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Abstract
Understanding patterns of habitat selection and factors affecting space use is fundamental in animal conservation. In urban 
landscapes, such knowledge can be used to advise householders on how best to manage their gardens for wildlife. In this 
study, we tracked 28 West European hedgehogs (Erinaceus europaeus), a species of conservation concern in the UK, in an 
area of high-density housing using radio and GPS tags to quantify patterns of habitat use and identify factors associated with 
the proportion of time spent in individual gardens. Both males and females exhibited a preference for residential gardens, 
but there were subtle differences between the sexes in relation to house type and front versus back gardens. Hedgehogs spent 
significantly more time in gardens where artificial food was provided, where a compost heap was present, if foxes (Vulpes 
vulpes) were infrequent visitors, if it rained overnight and as daylength increased (i.e., shorter nights); garden use was not 
significantly associated with variables potentially likely to reflect invertebrate prey abundance. These data suggest that the 
primary positive action that householders can undertake for urban hedgehogs is providing supplementary food. However, 
householders often feed hedgehogs after they know they are already visiting their garden. Consequently, the presence of 
artificial food may make it difficult to identify other important influences affecting garden use. Finally, we report that a GPS 
fix acquisition rate < 60% likely had no major effect on the results of our analyses, but should be a consideration in future 
studies using this technique on this species and in this habitat.
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Introduction

Urbanisation poses significant threats to biodiversity world-
wide (Seto et al. 2012; Concepción et al. 2015), causing 
habitat loss, degradation and fragmentation (Theodorou 
et al. 2020), human–wildlife conflicts (Soulsbury and White 
2015; Adams 2016), the introduction of non-native spe-
cies (McKinney 2006; Gaertner et al. 2017), exposure to 
pollutants (Ditchkoff et al. 2006; Grimm et al. 2008) and 
wildlife–vehicle collisions (Wright et al. 2020). Urban land-
scapes can, nonetheless, provide key habitats for animals 

(Goddard et al. 2013; Löki et al. 2019; Soanes and Lentini 
2019; Spotswood et al. 2021) as well as refuge from preda-
tors (Møller 2012) and access to abundant resources (Oro 
et al. 2013). As a result, some species are now found only in 
urban areas (Oliveira Hagen et al. 2017; Soanes and Lentini 
2019), whereas other species, including some of conserva-
tion concern (e.g., Coleman and Barclay 2012; Orros and 
Fellowes 2015), can be found at substantially higher densi-
ties in towns and cities compared to rural landscapes (Blair 
1996; Tryjanowski et al. 2007; Alexandre et al. 2010; Bate-
man and Fleming 2012; Kettel et al. 2019). Understanding 
how animals utilise urban spaces has, therefore, become 
increasingly important as urbanisation rates continue to rise 
(Ritchie 2018; Gonçalves-Souza et al. 2020).

One way to gain insight into how animals use urban 
spaces is through habitat selection analyses to assess 
habitat preferences and / or avoidances within the context 
of landscape-scale distribution or home range utilisation 
(Saunders et al. 1997; Dowding et al. 2010a; Thomas et al. 
2014; Roberts et al. 2017; Mueller et al. 2018). However, 
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understanding habitat use on a finer scale can yield greater 
benefits in conservation planning (Gilioli et al. 2018), par-
ticularly for species that perceive the environment at small 
spatial scales (Ritchie and Olff 1999), have limited dis-
persal ability (Gilioli et al. 2018) and / or which may be 
associated with specific habitats or microhabitats (Banks 
and Skilleter 2007). The way in which such individuals 
move within and between habitats will be dependent on 
intra- and inter-specific interactions, environmental condi-
tions and site-based variables such as resource availability 
and quality (Morris 2003; Roberts et al. 2017; Bista et al. 
2019).

Residential gardens within urban areas are favoured by a 
range of fauna (Saunders et al. 1997; Newman et al. 2003; 
Murgui 2009; Dowding et al. 2010a) and can collectively 
cover a substantial area. For example, private domestic gar-
dens constitute 35–47% of greenspace in some British cities 
(Loram et al. 2007) and cover > 430,000 ha in the UK as a 
whole (Davies et al. 2009). On a finer scale, the structure 
of and features within individual gardens can vary mark-
edly as the result of differences in garden size, household-
ers’ gardening preferences and their management decisions 
(Gaston et al. 2005; Smith et al. 2006a; Goddard et al. 2013). 
Consequently, there is likely to be fine-scale variation in the 
functional value of different individual gardens both within 
and between species.

Assessing how animals use individual gardens, and 
identifying underlying causal factors can, however, be chal-
lenging. First, it requires gaining access to privately owned 
land, or recruiting homeowners to provide data; homeown-
ers’ willingness to engage in such projects can be affected 
by pre-existing environmental interests (Dyson et al. 2019) 
and differences between project types, places and cultures 
(Sakurai et al. 2015). Second, within-garden characteristics 
are likely to fluctuate over time, sometimes over very short 
timescales. For example, invertebrate prey abundance has 
been shown to vary with weeding practices (Jaganmohan 
et al. 2013) and temporal and microclimatic parameters 
(Martay and Pearce-Higgins 2018), whilst anthropogenic 
food availability depends on the regularity of household-
ers’ wildlife feeding habits and the volume of food supplied 
(Davies et al. 2012). Last, quantifying how animals use gar-
dens necessitates the use of specialist equipment such as 
GPS or radio tracking devices, camera traps or microchip 
readers to monitor fine-scale movements (Galbraith et al. 
2017; Van Helden et al. 2020). Each of these are, however, 
associated with their own advantages and disadvantages 
including cost, reliability, accuracy and welfare concerns 
(Coulombe et al. 2010; Wearn and Glover-Kapfer 2019). 
In light of these challenges, preliminary studies would be 
useful in identifying suitable methodologies for use in such 
investigations.

One species that is commonly associated with gardens, 
yet is challenging to study in urban landscapes, is the 
West European hedgehog (Erinaceus europaeus; hereafter 
‘hedgehog’), a small (< 1.5 kg), nocturnal insectivore (Mor-
ris 2018). It is thought that rural hedgehog populations in 
Britain have declined markedly in recent decades (Harris 
et al. 1995; Mathews et al. 2018) probably due to habitat loss 
and fragmentation (Bearman-Brown et al. 2020), intensive 
agricultural practices and predation by or intraguild competi-
tion with the European badger (Meles meles) (Young et al. 
2006; Trewby et al. 2014; Williams et al. 2018a). Hedge-
hogs nowadays occur in higher densities in urban settings 
(Hubert et al. 2011; van de Poel et al. 2015; Schaus et al. 
2020) where the risk of predation by badgers appears to be 
comparatively low (Hubert et al. 2011; Pettett et al. 2017a) 
whilst the abundance of anthropogenic foods and nesting 
opportunities is likely high (Hubert et al. 2011; Pettett et al. 
2017a; Gimmel et al. 2021). Nonetheless, urban areas are 
associated with a range of risks not typically evident in rural 
landscapes, including disturbance by humans or domestic 
animals (Rasmussen et al. 2019; Rast et al. 2019), exposure 
to urban-associated pollutants and pesticides (Dowding et al. 
2010b; Taucher et al. 2020), barriers to movement created 
by built structures including roads (Rondinini and Doncas-
ter 2002) and fences (Gazzard et al. 2021), and road traffic 
accidents (Wright et al. 2020).

