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Abstract
To	better	 understand	 vector-	borne	disease	 dynamics,	 knowledge	of	 the	 ecological	
interactions	between	animal	hosts,	vectors,	and	pathogens	is	needed.	The	effects	of	
hosts	on	disease	hazard	depends	on	their	role	in	driving	vector	abundance	and	their	
ability	to	transmit	pathogens.	Theoretically,	a	host	that	cannot	transmit	a	pathogen	
could	dilute	pathogen	prevalence	but	 increase	disease	hazard	 if	 it	 increases	vector	
population	 size.	 In	 the	case	of	Lyme	disease,	 caused	by	Borrelia burgdorferi s.l. and 
vectored	by	Ixodid	ticks,	deer	may	have	dual	opposing	effects	on	vectors	and	patho-
gen:	deer	drive	 tick	population	densities	but	do	not	 transmit	B. burgdorferi s.l. and 
could	thus	decrease	or	increase	disease	hazard.	We	aimed	to	test	for	the	role	of	deer	
in	shaping	Lyme	disease	hazard	by	using	a	wide	range	of	deer	densities	while	taking	
transmission	host	abundance	into	account.	We	predicted	that	deer	increase	nymphal	
tick	abundance	while	reducing	pathogen	prevalence.	The	resulting	impact	of	deer	on	
disease	hazard	will	depend	on	the	relative	strengths	of	these	opposing	effects.	We	
conducted	a	cross-	sectional	survey	across	24	woodlands	in	Scotland	between	2017	
and	2019,	estimating	host	 (deer,	rodents)	abundance,	questing	 Ixodes ricinus	nymph	
density,	and	B. burgdorferi	s.l.	prevalence	at	each	site.	As	predicted,	deer	density	was	
positively	associated	with	nymph	density	and	negatively	with	nymphal	infection	prev-
alence.	Overall,	 these	 two	opposite	effects	canceled	each	other	out:	Lyme	disease	
hazard	did	not	 vary	with	 increasing	deer	density.	This	demonstrates	 that,	 across	 a	
wide	range	of	deer	and	rodent	densities,	the	role	of	deer	in	amplifying	tick	densities	
cancels	their	effect	of	reducing	pathogen	prevalence.	We	demonstrate	how	noncom-
petent	host	density	has	little	effect	on	disease	hazard	even	though	they	reduce	patho-
gen	prevalence,	because	of	their	role	in	increasing	vector	populations.	These	results	
have	implications	for	informing	disease	mitigation	strategies,	especially	through	host	
management.
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1  |  INTRODUC TION

Vector-	borne	 diseases,	which	 account	 for	 22%	of	 emerging	 infec-
tious diseases (Jones et al., 2008),	 rely	upon	vectors	 to	 carry	 and	
transmit	pathogens	from	one	host	to	another.	When	vectors	feed	on	
multiple	host	species,	the	disease	ecology	system	can	be	highly	com-
plex	with	different	hosts	playing	different	roles	 in	 feeding	vectors	
and	 transmitting	pathogens.	There	may	also	be	ecological	 interac-
tions	between	hosts	in	an	ecosystem,	with	one	host	species	affect-
ing	 the	 abundance	 of	 another	 through	 competition	 or	 predation	
(Hoyer	et	al.,	2017; Levi et al., 2012).	It	can	therefore	be	extremely	
challenging to tease apart which hosts and which interactions are 
most important in determining disease risk. One intriguing aspect of 
these	complex	ecological	interactions	is	that	they	could	theoretically	
result	in	a	seemingly	contradictory	situation	where	a	host	that	can-
not transmit the pathogen can increase the environmental hazard of 
disease	(Gandy	et	al.,	2021).

Disease	 hazard	 is	 defined	 as	 the	 density	 of	 infected	 vectors,	
the	product	of	vector	density,	and	pathogen	prevalence	(Kilpatrick	
et al., 2017).	Thus,	the	abundance	of	suitable	vector	hosts	can	de-
termine	 how	many	 vectors	 successfully	 complete	 their	 life	 cycle	
and	many	studies	have	shown	that	host	density	can	drive	vector	
populations	 (Gilbert	 et	 al.,	 2012;	 Mysterud	 et	 al.,	 2016;	 Pacilly	
et al., 2014). On the other hand, pathogen prevalence (the propor-
tion	of	vectors	 that	are	 infected)	 is	 influenced	by	the	proportion	
of immature vectors that feed on infected transmission hosts (van 
Duijvendijk et al., 2017; Vuong et al., 2017). Pathogen prevalence 
is	likely	to	be	influenced	by	the	density	of	hosts	that	maintain	and	
transmit the pathogen relative to hosts that cannot transmit the 
pathogen.	Vectors	feeding	on	such	“non-	competent”	hosts	will	not	
become	infected	and	it	has	been	hypothesized	that	an	increase	in	
noncompetent hosts is one mechanism that could reduce (or “di-
lute”)	pathogen	prevalence	by	diverting	vectors	away	from	feeding	
on pathogen transmission hosts (Norman et al., 1999;	Ostfeld	&	
Keesing, 2000a, 2000b).

Environmental	disease	hazard	is	thus	expected	to	depend	on	a	
combination	of	vector	reproduction	host,	pathogen	transmission	
host,	 and	 noncompetent	 host	 abundance.	 Of	 particular	 interest	
to	disease	ecology	theory	 is	that,	when	an	animal	acts	as	both	a	
vector reproduction host and a noncompetent pathogen host, it 
could	simultaneously	 increase	vector	populations	while	decreas-
ing	 (diluting)	 pathogen	 prevalence	 (Gandy	 et	 al.,	 2021;	 Gilbert	
et al., 2001). The relative strengths of these opposing effects will 
largely	 determine	 the	 resulting	 environmental	 disease	 hazard,	
creating	an	intriguing	ecological	scenario	whereby	noncompetent	
hosts	could,	theoretically,	increase	disease	hazard	through	ampli-
fying	 vector	 density.	However,	 the	 complexity	 of	 the	 ecological	
interactions	between	pathogens,	vectors,	and	the	host	community	

make	it	challenging	to	predict	under	what	conditions	this	might	be	
the case.

Lyme	 disease,	 the	most	 prevalent	 vector-	borne	 disease	 in	 the	
Northern	 hemisphere	 (Steere	 et	 al.,	 2007),	 is	 an	 Ixodid	 tick-	borne	
zoonosis	 caused	 by	 bacteria	 belonging	 to	 the	 group	Borrelia burg-
dorferi	 sensu	 lato	 (Steere	et	al.,	2007).	 It	 is	an	 ideal	system	to	test	
hypotheses	about	complex	host-	vector-	pathogen	ecology	because	
the	 Ixodid	 tick	 vector	 feeds	 on	 a	wide	 range	 of	 animal	 host	 spe-
cies.	 In	 Europe,	 pathogen	 transmission	 is	 primarily	 through	 Ixodes 
ricinus	 ticks	 (Piesman	&	Gern,	 2004),	which	have	 three	 life-	stages	
(larva,	nymph,	and	adult).	Larvae	and	nymphs	feed	on	most	terres-
trial	 vertebrate	 species,	 while	 adult	 females	 usually	 take	 a	 blood	
meal	from	large	mammals	before	laying	their	eggs.	Rodents	are	the	
most	 important	hosts	 for	 immature	 ticks	 and	 can	 feed	up	 to	89%	
of	 larvae	(Hofmeester	et	al.,	2016;	Tälleklint	&	Jaenson,	1994) fol-
lowed	by	birds,	feeding	up	to	5%	of	larvae	(Hofmeester	et	al.,	2016). 
Deer	 are	 an	 important	 source	 of	 blood	 meals	 for	 both	 immature	
and	 adult	 female	 ticks	 and	 often	 drive	 tick	 densities	 (Deblinger	
et al., 1993;	Gilbert	et	al.,	2012; Kilpatrick et al., 2014;	Ruiz-	Fons	&	
Gilbert,	2010). In Europe, it was suggested that roe deer can con-
tribute	to	feed	up	to	3%	of	larvae	and	15%	of	nymphs	(Tälleklint	&	
Jaenson, 1994), while two other studies that inspected the entire 
body	of	 roe	deer	 found,	on	average	11	 larvae	and	24	nymphs	per	
animal	in	Germany	and	11	larvae	and	31	nymphs	per	animal	in	Spain	
(Kiffner et al., 2011;	Vasquez	et	al.,	2011). Thus, these results sug-
gest	that	 large	ungulate	could	be	 important	source	of	blood	meals	
for	immature	ticks	(Gandy	et	al.,	2021).

Several	host	types	can	transmit	B. burgdorferi s.l. in the United 
Kingdom (UK), each maintaining different genospecies of the patho-
gen. Rodents can transmit B. afzelii	 (Hanincová,	 Etti,	 et	 al.,	2003) 
while	 many	 bird	 species	 can	 transmit	 B. garinii and B. valaisiana 
(Hanincová,	Taragelová,	 et	 al.,	2003). Borrelia burgdorferi s.s. is as-
sociated	with	a	variety	of	hosts	(Kurtenbach	et	al.,	1998), including 
squirrels	(Sciurus spp.) (Millins et al., 2015).	While	rodents,	birds,	and	
squirrels	are	the	main	transmission	hosts	for	the	various	genospecies	
of B. burgdorferi s.l. in Europe, roe (Capreolus capreolus) and red deer 
(Cervus elaphus)	are	unable	to	transmit	B. burgdorferi	s.l.	(Jaenson	&	
Tälleklint, 1992;	Kurtenbach	et	al.,	2002). Deer, therefore, are par-
ticularly	 interesting	 hosts	 for	 Lyme	disease	 ecology	 as	 they	 could	
potentially	play	opposing	roles	in	shaping	Lyme	disease	hazard	(the	
density	of	infected	nymphs),	by	increasing	vector	densities	while	not	
transmitting B. burgdorferi	s.l.	The	relationship	between	deer	density	
and	 Lyme	disease	hazard	 is	 likely	 to	be	 shaped	by	 the	 abundance	
of	nontransmission	hosts	as	well	as	deer	densities,	which	will	vary	
widely	across	environments.

The	aim	of	this	study	is	to	test	the	effects	of	deer	on	Lyme	dis-
ease	hazard	over	a	wide	range	of	deer	densities	while	simultaneously	
accounting	for	varying	rodent	densities,	in	order	to	gain	mechanistic	
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insight	 through	 the	effects	of	 deer	 and	 rodent	 abundance	on	 tick	
density	and	pathogen	prevalence.	This	study	focused	on	rodents	as	
the	main	transmission	hosts	because	they	feed	a	large	proportion	of	
larvae	and	because	B. afzelii	is	the	most	abundant	genospecies	caus-
ing human disease in Europe (James et al., 2013; Mannelli et al., 2012; 
Michelet et al., 2014; Millins et al., 2016).	Here,	we	investigate	how	
host	abundance	affects	nymph	density	and	pathogen	prevalence,	at	
first	separately	and	then	combined	as	disease	hazard.	We	predict	(i)	
a	positive	correlation	between	nymph	density	and	host	abundance	
(deer	and	 rodent)	and	 (ii)	 that	nymphal	 infection	prevalence	 for	B. 
burgdorferi s.l. should decrease with increasing deer densities due 
to	a	dilution	effect.	We	expect	this	effect	as	a	higher	proportion	of	
larvae	should	feed	on	deer	when	they	are	present	at	high	density.	
Regarding	Lyme	disease	hazard,	we	predict	that	high	deer	densities	
could either (iii) increase disease hazard, if their role of increasing the 
density	of	nymphs	is	stronger	than	that	of	diluting	pathogen	preva-
lence, or (iv) reduce disease hazard, if their role of diluting pathogen 
prevalence	is	stronger	than	that	of	increasing	the	density	of	nymphs	
(Figure 1).	We	predict	that	(v)	both	infection	prevalence	and	disease	
hazard for B. afzelii	will	be	higher	in	sites	with	high	rodent	abundance	
(Figure 1).

