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Oikos Accurate density estimates are crucial for effective conservation management. However,
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Subject Editor: William Severud Here, we used an 11-year spatial capture-recapture (SCR) dataset from a typical mixed
Editor-in-Chief: agroecosystem in England to estimate landscape-scale densities of western European
Paulo R. Guimaraes hedgehogs Erinaceus europaeus. We simultaneously integrated spatially varied habitat
Accepted 23 August 2025 covariates, and the spatiotemporal variation in predator (Eurasian badger Meles meles)

den site into one SCR framework. Density was spatially structured (range 0.39-13.54
on a 1 km? grid), and was lower in arable fields and highest in amenity grasslands
next to buildings. Density was also positively associated with soil permeability, den-
sity of edge habitats, proximity to the nearest building, and distance from the nearest
badger sett. A new badger sett appeared halfway through the study period, result-
ing in a hedgehog density-weighted population centre over the study area shift away
from the badger sett and a decrease in annual hedgehog density estimates, supporting
the landscape of fear for hedgehogs in response to their main predator the badger.
Density estimates were also 43% lower after incorporating spatiotemporal covariate
heterogeneity into the modelling process, highlighting the need to integrate dynamic
habitat and predator influences into density modelling to provide more accurate esti-
mations. Finally, our findings demonstrate the importance of long-term monitoring
for understanding population responses to changes in predator presence and provide
clear empirical evidence for a prey species altering space use in relation to the increased
predator, supporting the landscape of fear hypothesis.

Keywords: Erinaceus europaeus, landscapes of fear, Meles meles, population ecology,
spatial capture—recapture, spatiotemporal covariate heterogeneity
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Introduction

Accurate estimates of population density are necessary to
understand population dynamics (Fryxell et al. 2014).
However, quantifying animal density is particularly difficult
when population processes exhibit both spatial and tempo-
ral variability (Royle et al. 2015), due to changes in habitat
composition and predator—prey interactions. Spatial cap-
ture—recapture (SCR) is one technique that can incorporate
within-population variation into overall estimates of density
(Royle et al. 2015). SCR studies collect individual encoun-
ter history data, i.e. when and where individuals are and are
not detected, and estimate the number and distribution of
individuals that have never been detected, based on the detec-
tion probability of known individuals (Efford 2004). In this
process, density modelling can be based on an assumption
of either habitat uniformity or heterogeneity, with the for-
mer assuming all individuals are randomly distributed, and
the latter assuming individual distribution is shaped by the
effects of habitats (Efford and Fewster 2013). The majority of
SCR density estimates to date have been based on an assump-
tion of uniformity (Tourani 2022). However, the extent to
which this could affect density estimates is yet to be fully
understood.

Studies that have directly compared the density values
between those based on habitat uniformity versus assump-
tions of heterogeneity have contrasting findings. Efford and
Fewster (2013) and Gerber and Parmenter (2015) showed
no considerable difference between density estimates from
both assumptions. By contrast, the density of American mink
Neovison vison was found to be 1.9 times higher when dis-
tance to nearest city was integrated into density modelling
(Fuller et al. 2016). Furthermore, for highly dynamic habi-
tats (e.g. agricultural landscapes) where variation in habitat
composition and predator density in both space and time is
likely, the performance of SCR models that integrate both
spatial and temporal covariate changes is recommended to
improve our understanding of how density varies in the land-
scape (Royle et al. 2017).

The western European hedgehog Erinaceus europacus
(hereafter hedgehog) is a nocturnal, solitary and small
(< 2 kg) terrestrial insectivore (Reeve 1994) and has been
used as a model organism for investigating the effects of
changes in landscape connectivity (Yu et al. 2025a) and eval-
uating the impacts of agri-environment schemes (Hof et al.
2012, Pettett et al. 2017). Hedgehogs were traditionally con-
sidered a rural-dwelling species (Yarnell and Pettett 2020)
that feeds primarily on macroinvertebrates (Yalden 1976).
However, in Great Britain, hedgehogs are experiencing faster
declines in rural areas than urban ones, based on indices of
relative abundance (Wilson and Wembridge 2018), likely
related to agricultural intensification and potentially an
increase in the abundance of their main predator, the bad-
ger Meles meles (Judge et al. 2014). In addition, hedgehogs
also appear absent from many rural areas (Williams et al.
2018) and, where they do occur, their densities are often low
(Schaus et al. 2020). Estimating rural hedgehog densities is
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particularly challenging due to their typically low population
density and considerable variation within and between habi-
tats (Hubert et al. 2011, Pettett et al. 2017). Consequently,
fine-scale sampling across different habitat types is likely to
increase the accuracy of density estimates, and help inform
future conservation management for the species.

