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ABSTRACT

Spillback—where non-native species increase native pathogen prevalence—is potentially an important mechanism by which

non-natives contribute to zoonotic disease emergence. However, spillback has not yet been directly demonstrated because it

is difficult to disentangle from confounding factors which correlate with non-native species abundance and native pathogen
prevalence. Here, we capitalise on replicated, quasi-experimental releases of non-native pheasants (Phasianus colchicus) to
compare vector abundance and native pathogen prevalence between sites with similar local conditions but different non-

native densities. Prevalence of Borrelia spp. (the causative agent of Lyme disease) in questing ticks was almost 2.5x higher in

woods where pheasants are released compared to control woods, with a particularly strong effect on Borrelia garinii, a bird

specialist genospecies. Furthermore, adult (but not nymphal) ticks tended to be more abundant at pheasant-release woods.

This work provides evidence that non-native species can impact zoonotic pathogen prevalence via spillback in ecologically

relevant contexts.

1 | Introduction

Rapidly accelerating biodiversity loss and the expansion of
international trade have left ecosystems susceptible to the
introduction, establishment and spread of non-native spe-
cies (Kennedy et al. 2002; Sardain et al. 2019; Stachowicz
et al. 2002). Evidence is mounting that these processes play a
key role in the emergence and re-emergence of zoonotic dis-
eases (Roy et al. 2023; Zhang et al. 2022), by providing an op-
portunity for new parasite-host interactions to establish or by
changing the dynamics of existing disease transmission path-
ways (Young et al. 2017). Non-natives can introduce pathogens
from their native range to novel hosts (‘spillover’; Power and

Mitchell 2004; Nanetti et al. 2021), amplify native pathogens
(‘spillback’; Kelly et al. 2009), or alter disease dynamics by
changing the composition of native host/vector communities
(Burkett-Cadena et al. 2021; Hoyer et al. 2017).

Spillback is likely the most common of these mechanisms, yet
it has received less attention than spillover and is generally less
well understood (Kelly et al. 2009). One potential reason is that
spillback is difficult to conclusively demonstrate. Observations
of non-native species hosting native pathogens are often used
as evidence of spillback (Bezerra-Santos et al. 2023). However,
to affect disease dynamics via spillback, non-native species not
only need to be susceptible to infection by a native pathogen but
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must also effectively transmit the pathogen (Downs et al. 2019).
Furthermore, given the diversity of effects which non-natives
can exert on native host community composition (Hoyer
et al. 2017), the overall effect of non-natives on a native patho-
gen's prevalence is difficult to predict (Swei et al. 2012). To
demonstrate spillback, measuring the prevalence of a zoonotic
pathogen in native hosts/vectors is imperative and, in the case of
vector-borne pathogens, measuring and accounting for changes
in vector abundance is also crucial.

Demonstrating spillback is also complicated because the ef-
fects of non-native species on disease dynamics are often con-
founded by correlated factors (Carlson et al. 2022; Halliday
et al. 2020; Young et al. 2017; Zhang et al. 2022). For instance,
anthropogenic disturbance is associated with both high non-
native abundance (MacDougall et al. 2014) and increased
disease prevalence independent of species introductions, for
example, by changing native host community composition
(Ostfeld 2009), eliciting stress in native hosts (Narayan 2019)
or changing native host densities (Mbora and McPeek 2009).
Studying non-native species deliberately introduced for recre-
ational or commercial activities, such as hunting or fishing,
provides an opportunity to overcome this complication. These
deliberate introductions are common: >20% of non-native
species are thought to have been translocated and to be re-
stocked for recreational activities (Carpio et al. 2017; Jeschke
and Strayer 2006). Compared to accidentally introduced spe-
cies, these deliberately introduced non-natives are less likely
to spread (Jeschke and Strayer 2006), and thus tend to have
clustered distributions in a landscape. As such, pathogen prev-
alence in native hosts/vectors can be compared between loca-
tions of high and low non-native density, but with similar local
conditions (i.e., climate, anthropogenic disturbance and land-
use). Furthermore, in the context of invasion biology, delib-
erately introduced non-natives also act as a more ecologically
relevant model than fully domestic non-native species, which
also often interact with wildlife disease transmission cycles
(Bouwmeester et al. 2021; Ayala et al. 2020).