2  |  MATERIAL S AND METHODS

2.1  |  Study sites

We	 used	 24	 sites	 located	 in	 Aberdeenshire,	 Northeast	 Scotland	
(central	point:	57.000°N,	2.700°W,	Figure 2)	selected	specifically	
to	cover	as	wide	a	range	of	deer	densities	as	possible.	Fifteen	sites	

were	surveyed	in	2017	and	2018	and	nine	sites	were	surveyed	in	
2018	and	2019.	To	minimize	any	potential	effects	of	microclimatic	
differences	 on	 tick	 density,	 pathogen	 prevalence,	 and	 Lyme	 dis-
ease	hazard	 (Gilbert,	2010),	woodland	sites	 (17	coniferous,	3	de-
ciduous,	 and	 4	mixed)	 were	 selected	within	 a	 narrow	 altitudinal	
range	 (112–	274 m),	were	at	 least	1	km	apart	and	within	50 km	of	
each	other	(Table	S1).	We	used	a	one-	year	time-	lag	between	host	
density	 estimation	 and	 tick	 collection	 as	 questing	 nymphs	 col-
lected	at	yeart	will	have	fed	on	a	host	(and	acquired	any	infection)	
as	larvae	at	yeart−1.

2.2  |  Estimation of deer density

An	index	for	deer	density	was	estimated	the	first	year	of	data	col-
lection	 (2017	 for	 fifteen	 sites	 and	 2018	 for	 nine	 sites)	 using	 the	
standing	crop	plot	count	method	(Mayle	et	al.,	1999).	Within	each	
site,	twenty	10	m × 1	m	transects,	separated	from	one	another	by	
at	least	20 m,	were	randomly	generated	using	QGis	software	(QGIS	
Development Team, 2016).	In	May,	the	number	of	red	and	roe	deer	
pellet	groups	were	counted	along	each	transect.	An	index	for	deer	
density	was	calculated	for	each	site	using	our	dung	counts	and	pub-
lished	defecation	and	decay	rates	 (Mandujano,	2014). Defecation 
rates	 for	 red	deer	were	 taken	 as	24.88	per	 day,	 (Mitchell,	 1984), 
and	for	roe	deer	as	19.33	per	day	(Mitchell	et	al.,	1985).	We	used	a	
minimum	pellet	decay	period	of	189 days	and	maximum	of	416 days	
(Mayle	et	al.,	1999). To validate this method, we applied it to pellet 
group	counts	from	a	local	deer	farm	with	a	known	stocking	density	
of	32.47	individuals	per	km2; our estimate was 30.81 deer per km2, 
confirming	lack	of	bias.

F I G U R E  1 Conceptual	diagram	illustrating	the	predicted	effects	of	deer	and	rodent	densities	on	the	density	of	nymphs,	nymphal	
infection	prevalence,	and	Lyme	disease	hazard
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2.3  |  Estimation of rodent abundance

Rodent	 abundance	 was	 estimated	 at	 each	 site	 during	 the	 first	
year	of	data	 collection	 (2017	 for	15	 sites	and	2018	 for	nine	 sites)	
and	 the	 two	woodland	species	present	 in	Scotland	were	 targeted;	
wood mice (Apodemus sylvaticus)	and	bank	voles	(Myodes glareolus). 
Because	different	methods	of	estimating	rodent	abundance	can	be	
biased	by	ground	vegetation	type	(e.g.,	we	found	rodent	signs	were	
much easier to detect in grass, whereas live trapping success was 
much	lower	in	grass	than	in	other	ground	vegetation	types),	we	used	
two methods.

First,	 rodent	 abundance	 (number	 of	 rodents	 per	 100	 trap	
nights)	 was	 quantified	 at	 each	 site	 by	 live-	trapping	 (Bouchard	
et al., 2013). To minimize the effect of seasonal variations in rodent 
populations,	trapping	was	done	at	all	study	sites	within	40 days	in	
June	and	July.	Ten	to	fifteen	100	-	m	long	transects	separated	by	
10 m were set up at each site in a grid pattern. Ten nonselective 
Sherman	traps	(16	× 5	× 6.5	cm	HB	Sherman	Inc.,	Tallahassee,	Flor.)	
were	 installed	every	10 m	on	each	 trapping	 line	 and	baited	with	
oats for two nights; therefore, there were 200– 300 trap nights 
per	site.	Shrews	(Sorex	spp.)	are	known	to	harbor	B. afzelii and feed 
larval	ticks	(Brisson	&	Dykhuizen,	2004) and thus, we would have 
liked	 to	estimate	 their	abundance.	However,	due	 to	UK	trapping	
regulations,	we	could	not	capture	shrews	and	traps	were	equipped	
with small holes, allowing them to escape. Traps were activated 
after	17:00 h	and	checked	every	morning	before	10:00 h.	Species,	
sex,	weight,	and	age	category	 (juvenile	or	adult)	of	each	 individ-
ual	 rodent	 were	 recorded	 and	 ticks	 attached	 were	 counted.	 All	
trapped	 individuals	were	 released	at	 the	capture	site.	We	calcu-
lated	the	number	of	larvae	fed	by	combining	larval	burden	by	the	
relative	abundance	of	rodents.

The	second	method	used	to	assess	rodent	abundance	was	by	re-
cording	vole	signs	(tunnels	and	holes)	at	each	site	in	May	on	the	first	
year	of	data	collection	on	the	10	m	× 1	m	transects	used	for	the	deer	

density	estimation.	The	average	number	of	vole	signs	observed	per	
10 m2	for	each	site	was	used	for	analysis.

We	 then	 created	 a	 simple	 index	 of	 rodent	 abundance	 which	
combined	 data	 from	 both	 methods.	 First,	 we	 classified	 each	 site	
as	having	either	 low	or	high	rodent	abundance	from	each	method.	
The	data	from	each	method	exhibited	a	bimodal	distribution	with	a	
clear	gap	between	low	and	high	density	(Figure	S1). If a site scored a 
high	category	for	at	least	one	index,	it	was	defined	as	a	high	rodent	
abundance	site,	whereas	sites	which	scored	low	categories	for	both	
indexes	were	identified	as	low	rodent	abundance	(Table	S1).	As	it	has	
been	suggested	that	bank	voles	and	wood	mice	do	not	differ	in	their	
competence for transmitting B. afzelii,	we	grouped	both	species	into	
one	rodent	abundance	index	(Kurtenbach	et	al.,	1998).

2.4  |  Questing Ixodes ricinus nymph surveys

Questing	 nymphs	 were	 collected	 three	 times	 a	 year	 (May,	 July,	
and	 September)	 for	 each	 year	 following	 host	 density	 estimation	
(2018	and	2019)	using	a	standard	blanket	dragging	method	(Falco	
&	Fish,	1992).	A	white	1	m	× 1	m	square	of	fleece	blanket	material	
was	 dragged	over	 vegetation	 along	10	m	 long	 transects.	At	 each	
site,	 twenty	 transects	 were	 randomly	 surveyed	 and	 separated	
from	each	other	by	at	least	20 m.	Nymph	ticks	on	the	blanket	were	
counted,	collected,	and	kept	at	−20°C	for	pathogen	analysis.	After	
carrying	out	the	20	transects,	dragging	was	continued,	 if	needed,	
until	at	least	100	nymphs	were	collected	at	each	site	visit	or	for	a	
maximum	of	3 h	of	additional	dragging.	This	was	to	ensure	enough	
nymphs	 were	 collected	 for	 robust	 pathogen	 prevalence	 esti-
mate;	we	used	 the	 formula	developed	by	Daniels	 (Daniels,	1999), 
based	on	 an	 average	 prevalence	 of	 1.7–	5.6%	 (James	 et	 al.,	2013; 
Millins, 2016)	 to	 calculate	 the	 sample	 size	 needed.	 Woodland	
type	 (coniferous,	 deciduous,	 or	 mixed	 woodland)	 was	 recorded	
at the site level while ground vegetation was classified into four 

F I G U R E  2 Map	showing	the	24	sites	surveyed	for	this	study	located	in	Northeast	Scotland
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categories:	(1)	grasses	and	herbaceous	species,	 (2)	Ericaceous spe-
cies (Calluna and Vaccinium),	(3)	moss	species,	and	(4)	bracken	and	
ferns (Millins, 2016).	The	dominant	vegetation	category	(that	with	
the most cover) over each transect was recorded. Vegetation height 
was	measured	at	the	beginning	(1	m),	middle	(5	m),	and	end	(10	m)	
of each transect, and the mean for each transect was included as 
a	 continuous	 variable	 in	 analysis	 of	 tick	 density	 as	 it	 can	 affect	
dragging	 efficiency	 (Gilbert,	2010).	 Tick	 surveys	were	 conducted	
between	0900 hours	and	1800 hours	and	air	temperature,	relative	
humidity	and	time	were	also	recorded	for	each	transect,	as	these	
may	affect	the	proportion	of	nymphs	questing.	For	analysis,	we	also	
used	the	rainfall	recorded	the	day	before	ticks	were	collected	from	
the	nearest	weather	station	at	Aberdeen	Airport	(http://rp5.co.uk/
Weath	er_archi	ve_in_Aberd	een_[airpo	rt]_UK).

2.5  |  Estimation of B. burgdorferi s.l. prevalence

Nymphs	were	 extracted	 individually	 using	 an	 ammonia	 extraction	
method (Gern et al., 2010). Borrelia burgdorferi s.l. was detected from 
samples	using	a	qPCR	protocol	on	fragments	of	OspA	genes	based	
on	the	protocol	described	by	Heylen	et	al.	(2013). The protocol was 
optimized	using	the	IQ™	Supermix	(Bio-	Rad	Laboratories,	Hercules,	
USA)	in	a	Stratagene	Mx3005P	thermal	cycler	(Agilent,	Santa	Clara,	
US).	Each	reaction	contained	IQ™	Supermix,	two	primers	at	200 nM	
(B-	OspA_modF:	 AATATTTATTGGGAATAGGTCTAA	 and	 B-	OspA_
borAS:	 CTTTGTCTTTTTCTTTRCTTACAAG),	 the	 probe	 (B-	OspA_
mod:	FAM-	AAGCAAAATGTTAGCAGCCTTGA-	BHQ-	1™)	at	100 nM	
and	3 μl	of	DNA.	One	positive	and	one	negative	control	were	added	
for	every	94	samples.	To	 identify	 the	genospecies,	 samples	which	
tested positive were then tested using a nested PCR protocol target-
ing	the	5S-	23S	intergenic	spacer	region	(Rijpkema	et	al.,	1995). Each 
positive	sample	was	separated	from	another	by	a	negative	control	
and	samples	were	visualized	on	2%	agarose	gel	containing	ethidium	
bromide	in	Tris-	borate	EDTA	buffer.	Positive	samples	were	sent	to	
Edinburgh	genomics	for	Sanger	sequencing	to	identify	the	genospe-
cies of B. burgdorferi s.l. present.

2.6  |  Statistical analyses

All	 statistical	 analyses	were	 performed	 in	 the	 software	 R	 version	
3.5.1 (R Core Team, 2013) using the glmmTMB (Brooks et al., 2017), 
lme4	(Bates	et	al.,	2015), and MuMIn (Barton, 2019) packages.

2.6.1  |  Statistical	modeling

For	Generalized	Linear	Mixed	Effects	Models	(GLMMs),	we	assessed	
potential	collinearity	between	explanatory	variables	using	variance	
inflation	 factors	 (VIFs)	 (Zuur	 et	 al.,	 2009) and we removed vari-
ables	with	a	VIF	above	4.	For	response	variables	that	were	counts	
(tick	numbers),	we	fitted	GLMMs	with	either	a	Poisson	or	negative	

binomial	 distribution	 and	 we	 checked	 whether	 a	 zero-	inflation	
model	was	better	suited	using	the	zero-	inflation	function	from	the	
DHARMa	package	(Hartig,	2020). Model selection was done using 
the	 dredge	 function	 from	 the	MuMIn	 package	 based	 on	 the	 cor-
rected	 Akaike	 Information	 Criterion	 (AICc)	 (Brewer	 et	 al.,	 2016). 
When	 a	 significant	 fixed	 effect	was	 a	multi-	level	 categorical	 vari-
able,	we	conducted	post	hoc	Tukey	tests	to	identify	which	pairwise	
comparisons were different from each other.

