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Within- and between-city contexts and interactions shape our experiences
of city life. However, a gap in understanding is how the wider landscape

context of cities and the interactions with hinterlands influence urban
ecology and health hazards. Using a meta-ecosystem framework, we fill this
gap for the tick-borne Lyme disease ecological system by comparing the
tick and Lyme disease hazards of urban and hinterland sites for 16 UK cities.
We discover that the environmental hazards of ticks and Lyme disease of
urban greenspaces are two- and threefold lower, respectively, than those

of hinterland woodlands. Crucially, urban tick and Lyme disease hazards
are shaped by tick abundance and the landcover (woodland and built-up)
of hinterlands, but not of cities themselves. This highlights how rural-
urbaninteractions form meta-ecosystems, and urban eco-epidemiology
candepend on the characteristics of the surrounding rural landscape.
Therefore, to better understand urban ecological processes and to mitigate
diseaserisk in cities, it may be necessary to consider environmental factors
inthe hinterland such as landcover and disease hazard outside cities.

Our experiences of city life are shaped by our interactions with the
social, cultural, economic, political and structural context of the areas
within the city that we frequent, and this context can be influenced by
economic, political and cultural interactions between separate cities.
Inaddition to the within-and between-city interactions, cities may be
influenced by the surrounding landscape context within which the
city lies. Forexample, adjacent rural landcover can mitigate the urban
heat island effect inside cities'; rural intensive livestock farming can
impact the downstream water quality of cities?; various hazards origi-
natinginthe hinterland, such as flood, fire and smoke, can disrupt city
infrastructure?®; and the movement of people can result in the spread
of diseases between rural and urban areas*”.

Vertebrate wildlife species that carry parasites and pathogens
can move between rural and urban environments and colonize cities
from the hinterland®’, facilitated by ‘green corridors’’. We suggest
that urban areas and their hinterlands can be viewed as two distinct
but coupled socio-ecological systems that are linked by movements
of resources (such as economic wealth, food or water) or vectors (such

asvehicles, people or wildlife), thus forming a ‘meta-ecosystem™. The
meta-ecosystem concept has been used successfully to better under-
stand interactions across many systems and scales. Classic examples
include freshwater or marine nutrient flow on terrestrial ecosystems,
particularly affecting soil nutrients, plant biomass and diversity"2,
However, the meta-ecosystem concept has notbeen applied to rural-
urban socio-ecosystems, even though they are likely to interact and
affecteach other. In particular, how the environmental characteristics
(suchaslandcover) of rural areas affect terrestrial ecological processes
in urban areas, such as ecological interactions underlying disease
emergence, is rarely addressed. Yet, understanding how hinterlands
affect terrestrial urban disease risk is of fundamental importance,
especially where disease mitigation strategies rely on the assumption
that within-city factors are the prime risk factors.

One of the most important emerging environmental disease
threats of Northern Hemisphere urban greenspacesin terms of preva-
lence and publicinterest s that of ticks and tick-borne diseases. Ixodes
ricinusticks are found extensively throughout Europe, western Asiaand
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North Africa and have been reported in urban or peri-urban greens-
paces in 24 European countries®. [xodes ricinus ticks are generalist
parasites that feed on the blood of most terrestrial vertebrate species
and are able to transmit many pathogens of medical and veterinary
importance. These include the tick-borne encephalitis virus com-
plex, Anaplasma phagocytophilum, spotted fever rickettsiae and the
Borrelia burgdorferi sensu lato (s.l.) complex of bacteria that causes
Lyme disease'. Lyme disease is the most prevalent and widespread
vector-borne disease of humans in the Northern Hemisphere® and is
increasingin many areas, especially in higher latitude regions, includ-
ing the United Kingdom'®.

Despite ticks and Lyme disease being reported in many urban
greenspaces®, rural woodlands are the habitats most associated with
higher tick densities and Lyme disease hazard” ™. There are multiple
reasons for this, including the fact that roe deer (Capreolus capreolus),
the most abundant and widespread deer speciesin the United Kingdom
and Europe, prefer woodland and woodland edge habitats®. Deer are
often the most important hosts for /. ricinus ticks and are the main
drivers of tick abundance?*. Compared to other habitats, woodlands
also often have higher diversity and abundance of other /. ricinus hosts,
such as rodents and birds®, that transmit B. burgdorferi s.l. bacteria
to feeding ticks**. Furthermore, the mild and humid micro-climate
created by woodland canopies and understory vegetation aid tick
activity and survival”.

