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INTRODUCTION

Increased human activity and population growth have led
to rising demand for land (Meyer & Turner 1992, Baker
& Harris 2007) and encroachment of urban landscapes
into more natural environments (Brueckner et al. 2001).
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ABSTRACT

1.

Urban environments provide opportunities for some species but are inhos-
pitable for others. However, those which thrive can be found at higher densi-
ties in human-dominated landscapes than in more rural habitats. This highlights
the importance of understanding species responses to human environments.
It is not only important for the conservation of urban wildlife but also may
provide fundamental insights into human-wildlife coexistence globally.

. Here, we use citizen science data to predict the habitat suitability of Greater

London for the West European hedgehog (Erinaceus europaeus), the red fox
(Vulpes vulpes), the European badger (Meles meles) and the Eastern grey
squirrel (Sciurus carolinensis).

. Results indicate that the four target species prefer different urban habitats,

indicating different levels of urbanisation potential. Foxes and grey squirrels
are able to thrive in inner urban areas, with the highest values of habitat
suitability for these species found in central London, whereas for hedgehogs
and badgers, the highest habitat suitability occurs in suburban and more
rural habitats in outer London, respectively.

. These results highlight a gradient in urban tolerance, from squirrels and foxes

to hedgehogs and badgers. This work also shows the importance of urban
green spaces as habitats for wildlife.

Wildlife communities are heavily impacted, as species de-
cline or thrive depend on their ability to coexist with hu-
man presence. The presence and absence of a species serves
as an indicator of its ability to coexist with humans (Salek
et al. 2015, Tucker et al. 2020). To ensure the successful
conservation of wildlife in urban areas, it is vital to
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Urbanisation potential of London mammals

understand the distribution of different species and their
relationships with the anthropogenic environment.

Amidst anthropogenic-induced habitat loss, urban
landscapes may provide many and varied opportunities
for wildlife to adapt to and become urbanised. Urban
greenspace, such as gardens, parks and allotments, can
become strongholds for mammals (Harris 1984, Scott
et al. 2014, Gurnell et al. 2017, Lovell et al. 2022). These
man-made greenspaces consist of dense and structurally
complex plant cover, suitable for concealment, foraging
and nesting (Baker & Harris 2007, Hubert et al. 2011,
Turner et al. 2021). They are also managed independently
with varying levels of human disturbance, thus may be
preferred by different mammals. In residential areas,
urban food waste piles can provide an abundant food
source for carnivores and omnivores (Newman
et al. 2003, Scott et al. 2014, 2018). On the other hand,
urban areas also pose multiple challenges to the survival
of wildlife, for example due to a lack of natural food
sources and habitats (McDonald et al. 2008), risk of
death from road traffic collisions, pollution (Brozova
et al. 2014, Newport et al. 2014, Altermatt & Ebert 2016,
Mullineaux et al. 2020) and competition or predation
by free-roaming domestic pets (Loyd et al. 2013, Doherty
et al. 2017).

Despite a human population of over 8.9 million, London
is home to multiple mammal species that have adapted
to an urban lifestyle, including the West European hedge-
hog (Erinaceus europaeus), the red fox (Vulpes vulpes), the
European badger (Meles meles) and the Eastern grey squirrel
(Sciurus carolinensis) (ONS 2020) which are the focus of
our study. Though on the list of species of principle im-
portance for conservation in England and protected, hedge-
hogs are common in private gardens, parks and allotments
in London (Baker & Harris 2007, Hubert et al. 2011,
Couzens et al. 2021). In addition, as a highly adaptable
opportunistic carnivore, foxes are very common and fre-
quently sighted in urban areas and suburbs with large
houses and gardens, foraging among food waste piles
(Newman et al. 2003, Scott et al. 2014, 2018). Badgers
naturally inhabit deciduous woodland and pastures
(Couzens et al. 2021), but are becoming more common
in urban gardens, feeding on earthworms, insects and oc-
casionally small mammals, including hedgehogs (Harris
1984, Hof et al. 2019) and are abundant in certain areas
of London. Eastern grey squirrels (Sciurus carolinensis) are
native to North America, but introduced to the United
Kingdom in 1890 and have since become abundant, dis-
placing the native red squirrels across much of the United
Kingdom (Gurnell et al. 2004). They are very common
in urban parks and can tolerate human activity, sometimes
interacting with humans for food (Hopewell et al. 2008,
Kyle 2009).

U. Y. Y. Fung et al.

Although hedgehogs, foxes, badgers and squirrels are
all established in London, urban infrastructures and activi-
ties create a lot of pressure and risks for their survival.
Recent declines in the UK’s hedgehog population have
been linked to losses of natural greenspaces and reduced
connectivity due to fences, roads and water bodies (Hof
& Bright 2009). A study by Lovell et al. (2022) found
that badgers in London become less active in areas with
high human activity. Increased roads and traffic with urban
development also cause more wildlife roadkill, with badg-
ers, foxes and hedgehogs ranking as the top three mam-
mals with the highest number of roadkill deaths between
2010 and 2020 (Project Splatter 2020).