2.6.2  |  The	effect	of	deer	and	rodent	densities	on	
questing	nymph	density

To	 investigate	 the	effect	of	deer	density	on	questing	nymph	den-
sity,	we	used	a	GLMM	with	a	Poisson	distribution	and	the	number	
of	 nymphs	 per	 transect	 as	 our	 response	 variable.	 The	 full	 model	
included	 rodent	 abundance	 (high	 or	 low)	 the	 previous	 year,	 deer	
density	the	previous	year	(red	and	roe	deer	combined),	month	(May,	
July,	September),	ground	vegetation	type	 (grasses,	Ericaceous spp., 
mosses,	ferns),	woodland	type	(deciduous,	coniferous,	mixed	forest),	
rainfall	 the	previous	day	and	temperature	 in	 its	quadratic	 form	 (as	
both	can	affect	the	proportion	of	ticks	questing),	ground	vegetation	
height	in	its	quadratic	form	and	whether	the	ground	was	wet	during	
tick	 collection	 (as	 they	 affect	 dragging	 efficiency).	We	 also	 added	
the	interaction	between	deer	density	the	previous	year	and	wood-
land	type	as	woodland	type	might	affect	how	deer	use	their	environ-
ment	and	thus,	their	effect	on	nymph	density.	Roe	and	red	deer	were	
combined	as	one	variable	because	both	species	play	a	 similar	 role	
as vector reproduction hosts while not transmitting B. burgdorferi 
s.l.	 (Pacilly	et	al.,	2014).	Site	was	added	as	a	random	effect	and	an	
observation	level	random	effect	was	included	to	account	for	overd-
ispersion (Elston et al., 2001;	Harrison,	2014).

2.6.3  |  The	effects	of	deer	and	rodents	on	nymphal	
infection prevalence

To	 test	 for	 the	effect	of	deer	and	 rodent	abundance	on	pathogen	
prevalence,	we	built	two	GLMMs:	one	to	test	the	effect	of	deer	on	
the	complex	of	Lyme	disease	pathogens	(B. burgdorferi s.l.) and one 
to	test	the	effect	of	both	deer	and	rodents	on	the	rodent-	associated	
Lyme	disease	pathogen	(B. afzelii).	For	both	GLMMs	we	specified	a	
binomial	distribution,	and	both	analyzed	at	the	site	visit	level	(three	
visits	per	site).	For	the	first	model,	B. burgdorferi s.l. prevalence (num-
ber	of	infected	nymphs	over	the	number	of	uninfected	nymphs)	was	
used	as	the	response	variable	and	the	full	model	included	deer	den-
sity	 the	previous	year,	woodland	 type,	month,	and	 the	 interaction	
between	deer	density	and	woodland	type.

In	 the	 second	model,	 the	 response	variable	was	 the	B. afzelii 
prevalence	 (number	of	 infected	nymphs	over	 the	number	of	un-
infected	nymphs)	 and	 the	 full	model	 included	 rodent	abundance	
(high	 or	 low)	 the	 previous	 year,	 deer	 density	 the	 previous	 year,	
month,	and	woodland	type.	As	described	above,	we	included	the	

http://rp5.co.uk/Weather_archive_in_Aberdeen_[airport]_UK
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interaction	between	deer	and	woodland	type	and	the	interaction	
between	deer	density	and	rodent	abundance	to	examine	how	deer	
and rodent densities might interact to shape pathogen prevalence. 
For	both	models,	site	was	added	as	a	random	effect	and	an	obser-
vation level random effect was added to account for overdisper-
sion	(Harrison,	2015).

2.6.4  |  The	effects	of	deer	and	rodents	on	Lyme	
disease hazard

Similarly,	 two	models	 (one	 for	B. burgdorferi s.l. and one for B. af-
zelii)	were	used	to	assess	the	effects	of	deer	and	rodents	on	Lyme	
disease hazard. The first model focused on the effect of deer on B. 
burgdorferi s.l. and we used a zero inflated GLMM with a negative 
binomial	distribution.	The	response	variable	was	the	density	of	 in-
fected	nymphs	(three	estimates	per	site)	and	we	used	an	offset	for	
the	area	surveyed	(Zuur	et	al.,	2009). The full model included deer 
density	 the	previous	 year,	month,	woodland	 type,	 ground	vegeta-
tion	height,	rainfall	the	previous	day	and	temperature	(as	both	can	
affect	the	proportion	of	ticks	questing),	and	an	interaction	between	
deer	density	and	woodland	type.	For	the	second	model	that	simul-
taneously	 examined	 the	 effects	 of	 rodents	 and	deer	 together,	we	
used	the	density	of	infected	nymphs	with	B. afzelii as our response 
variable,	with	an	offset	accounting	 for	 the	area	surveyed.	The	 full	
model	 included	deer	density	 the	previous	year,	 rodent	abundance	
the	previous	year,	month,	woodland	type,	ground	vegetation	height,	
temperature,	rainfall	the	previous	day,	the	interaction	between	deer	
density	 and	 rodent	 abundance	 and	 the	 interaction	 between	 deer	
density	and	woodland	 type.	For	both	models,	 site	was	added	as	a	
random effect.

3  |  RESULTS

The	estimated	density	of	deer	(red	and	roe	combined)	ranged	from	
1 to 31.6 deer/km2	 (mean:	 13.7,	 SD:	 8.9)	 (see	 Figure 3 and see 
Table	S1	for	deer	density	in	each	site).	In	total,	54	bank	voles	(26	
females,	 24	males,	 and	 4	 undetermined)	 and	 47	wood	mice	 (15	

females and 32 males) were captured over 5166 trap nights. On 
average,	2.02	(range:	0–	13.6,	SD:	3.1)	rodents	were	captured	per	
100	 trap	 nights.	We	 calculated	 the	 number	 of	 larvae	 fed	 by	 ro-
dents	 (larval	burden	x	 relative	abundance	of	 rodents	using	 trap-
ping	data)	and	rodents	fed	24.4	larvae	(SD:	50.5).	Sites	with	high	
rodent	abundance	fed	33.4	larvae	(SD:	61.4)	compared	to	9.1	lar-
vae	 (SD:	13.5)	 in	 sites	with	 low	rodent	abundance	 (Figure	S2).	A	
total	of	5230	questing	nymphs	were	counted	from	1438	transects	
and,	on	average,	36	nymphs	were	counted	per	100	m2 (range: 0– 
410,	 SD:	 41).	 A	 random	 subset	 of	 2500	 nymphs	 was	 examined	
under	the	microscope	for	species	identification	using	specific	keys	
(Márquez	et	al.,	1992)	and	they	were	all	identified	as	Ixodes ricinus. 
Thus,	it	was	assumed	that	all	the	ticks	collected	from	blanket	drag-
ging were I. ricinus.

3.1  |  The effects of deer and rodent densities on 
questing nymphs

The	 selected	model	 investigating	 the	 effects	 of	 deer	 density	 and	
rodent	abundance	index	on	questing	nymph	density	 included	deer	
density	 the	 previous	 year,	 rodent	 abundance	 the	 previous	 year,	
woodland	type,	ground	vegetation	type,	month,	whether	the	ground	
was	wet,	 rainfall	 the	 previous	 day,	 ground	 vegetation	 height,	 and	
temperature (Table 1).

There	was	 a	 significant	positive	 correlation	between	deer	den-
sity	and	questing	nymph	density	(p < .001),	for	which	nymph	density	
increased	by	1.0/100 m2	for	every	unit	increase	in	deer	density	(indi-
viduals/km2) (Figure 4a).	Questing	nymph	density	was	higher	in	sites	
with	a	low	rodent	abundance	(predicted	density:	35.2/100 m2,	95%CI:	
19.1–	66.3)	 index	 compared	 to	 sites	with	 a	 high	 rodent	 abundance	
index	(predicted	density:	21.5/100 m2,	95%CI:	11.3–	41.7,	p = .01).

Questing	 nymph	 density	 was	 also	 influenced	 by	 other	 vari-
ables:	more	nymphs	were	questing	in	September	compared	to	May	
(p = .02)	 and	 July	 (p < .001)	 and	more	 nymphs	were	 counted	 on	
blanket	drag	transects	if	the	ground	was	dry	(p < .001)	(see	Table	S2 
for	effect	sizes	and	Table	S3	for	Tukey-	tests	results).	Nymph	den-
sity	in	deciduous	woodlands	was	higher	than	in	mixed	woodlands	
(p = .03)	but	similar	to	coniferous	forests	(p = .13)	(Tables	S2, S3). 

F I G U R E  3 Deer	per	km2 at each of 
the	24	sites.	Rodent	abundance	category	
(green =	high;	grey	= low) is also shown
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Regarding	 dominant	 ground	 vegetation,	 questing	 tick	 density	 in	
Ericaceous species was higher than in grasses (p < .001)	or	mosses	
(p = .02)	but	similar	in	ferns	(p = .98)	(Tables	S2, S3).	Nymph	density	
was	similar	between	moss	and	grass	(p = .80).	Finally,	more	quest-
ing	 nymphs	 were	 counted	 with	 cooler	 temperatures	 (p < .001),	
lower vegetation height (p = .06),	and	less	rainfall	the	previous	day	
(p = .01).

3.2  |  The effects of deer and rodent abundance 
on the prevalence of Lyme disease pathogens

A	total	of	7095	questing	nymphs	were	screened	 for	B. burgdorferi 
s.l.	 (4463	 in	2018	and	2632	 in	2019)	with	a	mean	of	296	nymphs	
tested	per	site	(ranging	from	280	to	301,	Table	S1). Out of these, 159 
nymphs	were	infected	with	B. burgdorferi	s.l.	(2.2%,	95%	CI:	1.9–	2.6,	

TA B L E  1 Outputs	from	the	generalized	linear	mixed	effect	model	explaining	the	effects	of	deer,	rodents,	and	environmental	factors	on	
the	density	of	questing	Ixodes ricinus	nymphs

Estimate (log) SE z- value p- value ΔAICca

Intercept 0.81 0.21 3.78 <.001

Deer	density	yeart−1 0.45 0.10 4.45 <.001 12.6

Rodent	abundance	yeart−1:	low	(baseline:	high) 0.49 0.19 2.54 .01 3.7

Ground	vegetation	(baseline:	Bracken/ferns)

Ericaceous	shrubs −0.06 0.15 −0.37 .71 15.5

Grasses −0.41 0.15 −2.78 .005

Mosses −0.55 0.22 −2.51 .01

Woodland	type	(baseline:	coniferous)

Deciduous 0.58 0.30 1.91 .06 1.9

Mixed −0.42 0.29 −1.46 .14

Ground Vegetation height −0.09 0.05 −1.72 .07 1.0

Ground Vegetation height2 −0.03 0.02 −1.83 .06 1.4

Month	(baseline:	July)

May 0.14 0.07 1.88 .06 17.8

September 0.33 0.07 4.75 <.001

Temperature −0.17 0.04 −4.11 <.001 14.3

Temperature2 −0.03 0.02 −1.68 .10 0.7

Ground	wet:	yes	(baseline:	not	wet) −1.09 0.11 −9.81 <.001 93.8

Rainfall	(mm)	previous	day −0.07 0.03 −2.59 .01 4.5

aThe ΔAICc	refers	to	the	effect	of	removing	the	variable	in	the	given	row	on	the	AICc	of	the	best	model.	For	example,	a	ΔAICc	of	10	means	that	the	
AICc	of	the	model	increased	by	10	after	removing	the	variable.

