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of different habitats, varying in size and quality (Crooks et 
al. 2004; Davis et al. 2014) including novel habitats with 
no historical analogues (Werner 2011). Urbanisation results 
in biodiversity loss and turnover, favouring generalist spe-
cies that adapt better to novel environments (Werner 2011), 
which can lead to homogenisation of urban faunal and floral 
assemblages (Chace and Walsh 2006; Grimm et al. 2008; 
McKinney 2006). Increasing urbanisation may lead to an 
increase in animal biomass but a decrease in species rich-
ness (Chace and Walsh 2006; Threlfall et al. 2012) and an 
increase in non-native species (McKinney 2006). Cities that 
retain more remnant habitat are more likely to host more 
native species (Chace and Walsh 2006; Faeth et al. 2011).

Research into the responses of biodiversity to urbanisa-
tion has often focused on the rural-urban gradient (Nielsen 
et al. 2014; Beninde et al. 2015), a goal which may miss 
variation in the underlying structure of the urban matrix 

Introduction

Urbanisation drives the loss, degradation and fragmenta-
tion of natural habitats (Bar-Massada et al. 2014; McKin-
ney 2006). Urban matrices typically consist of a patchwork 
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Abstract
While a few species may thrive in urban areas, urban expansion is a major driver of biodiversity loss. Columbids such 
as feral Rock Doves (Columba livia domestica) and Common Woodpigeon (Columba palumbus) have adapted extremely 
well to the urban environment in Europe and beyond, but the Stock Dove (Columba oenas), a bird of farmland and wood-
land edge in the UK and of national conservation concern, is encountered infrequently in urban areas. Here we explore 
the multi-scale landscape associations of the little-studied Stock Dove within the urban matrix of Greater Manchester, 
UK, in order to identify its habitat requirements. We built a pilot model from historical citizen science records to identify 
potentially occupied sites within the city, and then surveyed these sites for Stock Dove during Spring 2019. We combined 
the survey results with citizen science records from the same period and described the habitat and landscape characteristics 
of sites occupied by Stock Dove using four variables at different scales plus twelve unscaled variables. We used a three-
stage random forest approach to identify a subset of these variables for interpretation and a subset for prediction for the 
presence of Stock Dove within these sites. Key variables for predicting Stock Dove presence were their relative abundance 
in the landscape immediately beyond the core urban area, the greenness (NDVI) of the environment around sites, and 
the canopy cover of individual trees over 20 m high within sites. Stock Doves tended to be associated with habitats with 
more surface water during the non-breeding season than the breeding season. Our results highlight the importance of large 
trees within urban greenspace for this cavity-nesting species, softer boundaries around urban sites for Stock Doves and 
stock dove presence in nearby areas. While Stock Dove share many traits with species that are successful in the urban 
environment, they remain relatively poor urban adapters.
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(Werner 2011; Beninde et al. 2015). Instead, an approach 
that identifies individual habitats as urban sites (sometimes 
referred to as urban greenspaces or urban patches) within an 
interconnected urban matrix allows a more finely grained 
understanding of species response to urbanisation (Aronson 
et al. 2017). Sites are connected by their proximity to others 
or through functional habitat corridors (Lepczyk et al. 2017) 
such as river valleys, canals, or wooded streets. Species 
responses to urbanisation can then be understood by local 
habitat features determining habitat suitability and land-
scape features defining the permeability of the landscape for 
species dispersal (Beninde et al. 2015). The response of an 
individual species to these habitat and landscape features 
will vary due to species-specific niche differences (Jokimäki 
et al. 2016) and their dispersal capacity (Martin et al. 2017). 
Thus, while a site might provide the required habitat, and 
the landscape the required corridors for dispersal - a spe-
cies’ life history (such as sensitivity to disturbance) may still 
prevent successful colonisation which could be limited by 
failure to adapt to novel resources available in the urban 
environment (Spotswood et al. 2021; Shochat et al. 2006), 
or interspecific competition (Lees 2018).

