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1. The feral pigeon (Columba livia) is a globally commensal bird that can cause dis-
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Handling Editor: Juniper Simonis 2. Feral pigeons commonly use railway viaduct expansion gaps in Singapore for
roosting and nesting. These gaps provided an ideal experimental platform to ex-
amine feral pigeon roost and nest site selection while controlling for differing
cavity sizes which can significantly affect their reproductive success and site se-
lection decisions. We also conducted an in-situ experiment to test the efficacy of
nest removal as a management option.

3. Our nationwide surveys of 80.3km of railway viaducts and 6048 gaps revealed
that feral pigeon day roosting and nesting preferences are influenced by struc-
tural height and more importantly, their proximity to human food sources. There
was a significantly higher probability of feral pigeon roosting in a gap if it had
more pigeon feeding incidences in its vicinity and was higher. The probability of
feral pigeon nesting in gap was higher if it was closer to a railway station, lower
and further from water bodies.

4. In our field experiment, we did not find any significant differences in the propor-
tions of the abundances of feral pigeon to other urban commensal bird species at
the gaps before and after nests were removed.

5. Overall, our results suggest that a concerted effort to reduce anthropogenic food
availability to feral pigeons is central in limiting their reproductive success and

controlling their population.
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1 | INTRODUCTION

Globally, invasive alien species, have brought about far-reaching
negative effects on biodiversity (Bellard et al., 2016), ecosystem
functioning and services (Vitousek et al., 1996), human health
(Ogden et al., 2019), and the economy (Diagne et al., 2021; Pimentel
etal,, 2001). In Southeast Asia, the cost of environmental, economic,
and health impacts caused by 151 invasive alien species has been es-
timated to be US$25.8-39.8 billion annually (Nghiem le et al., 2013).
Of these species, the cost attributed to feral pigeon (Columba livia)
alone was estimated to be US$83.8-209.3 million annually. The feral
pigeon is probably one of the world's oldest and most widespread
commensal bird species occurring through Southeast Asia (BirdLife
International, 2021; Yap & Sodhi, 2004). They are descendants of
wild rock pigeons that are native to Europe, North Africa and parts
of Asia (Lowther & Johnston, 2020), and have adapted well to urban
environments because man-made infrastructures are highly similar
to their natural habitat (Ali et al., 2013; Ferman et al., 2010; Johnston
& Janiga, 1995; Stukenholtz et al., 2019). Tall buildings with ledges
are common roosting and loafing sites (i.e., a roost location where
birds rest only in the day), while recesses in roofs and bridges are
often used for nesting (Haag-Wackernagel & Geigenfeind, 2008;
Johnston & Janiga, 1995). Feral pigeons have also been documented
to forage on a wide variety of food, including handouts by feed-
ers, food litter, accidental food spillage and grass seeds from lawns
(Johnston & Janiga, 1995; Lim & Sodhi, 2004; Murton et al., 1972;
Soh et al., 2021). As a consequence, pigeon populations in cities with
an abundance of food, nesting and roosting sites have risen steeply
(Giunchi et al., 2012; Stukenholtz et al., 2019; Tang et al., 2018).
Large pigeon populations in cities are known to bring about dis-
amenities such as the soiling of buildings and urban infrastructure,
which can in turn bring about serious chemical damage to their sur-
faces (Bassi & Chiatante, 1976; Spennemann et al., 2018). An individ-
ual pigeon can produce up to 12kg of excrement annually (Rashotte
et al., 1997; Spennemann & Watson, 2017). Pigeon excreta is
known to habour at least 110 different human pathogenic organ-
isms, of which seven are zoonotic such as Chlamydophila psittaci
and Cryptococcus neoformans, which can bring about pneumonia,
fungemia, peritonitis, encephalitis, histoplasmosis and various other
diseases (Haag-Wackernagel & Moch, 2004; Magnino et al., 2009;
Trofa et al.,, 2008). The excreta can also contain ectoparasites,
such as mites and ticks, that can migrate to human hosts (Haag-
Wackernagel, 2005). In Southeast Asia, feral pigeons are a wide-
spread nuisance species in agricultural farms (Yap & Sodhi, 2004).
Feral pigeons are also carriers of Tricomonas gallinae, a fatal avian
disease, which may pose a threat to native pigeons and doves and
raptors that prey on infected individuals (Alrefaei, 2020; Peh, 2010).
As a consequence of the potential negative impacts posed by
feral pigeons, much effort has gone into the management of pigeon
population in cities. The main strategies that have been applied to
tackle pigeon overpopulation are direct population control and re-
source management through the reduction of food, roosting and
nesting sites (Murton et al., 1972; Soh et al., 2021; Yap & Sodhi,

2004). Various studies have shown that key to the management of
pigeon population is the limitation of anthropogenic food (Haag-
Wackernagel, 1995; Jacob et al., 2014; Sol & Senar, 1992, 1995).
Food reduction has been shown to hamper reproductive success
and survival of both young and parents in bird species (Martin, 1987
Stock & Haag-Wackernagel, 2016). In Singapore, feral pigeons for-
aged for longer periods of time due to a reduction of anthropogenic
food waste during the COVID-19 pandemic, which would likely
hamper their reproductive success (Soh et al., 2021). Concomitant
to limiting food as a management strategy, reducing the availabil-
ity of nesting and roosting sites can also regulate pigeon population
(Haag-Wackernagel & Geigenfeind, 2008; Reynolds et al., 2019).
Feral pigeons were found to nest mainly in taller buildings in resi-
dential areas, possibly as a means of avoiding predation and distur-
bance (Fernandez-Maldonado et al., 2017; Savard & Falls, 1981; Tang
et al., 2018). Sacchi et al. (2002) also found that there was a positive
relationship between feral pigeon abundance and flock number, and
the number of old buildings in Milan, Italy. These buildings were con-
structed of bricks and hence had a greater availability of crevices for
nesting and roosting.

In Singapore, feral pigeons are probably the most abundant
urban commensal bird species. The probability of sighting a pigeon
in Singapore increased from 55% in 2000-2001 to 62% in 2010-
2011 based on a study using time-limited line transects (Chong
et al., 2012). The current population for feral pigeons in Singapore
is estimated to be 190,000 (95% CI ~130,000 to 250,000) pigeons
(Tang et al., 2018). Feral pigeon feeding incidences, open-air food
centres (typically located on the ground floor with easy public access
from outside) and refuse collection centres contributed greatly to
the anthropogenic food available to pigeons (Soh et al., 2021; Tang
et al., 2018). In response, a campaign was launched by the govern-
ment to raise awareness on the consequences of feeding wildlife
(Ong, 2019). Government agencies are also working with municipal
town councils to ensure proper food waste management at food es-
tablishments and enforce against littering. While much of the efforts
have been focused on limiting their food resources, a successful
management plan for any urban cospecies requires a multi-pronged
approach that also addresses the availability of nesting and roosting
sites.

We investigated the use of railway viaduct expansion gaps by
feral pigeons for nesting and roosting in Singapore. These exten-
sive above-ground viaducts are part of the Mass Rapid Transit
(MRT) system, a principal mode of public transport for many
Singaporeans. The MRT network began operations in November
1987 and is the most expansive metro system in Southeast Asia
covering 261 km across the entire island, with a daily ridership of
3.4 million passengers in 2019. Other than the height of the via-
ducts, the numerous expansion gaps present in the MRT viaducts
have similar dimensions. This provides an ideal experimental plat-
form to examine the influence of viaduct structures and spatial
distribution of their resources on the use of expansion gaps by
pigeons on feral pigeon nest or roost selection, while controlling
for confounding factors associated with differing cavity sizes.
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Cavity sizes in trees or anthropogenic structures such as pipes and
crevices in buildings vary considerably and can significantly affect
decisions in selecting nesting or roosting sites and reproductive
success (Di Sallo & Cockle, 2022; Lambrechts et al., 2013; Rendell
& Robertson, 1989). Furthermore, most ecological research on
feral pigeons have been conducted in temperate countries and
temperature has been found to have considerable impacts on
their reproductive biology (Hetmanski & Wotk, 2005; Ryan, 2011).
However, the urban ecology of feral pigeons in the tropics is less
understood. Aside from a single study conducted in a desert city
in Argentina, there are no other studies to our knowledge that has
examined the nesting preferences of feral pigeons in urban envi-
ronments (Ferndndez-Maldonado et al., 2017).