In addition to agricultural intensification, badgers, an
intra-guild predator, are implicated in hedgehog declines
(Young et al. 2006, Trewby et al. 2014, Pettett et al. 2017).
However, the reported negative correlation between hedge-
hogs and badgers in previous studies might be confounded
by other factors, such as variation in the levels of anthropo-
genically provided food (Hubert et al. 2011, Pettett et al.
2017) or differences in hedgehog and badger activity in dif-
ferent habitats (Lee et al. 2025). Hedgehogs may also have
developed strategies to co-exist with badgers, such as spatial
(Young et al. 2006, Williams et al. 2018) and dietary niche-
partitioning (Lee 2021), although to date no temporal niche-
patterning has been found between the two species (Lee et al.
2025). In order to better understand the population responses
of hedgehogs to their main intraguild predator, longitudinal
studies tracking the variation in abundance of both species
are needed to determine whether the correlations from past
studies translate into causative processes.

Therefore, in this study, we analysed an 11-year hedgehog
population monitoring dataset from a typical mixed agro-
ecosystem in England using SCR to estimate spatiotemporal
variation in animal density. Specifically, we modelled spatial
variation in density across different land use (Hubert et al.
2011) and habitat features including buildings (Schaus et al.
2020), edges (Hof et al. 2012, Rodriguez Recio et al. 2013,
Bearman-Brown et al. 2020), and soil texture (Jackson
2007) that have been indicated to affect hedgehogs, and
the influence of spatiotemporal changes in predator (bad-
ger) den sites. Based on previous research, we predict that
hedgehog density will be spatially structured with land use
and habitat features, and negatively impacted by the addi-
tion of a badger sett (den) that appeared mid-way through
the study period. We also expect that the population trend
would reflect wider geographic population declines reported
for this species and potentially identify drivers of population
change.

Material and methods

Study site and hedgehog surveys

The study took place at Nottingham Trent University’s
Brackenhurst Campus, Nottinghamshire, UK (site coordi-
nates 53°0347.5"N, 00°57'49.9”W , Fig. 1), which con-
sists of 2.07 km? of mixed agricultural land (55.8% arable,
37.3% pasture, 6.9% amenity), including university campus
buildings (Supporting information). The total length of all
edge types was 18.54 km, with buildings covering an area of
0.03 km?. Between 2009—-2014, there were three active bad-
ger setts, two within the survey area and one beyond (approx.
500 m to the edge of nearest survey area). An additional
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Figure 1. Habitat composition of the study site at Brackenhurst Campus, Southwell, England, showing badger sett locations, land use and
state space. Amenity, pasture and arable fields are indicated in progressively darker shades of grey respectively. The study site is bisected by
one major road (A621) towards the west. The state space for the hedgehog density modelling is shown within the dashed polygon. Triangles
show the location of badger setts, with black triangles representing the setts that were active for the entire study period (2009-2022) and
the red triangle representing the additional badger sett that appeared in 2015 and remained active beyond 2022.

badger sett was found during annual surveys in 2015, result-
ing in a total of four active setts between 2015-2022.
Hedgehogs were located during nocturnal spotlight
(1 million candlepower) surveys conducted annually between
March and October, 2009-2022; data from 2016, 2019, and
2020 were not included in the analysis due to low survey
effort (sensu Schaus et al. 2020). Searches were conducted
by walking the perimeter of all fields (Supporting informa-
tion), usually from dusk to two hours after midnight, and
hedgehogs were captured by hand. All captured animals
were marked by attaching coloured heat shrink tubes to dor-
sal spines for individual identification (Glasby and Yarnell
2013). For each capture, the animal’s ID, sex, age (young or
adult), weight (g), GPS coordinates, and time were recorded.
Animals were released at the point of capture, typically within
five minutes. Young hedgehogs were classified as those born
in that year, and adults as those that had survived their first

winter (Yarnell et al. 2019). As young hedgehogs and adults
have different detection rates and habitat use, based on our
preliminary analysis, this study utilises data from adults only.