Themostimportantecological parameter to consider when assess-
ingthe public health threat fromtick-borne diseasesin the environment
isthe density of infected nymphs, whichis termed the ‘environmental
disease hazard’. Inthis Article we test the overarching hypothesis that
urbanand rural socio-ecosystems interact, acting as ameta-ecosystem,
to shape the environmental tick and Lyme disease hazards of cities.
One probable mechanism for tick population establishment in cities is
the movement of terrestrial vertebratesinto urban greenspaces from
surrounding ruralwoodlands®’ and the transport of ticks with them (a
source-sink dynamic). Another plausible mechanismis the expansion
of cities (urbanization) into rural habitats that already have existing
tick populations, such that previously rural areas become new urban
greenspaces that still retain these ticks and hosts. These mechanisms
assume that there are more ticks*° and vertebrate hosts*? in rural
than urban environments. We therefore predict (1) greater environ-
mental hazards of ticks and Lyme disease in rural woodland than in
urban greenspaces, and if either of these mechanisms of urban-rural
interactionsoccurs, we also predict greater environmental hazards of
ticks and Lyme disease in (2) cities whose hinterlands have higher tick
densities, more optimal habitat (woodland) and less unsuitable habitat
(built-up cover), and (3) cities that themselves have more woodland
and less built-up cover. Habitat connectivity between the city and its
rural woodlands for tick hosts, such as deer, could also be importantin
determining movements of ticks between rural hinterland woodland
andcities. Thus, if there is not sufficient habitat connectivity between
the city and its rural hinterland woodlands, there may not be more
ticks in cities, even when they and their rural hinterlands have more
ticks and woodland. Therefore, we also predict (4) greater hazards
of ticks and Lyme disease in cities that have higher connectivity with
rural woodlands (Fig.1).

To test these predictions and fill the gaps in knowledge of how
urban-rural interactions shape urban disease risk, we characterized
the environmental hazards of ticks and Lyme disease in 16 small cities
(population size 50,000-100,000%) and their hinterlands throughout
the United Kingdom. Cities were chosen to encompass a broad range of
hinterland landcovers and to cover awide geographic area of the United
Kingdom from northernScotland to south-central England and Wales
(Fig. 2, Supplementary Fig.3 and Supplementary Table 1). By doing so,
we formulated generalizable principles of how urban-rural interac-
tions shape the tick and Lyme disease hazards of cities, as distinct from
studying ticks and Lyme disease hazard in a city”. Foramore complete
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Fig.1|Hypothesized interactions between urban and rural socio-ecosystems
toform arural-urban meta-ecosystem. a,b, Under the assumption that there
are more ticks and greater Lyme disease hazard in rural than urban environments
(prediction 1), we predict (a) higher likelihoods of ticks and Lyme disease hazard
inurban greenspaces where the hinterland has more woodland, less built-up
cover and higher tick densities (prediction 2), and where the city has more
woodland, less built-up cover (prediction 3) and higher connectivity
(prediction 4) to hinterland woodlands. Conversely, we predict (b) lower
likelihood of ticks and Lyme disease hazard in urban greenspaces where the
hinterland has less woodland, more built-up cover and lower tick densities
(prediction 2), and where the city has less woodland, more built-up cover
(prediction 3) and lower connectivity (prediction 4) to hinterland woodlands.

characterization of these health hazards of urban United Kingdom, we
mapped our new hazard values alongside the only other previously
published urban UK values in five cities in southern England (Fig. 2).

Results and discussion

Tick and Lyme disease hazards of cities and hinterlands

We measured the density of questing (host-awaiting) nymphal /. ricinus
ticks by counting nymphs on ‘blanket drag’ transects*’, and the density
of nymphs infected with B. burgdorferis.l. using molecular testing, at
five urban greenspaces within each city (0-5 km from the city center)
and five hinterland woodlands (5-10 km from the city center) for each
ofthe 16 citiesin 2022 and 2023.

Ixodesricinusnymphs were detected in six (37.5 %) of the 16 cities,
but in twice as many, that is, 12 (75.0%), of the hinterlands (Fig. 2).
Borrelia burgdorferis.l.infected nymphs were detected in five (31.3%)
of the cities and in eight (50.0%) of the hinterlands (Fig. 2 and Sup-
plementary Table1).

After taking into account confounding factors between cities
(climate, month of survey and ground vegetation), statistical models
showed that both the tick hazard index (the likelihood of finding a
nymph on a transect; P< 0.001, Table 1, Fig. 3 and Supplementary
Table 2) and Lyme disease hazard (the likelihood of finding aninfected
nymph at a site; P<0.001, Table 1, Fig. 3, Supplementary Tables 2
and 3) were significantly higher in hinterland woodlands than urban
greenspaces. This supported our first prediction of higher hazards
in rural than urban environments and is not restricted to the cities
that we surveyed in the United Kingdom. Similar patterns of /. ricinus
and Lyme disease hazard increasing from the urban center outwards
to the peri-urban environments have been reported from the south
of England® and continental Europe?***2, This suggests a general
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Fig. 2| Map of the UK showing the distribution of the hazards of ticks and
Lyme disease in cities and hinterlands. a,b, Values for the 16 cities surveyed here
(large symbols) and five cities surveyed in previous studies in southern England
(small symbols) for tick hazard (the density of questing /. ricinus nymphs (DON);
a) and Lyme disease hazard (density of nymphs infected with B. burgdorferis.l.
(DIN); b). For the 16 cities, the inner circle represents each city and the outer
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buffer represents each hinterland. Colors represent mean values over all urban
sites (inner circle) and rural hinterland sites (outer circle) surveyed. Published
datawere compiled for Bath®, Bristol”’, London®***°=2, Salisbury* and
Southampton®; these were notincluded in statistical analyses. Credit: the map
contains public sector information from Open Geography Portal (ONS) licensed
under the Open Government Licence v3.0 (UK outline).