Using a citizen science data set of 3012 occurrence re-
cords, Turner et al. (2021) developed a species distribution
model for hedgehogs in London, finding that hedgehog
presence increases with certain types of urban greenspaces,
including gardens, parks and allotments. The overall habitat
suitability was estimated to be high across much of Greater
London, except with lower suitability in central and sec-
tions of the periphery. Building upon the work by Turner
et al. (2021), this study further investigated the habitat
suitability of three other urban mammals in Greater London
using environmental data from 2005 to 2021. We aim to
1) re-evaluate the habitat suitability model developed by
Turner et al. for hedgehogs using updated environmental
data; 2) predict the habitat suitability for three other urban
species (fox, badger, grey squirrel) and 3) investigate their
urbanisation potential by examining the similarities and
differences in the habitats exploited by different species.
We hypothesise that given their known higher tolerance
of human activity and ability to exploit anthropogenic
resources, habitat suitability for foxes and grey squirrels
may be higher in the urban centre, than for the other
species. In contrast, we anticipate hedgehogs with their
lower dispersal potential and reliance on invertebrate prey,
and badgers, being less tolerant to human disturbance
(Lovell et al. 2022), would likely be most reliant on larger
greenspaces in outer London. In addition, we anticipate
that given these species differ in size and scales of move-
ment (Carbone et al. 2005), we expect they may also
differ in the scale of respond to urban environmental
features and, therefore, test for differences in distances to
habitat features.

METHODS

Step 1: Mammal occurrence citizen science
data collection

Following the methods of Turner et al. (2021), we de-
velop Generalised linear model-based species distribution
models of each species based on citizen science species
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sighting records sourced from the Greenspace Information
for Greater London (GIGL) database and the National
Biodiversity Network (NBN) Atlas dataset (GIGL 2022,
NBN 2022). These online databases contain records from
a variety of large and small-scale recording schemes.
Records were filtered using R (ver 4.1.2) (R Core
Team 2021), keeping only records between 2005 and
2021, from within greater London. Using records span-
ning 16years maximises the number of mammal occur-
rence data available while minimising extreme variation
caused by extreme weather or the COVID pandemic
(Turner et al. 2021). Duplicate records with the same
coordinates, year and source dataset, and records with
a coordinate uncertainty of over 100m were also
removed.

Citizen science records of eight mammal species were
selected for analysis. These were the four target species
and four background species: Common rat (Rattus nor-
vegicus), Reeves’ muntjac (Muntiacus reevesi), European
rabbit (Oryctolagus cuniculus) and European roe deer
(Capreolus capreolus). Background species were included
to use as inferred absence points, so minimise the effects
of spatial bias in the dataset due to opportunistically col-
lected citizen science data, such as the overrepresentation
of records in easily accessible public parks (Phillips
et al. 2009). These four background species were chosen
because they are commonly seen mammals in urban
London, with similar body sizes as the target species and
so expected to be easily observable by the public in a
similar way (Turner et al. 2021).

After filtering, we obtained 11012 records from GiGL,
including 9737 target species records and 1275 background
species records (Table 1). A total of 18449 records were
obtained from the NBN dataset, with 17831 target and
617 background species (Table 1). All of the NBN badger
records obtained from the NBN dataset were excluded
because they all have uncertainties of greater than 100m
(707.1-10000 m).

Table 1. Number of citizen science records from Greenspace informa-
tion for Greater London (GiGL) and National Biodiversity Network (NBN)
Atlas datasets used in this study, separated by species. GiGL data is sepa-
rated by primary source survey

Urbanisation potential of London mammals

We overlaid a 100m x 100 m grid onto the study area
using QGIS (ver 3.22.5-Bialowieza) to compare the pres-
ence and absence of mammals in different parts of
Greater London (Turner et al. 2021). As environmental
features in London can differ drastically within a small
area, a 100mx100m grid cell size is chosen to take
into account environmental differences at fine spatial
scales (Turner et al. 2021). For each of the four target
species, cells containing that species were classified as
presence, while cells that only contained the other target
or background species were classified as absence. Cells
with neither target nor background species sightings were
classified as non-sampled areas (Turner et al. 2021).
Converting sightings into grid cells with binary presence-
absence in this way can reduce bias caused by higher
sampling intensity in more accessible areas (Guisan
et al. 2017).

Step 2: Environmental predictors data
collection

We selected 18 environmental variables as habitat suit-
ability predictors for the four target species in London
(Table 2). The environmental variables used were chosen
based on Turner et al. (2021), to represent different
elements of the urban environment, with the addition
of hedgehog presence, fox presence and badger presence
as predictors to explore the effect of co-occurring spe-
cies. Although mean traffic volume was found to be
positively related to hedgehog presence in Turner
et al. (2021), we still include this variable in the current
analysis. Foxes and badgers are frequent victims of road-
kills (Project Splatter 2020), so a negative relationship
may be found between traffic volume and these two
species.

We categorised green spaces of different functions into
seven separate predictors: allotment, amenity, cemetery,
private garden, park and play space, sport and woodland
cover (Table 2). Surface water cover was also included
as a predictor. Proxies for urban pressure include per-
centage impervious cover, mean human population den-
sity, mean housing density and average traffic volume
between 2005 and 2020 (Turner et al. 2021). Residential
housing was divided into three categories: detached hous-

GiGL GiGL  GIiGL (Other Total
Species (PTES) (LWT) survey data) NBN records ing, semi-detached housing and terraced housing. We
sourced data for the usual resident population, number
Hedgehog 959 626 1508 128 3221 of dwellings and the percentage of each type of resi-
Fox 330 216 2290 1203 4039 . .
Badger 38 63 758 0 sea dential housing at the Lower Super Output Area (LSOA)
Grey squirrel 346 414 2184 16500 19444 level from the UK Office for National Statistics (ONS)
Common rat 86 31 422 233 772 2011 Census. We then mapped the data onto the LSOA
Reeves’ muntjac 3 93 127 67 290 boundary using QGIS and calculated the density within
Rabbit 10 158 205 258 631 each LSOA (Turner et al. 2021). Traffic volume of all
Roe deer ! e0 /3 > 199 motor vehicles between 2005 and 2020 in 32 London
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Table 2. Environmental predictor variables used in this study to model habitat suitability for hedgehogs, foxes, badgers and grey squirrel in greater