In the UK, around 47 million common pheasants (Phasianus
colchicus Linnaeus 1758) are released each year for recreational
shooting (Aebischer 2019). The biomass of pheasants in late
summer is estimated to be equivalent to that of all native UK
breeding birds combined (Blackburn and Gaston 2021) but the
ecological consequences of these releases are still poorly un-
derstood (Madden et al. 2023). One potential consequence of
pheasant release is the amplification of zoonotic pathogens, in
particular Borrelia burgdorferi sensu lato (Johnson et al. 1984;
Kurtenbach, Carey, et al. 1998; Kurtenbach, Peacey, et al. 1998).
Borrelia burgdorferi s.l. is the causative agent of Lyme disease,
the most prevalent vector-borne zoonotic disease in the northern
hemisphere (Lindgren and Jaenson 2006). Pheasants can har-
bour hundreds of Ixodes ricinus (Linnaeus 1758) ticks (Hoodless
et al. 2002), the vector of B. burgdorferis.l., and experimental tri-
als in captivity have demonstrated that pheasants can contract
and re-transmit B. burgdorferi s.l. to and from I. ricinus (Craine
et al. 1997; Kurtenbach, Carey, et al. 1998; Kurtenbach, Peacey,
et al. 1998). However, the impact of pheasant release on tick
abundance and Borrelia sp. prevalence in ticks, in ecologically
relevant contexts, has not yet been quantified.

Here we test whether the release of these non-native birds af-
fects the amplification of zoonotic pathogens. Specifically, we
compare the abundance of ticks and the prevalence of B. burg-
dorferi s.l. in ticks between woodlands (hereafter referred to
as ‘woods’) where pheasants are released, and paired woods
where no pheasants are released. To better understand the rel-
ative importance of direct spillback effects vs. indirect effects
(e.g., changes in host community composition), we also deter-
mine which Borrelia genospecies are most affected by pheasant-
release. We predict higher B. burgdorferi s.1. prevalence in ticks
from pheasant-release woods and for the bird-specialist Borrelia
garinii (Baranton et al. 1992) (Hanincova et al. 2003) to be most
strongly amplified.

2 | Materials and Methods
2.1 | Pheasant-Release for Recreational Shooting

In the United Kingdom, common pheasants (P. colchicus) are
released each year for recreational shooting (Aebischer 2019).
Organisations that release pheasants are referred to as ‘shoots’.
In summer, shoots release juvenile pheasants into ‘release
pens’—fenced enclosures within woods. The number of pheas-
ants released varies greatly, ranging from a few hundred to
over 100,000 birds per shoot. Release pens feature small gates
through which pheasants can exit into the surrounding wood-
land and re-enter freely from the moment of their release. Shoots
may use one pen in a single wood, multiple pens within a single
wood or multiple pens across separate woods. Because pens are
costly to construct, they are reused annually for up to 20years
before being re-constructed or relocated (Draycott et al. 2006;
Sage et al. 2005).

In release pens, pheasants are provisioned with food, water and
shelter. Provisioning typically continues until the end of the
shooting season on the 1st February. Some shoots continue to
provision pheasants beyond the shooting season's end, with the
aim of establishing feral populations, whereas others proactively
cull remaining pheasants in an attempt to reduce inter-annual
disease transmission between pheasant cohorts. In either sce-
nario, pheasant mortality is high. It is estimated that only 9% of
pheasants are still alive in spring compared to their peak abun-
dance in late summer (Blackburn and Gaston 2021).