principle thatrecreationinurban parksis substantially less hazardous
thanrecreationinnearby rural woodlands. Thisis probably because /.
ricinus ticks and bacteriain the B. burgdorferis.l. complex are carried
by awide range of terrestrial vertebrate species® and, although some
individual urbangreenspaces can maintain a highabundance of certain
vertebrate species®, the diversity and abundance of vertebrate species
is generally higher in rural habitats*>”. Although we captured similar
wooded habitats between rural and urban sites through our sampling
design, urban woodlands can have fundamentally different proper-
ties compared to rural woodlands?. For example, rural woodlands
areusually surrounded by other ‘green’ habitats such as pastures, and
are often less fragmented than urban woodlands®. This can contrib-
ute to a higher abundance and diversity of vertebrates®*”, including
deer, which areimportant /. ricinus hosts**2. However, it is important
to keep in mind that, although Lyme disease environmental hazard
may be lower in cities than in hinterlands, the high numbers of urban
greenspace users could have significant implications for public health
atthe population level.

Mappingthetick densities and Lyme disease hazards of the 16 cit-
ies we surveyed alongside published values from urban greenspaces
in five cities in southern England showed that the United Kingdom is
characterized by very low tick and Lyme disease hazard in the central
regions (datafromthis study), flanked by higher hazardsin the south of
England (datafrom published studies®****") and in Scotland, especially
further north (data from this study; Fig. 2 and Supplementary Tables 1
and3). Arecent study of tick bites on humans, dogs and cats from 2013
t02020 similarly showed that these central regions of England had the

lowest number of records for /. ricinus bites in the United Kingdom™,
suggesting this broad geographic pattern is generalizable and long
term rather than being particular to our cities or study period.

Variation in tick and Lyme disease hazards among cities
Togaininsightsinto why some cities have urban greenspaces with more
ticks and higher Lyme disease hazard than other cities, we developed
generalized linear mixed effect models (GLMMs) that statistically took
into account the variance due to confounding factors between cities
(which wasimportant because tick and/or Lyme disease hazards could
vary withlatitude, population size, year, annual cumulative rainfall and
ground vegetation density'®'*).

Thefirsttwo models tested part of our second prediction, that the
tickand Lyme disease hazards of cities are influenced by tick densities
in the hinterlands. In support of this prediction, cities had substan-
tially higher indices of tick hazard (P < 0.001) and Lyme disease hazard
(P=0.002) in their greenspaces if hinterland woodlands had higher
nymphdensities (Table 1, Fig. 3 and Supplementary Table 2), and there
were no instances where ticks or Lyme disease pathogens were found
inacity butnotinits hinterland (Fig. 2).

Wethen tested the final part of our second prediction, that urban
tickand Lyme disease hazards are influenced by hinterland landcover.
We used landcover metrics in a ring around the city between 5 and
10 km from the city centroid to represent ‘hinterland’. This area was
chosen because all hinterland woodlands that we surveyed for ticks
were between 5 and 10 km from the center, and the built-up areas
of all 16 cities areas were contained within 5 km of the city centroid.
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Table 1| Outputs from the final selected GLMMs evaluating
focal explanatory variables associated with variations in
ticks and Lyme disease hazards

Estimate Zvalue Pvalue AAICc?

(standard error)

Parameter

Model: Differences in tick hazard between cities and their hinterland

-2.55(0.58)

Urban (baseline: -4.42 9.8x107° 175

hinterland)

Model: Differences in Lyme disease hazard between cities and their hinterland

Urban (baseline: -12.13 (6.46) -1.88 0.06 23.4
hinterland)

Model: Effect of hinterland nymph density on urban tick hazard

Hinterland nymph 0.06 (0.01) 4.92 8.8x1077 21.8

density

Model: Effect of hinterland nymph density on urban Lyme disease hazard

1412 (4.58) 3.08 0.002 91

Hinterland nymph
density

Model: Effect of hinterland landcover on urban tick hazard
1.55 (0.89) 174
-2.78 (1.19) -2.33

0.08 0.7
0.02 5.8

Woodland cover

Built-up cover

Model: Effect of hinterland landcover on urban Lyme disease hazard

Woodland cover Not retained -4.0
Built-up cover Not retained NA?
Model: Effect of city landcover on urban tick hazard

Woodland cover Not retained -2.0
Built-up cover Not retained -1.7
Model: Effect of city landcover on urban Lyme disease hazard

Woodland cover Not retained -6.4
Built-up cover Not retained =53}
Model: Effect of urban-hinterland connectivity on urban tick hazard
Connectivity Not retained -1.5

Model: Effect of urban-hinterland connectivity on urban Lyme disease hazard

Connectivity Not retained -3.4

Parameter estimates, Z values and exact two-sided P values are reported. AAICc indicates
the change in corrected Akaike information criterion when removing the focal variable

from the model, with higher AAICc values indicating a greater reduction in model support.
Models used a binomial error distribution and included site, city and survey month as

random intercepts. Outputs for other non-focal explanatory variables (year, month, latitude,
population size, vegetation density, climate variables) are provided in Supplementary Table 2.
2Convergence issues when adding urban cover.