In addition to sex, season and environmental conditions, 
hedgehog movement behaviour also varies between urban 
landscapes (Dowding et al. 2010a; Rasmussen et al. 2019; 
Schaus Calderón 2021) potentially due to differences in 
building density (Schaus Calderón 2021), road type (Rondin-
ini and Doncaster 2002) and disturbance levels (Berger et al. 
2020a). Irrespective of this, hedgehogs consistently favour 
back gardens (Baker and Harris 2007; Hof and Bright 2009; 
Dowding et al. 2010a; Williams et al. 2015, 2018b; Rasmus-
sen et al. 2019; Gazzard and Baker 2020; Schaus Calderón 
2021) and are thought to require access to around 13–14 
back gardens per night (Rasmussen et al. 2019; Schaus Cal-
derón 2021). However, only a minority of gardens available 
within a given area appear to be utilised (Williams et al. 
2018b; Schaus Calderón 2021). Consequently, multiple stud-
ies have attempted to identify those factors affecting garden 
use (Baker and Harris 2007; Hof and Bright 2009; Williams 
et al. 2015, 2018b; Gazzard and Baker 2020) but these have 
relied on hedgehog presence / absence data such that they 
have not been able to identify whether animals were using 
gardens for, e.g. foraging versus simply passing through, 
nor differentiate between gardens based on intensity of use. 
Overall, therefore, our understanding of the extent to which 
different factors influence patterns of garden use is limited 
(Williams et al. 2018b; Schaus Calderón 2021).

Understanding which factors affect hedgehogs’ patterns 
of garden use would have clear conservation implications 
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as members of the public could be advised on how to man-
age their gardens in a “hedgehog-friendly” way. This is par-
ticularly relevant in the UK where urban gardens may be 
increasingly important as the national hedgehog population 
declines. Within the UK at the current time, there is particu-
lar emphasis on the construction of high-density housing 
in urban locations, including on greenfield and brownfield 
sites (Department for Communities and Local Government 
2017); this type of housing is, by definition, associated with 
smaller gardens than those evident in earlier periods of rapid 
housing development (Loram et al. 2007). Therefore, the aim 
of this study was to investigate patterns of habitat use and 
garden selection by hedgehogs in an area of high-density 
housing as these are likely to be the dominant form of new 
housing in the UK for the foreseeable future. In particu-
lar, we: (1) used global positioning system (GPS) and radio 
tracking data in compositional analyses (Aebischer et al. 
1993) to identify key habitats and garden types; and (2) used 
GIS data and householder questionnaire surveys to inves-
tigate the effects of outside- and within-garden factors on 
the time hedgehogs spent in individual gardens. Last, GPS 
fix acquisition rates in mammal tracking studies are com-
monly < 100% (Hofman et al. 2019), including in previous 
studies of hedgehogs (Rodriguez Recio et al. 2013; Braaker 
et al. 2014), because tags with limited “sky-view” (e.g., tags 
under dense canopy cover) can fail to connect to sufficient 
satellites (Ironside et al. 2017); such “missing data” have the 
potential to confound the sorts of analyses outlined above 
if they are, for example, associated with particular habitat 
types and / or movement characteristics. Therefore, we (3) 
conducted a series of assessments of these missing fixes 
to identify whether they were likely to have impacted our 
results or not.

Methods

The study was conducted in a 5.8 km2 area of Earley, Read-
ing, UK (51°25’N, 0°55’W; population > 33,000), bor-
dered by a University of Reading campus, major A-roads 
and the River Loddon. Earley is a residential area that falls 
within the urban sprawl of Reading Town, having under-
gone rapid urbanisation in the late twentieth century (Ear-
ley Town Council 2017). Earley is now characterised by a 
series of medium- and high-density housing developments 
(approximately 20.5 houses ha−1 across the entire survey 
area, but with some estates reaching 38.1 houses ha−1: 
Schaus Calderón 2021) constructed predominantly during 
the 1970s–1990s and which consist of streets and cul-de-
sacs of detached, semi-detached and terraced houses with 
their associated gardens (Ward 2004; Wokingham Borough 
Council 2012; Earley Town Council 2017). Median garden 

size is 167 m2, below the national average of 226 m2 (Office 
for National Statistics 2021).

Tracking data

Hedgehogs were captured by hand during nocturnal transect 
surveys undertaken between June and October 2016–2018 
inclusive. Trained surveyors walked along public footpaths 
using torches to systematically search for hedgehogs. On 
occasion, local householders contacted the surveyors to 
notify us of active hedgehogs in gardens, in which case sur-
veyors would be granted access to the garden to record and 
tag hedgehogs as appropriate. Captured individuals were 
weighed, sexed and uniquely marked by securing short sec-
tions of numbered heat shrink tubing over approximately 
five spines posterior to the head (Reeve et al. 2019a). Suit-
able healthy adults weighing > 600 g were fitted with either 
very high-frequency radio (VHF; TW-3, Lotek UK, 10.8 g) 
or GPS (PinPoint 250 VHF Swift, Lotek UK, 10 g) tags 
(hereafter, “tags”), ensuring tag weight was < 5% of the 
animal’s body mass (Sikes and Gannon 2011). Tags were 
attached to a clipped area (~ 2 cm2) of spines below the 
hedgehog’s rump in a central position using epoxy resin. 
Hedgehogs were released at the point of capture typically 
within 5–10 min and monitored until they moved away to 
ensure individuals were not impeded by the tags.

Hedgehogs were tracked during June–October of 
2016–2018 inclusive for 1–9 full nights (excluding nights 
on which the tags were attached or detached); one individual 
was tracked in more than 1 year (in 2017 and 2018), with the 
tag removed between years. Location fixes were recorded 
every 5 min from 22:00 to 04:00 British Summer Time 
(BST), yielding up to 73 fixes per night. VHF tagged ani-
mals were tracked on foot by triangulation with a VHF Sika 
receiver and hand-held three-element Yagi antenna (Lotek 
UK). Both tag types were retrieved by tracing their radio 
signal either when they became detached (e.g., when the 
hedgehog moved through small gaps under garden fences) 
or by recapturing the animal at the end of the study. All 
handling, tagging and tracking procedures were performed 
under ethical approval by the University of Reading and 
under licence by Natural England (refs: 20130866-0-0-0-5 
and 2017-29687-SCI-SCI).

Outlying data points within the GPS dataset were identi-
fied and removed by examining consecutive fixes for implau-
sible locations and speed of travel. In line with Braaker et al. 
(2014), fixes were excluded where they indicated speed of 
movement was > 1 m per second; none of the VHF fixes 
indicated speeds greater than this. The remaining fixes from 
each full tracking session were used to construct 100% mini-
mum convex polygons in QGIS 3.4.4, representing nightly 
areas ranged (NAR) by each hedgehog. Differences in mean 
NAR between the sexes and between tag types were tested 
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using independent t-tests: if a hedgehog was tracked for > 1 
night, then their nightly MCPs were first averaged before 
analyses; if the variances of the two samples were unequal, 
a Welch–Satterthwaite type correction was applied (Ruxton 
2006). For each full night of tracking, the total number of 
front and back gardens used (defined as a garden where ≥ 1 
fixes were recorded) was also counted in QGIS with the 
aid of satellite imagery and an OS Mastermap® Topog-
raphy Layer (© 2020 Ordnance Survey) to define garden 
boundaries.