For our study, we first compared the occurrences of feral pigeons
in the expansion gaps with other species. Next, we examined the in-
fluence of environmental (i.e., food resource and landscape effects)
and structural factors on the nest and day roost (i.e., pigeons resting
in the day) site selection of feral pigeons. Distance to food sources
and predator avoidance have direct consequences on the fecundity
and survival of offspring (Hetmanski & Wotk, 2005; Martin, 1995).
Hence, we hypothesise that the probability of pigeon using an ex-
pansion gap for nesting or roosting will be higher when (a) the gap
is nearer to open-air food centres or anthropogenic food sources at
the MRT stations, and closer to a higher frequency of pigeon feed-
ing incidences; and (b) the gap is higher from the ground to avoid
potential predators or threats from below since aerial predators
of feral pigeons such as falcons are uncommon in the urban areas
of Singapore (Lim, 2009). We also identified current and potential
hotspots of feral pigeon and nest occurrence so that structural mod-
ifications can be made to deter the usage of these gaps. Finally, we
conducted an in-situ experiment to test the efficacy of nest removal

as a management option.

2 | MATERIALS AND METHODS
2.1 | Birdroosting and nesting survey

We conducted our surveys on bird roosting and nesting along all
above-ground MRT tracks on the main island of Singapore (1°21’ N,
103°49’ E) from January to February 2020 and repeated our surveys
in March 2020. Nest surveys were not conducted in the subsequent
survey as the occurrence of new nests between February and March
2020 was expected to be minimal. Our surveys were conducted dur-
ing the dry phases of the Northeast Monsoon with less rainfall and
coinciding with the start of the breeding season for resident birds in
Singapore (Lim, 2009). In total, 80.3km of North-South and East-
West viaducts amounting to 6048 gaps, were surveyed (Figure 1).
For each viaduct gap, we measured the height of the gap from the
ground (mean, 6.33m), and recorded the state of deterrent measure
used at the gap (‘absent’, ‘present’, or ‘damaged’), as well as the pres-
ence or absence of nesting materials and soiling as an indication of
bird usage (Figure 2). We also noted the bird species observed in

the gap. Surveys were conducted in clear weather (i.e., non-rainy
days) from 0900 to 1900h. For gaps that were inaccessible because
the viaduct cut across construction sites or private properties, we
recorded the height of the gap only, and bird species occurring at the
gap (~4% of the total number of gaps).

2.2 | Nestremoval experiment

In our nest removal experiment, all nests found in 98 expansion gaps
in the vicinity of Sembawang MRT station were removed by external
contractors on 6, 8 November and 16 December 2020. Although
these surveys did not coincide with the peak resident bird breed-
ing period in Singapore, feral pigeons here were observed to breed
throughout the year (Paperna & Smallridge, 2002). Furthermore, the
schedule of our surveys was constrained by the availability of our
contractors. We recorded feral pigeon abundances in gaps where
nests were removed and not removed. The gaps where nests were
not removed extended beyond both sides of the treatment gaps
(n=184). Urban commensal bird abundances were observed in three
phases: before (26, 30 October 2020), approximately a month (27
January 2021), and 3months after (27 April 2021) nest removal com-
pletion. Surveys were conducted on fair weather days from 0700-
1000 and from 1600-1900 in all phases.

2.3 | Variables chosen for roost and nest-
site selection

We observed a total of 2264 columns and 6048 viaduct gaps in
80.3km of above-ground viaducts (Figures S2 and S3). For consist-
ency, we only used 1751 columns that supported four expansion gaps
for analyses. To minimise spatial autocorrelation, we selected 230
columns that were spaced at least 100m apart from each other, be-
yond the feral pigeon natal distance of 90m (i.e., maximum distance
travelled by juvenile birds from their nests; Johnston & Janiga, 1995,
Murton et al., 1972). Only columns that did not have any deterrent
installed were selected because they may exclude pigeons from
using the gaps. We aggregated the total number of feral pigeons de-
tected in the four gaps of each column to obtain abundance since
these gaps were connected. Feral pigeon day roosts were defined
as gaps where the presence of a feral pigeon was recorded in least
one of our two sampling occasions (i.e., January-February 2020 and
March 2020), and showed an indication of nesting or soiling to pre-
clude gaps that were only used only momentarily (e.g., as a hideout
from a potential threat). The presence of nesting materials in the via-
duct gaps such as twigs and leaves were used as an indication feral
pigeon nesting. Any nests that included the presence of bird species
other than the feral pigeon were omitted from analysis on feral pi-
geon nesting preferences.

We selected the following environmental and structural factors
that may influence day roost and nest site selection of pigeons along
the viaduct:
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FIGURE 1 Distribution of feral pigeon roosting (a), and nesting (b) sites across North-South and East-West above-ground Mass Rapid
Transit viaducts of Singapore, visualised using kernel density estimation. Density of roosts and nests are indicated by the colour intensity.
Abbreviated and full station names are arranged on the East-West line in green followed by the North-South line in red: ADM, Admiralty;
ALJ, Aljunied; AMK, Ang Mo Kio; BBT, Bukit Batok; BDK, Bedok; BGB, Bukit Gombak; BIS, Bishan; BNL, Boon Lay; BNV, Buona Vista; CBR,
Canberra; CCK, Choa Chu Kang; CLE, Clementi; CNG, Chinese Garden; COM, Commonwealth; DVR, Dover; EUN, Eunos; GCL, Gul Circle;
JKN, Joo Koon; JUR, Jurong East; KAL, Kallang; KEM, Kembangan; KRJ, Kranji; KTB, Khatib; LKS, Lakeside; MSL, Marsiling; PNR, Pioneer;
PSR, Pasir Ris; PYL, Paya Lebar; QUE, Queenstown; RDH, Redhill; SBW, Sembawang; SIM, Simei; TAM, Tampines; TCR, Tuas Crescent; TIB,
Tiong Bahru; TLK, Tuas Link; TNM, Tenah Merah; TWR, Tuas West Road; WDL, Woodlands; XPO, Expo; YCK, Yio Chu Kang; YIS, Yishun;
YWT, Yew Tee.

FIGURE 2 (a)Feral pigeon using an
expansion gap despite wire mesh installed
at a Mass Rapid Transit viaduct. (b) Feral
pigeon in an expansion gap with damaged
bird spikes. (c) Javan mynas observed at
an expansion gap. (d) Columns supporting
viaducts with feral pigeons foraging on
the grass nearby.

a.

Intensity of pigeon feeding. “Mercy feeding” is a significant
food source of pigeons in several cities (Murton et al., 1972;
Ryan, 2011), including Singapore (Soh et al., 2021; Tang
et al.,, 2018). Data for public feedback cases on mercy feeding
(i.e., incidences where intentional feeding of pigeons by peo-
ple occurred and were reported by feedback providers) were
obtained from the National Parks Board (NParks) from January
2019 to January 2020 (n=3130) and aggregated within a 300m
radius of each column.

Distance to nearest hawker centre. Hawker centres are food cen-
tres housed in open-air complexes made up of several small stalls
selling cooked food. Urban commensal birds such as the house
crow (Corvus splendens), Javan myna (Acridotheres javanicus) and
feral pigeon have been found to be attracted to food wastes in
the hawker centres (Lim et al., 2003; Soh et al., 2002, 2021).
Here, we recorded the distance of each column to their nearest
hawker centre.

Distance to nearest water body. Water is essential to feral pi-
geons, particularly during breeding for the production of crop
milk (Johnston & Janiga, 1995). Feral pigeons were also observed
to nest and roost near water points in cities (Ali et al., 2013; Rao
& Koli, 2017). Water bodies in our study include rivers, reser-
voirs, and large canals.

d. Distance to nearest MRT station. MRT stations often have food

outlets and their refuse collection points could also serve as a

food source for feral pigeons. Thus, we calculated the distance

from each column to the nearest MRT station.

. Mean distance to nearest five public residential buildings. We

chose five buildings to better represent a collective contribution at
the estate level as opposed to an individual building. Tall buildings
are favoured by feral pigeons for roosting or nesting on the ledges
or roofs to avoid predation and disturbances (Ferman et al., 2010;
Przybylska et al., 2012; Sacchi et al., 2002; Tang et al., 2018).
Tall buildings were also highly correlated to pigeon density in
Singapore (Tang et al., 2018). Here, we focused on public housing
buildings, which are homes for most Singaporeans and typically
range between 20 to 40 storeys high. We calculated the mean dis-
tance to the nearest five public housing buildings as our covariate.
Height of MRT viaduct expansion gap. A measure of the struc-
tural height of the available nesting or roosting sites. Feral pi-
geons tended to nest or roost higher to avoid predator and other
disturbance from the ground (Fernandez-Maldonado et al., 2017,
Savard & Falls, 1981).