For density modelling, the variables Building, Edge,
Badger, Soil and Landuse were used as covariates (Table 1).
Building describes the euclidean distance from the centre
of each grid cell to the nearest building. Edge is the total
length of all edge habitats (e.g. hedgerows, woodland edges,
fences [limited in extent and are likely permeable to hedge-
hog movement], etc.) in each grid cell. Badger is the euclid-
ean distance from the centre of each grid cell to the nearest
badger sett). Soil describes soil types that are identified on
site based on the permeability of topsoil and subsoil, includ-
ing low permeability (type 0, slowly permeable reddish clay,
mainly Worcester, passing to a blocky Mudstone), and high
permeability (type 1, moderately permeable loams or silts
overlaying slowly permeable reddish clay, mainly Whimple,
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Table 1. Description of the spatial capture-recapture model parameters and covariates included in the modelling. Where p,, is the baseline
encounter probability; o, sigma, is the movement parameter; and D, is hedgehog density.

Parameter ~ Notation  Description
Po Sex Sex (categorical: female or male).
c Sex Sex (categorical: female or male)
D Landuse  Land use (categorical: 0, arable; 1, amenity; 2, pasture). The composition of land use types varied across the
state space, but was constant across years
Soil Soil types (categorical: type 0, low permeability, slowly permeable reddish clay (mainly Worcester) overlaying a
blocky Mudstone, and type 1, high permeability, moderately permeable loams or silts overlaying reddish clay
(mainly Whimple, Hopsford, and Mathon), then passing to slightly permeable Dolomite. Soil composition was
varied across the state space, but was constant across years
Building  Euclidean distance from the centre of the 50 x 50 m grid cell to the nearest building (continuous and
standardised by z-score). This covariate was constant across years
Badger Euclidean distance from centre of the grid cell to the nearest badger sett (continuous and standardised by
z-score). This covariate was varied across the state space, and was varied temporally as a new badger sett was
created in 2015
Edge Edge density, refers to the total length of all types of edges within each grid cell (continuous and standardised by
z-score). This covariate was constant across years
Session Search year (categorical)

Hopsford and Mathon, passing to slightly permeable
Dolomite) (Ambrose et al. 2006). Landuse is land use types,
including amenity, arable and pasture. Data on buildings (all
buildings with roofs) and edge habitats were extracted from
OS MasterMap Topography Layers and high-resolution (25
m) Vertical Aerial Imagery (https://digimap.edina.ac.uk/).
Land use data were extracted from the 2021 UKCEH Land
Cover Maps (Marston et al. 2022) and validated based on
field observations. All habitat covariates were extracted based
on 50 X 50 m grid cells across the state space (Schaus et al.
2020, Fig. 2). Spatial analyses were conducted using ArcGIS
(ESRI 2015) and R ver. 4.2.2 (www.r-project.org) pack-
ages ‘sf” (Pebesma 2018, Pebesma and Bivand 2023), ‘tmap’
(Tennekes 2018) and ‘terra’ (Hijmans et al. 2023).