Each hedgehog location was assigned to one of the 
following eight habitat categories: front gardens of (1) 
detached, (2) semi-detached, (3) terraced houses; back gar-
dens of (4) detached, (5) semi-detached, (6) terraced houses; 
(7) amenity grassland; and (8) other habitats (roads and 
other areas of hardstanding, scrub, woodland and freshwa-
ter). Habitats within the study area were digitised in QGIS 
based upon satellite imagery, the OS Mastermap® Topogra-
phy Layer (© 2020 Ordnance Survey) and land class datasets 
available through the UK Centre for Ecology & Hydrology 
(Morton et al. 2020).

Missing GPS fixes

Due to changes in tag availability and budget, hedgehogs 
were fitted with VHF tags in 2017 and GPS tags in 2016 and 
2018. These tag types produce movement data of compara-
ble accuracies that generate similar home range estimates 
(Coulombe et al. 2006; Glasby and Yarnell 2013), and thus 
data from both tag types were used in our analyses. However, 
since GPS tags can sometimes fail to connect to sufficient 
satellites to generate a location fix (Ironside et al. 2017), 
we assessed the patterns of missing GPS fixes to determine 
whether they were associated with abnormal movements or 
atypical habitats in five ways.

First, we collated the frequency with which different num-
bers of consecutive fixes were or were not recorded to iden-
tify whether missing fixes tended to occur in large groups. 
Second, we quantified the proportion of programmed fixes 
that were recorded versus not recorded, and how these var-
ied throughout the 6-h tracking regimen. This would help 
identify whether missing fixes tended to occur at specific 
times of the night. Third, the size of nightly range areas 
(see below) was compared between those animals tracked 
using VHF tags, where all fixes were recorded every night, 
versus those tracked using GPS tags to see whether missing 
fixes in the latter resulted in significantly smaller nightly 
range estimates. Fourth, the minimum straight-line distances 
moved between different blocks of consecutive fixes where 
the intervening locations were fully or partially recorded 
versus those where all intervening locations had been missed 
were quantified (see Supplementary Figure S1); these com-
parisons enabled us to determine whether hedgehogs had 

tended to move significantly further across blocks of missing 
data or not. Finally, the possible effect of hedgehogs moving 
into different habitats where fixes may be particularly prone 
to be missed was investigated by comparing the habitat com-
position of pooled home range areas (see below) against the 
habitat composition of pooled home ranges after a 100-m 
buffer zone had been added to the points immediately pre-
ceding and following a block (of any size) of missing fixes.

All of the above analyses indicated that there was little 
evidence that missing GPS locations were associated with 
unusual movements or atypical habitats (see Supplementary 
Information). Instead, the pattern of missing fixes appeared 
to be consistent with the assumption that GPS tagged hedge-
hogs were moving normally within habitats but were peri-
odically in proximity to structures that could potentially 
block their GPS signal, such as fences or buildings, but also 
perhaps underneath structures such as decking and sheds 
where they may be resting. Overall, therefore, we do not 
believe that there are likely to be any significant biases in 
the habitat types nor individual gardens where the positions 
of GPS tagged hedgehogs were and were not recorded. 
Consequently, the analyses outlined below are based on the 
assumption that the locations of GPS tagged animals are 
a random sub-sample of those of the hedgehogs tracked. 
The implications of this assumption are considered in the 
Discussion.

Compositional analysis of habitat use

Compositional analysis was implemented using the adehabi-
tatHS package in R 4.0.3 with 1000 iterations of the ran-
domisation test (Aebischer et al. 1993; Calenge 2006); this 
compares the log ratios of each individual’s “used” versus 
“available” habitats to indicate whether a habitat was used 
more (or less) than others based on their aerial availability 
(Aebischer et al. 1993; Calenge 2006). A ranking matrix was 
then constructed to display the differences in log ratios of all 
possible pairs of habitat categories. Wilks’ lambda (Λ) was 
used to test whether the difference between the proportion of 
habitat selected / used versus available differed significantly 
from zero (i.e., whether habitat use was “non-random”). 
Since there are known to be marked spatial differences in 
the areas ranged by male and female hedgehogs both on a 
nightly basis but also over the course of several nights (Kris-
tiansson 1984; Reeve 1982; Rondini and Doncaster 2002; 
Dowding et al. 2010a; Morris 2018), and to identify any 
contrasts in habitat preference between the sexes, habitat use 
was analysed separately for males and females.

Habitat selection was evaluated at two levels (Johnson 
1980). First, the selection of habitats in the context of the 
positioning of ranges within the wider landscape was quan-
tified by comparing the habitat composition of individual 
ranges with that of the study site. Individual’s overall ranges 
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were calculated as the MCP encompassing all of their known 
tracking locations (hereafter ‘pooled range area’: PRA). 
The study area was defined by a 500 m buffer surrounding 
all PRAs (Sparks et al. 2005; Dickson et al. 2012; Pettett 
et al. 2017a); this buffer was based upon existing hedgehog 
movement data (Kristiansson 1984; Reeve 1982; Rondini 
and Doncaster 2002; Dowding et al. 2010a; Morris 2018) 
and previous research that identified habitat within 500 m 
was of relevance to hedgehog occupancy in gardens (Gaz-
zard and Baker 2020). Second, habitat use by each hedgehog 
within their PRA was assessed by comparing the proportion 
of fixes recorded in each habitat to the proportion of total 
habitat available within the range. For both analyses, values 
of zero of “used” habitats were substituted with 0.01, as 
recommended by Aebischer et al. (1993). Buildings were 
considered inaccessible to hedgehogs and were excluded 
from all analyses.

Factors affecting proportionate garden use

Factors affecting the use of back gardens were further inves-
tigated using generalised linear mixed models (GLMMs) 
with binomial distributions (Warton and Hui 2011). The 
response variable comprised the proportion of a tracking 
night known to have been spent in an individual garden 
(hereafter ‘proportionate garden use’: PGU). PGU was cal-
culated by dividing the number of location fixes recorded in 
a single garden by 73 (the maximum number of fixes that 
could have been recorded each night).

Measures of PGU could be obtained from the same 
hedgehog but for different gardens in a single night and / 
or the same garden over different nights. To account for any 
parallels between data collected from the same individual, 
therefore, hedgehog ID was included as a random effect. 
Similarly, it was possible for an individual garden to appear 
more than once in the dataset if, for example, they were 
used by different hedgehogs on the same night or the same 
hedgehog on different nights. However, we elected to not 
treat garden ID as a grouping / random effect since we were 
interested in quantifying the effects of garden differences, 
rather than controlling for this.

Explanatory variables included factors specific to (a) 
tagged hedgehogs, (b) gardens, (c) environmental conditions 
at the time of garden use and (d) alternative habitats present 
within 500 m of the garden (Table 1). Continuous varia-
bles were z-transformed so that their effects could be eas-
ily compared (Schielzeth 2010). Habitat data were digitised 
and measured using Natural Environment Research Council 
land class datasets (Morton et al. 2020). Environmental data 
(temperature and rainfall) were obtained from the Univer-
sity of Reading’s Whiteknights campus weather station (Met 
Office 2012), which borders the study site; daylength data 
were taken from the Benson weather station, 18 km north 

(Thorsen 2021). Therefore, these variables represent general 
climatic conditions at the time of tracking rather than spe-
cific microclimatic parameters within individual gardens. 
For the variables describing individual garden characteris-
tics, data were collected during door-to-door householder 
questionnaire surveys undertaken on site during 2016. In 
some instances, householders were not contactable, or did 
not wish to take part, and tagged hedgehogs inevitably uti-
lised areas outside of the surveyed households. Therefore, 
the data that were available for this analysis represent a sub-
sample of gardens (N = 49) that were known to be used by 
hedgehogs. Although red foxes (Vulpes vulpes) were present 
on the study site, badgers were not.