. Observation time. We calculated the minutes passed from our

earliest observation, which was at 0900h, to the time each gap
was observed.
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2.4 | Statistical analyses

We used general linear model (GLM) with binomial error distri-
bution and cauchit link function to determine the effect of en-
vironmental and structural covariates on pigeon day roosts and
nesting in viaduct gaps. We also included the interaction between
distance to nearest hawker centre and water body as a predictor
since a similar interaction was shown to influence site selection
in pigeons (Fernandez-Maldonado et al., 2017). For our day roost
GLM, we included observation time to account for within day var-
iations in feral pigeon sightings. All covariates were standardised
and retained in our models since none showed high collinearity
(VIF <3) and standardised (scaled to the mean of O and standard
deviation of 1; Kock & Lynn, 2012). The most parsimonious model
was determined using Akaike Information Criterion corrected for
small sample sizes (AIC_; Burmham & Anderson, 2002). We chose
cauchit link as it had the lowest AIC_value among other link func-
tions (i.e., log, logit, probit, cloglog) and its robustness to possible
outliers (Koenker & Yoon, 2009). Moran's | correlograms for our
day roost and nest GLMs indicated that columns in some distance
bands were spatially autocorrelated (Figure S1). As such, we re-
fitted our most parsimonious models using spatial (generalised
linear mixed model) GLMMs since GLM functions cannot account
for spatial autocorrelation. Spatial GLMMs also performed more
favourably in accounting for spatial autocorrelation compared to
other approaches (Dormann et al., 2007). We assigned our ran-
dom effect to a single group and applied an exponential distance
decay function to compute the spatial error. Spatial autocorrela-
tion was reduced after refitting our models (Figure S1).

To validate our most parsimonious model, we examined binned
residual plots which are suited for assessing models with binary
outcomes (Kasza, 2015). Our model assumptions were validated
our residuals resided within 95% confidence limits (Figure S2).
Additionally, we conducted model averaging for candidate models
with AAIC_<2 after standardising all covariates (Thomas, 2017).
Model averaging produces two models using different methods;

Javan myna,
252, 11.2%

Feral pigeon,
1960.5, 87.1%

the full average model indicates the weighted average of the pa-
rameter estimates for each model including parameter estimates of
zero, while the conditional average model excludes them (Grueber
et al., 2011). We drew our inferences from the conditional average
model since we were interested in assessing the relative effects
of all our covariates and thus avoided shrinkage towards zero for
predictors with weaker effects in the full average model (Grueber
et al., 2011).

We conducted Fisher's Exact tests to determine if there were
significant differences in the proportions of feral pigeons to other
urban commensal bird species detected at the expansion gaps be-
fore and after nest removal. Fisher's Exact were chosen over Chi
Square tests since some of the expected cell counts were less than
five. All analyses were conducted in RStudio, version 1.3.1056
(RStudio Team, 2020). We used the following R packages: car
(v3.0-12) for calculating VIFs (Fox & Weisberg, 2019), ncf (v1.3-
2) for computing Moran's | (Bjornstad, 2022), MuMiIn (v1.46.0)
for model selection and model averaging (Barton, 2022), MASS
(v.7.3-58.2) for fitting spatial GLMMs (Venables & Ripley, 2002),
and arm (v1.12-2) to examine the variance of standardised residu-
als (Gelman et al., 2021).

3 | RESULTS

Five bird species were observed using these viaducts, of which feral
pigeons were by far the most abundant followed by Javan mynas
(Figures 2 and 3). A total of 3921 pigeons were observed at the
viaducts over the two surveys (first: 1981; second: 1940), occupy-
ing 22.8% of the gaps (Table 1). Highest average pigeon abundance
was observed along Yew Tee-Kranji (190 pigeons) and Admiralty-
Sembawang (158 pigeons) stations of the North-South Line
(Figure S3). Despite the high abundance recorded, tracks near these
stations did not show high pigeon densities likely due to the greater
distances between stations along this line (from kernel density esti-
mates in Figure 1).

Asian
glossy
starling,
25,1.1%

House
crow,
1.5, 0.07%

Common
myna,

12.5, 0.6% FIGURE 3 Average species abundance

detected over two survey periods.
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Our most parsimonious model showed that the probability of pi-
geon using a gap for roosting increased significantly, if it was higher
and had a higher incidence of pigeon feeding within 300m radius
of the gap (p<0.05, Table 2; Figure 4). In our conditional average
model, the probability of feral pigeon roosting in a gap increased
significantly if it was higher and had a higher intensity of feral pi-
geon feeding which relates to a greater number of mercy feeding
incidences (p <0.05, Table 2).

A total of 1021 nests were observed across the 6051 individ-
ual gaps. Nesting was observed to be relatively uniform along the
North, South and East, and less prevalent in the West of Singapore
(Figure 1). High nesting density was observed along Redhill to
Commonwealth stations (Figure 1), while Yew Tee-Kranji had the
highest number of nests with 92 nests observed (Figure S4).

Our most parsimonious model showed that the probability of

pigeon nesting within an expansion gap increased if it was nearer

TABLE 1 Frequency distribution of the abundance of pigeons
observed in each gap over two survey periods. A total of 12,086
gaps were observed.

Percentage

Number of pigeons in gap Number of gaps (%)

0 9325 77.16
1 1906 15.77
2 641 5.30
& 150 1.24
4 48 0.40
5 8 0.07
6 6 0.05
7 1 0.01
8 1 0.01

TABLE 2 Parameter estimates of the

a MRT station, lower and further away from a water body (Table 3;
Figure 4). However, only distance to the nearest MRT station showed
a significantly negative effect. Similarly, in our conditional average
model, the probability of feral pigeon nesting in a gap increased sig-
nificantly the closer it was to the MRT station (p <0.05, Table 3).

Feral pigeon abundance in gaps where the nests were removed
showed a steady decline after nest removal (Figure 5). Conversely,
their abundances in all gaps increased slightly, suggesting that the
removal of nests in gaps merely caused the pigeons to occupy neigh-
bouring gaps (Figure 5). We did not find any significant differences
in the proportions of feral pigeon to other urban commensal bird
species (i.e., Javan and common mynas) abundances observed at the
gaps between the 3months of surveys for gaps where nests were
removed (Fisher Exact test, p=0.53, n=98) and gaps which also
included nests that were not removed (Fisher Exact test, p=0.93,
n=282; Figure 5).

4 | DISCUSSION

Feral pigeons were observed using the expansion gaps much more
than other species possibly due to their dominance over smaller
commensal bird species such as the Javan and common mynas.
Also, the expansion gaps may bear some resemblance to the shel-
tered cliff-edges which constitute the natural nesting habitat of the
Mediterranean rock pigeons in the wild (Lowther & Johnston, 2020;
Figure 2). Further, the Javan and common mynas have different
nesting preferences and broader opportunities that extend beyond
building structures such as tree cavities (Arazmi et al., 2022; Lowe
etal., 2011).

Feral pigeons preferred day roosts that were associated with a

higher frequency of feeding events in the vicinity, which suggested

. . . . Coefficient Standard t-Value/
most parsimonious spatial generalised . X
. . Model type/covariates estimate error z-value p-Value
linear mixed model and model-averaged
general linear models with the probability Most parsimonious model
of feral pigeon roosting in a viaduct gap Intercept 057 0.16 3.51 0.0005**
as the response variable. All covariates
P . vart . v *I Intensity of pigeon 0.43 0.19 2.19 0.03*
were standardised. Superscripts * and feeding
** indicate significant differences at
p<0.05 and <0.01 respectively. There Column height 0.15 0.16 0.98 0.33
was a significantly higher probability of Conditional average model
feral pigeon roosting in a gap if had more Intercept 0.54 015 352 0.0004**
incidences of feeding. . .
Intensity of pigeon 0.52 0.26 2.00 0.046*
feeding
Column height 0.23 0.15 1.57 0.12
Distance to nearest Mass  -0.15 0.13 1.21 0.22
Rapid Transit station
Observation time -0.15 0.13 1.14 0.26
Distance to nearest -0.15 0.14 1.08 0.28
water body
Distance to nearest -0.11 0.13 0.83 0.41

hawker centre
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FIGURE 4 (a)Feral pigeon day roosting probabilities in viaduct gaps with respect to the number of feral pigeon feeding events within
300m of the gap and (b) the height of the column supporting the expansion gap. (c) Feral pigeon nesting probabilities in gaps with respect to
the distance to the nearest Mass Rapid Transit (MRT) station, (d) height of the column supporting the expansion gap, and (e) nearest water
body. Predictions were made from the most parsimonious model. Grey dots represent the observed occurrences. Dotted lines represent

95% confidence intervals.