The pigeons and doves (Columbidae) are a speciose avian 
family including some urban adapters found across most 
of the world (Sol et al. 2014). Five species of pigeons are 
native breeders in the UK, three of which have large urban 
populations: feral Rock Doves (Columba livia domestica) 
(McKinney 2006; Isaksson 2018), Common Woodpigeons 
(Columba palumbus) (hereafter Woodpigeons) and Collared 
Doves (Streptopelia decaocto). Two other species are more 
rarely recorded in urban areas; the Stock Dove (Columba 
oenas) and the migratory European Turtle Dove (Streptope-
lia turtur). In rural and agricultural habitats Woodpigeons 
occur in sympatry with Stock Doves, more so than the other 
native UK Columbidae species (Snow et al. 1998; Murton 
et al. 1964). Although present throughout the UK, other 
than the Scottish Highlands, there are estimated to be just 
320,000 Stock Dove territories compared with an estimated 
5,400,000 Woodpigeon territories (Woodward et al. 2020). 
While Woodpigeons have adapted to the urban environment 
(Fey et al. 2015; Ó and hUallacháin 2014; Bea et al. 2011), 
Stock Doves remain uncommon in urban areas (Robin-
son 2005). A major life history difference between the two 
species is their choice of nest sites; Stock Dove are cavity 
nesters whereas Woodpigeon nest on open branches. Stock 
Doves prefer ecotonal areas between woodland and open 
country where mature trees have cavities and hollows for 
nesting. These nest sites are within easy access of fields for 
foraging and a source of drinking water (Snow et al. 1998). 
Nest site requirements may affect Stock Dove’s urban abun-
dance as tree cavities are sparser in urban areas relative to 
natural woodland (Davis et al. 2014).

Stock Doves have suffered recent declines in the UK. 
They are classified as Amber, the 2nd highest conservation 
priority in the UK, under the Birds of Conservation Concern 
5: The Red List for Birds (Stanbury et al. 2021) as the UK 
holds an important European breeding population (Stanbury 
et al. 2021) and thus an internationally important breeding 
population. Understanding their habitat requirements is a 
necessary step towards improving their conservation status.

We aim to discover the spatial distribution of Stock 
Dove in Manchester, a major UK city, and to identify the 
landscape-scale and habitat predictors that best explain this 
distribution. We undertook a field survey across Greater 
Manchester to identify sites occupied by Stock Doves and 
combined the results with citizen science data. We then iden-
tify the predictors for the landscape associations, including 
habitat associations, at courser and finer spatial scales of 
Stock Doves based on the field survey results. Finally, we 
explore differences in these landscape (and habitat) associa-
tions between the breeding and non-breeding seasons.

Methods

Study area

Greater Manchester (53°29′N 2°14′W) is a metropolitan 
county in the Northwest of England with a population of 
2.8  million. The metropolitan county has a mean eleva-
tion of 38 m and a temperate oceanic climate (Peel et al. 
2007). The M60 ring-road, a multilane highspeed highway, 
forms a physical border around the city and contains parts 
of the metropolitan boroughs (local administrative districts 
and subdivision of a metropolitan county) of Manchester, 
Salford, Trafford, Stockport, Tameside, Rochdale and Bury. 
26% of Greater Manchester is covered by urban greenspace 
(Greater Manchester Green Summit 2021). That greenspace 
consists of heterogeneric sites from remnant woodland to 
brownfield regrowth and has a variety of land-use including 
local nature reserves (LNRs), managed parkland, cemeter-
ies, and sports fields. Many greenspaces are connected via 
canals, rivers, green cycleways, and treelined streets. Our 
study area is the entire area encapsulated by the M60 ring-
road. The city is bordered by a variety of landscapes with the 
fringes of moorland to the north and east, and more lowland 
arable land to the southwest (Fig. 1). The rural Stock Dove 
outside of the city are more abundant to the West (Fig. 2; 
BTO 2019b) which correlates with lowland arable land.

