissettiae [23], a potential cause
of borreliosis [24–26], have complex pathogen cycles often involving several reservoir hosts, pathogens
capable of transovarial transmission can be less dependent on reservoir hosts to maintain the pathogen.
However, reservoir hosts can still contribute to pathogen amplification and influence spatial disease
risk of transovarially transmitted pathogens [27]. Borrelia miyamotoi [28] and Rickettsia tillamookensis
[29] are two potentially emerging human pathogens carried by I. pacificus in California [29–31].
Evidence has shown B. miyamotoi to be capable of transovarial transmission while the transmission
mode of R. tillamookensis is still unknown [27,32]. Investigating the distribution of these four pathogens
offers an opportunity to address whether pathogen presence is mediated by the combined impacts of
landscape ecology and transmission mode of vector-borne diseases. By studying a suite of pathogens,
we also sought to understand the circumstances under which surveillance of a focal pathogen may be
misleading to overall disease risk.

During their blood meals, ticks remain attached to their host for several days and can leave the host
with ongoing pathogenic infections. Therefore, when modelling the distribution of tick-borne diseases,
it is crucial to consider the movement of hosts that transport ticks and the pathogens they vector.
Such hosts include rodents, small mammals, deer, meso-carnivores and large predators, which all play
important but variable roles in tick life cycles or predator–prey relationships that drive blood-meal
availability. The absence of key species in these communities can also create trophic disruptions,
leading to changes in abundance of prey species, prey switching or behavioural changes among species
in the community facing increased or decreased competition. In turn, these cascading effects shift
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the availability of tick blood meals [33,34]. For tick-borne diseases, habitat isolation may therefore be
better described by the habitat connectivity of reservoir host species rather than the simpler metric of
Euclidean distance between habitats [35,36]. We modelled least-cost paths between habitat fragments
and the nearest remaining intact habitat by assigning friction values to different landscape elements
based on the likelihood tick hosts will use each element for movement [37]. Although cost-distance
modelling has proved to be a flexible tool in evaluating functional connectivity, few studies have
looked at the relationship between habitat connectivity and tick-borne pathogens in urban areas
[11,12,38], and none have considered the dispersal behaviour of an entire mammalian community.
Cost distance was chosen for this study as it remains the simplest connectivity algorithm amongst
other popular approaches such as Circuitscape and resistant kernels, and error in the exact pathway
of dispersal is acceptable as only the relative connectivity levels amongst habitat fragments are in
question [39–42].

Here, we evaluate the impact of landscape heterogeneity and habitat isolation on tick-borne
pathogens with different transmission modes, particularly those with varying levels of reliance on
hosts that can transmit and amplify the pathogens. We ask: (i) is there a relationship between habi-
tat isolation and tick-borne disease risk indicators such as the density of ticks, density of infected
ticks, pathogen prevalence, tick infection status and overall pathogen richness? and (ia) if there is a
relationship, is habitat connectivity a better predictor than isolation distance? (ii) what combination
of landscape and wildlife variables best predicts these tick-borne disease risk indicators? and finally
(iii) how does the transmission mode of tick-borne pathogens interact with the variables predictive of
individual pathogen prevalence and tick infection status? Understanding the landscape and wildlife
patterns driving the distribution of this multi-pathogen disease system will help predict distribution
and diversity patterns in other vector-borne pathogen communities.

2. Material and methods
2.1. Field sites and sampling
Field sampling for ticks took place at 19 sites (electronic supplementary material, table S1) along a
fragmentation gradient in north coastal California from 2016 to 2021 as described in Lawrence et al. [43]
and Salomon et al. [21]. Landscape components that were considered to contribute to fragmentation
during the selection of field sites included adjacent housing, city scape, multi-lane roads or highways,
human-designed green spaces such as golf courses, bodies of water such as lakes, reservoirs and bays,
and large swaths of impervious landscape such as car parks. Our most fragmented sites included
urban parks completely surrounded by housing, while the least fragmented sites were open space
preserves included within larger complexes of natural area, equating to several thousand acres of
contiguous green space. At 14 of the 19 sites, wildlife surveys were conducted, including rodent live
trapping to determine the relative rodent species richness and abundance, and wildlife camera traps
to measure the relative richness and a relative count index of larger vertebrates. All surveys took place
within the peak I. pacificus nymphal season (March–June) on 0.5 ha plots with a 7 × 7 grid array as
previously described [43]. Rodents were captured with two Sherman traps (7.6 × 9.5 × 30.5 cm; H.B.
Sherman Traps, Tallahassee, FL, USA) at each trapping station over a three-night trapping window.
All captured animals were processed as described previously, which included identifying the species,
age and sex, and marking each individual with an ear tag upon first capture to identify re-captured
individuals during the second and third trapping nights [21]. Two motion sensor wildlife cameras
(Bushnell models nos. 119736, 119836, 119836C, Bushnell, KS, USA) were positioned approximately
one metre above the ground, on trees, facing opposite directions towards open areas or game trails,
capturing 40 days and nights of wildlife activity, similarly to Lawrence et al. [43], though earlier studies
used only one camera per site. Animals in the photographs were identified to species level by field
biologists using visual observations. Questing ticks were collected twice per season via standardized
tick drags at each plot’s 70.8 m transects, for a total of 995 m2 each season. Drag cloths were constructed
out of heavy white flannel material and were a standard 1 x 1 m size [44]. Ticks were identified in
the laboratory to species, sex and life stage [45,46], and densities were measured as total I. pacificus
nymphs collected per 995 m2 (San Francisco State University IACUC protocols nos. AU16-05R1a and
AU19-01R2, California Department of Fish & Wildlife collection permits SC-8407 and S-203370009).

The relative abundances or count indices of rodents and large vertebrates were measured separately
via mark-recapture live trapping and wildlife camera data as described by Lawrence et al. [43] and
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Salomon et al. [21]. Relative rodent abundance was calculated for each year and site using the R
package ‘Rcapture’ [47]. We then used the R package, ‘vegan’, to calculate the relative Shannon
diversity index for both variables across each year of sampling at each site [48]. All rodent and wildlife
variables (abundance, count index, richness and diversity) were measured as relative metrics between
sites and should not be considered absolute measurements.

2.2. Molecular analysis
We extracted DNA from whole I. pacificus nymphs using the Qiagen DNeasy Blood and Tissue Kit
(Qiagen, Valencia, California, USA) with a few modifications; the tick surface was decontaminated
with 70% ethanol prior to beginning the extraction, ticks were crushed using a disposable pestle, and
DNA was eluted into 100 μl of elution buffer in the final step to increase DNA concentration [27,43].
Three separate polymerase chain reaction (PCR) assays and gene targets were used to test for the
presence or absence of B. burgdorferi sensu stricto (s.s.), B. bissettiae, B. miyamotoi and R. tillamookensis
within questing nymphal I. pacificus. A nested 5 S-23S rDNA PCR protocol [49] was first used to test
for the B. burgdorferi sensu lato (s.l.) complex [50]. Positive sequences were then edited and aligned
with Geneious v 11.15 and compared with sequences in NCBI BLAST to confirm their identity [50]
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). A 16 S-23S rDNA quantitative PCR (qPCR) protocol was then
used to test for B. miyamotoi [51] and a qPCR assay targeting the aspS tRNA ligase gene was used to
test for R. tillamookensis [52]. Samples were tested in triplicate and run with one positive control per
pathogen (B. burgdorferi isolate CA4, B. miyamotoi isolate HT31 and R. tillamookensis strain Tillamook 23)
and a minimum of three negatives (ultraviolet sterilized PCR grade water) per run.

2.3. Landscape fragmentation analysis
We measured three categories of fragmentation variables: site composition, nearby habitat and
isolation/connectivity to intact habitat (electronic supplementary material, table S2). Site composition
metrics include habitat patch size, perimeter length and edginess (perimeter/area) (electronic supple-
mentary material, methods; Landscape fragmentation metrics). Nearby habitat was measured by
calculating the surrounding green space within a 1 km radius of each plot, ignoring any green
space that continued beyond this buffer. One kilometre was chosen for the buffer distance to align
with standards of a similar ‘proximity index’ measurement and to remain consistent with previous
tick ecology studies [43,53] (electronic supplementary material, methods; Landscape fragmentation
metrics). Focusing on vegetation within 1 km also provides a landscape metric pertinent to the
important small-bodied hosts in this system, those that do not migrate or disperse long distances
but who host juvenile tick stages and carry B. burgdorferi, such as rodent species found in our study
sites [21,54,55]. For the surrounding green space calculations, a 30 × 30 m cell size was used. This choice
assumes that vegetation which fills less than half of one cell (and therefore would not classify the cell
as vegetative) will not be as attractive for use by our focal species owing to edge effects, increases
predation risk, or resource limitations and therefore is not considered in the summation of green space.

We measured isolation and connectivity to intact habitat in two ways: Euclidean distance
and functional connectivity (electronic supplementary material, methods; Cost-distance analysis).
Euclidean distance, the simplest measurement of habitat isolation, was included to determine the
use of rudimental isolation metrics in disease systems when more sophisticated analyses are not
available or cumbersome to perform. Functional connectivity measures the permeability of the matrix
between habitat patches for the target species (i.e. tick and pathogen hosts: rodents, small mammals,
deer, meso-carnivores and large predators). The functional connectivity, measured as cost-distance,
used consolidated expert opinion data from 30 wildlife biologists on the friction of land cover types
represented in the California Department of Forestry and Fire Protection’s fveg dataset and the
highway category from the U.S. Census Bureau’s TIGER/line shapefiles and the California Department
of Transportation’s National Highway System dataset (CALFIRE-FRAP and California Department
of Forestry and Fire Protection 2015; United States Census Bureau 2021; California Department of
Transportation 2022). Friction levels were recorded separately for each of 15 focal species or species
groups in the study system, chosen because they are known or suspected pathogen or I. pacificus
hosts (Canis latrans, Didelphis virginiana, Lepus californicus, Lynx rufus, Mephitis mephitis, Neotoma
fuscipes, Odocoileus hemionus, Otospermophilus sp., Peromyscus sp., Procyon lotor, Puma concolor, Sciurus
sp., Sylvilagus bachmani, Urocyon cinereoargenteus, Vulpes vulpes) [54,56–65]. These values were then
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aggregated as deer, predator, and overall wildlife friction level (electronic supplementary material,
methods; Cost-distance analysis).