U. Y. Y. Fung et al.

London. Predictor full and abbreviated name, description and source are shown. Table adapted from Turner et al. (2021)

Predictor Abbreviation  Description Source
Allotment cover (%) ALT Allotments and community growing spaces Ordnance Survey (2022a)
Amenity cover (%) AMN Village greens, hospital grounds, educational grounds, landscaping  GIGL (2022)
around premises

Cemetery cover (%) CEM Cemetery and religious grounds Ordnance Survey (2022a)
Garden cover (%) GDN Private gardens GIGL (2022)
Park and play space cover (%) PLPK Public parks, gardens and play-spaces Ordnance Survey (2022a)
Sport cover (%) SPRT Bowling, tennis court, golf courses, other sports and playing fields ~ Ordnance Survey (2022a)
Woodland cover (%) WD Woodland Ordnance Survey (2022b)
Water cover (%) WAT Surface water area Ordnance Survey (2022b)
Impervious cover (%) IMP Combination of roads with a 5m buffer and building area Ordnance Survey (2022b)
Mean human population HD Usual resident population per LSOA boundary area UK Office for National

density (km?) Statistics (2011a, c)
Mean traffic volume TRAF Mean annual traffic volume in each London borough and the City ~ Department for Transport

(2005-2020) of London
Mean housing density (km?) DWL
Detached housing (%) DTCH

Semi-detached housing (%) SEMI

Terraced housing (%) TERR

Hedgehog presence HOG Hedgehog sighting
Fox presence FOX Fox sighting
Badger presence BADG Badger sighting

Total number of dwellings per LSOA boundary area

Percentage of detached housing in each LSOA boundary area

Percentage of terraced housing in each LSOA boundary area

(2022), UK Office for
National Statistics (2011¢)
UK Office for National
Statistics (2011b, ¢)
UK Office for National
Statistics (2011b, ¢)

Percentage of semi-detached housing in each LSOA boundary area UK Office for National

Statistics (2011Db, ¢)
UK Office for National

Statistics (2011b, ¢)
GIGL (2022), NBN (2022)
GIGL (2022), NBN (2022)
GIGL (2022), NBN (2022)

boroughs and the City of London were mapped onto
the London borough boundary and the mean traffic
volume calculated for each borough. In addition to the
physical environment, interactions with other species can
also influence species presence (Pettett et al. 2018). In
the United Kingdom, previous studies have explored
potential relationships between hedgehogs, foxes and
badgers. Therefore, for each of the three target species
we also sought to investigate the impact of the presence
of the other two. When one target species is used as
the response variable in the model, the other two target
species are included as predictors.

After sourcing environmental predictor data, we created
five buffers of different radius distances (100, 250, 500,
750 and 1000m) around the centroid of each cell, then
calculated the mean value of each environmental predictor
within each buffer distance. This is because hedgehogs,
foxes and badgers have varying home ranges of 10-32,
30-270 and 30-150ha, respectively, thus the area over
which environmental features may influence these species’
presence may differ (Reeve 1982, Couzens et al. 2021).
We first converted all greenspace, water and impervious
cover predictors into raster format with 10m resolution,
and each cell reclassified such that cells with and without
the land use were classified as 1 and 0, respectively (Turner

et al. 2021). We then calculated the percentage cover of
each environmental predictor based on the proportion of
10 m? cells with value 1 in each buffer. For hedgehog,
fox and badger presence, buffers that overlap with a mam-
mal presence cell were classified as 1 to indicate
presence.

Step 3: Buffer distance optimisation of
environmental variables

To select the buffer scale at which each environmental
variable would be used in the final model, a generalised
linear model was fitted for each of the four target species
against each environmental predictor separately at each
distance scale and the Area Under the Curve (AUC) cal-
culated. AUC scores provide a measure of the goodness
of fit of a model (Osborne & Sudrez-Seoane 2002, Gonzalez
et al. 2011). Models with AUC scores greater than 0.5
indicate better predictions than random, while scores greater
than 0.7 and 0.9 indicate good and excellent predictions,
respectively (Araujo et al. 2005, Guisan et al. 2017). To
limit bias caused by outliers, we calculated AUC scores
with 20 repeat split sample cross-validations, using 70%
of data for training and 30% for testing. For each
environmental predictor, the buffer distance with the
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highest AUC score was selected for subsequent modelling
(Appendix S1).

Step 4: Habitat suitability model fitting

For each target species, the environmental predictor with
the best fitting buffer distance were first visualised using
Cleveland plots, and non-normal predictors log-
transformed. Colinear variables were then removed based
on the Variable Inflation Factor (VIF) score calculated
using usdm package (Naimi et al. 2014). The VIF score
measures the inflation in the variances of the estimates
due to collinearity between variables (Vatcheva et al. 2016).
We used a VIF score of 10 as the threshold, removing
the predictor with the highest VIF score if the score is
greater than 10 (O’Brien 2007, Hillfors et al. 2016). The
procedure was repeated until all remaining predictors had
a VIF score of 10 or lower.