2.2 | Sampling Sites

Twenty-five shoots from the southwest of England were in-
cluded in this study, capturing the range of pheasant-release
magnitude (median: 5000; IQR: 2000—20,500; range: 300-
105,000 released birds) that exists across shoots. Each shoot was
visited during a period of high tick activity (10 May—16 July
2022). At each shoot, we aimed to collect ticks from two woods
in which pheasants had been released during the summer pre-
ceding tick collection (hereafter referred to as ‘release woods’)
and two woods where no pheasants were released (hereafter
referred to as ‘control woods’). Control woods were between
1 and 2.5km from the nearest known release pen, a distance
outside of the typical post-release dispersal range of pheasants
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FIGURE1 | An aerial map of a representative pheasant shoot. Small blue compartments show the area outline of release pens. 1 km and 2.5 km

perimeters are drawn around each release pen. Between the two perimeters is a ‘no pheasant release’ area, within which a control wood is highlight-

ed in brown. Inset maps show zoomed in views of a release and a control wood with a 7 x 7-cell sampling grid overlaid.

(Turner 2008; Figure 1). Control and release woods could either
make up four parts of one contiguous woodland habitat or be
isolated woodlands separated by fields or roads. We verified the
suitability of control woods by confirming the absence of any
visible signs of pheasant-release using Google maps (i.e., fences
or nearby cover crops; Madden and Sage 2020), consulting with
local shoot managers to confirm there was no known history of
pheasant-release, and checking for visible signs of past or pres-
ent pheasant-release when woods were visited for tick sampling
(i.e., supplementary feeders, release pen fences). At seven of the
shoots only a single control wood was sampled that met these
criteria. At four of the shoots, only a single release wood was
sampled because all pheasants were released from a single pen.
In total, ticks were collected from 89 woods (46 release woods
and 43 control woods).

2.3 | Tick Sampling

To quantify I. ricinus abundance in control and release woods,
we dragged a 1m? white cotton sheet along 5m transects over
understory vegetation (i.e., covering a total area of 5m?). For
each transect (hereafter referred to as a ‘drag’), we collected all
nymphal and adult ticks attached to the cloth and stored them
in 97% ethanol. We completed 10 structured drags in each wood.
The location of each drag was randomly selected from a 7x7
grid of 10m? cells created using QGIS (QGIS Association, n.d.)
(Figure 1). Only one drag was completed in each cell. To improve
the accuracy of our Borrelia sp. prevalence estimates, in woods
where <20 ticks were collected during the initial 10 structured
drags (n=59), we continued with ad hoc dragging until at least
20 ticks were collected. Tick abundance estimates were derived
exclusively using data from the 10 initial structured drags. We
did not collect ticks in their first life stage (larva), because B.
burgdorferi s.l. is very rarely transmitted from adult females to
offspring, and larvae thus play a minor role in the transmission
of Lyme disease (Richter et al. 2012; Rollend et al. 2013). Using
a morphological key (Hillyard 1996), we identified all ticks to
species level and determined their life stage.

2.4 | Ecological Variables

To allow us to control for factors that can influence tick abun-
dance and Borrelia spp. prevalence independent of pheasant-
release, we recorded several ecological variables for each drag.
We recorded the date upon which each tick was collected. We
measured ambient temperature before each drag (Kahl and
Gray 2023; Macleod 1936). Because of its effect on microclimate
and consequently, tick activity (Macleod 1936), we characterised
understory vegetation by measuring vegetation height at the
midpoint of each drag using a wooden dowel marked at 10cm
intervals from 0 to 100cm (Nelson et al. 2015) and by visually
estimating the percentage of bare ground over the area dragged.
We recorded whether the nearest tree was a conifer or broad-
leaf species and noted if the drag was conducted at the edge
(£2m from non-woodland habitat) or interior of the woodland
(>3 m from non-woodland habitat) (Hansford et al. 2017, 2022).
No drags were conducted between 2 and 3m from the edge of
woods. Finally, using QGIS (QGIS Association, n.d.) we quanti-
fied the total continuous area (m?) of the woods we sampled (i.e.,
unbroken by fields, large roads or rivers).