We used percentage landcovers torepresent habitats for ticks and hosts
that are deemed most suitable (cover of broadleaved and coniferous
woodlands) and less suitable (built-up cover)®**** As predicted,
hinterland woodland cover wasretained in the best tick hazard model,
indicating its influence on urban tick hazard (P=0.08; Table 1, Fig. 3
and Supplementary Table 2). Previous studies have reported small-
scale (within 100 m), within-ecosystem effects of tree or shrub cover
on ticks and tick-borne pathogens in adjacent pastures***, but the
particularly important and novel finding here is that rural woodlands
areassociated with the tick hazard of cities, that s, in a different socio-
ecosystem several kilometers away. Given that hinterlands with more
woodland cover are likely to also have higher densities of deer and other
tick hosts such as small mammals and birds, two potential mechanisms
might be at work: (1) there is higher likelihood of some of these hosts
dispersing and establishinginadjacent urban greenspacesand (2) when
thereis urbanencroachment, parts of these wooded hinterlands (with
high densities of ticks and vertebrate hosts) may become new urban
greenspaces that retain ticks and hosts.

Wealso found that less suitable hinterland habitat (built-up cover)
was negatively associated with urbantick hazardindex (P=0.02; Table1,
Fig. 3 and Supplementary Table 2). We checked for a correlation
between explanatory variables before running models, and hinterland
woodland and built-up covers did not correlate, so thisresultis not due
tomore built-up cover equating to less woodland cover. Furthermore,
both woodland and built-up cover were entered in the same statistical
model, so the effect of built-up hinterland on urban ticks is after hav-
ing taken into account the effect of hinterland woodland. This result
thus suggests an inhibitory effect of hinterland built-up cover on tick
hazard in the adjacent city’s greenspaces.

Despite the effect of hinterland landcover onurban ticks, we found
little evidence that hinterland woodland or built-up cover measurably
influenced the Lyme disease hazard of urbangreenspaces (Table 1, Fig.3
and Supplementary Table 2). This differential influence is interesting
and could reflect different movement or dispersal distances between
different host types. No nationwide data are available on densities or
movements of wildlife hosts in and around cities in the United King-
dom, so we could not quantitatively examine which wildlife hosts
contribute most to tick and Lyme disease hazards in cities. Research
in rural environments repeatedly demonstrates the importance of
deer in maintaining populations of generalist tick species including
1. ricinus®*****¢, and deer are abundant in many rural, suburban and
evensome urban areas**%, This evidence, along with our findings that
urbanticks, but not Lyme disease hazard, are influenced by hinterland
landcovers suggest that rural-urban tick transport may be driven
primarily by wider-ranging tick hosts that do not carry the pathogens,
suchas deer?,

Transport of infected ticks from pathogen-carrying hosts such
as small mammals, squirrels and birds® must be frequent enough to
seed pathogen into some urban greenspaces. However, the dispersal
distances of these pathogen-carrying hosts are often shorter than
for deer, so more local peri-urban and urban landcover, rather than
hinterland landcover, may drive B. burgdorferis.l. in urban greens-
paces’*****° We hypothesize that, once transported, the ticks drop off
into the ground vegetation and, when they emerge as the next instar
the following spring, they could feed on local urban wildlife, starting
new B. burgdorferis.l. transmission cycles, influenced by local, within-
greenspace characteristics>****,

Against our third prediction, we found no effect of within-city
woodland or built-up cover (within 5 km of the city centroid) on urban
greenspace tick and Lyme disease hazard indices. This findingindicates
that the hazards of ticks and Lyme disease of cities may be primarily
shaped by hinterland factors (ticks and landcover), rather than by
city-level landcover within the cities themselves. We had expected
that cities containing more woodland cover would be more attractive
toimmigrating vertebrate hosts carrying ticks. Although we found no
effect of within-city landcover on ticks or infected ticks per unit area
ofgreenspace, it could still be the case that cities with more woodland
cover may have more area over the whole city that contains ticks or
tick-borne pathogens.

Contrary to our fourth prediction, we found no association
between connectivity at the urban-hinterland interface and urban
tick or Lyme disease hazards®**. The fact that hinterland tick density
andlandcover does shape the urban hazards of ticks and Lyme disease,
but urban-hinterland connectivity does not, implies that the cities
in our study may have enough connectivity with their hinterlands
despite the wide range of connectivity values (Supplementary Fig. 3).
An example is Falkirk, which had ticks and B. burgdorferis.l. in some
urban greenspaces, despite low overall urban-hinterland connec-
tivity. However, Falkirk had good connectivity in just one direction,
which may have been enough for hosts carrying ticks to disperse into
the city. This would suggest that even a small amount of connectivity
couldallow the rural environment to influence some of the ecological
processes of cities.
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Fig. 3| Outputs from GLMMs testing our predictions about hinterland and
urban parameters shaping the hazard of ticks and Lyme disease hazard in
urbangreenspaces. The hazard of ticks is shown in orange (left) and Lyme
disease hazard in blue (right). a,b, Rural hinterland woodlands had higher indices
of . ricinus nymph density (likelihood of nymphs on 10-m transects;