SCR modelling

Density was estimated using multi-session SCR models in
the 0SCR’ package (Sutherlandet al. 2019) with each hedge-
hog survey year defined as a Session (Table 1) and each search
night (usually dusk to midnight) defined as an occasion. If an
individual was captured more than once on a given occasion,
only the first capture location was utilised. 50 X 50 m grid
cells were regarded as effective traps (Schaus et al. 2020), such
that survey effort was taken as the number of times each grid
cell was surveyed in each session. Differences in survey effort
over years (Supporting information) were incorporated in the
density modelling process. Surveys were not equally distrib-
uted within or between seasons (supporting information), so
the estimated densities represent yearly densities, assuming
lictle effects of seasons on the yearly density estimates. The
total state space was also based on a 50 X 50 m pixel grid
(Fig. 2) covering a total area of 3.70 km? which included
the search area (2.07 km?)(Supporting information; sensu
Fuller et al. 2016, Morin et al. 2017). This is assumed to be
large enough to contain probable animal locations (Efford
2004) based on the approximate home range size of male
hedgehogs (e.g. 0.22 km? in Pettett et al. 2017, in rural sites
in England).
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The baseline encounter probability (p,) was the probability
that an individual is detected at its activity centre (home-range
centre). The movement parameter sigma (sig, 6) describes the
distance over which the animal is likely to be detected. Both
2, and 6 were modelled as a function of sex (p, ~ sex, 6 ~ sex)
as male hedgehogs often move larger distances than females
(Reeve 1994, Pettett et al. 2017). Before modelling the den-
sity, continuous covariates were standardized by converting
to z-scores (Donovan and Hines 2007). Correlation among
predictor variables was checked with the cor() function in
R, with the Pearson correlation index > 0.7 indicating con-
siderable correlation; no covariates were strongly correlated
(< 0.4). Density was first modelled with the assumption of
habitat uniformity (D ~ 1) and then by incorporating the het-
erogeneity of the following covariates: land use type (Landuse:
0 [arable], 1 [amenity], 2 [pasture]); soil type (Soil: type 0
[low permeability], type 1 [high permeability]); euclidean
distance to the nearest building (Building) and badger sett
(Badger); and density of edge habitats (Edge). Session was
also included to infer population trends across years.

To avoid having to test too many models, we conducted a
hierarchical selection, based on Akaike information criterion
values (AIC, Burnham and Anderson 2002). We fitted the
detection and movement models first and, using the most
supported detection and movement model, fitted the density
models (Kervellec et al. 2023). We tested habitat effects on
constant density models based on all combinations of spa-
tial covariates but limited the maximum number of spatial
covariates to three, as models with > 4 spatial covariates failed
to converge. Temporal effects on density were modelled with
Session as a covariate only and compared to the null den-
sity model. As the session-specific model outperformed the
null density model, Session was added to the best-supported
constant model that included other covariates for their addi-
tive effects (sensu Fondell et al. 2008). Session was initially
run in chronological order (with 2009 as the intercept) for
model fitting and for testing whether annual density esti-
mates varied through time; density calculated based on the
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Figure 2. Map of habitat covariates used in hedgehog density modelling at Brackenhurst Campus, Southwell, England between 2009 and
2022. Resolution: 50 X 50 m. Notations are summarised in Table 1. Landuse: arable (0), amenity (1), and pasture (2); Soil: soil types, low
permeability (type 0); high permeability (type 1). Building and Badger: straight line distance (m) from the centre of each grid cell to the
nearest building, and badger sett (for 2009-2014, and 2015-2022), respectively. Edge: total length (m) of edge habitats within each

grid cell.

top-ranking model was presented unless otherwise specified.
We then identified that the last Session (year 2022) had one
of the lowest densities, and we therefore reordered Session so
that the reference Session (intercept) for annual significance
testing was year 2022.

We modelled both the realised density (indicating a single
realisation of the point process model describing the number
of individual activity centres per state space pixel; the density
refers to the local density unscaled by area) and estimated
density (conditional on the observed capture history data
but takes the random effects into account based on maxi-
mum-likelihoods; the density can be scaled to other areas)
(Morin et al. 2017, Royle et al. 2017). As Badger composi-
tion varied in relation to the presence of different numbers
of badger setts in 2009-2014 and 2015-2022 (Fig. 1-2),
we simultaneously integrated two sets of Badger compo-
sition in the SCR framework (Sutherland et al. 2019). To