that proximity to food sources was desirable to optimise foraging
efficiency (MacArthur & Pianka, 1966). Our findings are consistent
with studies in Singapore and Basel, Switzerland, that showed mercy
feeding to be a key determinant of feral pigeon local abundance
(Haag-Wackernagel, 1993; Tang et al., 2018). The most parsimoni-
ous model for feral pigeon nesting preferences was also associated
with food sources, but unlike the model for day roosts, they pre-
ferred nesting closer to a more predictable food supply. MRT sta-
tions which have food stalls where feral pigeons have been observed
to regularly congregate, often near common refuse collection points
feeding on food scraps on the ground. Additionally, high human traf-
fic in train stations also increases the likelihood of food litter in the
vicinity. Likewise, in Basel, breeding female pigeons with GPS receiv-
ers were found to travel beyond the vicinity of the city to forage on
more abundant and predictable food in agricultural areas, in view
of the higher energy demands for reproduction (Rose et al., 2006).
Feeders, on the other hand, represent an uncertain food source

since pigeon feeding is an offence in Singapore and enforcement can
deter further feeding. Persons found feeding feral pigeons are liable
to be fined up to SGD 10,000. Given the closeness and abundance
of anthropogenic food, and the safe and conducive environment that
the viaduct gaps provide (Batisteli et al., 2021), the survival rate and
reproductive capacity of feral pigeons using such gaps for nesting
may be close to optimal (Li & Martin, 1991; Martin & Roper, 1988;
Murton et al., 1972; Shakov & Kavér, 2020). Although, feral pigeons
can nest on open surfaces, such as on building ledges and roof tops,
adaptable bird species in urban environments may prefer to nest in
cavities that ensure a higher reproductive success due to lower pre-
dation pressure and possibly controlled temperatures (Hetmanski &
Wotk, 2005; Karpinska et al., 2022).

The structural heights of gaps also influenced roosting and
nesting decisions, but to a lesser degree relative to food proximity.
Feral pigeons preferred roosting in gaps that were higher, consis-
tent with an earlier study in Poland where feral pigeons occurred in

85U8017 SUOILIOD BAITeID) 3|dedldde ayp Aq peussnob are saoiie O ‘8sn Jo Sa|nJ o} Areiqi 8UlIUO 4|1 UO (SUONIPUOD-pUE-SWLRILI0Y A3 | 1M AR 1 [U1|UO//SANY) SUORIPUOD PUe SWB | 8U1 88S *[£202/60/6T] UO ARiq1T8ulluO A8|IM ‘vEZZT 6TES-8892/200T OT/I0p/W0D 8| im AeIq1 Ul U0 leUINO KSq//SdNY WOy papeo|umod ‘Z ‘€202 ‘6TE88892



LIM ET AL. Ecological Solutions and Evidence 90of 13
TABLE 3 Parameter estimates of the
most parsimonious spatial generalised Coefficient Standard
X p . P g Model type/covariates estimate error t-Value/z-value p-Value
linear mixed model and model-averaged
general linear models with probability Most parsimonious model
of feral pigeon nesting in viaduct gap Intercept 041 0.16 251 0.01*
as the response variable. All covariates
ponse vart covariates | Distance to nearest MRT -0.35 0.18 -2.03 0.04*
were standardised. Superscripts * and station
indicate significant differences at p <0.05 )
and <0.01 respectively. There was a Column height -0.28 0.16 -1.71 0.09
significantly higher probability of feral Distance to nearest water 0.22 0.16 1.36 0.18
pigeon nesting in gap nearer to a Mass body
Rapid Transit (MRT) station. Conditional average model
Intercept -0.42 0.14 2.92 0.004**
Distance to nearest MRT -0.38 0.19 2.06 0.04*
station
Column height -0.27 0.17 1.57 0.12
Distance to nearest water 0.21 0.14 1.42 0.15
body
Distance to nearest hawker -0.25 0.22 1.14 0.26
centre
Intensity of pigeon feeding 0.10 0.13 0.76 0.45
Distance to nearest hawker -0.20 0.25 0.78 0.44
centre x water body
Distance to nearest 5 public 0.07 0.25 0.26 0.79
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FIGURE 5 Solid coloured bars represent the total commensal
bird abundance averaged over two surveys in 282 viaduct gaps
where nests were removed and not removed during the nest
removal experiment. The nests were removed from 6 November

to 16 December 2020. Bars with diagonal lines represent the total
urban commensal bird abundance averaged over two surveys in 98
viaduct gaps where nests were removed during the nest removal
experiment. No significant differences in the proportions of feral
pigeon to other commensal bird species abundances were observed
at these gaps between the 3months.

higher densities on taller buildings (Przybylska et al., 2012). Higher
perches likely allowed the pigeons to keep a distance away from po-
tential threats below, including people and predators (e.g., feral cats
or rats; Jarvis, 2010). Moreover, higher vantage points may enable

individuals to scan their surroundings further for foraging opportu-
nities (Greig-Smith, 1983). Conversely, there was a higher probabil-
ity of feral pigeons nesting in expansion gaps that were lower. This
observation could be an indirect consequence of intraspecific com-
petition with feral pigeons using gaps for roosting. Unoccupied gaps
near an abundant food source may be in short supply, constraining
breeding pigeons to nest in gaps that are comparatively lower and
yet sufficiently high to provide a sense of security. Such a hypothesis
could be tested with manipulative field experiments involving the
removal of roosting feral pigeons in gaps close to an abundance of
food and observing if breeding pigeons will subsequently use such
gaps.

Our model indicated that feral pigeons preferred nest sites fur-
ther from water bodies unlike a similar study in San Juan, Argentina
(Fernandez-Maldonado et al., 2017). The water bodies in our study
consist of reservoirs and rivers that represent less developed areas
with forests in water catchments. Hence, feral pigeons will prob-
ably nest closer to more developed areas away from these large
water bodies given their preference to anthropogenic food (Soh
et al., 2021). That said, feral pigeons do need a nearby water source
for drinking and bathing, and will more likely use smaller open drains.
In the San Juan study, the water bodies consisted of water fountains
which are shallow and thus enabled the pigeons to drink and bathe
while our reservoirs, rivers and large canals are too deep (Fernandez-
Maldonado et al., 2017).

Feral pigeon nesting distribution did not necessarily mirror their
day roost distribution. Localities with higher nesting densities were
not necessarily indicative of higher day roost densities (Figure 1).
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This could be due to nesting and roosting pigeons selecting gaps
based on different human food source types. Abundant and pre-
dictable food supplies at the MRT stations are more desirable than
handouts that are less certain and transient (Rose et al., 2006), and
as such, gaps closer to more reliable food sources are more likely to
be occupied by breeding pairs (Bose et al., 2012). The spatial dispar-
ities in nest and roosting sites may therefore reflect a strategy to re-
duce intraspecific competition between breeding and non-breeding
adults or juveniles (Clay et al., 2016).

In both day roost and nest site selection of feral pigeons, prox-
imity to food was a key factor and the long-term approach to
slowing population growth should be centred on reducing their
anthropogenic food supply (Fernandez-Maldonado et al.,, 2017,
Haag-Wackernagel, 1993; Soh et al., 2021; Yap & Sodhi, 2004). This
includes continued enforcement against pigeon feeding, and limit-
ing food waste in food outlets. Since September 2021, the return
of trays, crockery and food litter at hawker centres and other food
outlets has been enforced and repeat offenders are liable to be
fined up to SGD 2000 (Raguraman & Tay, 2021). While the move
will inevitably improve cleanliness and reduce the abundance of
urban commensal birds in food and beverage establishments, such
measures can curb the reproductive success of feral pigeons and
other species of urban bird commensals due to a lack of sustenance
(Sumasgutner et al., 2014). Additionally, reducing the feeding of
feral pigeons should go beyond enforcement. A clearer understand-
ing of the motivations behind pigeon feeding can help agencies to
better educate the public against feeding them (Clark et al., 2019;
Cox & Gaston, 2016). While studies conducted in other countries
have suggested several plausible reasons such as deriving a psycho-
logical benefit, showing care, or manifesting an inclination towards
nature, cultural differences may underlie alternative motivations
behind pigeon feeding in Singapore (Cox & Gaston, 2016; Reynolds
et al., 2017). Thus, surveys conducted in Singapore would provide
a local and more informed perspective on the motivations behind
pigeon feeding.

As shown in our in-situ experiment, nest removal will have no
long-term bearing on their attempts to breed, as they are likely to
occupy the viaduct gaps nearby. Thus, nest removal is likely an in-
effective measure in limiting their reproductive capacity. Further,
females have been found to respond to egg removal by increasing
their reproduction attempts (Jacquin et al., 2010). Feral pigeons
can also nest in similar expansion gaps in road bridges, attics of old
shophouses and air conditioner ledges in high rise buildings (Sacchi
et al., 2002). Hence, deterrence measures, for example, wire meshes
will only serve to exclude their occurrences locally with limited im-
pact on population growth as nesting opportunities are abundant.
Nonetheless, installing such physical deterrents can be considered
at viaduct gaps closer to the railway stations with higher human
traffic to reduce dis-amenities such as soiling which may pose a
health risk (Haag-Wackernagel & Geigenfeind, 2008). This could also
be prioritised for gaps that are higher (e.g., height>11m from the
ground for 0.75 occupancy, Figure 4). That said, regular maintenance
of any bird repellent structures is needed to ensure their continued

effectiveness since several observed during our surveys were dam-

aged, suffered from corrosion or had fallen off.