For our study system, we defined intact habitats in two ways: (i) intact natural habitat (i.e. conifer,
hardwood, herbaceous, shrub and/or wetland); and (ii) intact forests (i.e. only conifer and/or hard-
wood). With our first definition of intact habitat, we seek to understand the landscape-level impacts
of connectivity to those wildlife communities that are likely to retain top predators with large home
range size requirements, and therefore at low risk for trophic disruptions and predatory release, both
of which have been linked to patterns of tick-borne disease emergence across North America [33,66].
Because our analysis looked at habitat suitability and dispersal for an entire mammalian community,
and many of the focal species involved in the black-legged tick life cycle are habitat generalists (such
as deer and mountain lions) [67, 68], only habitats restrictive to the majority of our focal species were
excluded. These areas include land cover types classified as agriculture, barren/other, desert (though
no desert is present in our study system), urban, water and barriers such as major roads or highways.
Our second definition of intact habitat is more restrictive and only looks at the impacts of connectivity
to wildlife communities in areas most suitable for I. pacificus (i.e. forests), which need the protective
cover provided by leaf litter to avoid desiccation and temperature extremes during the juvenile life
stages [69,70].

Both categories of intact habitat were only considered ‘intact’ habitats if they were larger than the
home range size of all wildlife in our study system. An area of 11 333 ha was used as a proxy for
this size requirement because this was the smallest home range size recorded for any individual Puma
concolor in coastal California, which has the largest home range size of any animal in our study area
[71]. By only including habitats large enough to host the full range of California wildlife, we have
filtered our intact habitats for areas most likely to represent pre-urbanization community dynamics.

2.4. Statistical analysis
To determine the relationship between habitat fragmentation and the presence of zoonotic tick-borne
pathogens, we constructed generalized linear mixed-effects models (GLMMs) using R studio (Ver-
sion 1.4) and the ‘glmmTMB’ package [72]. Our models integrated both landscape and wildlife
variables as predictors for pathogen risk at each habitat patch. Models predicting the density of
ticks or infected ticks used negative binomial error distributions, the pathogen richness model used
a Poisson error distribution and models analysing pathogen presence had binomial or beta error
distributions. Landscape metrics considered as fixed effects in these models included habitat patch
size, perimeter length, edginess (perimeter/area), surrounding green space, Euclidean distance to intact
habitat, Euclidean distance to intact forest, and host, predator and deer cost-distance to intact habitat
and forests (electronic supplementary material, table S2). Wildlife fixed effects included the relative
richness and Shannon diversity of rodents, predators, and the overall wildlife community, the relative
abundance for rodents and relative count index for wildlife.

Most Lyme disease infections are transmitted by nymphs and therefore we focussed on this life
stage for our models [73]. Response variables were chosen based on previous literature demonstrating
the link between human disease risk and nymphal tick densities, density of infected nymphs and
infection prevalence among nymphs [15,74].

We created models for the density of I. pacificus nymphs (DON) (count per site, per year), density
of B. burgdorferi s.l. infected nymphs (DIN) (count per site, per year), pathogen richness for our
pathogens of interest (B. burgdorferi s.s., B. bissettiae, B. miyamotoi and R. tillamookensis), B. burgdorferi
s.l. nymphal infection prevalence (NIP) (proportion), as well as the nymphal infection status (NIS)
(binary outcome; 1 = infected, 0 = uninfected) of B. burgdorferi s.l., R. tillamookensis and B. miyamotoi
(electronic supplementary material, table S3). Models for B. burgdorferi s.l. DIN, NIP and NIS were
used to better represent Lyme disease risk from both B. burgdorferi s.s. and B. bissettiae. However, B.
burgdorferi s.s. and B. bissettiae were represented separately in the pathogen richness model to best
highlight in which cases both species, only one, or neither of these related pathogens are present. We
chose to create a binomial infection status model (NIS, binary outcome) in addition to our infection
prevalence (NIP) model to give more power to the dataset by correlating site variables with each
sample. The use of NIS models also allowed us to compare model predictors for the two transmission
modes (vertically vs. non-vertically transmitted) represented by our four pathogens of interest, as
only the most common pathogens could be modelled with aggregated NIP data. Borrelia burgdorferi
s.s. and B. bissetiae are examples of non-vertically transmitted pathogens, B. miyamotoi represents a
vertical transmission example and R. tillamookensis is an example of a pathogen with unknown vertical
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transmission capability. Wildlife model parameters were lagged such that wildlife Shannon diversity,
predator Shannon diversity, rodent Shannon diversity and rodent species richness were correlated
with tick response variables the following year (t+1) because wildlife abundance drives nymphal tick
populations in the following season [75].

The best-fit models were selected based on the lowest Akaike information criterion (AIC) score
of any combination of predictor variables. Predictor variables with non-significant p-values were
only included if they brought the AIC score down by at least two points from a model with fewer
variables [76]. In some instances, to use data from years where only some predictor variables were
available, separate models were run and adjusted with a Bonferroni correction to account for multiple
analyses. For example, our wildlife parameters are associated with lagged DON and DIN and therefore
incorporate fewer seasons of data to account for the beginning of our study when we did not have
data from the prior year’s wildlife community, and our 2020 season in which we could not measure
wildlife variables at our sites owing to pandemic related restrictions on fieldwork. In the DON model,
we used a Bonferroni correction to examine two predictor variables in separate models because they
had a high covariance with one another. Our DON and DIN datasets followed a negative binomial
distribution pattern, our NIP model was best fit by a beta distribution, our binary NIS model required
a binomial distribution, and our pathogen model used a Poisson distribution. We specified zero-infla-
ted distributions for models of count or proportion data such as DON, DIN and NIP to account for
response datasets with many zeros. All models included site and year as random effects.

3. Results
Between 2016 and 2021, we drag sampled 137 310 m2 across 19 sites, collected more than 2407 I.
pacificus nymphs, and tested 1805 nymphs for B. burgdorferi s.s., and B. bissettiae. When we could
not process all nymphs collected (i.e. high tick density years), similar numbers of ticks were tested
for all sites, except for low-density sites from which we tested all nymphs (electronic supplementary
material, table S3). In addition, we tested 955 I. pacificus nymphs for B. miyamotoi (collected during
2016, 2018 and 2021) and 1012 nymphs for R. tillamookensis (collected between 2016 and 2021). When
comparing across pathogens, we only used data from collections that were tested for all four pathogens
with similar effort, totalling in 667 nymphs. We collected more than 200 days of wildlife camera trap
data across five nymphal tick seasons (2016–2019 and 2021) and recorded 12 large vertebrate species.
Additionally, we trapped 1647 rodents from 10 taxon (electronic supplementary material, results).
Wildlife metrics were generated at 14 of our 19 sites, which included relative rodent diversity, predator
diversity and total mammalian diversity (including animals captured with live traps and our wildlife
cameras). Five of our sample sites lacked wildlife data owing to limited staffing capacity for camera
and rodent trapping at these sites and were excluded from analyses of wildlife predictor variables.

For all 19 of our study sites, we measured the habitat patch size, perimeter length, edginess
(perimeter to area ratio), surrounding green space, Euclidean and cost-distance to the nearest intact
habitat (conifer, hardwood, herbaceous, shruband/or wetland), and Euclidean and cost-distance to the
nearest intact forest (conifer and/or hardwood) (figure 1). We found that for all models except our B.
miyamotoi NIS model, the cost-distance calculations proved similarly, or in many cases, slightly less
predictive of our response variables than the more straightforward Euclidean distance measurements.
For example, host community cost-distance to intact habitat and Euclidean distance to intact habitat
had similar estimates for our R. tillamookensis NIS model; however, Euclidean distance was the better
predictor (estimate of −0.58 vs. −0.50).

3.1. Borrelia burgdorferi sensu stricto prevalence was highest among pathogens
Of our four bacteria of interest, B. burgdorferi s.s. had the highest infection prevalence among questing
I. pacificus nymphs across all sites and years sampled (minimum average of 5.1% infection prevalence
after the exclusion of a 100% infection prevalence at Worcester Park in 2018 when only one nymph was
collected and tested positive for B. burgdorferi s.s.; electronic supplementary material, table S4). Borrelia
miyamotoi was the next most prevalent (1.9%), followed by R. tillamookensis (1.8%). Borrelia bissettiae had
an average infection prevalence between 0.1 and 0.9%, depending on the identity of several samples
that were PCR positive for B. burgdorferi s.l. but did not sequence to the species level (electronic
supplementary material, table S4).
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3.2. Higher density of Ixodes pacificus nymphs in large, minimally isolated habitats with
adjacent green space

Our DON model was best represented by two separate zero-inflated negative binomial GLMMs with a
Bonferroni correction applied to account for multiple models used for variables with strong covariance
(table 1). Density of nymphs increased with increasing habitat patch size and natural surrounding area
and decreased as Euclidean distance from intact forests increased (figure 2a–e).

In sites smaller than 100 ha (2.5 ha, 11 ha, and two sites at 57 ha), we collected a maximum of two
I. pacificus nymphs per 995 m2 dragged (average of 0.07 nymphs per 100 m2 across all sampling years),
whereas in intermediate sized sites (130 and 188 ha, respectively) we found an average of 20 and 10
nymphs per drag (average of 1.49 nymphs per 100 m2 across all sampling years). However, some sites
up to 13 000 ha also yielded zero I. pacificus nymphs (depending on the year).