compare with other studies, the total number of hedgehogs
was divided by 3.70 km? state space to produce a mean esti-
mated density per year. The density-weighted gravity centre
was inferred using the wt.centroid() function in the ‘spatia-
IEco’ package (Evans and Murphy 2021). To show the spatial
variation in estimated density, we used a 50 m moving win-
dow to quantify the total number of hedgehogs on any of the
1 X 1 km grids, using the foca/() function in the ‘terra’ pack-
age (Hijmans et al. 2023), which takes into account a central
cell and its neighbours for continuous space, and applying an
aggregation function to all cells within the specified neigh-
bourhood (Hijmans et al. 2023). The density was scaled up
for land use types and fields by using a sum() function in R
to sum the value in each pixel included (Royle et al. 2017).
The relationship between hedgehog density and covariates
was plotted using the package ‘ggplot2’ with a linear model
method (Wickham 2016).
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Results

Summary of search effort and captures

Two spatial outlier captures (380 and 208 m away from the
state space, respectively) were excluded as they rendered a
high coefficient of variation in sigma which can affect density
estimation (Kendall et al. 2019). Consequently, search effort
consisted of 440 search nights over 11 years yielding 860
independent captures of 134 adults (77 female: 57 male),
with mean number of captures per individual being 6 (95%
CI 5-8). Detailed search effort and captures are summarised
in the Supporting information.

Population density

For both baseline detection (p,) and spatial scale parameter
sigma (), models with Sex as a covariate were consistently
supported over the null model, and all subsequent analyses
were presented with Sex effects (p, ~ Sex, 6 ~ Sex). The sex-
specific estimates of the movement scale parameter 6 were,
6. =118 m (95% CI 110-125), 5, . =205 m (95% CI
183-227). Sex-specific estimates of the baseline encounter
probability were, pye...=0.014 (95% CI 0.012-0.016),
Ponae=0.005 (95% CI 0.004-0.006).

Among all constant density models (density assumed
to be constant over time) that converged, the model with
the lowest AIC value included an additive effect of Soil
type, distance to the nearest Badger sett, and Edge density
(D -~ Soil + Badger + Edge, p, ~ Sex, 6 ~ Sex). Based on this
model, the addition of Session further improved model
fit, supporting temporal variation in densities over the
study area (Fig. 3). Thus, our top-ranking model was D -
Session + Soil + Badger + Edge, p, - Sex, 0 - Sex (Supporting
information). Estimated hedgehog density per 50 X 50 m grid

cell, based on the top-ranking model, was significantly higher
on land with Soil type 1 (high permeability; g, =1.939, SE
0.4; 0.063 per 50 m grid cell, 95% CI 0.035-0.116) than
that on Soil type 0 (low permeability; 0.006 per 50 m grid
cell, 95% CI 0.002-0.014), with the former being 11 times
higher as the latter. Estimated hedgehog density per 50 X 50 m
grid cell was also significantly higher with increasing dis-
tance from the nearest badger sett (B, = 0.412, SE 0.123;
p < 0.001), and with increasing edge density (B, =0.321,
SE 0.102; p < 0.05) (Fig. 4). Across years, and in compari-
son to the intercept (Session 2022), all years between 2010
and 2015 had significantly higher hedgehog densities except
2009. There was no significant difference in hedgehog den-
sity in years 2017 to 2021 in comparison to 2022, which
corresponds with years after which the additional badger sett
appeared (Fig. 3, Supporting information). To illustrate the
influence of an additional badger sett appearing in 2015,
when the two Badger time periods were summarised, the
average annual estimated density decreased after the new
badger sett appeared from a mean of 8.52 km™ (95% CI
4.58-16.27) between 2009 and 2014 to 3.03 km™ (95% CI
1.35-6.96) between 2015 to 2022 (Supporting information).

To further illustrate the influence of spatiotemporal covari-
ate heterogeneity on hedgehog density, the realised hedge-
hog density for each survey year was plotted (Fig. 5). The
hedgehog population density-weighted gravity centre shifted
approx. 300 m from where the new badger sett was located,
to areas with more buildings to the northwest. For all the sur-
rounding arable land, hedgehog densities were consistently
low across all survey years (Supporting information).