Four binomial Generalised Linear Models (GLM) with
logit link function were fitted with each of the four target
species (hedgehog, fox, badger or squirrel) as the response
variable, respectively, and the remaining scale-optimised
predictors for that species (Turner et al. 2021). Additional
GLM models were then fitted with the addition of quad-
ratic polynomial terms for hedgehogs, badgers and foxes.
Turner et al. (2021) suggested a non-linear response of
hedgehogs to human density and percentage impervious
cover (Turner et al. 2021), and we expected badgers, which
may predate hedgehogs, to show similar patterns (Hof
et al. 2019). Foxes have a high tolerance to human activity
and are frequently seen in urban areas (Scott et al. 2014,
2018), hence non-linear relationships with human density
and impervious cover were also explored. For all GLM
models, we performed stepwise model selection using MASS
package to determine the predictors that give the most
parsimonious model (Venables & Ripley 2002) and then
fitted a final model for each species using only the pre-
dictors selected in stepwise model selection. The mean
AUC and True Skills Statistics (TSS) scores were calculated
with 100 repeat split sample cross-validations, allocating
75 and 25% of data for training and testing, respectively,
for each species final model. Similar to AUC, TSS measures
the predictive accuracy of a model, especially for species
distribution models in which predictions are formulated
as presence-absence maps (Allouche et al. 2006). TSS ranges
from —1 to 1, models with scores greater than 0.4 and
0.75 are considered good and excellent, respectively (Guisan
et al. 2017). We also calculated the Akaike Information
Criterion (AIC) score for the four GLM models, which
estimates the measure of fit of a model (Akaike 1974).
The combination of predictors that gave the highest AUC
and TSS scores, together with the lowest AIC score was
used in subsequent steps.

Urbanisation potential of London mammals

Four other modelling approaches were also assessed:
Generalised Additive Model (GAM), randomForest (RF),
Artificial Neural Network (ANN) and Maximum Entropy
(Maxent) (Turner et al. 2021, Phillips et al. 2022). These
were fitted using the biomod2 package (Thuiller et al. 2021),
allocating 75% of data for training and 25% of data for
testing. The mean AUC and TSS scores were calculated
for each model after 10 runs. In addition, spatially blocked
cross-validation was also used to verify that model per-
formance is not affected by the spatial correlation of
presence-absence data (Appendix S2; Ploton et al. 2020).
The use of background species or random allocation of
absence points was also compared, (Barbet-Massin
et al. 2012) by randomly allocating 2000 grid cells as
absence, then re-fitting the data with Maxent model using
biomod2 package (Thuiller et al. 2021). The overall best
model was chosen based on a high AUC score and ease
of interpreting relationships between mammal presence
and environmental predictors (Turner et al. 2021).

In the fox, hedgehog and badger models, the presence
of the other two species was included as predictors in
the model to investigate relationships between the species.
However, due to the high numbers of fox and hedgehog
points in the dataset, it is possible that including these
in the model and as ‘absence’ points means that artificially
strong negative correlations would be found; for example,
most ‘fox predictor’ presences would also be in the model
as hedgehog absence points. To investigate the impact of
this, the above models were repeated with mammal pre-
dictors excluded.

Step 5: Habitat suitability mapping

Habitat suitability across Greater London was predicted
for each species from their best model using ggeffects pack-
age, generating a prediction score between 0 and 1 for
each grid cell (Liidecke 2018). A higher score means the
grid cell is more suitable for the target species. The con-
fidence in predicted habitat suitability maps were visualised
using the confidence interval of prediction scores. Using
the threshold at which TSS was maximised, we constructed
a binary presence-absence map for each target mammal
(Alejandro & Gerardo 2015). Grid cells with predictive
scores higher than the threshold are denoted presence and
cells with lower predictive scores are denoted absence.
For hedgehogs, badgers and foxes, mapping was repeated
for the best-fitting models with mammal presence predic-
tors excluded, to evaluate how these affects the predicted
habitat suitability map. We then plotted the change in
predicted habitat suitability score with distance from the
centre of Greater London study area to analyse spatial
change in habitat suitability. Using the centre of the Greater
London study area (E 531335.6, N 179631.4) as the central
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reference point, concentric rings of 1km in width was
overlaid on the study area. Within each ring, the mean
habitat suitability score was calculated for each species.
The change in habitat suitability score with distance per
species was then plotted. To better visualise the difference
in pattern between each species, we then normalised habitat
suitability scores by dividing the mean score of each ring
by the maximum mean score per species. The normalised
score (ranging from 0 to 1) per species was plotted with
respect to distance from the centre of the study area.
Similarly, we also plotted changes in average proportion
of key habitats with distance from the centre of Greater
London in order to gain greater understanding of the
underlying changes in habitat suitability.

RESULTS

Model fitting

Buffer distance selection revealed that hedgehogs were
most sensitive to environmental features on a local scale
of 100 m, whereas badgers and foxes mainly responded
to features at a regional scale (1000m) and at interme-
diate distances (250-750m), respectively. Grey squirrels
varied considerably in sensitivity to different scales for
different environmental features (Appendix SI1). For
hedgehogs, foxes and badger models with mammal pre-
dictor variables included, the GLM model was the best
fitting one; while RF model best fit grey squirrels
(Appendix S3). After excluding mammal presence pre-
dictors, the GLM model best fit all four target species,
but different environmental predictors were selected
compared to the original models (Table 3, Appendices S3
and S4).