1,624 transects in hinterland sites, 1,630 transects in urban greenspaces;

a) and Lyme disease hazard (likelihood of a site having /. ricinus nymphs infected
with B. burgdorferis.l.; 112 site visits in hinterland sites, 109 site visits in urban
greenspaces; b). Statistical analyses were performed using GLMMs with binomial
error structure and included site, city and survey month as random intercepts.
Pvalues are based on two-sided Wald Z-tests from the GLMM summary output.
c,d, Higher I. ricinus nymph density in hinterlands was associated with higher
hazard indices of ticks (c) and Lyme disease (d) in urban greenspaces. Statistical
analyses were performed using GLMMs with binomial error structure and
included site, city and survey month as random intercepts. Pvalues are based on
two-sided Wald Z-tests from the GLMM summary output. e,f, A higher percentage
of woodland cover in hinterlands was associated with a higher urban tick hazard
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index (e), but urban Lyme disease hazard was not affected (f). Statistical analyses
were performed using GLMMs with binomial error structure and included site,
city and survey month as random intercepts. Pvalues are based on two-sided
Wald Z-tests from the GLMM summary output. g,h, A higher percentage of built-
up cover in hinterlands was associated with alower tick hazard index (g), but
urban Lyme disease hazard index was not affected (h). Statistical analyses were
performed using GLMMs with binomial error structure and included site, city
and survey month as random intercepts. Pvalues are based on two-sided Wald
Z-tests from the GLMM summary output. Data are presented as model-predicted
means + 95% confidence intervals (CIs), with error bars (a,b) and shaded ribbons
(c-h) representing Cls. Two-sided likelihood ratio tests comparing the full model
to areduced model using analysis of variance were used to assess the effect of
each predictor, without adjustment for multiple comparisons. Test statistics
and Pvalues for each panel: y2 =19.54, degrees of freedom (d.f.) =1, P=9.8 x10™®
(a);x2=25.53,d.f.=1,P=4.6 107 (b); x*=23.8,d.f.=1,P=1.1x10"*(c); x> =11.3,
d.f.=1,P=7.6x10"(d); x2=2.69,d.f.=1,P=0.10 (e); > = 0.001,d.f. =1, P=1(f);
X*=7.85,d.f.=1,P=0.005(g); *=0.001,d.f. =1, P=1(h).
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Our key finding, that hinterland characteristics (tick density,
woodland cover, built-up cover), rather than within-city landcover,
influence the hazards of ticks and Lyme disease of cities, supports our
hypothesis that rural and urban socio-ecosystems are linked to form
ameta-ecosystem. Because ticks cannot move more thanafew meters
on their own, their dispersal is determined by the movement of their
terrestrial vertebrate hosts. Accordingly, one likely mechanism for this
ecosystem couplingis through animal movements, transporting ticks
throughtherural-urbaninterface asameans of establishing tick popu-
lations in cities. However, an additional mechanism explaining ticks
andtick-borne pathogensin cities could be operating alongside that of
host movements. Thisis the dynamic expansion of cities (urbanization)
into the rural hinterland where wildlife and ticks are long established.
Noimmigration of hosts isnecessary if some urban greenspaces were,
until they were enveloped by urban developments, rural woodlands
with resident hosts and ticks. Further targeted research of greens-
pace history and animal tracking would be needed to tease these two
mechanisms apart.

In this Article we have been asking why some cities have more
ticks or tick-borne pathogen hazards in their parks than other cities,
and we found that landcover in the hinterland is more important than
within-city landcovers. However, within any single city, there will be dif-
ferencesintick andtick-borne pathogen abundance betweenindividual
parks. At this finer spatial scale within a city, studies in North America
and Europe have revealed that the proximity, connectivity oramount of
nearby greenspace, tree cover or deer populationsinfluence how indi-
vidual greenspaces differ in their ticks and tick-borne pathogens®****%,

Conclusion

We included a wide range of cities and hinterlands across a country
to examine how and why cities differ in their tick and Lyme disease
hazards, an emerging environmental health issue for urban popula-
tions. We have described how the central regions of England have very
low tick and Lyme disease hazards and that cities have lower hazards
than their hinterlands, implying that recreation in urban parks is con-
siderably safer from these hazards than in rural woodlands.

Our study provides generalizable principles about how urban
socio-ecosystems interact with their rural hinterland contexts as part
of anurban-rural meta-ecosystem. We show that one of the manifesta-
tions of this meta-ecosystem is that landcover and/or tick abundance
intherural ecosystem are key determinants of the hazards of ticks and
Lyme disease of cities, probably reflecting differences in movement
patterns between the main tick hosts and pathogen hosts.

Although we now know that differences in hinterland (but not
within-city) characteristics determine the variation in tick and Lyme
disease hazards between cities, previous research has shown that
individual greenspace characteristics shape variationin these hazards
between greenspaces within a city?**. Therefore, disease mitigation
strategies might be most effective if they target both spatial scales—the
individual greenspace characteristics withinacity, as well as targeting
key hinterland areas. However, different districts often have sepa-
rate administrative governance bodies. In these cases, collaboration
between urban and rural governance bodies could enable more effec-
tive strategies to mitigate hazards to urban dwellers’.