F I G U R E  4 (a)	Predicted	density	of	questing	nymphs	(per	100 m2)	depending	on	deer	density	the	previous	year	(ΔAICc	of	12.6	if	deer	is	
removed	from	the	selected	model)	and	(b)	predicted	nymphal	infection	prevalence	for	Borrelia burgdorferi	s.l.	(%)	depending	on	deer	density	
the	previous	year	(ΔAICc	of	4.1	if	deer	is	removed).	Shaded	bands	represent	95%CI
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range:	0–	9.3%).	The	predominant	genospecies	was	B. afzelii	(51.9%,	
82/159	of	positive	nymphs)	followed	by	B. garinii	(18.2%,	29/159),	B. 
valaisiana	(10.7%,	17/159)	and	B. burgdorferi	s.s.	(8.8%,	14/159).	Out	
of	these	159	positive	samples,	10.7%	(17/159)	could	not	be	amplified	
using	the	nested	PCR	and	thus,	could	not	be	sequenced	for	genospe-
cies	identification	and	were	thus	excluded	from	the	analysis	focusing	
on B. afzelii.

3.2.1  |  The	effects	of	deer	density	on	the	
prevalence of B. burgdorferi s.l.

The	 best	 fit	 model	 included	 deer	 density	 the	 previous	 year	 and	
woodland	type:	there	was	a	negative	correlation	between	nymphal	
infection	prevalence	and	deer	density	the	previous	year	(p < .001).	
For	every	unit	increase	in	deer	density	(individual/km2), prevalence 
decreased	 by	 0.06%	 (Table 2, Figure 4b). Infection prevalence in 
coniferous	woodlands	 (predicted	prevalence:	2.00%,	95%CI:	1.21–	
3.31)	was	 higher	 than	 in	 deciduous	 (predicted	 prevalence:	 0.43%,	
95%CI:	0.14–	1.36;	p = .03)	but	similar	to	mixed	woodlands	(predicted	
prevalence:	0.82%,	95%CI:	0.35–	1.93;	p = .10)	(Table	S4	for	Tukey-	
tests results).

3.2.2  |  The	effects	of	deer	density	and	rodent	
abundance	on	the	prevalence	of	B. afzelii

Deer	density,	rodent	abundance,	and	their	interaction	were	not	re-
tained during model selection and therefore, did not affect preva-
lence of B. afzelii.	The	best	model	included	month	only	as	a	predictor	
(ΔAICc	of	1.9	if	month	is	removed).

3.3  |  The effects of host abundance on the 
density of infected nymphs (disease hazard)

3.3.1  |  The	effects	of	deer	density	on	the	density	of	
infected	nymphs	with	B. burgdorferi s.l.

The	best	model	included	woodland	type	and	temperature	and	deer	
density	the	previous	year	was	not	retained	during	model	selection	

(Table 3).	Lyme	disease	hazard	was	higher	 in	coniferous	 (predicted	
density:	 1.07/100 m2,	 95%CI:	 0.79–	1.46)	 compared	 to	 deciduous	
forests	(predicted	density:	0.24/100 m2,	95%CI:	0.10–	0.57;	p = 0.03) 
and	 mixed	 forests	 (predicted	 density:	 0.42/100 m2,	 95%CI:	 0.22–	
0.81; p =	0.03)	(Table	S5).	There	was	a	negative	correlation	between	
Lyme	disease	hazard	and	temperature	with	the	density	of	infected	
nymphs	decreasing	by	0.01	for	every	1°C	increase	in	temperature.	
Lyme	disease	hazard	did	not	seem	to	be	affected	by	rainfall	the	pre-
vious	day,	month,	or	ground	vegetation	height.

3.3.2  |  The	effects	of	deer	and	rodent	abundance	
on	the	density	of	nymphs	infected	with	B. afzelii

The	 interaction	 between	 deer	 density	 and	 rodent	 abundance	 and	
rodent	abundance	were	discarded	during	model	selection	and	thus,	
had	no	effect	of	the	density	of	infected	nymphs	with	B. afzelii. The 
best	model	included	only	deer	density	the	previous	year	and	month	
as predictors (ΔAICc	of	1.5	 if	 deer	 removed	and	ΔAICc	of	74.2	 if	
month is removed).

4  |  DISCUSSION

Our	main	aim	was	to	test	the	effects	of	deer	on	Lyme	disease	hazard	
over	a	wide	range	of	deer	densities	while	simultaneously	accounting	
for	 varying	 rodent	 densities.	We	 also	wanted	 to	 gain	mechanistic	
insight	 through	 these	 hosts'	 effects	 on	 tick	 density	 and	pathogen	
prevalence.	We	 found	evidence	 for	a	dilution	effect	 from	deer	on	
infection prevalence for B. burgdorferi	s.l.	and	yet,	despite	this,	deer	
density	was	not	negatively	correlated	with	Lyme	disease	hazard	for	
B. burgdorferi	 s.l.	 This	was	 a	 consequence	 of	 a	 strong	 positive	 ef-
fect	of	deer	on	questing	I. ricinus	nymph	density	the	following	year.	
This demonstrates that a pathogen dilution host can maintain the 
environmental hazard of disease if it feeds a large proportion of the 
vector population.

The first mechanism we investigated was the ecological role of 
hosts	in	driving	vector	abundance.	As	predicted,	there	was	a	positive	
correlation	between	nymph	and	deer	densities,	supporting	their	well-	
documented role as tick reproduction hosts and driving tick population 
densities	(Gandy	et	al.,	2021;	Gilbert	et	al.,	2012;	Mysterud	et	al.,	2016; 

Estimate 
(log) SE z- value p- value ΔAICca

Intercept −3.06 0.35 −8.82 <.001

Deer	density	yeart−1 −0.06 0.02 −2.90 .004 4.1

Woodland	type	(baseline:	Coniferous)

Deciduous −1.55 0.60 −2.59 .009 5.1

Mixed −0.91 0.44 −2.03 .04

aThe ΔAICc	refers	to	the	effect	of	removing	the	variable	in	the	given	row	on	the	AICc	of	the	
best	model.	For	example,	a	ΔAICc	of	10	means	that	the	AICc	of	the	model	increased	by	10	after	
removing	the	variable.

TA B L E  2 Outputs	from	the	generalized	
linear	mixed	effect	model	focusing	on	the	
effects of deer and environmental factors 
on	nymphal	infection	prevalence	for	B. 
burgdorferi s.l.
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Pacilly	et	al.,	2014).	We	could	have	expected	to	observe	a	quadratic	
relationship	between	deer	density	 and	nymph	density,	 as	described	
by	Kilpatrick	et	al.	(2017)	for	the	North	American	system.	The	highest	
deer	density	 in	our	 study	was	31	deer	per	km2,	which	 is	below	 the	
threshold	predicted	 in	 that	study	and	could	explain	why	we	did	not	
detect	this	quadratic	relationship.	However,	another	study	conducted	
in	Scotland	investigated	the	correlation	between	questing	nymphs	and	
deer	density	and	observed	a	linear	correlation,	even	when	deer	density	
reached 50 deer/km2,	which	implies	that	this	threshold	might	be	higher	
in Europe (Dickinson et al., 2020).

While	studies	have	shown	that	both	red	and	roe	deer	can	drive	
tick	densities,	it	would	be	interesting	to	separate	deer	species	in	fu-
ture	analyses	as	they	might	use	their	habitats	in	different	ways	and	
potentially	feed	different	proportions	of	each	stage	of	tick	and	thus	
have different effects on tick densities, pathogen prevalence and 
Lyme	disease	hazard.	One	study	conducted	 in	Sweden	 found	 that	
roe	and	red	deer	had	similar	burdens	 for	 larvae	and	adult	 females	
while	roe	deer	harbored	more	nymphs	compared	to	red	deer	(Fabri	
et al., 2021).	Ideally,	we	would	have	also	needed	the	density	of	deer	
2 years	prior	 to	 tick	collection	as	adult	 females	would	have	fed	on	
deer	2 years	before	the	next	generation	emerged	as	nymphs,	how-
ever,	it	was	not	logistically	possible	for	this	study.

We	 were	 expecting	 nymph	 density	 to	 be	 positively	 correlated	
with	rodent	abundance	the	previous	year	as	small	mammals	can	feed	
up	 to	89%	of	 larvae	 in	 some	ecosystems	 (Hofmeester	et	al.,	2016; 
Tälleklint	 &	 Jaenson,	 1994).	 Interestingly,	 results	 suggested	 that	
questing	nymph	density	was	higher	 in	 sites	 supporting	 low	 rodent	
abundance	the	previous	year.	This	is	unexpected	as,	when	calculating	
the	number	of	 larvae	 fed	 (larval	 burden	 x	 rodent	 abundance	using	
trapping	data),	we	found	that	sites	with	high	rodent	abundance	fed	
almost	four	times	more	larvae	than	sites	with	low	rodent	abundance.	
These results could suggest that other hosts that were not recorded 
(e.g.,	squirrels,	shrews,	birds)	might	have	contributed	in	feeding	larvae	
the	previous	year	or	nymphs	the	year	the	survey	was	conducted.	In	
addition,	sites	with	low	rodent	abundance	generally	had	high	densi-
ties of deer and this could suggest that deer can feed a large propor-
tion	of	 immature	ticks	 if	no	other	hosts	are	available.	Furthermore,	
we	only	had	one	site	that	had	high	densities	of	both	deer	and	rodents,	
probably	due	to	the	negative	effects	that	higher	densities	of	deer	can	
have	 on	 rodents	 through	 direct	 disturbance	 and	 negative	 impacts	
on	 vegetation	 (Flowerdew	 &	 Ellwood,	 2001;	 Gandy	 et	 al.,	 2021). 

Thus,	strong	effects	of	deer	on	nymph	density	and,	simultaneously,	
their	potential	negative	effects	on	rodents,	might	have	masked	any	
effects	of	rodent	abundance	on	nymph	density.

Questing	 nymphs	were	 also	more	 abundant	when	 the	 ground	
vegetation was composed of Ericaceous species (such as heathers and 
Vaccinium)	 and	 ferns	compared	 to	grasses	or	mosses.	These	 types	
of vegetation provide mild microclimate for ticks and good cover 
and	food	for	rodents,	who	might	be	more	likely	to	use	them,	which	
could	explain	the	higher	tick	density.	Questing	nymph	density	was	
negatively	correlated	with	vegetation	height,	which	 is	expected	as	
deep and thick ground vegetation hampers the effectiveness of the 
blanket	drag	method	(Ruiz-	Fons	&	Gilbert,	2010). Deciduous wood-
lands, which can have higher densities of hosts compared to other 
woodland	types	(Heyman	et	al.,	2009;	Hofmeester	et	al.,	2017), har-
bored	more	nymphs	compared	to	mixed	forest,	in	concurrence	with	
previous	studies	(Estrada-	Peña,	2001;	Lindström	&	Jaenson,	2003; 
Vourc'h et al., 2016).

Deer	 may	 also	 influence	 pathogen	 prevalence	 in	 questing	
nymphs	through	feeding	the	larval	tick	stage	the	year	before	we	
sampled	 the	 nymphs.	 As	 deer	 do	 not	 transmit	B. burgdorferi s.l. 
(Jaenson	&	Tälleklint,	1992;	Kurtenbach	et	al.,	2002), we predicted 
a	negative	correlation	between	deer	density	and	nymphal	 infec-
tion prevalence, and our results supported this, demonstrating 
that	deer	in	our	ecosystem	cause	a	pathogen	dilution	effect	(Rosef	
et al., 2009; Vourc'h et al., 2016). These findings strengthen the 
empirical	evidence	that	high	deer	density	can	significantly	reduce	
prevalence of B. burgdorferi	 s.l.	 in	 some	 ecosystems	which,	 log-
ically,	must	 be	 a	 result	 of	 roe	 and	 red	 deer	 feeding	 a	 large	 pro-
portion of larvae. The strength of this dilution effect of deer on 
the prevalence of B. burgdorferi s.l. should also depend on the 
abundance	 of	 pathogen	 transmission	 hosts	 (Gilbert	 et	 al.,	2001; 
Norman et al., 1999).	Therefore,	we	tested	the	effect	of	both	deer	
and	rodent	densities	simultaneously	on	nymphal	infection	preva-
lence for B. afzelii,	which	is	the	genospecies	that	is	transmitted	by	
rodents.	While	we	 expected	 a	 dilution	 effect	with	 deer	 density	
and	a	positive	effect	of	rodent	abundance	on	B. afzelii prevalence, 
as a higher proportion of larvae would have fed on transmission 
hosts	 when	 they	 are	 abundant,	 neither	 variable	 was	 retained	
during	model	selection.	 It	 is	possible	that	contributing	factors	to	
this	 lack	of	effect	could	be	both	from	our	pathogen	data	and	ro-
dent	 abundance	 data.	 A	 very	 low	 prevalence	 of	B. afzelii	 (1.1%)	

Estimate 
(log) SE z- value p- value ΔAICca

Intercept −2.43 0.58 4.18 <.001

Woodland	type	(baseline:	coniferous)

Deciduous −1.48 0.45 −2.28 .001 6.67

Mixed −0.93 0.36 −2.56 .01

Temperature −0.13 0.04 −3.64 <.001 8.95

aThe ΔAICc	refers	to	the	effect	of	removing	the	variable	in	the	given	row	on	the	AICc	of	the	
best	model.	For	example,	a	ΔAICc	of	10	means	that	the	AICc	of	the	model	increased	by	10	after	
removing	the	variable.