Across all years, mean estimated density from the top-
ranking model (6.36 km™, 95% CI 3.26-12.79) was 43%
lower than the model (11.18 km™2, 95% CI 6.87-18.40)
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Figure 3. Estimated density (mean number of hedgehogs per km?) of female (top) and male (bottom) adult hedgehogs at Brackenhurst
Campus, England, between 2009 and 2022. Error bars correspond to 95% confidence intervals to the mean. Density estimates are derived
from nocturnal spotlight surveys and spatial capture—recapture analysis. Estimates from 2016, 2019 and 2020 are missing due to low sam-
pling effort in these years. Between 2009 and 2014, three Badger setts were present, and between 2015 and 2022, four Badger setts were
present. The output is derived from model: D ~ Session + Soil + Badger + Edge, p, ~ Sex, sig ~ Sex.
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Figure 4. Estimated female and male adult hedgehog density at Brackenhurst Campus, England, in relation to Soil type, Badger sett proxim-
ity, and Edge length. Hedgehog density is presented as the number of hedgehogs per 50 X 50 m grid cell per year (females and males shown
separately). Boxplots (median, 25% and 75% quartiles, 95% confidence intervals) of estimated hedgehog density values on soil permeabil-
ity, and plots of mean estimated hedgehog density values on distance to the nearest badger sett (m), and edge length (m) within each
50 X 50 m grid cell. Grey shaded areas indicate 95% confidence intervals to the mean. The output is derived from model: D ~

Session + Soil + Badger + Edge, p, ~ Sex, 6 ~ Sex..

that assumed landscape uniformity and no predator covari-
ates (D ~ Session, p, - Sex, sig - Sex) (Supporting informa-
tion). Therefore, incorporating spatiotemporal covariate
heterogeneity into the SCR modelling process demonstrated
that hedgehog density is substantially spatially structured.
Indeed, hedgehog density ranged 0.39-13.54 per km?* based
on 50 m moving windows, showing the high variation in spa-
tial density.

Discussion

Based on an 11-year SCR hedgehog dataset, our study rep-
resents the longest SCR density modelling of a mammal in
an agroecosystem, and a rare example of long-term moni-
toring of a hedgehog population (Kristiansson 1990). The
long-term monitoring allowed us to identify a decline in
population density related to an increase in predator pres-
ence, while also being linked to habitat characteristics. By
simultaneously integrating both spatially and temporally var-
ied covariates into one SCR framework, our study illustrates
how spatially structured population densities can be greatly
overestimated (by 43%) if covariate heterogeneity is not inte-
grated in the density modelling process.

Our findings provide evidence of spatial segrega-
tion between hedgehogs and badgers (Young et al. 2000,
Pettett et al. 2017, Williams et al. 2018, Turner et al. 2022,
Lee et al. 2025). Previous studies have shown the negative
correlation between both species and typically explained the
relationship as being a result of badgers exerting a negative
influence via competition and/or predation. The alternative
hypothesis of differential species-specific habitat selection has
also been considered (Lee et al. 2025). Furthermore, none of
the correlation studies were able to demonstrate a population
response of hedgehogs to badgers over time as they provided
a snapshot in time of the spatial distribution of each species.

Trewby et al. (2014) were the first to survey hedgehog popu-
lations over a period of six years in relation to reductions in
badger abundance due to culling for disease management.
They showed that hedgehog indices of relative abundance
increased in areas where badger abundance was expected to
have decreased, and relative to control areas where badger
abundance was assumed constant. However, there is some
uncertainty in how the relative indices of abundance accu-
rately reflect population density or varying activity patterns
(Hayward et al. 2015).