Citizen Science Records

We used citizen science data submitted to eBird (eBird 
2019), The Manchester Birding website (Manchester 
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Birding 2019) and Bird Track (BTO 2019a) to provide a 
list of Stock Dove records from inside the Manchester M60 
ring-road prior to the study period. These were combined 
to produce a list of all sites within the M60 ring-road with 
Stock Dove sightings recorded since 2007 (Fig. 1), all of 
which were greenspaces of various sizes. These records 
included the site name, the record source, and the date and 

time of the observation. We treated this information as pres-
ence only data because some of the datasets lack systematic 
data collecting which could represent sample selection bias 
(Yackulic et al. 2012), this also allowed us to use all pres-
ence records from eBird no matter which protocol was used. 
Stock dove is, we believe, a species that the great majority 
of birdwatchers would choose to record in their eBird lists 

Fig. 2  Each site from the OS 
Greenspace dataset (Ordnance 
Survey, 2018a) with the habitat 
suitability for Stock Dove calcu-
lated using the R random forest 
package (Liew and Wiener 2002) 
using the model selected for 
prediction (Table 1)

 

Fig. 1  (a) Land cover in the 
region surrounding Manchester 
(Buchhorn et al. 2020). (b) Urban 
Stock Dove in Alexandra Park 
(April 2020 by JR). (c) Sites with 
previous Stock Dove sightings 
inside the Manchester M60 
Ring-Road from Citizen Science 
sources (combined from eBird 
(2019), Bird Track (BTO 2019a) 
and Manchester Birding (2019))
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cover and minimum distance to water (Appendix 2), as 
Stock Dove require habitat with large trees for cavity nest-
ing, ideally close to both water and to grassland for foraging 
(Snow et al. 1998). The exact dimensions of trees (or other 
cavities) required by nesting Stock Dove is unclear, so we 
include tree density and canopy cover for trees over a cer-
tain height at 2 m scales from 12 to 24 m high. Additionally, 
as we wanted to test the position of that habitat within the 
wider landscape, landscape variables for distance from city 
centre and surrounding greenness (NDVI) were included. 
The NDVI value in a buffer around an urban site measures 
landscape greenness around the sites and thus can be used 
as a measure of how soft the site edge is in comparison with 
the surrounding urban matrix, as well as a metric of con-
nectivity between sites (Purevdorj et al. 1998). The exact 
scale that NDVI is important at is unknown, thus average 
NDVI was measured in scaled buffers, with buffer sizes at 
every 50 m from 0.05 km to 1 km. We also used the average 
relative abundance of Stock Dove from the British Trust for 
Ornithology’s Stock Dove Breeding Relative Abundance 
map (2008-11) (BTO 2019b) within the buffers surrounding 
the sites. The dispersal distance of Stock Dove around Man-
chester is unknown and so we include the relative abundance 
of Stock Dove within 500 m scales from 0.5 to 13 km. These 
are all spatial variables and were measured using a shape 
file containing vectors for each surveyed site which came 
from the Ordnance Survey Greenspace dataset (Ordnance 
Survey 2018a), the LNR dataset (Natural England 2019), or 
were created using QGIS (QGIS Development Team 2019) 
based on the Open Street Map (OpenStreetMap contributors 
2015). This gives a total of 16 predictor variables including 
four with many scales, we should also expect some of these 
predictor variables to be correlated.

Modelling Approach

The number of predictors we choose is large for the potential 
sample size which may result in overfitting (Kuhn and John-
son 2013) and poor estimates (Austin and Steyerberg 2015) 
when using conventional general linear model approaches. 
Furthermore, as our predictors are likely to be correlated, 
conventional linear model approaches cannot find exactly 
which variables are important (James et al. 2013).

We used the approach of Genuer et al. (2010) based on 
random forests (Breiman 2001) for variable selection. This 
performs well for high dimensional problems where the 
number of predictors (p) is high compared to the number 
of samples (n). The approach also handles highly correlated 
predictor variables. This has been shown to work well in 
ecological studies (Fox et al. 2017) and has been previ-
ously adapted for selecting the scale of landscape variables 
(Bradter et al. 2013). The approach has four stages: ranking 

if detected. This is especially the case if the records come 
from a site where the species has never, or seldom, been 
recorded.