We observed that almost any level of isolation distance could result in zero I. pacificus nymphal
density years. For example, the site with our minimum isolation distance of 0.2 km (Worcester Park)
had an average of only 0.83 nymphs 995 m2 dragged, though this site was also one of our smallest at
11 ha so it is difficult to dissect the impacts of patch size and isolation. The only sites that consistently
contained I. pacificus nymphs were those within the bounds of intact habitat, and therefore had an
isolation distance of zero.

3.3. Density of Borrelia burgdorferi sensu lato infected nymphs decreases in large fragments,
increases with predator Shannon diversity

DIN decreased with increasing habitat patch size. The surrounding green space and Euclidean distance
to forests, however, maintained the same relationships as in our DON model where infected nymphs
increased with increasing surrounding green space and decreased as the Euclidean distance increased.
Predator diversity was also positively associated with DIN in a separate model (table 1; figure 2a–e).

Virtually no B. burgdorferi s.l. infected I. pacificus nymphs were collected at sites with less than 2
km2 of surrounding green space (a maximum of one infected nymph per site, per year). However,
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Figure 1. Landscape metrics used as predictor variables in our models. Surrounding green space measures the total natural area
within a 1 km radius of the survey plot (m2).
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occurrences of zero infection prevalence occurred even in sites with the highest levels of surrounding
green space.

3.4. Borrelia burgdorferi sensu lato nymphal infection prevalence and nymphal infection status
correlated with wildlife predictors

Lagged B. burgdorferi s.l. NIP and NIS were both positively correlated with wildlife variables, but no
landscape variables (tables 1 and 2). Rodent and overall wildlife Shannon diversity were predictive
of B. burgdorferi s.l. NIP, while rodent richness (range of 0–5) had the strongest association with B.
burgdorferi s.l. infection status (figure 3a–b; electronic supplementary material, S1). One data point was
removed because the sample size was too low.

The pinyon mouse (Peromyscus truei) was present at all B. burgdorferi s.l. nymphal infection sites
and years except for the 2018 seasons at Tiburon Uplands Preserve and Worcester Park. Instead,
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infected I. pacificus nymphs (DIN) was negatively correlated with Euclidean distance to intact forests, but positively correlated with
surrounding green space.
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rodents present at these sites included the dusky-footed woodrat (Neotoma fuscipes) and the California
vole (Microtus californicus) at both sites, the deer mouse (Peromyscus maniculatus) at Tiburon Uplands
Preserve, and the California deer mouse (Peromyscus californicus) and the western harvest mouse
(Reithrodontomys megalotis) at Worcester Park. Peromyscus truei was also the only rodent present at some
B. burgdorferi s.l. nymphal infection sites, though the species was also present at sites with years of zero
B. burgdorferi s.l. infections.

3.5. Pathogen richness increases with more surrounding green space and shorter distance to
intact habitat

Pathogen richness ranged from 0 to 3 (no sites were found to host all four bacteria of interest).
GLMM analysis found richness to be positively correlated with the surrounding green space and
negatively correlated with Euclidean distance to intact forests (table 3; figure 4a,b). Three sites had
three pathogens occurring at the same time and represent our high pathogen richness sites (electronic
supplementary material, table S5).

3.6. Rickettsia tillamookensis nymphal infection status predicted by connectivity to intact habitat
Our R. tillamookensis binomial infection status model was the only model that was better predicted by
distance to intact habitat versus distance to intact forests (i.e. only conifer and/or hardwood habitat),
which was nearly significant (estimate = −0.58, p-value = 0.0708; table 2). The R. tillamookensis NIS
model was almost equally predicted by the host community cost-distance, as Euclidean distance to
intact habitats (estimate = −0.50, p-value = 0.0712).

Table 1. Northern California. Ixodes pacificus disease models. (GLMMs for DON, B. burgdorferi s.l. (B.b.s.l.) DIN, and B.b.s.l. NIP with
fragmentation metrics as predictor variables. Double lines indicate two separate models that were selected to predict the same
response variable, with a Bonferroni correction applied. Landscape variables are in regular font while the wildlife predictors are
italicized. The DON and DIN models had a zero-inflated negative binomial distribution, while the NIP model used a zero-inflated beta
distribution. Site and year are included as random effects. The DON models include data from 2016 to 2021, the landscape DIN model
includes infection data from 2016, 2018, 2019, 2020 and 2021, and the wildlife DIN and NIP models used data from 2018, 2019 and
2020 as nymphal infection was associated with the wildlife parameters from the previous season, and we were not able to collect
wildlife data in 2020. The level of significance is denoted with asterisks for each predictor (***p‐value < 0.001; **p‐value < 0.01;
*p‐value < 0.05).)

variable estimate s.e. z-value p‐value

density of nymphs (DON)

(log of) habitat patch size 0.24 0.20 1.23 0.2200

surrounding green space 1.62 0.35 4.60 4.36e−06 ***

(log of) Euclidean distance to intact
forests

−0.63 0.28 −2.24 0.0254 *

density of infected nymphs (DIN)—B.b.s.l.

(log of) habitat patch size −1.02 0.72 −1.40 0.1603

surrounding green space 3.11 1.21 2.58 0.0099 **

(log of) Euclidean distance to intact
forests

−0.93 0.47 −1.98 0.0478 *

(lagged) density of infected nymphs (DIN)—B.b.s.l.
(relative) predator Shannon diversity 1.01 0.41 2.49 0.0128 *

(lagged) nymphal Infection prevalence (NIP)— B.b.s.l.
(relative) wildlife Shannon diversity 3.44 0.13 27.52 <2e−16 ***

(relative) rodent Shannon diversity 1.46 0.10 14.75 <2e−16 ***
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3.7. Borrelia miyamotoi nymphal infection status predicted by host community cost-distance to
intact forest

Borrelia miyamotoi infection status was solely predicted by the host community cost-distance to intact
forest. As cost-distance went up, B. miyamotoi NIS decreased (estimate = −0.19; table 2). This was the
only model that was predicted by one of our cost-distance metrics, but none of our Euclidean distance
metrics (nor any other landscape or wildlife metrics).

4. Discussion
The distribution of tick-borne pathogens across a fragmented landscape depends on the density of
ticks, the host community that ticks rely on for their bloodmeals, and potentially the transmission
mode of the pathogen. Horizontally transmitted pathogens rely on specific suites of vertebrate hosts
that are required for the tick to complete its life cycle and act as reservoirs of the pathogen itself,
whereas pathogens with transovarial transmission do not need a reservoir host to maintain the
pathogen but do require bloodmeal hosts as part of a successful tick life cycle. Because of these
requirements, predicting the impacts of landscape patterns and habitat fragmentation on the spatial
distribution of tick-borne pathogens is complex and species-specific. Here, we show that landscape
patterns do indeed predict both the richness and prevalence of tick-borne pathogens depending on the
pathogens’ transmission mode (tables 1–3). When we examine d several pathogens found in nymphal
I. pacificus, we found that pathogen richness was greatest when habitats were not isolated (i.e. close
to intact forests). We also found that dense surrounding green space had a positive relationship to
pathogen richness and was more important than the habitat patch size itself (table 3). These results
show that localized measurements of nearby or adjacent green space are the most important parame-
ters for predicting the distribution of tick-associated bacterial communities, and more important than
habitat fragment size.

Overall nymph density was highly dependent on habitat patch size and distance to intact forests;
I. pacificus nymphal densities were greater in large habitat fragments that were less isolated from
intact forests, indicating that the potential for humans to encounter ticks is higher in large preserves
or sites that are close to contiguous natural areas (table 1). These findings stand in contrast to early
patterns from the eastern United States, where higher densities of the blacklegged tick, Ixodes scapularis,
were found in the smallest forest fragments, which are often correlated with high proportions of
edge ecotone [5,6,14,77,78]. However, more recent research from the east coast has found either no
pattern between forest fragmentation and proxies of disease risk metrics, or the inverse effect of patch
size on disease risk [6,14,79,80]. For our study system, these landscape effects also applied to spatial
patterns of infected ticks with I. pacificus exhibiting higher infection rates of B. burgdorferi s.l. in less
isolated fragments. However, when we examined the relationship between habitat patch size and I.

Table 2. Northern California. Ixodes pacificus disease models. (GLMMs for B. burgdorferi s.l., R. tillamookensis and B. miyamotoi NIS,
with fragmentation metrics as predictor variables. The B. burgdorferi s.l. model only includes a wildlife variable and therefore uses
lagged infection statuses, while the R. tillamookensis and B. miyamotoi models only incorporate a landscape variable and therefore
are not lagged. The landscape variables are shown in regular font while the wildlife predictors are italicized. These models had
zero-inflated binomial distributions. Site and year were included as random effects. The B. burgdorferi s.l. NIS model includes infection
data from 2018, 2019, 2020, the R. tillamookensis model includes data from 2016, 2018, 2019, 2020 and 2021, and the B. miyamotoi
model uses data from 2018 and 2021 owing to testing capacity constraints in other years. The level of significance is denoted with
asterisks for each predictor (**p‐value < 0.01; *p‐value < 0.05).)

variable estimate s.e. z-value p‐value

(lagged) nymphal infection status (NIS)—B. burgdorferi s.l.