Although the inclusion of mammal presence predictors
gave better fitting GLM models with higher AUC and
lower AIC scores, it is subjected to artificially strong

Table 3. Best fitting GLM models for each target species (hedgehog,

U. Y. Y. Fung et al.

negative association between the three mammals caused
by modelling, generating a ‘spotted’ pattern on the pre-
dicted habitat suitability maps (Appendices S5 and S6).
In the fox model, for example, fox absence is defined as
being where other background species, including hedgehogs
and badgers, were seen, but not foxes. Due to the high
proportion of hedgehogs in the dataset, many fox absence
points would also be hedgehog presences, particularly at
the 100m scale, creating an artificially strong negative as-
sociation. Such association between the mammal presence
predictors were not detected via VIF score, but were re-
flected when mapping habitat suitability, hence creating
a ‘spotted’ pattern of habitat suitability (Appendices S5
and S6). As this is likely due to an effect of the model-
ling approach rather than biological effects, we, therefore,
focussed on GLM models without mammal presence pre-
dictors in subsequent analysis.

Environmental features relationships

The four target species were found to respond dif-
ferently to greenspace types. Hedgehog presence in-
creased with allotment, garden, park and play space
cover (Table 4, Appendix S7). In contrast, fox presence
decreased with increasing allotment and park and play
space cover, and grey squirrel presence also decreased
with allotment cover. Both foxes and grey squirrels’
presence increase with cemetery cover. While both
hedgehog and fox presence decreased with increasing

Table 4. Relationship between environmental predictors and the prob-
ability of target mammal presence. Plus (+) and minus signs (-) represent
positive and negative relationships between environmental predictors
and mammal presence, respectively. A concave-down quadratic curve
with is denoted as (n). NA represents no significant relationship between
environmental predictors and the mammal

Grey
Hedgehog Fox Badger squirrel

fox, badger and squirrel with evaluation). Area under the Curve (AUC) AIIotment cover (%) + - NA -
and Akaike’s Information Criterion (AIC) scores shown for model with Amenity cover (%) NA NA -+ NA
and without inclusion of mammal presence predictors Cemetery cover (%) NA + NA +
Garden cover (%) + + NA -
Include mammal ~ Best fitting ~ AUC  TSS Park and play space cover (%) + - NA NA
Target species  predictors? (Y/N)  model score  score Woodland cover (%) - - +
Water cover (%) - NA NA NA
Hedgehog Y GLM 0.883 0.621 Impervious cover (%) n + NA +
N GLM 0.763 0.413 Mean human population n NA n NA
Fox Y GLM 0.784 0.464 density (km?2)
N GLM 0.662 0.250 Mean traffic volume + - - -
Badger Y GLM 0.828 0.577 (2005-2020)
N GLM 0.731  0.379 Detached housing (%) - - + +
Grey squirrel Y RF 0.851 0.628 Semi-detached housing (%) NA - NA NA
N GLM 0.654 0.237 Terraced housing (%) + NA NA -
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woodland cover, badger and grey squirrel presence
were positively associated with woodland cover. Among
the four target species, only badgers showed a positive
relationship with amenity cover. Grey squirrel was
the only species to be negatively associated with garden
cover.

In terms of urban pressure, hedgehog presence increased
with traffic volume, while the opposite was found in foxes,
badgers and grey squirrels (Table 4, Appendix S7). Hedgehog
presence was highest in areas with an intermediate level
of impervious cover, whereas fox and grey squirrel presence
showed a positive relationship with increasing impervious-
ness. Human density affected the presence of both hedgehogs
and badgers, with the highest probability of presence at
around 1808 people/km? and 665 people/km?, respectively
(Appendix S7). Hedgehog presence increased with terraced
housing but decreased with detached housing, whereas the
opposite is found in grey squirrels. Badger presence also
showed a positive association with detached housing, whereas
fox presence decreased with both detached and semi-detached
housing.

(a) Hedgehog
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Garden cover had the greatest effect on the hedgehog
model, with a decrease in mean AUC score of 0.0162
when removed, followed by human density (AUC —0.00873)
(Fig. 1). Allotment cover had the greatest effect on the
fox model (AUC - 0.00699). Both amenity cover (AUC —
0.0144) and detached housing (AUC - 0.0117) had a strong
effect on the badger model. For the squirrel model, im-
pervious cover has the greatest effect (AUC — 0.0255),
followed by garden cover (AUC — 0.0151).

Habitat suitability and urbanisation potential

The predicted habitat suitability maps show differing levels
of urban tolerance between the four species. Most of
Greater London is highly suitable for foxes and grey squir-
rels, with the highest suitability in central London and
decreases outward. Notably, habitat suitability does not
reach very low levels even at the city edges, perhaps re-
flecting the high behavioural flexibility of these two species.
Suburban London is most suitable for hedgehogs, with
decreasing suitability towards central London and at the

(b) Fox
WD1000 ( | [ ]
SEMI500 {*l [ |
PLPK100 4(:]::*
logTRAF1000 7‘;4‘ —
§ we7s0 11
GDN1000 [ I )
DTCH1000 [ ] }
CEMS00 7{77 }
ALT750 [7]77]
0.64 0.66 0.68
AUC Score

(d) Grey squirrel

TERR250 . 4‘_
IogTRAF250 R 4{7
5  IMP1000- - | !