Survey

A field survey was undertaken between 1 March-31 May 
2019 to identify greenspaces within the study area occu-
pied by Stock Doves. We identified potential sites for 
Stock Dove where they had not been previously recorded 
by using a ‘pilot’ Maxent model built using the citizen sci-
ence records along with environmental data from the Ord-
nance Survey and Forestry Commission (Appendix I). The 
uniform sampling assumption with Maxent requires that 
the environmental conditions are sampled in proportion to 
their availability (Merow et al. 2013), additionally Maxent 
is sensitive to detection rates varying with a given envi-
ronmental covariate (Yackulic et al. 2012). Environmental 
variables potentially relevant to describe species distribu-
tions should be free of varying detection rates and equally 
sampled across their limits to help contain sampling bias. 
JR visited each of the potential candidate twice during the 
survey period, during which every hectare was visited, and 
each survey took at least 2.5 min (but no more than 10 min) 
per hectare for open habitat and up to 5 min per hectare for 
sites with more closed habitat (but not more than 20 min). 
Additionally, in May 2019 JR visited sites that had previ-
ous Stock Dove sightings recorded but not during the sur-
vey period (on eBird or Manchester Birding. In these sites, 
where possible, to maximise the chance of detection JR 
used knowledge from the person who had made the previ-
ous citizen-science record and targeted his visits to the most 
probable areas of those sites.

We considered Stock Doves to be present if any indi-
vidual was present on the site excluding flyovers. For the 
survey results, presence records were created for each site 
where either Stock Doves were found during our survey; an 
eBird checklist was submitted containing a Stock Dove; a 
sighting was recorded on Manchester Birding; or a sighting 
was sent to us from the South Manchester Raptor Group. 
Absence records were logged for each site earmarked for 
surveys where JR failed to find Stock Dove; or any area 
of at least 0.25 km2 for which eBird checklists have been 
submitted or a list submitted to Manchester Birding which 
did not include Stock Dove. All records, checklists, and lists 
considered were recorded as occurring during the survey 
period.

Predictor variables

We included variables for tree density, canopy cover, aver-
age tree height, extent of woodland cover, extent of water 
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2019 and our survey) were split into breeding (March – 
August inclusive) and non-breeding season (September 
– February inclusive) and then reduced to ensure there 
was at most one presence record per site per annual sea-
son. Wilcoxon signed-ranked tests were then performed for 
each predictor variable to compare the means between the 
breeding and non-breeding season sites. Such an analysis 
assumes that survey effort is similar across seasons at sites. 
While this may not always be the case, most sites within the 
study area are reasonably well visited, and importantly tend 
to be visited in both seasons.

Results

Field Survey results

In total, we found Stock Doves at 28 of 65 sites (43%) 
included in the analysis: nine LNRs (total 20, 45%), eight 
parks (total 20: 40%), four playing fields (total: 8: 50%), 
four golf courses (total: 7, 57%), and a water treatment 
works (total: 1: 100%), a cemetery (total 4: 25%) and a 
long-distance cycle path (total 1: 100%) (Fig.  3). The 65 
sites included 28 sites visited during the survey, 23 sites 
where Stock Dove were recorded by citizen science initia-
tives or by the South Manchester Raptor Group, and 14 sites 
which were added as absences using the absence criteria. 
The area of the 65 sites averaged 0.4 ± 0.49 km2 (min 0.04 – 
max 2.9 km2) compared to the area of the 28 presence sites 
which averaged 0.51 ± 0.69 km2 (min 0.04 – max 2.9 km2) 
and the 37 absence sites which averaged 0.24 ± 0.19 (min 
0.05 – max 0.8 km2). Eight of the 28 presence sites (29%) 
were sites identified from the pilot Maxent model where 
Stock Dove had not previously been recorded. Many pres-
ence sites lay along rivers, either the Mersey in the South, or 
the Irwell in the North.