2.5 | Borrelia spp. Screening and Genospecies
Differentiation

We extracted DNA from ticks using previously published pro-
tocols (Hansford et al. 2015). We then used a pan-Borrelia
gPCR assay targeting the 16s rRNA gene to screen ticks for all
pathogenic Borrelia genospecies (Medlock et al. 2022; Parola
et al. 2011). To reduce screening costs, we pooled ticks before
DNA extraction and Borrelia sp. screening. Each pool contained
two ticks of the same life stage, collected from the same wood
and at the same distance from the woodland edge. Single ticks
left over after pooling were extracted and screened individually.
We considered all samples with CT values < 39 as Borrelia spp.
positive. The probability of individual ticks carrying Borrelia
spp. was modelled statistically using pooled and individual re-
sults (Methods S1). To quantify Borrelia spp. detectability and
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cross-contamination during DNA extraction or qPCR, each
gPCR plate included one positive control (purified Borrelia sp.
DNA), a negative qPCR control (distilled water), and 12 ex-
traction controls (ammonium hydroxide only). To determine
Borrelia genospecies, positive samples were sequenced at the
5S-23S rRNA intergenic spacer region as described by Hansford
et al. (2023).

2.6 | Statistical Analysis

Statistical analyses were completed in a Bayesian framework.
For each variable, we report the mean coefficient estimate from
posterior distributions along with the 95% highest posterior den-
sity intervals (HPDISs).

Separate models were constructed to test the effects of pheasant-
release on tick abundance, Borrelia spp. prevalence in ticks, and
genospecies-specific Borrelia prevalence in ticks. To improve our
ability to detect these effects, and to disentangle direct effects of
pheasant-release from those mediated by ecological variation
across woods, we included ecological variables as covariates. To
identify which ecological variables to include, we created mod-
els which featured only ecological variables as predictors, then
excluded those with 79% HPDIs spanning zero, leaving what we
here refer to as the ‘ecological null model’ (details in Results S1,
Figure S1).

2.7 | Tick Abundance Model

Tick abundance was modelled as a multivariate negative bi-
nomial response, with nymph and adult abundances modelled
as distinct observations from a single drag. The ecological null
model included woodland size (area in m?), vegetation depth,
nearest tree species (conifer vs. broadleaf), and percentage
bare ground (Figures S1A,B). We then added pheasant-release
(release vs. control woods) as a binary predictor to determine
differences in adult and nymph abundances between con-
trol and pheasant-release woods. We used posterior contrasts
(i.e., the difference in posterior distributions) to determine
if the effect of pheasant release differs between the two life
stages. The model included random effects to account for non-
independence within woods (n =89) and shoots (n =25), and a
Gaussian process to account for spatial autocorrelation among
shoots.

2.8 | Borrelia sp. Prevalence Model

Tick Borrelia sp. prevalence (i.e., non-genospecies-specific
prevalence) was modelled as a binomial response at the level
of individual ticks. The ecological null model included dis-
tance from the woodland edge (Figure S1C). We then added
tick life stage (nymph vs. adult) and pheasant release (release
wood vs. control wood) as binary predictors and tested for an
interaction between the two. We used a custom binomial dis-
tribution to account for two potential sources of Borrelia spp.
misclassification (McElreath 2020, Chapter 17). These are: false
positives occurring due to Borrelia spp. negative and positive
ticks being pooled together, and false positives due to a 0.05%

chance of cross-contamination during DNA extraction/qPCR
(Methods S1). This approach allowed us to derive more accurate
estimates of effect sizes than would be possible using minimum/
maximum-possible prevalence (Fracasso et al. 2023). The model
also included random effects to account for non-independence
within woods (n=_89) and shoots (n=25), and a Gaussian pro-
cess to account for spatial autocorrelation among shoots.

2.9 | Genospecies-Specific Borrelia
Prevalence Model

To determine if different Borrelia genospecies respond differ-
ently to pheasant-release, we used a multinomial model with
five outcomes: B. garinii-infected, B. afzelii-infected (Canica
et al. 1993), B. valaisiana-infected (Wang et al. 1997), other/
unresolved, and non-infected. We could not account for mis-
classification in this model; instead, we used maximal possible
prevalence as a response variable, with an offset for tick pool
size. Maximal possible prevalence was approximate as the geno-
species of 25 samples could not be resolved. We included the
predictors tick life stage (nymph vs. adult) and pheasant-release
(control woods vs. release woods), and random effects of wood
(n=289) and shoot (n=25). To ensure unbiased posterior explo-
ration, this model did not feature a Gaussian process accounting
for spatial autocorrelation among shoots.