TA B L E  3 Outputs	from	the	generalized	
linear	mixed	effect	model	focusing	on	the	
effects of deer and environmental factors 
on	the	density	of	nymphs	infected	with	B. 
burgdorferi s.l.
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over	 our	 sites	 greatly	 reduced	 the	 variation	 needed	 to	 detect	 a	
statistical	effect.	In	addition,	while	we	estimated	the	abundance	of	
bank	voles	and	wood	mice,	there	are	other	mammalian	hosts	of	B. 
afzelii	that	we	did	not	take	into	account,	such	as	shrews	(Brisson	&	
Dykhuizen,	2004;	Mysterud	et	al.,	2019).	The	relative	abundance	
of	 rodents	 is	 extremely	 challenging	 to	 estimate	 across	 contrast-
ing	 habitats,	 requiring	 different	methods	 in	 different	 vegetation	
types.	Specifically,	live	trapping	was	ineffective	in	grasses	where,	
instead,	it	was	easy	to	record	vole	sign	such	as	tunnels	and	holes.	
However,	 this	use	of	 rodent	 sign	may	not	always	 reflect	 current	
vole	activity	and	this	method	largely	excludes	wood	mice	that	do	
not produce these signs. This highlights the need for improved 
methods	 of	 estimating	 the	 relative	 abundances	 of	 rodents	 and	
other	 mammal	 hosts	 across	 a	 variety	 of	 habitats,	 and	 the	 chal-
lenges	of	testing	hypotheses	about	complex	host–	pathogen	ecol-
ogy.	Another	study	conducted	in	North	West	Scotland	also	found	
low	abundance	of	rodents	in	woodlands	(mean	of	4.67	rodent	per	
100 trap nights, ranging from 0 to 15.6/100 trap nights), which 
could	highlight	a	 low	abundance	of	wood	mice	and	bank	voles	in	
Northern	Scotland	(Olsthoorn,	2021).

Our results suggested that the prevalence of B. burgdorferi s.l. 
was	higher	in	coniferous	woodlands	compared	to	mixed	and	decidu-
ous	forests.	While	these	results	might	be	due	to	the	fact	that	the	ma-
jority	of	our	woodlands	were	coniferous	forests	(n =	17),	it	could	also	
reflect	that	species	richness	might	be	higher	in	deciduous	woodlands	
(Sweeney	et	al.,	2010),	meaning	that	the	probability	of	larvae	feeding	
on	noncompetent	hosts	increases	(Ostfeld	&	Keesing,	2000a). In ad-
dition,	deer	might	be	more	abundant	in	mixed	and	deciduous	wood-
lands	 (Hofmeester	 et	 al.,	 2017) and reduce pathogen prevalence 
through	 a	 dilution	 effect.	However,	 the	 interaction	 between	 deer	
density	and	woodland	type	was	not	retained	during	model	selection.

The	environmental	hazard	of	Lyme	disease	 is	a	function	of	the	
combined	effects	of	hosts	on	tick	density	and	pathogen	prevalence	
and	is	therefore	also	shaped	by	the	abundance	of	both	transmission	
hosts	and	nontransmission	hosts.	We	predicted	that	the	lowest	Lyme	
disease	hazard	should	be	in	ecosystems	supporting	low	densities	of	
both	rodents	and	deer.	Notwithstanding	insufficient	pathogen	and	
rodent	data	to	adequately	test	the	effect	of	rodents	on	B. afzelii, we 
found	that	the	density	of	deer	did	not	have	any	effects	on	the	den-
sity	of	nymphs	infected	with	B. burgdorferi	s.l.	over	our	study	region.	
These results show that, even though deer can act as pathogen dilu-
tion	hosts,	significantly	lowering	nymphal	infection	prevalence,	their	
positive	effects	on	nymph	density	resulted	in	no	particular	trend	of	
deer	density	with	Lyme	disease	hazard.	This	demonstrates	the	fas-
cinating ecological scenario in which a pathogen dilution host could 
maintain	the	environmental	hazard	of	disease	when	its	contribution	
to	vector	population	density	 is	stronger	 than	 its	diluting	effect	on	
pathogen prevalence.

Although	many	empirical	studies	demonstrated	a	positive	asso-
ciation	 between	 transmission	 host	 abundance	 and	 disease	 hazard	
(Krawczyk	 et	 al.,	2020; Ostfeld et al., 2018; Takumi et al., 2019), 
fewer	have	investigated	the	effects	of	noncompetent	hosts.	Several	
studies	have	reported	effects	of	deer	density	on	Lyme	disease	hazard	

or incidence (James et al., 2013; Kilpatrick et al., 2014;	Mysterud	
et al., 2016; Takumi et al., 2019; Vourc'h et al., 2016).	However,	to	
our	knowledge,	 few	studies	designed	 the	 surveys	and	chose	 sam-
pling sites with the specific aim of testing the effect of a wide vari-
ety	of	deer	densities,	while	also	considering	rodent	abundance.	One	
study	in	North	America	suggested	that	high	deer	density	could	lower	
Lyme	disease	hazard	if	the	role	of	deer	in	dilution	pathogen	preva-
lence	was	stronger	than	their	role	in	driving	tick	abundance	(Huang	
et al., 2019),	which	is	what	we	could	have	expected	in	this	study.	The	
density	of	deer	 in	 that	 study	was	51–	59	deer/km2, which is much 
higher	than	deer	density	in	our	study	and	could	explain	why	we	did	
not	observe	such	effect.	Future	studies	in	Europe	should	thus,	try	to	
include	sites	with	higher	deer	density	if	possible.	For	tick-	borne	en-
cephalitis	virus	(TBEV),	two	studies	explored	the	effect	of	the	ratio	
of transmission hosts and noncompetent hosts on disease hazard 
and	found	a	nonlinear	correlation	between	TBEV	and	noncompetent	
host	(deer)	density	as	well	as	an	association	between	deer	and	TBEV	
distribution	(Bolzoni	et	al.,	2012; Cagnacci et al., 2012).

Our	 results	 suggested	 that	 Lyme	disease	hazard	was	higher	 in	
coniferous	woodlands	 compared	 to	mixed	 and	 deciduous	 forests,	
due	to	pathogen	prevalence	being	higher.	As	discussed	previously,	
this	could	reflect	the	fact	that	deer	might	be	using	coniferous	wood-
lands less and that deciduous woodlands could have a higher species 
richness.

While	we	found	that	variation	in	deer	density	had	no	effect	on	
Lyme	disease	hazard,	even	though	they	dilute	pathogen	prevalence,	
because	 of	 their	 strong	 effect	 on	 tick	 densities,	 future	 resources	
could	be	invested	in	better	understanding	the	highly	complex	inter-
actions	between	the	many	transmission	host	species	and	genospe-
cies of B. burgdorferi	s.l.	To	further	understand	Lyme	disease	ecology	
and which ecological factors drive other genospecies in the United 
Kingdom (B. garinii, B. valaisiana and B. burgdorferi	s.s.),	surveys	tar-
geting	 transmission	hosts	 for	 these	 genospecies	 (e.g.,	 birds,	 squir-
rels)	are	needed.	This	 is	a	crucial	step	 in	understanding	how	Lyme	
disease	hazard	is	shaped	by	the	complexities	of	the	ecological	inter-
actions	between	host	species,	and	by	the	proportions	of	each	tick	
life	stage	that	feed	on	each	host	type.

AUTHOR CONTRIBUTIONS
Sara Louise Gandy: Conceptualization (supporting); data cura-
tion	(lead);	formal	analysis	(lead);	 investigation	(lead);	methodology	
(equal);	project	administration	 (lead);	validation	 (lead);	visualization	
(lead); writing –  original draft (lead); writing –  review and editing 
(lead). Elizabeth Kilbride:	 Investigation	 (supporting);	 methodology	
(supporting);	 resources	 (equal);	 writing	 –		 review	 and	 editing	 (sup-
porting). Roman Biek:	 Conceptualization	 (equal);	 funding	 acquisi-
tion	 (equal);	 methodology	 (equal);	 project	 administration	 (equal);	
resources	 (equal);	supervision	 (equal);	writing	–		 review	and	editing	
(equal).	 Caroline Millins:	 Conceptualization	 (equal);	 methodology	
(equal);	project	administration	(equal);	supervision	(equal);	writing	–		
review	and	editing	(equal).	Lucy Gilbert:	Conceptualization	(equal);	
funding	acquisition	(equal);	methodology	(equal);	project	administra-
tion	(equal);	supervision	(equal);	writing	–		review	and	editing	(equal).



    |  11 of 13GANDY et al.

ACKNOWLEDG MENTS
We	 would	 like	 to	 thank	 Colin	 McClean	 from	 Glen	 Tanar	 estate,	
Malcolm Nicol from Ballogie estate, Paul Chapman from Birse com-
munity	trust,	and	the	Scottish	Natural	Heritage	for	 letting	us	con-
duct	 our	 field	work.	 Sara	Gandy	was	 funded	by	 the	University	 of	
Glasgow	 and	 the	Macaulay	 Development	 Trust.	 Lucy	 Gilbert	 was	
supported	by	 the	Scottish	Government's	Rural	 and	Environmental	
Science	 and	 Analytical	 Services	 Division	 including	 as	 part	 of	 the	
Centre	of	Expertise	on	Animal	Disease	Outbreaks	(EPIC).

CONFLIC T OF INTERE S TS
No conflicts of interests to declare.

DATA AVAIL ABILIT Y S TATEMENT
Raw	data	used	to	produce	the	results	have	been	deposited	on	Dryad	
and	are	available	at:	https://doi.org/10.5061/dryad.rv15d	v49r.