Landscape and Habitat Associations

The spatial scales selected for the four scaled predictor vari-
ables (Table 1) were a 13 km buffer around sites for average 
BTO relative abundance; a 500  m buffer around sites for 
average NDVI; 20 m for minimum tree height in the calcu-
lation of tree density; and 20 m for the minimum tree height 
for the calculation of canopy cover. We entered the resulting 
16 variables for variable selection (each of the four selected 
scale variables plus the 14 unscaled variables). The first two 
stages of Genuer’s method reduced these 16 variables to six 
(Table 1); the top three were selected for interpretation and 
a prediction model.

The prediction model showed a clustering of potentially 
suitable sites for Stock Dove in the northwest and south of 

variables, removing variables, selecting variables for inter-
pretation, and finally selecting variables for prediction. The 
first stage ranks the variables based on their average impor-
tance (mean decrease in accuracy) from 50 runs with 2000 
decision trees in each random forest (ensemble of decision 
trees). The second stage drops variables when the standard 
deviation of their importance is below the minimum pre-
diction value of the CART (Classification and Regression 
Trees) model fitted to the curve of all predictor variables’ 
standard deviations (Genuer et al. 2010).

The stage for selecting variables for interpretation com-
putes the error rate of random forests from 50 runs of nested 
models starting with the model with the single most impor-
tant predictor variable and then adding each remaining pre-
dictor variable in turn. A minimal model (with the lowest 
number of predictors) is selected with a mean error rate 
below the lowest mean error rate augmented by the lowest 
error rate’s standard deviation. The final stage for select-
ing variables for prediction starts with the most important 
predictor variable selected for interpretation and then adds 
in each remaining variable in turn; however, a variable is 
only added when the error rate exceeds a threshold. The 
threshold is set to the mean of the absolute values of the first 
order differentiated out of the bag (OOB) errors between the 
model selected for interpretation and the one with all predic-
tors. This ensures the error-decrease from adding additional 
predictors is greater than variation added by noisy predic-
tors (Genuer et al. 2010).

While some studies have chosen to include every scale, 
due the small study size and for ease of interpretation we 
only included the ‘best’ spatial scale of each scaled variable. 
To select the most appropriate spatial scale for the scaled 
variables, the first stage of this approach was initially run 
with every predictor variable at every scale. The highest 
ranked scale for each variable was then selected and all other 
scales were discarded. The first stage was then repeated 
with just the ‘best’ scale for each scaled variable, the rest 
of the approach was then followed in full, and two models 
were selected: one for interpretation and one for prediction. 
Finally, a random forest model was generated from the sur-
vey data using the variables selected for prediction which 
we used to generate habitat suitability scores for each site 
from the OS Greenspace data set (Ordnance Survey 2018a). 
All random forest calculations were performed using in R 
in RStudio (RStudio Team 2015) using the random forest 
package (Liew and Wiener 2002).

To understand if there is a seasonal variation in Stock 
Dove distribution the historical sightings from eBird, Bird 
Track, and Manchester Birding, were examined to see if the 
landscape and habitat predictor variables identified from 
the survey data varied between breeding and non-breeding 
seasons. The historical citizen science records (from before 
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also a near-significant difference in the total area covered 
by grassland (0.05 < p < 0.1). There was no significant dif-
ference between the land-use type (Brownfield, Cemetery, 
Flood Plain, Golf Course, LNRs, Sports Field, Parkland, 
Urban, Water Treatment Works) of the sites used between 
breeding and non-breeding seasons (χ2 = 5.65 df = 8, p = 0. 
69); however, there were four records of Stock Dove in the 
breeding season on golf courses but none in the non-breed-
ing season.