Methods

Survey sites

We measured therelative abundance of questing /. ricinus nymphs and
their infections with B. burgdorferis.l. in 162 sites across 16 UK cities.
The cities were spread throughout most of the United Kingdom, and
our intention wasto encompass a broad geographicareaand to cover
awiderange of woodland cover amongthe hinterlands (Fig. 2). To limit
the confounding effects of city size, and to allow inclusion of Scottish
cities (most of which are small), which helped broaden the range of
hinterland landcovers, we used urban areas defined as ‘small cities’

withapopulationsize of 50,000-100,000 (ref. 28). We did not survey
citiesinthe southern regions of England, as/. ricinus tick densities and
Lyme disease hazard have been studied previously in several southern
England urban centers (Bristol, Bath, Salisbury, Southampton and
London®*#597% Fig 2 and Supplementary Table 3). The densities of
I. ricinus and Lyme disease hazard in urban environmentsin the regions
we chose have not been published previously.

The cities included were (from north to south) Inverness, Perth,
Falkirk, Dunfermline, Kilmarnock, Carlisle, Durham, Scarborough,
Harrogate, Keighley, Halifax, Burnley, Macclesfield, Wrexham, Can-
nockandKing’s Lynn (Fig. 2 and Supplementary Fig.1). Tensitesin and
around each city were surveyed: five were urban greenspaces within
each city within 5 km of the city center, and five were in the hinterland
woodlands between 5and 10 km of the city center. The exception was
Burnley, where 12 sites were surveyed (six urban and six rural). All rural
hinterland sites were areas with woodland accessible to the public,
and all urban greenspaces were public amenity areas such as local-
authority-managed public parks with some tree cover or community
woodlands. Each of the 162 sites was surveyed at least once, and cities
for which questing nymphs were found in urban greenspaces were
surveyed twice, resulting in 221 site visits.

Characterizing tick hazard

The environmental hazard of ticks (the density of questing /. ricinus
nymphs) was measured using standard blanket drag transects, where
each transect consisted of dragging a 1-m x 1-m square blanket mate-
rial for 10 m (ref. 30). All nymphal ticks on the blanket were counted,
collected and stored in 70% ethanol in 1.5-ml Eppendorf tubes for
later pathogen analysis. At each of the 221 site visits, we conducted
15 transects per visit, except at 19 site visits, where 12 or 13 transects
were conducted due to constraints of time and weather. Surveys were
carried out between May and August in 2022 and 2023 (Supplemen-
tary Table 4). Although urban woodlands differ in many ways to rural
woodlands, we strove to minimize the effect of habitat differences on
ticks and Lyme disease hazard by surveying habitats that were as similar
as possible across all sites. We achieved this by surveying primarily in
areas of tree cover, with only a small proportion of transects in open
grassland habitat, and surveying a range of ground vegetation types
for both urban greenspaces and hinterland sites.

Because temperature and relative humidity affect the propor-
tion of ticks that are active®, surveys were conducted only when the
temperature was more than 10 °C, and transects were not conducted
intherain.

For ground vegetation, adensity index was measured using asward
stick at the start (0 m), middle (S m) and end (10 m) of each transect™.
The sward stick had colored bands every 5 cm, and the vegetation
density index was the number of these colored bands that were hid-
denby thevegetation when the sward stick was placed vertically in the
vegetationatarm’s length.

Molecular analyses for Lyme disease hazard

To estimate the environmental hazard of Lyme disease (the density of
infected /. ricinus nymphs) we tested each nymph for the presence of
the B. burgdorferis.l. complex of pathogens by using DNA extraction
oneachindividual nymphand subjecting it to polymerase chainreac-
tion (PCR). DNA was extracted usingammonia hydroxide**, by boiling
each nymph at 100 °C in 150 pl of 0.7 M NH,OH for 15 min. The tubes
were briefly centrifuged and heated at 100 °C for another 15 min with
their lids open, until 70-100 pl of solution remained. The DNA was
used as a template in a real-time PCR targeting the 23S rDNA gene*
for B. burgdorferis.l. The qPCR used in this study> was implemented
using Meridian Bioscience MyTaq Mix (Scientific Laboratory Sup-
plies) in a CFX Connect real-time PCR detection system (Bio-Rad).
Each reaction of 25 pl contained 12.5 pl of master mix, 1 pl of each
primer at 10 pmol pl™ (forward, 5-CGAGTCTTAAAAGGGCGATTTAGT;
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reverse, 5-GCTTCAGCCTGGCCATAAATAG), 1 ul of probe at 3.2 pmol
pI™ (5-FAM-AGATGTGGTAGACCCGAAGCCGAGTG-TAMRA), 7.5 pl of
nuclease free water and 2 pl of DNA extract using a program consisting
of 5minat 95 °C, followed by 40 cycles of 15sat 95 °Cand 1 minat 57 °C.
Athreshold cycle or c(¢) value of 36 or lower was considered a positive
result. Due to unforeseen issues, the original assay was switched for
another protocol targeting ospA” part way through the study. In this
protocol, each reaction of 20 pl contained 10 pl of master mix, 1 pl
of primers (forward, 5’-AATATTTATTGGGAATAGGTCTAA; reverse,
5-CTTTGTCTTTTTCTTTRCTTACAA G)/probe (5-FAM-AAGCAAAAT-
GTTAGCAGCCTTGA-BHQ-1) mix, 6 pl of nuclease free water and 3 pl of
DNA extract using a program consisting of 5 min at 95 °C, followed by
60 cyclesof5sat94 °Cand35sat 60 °C, withafinalincubationat37 °C
for 20 s. All other parameters and equipment remained unchanged.
For every five DNA samples tested we included a negative (PCR grade
water) control. A c(¢) value of 40 or lower was considered a positive
result. For both assays, each positive sample was viewed separately to
ensure the quality and smoothness of the curve. A subset of previously
tested samples (n =282) was retested using the ospA assay to ensure
result consistency, and the two methods produced identical results (in
otherwords, prevalence estimates were not affected by the protocol).