3
g
DTCH1000 .. 4‘:[

CEM750

T T

ALT750

0.60 0.62 0.64 0.66 0.68

AUC Score

Fig. 1. Change in AUC scores when one environmental predictor is removed from the best fitting model of (a) hedgehogs, (b) foxes, (c) badgers and
(d) grey squirrels. Predictor that deviates greater from the red line, representing a larger change in AUC scores when removed, has a bigger effect on
the model. The box shows the interquartile range (IQR) between the 25th and 75th percentile, while the horizontal black line represents the median.
The left and right whiskers represent the lowest and highest value within 1.5x of the IQR, respectively. Black dots represent outliers. Red line represents
the AUC score of the best-fitting model when all predictors are included. See Table 2 for predictor abbreviations, numbers represent buffer distance

selected for that predictor.
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Fig. 2. Predicted habitat suitability for (a) hedgehogs, (b) foxes, (c) badgers and (d) grey squirrels in Greater London. More suitable habitats with higher

habitat suitability scores are coloured red.

periphery (Figs 2 and 3). Habitat suitability for badgers
is generally low across Greater London, with a few hot-
spots of higher suitability in the suburban and peripheral
areas. All three target species have a high level of confi-
dence in prediction accuracy (Appendix S8). The propor-
tion of different habitats vary with distances from Greater
London, with impervious cover having the highest coverage
in central London and decreases outward. Gardens have
the greatest percentage of area coverage in the suburban
areas, while other green spaces generally have a low per-
centage of area coverage across Greater London (Fig. 3).

DISCUSSION

Urban wildlife can have a range of responses to anthro-
pogenic environments. Understanding this is important
both for conserving urban wildlife and to further under-
standing of human-wildlife coexistence. This study dem-
onstrates that different environmental features influence
the presence of hedgehogs, foxes, badgers and grey squirrels
across Greater London and suggests different levels of
adaptation to urbanisation. Foxes and grey squirrels are
the most adapted with the most suitable habitats in central
London, while hedgehogs and badgers prefer suburban
and rural areas, respectively. There is also some evidence
suggesting that the spatial scale of response to habitat
features may be linked with their dispersal abilities in
urban environments.

Environmental relationships

In the study area, greenspace habitats include allotment,
amenity, cemetery, garden, park and playspace cover.
Hedgehog presence increases with allotment cover, but
the opposite is found in fox and grey squirrel. Allotments
are small patches of agricultural plots in urban areas farmed
by local residents (Fletcher & Collins 2020). The wide
variety of crops and vegetation creates suitable microhabi-
tats for insects, in turn providing food for hedgehogs
(Ahrné 2008, Gunnarsson & Federsel 2014, Cabral
et al. 2017). Allotments consist mostly of shorter vegeta-
tion and grass, well-managed by humans. The lack of
trees is unfavourable for grey squirrel foraging, nesting
dreys and arboreal travel (Moller 1983, Wauters et al. 1997,
Bryce et al. 2002). The decrease in fox presence is pos-
sible because allotments are closed at night when foxes
are most active (Lovell et al. 2022), making it harder for
people to observe foxes. Only badgers show a positive
association with amenity cover, which could be attributed
to local greens and landscaping greenspaces. These land
uses often consist of a mixture of trees and short grass,
the latter is especially preferred by badgers for foraging
earthworms (Kruuk et al. 1979, Couzens et al. 2021). Both
fox and grey squirrel presence have a positive relationship
with cemetery cover. Cemetery cover is important to foxes
as the quiet environment with extensive grass cover pro-
vides suitable habitat for prey species like rodents and
birds (Baker et al. 2003, Csanady & MoSansky 2017). As
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Fig. 3. Change in (a) absolute and (b) normalised predicted habitat suitability scores and (c) percentage of habitat coverage with distance (in km) from
the centre of Greater London study area (E 531335.6, N 179631.4). Predicted habitat suitability scores were normalised by dividing the mean score
per distance by the maximum habitat suitability score for each species. Grey shading represents a 95% confidence interval.

cemeteries often consist of large mature trees, grey squir-
rels may prefer trees in cemeteries for bark stripping
(McClymont & Sinnett 2021). Such a positive association
with cemeteries was also found in North America, their
native habitat (Thompson 1978), but a recent study in
St Louis showed the opposite, possibly due to mowing
activity disturbing food on the ground (Engel et al. 2020).

Gardens, one of the most widespread urban greenspace
in London, are favoured by hedgehogs and foxes, but not
grey squirrels. Gardens contain a wide range of plants
including grass, shrubs and trees, provide a multitude of
three-dimensional vegetation suitable for hedgehog con-
cealment (Turner et al. 2021). Furthermore, many people
leave compost heaps in gardens and provide anthropogenic
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food for wildlife, attracting hedgehogs and foxes to gardens
(Scholz et al. 2020, Gazzard et al. 2022). Park and play
space cover also favours hedgehogs but may be less valu-
able than gardens because many are strictly managed with
regular mowing for short grass, little undergrowth and
relatively low vegetation diversity. In contrast, fox presence
decreases with park and play space cover, potentially due
to extremely high prevalence of the species in central urban
areas, perhaps reflecting increased adaptation to diet based
on anthropogenic resources (Scholz et al. 2020), thus re-
ducing the need for hunting and leading to a preference
for foraging closer to sources of anthropogenic food such
as in gardens or streets.

Woodland cover affects the presence of all four target
species: with increasing woodland cover, the probability
of fox and hedgehog decreases, while badger and grey
squirrel presence increase. Surprisingly, woodland is nega-
tively associated with hedgehog presence, given that wood-
land edges are a habitat associated with their presence
(Couzens et al. 2021). Gazzard and Baker (2020) suggested
that hedgehogs may prefer gardens over woodlands because
the former contains more suitable resources for construct-
ing winter hibernacula. The dense woodland undergrowth
may also make it more difficult for people to observe
foxes and hedgehogs than in more open habitats like
gardens and parks. Therefore, the number of both species
recorded in woodland might be fewer than the actual
number of individuals present. In line with findings by
Lovell et al. (2022), using data from camera traps, badgers
are positively associated with woodland cover. The large
variety of vegetation and extensive underground root sys-
tems in woodland is important for foraging and sett-
building (Palphramand et al. 2007, Piza-Roca et al. 2018).
The dense woodland cover also enables badgers to be
able to hide from humans (Huck et al. 2008). For the
arboreal grey squirrels, the abundance of trees provides
foraging and nesting sites (Williamson 1983).