Multicollinearity checks were performed by examining 
the correlation structure of the explanatory variables, and 
further checking variance inflation factors (Fox and Mon-
ette 1992). The modelling process entailed successively 
adding variables and comparing Akaike’s Information Cri-
terion (AIC) values (Burnham and Anderson 1998). In some 
cases, where a variable marginally worsened or did not affect 
model fit, but which was considered meaningful to inter-
pretation, the variable was retained even if non-significant. 
Models were constructed with a log link function and fitted 
by Laplace approximation, using the lme4 package in R; 
global and final models were checked for overdispersion. 
Odds ratio values (Rita and Komonen 2008) and marginal 
and conditional R2 values (Nakagawa et al. 2017) are pro-
vided for the final model: marginal R2 represents the pro-
portion of variance explained by fixed effects; conditional 
R2 represents the proportion of variance explained by both 
fixed and random effects.

Results

Including all GPS and VHF tagged hedgehogs, 28 indi-
viduals (13 males and 15 females) were tracked over 98 
complete nights, generating 2920 fixes via VHF tags (73 
fixes collected for all hedgehogs on all nights) and 2254 
via GPS tags (nightly mean ± SD: 40 ± 10). Mean (± SD) 
NAR areas of males (3.54 ± 3.06 ha) were significantly 
larger than those of females (0.71 ± 0.31  ha: Table  2; 
t12 = 3.33, p < 0.01); however, mean NAR areas did not dif-
fer significantly between tag types for either males (GPS: 
5.37 ± 4.66 ha; VHF: 3.00 ± 3.24 ha; t11 = − 1.21, p = 0.25) 
or females (GPS: 0.87 ± 0.31  ha; VHF: 0.61 ± 0.29  ha; 
t13 = 1.69, p = 0.11). The mean number of back gardens used 
per night was 8.1 ± 5.3 (range: 0–27). Furthermore, on only 
two occasions did hedgehogs fail to use gardens completely; 
in both instances, the animals roamed relatively small areas 
(≤ 0.25 ha) and spent most of the night foraging in hedge-
rows adjacent to houses. The mean number of front and back 
gardens used nightly by an individual did not significantly 



	 A. Gazzard et al.

1 3

differ between males and females (back gardens: t27 = 1.10, 
p = 0.28; front gardens: t27 = 0.24, p = 0.82). However, back 
gardens were visited more frequently by both sexes; males 
used a mean of 3.4 (± 3.3) front and 8.7 (± 6.8) back gar-
dens compared to 4.5 (± 2.7) and 6.8 (± 3.5) for females, 
respectively.

Habitat selection

Front and back gardens comprised 10.1% and 20.7% of 
the study area, respectively, with 13.6% of land occupied 
by buildings, 10.8% by roads, 16.3% by amenity grass-
land and the remaining 28.5% by other habitat types (see 

Supplementary Table S2 for a full breakdown). The selec-
tion of habitats within each hedgehog’s PRA relative to their 
availability across the study site was non-random for males 
(Λ = 0.07, p < 0.01) and females (Λ = 0.19, p = 0.02). At this 
scale, front and back gardens of terraced houses ranked first 
and second most favoured habitats for both sexes (Table 3). 
Amenity grassland occurred the least in PRAs relative to its 
overall availability.

Within their ranges, males exhibited a preference for the 
back gardens of detached houses, followed by the back gar-
dens of semi-detached houses (Λ = 0.07, p = 0.02; Table 4). 
Conversely, for females, the front gardens of detached 
houses and the back gardens of detached and semi-detached 

Table 1   Summary of variables considered in GLMM analysis of factors affecting proportionate nightly garden use by hedgehogs

Column headed “Themes” indicates variables specific to the following: (a) individuals; (b) used gardens; (c) environmental conditions; and (d) 
alternative habitats present within 500 m of the garden. Data were derived from: VHF and GPS tracking surveys (T); questionnaire surveys of 
householders (Q); or from an external source described in the main text (E)

Theme Name Description Source

Depend-
ent 
variable

GARDENUSE Proportion of time spent in a back garden by an individual hedgehog during a tracking night, 
measured as the number of fixes recorded there divided by 73 (the total number of nightly fixes)

T

a SEX Sex of the tracked hedgehog T
a MASS Body mass (g) of the hedgehog immediately prior to tagging T
b AREA Area (m2) of the back garden E
b HOUSETYPE Binary measure of whether the house associated with the garden was detached or semi-detached 

(NB: no other house types were utilised in this sample)
Q

b ACCESS Number of adjoining back gardens that were accessible to hedgehogs from the respondent’s own 
back garden (values ranged from 0 to 3)

Q

b FRONTTOBACK Binary measure of whether hedgehogs could access the respondent’s back garden via their own 
front garden

Q

b GREENHABITAT​ Proportion of habitat within the back garden which consisted of “green” habitat (lawn, plantings 
such as shrubs)

Q

b FOX Frequency at which the respondent observed foxes in their garden. 4 levels: 0 = never, 1 ≤ monthly, 
2 = monthly, 3 = at least weekly

Q

b PEST Binary measure of whether molluscicides, insecticides and / or rodenticides were ever applied in 
the garden

Q

b FOOD Binary measure of whether food was ever supplied intentionally for hedgehogs and / or birds in 
the garden

Q

b LOGPILE Binary measure of whether a log pile was present in the garden Q
b COMPOST Binary measure of whether a compost heap was present in the garden Q
b POND Binary measure of whether a pond was present in the garden Q
b SHED Binary measure of whether the garden contained a shed Q
b LIGHTING Binary measure of whether the garden was ever illuminated at night via artificial lighting (motion-

activated or timed)
Q

c TEMPERATURE Minimum air temperature (°C) logged between 21:00 and 09:00 on the tracking night E
c RAINFALL Binary measure of whether it rained on the tracking night E
c DAYLENGTH Length of day (time between sunrise and sunset) prior to the nocturnal tracking session E
d GARDENS500m Area (m2) of all gardens (front, back and communal) within 500 m of the “used” garden E
d BACKGARDENS500m Area (m2) of all back gardens within 500 m of the “used” garden E
d WOODLAND500m Area (m2) of woodland within 500 m of the “used” garden E
d AMENITY500m Area (m2) of amenity grassland within 500 m of the “used” garden E
d BUILDINGS500m Area (m2) of buildings within 500 m of the “used” garden E
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houses were equally top-ranking, although, overall, habitats 
within their ranges did not appear to be used in a statistically 
non-random manner (Λ = 0.15, p = 0.14).

Factors affecting proportionate garden use

Data from 118 occasions of garden use were used in the 
GLMM analysis; these included data from a total of 49 
gardens and 7 hedgehogs (4 males, 3 females) tracked 
in June–September 2017 or September 2018. The vari-
ables AMENITY500m and BACKGARDENS500m were 
excluded from the analysis as they were strongly corre-
lated with garden AREA; similarly, BUILDINGS500m was 
excluded as it was correlated with WOODLAND500m.

When random effects (individual hedgehogs) were 
accounted for, proportionate garden use was significantly 

negatively linked to: the presence of front-to-back access 
into the garden; fox sightings; the presence of a pond; 
whether it had rained on the tracking night; and the quantity 
of garden habitat present within 500 m of the used garden 
(Table 5). Conversely, hedgehogs appeared to spend signifi-
cantly more time in gardens where food was provided, where 
a compost heap was present and when day length was longer 
(i.e., in the summer).