ORCID
Sara Gandy  https://orcid.org/0000-0003-2579-4479 
Roman Biek  https://orcid.org/0000-0003-3471-5357 
Caroline Millins  https://orcid.org/0000-0002-2006-092X 
Lucy Gilbert  https://orcid.org/0000-0002-9139-8450 

R E FE R E N C E S
Barton, K. (2019). MuMIn: multi- model inference. R package version 

1.43.6.	http://mumin.r-	forge.r-	proje	ct.org/
Bates,	 D.,	 Mächler,	 M.,	 Bolker,	 B.,	 &	 Walker,	 S.	 (2015).	 Fitting	 linear	

mixed-	effects	models	using	lme4.	Journal of Statistical Software, 67, 
1–	48.	https://doi.org/10.18637/	jss.v067.i01

Bolzoni,	L.,	Rosà,	R.,	Cagnacci,	F.,	&	Rizzoli,	A.	J.	 (2012).	Effect	of	deer	
density	on	tick	infestation	of	rodents	and	the	hazard	of	tick-	borne	
encephalitis. II: Population and infection models. International 
Journal for Parasitology, 42,	 373–	381.	 https://doi.org/10.1016/j.
ijpara.2012.02.006

Bouchard,	C.,	Beauchamp,	G.,	Leighton,	P.	A.,	Lindsay,	R.,	Bélanger,	D.,	
&	Ogden,	N.	H.	 (2013).	Does	high	biodiversity	 reduce	 the	 risk	of	
Lyme	 disease	 invasion?	 Parasites & Vectors, 6, 195. https://doi.
org/10.1186/1756-	3305-	6-	195

Brewer,	M.	 J.,	Butler,	A.,	&	Cooksley,	 S.	 L.	 (2016).	The	 relative	perfor-
mance	of	AIC,	AICC	and	BIC	in	the	presence	of	unobserved	hetero-
geneity.	Methods in Ecology and Evolution, 7,	679–	692.	https://doi.
org/10.1111/2041-	210X.12541

Brisson,	D.,	&	Dykhuizen,	D.	E.	(2004).	ospC	diversity	in	borrelia burgdor-
feri: Different hosts are different niches. Genetics, 168,	 713–	722.	
https://doi.org/10.1534/genet	ics.104.028738

Brooks,	M.	E.,	Kristensen,	K.,	Van	Benthem,	K.	J.,	Magnusson,	A.,	Berg,	
C.	W.,	Nielsen,	A.,	Skaug,	H.	J.,	Machler,	M.,	&	Bolker,	B.	M.	(2017).	
glmmTMB	balances	speed	and	flexibility	among	packages	for	zero-	
inflated	 generalized	 linear	mixed	modeling.	The R Journal, 9,	 378.	
https://doi.org/10.32614/	rj-	2017-	066

Cagnacci,	 F.,	 Blozoni,	 L.,	 Rosà,	 R.,	 Carpi,	G.,	Hauffe,	H.	C.,	 Valent,	M.,	
Tagliapietra,	 V.,	 Kazimirova,	 M.,	 Koci,	 J.,	 Stanko,	 M.,	 Lukan,	 M.,	
Henttonen,	H.,	&	Rizzoli,	A.	 (2012).	Effect	of	deer	density	on	tick	
infestation	of	rodents	and	the	hazard	of	tick-	borne	encephalitis.	I:	
Empirical assessment. International Journal for Parasitology, 42,	373–	
381. https://doi.org/10.1016/j.ijpara.2012.02.006

Daniels,	W.	W.	 (1999).	Biostatistics: A foundation in the health sciences. 
John	Wiley	&	Sons.

Deblinger,	 R.	 D.,	 Wilsonm,	 M.	 L.,	 Rimmer,	 D.	 W.,	 &	 Spielman,	 A.	
(1993).	 Reduced	 abundance	of	 immature	 Ixodes dammini	 (Acari:	

Ixodidae)	 following	 incremental	 removal	 of	 deer.	 Journal of 
Medical Entomology, 30,	144–	150.	https://doi.org/10.1093/jmede 
nt/30.1.144

Dickinson,	E.	R.,	Millins,	C.,	&	Biek,	R.	(2020).	Sampling	scale	and	season	
influence	 the	observed	 relationship	between	 the	density	of	deer	
and	 questing	 Ixodes ricinus	 nymphs.	 Parasites & Vectors, 13,	 493.	
https://doi.org/10.1186/s1307	1-	020-	04369	-	8

Elston,	D.,	Moss,	R.,	Boulinier,	T.,	Arrowsmith,	C.,	&	Lambin,	X.	 (2001).	
Analysis	of	aggregation,	a	worked	example:	Numbers	of	ticks	on	red	
grouse chicks. Parasilology, 122, 563– 569. https://doi.org/10.1017/
S0031	18200	1007740

Estrada-	Peña,	 A.	 (2001).	 Distribution,	 abundance,	 and	 habitat	 pref-
erences of Ixodes ricinus	 (Acari:	 Ixodidae)	 in	 northern	 Spain.	
Journal of Medical Entomology, 38,	 361–	370.	 https://doi.
org/10.1603/0022-	2585-	38.3.361

Fabri,	N.	D.,	Sprong,	H.,	Hofmeester,	T.	R.,	Heesterbeek,	H.,	Donnars,	B.	
F.,	Widemo,	F.,	Ecke,	F.,	&	Cromsigt,	J.	P.	G.	M.	(2021).	Wild	ungu-
late	species	differ	in	their	contribution	to	the	transmission	of	Ixodes 
ricinus- borne	 pathogens.	Parasites & Vectors, 14, 360. https://doi.
org/10.1186/s1307	1-	021-	04860	-	w

Falco,	 R.	 C.,	 &	 Fish,	 D.	 (1992).	 A	 comparison	 of	 methods	 for	 sam-
pling the deer tick, Ixodes dammini,	 in	 a	 Lyme	 disease	 endemic	
area. Experimental & Applied Acarology, 14,	 165–	173.	 https://doi.
org/10.1007/BF012	19108

Flowerdew,	 J.	 R.,	 &	 Ellwood,	 S.	 A.	 (2001).	 Impacts	 of	 woodland	 deer	
on	 small	 mammal	 ecology.	 Forestry, 74,	 277–	287.	 https://doi.
org/10.1093/fores	try/74.3.277

Gandy,	 S.,	 Kilbride,	 E.,	 Biek,	 R.,	 Millins,	 C.,	 &	 Gilbert,	 L.	 (2021).	
Experimental	evidence	for	opposing	effects	of	high	deer	density	on	
tick-	borne	pathogen	prevalence	and	hazard.	Parasites & Vectors, 14, 
509. https://doi.org/10.1186/s1307	1-	021-	05000	-	0

Gern,	L.,	Douet,	V.,	López,	Z.,	Rais,	O.,	&	Cadenas,	F.	M.	(2010).	Diversity	
of borrelia genospecies in Ixodes ricinus	ticks	in	a	Lyme	borreliosis	
endemic	area	in	Switzerland	identified	by	using	new	probes	for	re-
verse	line	blotting.	Ticks and Tick- Borne Diseases, 1, 23– 29. https://
doi.org/10.1016/j.ttbdis.2009.11.001

Gilbert,	 L.	 (2010).	 Altitudinal	 patterns	 of	 tick	 and	 host	 abundance:	 A	
potential	 role	 for	 climate	 change	 in	 regulating	 tick-	borne	 dis-
eases?	 Oecologia, 162,	 217–	225.	 https://doi.org/10.1007/s0044	
2-	009-	1430-	x

Gilbert,	 L.,	Maffey,	G.	L.,	Ramsay,	S.	L.,	&	Hester,	A.	 J.	 (2012).	The	ef-
fect	 of	 deer	 management	 on	 the	 abundance	 of	 Ixodes ricinus 
in	 Scotland.	 Ecological Applications, 22,	 658–	667.	 https://doi.
org/10.1890/11-	0458.1

Gilbert,	L.,	Norman,	R.,	Laurenson,	K.,	Reid,	H.	W.,	&	Hudson,	P.	J.	(2001).	
Disease	 persistence	 and	 apparent	 competition	 in	 a	 three-	host	
community:	An	empirical	and	analytical	study	of	 large-	scale,	wild	
populations. Journal of Animal Ecology, 70, 1053– 1061. https://doi.
org/10.1046/j.0021-	8790.2001.00558.x

Hanincová,	K.,	Etti,	S.,	Sewell,	H.-	S.,	Taragelova,	V.,	Ziak,	D.,	Labuda,	M.,	
&	Kurtenbach,	K.	(2003).	Association	of	Borrelia afzelii with rodents 
in Europe. Parasilology, 126, 11– 20. https://doi.org/10.1017/S0031	
18200	2002548

Hanincová,	K.,	Taragelová,	V.,	Koci,	J.,	SchäFer,	S.	M.,	Hails,	R.,	Ullmann,	
A.	J.,	Piesman,	J.,	Labuda,	M.,	&	Kurtenbach,	K.	(2003).	Association	
of Borrelia garinii and B. valaisiana	 with	 songbirds	 in	 Slovakia.	
Applied and Environmental Microbiology, 69, 2825– 2830. https://doi.
org/10.1128/AEM.69.5.2825

Harrison,	X.	A.	(2014).	Using	observation-	level	random	effects	to	model	
overdispersion	 in	 count	 data	 in	 ecology	 and	 evolution.	Peer J, 2, 
e616. https://doi.org/10.7717/peerj.616

Harrison,	 X.	 A.	 (2015).	 A	 comparison	 of	 observation-	level	 random	 ef-
fect	 and	 Beta-	binomial	 models	 for	 modelling	 overdispersion	 in	
binomial	data	in	ecology	&	evolution.	Peer J, 3,	e1114.	https://doi.
org/10.7717/peerj.1114

https://doi.org/10.5061/dryad.rv15dv49r
https://orcid.org/0000-0003-2579-4479
https://orcid.org/0000-0003-2579-4479
https://orcid.org/0000-0003-3471-5357
https://orcid.org/0000-0003-3471-5357
https://orcid.org/0000-0002-2006-092X
https://orcid.org/0000-0002-2006-092X
https://orcid.org/0000-0002-9139-8450
https://orcid.org/0000-0002-9139-8450
http://mumin.r-forge.r-project.org/
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/j.ijpara.2012.02.006
https://doi.org/10.1016/j.ijpara.2012.02.006
https://doi.org/10.1186/1756-3305-6-195
https://doi.org/10.1186/1756-3305-6-195
https://doi.org/10.1111/2041-210X.12541
https://doi.org/10.1111/2041-210X.12541
https://doi.org/10.1534/genetics.104.028738
https://doi.org/10.32614/rj-2017-066
https://doi.org/10.1016/j.ijpara.2012.02.006
https://doi.org/10.1093/jmedent/30.1.144
https://doi.org/10.1093/jmedent/30.1.144
https://doi.org/10.1186/s13071-020-04369-8
https://doi.org/10.1017/S0031182001007740
https://doi.org/10.1017/S0031182001007740
https://doi.org/10.1603/0022-2585-38.3.361
https://doi.org/10.1603/0022-2585-38.3.361
https://doi.org/10.1186/s13071-021-04860-w
https://doi.org/10.1186/s13071-021-04860-w
https://doi.org/10.1007/BF01219108
https://doi.org/10.1007/BF01219108
https://doi.org/10.1093/forestry/74.3.277
https://doi.org/10.1093/forestry/74.3.277
https://doi.org/10.1186/s13071-021-05000-0
https://doi.org/10.1016/j.ttbdis.2009.11.001
https://doi.org/10.1016/j.ttbdis.2009.11.001
https://doi.org/10.1007/s00442-009-1430-x
https://doi.org/10.1007/s00442-009-1430-x
https://doi.org/10.1890/11-0458.1
https://doi.org/10.1890/11-0458.1
https://doi.org/10.1046/j.0021-8790.2001.00558.x
https://doi.org/10.1046/j.0021-8790.2001.00558.x
https://doi.org/10.1017/S0031182002002548
https://doi.org/10.1017/S0031182002002548
https://doi.org/10.1128/AEM.69.5.2825
https://doi.org/10.1128/AEM.69.5.2825
https://doi.org/10.7717/peerj.616
https://doi.org/10.7717/peerj.1114
https://doi.org/10.7717/peerj.1114


12 of 13  |     GANDY et al.