Urban pressure has variable impacts on the probability
of mammal presence. Impervious cover, with no soil or
vegetation cover, is favoured by foxes and grey squirrels.
In urban areas, anthropogenic food waste, compost and
provisions for pets and wildlife in urban areas are sufficient
to feed a higher number of foxes than in rural settings
(Contesse et al. 2004, Bino et al. 2010). Similarly, an in-
crease in grey squirrels with impervious cover is likely due
to the availability of anthropogenic food (Bonnington
et al. 2014, Hanmer et al. 2018) and higher tolerance to
human activities (Hopewell et al. 2008). Hedgehog presence
is the highest at an intermediate level of impervious cover,
and a higher proportion of gardens, reflecting their strong
association with residential areas, forming a patchwork
mixture of buildings and greenspaces (Turner et al. 2021).

U. Y. Y. Fung et al.

Human density, another indicator of urban pressure, affects
hedgehog and badger presence. Although both species may
benefit from urban greenspaces and anthropogenic food
supply, evidence suggests that they actively avoid humans.
For example, hedgehogs in Bristol are less active before
midnight when there are more traffic and pedestrians
(Dowding et al. 2010). Rast et al. (2019) also found hedge-
hogs to reduce activity range in parks and delay active
time at night during mega-events with high human dis-
turbances, such as music festivals. Similarly, badger activity
in London parks were found to decrease strongly with
increasing human activity levels (Lovell et al. 2022). Since
both hedgehogs and badgers are not well adapted to areas
with high human density, this limits their spatial distribu-
tion in Greater London away from the highly populated
areas and central part of the city.

Traffic volume, another indicator of urban pressure, is
negatively associated with fox, badger and grey squirrel
presence. Increased traffic and roads would cut off urban
greenspaces, creating a barrier to movement and reducing
habitat connectivity (Oxley et al. 1974, Whittington
et al. 2004). Badgers have been found to actively avoid
crossing major roads and dual carriageways (MacWhite
et al. 2013, O’Hagan et al. 2021). Roads also increase the
risk of mortality, as Baker et al. (2007) found fox mortal-
ity in Bristol to increase with road magnitude. Although
grey squirrels are largely arboreal, they also forage on the
ground for food, increasing the chances of roadkill, es-
pecially in autumn when grey squirrels perform food
caching to prepare for winter (Raymond et al. 2021).
Unlike foxes, badgers and squirrels, and contrary to our
expectations, hedgehog presence increases with traffic vol-
ume, which matches with findings by Turner et al. (2021).
This may be due to a high rate of hedgehog roadkills,
creating a bias in the location of sightings (Project
Splatter 2020). In addition, the traffic volume data used
in this study was only sourced at the borough level whereas
hedgehogs tended to respond to most environmental pre-
dictors at a smaller scale (most often 100m), limiting the
accuracy in modelling associations between traffic volume
and hedgehogs presence.

The inclusion of housing type in the models found
differing effects on the four species investigated. In line
with previous studies, terraced housing is positively as-
sociated with hedgehog presence (Dowding et al. 2010,
Turner et al. 2021, Gazzard et al. 2022), suggesting that
terraced housing does not pose a strong barrier to their
movement. Instead, hedgehogs may favour the front and
back gardens of terraced housing, as found in Gazzard
et al. (2022). The decrease in hedgehog presence with
detached housing is likely due to predator avoidance, as
we found badger presence to increase with detached
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housing. This is also supported by Dowding et al. (2010),
who found female hedgehogs avoid back gardens of de-
tached housing where there is high badger activity.

Fox presence decreases both with detached and semi-
detached housing. One potential reason is that residential
areas have more roads and higher traffic, which is actively
avoided by foxes. Another possibility is that fox presence
in these areas was less surveyed by citizen scientists. Foxes
are found to use residential areas more in the second half
of the night when human activity is the lowest (Gloor
et al. 2001, Walter et al. 2018), therefore, their usage of
these areas may not be recorded as most residents are asleep.

Both badger and grey squirrel presence increase with
detached housing, possibly because these houses are mostly
located in suburbs with low human density and less traf-
fic. The observed association with detached housing could
be a secondary effect of low human density and traffic
volume in the area. In contrast, grey squirrels are nega-
tively associated with terraced housing. Rows of terraced
houses may create a continuous barrier which limits the
arboreal travel of grey squirrels via trees, forcing them
onto the ground where the risk of roadkill and predation
are higher. Residents in terraced housing are also less
likely to provide bird feed, which serves as supplementary
food for grey squirrels (Davies et al. 2012, Bonnington
et al. 2014).