2.10 | Sensitivity Analyses and Release Magnitude
Effects

We completed sensitivity analyses to determine if the estimated
effect of pheasant release on tick abundance and Borrelia spp.
prevalence depends upon the inclusion of specific ecological
variables (Results S2, Figure S2). Furthermore, we performed
additional analyses to explore the impact of release magnitude
(i.e., the number of pheasants released at a shoot) on tick abun-
dance and Borrelia sp. prevalence (Results S3; Figure S3).

All analyses were completed in R version 4.1.0 (R Core
Team 2023), using the packages ‘rethinking’ (McElreath 2020)
and ‘brms’ (Biirkner 2021)—compilers for the STAN modelling
platform (Stan Development Team 2023). All models were im-
plemented using 4000 samples from four chains. Model diagnos-
tics, including trace plots and R-hat values (<1.01), showed no
issues with convergence or biased posterior exploration.

3 | Results
3.1 | Tick Abundance

During structured drags, 693 nymphs and 54 adults were col-
lected from control woods (n=43) compared to 671 nymphs
and 110 adults from release woods (n=46). All ticks were iden-
tified as I ricinus. Adult tick abundance tended to be higher
at pheasant-release woods compared to control woods (mean
effect: 0.52, 95% HPDI: —0.07 to 1.11 [log scale]; Figure 2A),
whereas no effect on nymph abundance was observed (mean
effect: —0.13, 95% HPDI: —0.60 to 0.32 [log scale]; Figure 2A).
The contrast between these effects does not strongly suggest

40f 10

Ecology Letters, 2025

95U8917 SUOWILLIOD SAITERID 9|cedljdde ay) Ag pauieAob aJe Sajolle O ‘9SN J0 3N oy Aleud 1 8uluo A3|IM UO (SUOTIPUOI-PUe-SWULBYWID" A8 1M Ale1q 1 BUIJUD//:SANY) SUONIPUOD pue SIS | 81 89S *[S202/S0/6T] U0 AriqiauluO A8|IM ‘STTOL @R/TTTT OT/I0p/W0d A3 |IM Aleiq 1 jput uo//SAny WOy papeojumod ‘v ‘SZ0Z ‘820TorT



that the effect of pheasant-release differs between the two life 3.2 | Borrelia Spp. Prevalence

stages (mean effect: 0.65, 95% HPDI: —0.13 to 1.37 [log scale];