Discussion

Ours is the first detailed study of the spatial distribution and 
habitat choice of Stock Doves within an urban environment 
and provides insight into the impacts of urbanisation on 
the species. We found Stock Doves to be largely restricted 
to ‘greener’ habitat sites with large trees geographically 
proximate to rural source populations. The broader scale 

the study area (Fig. 2). This distribution mirrors the average 
BTO relative abundance around the study area. The average 
BTO relative abundance of Stock Dove within the study area 
was lower (2.2) than that in rural areas in the 13 km buffer 
outside the ring-road (4.2). Moreover, the average relative 
abundance within the 13 km buffer was higher in the West 
than in the East, reflected in higher Stock Dove abundance 
west of the city (average relative abundance within each 
quarter of the 13 km buffer: northwest 4.2, southwest 6.2, 
northeast 3.0, southeast, 3.7).

The citizen science data contained records from 38 sites, 
23 (61%) were occupied in both seasons, 36 (95%) in the 
breeding season and 25 (66%) sites in the non-breeding 
season (of which two had no breeding season records). The 
only predictor variable to have had a significant difference 
between the breeding and non-breeding season was the total 
area covered by water. Sites with Stock Dove in the non-
breeding season had a larger area of water cover than sites 
with Stock Dove in the breeding season (Table 2). There was 

Table 1  Predictor variables selected (S) for Interpretation and Prediction of Stock Dove presence from the variables remaining (from full-list in 
Appendix 2 Table A2.1) after stage 2 of variable selection. Wilcoxon signed-ranked tests used to compare the means of sites with and without 
Stock Dove
Predictor Variable S Mean ± SD for Presence 

sites
Mean ± SD for Absence 
sites

Wilcoxon 
signed-
ranked Test 
(p-value)

Average BTO Relative Abundance within 13 km Y 3.6 ± 0.4 3.2 ± 0.6 < 0.0001
NDVI within 0.5 km Y 0.53 ± 0.11 0.46 ± 0.10 0.001
Canopy Cover of individual trees over 20 m (km2) Y 0.008 ± 0.010 0.005 ± 0.012 0.03
Tree density of individual trees over 20 m (trees/km2) 99.1 ± 125.9 113.6 ± 190.2 0.3
Maximum individual tree height (m) 26.7 ± 4.5 23.2 ± 5.1 0.02
Total area (km2) 0.51 ± 0.69 0.24 ± 0.19 0.6

Fig. 3  The 65 sample sites across 
Manchester showing where Stock 
Dove were present and absent. 
Base layers for some predictor 
variables are shown including 
NDVI, BTO Relative Abundance 
(outside of the M60 only) and 
surface water
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Parakeets (Psittacula krameria) (Newson et al. 2011; 
Strubbe and Matthysen 2007). While neither of these lat-
ter two species has been shown to have direct impacts on 
the abundance of native cavity nesters (Craig et al. 2016; 
Hewson and Fuller 2003; Newson et al. 2009, 2011; Strubbe 
and Matthysen 2007; Broughton 2019), they could still have 
a significant impact on cavity availability and suppress the 
abundance of other species without being the primary driver 
of community change (Didham et al. 2005). With insuffi-
cient large natural cavities, nesting sites could be a limiting 
factor for Stock Doves’ success in urban environments.

Stock Dove are primarily granivorous (Snow et al. 1998) 
and urbanisation can favour granivores both in Europe 
(Jokimäki et al. 2016) and around the world (Pinho et al. 
2016; Sol et al. 2020). Stock Dove abundance has been 
shown to increase with grassland improvement (when inor-
ganic fertilizer has been added) over unimproved grassland 
due to an increase in grass seed availability (Barnett et al. 
2004) but in this study we did not differentiate between types 
of grassland (such that monocultural playing fields were 
lumped with pasture and grassland managed for wildlife).