(relative) rodent richness 0.61 0.23 2.72 0.0065**

Nymphal infection status (NIS)—R. tillamookensis

(log of) Euclidean distance to intact habitats −0.58 0.32 −1.81 0.0708

Nymphal infection status (NIS)—B. miyamotoi

(log of) host community cost-distance to intact forest −0.19 0.10 −1.99 0.0466*
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pacificus nymphs, we found that there was a positive relationship with nymphal tick density but a
negative relationship with density of B. burgdorferi s.l. infected nymphs (table 1; figures 2a and 3a).
Since most human cases of Lyme disease are transmitted via nymphal ticks, our results suggest that
overall tick encounters, or acarological risk, will be greatest in a large habitat, but Lyme disease risk
is highest in small and minimally isolated habitat fragments, such as local parks adjacent to open
space preserves. High habitat isolation distance may lead to impermeability for new wildlife reservoirs
and therefore reduce the presence of horizontally transmitted pathogens, such as B. burgdorferi s.l., if
transmission rates between tick life stages are low within the patch or if the pathogen encounters too
many dead-end wildlife hosts.

Central to untangling the impacts of habitat fragmentation on tick-borne diseases is parsing out
the relationship of landscape metrics to pathogens capable of transovarial transmission. Although
most tick-borne pathogens rely on transstadial transmission between tick life stages for maintenance,
the ability of a pathogen to be transovarially transmitted between adult female ticks and their eggs
provides flexibility for the pathogen [81]. Some benefits of transovarial transmission include pathogen
maintenance in the absence of competent reservoir hosts, reduced need for infections to be maintained
long-term in bloodmeal hosts, and the allowance for variability in bloodmeal host type between
environments. Our study looked at one pathogen capable of transovarial transmission, B. miyamotoi,
one pathogen group that relies exclusively on horizontal and transstadial transmission, B. burgdorferi
s.l., and one newly categorized bacterium with an unknown transmission mode, R. tillamookensis but is
probably transovarially transmitted given its position in the transitional group of Rickettsia [29].

Interestingly, of the bacteria we evaluated, B. burgdorferi s.l. was the only pathogen group whose
infection prevalence was significantly impacted by any model parameters, specifically wildlife
diversity, rodent diversity and rodent richness (table 1). These results strongly suggest that host
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Figure 3. (a–b) Northern California. Wildlife and rodent Shannon diversity were the only predictive metrics for Borrelia burgdorferi s.l.
(B.b.s.l.) nymphal infection prevalence (NIP). Wildlife diversity was measured as the relative count index of large vertebrates captured
with wildlife camera traps, and rodent diversity was measured with a live trapping mark and recapture study. Both variables were
positively correlated with Borrelia burgdorferi s.l. prevalence amongst I. pacificus nymphs, lagged by 1 year.

Table 3. Northern California. Ixodes pacificus disease models. (GLMM for pathogen richness with fragmentation metrics as predictor
variables. This model had a zero-inflated Poisson distribution. The model only includes data from 2021 as this was the only year
we had complete pathogen surveillance data for all four bacteria. Although both model predictors are borderline significant in this
two-predictor model, they were both significant on their own (surrounding green space; p‐value = 0.0165*, (log of) Euclidean
distance to intact forests; p‐value = 0.0037**). Including both predictors brought the AIC score down four points from a single
predictor model.

variable estimate s.e. z-value p‐value

pathogen richness

surrounding green space 0.84 0.45 1.88 0.0598

(log of) Euclidean distance to intact forest −0.26 0.13 −1.93 0.0540
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community composition is a critical component for predicting the transmission dynamics and risk of
B. burgdorferi s.l., and potentially, non-vertically transmitted pathogens in general. While some studies
have found that higher species diversity drives down disease risk [82], we found that wildlife diversity
is positively associated with both the infection prevalence of B. burgdorferi and B. burgdorferi infection
status among nymphs. This difference indicates the importance of accounting for species identity and
host–pathogen competency. While the dilution effect predicts higher pathogen prevalence in habitats
with low species diversity [83–85], the Lyme disease system in the western United States has several
similarly competent reservoirs hosts for B. burgdorferi [ 56,16,86,87], a factor which seems to reverse the
dilution effect here and calls for further emphasis on host identity at the patch level [88,89].

We found no significant landscape or wildlife predictors of R. tillamookensis infection status within
questing nymphs, and only a single predictor of B. miyamotoi infection status (host community
cost-distance to intact forest). For B. miyamotoi, this lack of wildlife predictors may indicate one of
several things; limited dependence on reservoir hosts for maintenance owing to its complex vertical
and horizontal transmission cycles, a reliance on a species group that is highly adaptive to the urban
gradient, such as squirrels (Sciurus sp.), coyotes (C. latrans) or mice (Peromyscus sp.) and therefore
would not be strongly impacted by habitat fragmentation [90–92], or a heightened reliance on species
we did not measure in our study. However, because B. miyamotoi NIS was the only disease metric better
predicted by host community cost-distance over Euclidean distance, we can infer that host community
is impacting the pathogen’s distribution. This incongruity between the lack of wildlife predictors and
the significance of host community connectivity may mean there is a missing piece of this puzzle for
B. miyamotoi transmission. We know that B. miyamotoi has been found in larvae across our region and
therefore, nymphal infections may not be the best indicator of disease risk for this species [27,32].

Rickettsia tillamookensis is a newly emerging potential pathogen and there is very little known about
its sylvatic transmission cycle [29,52]. Although we did not find a significant relationship between R.
tillamookensis infection and fragmentation metrics, there was a potential pattern that showed decreas-
ing nymphal infections with increasing Euclidean distance to intact habitat (table 2, estimate = −0.58,
p-value = 0.070). These initial findings suggest that further studies may show R. tillamookensis transmis-
sion risk increases with proximity to intact habitat and may be indicative of R. tillamookensis’ phyloge-
netic relatedness to carnivore-associated species such as Rickettsia felis [29,93], as carnivores generally
require large habitats [94,95]. Our R. tillamookensis tick infection status model was the only model
better predicted by isolation from all intact habitats rather than isolation to intact forests specifically,
indicating that permeability to habitat suitable for large vertebrates might be a more important driver
of R. tillamookensis distribution than permeability to areas suitable for the vector, I. pacificus. Further
investigation of R. tillamookensis distribution patterns will help to characterize this potential novel
pathogen.

In most cases, we found no benefit to the use of cost-distance over the simpler Euclidean distance
measurements of isolation. Despite extensive wildlife movement research, the expert input of 30
mammologists, and the use of highly specific land cover data, cost-distance was often similarly or
slightly less predictive of our response variables compared to Euclidean distance measurements of
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isolation, with the exception of B. miyamotoi infection status. One limitation in this analysis lies with
the difficulty in accounting for dispersal-limited species. We tried to address the small-home range
sizes of rodents with the more localized surrounding green space metric but even so, there is large
variability in dispersal capabilities and preferences between our 15 focal species which go beyond land
cover permeability and should be considered in future studies. However, we would caution others
to review the details of our study system before discounting the application of cost-distance tools for
future pathogen surveillance or entomological research. Our study area is more than six times the
size of Antwerp, Belgium, where previous cost-distance analysis showed correlations with infected
ticks in the Lyme disease system [11]. The large distance between some of our sites and the nearest
intact habitats may have diluted the nuances of fine-scale wildlife movement patterns (figure 5a,b).
Cost-distance may be a more important tool when used at a smaller scale or within denser, urban
landscapes. Additionally, it is important to note that alternative connectivity tools such as circuit
modelling and resistant kernels are available. These may provide benefits over cost-distance analysis as
they can model a range of likely pathways at once, do not require the input of destination points and
can sometimes account for dispersal limited species [39,40,42]. Other vector ecology studies have found
important impacts of habitat stratification [96–98], landscape disturbance by invasive plant species
[99,100] and the type of transition zones between habitat and matrix [101,102]. Owing to the scale of
this study, we did not explicitly measure these variables. Further exploration of these factors may shed
light on additional nuances of habitat composition.

Our findings highlight the importance of studying landscape ecology to understand pathogen
distribution, especially for vector-borne disease systems which involve many mitigating factors,
including reservoir host availability. Landscape variables proved predictive of DON, DIN, NIS and
pathogen richness, while wildlife parameters helped to explain only a subset of these metrics. These
data support the application of island biogeography theory to co-occurring vector-borne disease
systems in a ‘mainland island’ environment, where we find a higher diversity of pathogens in patches
surrounded by more green space and those that are less isolated compared to small and physically
distant habitat ‘islands’.

The results of this study suggest that city layouts with more isolated green spaces would
prove beneficial to reducing human Lyme disease risk. However, human tick-borne disease risk is
only one facet of habitat connectivity to consider when planning urban development. Human and
environmental health, as well as biodiversity priorities, must also be accounted for. In an era of
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increasing human–wildlife interfaces, it is imperative to track and predict how landscape modifications
impact vector-borne disease risk under distinct ecological contexts. We have shown here that targeted
surveillance of vector-borne diseases in minimally isolated habitats can provide efficient and focussed
determinations of disease risk in urban areas.

Ethics. San Francisco State University IACUC protocols nos. AU16-05R1a and AU19-01R2, California Department of
Fish & Wildlife collection permits SC-8407 and S-203370009.
Data accessibility. The data that support the findings of this study are openly available on Dryad [103]. Sequences
identified to species level have been submitted to GenBank (Accession numbers PQ315998—PQ316045, PP707645—
PP707660, PQ375123—PQ375160, and PP707690—PP707719).