This study is the first to show a hedgehog population
response to increasing badger setts (a proxy for abundance,
Judge et al. 2017). Hedgehogs shifted their density-weighted
centre, away from the badger sett after it appeared in the
middle of the study area. Prior to that, the density-weighted
centre was similar across years. We were unable to deter-
mine the mechanism driving this observed pattern. Plausible
non-exclusive explanations include: 1) direct predation of
hedgehogs in the immediate vicinity of the new badger sett
removing individuals, 2) reduced activity near the sett in
response to a perception of increased predation risk (land-
scape of fear), and 3) increased competition for shared food
resources causing hedgehogs to shift their foraging to areas
away from the competing badgers (Lee et al. 2025). Some
hedgehog predation was recorded during the study, but only
one hedgehog carcass was found after 2015 with the charac-
teristic signs of badger predation, namely a hollowed out skin.
These rates of identified predation in the study were similar
before the appearance of the new badger sett (unpublished
data). Therefore, although a potentially contributory factor,
it is more likely that the shift was caused by a landscape of
fear and/or due to competition for shared food resources.
Furthermore, the addition of a badger sett did not lead to
overall extinction of the population, but rather a drop and
subsequent stabilisation of density in response to the new
predator spatial configuration in the landscape. This suggests
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Figure 5. Realised density of adult hedgehogs at Brackenhurst Campus, England, between 2009 and 2022. Density estimates are derived
from nocturnal spotlight surveys and spatial capture—recapture analysis. Hedgehog density is presented as the number of hedgehogs per
50 X 50 m grid cell per year (females and males combined). Pink point represents the hedgehog density-weighted gravity centre (hedgehog
gravity) of the year. Triangles show the location of badger setts, with black triangles representing the setts that were active for the entire study
period (2009-2022) and the red triangle representing the additional badger sett that appeared in 2015 and remained active beyond 2022.
Spatial density estimates of hedgehogs are provided for each year separately, with yellow to dark purple indicating density from low to high
(with 2016, 2019 and 2020 excluded due to low sampling effort in these years). The density-weighted gravity centre shifted approximately
300 m from southeast (i.e. from where the new badger sett was located) to northwest. Spatial changes in density estimates between two time
periods relating to different Badger sett locations during the study are provided in the last panel (Change), with orange indicating where
hedgehog density declined, to white indicating no changes in density, and then to blue indicating hedgehog density increasing,
showing spatial changes in hedgehog density in response to the additional badger sett. The output is derived from model: D ~
Session + Soil + Badger + Edge, p, ~ Sex, 6 ~ Sex..

that if badgers increase in an area, and there are refuges in  of badgers in previously occupied hedgehog habitat led to
the landscape that provide the resources for hedgehogs to  on average lower hedgehog densities overall, suggesting

access, hedgehogs can shift local habitat selection and remain
in the wider area. However, the ability of hedgehog popula-
tions to respond to increasing badger abundance is likely to
be affected not only by the habitat and resource availability
in the area, but also by the magnitude of and spatial extent of
the badger increase. Our results suggest that the appearance
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that badgers may have had a negative influence on hedge-
hog abundance at this site. Badger densities at the study site
are relatively high for England (7 per km?, Lee et al. 2025),
but our results do suggest that the potential for badgers to
influence hedgehog densities at various scales is possible
(Williams et al. 2018).
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Our findings further confirmed predictions that hedge-
hog density is substantially spatially structured at a local scale
and linked to previously reported habitat and land use asso-
ciations (Yarnell et al. 2014, Williams et al. 2018, Lee et al.
2025, Supporting information). Hedgehog density was low-
est in arable fields (Pettett et al. 2017), and highest in amenity,
with pasture fields being intermediate (Parrott et al. 2014).
The higher density on amenity grassland is likely associated
with the close proximity of buildings which was also demon-
strated here (Supporting information) and supports previous
studies showing hedgehog density is typically higher in urban
environments (Hubert et al. 2011, Schaus et al. 2020). The
low density estimates associated with arable fields add to a
growing evidence base that suggests these are unsuitable for
hedgehogs (Pettett et al. 2017, Lee et al. 2025). These habi-
tat associations are likely driven by varying food and shel-
ter resources in each habitat, with intensive arable farming
leading to lower macroinvertebrate abundance caused by soil
compaction, homogenisation of landscapes, and use of mac-
roinvertebrate pesticides.