Figure 2A). These results were not contingent on the inclu- A total of 2493 (343 adults and 2150 nymphs) I ricinus ticks
sion of ecological variables (Results S2; Figure S2) and did not  were screened for Borrelia spp. We found strong evidence that
change when a pheasant-release X release magnitude interaction nymph and adult ticks collected from pheasant-release woods
was added to the model (Results S3). Overviews of the posterior were more likely to be infected with Borrelia spp. (mean effect:
estimates for all parameters are shown in Figure S4A,B. 0.92, 95% HPDI: 0.33-1.5 [logit scale]; Figure 3A). Borrelia spp.
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FIGURE2 | (A)Posterior distributions outlining the effect of pheasant-release on Ixodes ricinus abundance, derived by comparing I. ricinus abun-
dances between woods where pheasants are released and control woods where no pheasants are released. From top to bottom, the effect of pheasant-
release on adult tick abundance, the effect of pheasant-release on nymphal tick abundance and, the difference between the effect of pheasant-release
on nymphs and adults. Black points correspond to the means of posterior distributions and horizontal lines represent 79% and 95% highest probability
density intervals. For the upper and middle rows, positive values indicate higher abundance at woods where pheasants are released. (B, C) Predicted
abundance of I ricinus adults (B) and nymphs (C) collected at woods where no pheasants are released (brown boxes) and woods where pheasants
are released (blue boxes). Central horizontal lines represent posterior distribution means, boxes and vertical lines encompass all predictions within
one and two standard deviations of the mean, respectively. Predictions are conditional on random effects and ecological variables being held at mean
values (for more information see Results S1).
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pheasant-release (PR) on Borrelia sp. prevalence in nymphs and adults (LS). Black points correspond to the means of posterior distributions and hori-
zontal lines represent 79% and 95% HPDI intervals. (B, C) Predicted Borrelia sp. prevalence in I. ricinus adults (B) and nymphs (C) collected at woods
where no pheasants are released (brown boxes) and woods where pheasants are released (blue boxes). Central horizontal lines represent posterior
distribution means, boxes and vertical lines encompass all predictions within one and two standard deviations of the mean, respectively. Predictions
are conditional on random effects and ecological variables being held at mean values (for more information see Results S1). The predicted increase
in the relative prevalence of Borrelia sp. infection, associated with pheasant release, is the same for adults and nymphs (2.45 times greater), but the
absolute increase in prevalence differs between the two life stages.
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prevalence in ticks collected from pheasant-release woods was
2.45 times higher than for ticks collected from control woods
(mean percentage increase: 144.58%, 95% HPDI: 19.18%-291.6%;
Figure 3B,C). We also found strong evidence that Borrelia spp.
prevalence was higher in adults than in nymphs (mean effect:
1.55, 95% HPDI: 1.15-1.88 (logit scale); Figure 3A) but no evi-
dence that pheasant-release affected Borrelia spp. prevalence in
adults and nymphs differently (mean effect: —0.03, 95% HPDI:
—0.87 to 0.79 (logit scale); Figure 3A). These results were not
contingent on the inclusion of ecological variables in the model
(Results S2; Figure S2) and did not change when a pheasant-
release X release magnitude interaction was added (Results S3).
An overview of the posterior estimates for all parameters is
shown in Figure S4C.

3.3 | Genospecies-Specific Borrelia Prevalence

The Borrelia genospecies of 167/192 positive samples were suc-
cessfully determined. The three most common genospecies in
our sample were B. garinii (51% of infections), B. valaisiana (33%
of infections) and B. afzelii (13% of infections). B. garinii (mean
effect: 1.04, 95% HPDI: 0.57-1.51 [logit scale|; Figure 4A-C),
and, to a lesser extent, B. valaisiana (mean effect: 0.5, 95% HPDI:
0-1 [logit scale]; Figure 4A-C) were amplified at release sites
compared to control sites. There was no evidence that the preva-
lence of B. afzelii was affected by pheasant release (mean effect:
—0.10, 95% HPDI: —0.68 to 0.49 [logit scale]; Figure 4A-C). In
B. valaisiana, we found strong evidence for an interaction be-
tween pheasant release and tick life stage (mean effect: 0.77, 95%
HPDI: 0.06-1.48 [logit scale]; Figure 4A), whereby B. valaisiana

A genospecies B

Bl afzeli [F] garinii [F valaisiana

is amplified in adults but not in nymphs in release woods. Such
interactions were not observed for B. afzelii (mean effect: —0.67,
95% HPDI: —1.5 to 0.12 [logit scale|; Figure 4A), or B. garinii,
which was amplified in both life stages (mean effect: 0.14, 95%
HPDI: —0.54 to 0.84 [logit scale]; Figure 4A). Summaries of all
posterior distributions and contrasts are presented in Tables S1
and S2.

4 | Discussion

Spillback is often proposed as an important mechanism through
which non-native species can influence the emergence of zoo-
notic and wildlife diseases. However, demonstrating spillback
in ecologically relevant contexts is challenging. Here we show
that the prevalence of Borrelia spp. in ticks, the causative agent
of Lyme disease, is increased in woods where pheasants are
released compared to woods where no pheasants are released.
This effect was driven primarily by the amplification of B. ga-
rinii, a bird specialist genospecies which causes neuroborreliosis
in humans (Balmelli and Piffaretti 1995; van Dam et al. 1993),
and to a lesser extent by the amplification of B. valaisiana. We
also show that there was a trend for an increase in adult (but
not nymphal) tick abundance at pheasant-release woods. These
results suggest that the release of non-native pheasants can am-
plify zoonotic disease risk via spillback.