Supplementary material is available online [104].
Declaration of AI use. We have not used AI-assisted technologies in creating this article.
Authors’ contributions. G.S.: conceptualization, data curation, formal analysis, funding acquisition, investigation,
methodology, project administration, supervision, visualization, writing—original draft, writing—review and
editing; M.L.: investigation, writing—review and editing; V.M.: investigation, writing—review and editing; J.C.:
investigation, writing—review and editing; S.S.: investigation, writing—review and editing; K.S.: investigation,
writing—review and editing; S.K.: investigation, writing—review and editing; A.N.: investigation, writing—review
and editing; A.C.: investigation, writing—review and editing; A.L.: conceptualization, investigation, methodol-
ogy, writing—review and editing; J.S.: investigation, writing—review and editing; S.B.S.: investigation, writing—
review and editing; A.S.: conceptualization, data curation, funding acquisition, investigation, methodology, project
administration, resources, supervision, writing—original draft, writing—review and editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed
therein.
Conflict of interest declaration. We declare we have no competing interests.
Funding. The authors acknowledge funding support from the Pacific Southwest Regional Center of Excellence for
Vector-Borne Diseases funded by the U.S. Centers for Disease Control and Prevention (Cooperative Agreement
1U01CK000649) as well as National Science Foundation funding from award nos. 175037 and 1745411. These
findings and conclusions are those of the authors and do not necessarily reflect the official position of the Centers
for Disease Control and Prevention.
Acknowledgements. We would like to thank Chris Paddock for his sample testing support and project feedback. We
thank Kacie Ring, Ceili Peng, Joel Villalpando, Thalia Fangon, Annabelle Cervantes, Isabella Maytorena, Nghia
Tran, Monika Koczela-Stillman, Laura Hughes, Jessica Kwan, Johnathan Bertram, Kerry O’Connor, Tiffany Hong,
Enxhi Tahiraj, Joyce Ma, Shivang Mehta, Phil Galicinao, Lilianna Cerna, Sukhman Sidhu, Rachel Grigich, Parker
Kaye, Eric Seredian, Thor Olsen, Laura Hughes, Adrienne Almarinez, Adrian Barrera-Velasquez, Samira Ghazi,
Judith Lindoro, John Navazo and Aviva Soll for their help with sample collection and processing. We thank
Marjorie Matocq, Chris Kozakiewicz, Hance Ellington, Jonathan Young, Ben Teton, Ben Sacks, Mark Spritzer, Justine
Smith, Laurel Serieys, Tali Caspi, Liza Lehrer, Chris Anchor, Frances Buderman, Dirk Van Vuren and Kendra Jabin,
among others, for their expert opinion input. This research was conducted on the Native lands of the Coast Miwok,
Ramaytush, Ohlone, Chochenya and Wappo. We thank the City of Belmont, the City of Redwood City, California
State Parks, East Bay Municipal Water District, East Bay Regional Parks, Marin County Parks, Filoli Historic House
and Garden, Marin Open Space Trust, Midpeninsula Regional Open Space, San Mateo County Parks, Sonoma
County Regional Parks and the Town of Los Gatos for access to conduct research in their parks.

References
1. Gottdenker NL, Calzada JE, Saldaña A, Carroll CR. 2011 Association of anthropogenic land use change and increased abundance of the Chagas

disease vector Rhodnius pallescens in a rural landscape of Panama. Am. J. Trop. Med. Hyg. 84, 70–77. (doi:10.4269/ajtmh.2011.10-0041)
2. Kilpatrick AM, Randolph SE. 2012 Drivers, dynamics, and control of emerging vector-borne zoonotic diseases. The Lancet 380, 1946–1955. (doi:

10.1016/S0140-6736(12)61151-9)
3. Couper LI, Yang Y, Yang XF, Swei A. 2020 Comparative vector competence of North American Lyme disease vectors. Parasit. Vectors 13, 29. (doi:

10.1186/s13071-020-3893-x)
4. Cardozo M, Fiad FG, Crocco LB, Gorla DE. 2021 Effect of habitat fragmentation on rural house invasion by sylvatic triatomines: a multiple

landscape-scale approach. PLoS Negl. Trop. Dis. 15, e0009579. (doi:10.1371/journal.pntd.0009579)
5. Allan BF, Keesing F, Ostfeld RS. 2003 Effect of forest fragmentation on Lyme disease risk. Conserv. Biol. 17, 267–272. (doi:10.1046/j.1523-1739.

2003.01260.x)
6. Brownstein JS, Skelly DK, Holford TR, Fish D. 2005 Forest fragmentation predicts local scale heterogeneity of Lyme disease risk. Oecologia 146,

469–475. (doi:10.1007/s00442-005-0251-9)
7. Tran PM, Waller L. 2013 Effects of landscape fragmentation and climate on Lyme disease incidence in the northeastern United States. Ecohealth

10, 394–404. (doi:10.1007/s10393-013-0890-y)
8. MacArthur RH, Wilson EO. 1967 The theory of island biogeography. Princeton, NJ: Princeton University Press.

14
royalsocietypublishing.org/journal/rsos 

R. Soc. Open Sci. 11: 240837

http://dx.doi.org/10.4269/ajtmh.2011.10-0041
http://dx.doi.org/10.1016/S0140-6736(12)61151-9
http://dx.doi.org/10.1186/s13071-020-3893-x
http://dx.doi.org/10.1371/journal.pntd.0009579
http://dx.doi.org/10.1046/j.1523-1739.2003.01260.x
http://dx.doi.org/10.1046/j.1523-1739.2003.01260.x
http://dx.doi.org/10.1007/s00442-005-0251-9
http://dx.doi.org/10.1007/s10393-013-0890-y


9. Haila Y. 2002 A conceptual genealogy of fragmentation research: from island biogeography to landscape ecology. Ecol. Appl. 12, 321. (doi:10.
2307/3060944)

10. Jean K, Burnside WR, Carlson L, Smith K, Guégan JF. 2016 An equilibrium theory signature in the island biogeography of human parasites and
pathogens. Glob. Ecol. Biogeogr. 25, 107–116. (doi:10.1111/geb.12393)

11. Heylen D, Lasters R, Adriaensen F, Fonville M, Sprong H, Matthysen E. 2019 Ticks and tick-borne diseases in the city: role of landscape
connectivity and green space characteristics in a metropolitan area. Sci. Total Environ. 670, 941–949. (doi:10.1016/j.scitotenv.2019.03.235)

12. Hansford KM, Gillingham EL, Vaux AGC, Cull B, McGinley L, Catton M, Wheeler BW, Tschirren B, Medlock JM. 2023 Impact of green space
connectivity on urban tick presence, density and Borrelia infected ticks in different habitats and seasons in three cities in southern England.
Ticks Tick Borne Dis. 14, 102103. (doi:10.1016/j.ttbdis.2022.102103)

13. Millins C et al. 2018 Landscape structure affects the prevalence and distribution of a tick-borne zoonotic pathogen. Parasit. Vectors 11, 621.
(doi:10.1186/s13071-018-3200-2)

14. Diuk-Wasser MA, VanAcker MC, Fernandez MP. 2021 Impact of land use changes and habitat fragmentation on the eco-epidemiology of tick-
borne diseases. J. Med. Entomol. 58, 1546–1564. (doi:10.1093/jme/tjaa209)

15. LoGiudice K, Ostfeld RS, Schmidt KA, Keesing F. 2003 The ecology of infectious disease: effects of host diversity and community composition on
Lyme disease risk. Proc. Natl Acad. Sci. USA 100, 567–571. (doi:10.1073/pnas.0233733100)

16. Swei A, Briggs CJ, Lane RS, Ostfeld RS. 2012 Impacts of an introduced forest pathogen on the risk of Lyme disease in California. Vector Borne
Zoonotic Dis. 12, 623–632. (doi:10.1089/vbz.2011.0783)

17. Huang ZYX, Boer WF, Langevelde F et al. 2013 Species’ life-history traits explain interspecific variation in reservoir competence: a possible
mechanism underlying the dilution effect. PLoS One https://doi.org/10.1371/JOURNAL.PONE.0054341

18. Tardy O, Bouchard C, Chamberland E, Fortin A, Lamirande P, Ogden NH, Leighton PA. 2021 Mechanistic movement models reveal ecological
drivers of tick-borne pathogen spread. J. R. Soc. Interface 18, 20210134. (doi:10.1098/rsif.2021.0134)

19. MacDonald AJ, McComb S, Sambado S. 2022 Linking Lyme disease ecology and epidemiology: reservoir host identity, not richness, determines
tick infection and human disease in California. Environ. Res. Lett. 17, 114041. (doi:10.1088/1748-9326/ac9ece)

20. Lane RS, Burgdorfer W. 1987 Transovarial and transstadial passage of Borrelia burgdorferi in the western black-legged tick, Ixodes pacificus
(Acari: Ixodidae). Am. J. Trop. Med. Hyg. 37, 188–192. (doi:10.4269/ajtmh.1987.37.188)

21. Salomon J, Lawrence A, Crews A, Sambado S, Swei A. 2021 Host infection and community composition predict vector burden. Oecologia 196,
305–316. (doi:10.1007/s00442-021-04851-9)

22. Bright M, Bulgheresi S. 2010 A complex journey: transmission of microbial symbionts. Nat. Rev. Microbiol. 8, 218–230. (doi:10.1038/
nrmicro2262)

23. Margos G, Lane RS, Fedorova N, Koloczek J, Piesman J, Hojgaard A, Sing A, Fingerle V. 2016 Borrelia bissettiae sp. nov. and Borrelia californiensis
sp. nov. prevail in diverse enzootic transmission cycles. Int. J. Syst. Evol. Microbiol. 66, 1447–1452. (doi:10.1099/ijsem.0.000897)

24. Schneider BS, Schriefer ME, Dietrich G et al. 2008 Borrelia bissettii isolates induce pathology in a murine model of disease. Vect. Borne Zoonot.
Dis. 8, 623–634. (doi:10.1089/vbz.2007.0251)

25. Girard YA, Travinsky B, Schotthoefer A, Fedorova N, Eisen RJ, Eisen L, BarbourAG, LaneRS. 2009 Population structure of the lyme borreliosis
spirochete borrelia burgdorferi in the western black-legged tick (ixodes pacificus) in northern california. Appl. Environ. Microbiol. 75, 7243–
7252. (doi:10.1128/AEM.01704-09)