Indeed, our study demonstrates that hedgehog density
is positively related to edge density. Edge habitats, such as
hedgerows, have previously been identified as being impor-
tant for hedgehogs (Rodriguez Recio et al. 2013) in facili-
tating movements (Hof et al. 2012), providing nest sites
(Bearman-Brown et al. 2020), a refuge from predators,
and food resources (Hof and Bright 2010, Hof et al. 2012,
Pettete et al. 2017). The edge effect supports the view that
homogenisation of habitat is detrimental for hedgehog popu-
lations, and that habitat complexity and resulting high edge
densities may help improve connectivity in the landscape and
be beneficial. We recommend that in general, edge habitats
such as hedgerows should be maintained and improved to
increase habitat suitability for hedgehogs.

A novel finding from this study is the positive association
of hedgehog density and the area with high soil permeability.
The suggestion that soil permeability may influence the dis-
tribution of hedgehogs was raised by Jackson (2007), where
the density of island translocated hedgehogs was twice as high
on more permeable sandy-soiled machair versus peaty-soiled
blacklands. Unfortunately, in both our study and Jackson’s
(2007), the location of more permeable soil was confounded
by overlapping amenity and pasture fields. By contrast, less
permeable soils, where hedgehog densities were lower in
the present study, were largely associated with arable fields,
which are used infrequently by hedgehogs (Pettett et al.
2017). Disentangling and determining whether soil or land
use influences hedgehog density is worthy of further research.
However, the observed correlation between the hedgehog
density and soil raises the possibility that the habitat effects
on hedgehogs may be beyond the contemporary land cover
or land use, and may also be related to historical land use or
geology. Hedgehog density estimates are needed on more sites
that quantify soil types, to better understand the mechanisms
underlying the observed relationship between soil types and
hedgehog density.

The estimated hedgehog density was negatively related to
distance to the nearest buildings, as has been documented in

previous studies (Yarnell et al. 2014, Williams et al. 2018,
Yu et al. 2025a). The higher hedgehog densities found in
built-up areas or urban areas are often suggested to be driven
by hedgehog’s attraction to anthropogenically provided food
(Hubert et al. 2011, Pettett et al. 2017) and lower risk of
predation by badgers (Hubert et al. 2011, Pettett et al. 2017),
but the two effects are often difficult to disentangle (Lee et al
2025). Interestingly, our study area lacked intentional anthro-
pogenically provided food, suggesting that the hedgehog’s
association with buildings could be due to the landscape of
fear response of hedgehogs to badgers (Young et al. 2006).
However, we were unable to quantify the variability of natu-
ral food availability across the state space, which may have
helped explain some of the spatial patterns observed in this
hedgehog population (Hof et al. 2012).

In this study, density estimates were 43% lower after
incorporating spatiotemporal covariate heterogeneity into
the modelling process, suggesting that where habitats affect
the within-population individuals’ distribution, population
density estimates can be dramatically biased if such effects
are not accounted for. Further, as one of the few studies to
tackle both spatially and temporally varying covariates in the
density modelling process, our study highlights the utilisa-
tion of SCR as a framework for population monitoring stud-
ies in complex landscapes (Sutherland et al. 2019). This is
particularly important for the assessment of population
size trends in space and time. In our example, without tak-
ing into account spatiotemporal covariate heterogeneity, we
would have almost doubled our estimated number of animals
occurring across the state space, and would have been unable
to link certain habitats with hedgehog density, which would
lead to misleading assumptions about the population state of
this declining species. We therefore recommend that future
SCR studies incorporate dynamic influences of habitats and/
or predators into the modelling process to provide greater
inference into variation of density across landscapes, and pro-
vide more accurate densities from which management deci-
sions can be based and evidenced.

Conclusion

This study demonstrates the value of long-term population
datasets combined with habitatand predator covariates. Using
this approach, we have shown that population density varies
over small spatial scales and that prey population centres can
shift in response to the presence of predators, supporting the
landscape of fear hypothesis. Understanding how declining
populations use habitat differentially at varying spatial scales
can inform wildlife management, providing greater insight
into how species preferentially use and move through land-
scapes. Furthermore, incorporating spatiotemporal covariate
heterogeneity into the SCR modelling framework produced
lower density estimates than models that assumed habitat
uniformity. This is important because there is a risk of over-
estimating abundance of species of conservation concern by
taking a landscape uniformity approach, which could lead to
the incorrect conservation assessment of endangered species.
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