Habitat suitability mapping and urbanisation
potential

We found species to differ in the spatial scales of their
responses to habitat variables. This trend might be linked
to their ecology, body size or dispersal ability, but our
research provide limited information and further research
is needed to substantiate this. Given that different species
have varying spatial scales of responses, as well as in the
number and coverage of records, we, therefore, use rela-
tive habitat suitability scores in relation to the urban centre
as a measure of urbanisation potential. Hedgehogs are
found to have the highest relative habitat suitability in
suburban areas of Greater London where there is moder-
ate urban pressure, suggesting a moderate urbanisation
potential. While this prediction might be used to present
an optimistic impression of hedgehog habitat suitably in
a very large urban centre, it should be noted that this
prediction is based on presence data from 2005 to 2021
which may already be somewhat outdated. With increasing
urbanisation, more greenspaces are converted for urban
development and fewer favourable habitats may remain
for hedgehogs. Furthermore, the human density data used
were collected in 2011. The growing human population
in Greater London is likely to limit the extent of suitable
habitats for hedgehogs. Interestingly, certain greenspaces

Urbanisation potential of London mammals

are predicted to be less suitable for hedgehogs. Urban
parks like Richmond Park in southwest London are pre-
dicted to have low suitability, which correspond with the
predicted hotspot for badger presence. (Fig. 2a). The dark
blue areas with low suitability in the periphery are mostly
agricultural land, which was not included as a predictor
in the model. In many intensive farming areas, the local
density of hedgehogs may be close to zero (Croft
et al. 2017). The remoteness of agricultural land also means
fewer survey efforts than areas near the centre with more
people. Future modelling could source citizen science data
from other platforms, such as iNaturalist, to provide ad-
ditional data in areas with low survey efforts.

Habitat suitability patterns of foxes in Greater London
show a clear distinction from hedgehogs, with highest
suitability in the urban centre. This pattern is also observed
in other cities in the United Kingdom, Italy, Australia,
Switzerland and Japan, where foxes were found throughout
urban areas, including the centre (Harris & Trewhella 1988,
Cignini & Riga 1997, Marks & Bloomfield 1999, Gloor
et al. 2001, Kato et al. 2017). Similarly, grey squirrels also
have the highest habitat suitability in the centre of Greater
London, but the hotspot is much smaller than that of
foxes. This is because grey squirrels favour woodland and
impervious cover, but not gardens. The large number of
green squares and roadside trees in central London may
facilitate the movement of grey squirrels in urban areas.
Thus grey squirrels are predicted to be most adapted to
the urban centre with high impervious coverage, with
suitability decreasing outward because suburbs and rural
houses mostly consist of large gardens. Our predictions
suggest that both foxes and grey squirrels have a high
urbanisation potential and it is anticipated that they would
become more common in urban London.

Among the four target species, the badger is the least
adapted to urban areas as most of Greater London is
shown to have low predicted habitat suitability. Only a
few hotspots are found in the northwest (Woodridge
Natural Reserve, Stanmore Country Park), southwest
(Richmond Park) and southeast periphery (Lloyd Park,
South Elms Country Park), coinciding with the badger’s
preference for areas with low traffic volume and high
woodland cover. However, studies in Switzerland and
Norway have found evidence of badgers spreading into
cities (Geiger et al. 2018, Gomes et al. 2020). Thus the
actual suitable badger habitats may be more widespread
than current predictions.

Limitations and future studies

Citizen science data, like the ones used in this study,
provide rich and extensive data sources to better un-
derstand the distributions of species. However, there are
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several potential limitations to using these kinds of
datasets which should be considered. Firstly, the credibility
of citizen science data can be constrained by the observ-
ers’ ability to recognise and distinguish between species
correctly. This is especially concerning in taxa with a
large number of morphologically similar species, such
as birds and insects (Yu et al. 2010, Ratnieks et al. 2016).
In this study, the four target mammals are commonly
found in Greater London with distinctive appearances
and sizes. Hence it is unlikely for citizen scientists to
misidentify the observed mammals. Another concern
with the use of these types of datasets is that sampling
effort can be heavily biased towards easily accessible or
highly populated areas, creating spatial gaps in the mod-
elled predictions (Croft et al. 2017). However, Greater
London is highly populous and mammal observation
data are distributed evenly across the study area, so
most areas have high survey efforts. One further limita-
tion is that citizen science surveys tend to report species
presence only, but not absence. In this study, pseudo-
absence data were generated using additional mammal
species as background species. Future work combining
citizen science data with independently derived data,
such as through the use of camera trap surveys, could
be used to further test and refine these models.

Our study demonstrates that across greater London,
species preferences to habitat features also reflects differ-
ences in urbanisation potential. Two particularly well-
documented urban species, the fox and grey squirrel, show
a higher relative habitat suitability in central London, where
the habitats have greater impervious land cover. The other
two species, hedgehogs and badgers, showed intermediate
levels of urbanisation potential, with concentric rings of
peak habitat suitability at intermediate distances from the
centre. This study demonstrates the value of citizen sci-
ence data, especially in well-populated areas like in the
United Kingdom, where there is an abundance of volunteers
contributing wildlife sightings. Future work combining data
collected through different methodologies are likely to
improve our understanding of the strengths and potential
weaknesses of these different approaches.
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Appendix S1. AUC scores of environmental predictors in
different buffer distances in (a) hedgehogs, (b) foxes, (c)
badgers and (d) grey squirrels.

Appendix S2. Grouping of data points in spatially blocked
cross-validation.

Appendix S3. AUC and TSS scores of (a) hedgehogs, (b)
foxes, (c) badgers and (d) grey squirrel models tested
with spatial blocking, with the (i) inclusion and (ii) ex-
clusion of mammal presence predictors.
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best fitting model for each target species.
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mental predictor is removed from the best fitting model
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squirrels, with the inclusion of mammal presence
predictors.
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GLM model with mammal presence predictors.
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