26. Rudenko N, Golovchenko M, Vancova M, Clark K, Grubhoffer L, Oliver JH Jr. 2016 Isolation of live Borrelia burgdorferi sensu lato spirochaetes
from patients with undefined disorders and symptoms not typical for Lyme borreliosis. Clin. Microbiol. Infect. 22, 267. (doi:10.1016/j.cmi.2015.
11.009)

27. Sambado S, Salomon J, Crews A, Swei A. 2020 Mixed transmission modes promote persistence of an emerging tick‐borne pathogen. Ecosphere
11, e03171. (doi:10.1002/ecs2.3171)

28. Fukunaga M, Takahashi Y, Tsuruta Y, Matsushita O, Ralph D, McClelland M, Nakao M. 1995 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. 45, 804–810.
(doi:10.1099/00207713-45-4-804)

29. Gauthier DT, Karpathy SE, Grizzard SL, Batra D, Rowe LA, Paddock CD. 2021 Characterization of a novel transitional group Rickettsia species
(Rickettsia tillamookensis sp. nov.) from the western black-legged tick, Ixodes pacificus. Int. J. Syst. Evol. Microbiol. 71, 004880. (doi:10.1099/
ijsem.0.004880)

30. Molloy PJ, Telford SR, Chowdri HR et al. 2015 Borrelia miyamotoi disease in the northeastern United States: a case series. Ann. Intern. Med. 163,
91–98. (doi:10.7326/M15-0333)

31. Rubio LA et al. 2023 Borrelia miyamotoi infection in immunocompromised man, California, USA, 2021. Emerg. Infect. Dis. 29, 1011–1014. (doi:
10.3201/eid2905.221638)

32. Scoles GA, Papero M, Beati L, Fish D. 2001 A relapsing fever group spirochete transmitted by Ixodes scapularis ticks. Vector Borne Zoonotic Dis. 1,
21–34. (doi:10.1089/153036601750137624)

33. Levi T, Kilpatrick AM, Mangel M, Wilmers CC. 2012 Deer, predators, and the emergence of Lyme disease. Proc. Natl Acad. Sci. USA 109, 10942–
10947. (doi:10.1073/pnas.1204536109)

34. Hofmeester TR, Jansen PA, Wijnen HJ, Coipan EC, Fonville M, Prins HHT, Sprong H, van Wieren SE. 2017 Cascading effects of predator activity on
tick-borne disease risk. Proc. R. Soc. B 284, 20170453. (doi:10.1098/rspb.2017.0453)

35. Ricketts TH. 2001 The matrix matters: effective isolation in fragmented landscapes. Am. Nat. 158, 87–99. (doi:10.1086/320863)

15
royalsocietypublishing.org/journal/rsos 

R. Soc. Open Sci. 11: 240837

http://dx.doi.org/10.2307/3060944
http://dx.doi.org/10.2307/3060944
http://dx.doi.org/10.1111/geb.12393
http://dx.doi.org/10.1016/j.scitotenv.2019.03.235
http://dx.doi.org/10.1016/j.ttbdis.2022.102103
http://dx.doi.org/10.1186/s13071-018-3200-2
http://dx.doi.org/10.1093/jme/tjaa209
http://dx.doi.org/10.1073/pnas.0233733100
http://dx.doi.org/10.1089/vbz.2011.0783
https://doi.org/10.1371/JOURNAL.PONE.0054341
http://dx.doi.org/10.1098/rsif.2021.0134
http://dx.doi.org/10.1088/1748-9326/ac9ece
http://dx.doi.org/10.4269/ajtmh.1987.37.188
http://dx.doi.org/10.1007/s00442-021-04851-9
http://dx.doi.org/10.1038/nrmicro2262
http://dx.doi.org/10.1038/nrmicro2262
http://dx.doi.org/10.1099/ijsem.0.000897
http://dx.doi.org/10.1089/vbz.2007.0251
http://dx.doi.org/10.1128/AEM.01704-09
http://dx.doi.org/10.1016/j.cmi.2015.11.009
http://dx.doi.org/10.1016/j.cmi.2015.11.009
http://dx.doi.org/10.1002/ecs2.3171
http://dx.doi.org/10.1099/00207713-45-4-804
http://dx.doi.org/10.1099/ijsem.0.004880
http://dx.doi.org/10.1099/ijsem.0.004880
http://dx.doi.org/10.7326/M15-0333
http://dx.doi.org/10.3201/eid2905.221638
http://dx.doi.org/10.1089/153036601750137624
http://dx.doi.org/10.1073/pnas.1204536109
http://dx.doi.org/10.1098/rspb.2017.0453
http://dx.doi.org/10.1086/320863


36. Bender DJ, Fahrig L. 2005 Matrix structure obscures the relationship between interpatch movement and patch size and isolation. Ecology 86,
1023–1033. (doi:10.1890/03-0769)

37. Adriaensen F, Chardon JP, De Blust G, Swinnen E, Villalba S, Gulinck H, Matthysen E. 2003 The application of ‘least-cost’ modelling as a
functional landscape model. Landsc. Urban Plan. 64, 233–247. (doi:10.1016/S0169-2046(02)00242-6)

38. VanAcker MC, Little EAH, Molaei G et al. 2019 Enhancement of risk for Lyme disease by landscape connectivity, New York, New York, USA.
Emerg. Infect. Dis. 25, 1136–1143. (doi:10.3201/eid2506.181741)

39. Compton BW, McGarigal K, Cushman SA, Gamble LR. 2007 A resistant-kernel model of connectivity for amphibians that breed in vernal pools.
Conserv. Biol. 21, 788–799. (doi:10.1111/j.1523-1739.2007.00674.x)

40. McRae BH, Dickson BG, Keitt TH, Shah VB. 2008 Using circuit theory to model connectivity in ecology, evolution, and conservation. Ecology 89,
2712–2724. (doi:10.1890/07-1861.1)

41. Zeller KA, Jennings MK, Vickers TW, Ernest HB, Cushman SA, Boyce WM. 2018 Are all data types and connectivity models created equal?
Validating common connectivity approaches with dispersal data. Divers. Distrib. 24, 868–879. (doi:10.1111/ddi.12742)

42. Unnithan Kumar S, Cushman SA. 2022 Connectivity modelling in conservation science: a comparative evaluation. Sci. Rep. 12, 16680. (doi:10.
1038/s41598-022-20370-w)

43. Lawrence A, O’Connor K, Haroutounian V, Swei A. 2018 Patterns of diversity along a habitat size gradient in a biodiversity hotspot. Ecosphere 9,
e02183. (doi:10.1002/ecs2.2183)

44. Salomon J, Hamer SA, Swei A. 2020 A beginner’s guide to collecting questing hard ticks (Acari: Ixodidae): a standardized tick dragging protocol.
J. Insect Sci. 20, 11. (doi:10.1093/jisesa/ieaa073)

45. Furman DP, Deane P, Loomis EC. 1984 The ticks of California. Berkeley, CA: University of California Press.
46. Kleinjan JE, Lane RS. 2008 Larval keys to the genera of ixodidae (acari) and species of ixodes (latreille) ticks established in california. Pan. Pac.

Entomol. 84, 121–142. (doi:103956/2007-381)
47. Baillargeon S, Rivest LP. 2007 Rcapture: loglinear models for capture-recapture in R. J. Stat. Softw. 19, 1–31. (doi:10.18637/jss.v019.i05)
48. Oksanen J, Simpson GL, Blanchet FG, Kindt, R.,R, Legendre P, Minchin PR, O’Hara RB, Solymos P. 2022 Community ecology package [r package

vegan version 2.6-4]. See https://CRAN.R-project.org/package=vegan.
49. Lane RS, Steinlein DB, Mun J. 2004 Human behaviors elevating exposure to Ixodes pacificus (Acari: Ixodidae) nymphs and their associated

bacterial zoonotic agents in a hardwood forest. J. Med. Entomol. 41, 239–248. (doi:10.1603/0022-2585-41.2.239)
50. Salomon J, Sambado SB, Crews A, Sidhu S, Seredian E, Almarinez A, Grgich R, Swei A. 2023 Macro-parasites and micro-parasites co-exist in

rodent communities but are associated with different community-level parameters. Int. J. Parasitol. Parasites Wildl. 22, 51–59. (doi:10.1016/j.
ijppaw.2023.08.006)

51. Barbour AG, Bunikis J, Travinsky B, Hoen AG, Diuk-Wasser MA, Fish D, Tsao JI. 2009 Niche partitioning of Borrelia burgdorferi and Borrelia
miyamotoi in the same tick vector and mammalian reservoir species. Am. J. Trop. Med. Hyg. 81, 1120–1131. (doi:10.4269/ajtmh.2009.09-0208)

52. Paddock CD et al. 2022 Detection and isolation of Rickettsia tillamookensis (Rickettsiales: Rickettsiaceae) from Ixodes pacificus (Acari: Ixodidae)
from multiple regions of California. J. Med. Entomol. 59, 1404–1412. (doi:10.1093/jme/tjac038)

53. Gustafson EJ, Parker GR. 1994 Using an index of habitat patch proximity for landscape design. Landsc. Urban Plan. 29, 117–130. (doi:10.1016/
0169-2046(94)90022-1)

54. Castro MB, Wright SA. 2007 Vertebrate hosts of Ixodes pacificus (Acari: Ixodidae) in California. J. Vector Ecol. 32, 140–149. (doi:10.3376/1081-
1710(2007)32[140:vhoipa]2.0.co;2)

55. Slowik TJ, Lane RS. 2009 Feeding preferences of the immature stages of three western North American ixodid ticks (Acari) for avian, reptilian, or
rodent hosts. J. Med. Entomol. 46, 115–122. (doi:10.1603/033.046.0115)