Hartig,	 F.	 (2020).	 DHARMa: Residual diagnostics for hierarchical (multi- 
level/mixed) regression models (0.3.3.0). http://flori	anhar	tig.github.
io/DHARM	a/

Heylen,	D.,	Tijsse,	E.,	Fonville,	M.,	Matthysen,	E.,	&	Sprong,	H.	 (2013).	
Transmission	 dynamics	 of	 borrelia burgdorferi	 s.l.	 in	 a	 bird	 tick	
community.	Environmental Microbiology, 15,	 663–	673.	https://doi.
org/10.1111/1462-	2920.12059

Heyman,	P.,	Mele,	R.,	Smajlovic,	L.,	Dobly,	A.,	Cochez,	C.,	&	Vandenvelde,	
C.	 (2009).	Association	between	habitat	 and	prevalence	of	hanta-
virus	 infections	 in	 bank	 voles	 (Myodes glareolus) and wood mice 
(Apodemus sylvaticus). Vector- Borne and Zoonotic Diseases, 9,	 141–	
146.	https://doi.org/10.1089/vbz.2007.0155

Hofmeester,	T.	R.,	Coipan,	E.,	Van	Wieren,	S.,	Prins,	H.,	Takken,	W.,	&	
Sprong,	 H.	 (2016).	 Few	 vertebrate	 species	 dominate	 the	 borrelia 
burgdorferi	s.l.	life	cycle.	Environmental Research Letters, 11,	43001.	
https://doi.org/10.1088/1748-	9326/11/4/043001

Hofmeester,	T.	R.,	Sprong,	H.,	Jansen,	P.,	Prins,	H.,	&	Van	Wieren,	S.	(2017).	
Deer	 presence	 rather	 than	 abundance	 determines	 the	 population	
density	of	the	sheep	tick,	Ixodes ricinus, in Dutch forests. Parasites & 
Vectors, 10,	433.	https://doi.org/10.1186/s1307	1-	017-	2370-	7

Hoyer,	I.	J.,	Blosser,	E.	M.,	Acevedo,	C.,	Thompson,	A.	C.,	Reeves,	L.	E.,	&	
Burkett-	Cadena,	N.	D.	 (2017).	Mammal	decline,	 linked	to	 invasive	
Burmese	python,	shifts	host	use	of	vector	mosquito	towards	res-
ervoir hosts of a zoonotic disease. Biology Letters, 13,	20170353.	
https://doi.org/10.1098/rsbl.2017.0353

Huang,	C.	 I.,	Kay,	S.	C.,	Davis,	S.,	Tufts,	D.	M.,	Gaffett,	K.,	Tefft,	M.,	&	
Diuk-	Wasser,	M.	A.	(2019).	High	burdens	of	Ixodes scapularis larval 
ticks	on	white-	tailed	deer	may	limit	Lyme	disease	risk	in	a	low	biodi-
versity	setting.	Ticks and Tick- Borne Diseases, 10, 258– 268. https://
doi.org/10.1016/j.ttbdis.2018.10.013

Jaenson,	 T.	 G.,	 &	 Tälleklint,	 L.	 (1992).	 Incompetence	 of	 roe	 deer	 as	
reservoirs	 of	 the	 Lyme	 borreliosis	 spirochete.	 Journal of Medical 
Entomology, 29,	813–	817.

James,	M.,	Bowman,	A.,	 Forbes,	K.,	 Lewis,	 F.,	Mcleod,	 J.,	&	Gilbert,	 L.	
(2013). Environmental determinants of Ixodes ricinus ticks and 
the incidence of borrelia burgdorferi	sensu	lato,	the	agent	of	Lyme	
borreliosis,	 in	 Scotland.	 Parasitology, 140,	 237–	246.	 https://doi.
org/10.1017/S0031	18201	200145X

Jones,	K.	E.,	Patel,	N.	G.,	Levy,	M.	A.,	Storeygard,	A.,	Balk,	D.,	Gittleman,	
J.	 L.,	 &	 Daszak,	 P.	 (2008).	 Global	 trends	 in	 emerging	 infectious	
diseases. Nature, 451, 990– 993. https://doi.org/10.1038/natur 
e06536

Kiffner,	C.,	Lödige,	C.,	Alings,	M.,	Vor,	T.,	&	Rühe,	F.	(2011).	Body-	mass	
or	sex-	biased	 tick	parasitism	 in	 roe	deer	 (Capreolus capreolus)	 ?	A	
GAMLSS	approach.	Medical and Veterinary Entomology, 25,	39–	45.	
https://doi.org/10.1111/j.1365-	2915.2010.00929.x

Kilpatrick,	A.	M.,	Dobson,	A.	D.,	Levi,	T.,	Salkeld,	D.	J.,	Swei,	A.,	Ginsberg,	
H.	S.,	Kjemtrup,	A.,	Padgett,	K.	A.,	Jensen,	P.	M.,	&	Fish,	D.	(2017).	
Lyme	disease	ecology	in	a	changing	world:	Consensus,	uncertainty	
and critical gaps for improving control. Philosophical Transactions of 
the Royal Society B: Biological Sciences, 372,	20160117.	https://doi.
org/10.1098/rstb.2016.0117

Kilpatrick,	H.	J.,	Labonte,	A.	M.,	&	Stafford,	K.	C.	(2014).	The	relationship	
between	deer	density,	 tick	abundance,	and	human	cases	of	Lyme	
disease	 in	a	residential	community.	Journal of Medical Entomology, 
51,	777–	784.	https://doi.org/10.1603/ME13232

Krawczyk,	A.	 I.,	Van	Duijvendijk,	G.	L.,	Swart,	A.,	Heylen,	D.,	 Jaarsma,	
R.	 I.,	 Jacobs,	F.	H.,	Fonville,	M.,	Sprong,	H.,	&	Takken,	W.	 (2020).	
Effect	of	rodent	density	on	tick	and	tick-	borne	pathogen	popula-
tions:	Consequences	for	infectious	disease	risk.	Parasites & Vectors, 
13,	34.	https://doi.org/10.1186/s1307	1-	020-	3902-	0

Kurtenbach,	K.,	De	Michelis,	S.,	Etti,	S.,	Schäfer,	S.	M.,	Sewell,	H.-	S.,	Brade,	
V.,	 &	 Kraiczy,	 P.	 (2002).	 Host	 association	 of	 borrelia burgdorferi 
sensu	lato–	the	key	role	of	host	complement.	Trends in Microbiology, 
10,	74–	79.	https://doi.org/10.1016/S0966	-	842X(01)02298	-	3

Kurtenbach,	K.,	Sewell,	H.-	S.,	Ogden,	N.	H.,	Randolph,	S.	E.,	&	Nuttall,	
P.	A.	(1998).	Serum	complement	sensitivity	as	a	key	factor	in	Lyme	
disease	ecology.	Infection and Immunity, 66,	1248–	1251.

Levi,	 T.,	 Kilpatrick,	 A.	M.,	Mangel,	M.,	 &	Wilmers,	 C.	 C.	 (2012).	 Deer,	
predators,	 and	 the	 emergence	 of	 Lyme	 disease.	 Proceedings of 
the National Academy of Sciences, 109,	 10942–	10947.	 https://doi.
org/10.1073/pnas.12045	36109

Lindström,	 A.,	 &	 Jaenson,	 T.	 G.	 (2003).	 Distribution	 of	 the	 common	
tick, Ixodes ricinus	 (Acari:	 Ixodidae),	 in	 different	 vegetation	 types	
in	 southern	Sweden.	 Journal of Medical Entomology, 40,	 375–	378.	
https://doi.org/10.1603/0022-	2585-	40.4.375

Mandujano,	 S.	 (2014).	 PELLET:	 An	 excel®-	based	 procedure	 for	 esti-
mating	 deer	 population	 density	 using	 the	 pellet-	group	 counting	
method. Tropical Conservation Science, 7, 318– 325.

Mannelli,	A.,	Bertolotti,	L.,	Gern,	L.,	&	Gray,	J.	(2012).	Ecology	of	borrelia 
burgdorferi	 sensu	 lato	 in	Europe:	Transmission	dynamics	 in	multi-	
host	systems,	influence	of	molecular	processes	and	effects	of	cli-
mate change. FEMS Microbiology Reviews, 36,	837–	861.	https://doi.
org/10.1111/j.1574-	6976.2011.00312.x

Márquez,	 F.,	 Morel,	 P.,	 Guiguen,	 C.,	 &	 Beaucournu,	 J.	 (1992).	 Clé	 di-
chotomique	des	 Ixodidae	d'Europe.	 I:	 Les	 larves	du	 genre	 Ixodes. 
Acarologia, XXXIII,	837–	861.

Mayle,	B.	A.,	Peace,	A.	J.,	&	Gill,	R.	(1999).	How many deer? A field guide to 
estimating deer population size.	Forestry	Commission.

Michelet,	L.,	Delannoy,	S.,	Devillers,	E.,	Umhang,	G.,	Aspan,	A.,	Juremalm,	
M.,	 Chirico,	 J.,	 Van	Der	Wal,	 F.	 J.,	 Sprong,	 H.,	 &	 Boye	 Pihl,	 T.	 P.	
(2014).	 High-	throughput	 screening	 of	 tick-	borne	 pathogens	 in	
Europe. Frontiers in Cellular Infection Microbiology, 4, 1– 13. https://
doi.org/10.3389/fcimb.2014.00103

Millins,	C.,	Gilbert,	L.,	Johnson,	P.,	James,	M.,	Kilbride,	E.,	Birtles,	R.,	&	
Biek,	R.	 (2016).	Heterogeneity	 in	 the	abundance	and	distribution	
of Ixodes ricinus and borrelia burgdorferi	 (sensu	 lato)	 in	 Scotland:	
Implications for risk prediction. Parasites & Vectors, 9, 1– 12. https://
doi.org/10.1186/s1307	1-	016-	1875-	9

Millins,	C.,	Magierecka,	A.,	Gilbert,	L.,	Edoff,	A.,	Brereton,	A.,	Kilbride,	
E.,	Denwood,	M.,	Birtles,	R.,	&	Biek,	R.	(2015).	An	invasive	mammal	
(the	gray	squirrel,	Sciurus carolinensis)	commonly	hosts	diverse	and	
atypical	 genotypes	 of	 the	 zoonotic	 pathogen	 borrelia burgdorferi 
sensu lato. Applied and Environmental Microbiology, 81,	4236–	4245.	
https://doi.org/10.1128/AEM.00109	-	15

Millins, C. L. (2016). Ecological drivers of a vector borne pathogen: 
Distribution and abundance of borrelia burgdorferi sensu lato and its 
vector Ixodes ricinus in Scotland.	University	of	Glasgow.

Mitchell,	B.	(1984).	The	defecation	frequencies	of	red	deer	in	different	
habitats.	Annual Report of the Institute of Terrestrial Ecology, 1983, 
15–	17.

Mitchell,	B.,	Rowe,	J.	J.,	Ratcliffe,	P.,	&	Hinge,	M.	(1985).	Defecation	fre-
quency	in	roe	deer	(Capreolus capreolus) in relation to the accumula-
tion rates of faecal deposits. Journal of Zoology, 207,	1–	7.

Mysterud,	A.,	Easterday,	W.	R.,	Stigum,	V.	M.,	Aas,	A.	B.,	Meisingset,	E.	
L.,	&	Viljugrein,	H.	(2016).	Contrasting	emergence	of	Lyme	disease	
across	ecosystems.	Nature Communications, 7, 11882. https://doi.
org/10.1038/ncomm s11882

Mysterud,	 A.,	 Stigum,	 V.	 M.,	 Jaarsma,	 R.	 I.,	 &	 Sprong,	 H.	 (2019).	
Genospecies	 of	 borrelia	 burgdorferi	 sensu	 lato	 detected	 in	
16	 mammal	 species	 and	 questing	 ticks	 from	 northern	 Europe.	
Scientific Reports, 9, 2088. https://doi.org/10.1038/s4159	8-	019-	
41686	-	0

Norman,	R.,	Bowers,	R.,	Begon,	M.,	&	Hudson,	P.	J.	(1999).	Persistence	
of	 tick-	borne	 virus	 in	 the	 presence	 of	 multiple	 host	 species:	
Tick reservoirs and parasite mediated competition. Journal 
of Thoretical Biology, 200, 111– 118. https://doi.org/10.1006/
jtbi.1999.0982

Olsthoorn,	F.	(2021).	The effect of woodland expansion on tick populations 
and Lyme disease risk,	PhD.	ETH	Zurich.

http://florianhartig.github.io/DHARMa/
http://florianhartig.github.io/DHARMa/
https://doi.org/10.1111/1462-2920.12059
https://doi.org/10.1111/1462-2920.12059
https://doi.org/10.1089/vbz.2007.0155
https://doi.org/10.1088/1748-9326/11/4/043001
https://doi.org/10.1186/s13071-017-2370-7
https://doi.org/10.1098/rsbl.2017.0353
https://doi.org/10.1016/j.ttbdis.2018.10.013
https://doi.org/10.1016/j.ttbdis.2018.10.013
https://doi.org/10.1017/S003118201200145X
https://doi.org/10.1017/S003118201200145X
https://doi.org/10.1038/nature06536
https://doi.org/10.1038/nature06536
https://doi.org/10.1111/j.1365-2915.2010.00929.x
https://doi.org/10.1098/rstb.2016.0117
https://doi.org/10.1098/rstb.2016.0117
https://doi.org/10.1603/ME13232
https://doi.org/10.1186/s13071-020-3902-0
https://doi.org/10.1016/S0966-842X(01)02298-3
https://doi.org/10.1073/pnas.1204536109
https://doi.org/10.1073/pnas.1204536109
https://doi.org/10.1603/0022-2585-40.4.375
https://doi.org/10.1111/j.1574-6976.2011.00312.x
https://doi.org/10.1111/j.1574-6976.2011.00312.x
https://doi.org/10.3389/fcimb.2014.00103
https://doi.org/10.3389/fcimb.2014.00103
https://doi.org/10.1186/s13071-016-1875-9
https://doi.org/10.1186/s13071-016-1875-9
https://doi.org/10.1128/AEM.00109-15
https://doi.org/10.1038/ncomms11882
https://doi.org/10.1038/ncomms11882
https://doi.org/10.1038/s41598-019-41686-0
https://doi.org/10.1038/s41598-019-41686-0
https://doi.org/10.1006/jtbi.1999.0982
https://doi.org/10.1006/jtbi.1999.0982


    |  13 of 13GANDY et al.