Numerous previous studies have provided evidence for the po-
tential of non-native species to amplify zoonotic pathogens
(Craine et al. 1995, 1997). Examples include the tapeworm
Echinococcus multilocularis (Leuckart 1863), the causative

C
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FIGURE4 | (A)Posterior distributions (from top to bottom) for the difference in Borrelia prevalence in Ixodes ricinus ticks between woods where
pheasants are or are not released (PR) for the three most common genospecies in our samples (Borrelia garinii, B. afzelii, B. valaisiana), positive val-
ues indicate higher prevalence at pheasant-release woods. The difference in Borrelia prevalence between nymphs and adults (LS), positive values
indicate higher prevalence in adults. The difference between the effect of pheasant-release on Borrelia prevalence in nymphs and adults (PR:LS),
positive and negative values indicate greater amplification in adults and nymphs, respectively. Coloured points correspond to the means of posterior
distributions and horizontal lines represent 79% and 95% highest probability density intervals. Summaries of posterior distributions and pairwise
contrasts are presented in Tables S1 and S2. (B, C) Predicted maximum possible prevalence, for the three most common Borrelia genospecies in our
sample (B. garinii, B. afzelii, B. valaisiana) in I. ricinus adults (B) and nymphs (C) collected at woods where no pheasants are released (brown box-
es) and woods where pheasants are released (blue boxes). Central horizontal lines represent posterior distribution means, whilst boxes and vertical
lines encompass all predictions within one and two standard deviations of the mean, respectively. Predictions are conditional on random effects and
ecological variables being held at mean values (for more information see Results S1). The genospecies of 25 samples could not be resolved, due to co-
infection or low DNA quality, thus maximum possible prevalence values are approximate.
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agent of Alveolar Echinococcosis, found in non-native rodents
(Umhang et al. 2013), the human-pathogenic roundworm
Baylisascaris procyonis (Stefanski and Zarnowski 1951) found in
non-native raccoons (Procyon lotor Linnaeus 1758) (Peter et al.
2023) or Borrelia spp. found in non-native grey squirrels (Sciurus
carolinensis Gmelin 1788) (Craine et al. 1995) and Siberian chip-
munk (Eutamias sibiricus Laxmann 1769) (Marsot et al. 2013).
Indeed, analyses suggest that 36% of all non-native species host
at least one zoonotic pathogen (Zhang et al. 2022). However, to
demonstrate pathogen amplification by non-native species, it is
imperative to quantify changes in pathogen prevalence in native
vectors or hosts.

Recent studies have advanced in this direction. For example,
a higher prevalence of Everglades virus (EVEV) has been ob-
served in mosquito vectors since Burmese python (Python bivit-
tatus Kuhl 1820) have invaded the Florida Everglades. This
effect is likely due to selective predation by Burmese pythons,
causing a shift in native host community composition in favour
of highly competent rodent hosts (Hoyer et al. 2017; Burkett-
Cadena et al. 2021). However, to our knowledge, our study is the
first to quantify the impact of a non-native species on zoonotic
pathogen amplification in a quasi-experimental setting across
multiple introduction and control sites. Because of the limited
dispersal range of pheasants (Turner 2008), shoots can be con-
sidered replicated, localised introduction events. This spatial
replication adds to the robustness of our findings in compari-
son to studies where multiple samples may come from a single
introduction event. The quasi-experimental nature of gamebird
releases and the paired release-control design of our study also
allows us to disentangle the effects of non-natives per se from
other ecological processes which may be correlated with zoo-
notic pathogen prevalence and facilitate the introduction and es-
tablishment of non-natives (Young et al. 2017; Zhang et al. 2022),
for example, land-use change (Faust et al. 2018; Gottdenker et al.
2014), climate change (Carlson et al. 2022) and biodiversity loss
(Halliday et al. 2020).