Discussion

The use of GPS tags to record animal movements has 
become increasingly popular in ecological research (Niel-
son et al. 2009) as they can produce large quantities of con-
tinuous data periods whilst reducing surveyor effort and 

Table 2   Summary of hedgehogs tracked in Reading, UK, their mean nightly area ranged (100% MCPs), maximum speeds of movements and 
mean number of back gardens used

If animals were tracked > 1 night, the range of nightly MCPs and gardens used are given in parentheses. Body mass indicates mass at the time of 
tagging. Data are based on complete nights of tracking undertaken between 22:00 and 04:00 British Summer Time inclusive

ID Sex Year Mass (g) Tag type Nights 
tracked

Total fixes Max. speed 
(m/s)

Mean nightly MCP (ha) Mean no. gardens used

1 M 2017 977 VHF 1 73 0.73 5.12 4
2 M 2017 987 VHF 1 73 0.63 1.01 5
3 M 2017 875 VHF 1 73 0.56 4.16 9
4 M 2017 782 VHF 1 73 0.35 0.93 3
5 M 2017 944 VHF 1 73 0.24 0.46 3
6 M 2017 962 VHF 1 73 0.49 5.38 5
7 M 2017 1016 VHF 1 73 0.20 0.83 7
8 M 2017 1078 VHF 2 146 0.24 0.68 (0.25–1.11) 3.00 (0–6)
9 M 2017 1062 VHF 3 219 0.80 7.27 (3.94–11.00) 10.33 (8–13)
10 M 2017 993 VHF 4 292 0.93 4.10 (0.20–10.24) 5.75 (5–8)
11 M 2018 1202 GPS 5 245 0.69 10.37 (6.75–14.46) 22.00 (13–27)
12 M 2018 952 GPS 6 244 0.39 4.56 (1.38–7.91) 14.67 (11–22)
13 M 2018 1148 GPS 7 300 0.55 1.20 (0.71–2.23) 11.17 (9–14)
14 F 2016 655 GPS 8 280 0.43 1.23 (0.05–3.04) 10.38 (6–15)
15 F 2016 720 GPS 8 257 0.33 0.97 (0.38–1.47) 5.00 (3–9)
16 F 2017 1081 VHF 1 73 0.31 0.65 8
17 F 2017 871 VHF 1 73 0.21 0.44 11
18 F 2017 926 VHF 1 73 0.19 0.80 8
19 F 2017 1157 VHF 1 73 0.22 1.22 2
20 F 2017 810 VHF 2 146 0.23 0.91 (0.89–0.93) 3.50 (3–4)
21 F 2017 822 VHF 3 219 0.24 0.39 (0.32–0.43) 3.00 (2–4)
22 F 2017 702 VHF 3 219 0.27 0.47 (0.20–0.63) 5.00 (2–7)
23 F 2017 935 VHF 4 292 0.19 0.37 (0.12–0.80) 4.50 (3–6)
24 F 2017 817 VHF 4 292 0.27 0.35 (0.05–0.74) 5.50 (3–9)
25 F 2017 647 VHF 4 292 0.31 0.50 (0.18–1.07) 2.50 (2.00–5.00)
25 F 2018 1102 GPS 5 208 0.30 0.70 (0.25–0.98) 7.83 (4.00–16.00)
26 F 2018 700 GPS 5 243 0.20 0.55 (0.23–0.68) 6.00 (2.00–10.00)
27 F 2018 830 GPS 6 249 0.32 0.59 (0.21–0.78) 8.83 (3.00–15.00)
28 F 2018 1189 GPS 6 226 0.15 1.23 (0.89–1.65) 7.83 (6.00–11.00)
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minimising disturbance (Adams et al. 2013; Glasby and 
Yarnell 2013). However, GPS tags are often associated with 
constraints relating to cost, battery life, location error and fix 
success rate (Adams et al. 2013; Glasby and Yarnell 2013; 
Hofman et al. 2019). Missing or erroneous location fixes 
resulting from restricted “sky-view” (Ironside et al. 2017) 
are not unusual when GPS tracking animals in urban areas 
(e.g., van Heezik et al. 2010; Hanmer et al. 2017), including 
hedgehogs: for 18 hedgehogs tracked in Zurich, < 50% of 
all possible GPS fixes were obtained (Braaker et al. 2014). 
Similarly, following data cleaning, a minimum of 46% of 
fixes were retained for hedgehogs tracked in Berlin (Berger 
et al. 2020b) and, in a GPS hedgehog tracking project in 
Regents Park, London, average fix success rate was 41% 
(Reeve et al. 2019b). In the current study, only 57% of all 
possible GPS locations were successfully recorded (see Sup-
plementary Information).

Failure to record GPS locations could be attributed to 
several factors. Hedgehogs often navigate landscapes by 
travelling parallel to linear structures (Hof et al. 2012) such 
as hedgerows, fences or walls (Yarnell et al. 2014) which 
might block or reflect satellite signals (Adams et al. 2013). 
Buildings in particular are thought to create difficulties for 
GPS tracking in urban locations (Rose et al. 2005), yet their 

effect on fix success rate is likely to be more pronounced 
where building height is greater, i.e. in highly urbanised 
centres (Adams et al. 2013); in our study, houses were typi-
cally two stories high. Alternatively, the use of artificial fea-
tures such as garden decking, cavities beneath garden sheds, 
hedgehog nesting / hibernation boxes and other refugia for 
shelter during the night (Morris 2018) could impede satel-
lite connection by GPS tags. Hedgehogs also use “feeding 
stations” (typically wooden, brick or plastic boxes) installed 
by householders in gardens so that they can supply artificial 
foods for hedgehogs whilst simultaneously preventing non-
target species such as domestic cats (Felis catus) or foxes 
from accessing the food, and / or to protect hedgehogs from 
predators such as badgers (e.g., Rasmussen et al. 2019; Finch 
et al. 2020). Consequently, loss of satellite connection could 
be linked to movements alongside built structures as well as 
periods of sheltering or feeding under cover, all of which are 
normal behaviours for hedgehogs in gardens (Morris 2018).

Overall, it is considered unlikely that the missing fixes 
reported in this study were linked to atypical movements or 
habitat use. This is because of the following: (1) the dura-
tion of missing fixes primarily comprised short bouts of 1–5 
consecutive misses and mirrored the pattern of non-missing 
fixes; (2) the distance moved during blocks of missing fixes 

Table 3   Habitat rankings for (a) 
male (N = 13) and (b) female 
(N = 15) hedgehogs estimated 
using compositional analysis 
to compare the proportion 
of habitats present in each 
individual’s overall range 
relative to the proportion of 
habitats available in the study 
area

Habitat abbreviations: gardens associated with D = detached, SD = semi-detached and T = terraced houses; 
A = amenity grassland; O = other habitats (roads and other areas of hardstanding, scrub, woodland, fresh-
water)
Tables indicate mean differences in log-ratios between “selected” and “available” habitats (shown in rows 
and columns, respectively). Positive values indicate a preference; negative values indicate avoidance. Val-
ues in bold represent significantly non-random habitat selection (p < 0.05). Habitat categories are ranked 
from most (8) to least preferred (1)