Landcover and connectivity metrics

For each of the 16 cities, for both urban (5-km radius from the city
center) and rural (between 5 km and 10 km from the city center) areas,
we extracted landcover metrics from the 2021 UKCEH landcover map*
using the packages sf*° and raster”’ in R version 4.2.2. The landcover
metrics we used were landcover map’s aggregate classes as follows:
(1) percentage of woodland (broadleaved and coniferous) cover to
represent the habitat in the United Kingdom usually associated with
higher I. ricinustick and Lyme disease hazard'®** and (2) percentage of
‘built-up areaand gardens’ (urban and suburban) cover torepresenta
landcover that we assume is one of the [east suitable habitats for many
ofthekey tick hosts suchas deer (Supplementary Fig. 3). ‘Urban’is char-
acterized by more dense buildings and a lower vegetation signature
than‘suburban™. Although suburbanareas caninclude suitable habitat
fordeerandticks, the landcover datawe used categorizes areas of trees
separately as ‘woodland’. The UKCEH landcover map 2021 information
warns that ‘Suburban and Urban lie on a continuum and confusion is
expected™, hence our use of their aggregate built-up category.

For each city, we also created a connectivity metric to estimate
the connectivity between the city and its rural hinterland. This was
needed because, if there is little connectivity between the two socio-
ecosystems, there may be no establishment of ticks in a city, evenifiits
hinterland has alot of woodland and ticks. For each city, we estimated
connectivity for the city-hinterland interface, which was best rep-
resented by a 2-km-wide ring around each city, between 4 and 6 km
from the city center. We applied the concept of ‘least-cost paths’, an
estimate of the resistance of moving through the landscape, used to
estimate connectivity between habitat patches®. Using the UKCEH
2021landcover map, we attributed a cost to each landcover class, which
represents the assumed cost to adeer moving through the landscape,
based on published literature®** . For example, moving through a
built-up area has a cost 0of 1,000 compared to moving through wood-
land, which hasacost of only 1 (Supplementary Table 5). We computed
the least-cost paths between woodland patches for each city using the
planar network with two-dimensional nodes on anon-Euclidian resist-
ance surface function from the grainscape package®, and calculated
the average path cost for each urban-hinterland interface ring. This
method does not distinguish patch sizes of woodland, assigning one
cost for each pathway from one woodland patch to another. No path
costsare calculated for deer movement withinwoodlands, evenif they
arelarge. Therefore, to allow for woodland patch size, with the assump-
tion that moving within awoodland is lower cost than moving through
other landcovers, we divided the average path cost by the average

woodland patch size in the urban-hinterland interface and used this
asour connectivity metric (Supplementary Fig. 2). A high metric value
represents a high cost to deer movement (that is, low connectivity).

The statistical models needed to take into account other variables
that we were not specifically interested in, but that might affect tick
and Lyme disease hazards. For each city, we also extracted latitude,
population size® and annual cumulative rainfall, averaged for the
period 1991-2020 from the UK Met Office online dataset®* (Supple-
mentary Table 4).

Statistical analysis

All statistical analyses were performed in R version 4.2.2. For each of
the models, we checked for potential collinearity between explanatory
variables using variance inflation factors (VIFs), discarding variables
scoring more than four, and Pearson’s correlation tests. We assessed
whether continuous variables should be in a quadratic form using
an F-test, and continuous variables were tested in both forms (linear
and polynomial) against the response variable before model fit was
assessed. Model selection was done using the dredge function from
the MuMIN package®®, and models with the lowest AICc were selected.
Model diagnostics were assessed using the DHARMa package®. Statisti-
cal analyses were conducted on data collected from the 16 cities and
hinterlands as part of this study. Previously published data from five
cities in the south of England (published data) presented on the map
(Fig.2) were notincluded in the analyses.