56. Lane RS, Mun J, Eisen RJ, Eisen L. 2005 Western gray squirrel (Rodentia: Sciuridae): a primary reservoir host of Borrelia burgdorferi in
Californian oak woodlands? J. Med. Entomol. 42, 388–396. (doi:10.1093/jmedent/42.3.388)

57. Lane RS, Burgdorfer W. 1988 Spirochetes in mammals and ticks (Acari: Ixodidae) from a focus of Lyme borreliosis in California. J. Wildl. Dis. 24,
1–9. (doi:10.7589/0090-3558-24.1.1)

58. Fish D, Daniels TJ. 1990 The role of medium-sized mammals as reservoirs of Borrelia burgdorferi in southern New York. J. Wildl. Dis. 26, 339–
345. (doi:10.7589/0090-3558-26.3.339)

59. Peavey CA, Lane RS, Kleinjan JE. 1997 Role of small mammals in the ecology of Borrelia burgdorferi in a peri-urban park in north coastal
California. Exp. Appl. Acarol. 21, 569–584. (doi:10.1023/A:1018448416618)

60. Foley JE, Queen EV, Sacks B, Foley P. 2005 GIS-facilitated spatial epidemiology of tick-borne diseases in coyotes (Canis latrans) in northern and
coastal California. Comp. Immunol. Microbiol. Infect. Dis. 28, 197–212. (doi:10.1016/j.cimid.2005.01.006)

61. Lane RS, Mun J, Parker JM, White M. 2005 Columbian black-tailed deer (Odocoileus hemionus columbianus) as hosts for Borrelia spp. in northern
California. J. Wildl. Dis. 41, 115–125. (doi:10.7589/0090-3558-41.1.115)

62. Brunner JL, LoGiudice K, Ostfeld RS. 2008 Estimating reservoir competence of Borrelia burgdorferi hosts: prevalence and infectivity, sensitivity,
and specificity. J. Med. Entomol. 45, 139–147. (doi:10.1603/0022-2585(2008)45[139:ercobb]2.0.co;2)

63. Eisen L, Eisen RJ, Mun J, Salkeld DJ, Lane RS. 2009 Transmission cycles of Borrelia burgdorferi and B. bissettii in relation to habitat type in
northwestern California. J. Vector Ecol. 34, 81–91. (doi:10.1111/j.1948-7134.2009.00010.x)

64. Girard YA, Swift P, Chomel BB, Kasten RW, Fleer K, Foley JE, Torres SG, Johnson CK. 2012 Zoonotic vector-borne bacterial pathogens in California
mountain lions (Puma concolor), 1987-2010. Vector Borne Zoonotic Dis. 12, 913–921. (doi:10.1089/vbz.2011.0858)

16
royalsocietypublishing.org/journal/rsos 

R. Soc. Open Sci. 11: 240837

http://dx.doi.org/10.1890/03-0769
http://dx.doi.org/10.1016/S0169-2046(02)00242-6
http://dx.doi.org/10.3201/eid2506.181741
http://dx.doi.org/10.1111/j.1523-1739.2007.00674.x
http://dx.doi.org/10.1890/07-1861.1
http://dx.doi.org/10.1111/ddi.12742
http://dx.doi.org/10.1038/s41598-022-20370-w
http://dx.doi.org/10.1038/s41598-022-20370-w
http://dx.doi.org/10.1002/ecs2.2183
http://dx.doi.org/10.1093/jisesa/ieaa073
http://dx.doi.org/103956/2007-381
http://dx.doi.org/10.18637/jss.v019.i05
https://CRAN.R-project.org/package=vegan
http://dx.doi.org/10.1603/0022-2585-41.2.239
http://dx.doi.org/10.1016/j.ijppaw.2023.08.006
http://dx.doi.org/10.1016/j.ijppaw.2023.08.006
http://dx.doi.org/10.4269/ajtmh.2009.09-0208
http://dx.doi.org/10.1093/jme/tjac038
http://dx.doi.org/10.1016/0169-2046(94)90022-1
http://dx.doi.org/10.1016/0169-2046(94)90022-1
http://dx.doi.org/10.3376/1081-1710(2007)32[140:vhoipa]2.0.co;2
http://dx.doi.org/10.3376/1081-1710(2007)32[140:vhoipa]2.0.co;2
http://dx.doi.org/10.1603/033.046.0115
http://dx.doi.org/10.1093/jmedent/42.3.388
http://dx.doi.org/10.7589/0090-3558-24.1.1
http://dx.doi.org/10.7589/0090-3558-26.3.339
http://dx.doi.org/10.1023/A:1018448416618
http://dx.doi.org/10.1016/j.cimid.2005.01.006
http://dx.doi.org/10.7589/0090-3558-41.1.115
http://dx.doi.org/10.1603/0022-2585(2008)45[139:ercobb]2.0.co;2
http://dx.doi.org/10.1111/j.1948-7134.2009.00010.x
http://dx.doi.org/10.1089/vbz.2011.0858


65. Wodecka B, Michalik J, Grochowalska R. 2022 Red foxes (Vulpes vulpes) are exposed to high diversity of Borrelia burgdorferi sensu lato species
infecting fox-derived Ixodes ticks in West-Central Poland. Pathogens 11, 696. (doi:10.3390/PATHOGENS11060696/S1)

66. Ostfeld RS, Holt RD. 2004 Are predators good for your health? Evaluating evidence for top-down regulation of zoonotic disease reservoirs. Front.
Ecol. Environ. 2, 13–20. (doi:10.1890/1540-9295(2004)002[0013:APGFYH]2.0.CO;2)

67. Sommer ML, Barboza RL, Botta RA et al. 2007 Habitat guidelines for mule deer: California woodland chaparral ecoregion – WAFWA. See https://
wafwa.org/wpdm-package/habitat-guidelines-for-mule-deer-california-woodland-chaparral-ecoregion (accessed 23 August 2024).

68. California Department of Fish and Wildlife. 2024 Mountain lions in California. See https://wildlife.ca.gov/Conservation/Mammals/Mountain-
Lion (accessed 23 August 2024).

69. Linske MA, Stafford KC, Williams SC et al. 2019 Impacts of deciduous leaf litter and snow presence on nymphal Ixodes scapularis (Acari:
Ixodidae) overwintering survival in coastal New England, USA. Insects 10, 227. (doi:10.3390/INSECTS10080227)

70. Jordan RA, Schulze TL. 2020 Artificial accumulation of leaf litter in forest edges on residential properties via leaf blowing is associated with
increased numbers of host-seeking Ixodes scapularis (Acari: Ixodidae) nymphs. J. Med. Entomol. 57, 1193–1198. (doi:10.1093/jme/tjaa033)

71. Grigione MM, Beier P, Hopkins RA, Neal D, Padley WD, Schonewald CM, Johnson ML. 2002 Ecological and allometric determinants of home-
range size for mountain lions (Puma concolor). Anim. Conserv. 5, 317–324. (doi:10.1017/S1367943002004079)

72. Brooks ME, Kristensen K, Benthem KJ, vanA, Berg CW, Nielsen A, Skaug HJ, Mächler M, Bolker BM. 2017 glmmTMB balances speed and
flexibility among packages for zero-inflated generalized linear mixed modeling. R J. 9, 378. (doi:10.32614/RJ-2017-066)

73. Barbour AG, Fish D. 1993 The biological and social phenomenon of Lyme disease. Science 260, 1610–1616. (doi:10.1126/science.8503006)
74. Giardina AR, Schmidt KA, Schauber EM, Ostfeld RS. 2000 Modeling the role of songbirds and rodents in the ecology of Lyme disease. Can. J. Zool.

78, 2184–2197. (doi:10.1139/z00-162)
75. LoGiudice K, Duerr STK, Newhouse MJ, Schmidt KA, Killilea ME, Ostfeld RS. 2008 Impact of host community composition on Lyme disease risk.

Ecology 89, 2841–2849. (doi:10.1890/07-1047.1)
76. Symonds MRE, Moussalli A. 2011 A brief guide to model selection, multimodel inference and model averaging in behavioural ecology using

Akaike’s information criterion. Behav. Ecol. Sociobiol. 65, 13–21. (doi:10.1007/s00265-010-1037-6)
77. Nupp TE, Swihart RK. 1996 Effect of forest patch area on population attributes of white-footed mice (Peromyscus leucopus) in fragmented

landscapes . Can. J. Zool. 74, 467–472. (doi:10.1139/z96-054)
78. Krohne DT, Hoch GA. 1999 Demography of Peromyscus leucopus populations on habitat patches: the role of dispersal . Can. J. Zool. 77, 1247–

1253. (doi:10.1139/z99-080)
79. Diuk-Wasser MA et al. 2012 Human risk of infection with Borrelia burgdorferi, the Lyme disease agent, in eastern United States. Am. J. Trop. Med.