Ostfeld,	R.	S.,	&	Keesing,	F.	 (2000a).	Biodiversity	and	disease	risk:	The	
case	of	 Lyme	disease.	Conservation Biology, 14,	 722–	728.	https://
doi.org/10.1046/j.1523-	1739.2000.99014.x

Ostfeld,	 R.	 S.,	 &	 Keesing,	 F.	 (2000b).	 Biodiversity	 series:	 The	 func-
tion	 of	 biodiversity	 in	 the	 ecology	 of	 vector-	borne	 zoonotic	 dis-
eases. Canadian Journal of Zoology, 78,	 2061–	2078.	 https://doi.
org/10.1139/z00-	172

Ostfeld,	R.	S.,	Levi,	T.,	Keesing,	F.,	Oggenfuss,	K.,	&	Canham,	C.	D.	(2018).	
Tick-	borne	 disease	 risk	 in	 a	 forest	 food	web.	 Ecology, 99, 1562– 
1573.	https://doi.org/10.1002/ecy.2386

Pacilly,	F.,	Benning,	M.,	Jacobs,	F.,	Leidekker,	J.,	Sprong,	H.,	Van	Wieren,	
S.,	&	Takken,	W.	(2014).	Blood	feeding	on	large	grazers	affects	the	
transmission of borrelia burgdorferi	sensu	lato	by	Ixodes ricinus. Ticks 
and Tick- Borne Diseases, 5,	 810–	817.	 https://doi.org/10.1016/j.
ttbdis.2014.06.004

Piesman,	 J.,	 &	 Gern,	 L.	 (2004).	 Lyme	 borreliosis	 in	 Europe	 and	 North	
America.	 Parasitology, 129,	 S191–	S220.	 https://doi.org/10.1017/
S0031	18200	3004694

QGIS	Development	Team.	(2016).	QGIS	Geographic	Information	System.	
Open	Source	Geospatial	Foundation	Project.	http://qgis.osgeo.org

R Core Team. (2013). R: A language and environment for statistical comput-
ing.	R	Foundation	 for	Statistical	Computing.	https://www.R-	proje	
ct.org/

Rijpkema,	S.,	Molkenboer,	M.,	Schouls,	L.	M.,	Jongejan,	F.,	&	Schellekens,	
J.	 (1995).	Simultaneous	detection	and	genotyping	of	three	genomic	
groups of borrelia burgdorferi sensu lato in Dutch Ixodes ricinus	ticks	by	
characterization	of	the	amplified	intergenic	spacer	region	between	5S	
and	23S	rRNA	genes.	Journal of Clinical Microbiology, 33, 3091– 3095.

Rosef,	 O.,	 Paulauskas,	 A.,	 &	 Radzijevskaja,	 J.	 (2009).	 Prevalence	 of	
borrelia burgdorferi sensu lato and Anaplasma phagocytophilum 
in	 questing	 Ixodes ricinus	 ticks	 in	 relation	 to	 the	 density	 of	 wild	
cervids. Acta Veterinaria Scandinavica, 51,	 47–	55.	 https://doi.
org/10.1186/1751-	0147-	51-	47

Ruiz-	Fons,	F.,	&	Gilbert,	L.	(2010).	The	role	of	deer	as	vehicles	to	move	
ticks,	 Ixodes	 ricinus,	 between	 contrasting	 habitats.	 International 
Journal for Parasitology, 40, 1013– 1020. https://doi.org/10.1016/j.
ijpara.2010.02.006

Steere,	A.,	Coburn,	J.,	&	Glickstein,	L.	(2007).	The	emergence	of	Lyme	dis-
ease. The Journal of Clinical Investigation, 113, 1093– 1101. https://
doi.org/10.1172/JCI20	0421681

Sweeney,	O.	F.	M.,	Wilson,	M.	W.,	Irwin,	S.,	Kelly,	T.	C.,	&	O'halloran,	J.	
(2010).	Are	bird	density,	species	richness	and	community	structure	
similar	between	native	woodlands	and	non-	native	plantations	in	an	
area	with	a	generalist	bird	fauna?	Biodiversity and Conservation, 19, 
2329–	2342.	https://doi.org/10.1007/s1053	1-	010-	9844-	7

Takumi,	 K.,	 Sprong,	 H.,	 &	 Hofmeester,	 T.	 R.	 (2019).	 Impact	 of	 verte-
brate	 communities	 on	 Ixodes ricinus-	borne	 disease	 risk	 in	 forest	

areas. Parasites & Vectors, 12,	434.	https://doi.org/10.1186/s1307	
1-	019-	3700-	8

Tälleklint,	L.,	&	Jaenson,	T.	G.	(1994).	Transmission	of	borrelia burgdorferi 
s.l.	from	mammal	reservoirs	to	the	primary	vector	of	Lyme	borreli-
osis, Ixodes ricinus	 (Acari:	 Ixodidae),	 in	Sweden.	Journal of Medical 
Entomology, 31, 880– 886. https://doi.org/10.1017/CBO97	81107	
415324.004

Van	Duijvendijk,	G.,	Van	Andel,	W.,	Fonville,	M.,	Gort,	G.,	Hovius,	J.	W.,	
Sprong,	H.,	&	Takken,	W.	(2017).	A	borrelia afzelii infection increases 
larval	 tick	 burden	 on	Myodes glareolus (Rodentia: Cricetidae) and 
nymphal	body	weight	of	 Ixodes ricinus	 (Acari:	 Ixodidae).	Journal of 
Medical Entomology, 54,	 422–	428.	 https://doi.org/10.1093/jme/
tjw157

Vasquez,	L.,	Panadero,	R.,	Dacal,	V.,	Pato,	F.	J.,	López,	C.,	Díaz,	P.,	Arias,	
M.	S.,	Fernández,	G.,	Díez-	Baños,	P.,	&	Morrondo,	P.	 (2011).	Tick	
infestation	(Acari:	 Ixodidae)	 in	roe	deer	(Capreolus capreolus) from 
northwestern	 Spain:	 Population	 dynamics	 and	 risk	 stratifica-
tion. Experimental & Applied Acarology, 53,	 399–	409.	 https://doi.
org/10.1007/s1049	3-	010-	9403-	7

Vourc'h,	 G.,	 Abrial,	 D.,	 Bord,	 S.,	 Jacquot,	 M.,	 Masséglia,	 S.,	 Poux,	 V.,	
Pisanu,	B.,	Bailly,	X.,	&	Chapuis,	J.-	L.	(2016).	Mapping	human	risk	of	
infection with borrelia burgdorferi	sensu	lato,	the	agent	of	Lyme	bor-
reliosis,	in	a	periurban	forest	in	France.	Ticks and Tick- Borne Diseases, 
7,	644–	652.	https://doi.org/10.1016/j.ttbdis.2016.02.008

Vuong,	 H.	 B.,	 Chiu,	 G.	 S.,	 Smouse,	 P.	 E.,	 Fonseca,	 D.	 M.,	 Brisson,	 D.,	
Morin,	P.	J.,	&	Ostfeld,	R.	S.	(2017).	Influences	of	host	community	
characteristics on borrelia burgdorferi	infection	prevalence	in	black-
legged ticks. PLoS One, 12,	 e0167810.	 https://doi.org/10.1371/
journ	al.pone.0167810

Zuur,	 A.,	 Ieno,	 E.,	Walker,	N.,	 Savelieve,	 A.,	 &	 Smith,	G.	 (2009).	Mixed 
effects models and extensions in ecology with R. springer.

SUPPORTING INFORMATION
Additional	 supporting	 information	 can	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	this	article.

How to cite this article: Gandy,	S.,	Kilbride,	E.,	Biek,	R.,	
Millins,	C.,	&	Gilbert,	L.	(2022).	No	net	effect	of	host	density	
on	tick-	borne	disease	hazard	due	to	opposing	roles	of	vector	
amplification and pathogen dilution. Ecology and Evolution, 
12, e9253. https://doi.org/10.1002/ece3.9253

https://doi.org/10.1046/j.1523-1739.2000.99014.x
https://doi.org/10.1046/j.1523-1739.2000.99014.x
https://doi.org/10.1139/z00-172
https://doi.org/10.1139/z00-172
https://doi.org/10.1002/ecy.2386
https://doi.org/10.1016/j.ttbdis.2014.06.004
https://doi.org/10.1016/j.ttbdis.2014.06.004
https://doi.org/10.1017/S0031182003004694
https://doi.org/10.1017/S0031182003004694
http://qgis.osgeo.org
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1186/1751-0147-51-47
https://doi.org/10.1186/1751-0147-51-47
https://doi.org/10.1016/j.ijpara.2010.02.006
https://doi.org/10.1016/j.ijpara.2010.02.006
https://doi.org/10.1172/JCI200421681
https://doi.org/10.1172/JCI200421681
https://doi.org/10.1007/s10531-010-9844-7
https://doi.org/10.1186/s13071-019-3700-8
https://doi.org/10.1186/s13071-019-3700-8
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1093/jme/tjw157
https://doi.org/10.1093/jme/tjw157
https://doi.org/10.1007/s10493-010-9403-7
https://doi.org/10.1007/s10493-010-9403-7
https://doi.org/10.1016/j.ttbdis.2016.02.008
https://doi.org/10.1371/journal.pone.0167810
https://doi.org/10.1371/journal.pone.0167810
https://doi.org/10.1002/ece3.9253

	No net effect of host density on tick-borne disease hazard due to opposing roles of vector amplification and pathogen dilution
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study sites
	2.2|Estimation of deer density
	2.3|Estimation of rodent abundance
	2.4|Questing Ixodes ricinus nymph surveys
	2.5|Estimation of B. burgdorferi s.l. prevalence
	2.6|Statistical analyses
	2.6.1|Statistical modeling
	2.6.2|The effect of deer and rodent densities on questing nymph density
	2.6.3|The effects of deer and rodents on nymphal infection prevalence
	2.6.4|The effects of deer and rodents on Lyme disease hazard


	3|RESULTS
	3.1|The effects of deer and rodent densities on questing nymphs
	3.2|The effects of deer and rodent abundance on the prevalence of Lyme disease pathogens
	3.2.1|The effects of deer density on the prevalence of B. burgdorferi s.l.
	3.2.2|The effects of deer density and rodent abundance on the prevalence of B. afzelii

	3.3|The effects of host abundance on the density of infected nymphs (disease hazard)
	3.3.1|The effects of deer density on the density of infected nymphs with B. burgdorferi s.l.
	3.3.2|The effects of deer and rodent abundance on the density of nymphs infected with B. afzelii


	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTERESTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