The nymph count data distribution was strongly zero-inflated;
that is, alarge proportion of tick survey transects had zero nymphs
and alarge proportion of sites had zero infected nymphs. This caused
both Poisson and negative binomial zero-inflated GLMMs to have
poor model diagnostics if our response variables were the number of
nymphs and infected nymphs per 10-m transect to represent questing
nymph density and Lyme disease hazard, respectively. Therefore, for
all analyses, we used binomial GLMMs with a logit link, with presence
orabsence of nymphs on each10-mtransect analyzed at the individual
transect level (to represent questing nymph density), and the presence
orabsence of B. burgdorferis.l.infected nymphs analyzed at the site visit
level (to represent Lyme disease hazard), asthe response variables. The
values output from the models were therefore the predicted likelihood
ofatransect havingatleast one nymph (tick hazard index) orinfected
nymph (Lyme disease hazard index).

Differences between cities and their hinterland

Totestour first prediction that hinterlands have higher tickand Lyme
disease hazards thanurban greenspaces, the initial fullmodelsincluded
sitetype (urbanor hinterland) and the following additional fixed effects
that needed to be accounted for: year, ground vegetation density,
latitude, city population size and annual cumulative rainfall. Site, city
and month of survey were entered as random effects.

Effect of rural nymph densities

To test whether tick and Lyme disease hazards in urban greenspaces
are influenced by nymph densities in the surrounding hinterland, we
used nymph presence (transect level) and Lyme disease hazard (site
visit level) in urban greenspaces as the response variables. The full
modelsincluded the density of nymphsin the surrounding hinterland,
year, ground vegetation density, latitude, population size and annual
cumulative rainfall. Site, city and month of survey were entered as
random effects.

Effects of hinterland landcover

To test the effect of hinterland landcover surrounding each city on
urbantick and Lyme disease hazards, the fullmodel included woodland
and built-up cover in the surrounding hinterland of each city (5-10 km
from city center), year, ground vegetation density, population size
and annual cumulative rainfall. City latitude was notincluded asit was
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correlated with proportion of built-up cover (VIF =16). Site, city and
month were entered as random effects.

Effects of city landcover

Totest the effect of landcover within each city on urbanticks and Lyme
disease hazards, the fullmodelincluded woodland and built-up cover
within each city (0-5 km from city center), year, latitude, ground veg-
etation density, population size and annual cumulative rainfall. Site,
city and month were entered as random effects.

Effects of urban-hinterland connectivity
To test the effect of the urban-hinterland interface connectivity
for each city on urban tick and Lyme disease hazards, the full model
included connectivity index, latitude, year, ground vegetation density
and annual cumulative rainfall. City population size was not included
asitwas correlated with the connectivity metric (VIF = 7). Site, city and
month were entered as random effects.

Atable detailing each modelis available in Supplemenary Table 6.

Reporting Summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this Article.

Data availability
Datasets used for data analysis are available at https://doi.org/
10.24433/C0.6388252.v1. Any inquiry or request for materials should
be addressedtoS.L.G.

Code availability
The codes produced to conduct statistical analysis canbe accessed at
https://doi.org/10.24433/C0.6388252.v1.
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stratified and representative of the city. As we needed the urban and rural habitats to be as comparable as possible, we conducted
the transects in similar habitats (under canopy) as each site. We chose this sampling strategy to control such covariates (habitat
type). For analyses on the density of tick, data were analysed at the transect level and not aggregated. To control for potentially
biasing covariates, we included vegetation and weather data (rainfall) in the statistical models. For the analyses focusing on the
density of infected ticks, we aggregated the data at the site/visit level as we obtained the proportion of ticks infected at the site/visit
level after pathogen screening.

Blinding N/A - we did ecological surveys

Did the study involve field work? & Yes |:| No

Field work, collection and transport

Field conditions Fieldwork was carried out between May and September 2022 and 2023 under dry condition (ground vegetation dry), when the
temperature was above 10 degrees celcius. This was to ensure that tick activity would be similar across all sites as well as control the
effects of weather on tick activity.
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Carlisle (latitude:54.9065, longitude:-2.91977), Dunfermline (latitude:56.06747, longitude:-3.43277), Durham (latitude:54.77482,
longitude:-1.57472), Falkirk (latitude:56.00268, longitude:-3.78761), Halifax (latitude:53.72263, longitude:-1.85506), Harrogate
(latitude:53.99171, longitude:-1.53457), Inverness (latitude:57.46753, longitude:-4.20735), Keighley (latitude:53.86565,
longitude:-1.91431), Kilmarnock (latitude:55.6129, longitude:-4.50695), Kings Lynn (latitude:52.75049, longitude:0.39862),
Macclesfield (latitude:53.25868, longitude:-2.12849), Perth (latitude:56.39599, longitude:-3.4405), Scarborough (latitude:54.28066,
longitude:-0.41269), Wrexham (latitude:53.04861, longitude:-2.99392)

Access & import/export  Permission to access each site was obtain prior to conducting field work. No import/export of samples was done in this study.

Disturbance The field sites were in public parks and woodlands accessible by members of the public. The method used (blanket dragging method)
consist in dragging a blanket over the vegetation and has a minimal impact on the environment. In addition, the survey did not take
more than an hour at each site.
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Reporting on sex A total of 3,750 Ixodes ricinus nymphs were tested for pathogens. Sex unknown for nymphal tick stage.
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