5 | CONCLUSIONS

Singapore's railway viaducts represented a unique opportunity to
determine if feral pigeons were selecting for optimal nesting and
roosting sites by limiting the distances travelled to their foraging
sites, while minimising confounding effects of differing nesting
conditions such as size and microclimate. Our nationwide surveys
revealed that feral pigeon day roosts and nesting preferences are in-
fluenced by structural height and more importantly, their proximity
to human food sources. Thus, a concerted effort to reduce anthro-
pogenic food availability to feral pigeons is central in limiting their

reproductive success and controlling their population.

AUTHOR CONTRIBUTIONS

Kai Ning Lim: Data curation, formal analysis, project administra-
tion, investigation and writing—original draft; Malcolm C. K. Soh:
Conceptualization, formal analysis, methodology, validation, super-
vision and writing—original draft; Duncan Y. W. Leong: Data cura-
tion, writing—review and editing; Adrian H. B. Loo and Benjamin P.-H.
Lee: Writing—review & editing; and Kenneth B. H. Er: Supervision,

writing—review and editing.

ACKNOWLEDGEMENTS

We thank Breyl Ng, Dhanushri Munasinghe, Erica Wee, Marcus
Goh, Rekha Mohan, Roanna Pang and Samuel Liang for conducting
the surveys, and Keith Sng and Marc Kéry for analytical assistance.
We also thank Land Transport Authority and Mass Rapid Transit of
Singapore for their assistance. The National Parks Board funded this

study.

CONFLICT OF INTEREST STATEMENT
We declare no conflict of interest.

PEER REVIEW

The peer review history for this article is available at https://
www.webofscience.com/api/gateway/wos/peer-review/10.1002/
2688-8319.12234.

DATA AVAILABILITY STATEMENT
Data available from the Dryad Digital Repository https://doi.org/10.
5061/dryad.3j9kd51pa.

ORCID

Kai Ning Lim "= https://orcid.org/0000-0001-7174-4224
Malcolm C. K. Soh " https://orcid.org/0000-0002-9490-147X
Duncan Y. W. Leong " https://orcid.org/0000-0001-9544-7363
Adrian H. B. Loo "= https://orcid.org/0000-0002-9295-3807
Benjamin P. Y.-H. Lee "= https://orcid.org/0000-0002-9952-1011
Kenneth B. H. Er " https://orcid.org/0000-0003-4485-7260

85UB017 SUOLULLIOD SAIESID 3ol dde 3y} Aq pauRA0B 818 S3[ e YO ‘SN J0 S3INI 104 AR1q1T 3UIIUO AB|IA UO (SUOIPUOD-PUR-SWR}W0D A8 | 1M ARR1q | U1 |UO//SHNY) SUORIPUOD PUe Swid | 8U) 835 *[£202/60/6T] U0 A%eiq i 8ulluO AB|IM ‘VEZZT 6TES-8892/200T OT/I0p/W00" A3 1M Alelq 1 pulUOS feuIN0 s/ SNy Woy papeo|umod ‘g ‘€202 ‘6TE88892


https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2688-8319.12234
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2688-8319.12234
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2688-8319.12234
https://doi.org/10.5061/dryad.3j9kd51pq
https://doi.org/10.5061/dryad.3j9kd51pq
https://orcid.org/0000-0001-7174-4224
https://orcid.org/0000-0001-7174-4224
https://orcid.org/0000-0002-9490-147X
https://orcid.org/0000-0002-9490-147X
https://orcid.org/0000-0001-9544-7363
https://orcid.org/0000-0001-9544-7363
https://orcid.org/0000-0002-9295-3807
https://orcid.org/0000-0002-9295-3807
https://orcid.org/0000-0002-9952-1011
https://orcid.org/0000-0002-9952-1011
https://orcid.org/0000-0003-4485-7260
https://orcid.org/0000-0003-4485-7260

LIM ET AL.

Ecological Solutions and Evidence | 11 0of 13

REFERENCES

Ali, S., Rakha, B. A., Hussain, I., Nadeem, M. S., & Rafique, M. (2013).
Ecology of feral pigeon (Columba livia) in urban areas of Rawalpindi/
Islamabad, Pakistan. Pakistan Journal of Zoology, 45(5), 1229-1234.

Alrefaei, A. F. (2020). Molecular detection and genetic characterization
of Trichomonas gallinae in falcons in Saudi Arabia. PLoS One, 15(10),
e0241411. https://doi.org/10.1371/journal.pone.0241411

Arazmi, F. N., Ismail, N. A., Daud, U. N. S., Abidin, K. Z,, Nor, S. M., &
Mansor, M. S. (2022). Spread of the invasive Javan myna along an
urban-suburban gradient in peninsular Malaysia. Urban Ecosystem,
25, 1007-1014. https://doi.org/10.1007/s11252-022-01216-9

Barton, K. (2022). Mu-Min: Multi-model inference [1.46.0]. http://r-forge.r-
project.org/projects/mumin/

Bassi, M., & Chiatante, D. (1976). The role of pigeon excrement in stone
biodeterioration. International Biodeterioration Bulletin, 12, 73-79.

Batisteli, A. F., De Souza, L. B., Santieff, I. Z., Gomes, G., Soares, T. P,,
Pini, M., Guillermo-Ferreira, R., Pizo, M. A, & Sarmento, H. (2021).
Buildings promote higher incubation temperatures and reduce nest
attentiveness in a neotropical thrush. Ibis, 163(1), 79-89. https://
doi.org/10.1111/ibi.12863

Bellard, C., Cassey, P., & Blackburn, T. M. (2016). Alien species as a driver
of recent extinctions. Biology Letters, 12(2), 20150623. https://doi.
org/10.1098/rsbl.2015.0623

BirdLife International. (2021). Species factsheet: Columba livia. http://
datazone.birdlife.org/species/factsheet/rock-dove-columba-livia/
text; http://datazone.birdlife.org/species/factsheet/rock-dove-
columba-livia/text

Bjornstad, O. N. (2022). Package ‘ncf’. Spatial covariance functions [v1.3-
2]. https://cran.r-project.org/web/packages/ncf/ncf.pdf

Bosé, M., Duriez, O., & Sarrazin, F. (2012). Intra-specific competition in
foraging Griffon Vultures Gyps fulvus: 1. Dynamics of group feed-
ing. Bird Study, 59(2), 182-192. https://doi.org/10.1080/00063
657.2012.658639

Burmham, K. P, & Anderson, D. R. (2002). Model selection and multi-
model inference: A practical information-theoretic approach (2nd ed.).
Springer.

Chong, K. Y., Teo, S., Kurukulasuriya, B., Chung, Y. F., Rajathurai, S., Lim,
H. C., & Tan, H. T. W. (2012). Decadal changes in urban bird abun-
dance in Singapore. The Raffles Bulletin of Zoology, 25, 189-196.

Clark, D. N., Jones, D. N., & Reynolds, S. J. (2019). Exploring the moti-
vations for garden bird feeding in south-east England. Ecology and
Society, 24(1). https://doi.org/10.5751/es-10814-240126

Clay, T. A., Manica, A., Ryan, P. G, Silk, J. R. D., Croxall, J. P, Ireland, L.,
& Phillips, R. A. (2016). Proximate drivers of spatial segregation in
non-breeding albatrosses. Scientific Reports, 6(1), 29932. https://
doi.org/10.1038/srep29932

Cox, D. T. C., & Gaston, K. J. (2016). Urban bird feeding: Connecting
people with nature. PLoS One, 11(7), e0158717. https://doi.
org/10.1371/journal.pone.0158717

Di Sallo, F. G., & Cockle, K. L. (2022). The role of body size in nest-site
selection by secondary cavity-nesting birds in a subtropical Chaco
forest. Ibis, 164(1), 168-187. https://doi.org/10.1111/ibi.13011

Diagne, C., Leroy, B., Vaissiére, A.-C., Gozlan, R. E., Roiz, D., Jari¢, 1.,
Salles, J.-M., Bradshaw, C. J. A., & Courchamp, F. (2021). High and
rising economic costs of biological invasions worldwide. Nature,
592, 571-576. https://doi.org/10.1038/s41586-021-03405-6

Dormann, F. C., McPherson, J. M., Aratjo, M. B., Bivand, R., Bolliger,
J., Carl, G., Davies, R. G., Hirzel, A., Jetz, W., Daniel Kissling,
W., Kihn, |, Ohlemiller, R., Peres-Neto, P. R., Reineking, B.,
Schréder, B., Schurr, F. M., & Wilson, R. (2007). Methods to ac-
count for spatial autocorrelation in the analysis of species dis-
tributional data: A review. Ecography, 30, 609-628. https://doi.
org/10.1111/j.2007.0906-7590.05171.x

Ferman, L. M., Peter, H.-U., & Montalti, D. (2010). A study of feral pi-
geon Columba livia var. in urban and suburban areas in the city of

Jena, Germany. Arxius de Miscel-lania Zoologica, 8, 1-8. https://doi.
org/10.32800/amz.2010.08.0001

Fernandez-Maldonado, V. N., Gorla, D. E., & Borghi, C. E. (2017).
Landscape features influencing nesting-site selection of Columba
livia and Patagioenas maculosa in a South American desert city.
Hornero, 32(2), 257-268.