Habitat Front gardens Back gardens Other Rank

D SD T D SD T A O

(a) Males
 Front gardens D 0.15 − 0.84 0.32 0.20 − 0.71 1.32 0.05 6

SD − 0.15 − 0.99 0.16 0.05 − 0.87 1.17 − 0.10 4
T 0.84 0.99 1.16 1.04 0.12 2.16 0.89 8

 Back gardens D − 0.32 − 0.16 − 1.16 − 0.12 − 1.03 1.01 − 0.26 2
SD − 0.20 − 0.05 − 1.04 0.12 − 0.91 1.12 − 0.15 3
T 0.71 0.87 − 0.12 1.03 0.91 2.04 0.77 7

 Other A − 1.32 − 1.17 − 2.16 − 1.01 − 1.12 − 2.04 − 1.27 1
O − 0.05 0.10 − 0.89 0.26 0.15 − 0.77 1.27 5

(b) Females
 Front gardens D − 0.03 − 1.38 0.11 0.57 − 1.14 0.63 − 0.01 4

SD 0.03 − 1.35 0.14 0.60 − 1.11 0.66 0.02 6
T 1.38 1.35 1.48 1.95 0.24 2.01 1.37 8

 Back gardens D − 0.11 − 0.14 − 1.48 0.47 − 1.25 0.53 − 0.12 3
SD − 0.57 − 0.60 − 1.95 − 0.47 − 1.71 0.06 − 0.58 2
T 1.14 1.11 − 0.24 1.25 1.71 1.77 1.13 7

 Other A − 0.63 − 0.66 − 2.01 − 0.53 − 0.06 − 1.77 − 0.64 1
O 0.01 − 0.02 − 1.37 0.12 0.58 − 1.13 0.64 5
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was broadly similar, or lower, to that observed for straight-
line distances moved between known locations; (3) there 
was no significant difference in mean nightly area ranged for 
hedgehogs equipped with VHF versus those fitted with GPS 
tags and (4) the addition of a 100-m buffer around all fixes 
preceding or following a block of missing fixes did not sig-
nificantly affect the habitat composition of individual pooled 
ranges. We have therefore assumed that the unrecorded (and 
recorded) fixes were a random sample of the locations of 
each hedgehog’s movement trajectory over the course of the 
night, and such random missing data should not have any 
substantive effect on the results of our habitat use analyses 
(see Nielson et al. 2009).

Habitat selection

Hedgehogs exhibited a preference for residential gardens: 
gardens of terraced houses were present disproportionately 
more in hedgehog ranges relative to their availability in 
the study site and gardens of detached and semi-detached 
houses were selected over other habitat types within ranges. 
This is consistent with previous studies (Dowding et al. 
2010a; Schaus Calderón 2021) and underlines the potential 

importance of gardens in future conservation efforts for this 
species.

In contrast, areas of amenity grassland, which were typi-
cally present as private or public sports fields, were the least 
preferred habitat. These are typically highly managed and 
are often also used for exercising dogs (Canis lupus famil-
iaris) throughout the day and early night. Consequently, 
they are associated with high levels of disturbance and little 
natural prey (Martay and Pearce-Higgins 2018), although 
earthworms may be relatively abundant on warm wet nights. 
However, foxes are also attracted to sports fields on such 
nights (Saunders et al. 1997) and hedgehogs may seek to 
avoid these (see below). Furthermore, such greenfield sites 
are increasingly being developed to meet housing demands 
in UK towns and cities. Paradoxically, therefore, although 
such developments may be controversial, their conversion to 
housing and associated gardens could represent a net gain in 
resources for urban hedgehog populations.

Factors affecting the use of back gardens

The proportional use of residential back gardens was sig-
nificantly affected by a range of biotic and abiotic factors as 
well as within- and outside-garden factors, the former being 

Table 4   Habitat rankings for (a) 
male (N = 13) and (b) female 
(N = 15) hedgehogs estimated 
using compositional analysis to 
compare the proportion of VHF 
and GPS fixes recorded in each 
habitat type to the proportion of 
habitats available within each 
hedgehog’s total range

Habitat abbreviations: gardens associated with D = detached, SD = semi-detached and T = terraced houses; 
A = amenity grassland; O = other habitats (roads and other areas of hardstanding, scrub, woodland, fresh-
water)
Tables show mean differences in log-ratios between the “used” and “available” habitats (shown in rows and 
columns, respectively). Positive values indicate a preference; negative values indicate avoidance. Values in 
bold represent significantly non-random habitat use at p < 0.05. Habitat categories are ranked from most 
preferred (8) to least preferred (1)

Habitat Front gardens Back gardens Other Rank

D SD T D SD T A O

(a) Males
 Front gardens D 0.37 0.77 − 0.81 0.06 − 0.08 0.52 1.18 6

SD − 0.37 0.57 − 1.07 − 0.16 − 0.29 0.77 0.94 4
T − 0.77 − 0.57 − 1.27 − 0.56 − 0.89 − 0.27 0.17 2

 Back gardens D 0.81 1.07 1.27 1.06 0.76 1.20 2.00 8
SD − 0.06 0.16 0.56 − 1.06 − 0.40 0.64 1.11 5
T 0.08 0.29 0.89 − 0.76 0.41 0.30 1.03 7

 Other A − 0.52 − 0.77 0.27 − 1.20 − 0.64 − 0.30 0.41 3
O − 1.18 − 0.94 − 0.17 − 2.00 − 1.11 − 1.03 − 0.41 1

(b) Females
 Front gardens D 0.09 0.23 0.07 − 0.12 0.11 0.82 1.43 8

SD − 0.09 0.13 − 0.26 − 0.44 0.07 1.09 1.15 5
T − 0.23 − 0.13 − 0.12 − 0.51 − 0.13 0.61 1.14 3

 Back gardens D − 0.07 0.26 0.12 0.05 0.01 0.82 1.57 8
SD 0.12 0.44 0.51 − 0.05 0.45 2.30 1.37 8
T − 0.11 − 0.07 0.13 − 0.01 − 0.45 0.69 1.47 4

 Other A − 0.82 − 1.09 − 0.61 − 0.82 − 2.30 − 0.69 0.13 2
O − 1.43 − 1.15 − 1.14 − 1.57 − 1.37 − 1.47 − 0.13 1
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under the control of individual householders whereas the 
latter are not. In the context of within-garden variables, gar-
den use was positively associated with the provisioning of 
artificial food and the presence of a compost heap, and nega-
tively associated with front garden to back garden access, 
the presence of a pond; four non-significant variables were 
also retained to improve model fit: the presence of either a 
garden shed and / or artificial lighting, the proportion of the 
garden covered by lawn and other plantings, and garden area.

Although definitive data are lacking, the supplemental 
feeding of hedgehogs does appear to have become increas-
ingly common amongst UK householders (Morris 1985, 
2018; Gimmel et al. 2021). However, it appears that, in 
many cases, householders only start to put food out once 
they know that hedgehogs are already visiting their garden. 
As such, artificial food cannot be a factor that originally 
attracted hedgehogs to the garden but, once present, it may 
become a major influence. In the context of the objectives 
of our study, this may, therefore, represent a significant 
confounding effect (i.e., the presence of anthropogenic food 
may reduce the ability to identify other factors that initially 

attracted hedgehogs to those gardens). Disentangling these 
factors would require some form of experimental manipula-
tion (e.g., temporally withdrawing supplementary food) but 
this is likely to be logistically difficult given the perceived 
importance of artificial food by those householders that do 
feed hedgehogs.