Multiple non-mutually exclusive mechanisms may cause Borrelia
sp. amplification at pheasant-release woods. Through biologi-
cal interactions such as predating on invertebrates (Neumann
et al. 2015), acting as a food source for meso-predators (Pringle
et al. 2019), or altering woodland vegetation structure (Sage
et al. 2009), pheasants alter the ecosystems to which they are in-
troduced (Madden et al. 2023; Pringle et al. 2019). Management
practices associated with pheasant-release can also impact
ecosystems: the average shoot provisions 24t of post-release
supplementary food for pheasants annually (Larkman and
Newton 2015), a resource often utilised by non-target species
(Sanchez-Garcia et al. 2015; Willmer and Littlemore 2012). Any
of these mechanisms could influence the composition of native
Borrelia spp. host communities.

Although comparing natural Borrelia spp. host community
composition at control and release woods was beyond the scope
of the present study, we argue that direct pathogen amplifica-
tion by pheasants (i.e., direct spillback) is the most parsimoni-
ous explanation for the observed Borrelia sp. amplification at
pheasant-release woods. B. garinii is both the genospecies that
most frequently infects pheasants (unpublished data E.M.) and
the genospecies most affected by pheasant-release. Borrelia

garinii amplification could potentially result from an increase in
the abundance of other bird species at pheasant-release woods.
However, prior work suggests that whereas the abundance of
some bird species is increased at pheasant-release woods (e.g.,
woodpigeons [Columba palumbus Linnaeus 1758]), there does
not seem to be an effect on the abundance of typical B. garinii
hosts (Taragel'ova et al. 2008), such as thrushes (Turdus spp.
Linnaeus 1758) (Draycott et al. 2008). Notably, even at small
shoots, the biomass of released pheasants is orders of magnitude
greater than that of native avian hosts (Newson et al. 2005).
Furthermore, though previous work has observed positive asso-
ciations between bank vole (Myodes glareolus Schreber 1780) and
wood mouse (Apodemus sylvaticus Linnaeus 1758) abundances
and year-round pheasant food supplementation (Davey 2008),
B. afzelii, which typically infects small mammals (Hanincova
et al. 2003), was not amplified in release woods in our study,
suggesting that increased rodent abundance is unlikely to drive
Borrelia spp. amplification. Nonetheless, confirming the mech-
anisms through which pheasant-release amplifies Borrelia spp.
prevalence would be an important next step to identify interven-
tion strategies for the mitigation of the impact of non-natives on
zoonotic disease risk.

Currently the spatial extent of pheasant-release effects on Lyme
disease risk amplification is unclear. We show that Borrelia spp.
prevalence in ticks was almost 2.5x higher in woods where pheas-
ants are released compared to control woods 1-2.5km away, a
range based on previously reported pheasant dispersal distances.
However, in contexts that promote greater dispersal distances-
such as low food availability (Kreuzinger-Janik et al. 2022)
or high connectivity (Baguette and Van Dyck 2007)—pheas-
ants could potentially move further away from release sites. As
such, Borrelia spp. prevalence might continue to decrease be-
yond 1-2.5km distance from release pens. Whether the effects
of pheasant-release are localised or extend gradually across the
landscape will determine if Lyme disease risk amplification pri-
marily represents an occupational health hazard to gamebird
managers exposed to infected ticks during pheasant husbandry,
or a broader health hazard to the general public.

In conclusion, we show that the release of non-native pheas-
ants for recreational shooting is associated with an almost 2.5x
higher prevalence of Borrelia spp., the causative agent of Lyme
disease, in questing ticks. The fact that this effect is primarily
driven by the amplification of the bird specialist B. garinii, to-
gether with the replicated, quasi-experimental design of our
study, provides the strongest evidence to date that non-native
species can impact zoonotic pathogen prevalence via spillback
in ecologically relevant contexts.
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