Fox, J., & Weisberg, S. (2019). An R companion to applied regression (3rd
ed.). https://socialsciences.mcmaster.ca/jfox/Books/Companion/

Gelman, A., Su, Y.-S,, Yajima, M., Hill, J., Pittau, M. G., Kerman, J., Zheng,
T., & Dorie, V. (2021). Data analysis using regression and multilevel/
hierarchical models [1.12-2]. https://CRAN.R-project.org/packa
ge=arm

Giunchi, D., Albores-Barajas, Y. V., Baldaccini, N. E., Vanni, L., & Soldatini,
C. (2012). Feral pigeons: Problems, dynamics and control meth-
ods. In M. Larramendy & S. Soloneski (Eds.), Integrated pest man-
agement and pest control—Current and future tactics (pp. 215-240).
IntechOpen.

Greig-Smith, P. W. (1983). Use of perches as vantage points during for-
aging by male and female stonechats Saxicola Torquata. Behaviour,
86(3-4), 215-236. https://doi.org/10.1163/156853983X00372

Grueber, C. E., Nakagawa, S., Laws, R. J.,, & Jamieson, I. G. (2011).
Multimodel inference in ecology and evolution: Challenges and
solutions. Journal of Evolutionary Biology, 24(4), 699-711. https://
doi.org/10.1111/j.1420-9101.2010.02210.x

Haag-Wackernagel, D. (1993). Street pigeons in Basel. Nature, 361(6409),
200. https://doi.org/10.1038/361200a0

Haag-Wackernagel, D. (1995). Regulation of the street pigeon in Basel.
Wildlife Society Bulletin, 23(2), 256-260. http://www.jstor.org/stabl
e/3782800

Haag-Wackernagel, D. (2005). Parasites from feral pigeons as a health
hazard for humans. Annals of Applied Biology, 147(2), 203-210.
https://doi.org/10.1111/j.1744-7348.2005.00029.x

Haag-Wackernagel, D., & Geigenfeind, I. (2008). Protecting buildings
against feral pigeons. European Journal of Wildlife Research, 54(4),
715-721. https://doi.org/10.1007/s10344-008-0201-z

Haag-Wackernagel, D., & Moch, H. (2004). Health hazards posed by
feral pigeons. The Journal of Infection, 48(4), 307-313. https://doi.
org/10.1016/j.jinf.2003.11.001

Hetmanski, T., & Wotk, E. (2005). The effect of environmental factors and
nesting conditions on clutch overlap in the feral pigeon Columba
livia f. urbana (Gm.). Polish Journal of Ecology, 53(4), 105-111.

Jacob, G., Prévot-Julliard, A.-C., & Baudry, E. (2014). The geographic
scale of genetic differentiation in the feral pigeon (Columba livia):
Implications for management. Biological Invasions, 17(1), 23-29.
https://doi.org/10.1007/s10530-014-0713-2

Jacquin, L., Cazelles, B., Prévot-Julliard, A.-C., Leboucher, G., & Gasparini,
J. (2010). Reproduction management affects breeding ecology and
reproduction costs in feral urban pigeons (Columba livia). Canadian
Journal of Zoology, 88(8), 781-787. https://doi.org/10.1139/210-044

Jarvis, P.J.(2010). Feral animalsin the urban environment. Inl. Douglas, D.
Goode, M. C. Houck, & D. Maddox (Eds.), Handbook of urban ecology
(1st ed., pp. 385-394). Routledge. https://doi.org/10.4324/97802
03839263.ch29

Johnston, R. F., & Janiga, M. (1995). Feral pigeons. Oxford University
Press, Inc.

Karpinska, O., Kamionka-Kanclerska, K., Neubauer, G., & Rowinski, P.
(2022). Characteristics and selection of nest sites of the flexible
cavity-nester, the European robin Erithacus rubecula, in the temper-
ate primeval forest (Biatowieza National Park, Poland). The European
Zoological Journal, 89(1), 1-14. https://doi.org/10.1080/24750
263.2021.2006326

Kasza, J. (2015). Stata tip 125: Binned residual plots for assessing the fit
of regression models for binary outcomes. The Stata Journal, 15(2),
599-604.

Kock, N., & Lynn, G. (2012). Lateral collinearity and misleading results in
variance-based SEM: An illustration and recommendations. Journal

85UB017 SUOLULLIOD SAIESID 3ol dde 3y} Aq pauRA0B 818 S3[ e YO ‘SN J0 S3INI 104 AR1q1T 3UIIUO AB|IA UO (SUOIPUOD-PUR-SWR}W0D A8 | 1M ARR1q | U1 |UO//SHNY) SUORIPUOD PUe Swid | 8U) 835 *[£202/60/6T] U0 A%eiq i 8ulluO AB|IM ‘VEZZT 6TES-8892/200T OT/I0p/W00" A3 1M Alelq 1 pulUOS feuIN0 s/ SNy Woy papeo|umod ‘g ‘€202 ‘6TE88892


https://doi.org/10.1371/journal.pone.0241411
https://doi.org/10.1007/s11252-022-01216-9
http://r-forge.r-project.org/projects/mumin/
http://r-forge.r-project.org/projects/mumin/
https://doi.org/10.1111/ibi.12863
https://doi.org/10.1111/ibi.12863
https://doi.org/10.1098/rsbl.2015.0623
https://doi.org/10.1098/rsbl.2015.0623
http://datazone.birdlife.org/species/factsheet/rock-dove-columba-livia/text
http://datazone.birdlife.org/species/factsheet/rock-dove-columba-livia/text
http://datazone.birdlife.org/species/factsheet/rock-dove-columba-livia/text
http://datazone.birdlife.org/species/factsheet/rock-dove-columba-livia/text
http://datazone.birdlife.org/species/factsheet/rock-dove-columba-livia/text
https://cran.r-project.org/web/packages/ncf/ncf.pdf
https://doi.org/10.1080/00063657.2012.658639
https://doi.org/10.1080/00063657.2012.658639
https://doi.org/10.5751/es-10814-240126
https://doi.org/10.1038/srep29932
https://doi.org/10.1038/srep29932
https://doi.org/10.1371/journal.pone.0158717
https://doi.org/10.1371/journal.pone.0158717
https://doi.org/10.1111/ibi.13011
https://doi.org/10.1038/s41586-021-03405-6
https://doi.org/10.1111/j.2007.0906-7590.05171.x
https://doi.org/10.1111/j.2007.0906-7590.05171.x
https://doi.org/10.32800/amz.2010.08.0001
https://doi.org/10.32800/amz.2010.08.0001
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://cran.r-project.org/package=arm
https://cran.r-project.org/package=arm
https://doi.org/10.1163/156853983X00372
https://doi.org/10.1111/j.1420-9101.2010.02210.x
https://doi.org/10.1111/j.1420-9101.2010.02210.x
https://doi.org/10.1038/361200a0
http://www.jstor.org/stable/3782800
http://www.jstor.org/stable/3782800
https://doi.org/10.1111/j.1744-7348.2005.00029.x
https://doi.org/10.1007/s10344-008-0201-z
https://doi.org/10.1016/j.jinf.2003.11.001
https://doi.org/10.1016/j.jinf.2003.11.001
https://doi.org/10.1007/s10530-014-0713-2
https://doi.org/10.1139/z10-044
https://doi.org/10.4324/9780203839263.ch29
https://doi.org/10.4324/9780203839263.ch29
https://doi.org/10.1080/24750263.2021.2006326
https://doi.org/10.1080/24750263.2021.2006326

12 of 13 Ecological Solutions and Evidence

LIM ET AL.

of the Association for Information Systems, 13(7), 546-580. https://
doi.org/10.17705/1jais.00302

Koenker, R., & Yoon, J. (2009). Parametric links for binary choice mod-
els: A Fisherian-Bayesian colloquy. Journal of Econometrics, 152(2),
120-130. https://doi.org/10.1016/j.jeconom.2009.01.009

Lambrechts, M. M., Abouladzé, M., Bonnet, M., Demeyrier, V.,
Doutrelant, C., Faucon, V., le Prado, G, Lidon, F., Noell, T., Pagano,
P., Perret, P., Pouplard, S., Spitaliéry, R., & Grégoire, A. (2013). Nest-
box size influences where secondary-cavity exploiters roost and
nest: A choice experiment. Journal of Ornithology, 154(2), 563-566.
https://doi.org/10.1007/s10336-012-0919-y

Li, P, & Martin, T. E. (1991). Nest-site selection and nesting success of
cavity-nesting birds in high elevation forest drainages. The Auk,
108(2), 405-418.