However, it is worth noting that the odds ratio associated 
with the presence of food (OR = 1.384; Table 5) was not that 
large in comparison with other factors that also positively 
affected garden use. As outlined above, it is plausible that 
we may have underestimated the amount of time spent in 
gardens where artificial food was available if GPS fixes were 
missed when hedgehogs were inside feeding shelters, but 
it is also possible that there are limitations associated with 
using “time spent in the garden” as the metric by which to 
judge garden quality. For example, in contrast with natu-
ral prey, anthropogenic foods are typically predictable and 
abundant. Therefore, they require little foraging effort and 
hedgehogs may be able to obtain their entire daily energy 
requirement in one location in a relatively short space of 
time. This negative relationship between anthropogenic food 

Table 5   The final GLMM of 
factors affecting proportionate 
nightly garden use by 
hedgehogs (N = 118)

For categorical variables, reference terms are given in parentheses. Coefficients and odds ratios represent 
population average estimates (non-specific to individual hedgehogs). Schielzeth and Nakagawa’s R2: mar-
ginal R2 = 0.162; conditional R2 = 0.659. *p < 0.05, **p < 0.01., ***p < 0.001

Estimate Std. Error z p OR 95% CI

(Intercept) − 1.988 0.961 2.069 0.039 0.137 0.021–0.901
AREA 0.100 0.090 1.120 0.263 1.106 0.927–1.318
FRONTTOBACK (Inaccessible) – – – – – –
Front to back accessible − 0.549 0.139 3.952 < 0.001 0.578 0.440–0.758 ***
GREENHAB 0.003 0.004 0.590 0.555 1.003 0.994–1.011
FOX (Absent from garden) – – – – – –
Observed < monthly 0.357 0.180 1.978 0.048 1.429 1.003–2.035 *
Observed monthly − 0.049 0.199 0.245 0.806 0.952 0.645–1.406
Observed weekly − 0.755 0.294 2.566 0.010 0.470 0.264–0.837 *
FOOD (Food not provided) – – – – – –
Food provided 0.325 0.157 2.064 0.039 1.384 1.017–1.883 *
POND (Absent) – – – – – –
Pond present − 0.650 0.191 3.399 0.001 0.522 0.359–0.759 **
COMPOST (Absent) – – – – – –
Compost heap present 0.331 0.148 2.240 0.025 1.392 1.042–1.860 *
SHED (Absent) – – – – – –
Shed present − 0.322 0.200 1.614 0.107 0.724 0.490–1.072
LIGHTING (No artificial lighting) – – – – – –
Artificial lighting 0.012 0.144 0.085 0.932 1.012 0.763–1.343
TEMPERATURE 0.145 0.098 1.472 0.141 1.156 0.953–1.401
RAIN (Did not rain) – – – – – –
Rained on tracking night − 0.716 0.259 2.769 0.006 0.488 0.294–0.811 **
DAYLENGTH 0.953 0.237 4.029 < 0.001 2.593 1.631–4.123 ***
GARDENS500 − 0.163 0.081 2.004 0.045 0.850 0.725–0.996 *
WOODLAND500 0.123 0.090 1.373 0.170 1.131 0.949–1.349
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intake and foraging time could also potentially indicate that 
our approach to measuring garden use would under-estimate 
the relative importance of gardens where these foods are 
available.

In addition, supplementary feeding could be associ-
ated with a range of negative impacts including changes in 
hibernation behaviour (Gazzard and Baker 2020), increased 
disease transmission risk (Rasmussen et al. 2019) and / or 
a reduction in dietary quality (Gimmel et al. 2021). For 
example, commercially available dry hedgehog foods in 
Switzerland contained high quantities of cereals that would 
otherwise not be part of the hedgehog’s natural diet (Gim-
mel et al. 2021). Additionally, the consumption of soft foods 
(e.g., canned pet or hedgehog foods) has been linked to tartar 
formation in hedgehogs (Sainsbury et al. 1996; Bexton and 
Couper 2019) which may have harmful consequences for 
oral health (Gimmel et al. 2021), though this has not been 
corroborated. Nonetheless, anthropogenic food is likely to be 
a key driver of hedgehog abundance in urban areas (Hubert 
et al. 2011) and could provide critical sustenance for vulner-
able individuals (Reeve 1994). Further studies are needed, 
therefore, to examine the quality and quantity of food sup-
plied by householders and to determine how this benefits and 
/ or impacts local hedgehog populations such that appropri-
ate advice can be given to householders.

Hedgehogs also spent more time in gardens where com-
post heaps were present; these are thought to be attractive to 
hedgehogs (Williams et al. 2015; Taucher et al. 2020) either 
by providing nest sites / material (Molony et al. 2006; Pettett 
et al. 2017a), or as a source of invertebrate prey (Curds 
1985). Conversely, the proportion of the garden covered by 
lawn and other plantings was unimportant, whereas garden 
ponds were significantly negatively correlated with propor-
tionate garden use. This is perhaps surprising as both can 
support a diversity of invertebrate prey species (Smith et al. 
2006b; Ancillotto et al. 2019) and the creation of ponds is 
recommended by hedgehog conservation groups. One pos-
sible explanation for this negative relationship is that house-
holders who feed hedgehogs also typically put out water 
for them to drink. Consequently, it may be that hedgehogs 
attracted to gardens where householders are putting out 
food are also able to access sufficient water, implying that 
they then do not necessarily need to visit other gardens with 
ponds. Furthermore, the metrics used here do not necessar-
ily give any indication of the quality or management prac-
tices of ponds or green habitats (such as mowing regimes) 
within gardens, which may influence the use of gardens by 
hedgehogs via, e.g., driving invertebrate abundance (Smith 
et al. 2006b).

Access into and between gardens has been highlighted as 
a potentially major form of habitat fragmentation for urban 
hedgehog populations and is the focus of the Hedgehog 
Street campaign (run by the People’s Trust for Endangered 

Species and British Hedgehog Preservation Society) which 
aims to persuade householders to create holes in or under 
their fences to improve inter-garden connectivity (Gazzard 
et al. 2021). Although access into neighbouring back gar-
dens (ACCESS) did not affect proportionate garden use, 
hedgehogs spent less time in gardens where access from the 
back garden to the front garden (FRONTTOBACK) was pos-
sible. The underlying reason for this is not immediately obvi-
ous. At one level, this could indicate a fragmentation effect 
(i.e., they are spending more time in gardens where they 
are not able to leave via the front garden), but this seems 
unlikely given that they were able to access, and presumably 
leave, that garden via other routes. Similarly, spending less 
time in back gardens where access to the front garden was 
available may reflect the absence of a fragmentation effect, 
but could conversely indicate a preference for front gardens. 
In fact, both sexes used the front gardens of detached houses 
to a much greater extent than their aerial availability and 
females also exhibited a stronger preference for the front 
gardens of other types of housing than males. It is possible, 
therefore, that females may be using front gardens to avoid 
competition with and / or harassment from males, or simply 
competition with other conspecifics. Identifying whether this 
is the case would necessitate detailed observations of the 
behaviour of animals within both front and back gardens; 
this could be achieved using trail cameras, CCTV cameras or 
even security cameras installed by householders as a deter-
rent to criminal activity. These sorts of recording devices 
would be unlikely to affect hedgehog behaviour, especially 
as artificial lighting did not affect garden use in this study 
and has also been shown not to affect foraging behaviour at 
artificial feeding stations (Finch et al. 2020).