While there is potentially suitable habitat available in 
urban areas, Stock Dove may need to cross substantial areas 
of unsuitable habitat to find acceptable sites. Habitat loss 
and land-use intensification increases the costs of dispersal 
any species that moves from their birthplace to breed, more 
so than of relatively sedentary species like Stock Doves 
(Martin et al. 2017). During our field survey we observed 
Stock Doves in habitat corridors such as cycle paths, canals 
and rivers, - dispersing birds following these linear features 
into the city may be more likely to find suitable breeding 
habitat. However, in Madrid there was no evidence of Stock 
Doves using treelined streets (Fernández-Juricic 2000). The 
significance of high NDVI around sites with Stock Dove 
indicates that they prefer sites without hard edges; a sensi-
tivity to edge effects may limit a species’ ability to occupy 
some urban areas (With and King 2001). A sensitivity to 
edges was also indicated by the finding that the species has a 

differences in Stock Doves outside of the city are likely 
aligned to the topoedaphic differences, which define habitat 
quality for Stock Doves, and so may explain the relative rar-
ity of the species in the eastern half of the city in compari-
son to the west – if areas outside of the city are important 
as source populations for colonists of the urban area. The 
higher levels of NDVI around occupied sites indicate that 
Stock Dove may prefer greener areas of the city (Purevdorj 
et al. 1998), indicating that the amount of landscape-level 
greenspace is also important and not just site-level charac-
teristics. The near-significant (0.05 < p < 0.1) difference in 
the total area covered by grassland between breeding and 
non-breeding season suggests that Stock Dove may choose 
more open habitats in the non-breeding season.

Species responses to urbanisation depend on their niche 
requirements (Jokimäki et al. 2016); we have shown that 
large trees are important in explaining Stock Dove’s distri-
bution, as the species is a secondary cavity nester (Kosiński 
et al. 2011). These larger trees are more likely to offer suit-
able nest holes, with trees over 20 m high selected as the 
scale for two different predictor variables (tree canopy cover 
and tree density). Previous studies have shown that Stock 
Dove prefer nest sites in large Scots Pine (Pinus sylvestris) 
or Beech (Fagus spp.) with two or more cavities (Kosiński 
et al. 2011) and taller trees are more likely to have more 
cavities (Struebig et al. 2013). Urbanisation benefits cav-
ity nesters over ground nesters, as cavity nesters may more 
readily adapt to manmade cavities (Jokimäki et al. 2016), 
which may be necessary if the number of natural cavities in 
urban environments is lower (Davis et al. 2014; Newson et 
al. 2011).

Cavity availability for Stock Doves may be further 
reduced by interspecific competition with other cavity nest-
ers (Strubbe and Matthysen 2007), in the UK, this may 
include native Tawny Owls (Strix aluco) (Broughton 2019) 
and introduced Grey Squirrel (Sciurus carolinensis) (Hew-
son and Fuller 2003; Newson et al. 2009; Broughton 2019) 
and, in some cities, including Manchester, Ring-necked 

Table 2  Differences between predictor variables for sites with citizen science Stock Dove records (combined from eBird (2019), Bird Track (BTO 
2019a) and Manchester Birding (2019)) in the breeding season (March - August) and the non-breeding season (September - February)
Variable Mean ± SD for Breeding 

Season
Mean ± SD for Non-Breeding 
Season

Wilcox 
Test 
p-value

Average BTO Relative Abundance within 13 km 3.70 ± 0.46 3.62 ± 0.48 0.37
Average NDVI within 0.5 km 0.54 ± 0.13 0.55 ± 0.13 0.41
Canopy Cover of individual trees over 20 m (km2) 0.007 ± 0.011 0.010 ± 0.014 0.21
Tree density of individual trees over 20 m (trees/km2) 57.5 ± 99.4 42.1 ± 81.7 0.70
Max tree height (m) 23.5 ± 7.06 24.9 ± 6.51 0.29
Total area (km2) 0.62 ± 0.79 0.89 ± 1.01 0.22
Total area covered by grassland (km2) 0.19 ± 0.30 0.30 ± 0.38 0.06
Total area covered by water (km2) 0.09 ± 0.13 0.14 ± 0.15 0.007
Distance to city centre (km) 5.59 ± 1.69 5.90 ± 1.60 0.17
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The output of the model is a raster file with each pixel rep-
resenting the habitat suitability for Stock Dove presence. 
Singular pixels with a high probability were excluded by 
adjusting each pixel’s value to be the sum of its probabil-
ity and all of its neighbours’ probabilities. The 300 pixels 
with the highest probability were nominally taken and geo-
graphically grouped. The greenspaces that were spatially 
correlated with the grouped points were identified from the 
OS Greenspace dataset (Ordnance Survey, 2018a) and Open 
Street Map (OpenStreetMap contributors, 2015).