Lim, H. C., & Sodhi, N. S. (2004). Responses of avian guilds to urbanisa-
tion in a tropical city. Landscape and Urban Planning, 66(4), 199-215.
https://doi.org/10.1016/s0169-2046(03)00111-7

Lim, H. C., Sodhi, N. S., Brook, B. W,, & Soh, M. C. K. (2003). Undesirable
aliens: Factors determining the distribution of three invasive bird
species in Singapore. Journal of Tropical Ecology, 19(6), 685-695.
https://doi.org/10.1017/s026 6467403006084

Lim, K. S. (2009). The avifauna of Singapore. Nature Society.

Lowe, K. A., Taylor, C. E., & Major, R. E. (2011). Do common mynas sig-
nificantly compete with native birds in urban environments? Journal
of Ornithology, 152(4), 909-921. https://doi.org/10.1007/s1033
6-011-0674-5

Lowther, P. E., & Johnston, R. F. (2020). Rock pigeon (Columba livia). In
S. M. Billerman (Ed.), Birds of the world. Cornell Lab of Ornithology.
https://doi.org/10.2173/bow.rocpig.01

MacArthur, R. H., & Pianka, E. R. (1966). On optimal use of a patchy en-
vironment. The American Naturalist, 100(916), 603-609. https://doi.
org/10.1086/282454

Magnino, S., Haag-Wackernagel, D., Geigenfeind, I., Helmecke, S., Dovc,
A., Prukner-Radovcic, E., Residbegovic, E., llieski, V., Laroucau,
K., Donati, M., Martinov, S., & Kaleta, E. F. (2009). Chlamydial in-
fections in feral pigeons in Europe: Review of data and focus on
public health implications. Veterinary Microbiology, 135(1-2), 54-67.
https://doi.org/10.1016/j.vetmic.2008.09.045

Martin, T. E. (1987). Food as a limit on breeding birds: A life-history per-
spective. Annual Review of Ecology and Systematics, 18, 453-487.
https://doi.org/10.1146/annurev.es.18.110187.002321

Martin, T. E. (1995). Avian life history evolution in relation to nest sites,
nest predation, and food. Ecological Monographs, 65(1), 101-127.
https://doi.org/10.2307/2937160

Martin, T. E., & Roper, J. J. (1988). Nest predation and nest-site selection
of a western population of the hermit thrush. The Condor, 90(1), 51-
57. https://doi.org/10.2307/1368432

Murton, R. K., Thearle, R. J. P., & Thompson, J. (1972). Ecological studies
of the feral pigeon Columba livia var. |. Population, breeding biology
and methods of control. Journal of Applied Ecology, 9(3), 835-874.
https://doi.org/10.2307/2401909

Nghiem le, T. P, Soliman, T., Yeo, D. C., Tan, H. T., Evans, T. A., Mumford,
J.D., Keller, R. P, Baker, R. H., Corlett, R. T., & Carrasco, L. R. (2013).
Economic and environmental impacts of harmful non-indigenous
species in Southeast Asia. PLoS One, 8(8), €71255. https://doi.
org/10.1371/journal.pone.0071255

Ogden, N. H., Wilson, J. R. U., Richardson, D. M., Hui, C., Davies, S. J.,
Kumschick, S., Le Roux, J. J., Measey, J., Saul, W. C., & Pulliam, J.
R. C. (2019). Emerging infectious diseases and biological invasions:
A call for a one health collaboration in science and management.
Royal Society Open Science, 6(3), 181577. https://doi.org/10.1098/
rsos.181577

Ong, S. (2019). Public education campaign shows how stopping littering,
feeding can curb pigeon nuisance. The Straits Times. https://www.
straitstimes.com/singapore/public-education-campaign-shows
-how-stopping-littering-feeding-can-curb-pigeon-nuisance

Paperna, I., & Smallridge, C. J. (2002). Haemoproteus columbae infection
of feral pigeons in Singapore and Israel. Raffles Bulletin of Zoology,
50, 281-286.

Peh, K. S. H. (2010). Invasive species in Southeast Asia: The knowledge
so far. Biodiversity and Conservation, 19, 1083-1099. https://doi.
org/10.1007/s10531-009-9755-7

Pimentel, D., McNair, S., Janecka, J., Wightman, J., Simmonds, C.,
O'Connell, C., Wong, E., Russel, L., Zern, J., Aquino, T., & Tsomondo,
T. (2001). Economic and environmental threats of alien plant, ani-
mal, and microbe invasions. Agriculture, Ecosystems and Environment,
84(1), 1-20. https://doi.org/10.1016/50167-8809(00)00178-X

Przybylska, K., Haidt, A., Myczko, t., Ekner-Grzyb, A., Rosin, Z. M.,
Kwiecinski, Z., Tryjanowski, P., Suchodolska, J., Takacs, V.,
Jankowiak, t., Tobdtka, M., Wasielewski, O., Graclik, A., Krawczyk,
A. J., Kasprzak, A., Szwajkowski, P., Wylegata, P., Malecha, A. W.,
Mizera, T., & Skorka, P. (2012). Local and landscape-level factors af-
fecting the density and distribution of the feral pigeon Columballivia
var. domesticain an urban environment. Acta Ornithologica, 47(1),
37-45. https://doi.org/10.3161/000164512x653908

Raguraman, A., & Tay, H. Y. (2021). Hawker centre diners clear tables
on first day of enforcement but some still flouting rule. The Straits
Times.  https://www.straitstimes.com/singapore/table-clearing-
enforcement-rule-kicks-off-at-hawker-centres-most-patrons-clear
-tables

Rao, S., & Koli, V. K. (2017). Edge effect of busy high traffic roads on
the nest site selection of birds inside the city area: Guild response.
Transportation Research Part D: Transport and Environment, 51, 94-
101. https://doi.org/10.1016/j.trd.2016.12.013

Rashotte, M. E., Phillips, D. L., & Henderson, R. P. (1997). Nocturnal di-
gestion, cloacal excretion, and digestion-related thermogenesis
in pigeons (Columba livia). Physiology and Behavior, 61(1), 83-92.
https://doi.org/10.1016/50031-9384(96)00353-8

Rendell, W. B., & Robertson, R. J. (1989). Nest-site characteristics, re-
productive success and cavity availability for tree swallows breed-
ing in natural cavities. The Condor, 91(4), 875-885. https://doi.
org/10.2307/1368072

Reynolds, S. J., Galbraith, J. A, Smith, J. A., & Jones, D. N. (2017). Garden
bird feeding: Insights and prospects from a north-south comparison
of this global urban phenomenon. Frontiers in Ecology and Evolution,
5. https://doi.org/10.3389/fevo.2017.00024

Reynolds, S. J., Ibafez-Alamo, J. D., Sumasgutner, P., & Mainwaring, M. C.
(2019). Urbanisation and nest building in birds: A review of threats
and opportunities. Journal of Ornithology, 160(3), 841-860. https://
doi.org/10.1007/s10336-019-01657-8

Rose, E., Nagel, P., & Haag-Wackernagel, D. (2006). Spatio-temporal use
of the urban habitat by feral pigeons (Columba livia). Behavioral
Ecology and Sociobiology, 60(2), 242-254. https://doi.org/10.1007/
s00265-006-0162-8

RStudio Team. (2020). RStudio: Integrated development for R. http://www.
rstudio.com/

Ryan, A. C. (2011). The distribution, density, and movements of feral pigeons
Columba livia and their relationship with people (Master of Science in
Ecology and Biodiversity). Victoria University of Wellington. http://
hdl.handle.net/10063/2045

Sacchi, R., Gentilli, A., Razzetti, E., & Barbieri, F. (2002). Effects of building
features on density and flock distribution of feral pigeons Columba
livia var. domestica in an urban environment. Canadian Journal of
Zoology, 80(1), 48-54. https://doi.org/10.1139/201-202

Savard, J.-P. L., & Falls, J. B. (1981). Influence of habitat structure on the
nesting height of birds in urban areas. Canadian Journal of Zoology,
59(6), 924-932. https://doi.org/10.1139/281-132

Shakov, V., & Koévér, L. (2020). Distribution and habitat preferences of the
urban woodpigeon (Columba palumbus) in the north-eastern breed-
ing range in Belarus. Landscape and Urban Planning, 201, 103846.