Further variables retained in the final model were related 
to factors beyond the control of individual householders: 
the total area of gardens (GARDENS500) and woodland 
(WOODLAND500) within a 500-m radius of the focal gar-
den, and focal garden area (AREA). Of these, only the for-
mer was significant, indicating that hedgehogs spent less 
time in individual gardens when the area of gardens in the 
surrounding landscape increased. This possibly reflects the 
fact that, as garden availability increases, then the reliance 
on individual gardens decreases. Conversely, the absence 
of a significant effect of garden size is surprising, given that 
previous studies have highlighted differences in engagement 
with wildlife-friendly gardening activities with garden size 
(Gaston et al. 2007; Loram et al. 2008; Goddard et al. 2013), 
and that both male and female hedgehogs exhibited a prefer-
ence for the back gardens of detached houses within their 
ranges, which typically tend to comprise larger gardens. The 
latter is marginally different to the results of Dowding et al. 
(2010a) who suggested that female hedgehogs in Bristol 
potentially avoided the back gardens of detached houses 
because of the potential presence of badgers. In our study, 
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however, badgers were not reported by any of the household-
ers surveyed indicating that these were unimportant in this 
district of Reading; in other districts, the presence of badg-
ers does appear to significantly reduce the use of gardens by 
hedgehogs (Williams et al. 2018b).

Although badgers were absent on the study site, many 
participants had observed foxes using their back gardens. 
Urban foxes are widespread in the UK (Scott et al. 2014) and 
typically occur in higher densities in towns and cities than in 
rural locations (Bateman and Flemming 2012). Foxes will 
predate hedgehogs (Morris 2018; Rasmussen et al. 2019) 
but also compete with them for a range of different foods, 
including that put out by householders (Pettett et al. 2017b). 
Consequently, hedgehog distribution has been negatively 
linked to fox abundance in the UK (Pettett et al. 2017b). 
In contrast to other studies where no significant associa-
tion between hedgehog occupancy and the presence of foxes 
was observed (Hof and Bright 2009; Williams et al. 2018a), 
we found that hedgehogs were likely to spend more time in 
gardens where foxes were less frequent visitors (< monthly) 
and less time where foxes visited at least weekly. This sug-
gests that whilst hedgehogs are not completely deterred by 
foxes, they may seek to reduce their risk of predation and 
competition by spending less time in gardens which foxes 
also utilise frequently. Hedgehogs might also exhibit simi-
lar behavioural responses to domestic dogs (Williams et al. 
2018b; Rasmussen et al. 2019), although many pet dogs are 
secured inside their owner’s home for much of the night 
during which hedgehogs are active. We were not able to 
investigate this in this study as too few householders owned 
pet dogs.

Abiotic parameters such as temperature and rainfall 
can also influence the spatial behaviour of mammals (van 
Beest et al. 2012; Maestri and Marinho 2014). In hedge-
hogs, nightly ranges and activity levels have been recorded 
to increase with higher temperatures, although only after 
midnight when vehicular and pedestrian traffic is reduced 
(Dowding et al. 2010a). In our study, minimum nightly tem-
perature did not impact garden use possibly because it was 
not reflective of temperature change throughout the night or 
specific temperatures within gardens, implying that future 
studies need to record microclimatic conditions within indi-
vidual gardens more intensively. Conversely, hedgehogs did 
spend significantly less time in gardens during nights when it 
had rained. As outlined above, studies of urban foxes (Saun-
ders et al. 1997) have noted an increased tendency to utilise 
playing fields under these conditions because of increased 
earthworm availability, but they will also do the same in 
residential gardens (P. Baker, pers. obs.). Therefore, it might 
be expected that rainfall would increase hedgehog activity 
within gardens contrary to what we observed. However, the 
relative abundance of earthworms in gardens versus playing 
fields is not well known. One alternative possibility is that 

the reduced use of gardens on rainy nights was associated 
with hedgehogs seeking shelter (and potentially impacting 
the satellite connection with GPS tags).

Conclusions and recommendations

Studying urban wildlife poses its own particular set of 
problems, not least because much of the landscape is pri-
vately owned and difficult to observe directly from publicly 
accessible space. Consequently, there is the need to develop 
novel approaches to address key questions. In this study, we 
used radio and GPS tracking in combination with a priori 
questionnaire surveys of householders to identify factors 
that affected patterns of habitat and individual garden use 
by West European hedgehogs. Two major limitations were 
encountered: first, only 57% of planned GPS locations were 
recorded; second, we were only able to quantify the char-
acteristics of 49 gardens subsequently visited by tracked 
hedgehogs. Consequently, we were not able to perfectly map 
the movement trajectory of tracked animals. As such, our 
results should be regarded as preliminary, with future studies 
required to validate or refute them.

We, therefore, recommend that authors should routinely 
publish the percentage of scheduled GPS fixes which are 
missed and consider the implications of these missing data 
on the research questions being considered. In this study, 
there was no evidence that missing GPS fixes affected esti-
mates of the nightly area ranged by hedgehogs or patterns 
of habitat use. We postulate that most missing fixes were 
associated with hedgehogs’ tendency to skirt linear features 
such as fences when travelling, but also to be inside feeding 
stations or sheltering in refugia under, e.g., sheds and deck-
ing. This may mean, therefore, that we have under-estimated 
the relative time spent in gardens where artificial food was 
supplied by householders.

Residential gardens were preferred habitats although 
there were differences in the relative rankings of front and 
back gardens of different house types between male and 
female hedgehogs. This suggests possible differential uses of 
resources, and / or patterns of selection and avoidance. The 
proportion of time spent in back gardens was associated with 
a range of biotic and abiotic factors both within and outside 
those gardens. In particular, hedgehogs were more likely to 
have spent a greater proportion of their time in back gardens 
where artificial food was available, where compost heaps 
were present and where householders perceived foxes were 
uncommon visitors, but spent less time in these gardens on 
nights when it rained, where access to the front garden was 
possible and where foxes were perceived as frequent visitors. 
It was not possible to consider any effects of badgers as these 
were absent from the study site.
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Surprisingly, time spent in gardens was significantly 
negatively associated with the presence of a pond and not 
significantly affected by the proportion of garden covered 
by microhabitats that might support invertebrate prey, fac-
tors which are highlighted by conservation NGOs as being 
of benefit to hedgehogs. It is possible, however, that the 
absence of any positive benefits from these factors may 
be obscured by the presence of artificial food and water 
but also by limited knowledge of how invertebrate prey 
abundance varies between gardens and within gardens 
over time. Therefore, we have three further recommenda-
tions for future studies. First, the relative contribution of 
food provided by householders to the total food intake 
of urban hedgehogs needs to be determined. This is of 
importance as hedgehogs may potentially be especially 
dependent on the behaviour of a relatively small number 
of householders, but also because they may have higher 
rates of contact with conspecifics at feeding stations: this 
could increase competition and the risk of disease trans-
fer. In addition, if hedgehogs are obtaining most of their 
food from householders, this is likely to make it difficult 
to identify the relative importance of other within-garden 
factors on patterns of garden use without some form of 
experimental manipulation. Second, video recordings of 
hedgehog activity within gardens would enable a much 
more detailed analysis of how the within-garden factors 
considered in this study influence their behaviour. In addi-
tion, such recordings would also enable us to consider 
patterns of interactions between individual hedgehogs, 
but also between hedgehogs and other species including 
domestic cats and dogs, foxes and badgers. Third, inver-
tebrate surveys are required to determine how the avail-
ability of key prey groups varies spatially and temporally 
within urban gardens.
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