Hyg. 86, 320–327. (doi:10.4269/ajtmh.2012.11-0395)
80. Zolnik CP, Falco RC, Kolokotronis SO, Daniels TJ. 2015 No observed effect of landscape fragmentation on pathogen infection prevalence in

blacklegged ticks (Ixodes scapularis) in the northeastern United States. PLoS ONE 10, e0139473. (doi:10.1371/journal.pone.0139473)
81. Ravindran R, Hembram PK, Kumar GS, Kumar KGA, Deepa CK, Varghese A. 2023 Transovarial transmission of pathogenic protozoa and rickettsial

organisms in ticks. Parasitol. Res. 122, 691–704. (doi:10.1007/s00436-023-07792-9)
82. Keesing F, Holt RD, Ostfeld RS. 2006 Effects of species diversity on disease risk. Ecol. Lett. 9, 485–498. (doi:10.1111/j.1461-0248.2006.00885.x)
83. Ostfeld RS, Keesing F. 2000 Biodiversity series: the function of biodiversity in the ecology of vector-borne zoonotic diseases. Can. J. Zool. 78,

2061–2078. (doi:10.1139/z00-172)
84. Estrada-Peña A. 2009 Diluting the dilution effect: a spatial Lyme model provides evidence for the importance of habitat fragmentation with

regard to the risk of infection. Geospat. Health 3, 143–155. (doi:10.4081/gh.2009.217)
85. Linske MA, Williams SC, Stafford KC, Ortega IM. 2018 Ixodes scapularis (Acari: Ixodidae) reservoir host diversity and abundance impacts on

dilution of Borrelia burgdorferi (Spirochaetales: Spirochaetaceae) in residential and woodland habitats in Connecticut, United States. J. Med.
Entomol. 55, 681–690. (doi:10.1093/jme/tjx237)

86. Brown RN, Lane RS. 1996 Reservoir competence of four chaparral-dwelling rodents for Borrelia burgdorferi in California. Am. J. Trop. Med. Hyg.
54, 84–91. (doi:10.4269/ajtmh.1996.54.84)

87. Salkeld DJ, Leonhard S, Girard YA, Hahn N, Mun J, Padgett KA, Lane RS. 2008 Identifying the reservoir hosts of the Lyme disease spirochete
Borrelia burgdorferi in California: the role of the western gray squirrel (Sciurus griseus). Am. J. Trop. Med. Hyg. 79, 535–540. (doi:10.4269/ajtmh.
2008.79.535)

88. Huang ZYX, VAN Langevelde F, Estrada-Peña A, Suzán G, DE Boer WF. 2016 The diversity-disease relationship: evidence for and criticisms of the
dilution effect. Parasitology 143, 1075–1086. (doi:10.1017/S0031182016000536)

89. Halliday FW, Rohr JR, Laine A. 2020 Biodiversity loss underlies the dilution effect of biodiversity. Ecol. Lett. 23, 1611–1622. (doi:10.1111/ele.
13590)

90. Gese EM, Morey PS, Gehrt SD. 2012 Influence of the urban matrix on space use of coyotes in the Chicago metropolitan area. J. Ethol. 30, 413–
425. (doi:10.1007/s10164-012-0339-8)

91. Lion KA, Rice SE, Clark RW. 2018 Genetic patterns in fragmented habitats: a case study for two Peromyscus species in southern California. J.
Mammal. 99, 923–935. (doi:10.1093/JMAMMAL/GYY069)

92. Chow PKY, Clayton NS, Steele MA. 2021 Cognitive performance of wild Eastern gray squirrels (Sciurus carolinensis) in rural and urban, native,
and non-native environments. Front. Ecol. Evol. 9, 615899. (doi:10.3389/fevo.2021.615899)

93. Ng-Nguyen D, Hii SF, Hoang MTT, Nguyen VAT, Rees R, Stenos J, Traub RJ. 2020 Domestic dogs are mammalian reservoirs for the emerging
zoonosis flea-borne spotted fever, caused by Rickettsia felis. Sci. Rep. 10, 4151. (doi:10.1038/s41598-020-61122-y)

17
royalsocietypublishing.org/journal/rsos 

R. Soc. Open Sci. 11: 240837

http://dx.doi.org/10.3390/PATHOGENS11060696/S1
http://dx.doi.org/10.1890/1540-9295(2004)002[0013:APGFYH]2.0.CO;2
https://wafwa.org/wpdm-package/habitat-guidelines-for-mule-deer-california-woodland-chaparral-ecoregion
https://wafwa.org/wpdm-package/habitat-guidelines-for-mule-deer-california-woodland-chaparral-ecoregion
https://wildlife.ca.gov/Conservation/Mammals/Mountain-Lion
https://wildlife.ca.gov/Conservation/Mammals/Mountain-Lion
http://dx.doi.org/10.3390/INSECTS10080227
http://dx.doi.org/10.1093/jme/tjaa033
http://dx.doi.org/10.1017/S1367943002004079
http://dx.doi.org/10.32614/RJ-2017-066
http://dx.doi.org/10.1126/science.8503006
http://dx.doi.org/10.1139/z00-162
http://dx.doi.org/10.1890/07-1047.1
http://dx.doi.org/10.1007/s00265-010-1037-6
http://dx.doi.org/10.1139/z96-054
http://dx.doi.org/10.1139/z99-080
http://dx.doi.org/10.4269/ajtmh.2012.11-0395
http://dx.doi.org/10.1371/journal.pone.0139473
http://dx.doi.org/10.1007/s00436-023-07792-9
http://dx.doi.org/10.1111/j.1461-0248.2006.00885.x
http://dx.doi.org/10.1139/z00-172
http://dx.doi.org/10.4081/gh.2009.217
http://dx.doi.org/10.1093/jme/tjx237
http://dx.doi.org/10.4269/ajtmh.1996.54.84
http://dx.doi.org/10.4269/ajtmh.2008.79.535
http://dx.doi.org/10.4269/ajtmh.2008.79.535
http://dx.doi.org/10.1017/S0031182016000536
http://dx.doi.org/10.1111/ele.13590
http://dx.doi.org/10.1111/ele.13590
http://dx.doi.org/10.1007/s10164-012-0339-8
http://dx.doi.org/10.1093/JMAMMAL/GYY069
http://dx.doi.org/10.3389/fevo.2021.615899
http://dx.doi.org/10.1038/s41598-020-61122-y


94. Harestad AS, Bunnel FL. 1979 Home range and body weight a reevaluation. Ecology 60, 389–402. (doi:10.2307/1937667)
95. Mace GM, Harvey PH. 1983 Energetic constraints on home-range size. Am. Nat. 121, 120–132. (doi:10.1086/284043)
96. Prusinski MA et al. 2006 Habitat structure associated with Borrelia burgdorferi prevalence in small mammals in New York State . Environ.

Entomol. 35, 308–319. (doi:10.1603/0046-225X-35.2.308)
97. Zittra C, Vitecek S, Obwaller AG, Rossiter H, Eigner B, Zechmeister T, Waringer J, Fuehrer HP. 2017 Landscape structure affects distribution of

potential disease vectors (Diptera: Culicidae). Parasit. Vectors 10, 1–13. (doi:10.1186/s13071-017-2140-6)
98. Fitzgerald J, Livdahl TP. 2019 Vertical habitat stratification in sympatric and allopatric populations of Aedes hendersoni and Aedes triseriatus

(Diptera: Culicidae). J. Med. Entomol. 56, 311–319. (doi:10.1093/jme/tjy107)
99. Adalsteinsson SA, D’Amico V, Shriver WG, Brisson D, Buler JJ. 2016 Scale-dependent effects of nonnative plant invasion on host-seeking tick

abundance. Ecosphere 7, e01317. (doi:10.1002/ecs2.1317)
100. Wei CY, Wang JK, Shih HC, Wang HC, Kuo CC. 2020 Invasive plants facilitated by socioeconomic change harbor vectors of scrub typhus and

spotted fever. PLoS Negl. Trop. Dis. 14, e0007519. (doi:10.1371/journal.pntd.0007519)
101. Medlock JM, Vaux AGC, Hansford KM, Pietzsch ME, Gillingham EL. 2020 Ticks in the ecotone: the impact of agri-environment field margins on

the presence and intensity of Ixodes ricinus ticks (Acari: Ixodidae) in farmland in southern England. Med. Vet. Entomol. 34, 175–183. (doi:10.
1111/mve.12428)

102. González J, Fonseca DM, Toledo A. 2023 Seasonal dynamics of tick species in the ecotone of parks and recreational areas in Middlesex County
(New Jersey, USA). Insects 14, 258. (doi:10.3390/insects14030258)

103. Shaw G, Swei A. 2024 Landscape connectivity, habitat isolation, and tick-borne pathogen ecology (dataset). Dryad Digital Repository. ()
104. Shaw G, Lilly M, Mai V, Clark J, Summers S, Slater K et al. 2024. Supplementary material from: The roles of habitat isolation, landscape

connectivity, and host community in tick-borne pathogen ecology. FigShare (doi:10.6084/m9.figshare.c.7481232)

18
royalsocietypublishing.org/journal/rsos 

R. Soc. Open Sci. 11: 240837

http://dx.doi.org/10.2307/1937667
http://dx.doi.org/10.1086/284043
http://dx.doi.org/10.1603/0046-225X-35.2.308
http://dx.doi.org/10.1186/s13071-017-2140-6
http://dx.doi.org/10.1093/jme/tjy107
http://dx.doi.org/10.1002/ecs2.1317
http://dx.doi.org/10.1371/journal.pntd.0007519
http://dx.doi.org/10.1111/mve.12428
http://dx.doi.org/10.1111/mve.12428
http://dx.doi.org/10.3390/insects14030258
http://dx.doi.org/10.6084/m9.figshare.c.7481232

	The roles of habitat isolation, landscape connectivity and host community in tick-borne pathogen ecology
	1. Introduction
	2. Material and methods
	2.1. Field sites and sampling
	2.2. Molecular analysis
	2.3. Landscape fragmentation analysis
	2.4. Statistical analysis

	3. Results
	3.1. Borrelia burgdorferi sensu stricto prevalence was highest among pathogens
	3.2. Higher density of Ixodes pacificus nymphs in large, minimally isolated habitats with adjacent green space
	3.3. Density of Borrelia burgdorferi sensu lato infected nymphs decreases in large fragments, increases with predator Shannon diversity
	3.4. Borrelia burgdorferi sensu lato nymphal infection prevalence and nymphal infection status correlated with wildlife predictors
	3.5. Pathogen richness increases with more surrounding green space and shorter distance to intact habitat
	3.6. Rickettsia tillamookensis nymphal infection status predicted by connectivity to intact habitat
	3.7. Borrelia miyamotoi nymphal infection status predicted by host community cost-distance to intact forest

	4. Discussion