Soh, M. C. K., Pang, R. Y. T,,Ng, B. X. K., Lee, B. P. Y. H., Loo, A. H. B., &
Er, K. B. H. (2021). Restricted human activities shift the foraging

85UB017 SUOLULLIOD SAIESID 3ol dde 3y} Aq pauRA0B 818 S3[ e YO ‘SN J0 S3INI 104 AR1q1T 3UIIUO AB|IA UO (SUOIPUOD-PUR-SWR}W0D A8 | 1M ARR1q | U1 |UO//SHNY) SUORIPUOD PUe Swid | 8U) 835 *[£202/60/6T] U0 A%eiq i 8ulluO AB|IM ‘VEZZT 6TES-8892/200T OT/I0p/W00" A3 1M Alelq 1 pulUOS feuIN0 s/ SNy Woy papeo|umod ‘g ‘€202 ‘6TE88892


https://doi.org/10.17705/1jais.00302
https://doi.org/10.17705/1jais.00302
https://doi.org/10.1016/j.jeconom.2009.01.009
https://doi.org/10.1007/s10336-012-0919-y
https://doi.org/10.1016/s0169-2046(03)00111-7
https://doi.org/10.1017/s0266467403006084
https://doi.org/10.1007/s10336-011-0674-5
https://doi.org/10.1007/s10336-011-0674-5
https://doi.org/10.2173/bow.rocpig.01
https://doi.org/10.1086/282454
https://doi.org/10.1086/282454
https://doi.org/10.1016/j.vetmic.2008.09.045
https://doi.org/10.1146/annurev.es.18.110187.002321
https://doi.org/10.2307/2937160
https://doi.org/10.2307/1368432
https://doi.org/10.2307/2401909
https://doi.org/10.1371/journal.pone.0071255
https://doi.org/10.1371/journal.pone.0071255
https://doi.org/10.1098/rsos.181577
https://doi.org/10.1098/rsos.181577
https://www.straitstimes.com/singapore/public-education-campaign-shows-how-stopping-littering-feeding-can-curb-pigeon-nuisance
https://www.straitstimes.com/singapore/public-education-campaign-shows-how-stopping-littering-feeding-can-curb-pigeon-nuisance
https://www.straitstimes.com/singapore/public-education-campaign-shows-how-stopping-littering-feeding-can-curb-pigeon-nuisance
https://doi.org/10.1007/s10531-009-9755-7
https://doi.org/10.1007/s10531-009-9755-7
https://doi.org/10.1016/S0167-8809(00)00178-X
https://doi.org/10.3161/000164512x653908
https://www.straitstimes.com/singapore/table-clearing-enforcement-rule-kicks-off-at-hawker-centres-most-patrons-clear-tables
https://www.straitstimes.com/singapore/table-clearing-enforcement-rule-kicks-off-at-hawker-centres-most-patrons-clear-tables
https://www.straitstimes.com/singapore/table-clearing-enforcement-rule-kicks-off-at-hawker-centres-most-patrons-clear-tables
https://doi.org/10.1016/j.trd.2016.12.013
https://doi.org/10.1016/S0031-9384(96)00353-8
https://doi.org/10.2307/1368072
https://doi.org/10.2307/1368072
https://doi.org/10.3389/fevo.2017.00024
https://doi.org/10.1007/s10336-019-01657-8
https://doi.org/10.1007/s10336-019-01657-8
https://doi.org/10.1007/s00265-006-0162-8
https://doi.org/10.1007/s00265-006-0162-8
http://www.rstudio.com/
http://www.rstudio.com/
http://hdl.handle.net/10063/2045
http://hdl.handle.net/10063/2045
https://doi.org/10.1139/z01-202
https://doi.org/10.1139/z81-132

LIM ET AL.

Ecological Solutions and Evidence 13 of 13

strategies of feral pigeons (Columba livia) and three other commen-
sal bird species. Biological Conservation, 253, 108927. https://doi.
org/10.1016/j.biocon.2020.108927

Soh, M. C. K., Sodhi, N. S., Seoh, R. K. H., & Brook, B. W. (2002). Nest
site selection of the house crow (Corvus splendens), an urban in-
vasive bird species in Singapore and implications for its manage-
ment. Landscape and Urban Planning, 59, 217-226. https://doi.
org/10.1016/50169-2046(02)00047-6

Sol, D., & Senar, J. C. (1992). Comparison between two censuses of feral pi-
geon Columba livia var. from Barcelona: An evaluation of seven years
of control by killing. Butlleti del Grup Catala d'Anellament, 9, 29-32.

Sol, D., & Senar, J. C. (1995). Urban pigeon populations: Stability, home
range, and the effect of removing individuals. Canadian Journal of
Zoology, 73(6), 1154-1160. https://doi.org/10.1139/295-137

Spennemann, D. H. R, Pike, M., & Watson, M. J. (2018). Behaviour of
pigeon excreta on masonry surfaces. Restoration of Buildings and
Monuments, 23(1), 15-28. https://doi.org/10.1515/rbm-2017-0004

Spennemann, D. H. R., & Watson, M. J. (2017). Dietary habits of urban pi-
geons (Columballivia) and implications of excreta pH—A review. European
Journal of Ecology, 3(1), 27-41. https://doi.org/10.1515/eje-2017-0004

Stock, B., & Haag-Wackernagel, D. (2016). Food shortage affects repro-
duction of feral pigeons Columba livia at rearing of nestlings. Ibis,
158(4), 776-783. https://doi.org/10.1111/ibi.12385

Stukenholtz, E. E., Hailu, T. A., Childers, S., Leatherwood, C., Evans, L.,
Roulain, D., Townsley, D., Treider, M., Neal Platt, R., Il, Ray, D. A., Zak,
J. C., & Stevens, R. D. (2019). Ecology of feral pigeons: Population
monitoring, resource selection, and management practices. In M.
Ferretti (Ed.), Wildlife population monitoring (pp. 39-50). IntechOpen.

Sumasgutner, P., Nemeth, E., Tebb, G., Krenn, H. W., & Gamauf, A. (2014).
Hard times in the city—Attractive nest sites but insufficient food
supply lead to low reproduction rates in a bird of prey. Frontiers in
Zoology, 11(1), 48. https://doi.org/10.1186/1742-9994-11-48

Tang, Q., Low, G. W,, Lim, J. Y., Gwee, C. Y., & Rheindt, F. E. (2018).
Human activities and landscape features interact to closely define
the distribution and dispersal of an urban commensal. Evolutionary
Applications, 11(9), 1598-1608. https://doi.org/10.1111/eva.12650

Thomas, R. J. (2017). Data analysis with R statistical software: A guidebook
for scientists. Eco-Explore.

Trofa, D., Gacser, A., & Nosanchuk, J. D. (2008). Candida parapsilosis,
an emerging fungal pathogen. Clinical Microbiology Reviews, 21(4),
606-625. https://doi.org/10.1128/CMR.00013-08

Venables, W. N., & Ripley, B. D. (2002). Modern applied statistics with S
(4th ed.). Springer. https://www.stats.ox.ac.uk/pub/MASS4/

Vitousek, P. M., D'Antonio, C., Loope, L., & Westbrooks, R. (1996).
Biological invasions as global environmental change. American
Scientist, 84, 468-478.

Yap, C. A. M., & Sodhi, N. S. (2004). Southeast Asian invasive birds:
Ecology, impact and management. Ornithological Science, 3(1), 57-
67. https://doi.org/10.2326/0sj.3.57

SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1. Moran's | correlograms of model residuals using 500m
distance lags for feral pigeon (A) day roost and (B) nest presence
binomial general linear models. Unfilled circles represent non-
significant spatial autocorrelation (p=0.05). (C) and (D) show the
same but using residuals from binomial generalised linear mixed
models that account for spatial autocorrelation.

Figure S2. Binned residual plots for feral pigeon (A) day roost and (B)
nest binomial generalised linear mixed models adjusted for spatial
autocorrelation. Abbreviations are defined in Figure 1.

Figure S3. Average pigeon abundance with standard error bars
between stations along all above-ground North-South and East-
West lines, arranged from highest to lowest. Abbreviations are
defined in Figure 1.

Figure S4. Number of gaps with nesting materials observed between
Mass Rapid Transit stations along the North-South Line and East-
West Line, arranged from highest to lowest.

Table S1. General linear models for predicting presence of feral
pigeon day roosting and nesting respectively in a viaduct gap as the
response variable and their associated Akaike information criterion

values.
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