Appendix 2: Predictor Variables

Table A2.1  Predictor variables explored for the landscape and habitat 
association of Stock Dove presence; scales given when multiple scales 
were investigated.
Variable Unit Scales
Density of trees over X metres * trees/km2 12, 14, 

16, 18, 
20, 22 
and 24 m

Total area covered by canopy of trees 
over X metres *

km2 12, 14, 
16, 18, 
20, 22 
and 24 m

BTO Relative Abundance within X km 
around site †

0–9 0.5 km, 
1 km, 
and then 
every km 
to 13 km

Average NDVI within X metres 
around site ‡

NDVI Every 50 
m, from 
50 m to 
1000 m.

Woodland cover * km 2 -
Percentage of total area covered by 
woodland *

% -

Maximum individual tree height * m -
Average individual tree height * m -
Water cover § km 2 -
Distance to water § m -
Grassland cover ‖ km 2 -
Percentage of total area covered by 
grassland ‖

% -

Total area ¶ km 2 -
Distance from centre of Manchester # km -

clear preference for habitat away from roads in farmland in 
England (Fuller et al. 2001) and a preference for the interior 
of parks in Spain where Woodpigeon were found largely at 
the park edges (Fernández-Juricic 2001). We used NDVI as 
a proxy for softer edges and boundaries to the urban areas 
outside greenspaces, however, further studies would be 
required that specifically look at perimeters and Stock Dove 
locations within greenspace to properly address their sensi-
tivity to edges.

While Stock Dove exhibit some traits associated with 
urban adapters such as granivory and cavity-nesting, they do 
not appear to be flourishing in urban Manchester. However, 
in London, Stock Dove appear to be maintaining healthy 
population in some parks (e.g. Regents Park, eBird 2019). 
London has less green space than Manchester (42.6% cov-
ered by greenspace (Greenspace Information for Greater 
London CIC 2022) compared to 54.2% (Greater Manchester 
Green Summit 2021)) but its parks are larger and older. It 
is possible that these large mature parks could provide more 
suitable habitat for Stock Dove with more natural cavities 
in older trees. Additionally, the rural population of Stock 
Doves is higher in south-eastern England around London 
than in north-western England around Manchester (BTO 
2019b), and thus, there may be more individuals available to 
colonise London’s greenspaces. Further studies are required 
to compare Stock Dove distribution and abundance across 
multiple cities to understand the balance between resource 
availability and Stock Dove habitat requirements in urban 
environments (or ecosystems).

Appendix I: Survey Site Selection

To identify potential new sites containing Stock Dove, we 
produced a Maxent (Phillips et al., 2019) model which 
established 28 new potential sites within the M60 ring-road. 
The Maxent model was produced using presence records 
generated from the previous Stock Dove sightings. For 
each previous recorded sighting at a site, a random pres-
ence point was generated within a spatial polygon for that 
site. These vectors either came from the Ordnance Survey 
Greenspace dataset (Ordnance Survey, 2018a), the Local 
Nature Reserves (LNR) dataset (Natural England 2019), or 
were created using QGIS (QGIS Development Team, 2019) 
based on the Open Street Map (OpenStreetMap contributors, 
2015). The environmental layers used for the model were 
land cover based on the OS Open MasterMap (Ordnance 
Survey, 2018b), the management regime of the greenspace 
from OS Open Greenspace (Ordnance Survey, 2018a), the 
proximity to woodland using the woodland inventory data-
set (Forestry Commission, 2017), and proximity to water 
using the OS Open MasterMap (Ordnance Survey, 2018b). 
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R and RStudio are software applications freely available to download.
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