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Abstract

Urban ecological reserves are large green areas immersed within cities where native and exotic species of plants and ani-
mals coexist. Here, we examined the environmental features that facilitate the occurrence of nine species of native birds in
an urban ecological reserve located within one of the largest cities in the world, Mexico City. We also searched for changes
in occupancy rates among the three distinct climatic seasons that occur in central Mexico: warm-dry, rainy, and cold-dry.
Using data collected during four years and multi-season occupancy models, we found that most of our study species prefer
the urbanized sites that surround the reserve over the core conservation areas. This urban affinity can be explained by the
diverse vegetation that prevails in such urban sites, which offers a high habitat heterogeneity that facilitates the presence
of bird species with distinct ecological needs. In contrast, the reserve consists of a relatively homogeneous xerophytic
scrubland where a few species of shrubs and small trees are dominant. We also detected seasonal changes in five species,
with highest occupancy during the warm-dry season of each year, which coincides with both their breeding season and the
driest period of the year. This finding indicates that these birds find in the reserve and surrounding urban areas enough food
and water during this limiting season as well as safe nesting sites. Our study provides evidence that some native birds can
become urban exploiters and that the benefits that they obtain from urban settings are greatest during their breeding season.

Keywords Colonization rates -+ Detection probability - Local extinction - Mexico City - Occupancy models - Urban
birds

Introduction

Urban environments harbor a rich diversity of plant and
animal species (Alvey 2006; Aronson et al. 2014). Many
of these are non-native species that thrive in cities because
urban structure provides them with refuges and breeding
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locations, supplementary food resources, and minimal pre-
dation (McKinney 2008). Despite the evident dominance of
exotic species in urban ecosystems, some native species still
inhabit cities and urban green spaces are critical for their
persistence (Murgui and Hedblom 2017). These patches of
vegetation offer resources and conditions that allow them to
continue surviving and reproducing in the region to which
they are native despite the drastic change in land cover
derived from urbanization (Fuyuki et al. 2014; Morrison et
al. 2016; Jensen et al. 2023). Large urban green spaces have
the potential to host rich communities of native plants and
animals and to sustain relatively high abundances of these
species (Chamberlain et al. 2007; Barbosa de Toledo et al.
2012; Fischer et al. 2018; Southon et al. 2018).

Some urban green spaces in Mexico and elsewhere that
cover a substantially large area and contain remnants of
original vegetation have been designated as urban ecologi-
cal reserves by local authorities (George and Crooks 2006;
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Camara et al. 2012; Marchionni et al. 2021). These urban
reserves are protected with the main purpose of preserving
the native biodiversity that still persists within cities (Ken-
dal et al. 2017; Enedino et al. 2018). Effective management
and conservation plans for native species inhabiting urban
ecological reserves must be based on quantitative informa-
tion about their populations. Especially, it is important to
know: (1) if the species of interest are actually occupying
these urban reserves, (2) the proportion of the total protected
area that they are occupying, and (3) the specific ecological
features of these urban reserves that facilitate their presence
(i.e., the habitat traits that native species prefer within these
large urban green spaces). In this way, management actions
aimed at preserving the native species that still inhabit urban
settings can focus on enhancing the environmental features
identified as strong predictors of their occurrence. For
instance, if quantitative analyses reveal that canopy cover is
strongly associated with the presence of a particular native
species, then managers should focus on increasing canopy
cover across both the reserve and the surrounding urban
matrix.

A substantial proportion of the native species that still
persist within cities are now habituated to human activity
and obtain benefits from human-made structures (such as
nesting sites, perches, and shelters) as well as abundant
food from humans, both directly (e.g., bird feeders) and
indirectly (e.g., organic waste, fruits and seeds from orna-
mental plants) (Gray and van Heezik 2016; Johnson and
Munshi-South 2017; Tryjanowski et al. 2020; Dalla Pria et
al. 2022). Some of these native species can be classified as
“urban exploiters” because they can successfully use these
anthropogenic resources and because their fitness is likely
higher in urban settings than in less disturbed areas (Kark
et al. 2007; Jokimiki et al. 2017; Palacio 2020). Numer-
ous studies have documented that native species are actively
feeding and successfully breeding in urban settings (Rutz
2008; Mgller 2010; Reynolds et al. 2019; Zuifiiga-Vega et
al. 2023), indicating that they may now depend to some
extent on the resources that they can find in the urban envi-
ronment. However, we still do not know if native urban
exploiters have changed their habitat preferences in such a
way that they use the urban matrix more frequently than the
large green spaces (such as urban ecological reserves) that
are available to them within cities. Comparing the rates of
occurrence of native species between the urbanized area and
urban green spaces can yield insight into the value of urban
ecological reserves to preserve the native biodiversity. Evi-
dence of preference for conserved areas would indicate that
urban ecological reserves serve a major role in facilitating
the persistence of native species within urban settings. In
contrast, evidence of preference for urbanized areas would
support the hypothesis that such native species have become

@ Springer

urban exploiters and are thus less dependent on large green
spaces.

Native species may occupy urban reserves only during
particular periods of the year. Detecting seasonal patterns
in their presence within cities would yield insight into the
particular resources that urban ecosystems provide to native
species. To our knowledge, no previous study has assessed
whether some native species may be urban exploiters only
during a particular season and then move out of the city to
less disturbed sites during another season (or seasons; but
see Jokiméki and Suhonen 1998). Such seasonal variation
in site occupancy may result from reproductive activities
because individuals may move to a different habitat when
they are breeding and nesting (Betts et al. 2008; Bargante
et al. 2017). For many animal species, reproductive success
can be relatively high in urban settings because cities can
offer a wide array of breeding and nesting sites (Reynolds
et al. 2019) and predation risk for both adults and their off-
spring is relatively low (Gering and Blair 1999).

In addition, some critical environmental conditions that
vary predictably within a year, such as ambient tempera-
ture and food availability, may promote changes in habitat
preferences. For instance, individuals may move to warmer
sites during cold months or to sites with sufficient sources of
food during limiting periods (Boyle 2010; Boyle et al. 2010;
Pageau et al. 2020). Cities can be considered heat islands
because temperature is warmer all year long compared to
adjacent rural or pristine areas (Yow 2007). Thus, native
species may use urban ecological reserves mainly during
the winter to avoid colder temperatures that occur in less
disturbed sites nearby (Shochat et al. 2006). Similarly, in
regions with marked seasonality in terms of rainfall, native
species could prefer large urban green spaces over pristine
areas during the dry season because in the former both food
and water availability remain relatively constant throughout
the year due to year-round irrigation and other gardening
activities (Wong et al. 2023).

Quantitative information on native species that still
persist in urban ecological reserves is necessary to under-
stand their temporal and spatial patterns of habitat use.
This information can be used to propose management and
conservation actions such as: (1) promoting and protect-
ing the environmental features that native species prefer,
(2) removing or reducing those factors that have a nega-
tive impact on these species (e.g., the presence of human
waste), and (3) informing citizens about when these native
species are present in the city so they are aware of them and
willing to help in their preservation. For animal species in
particular, population trends can be examined by means of
different approaches, all of which take into account imper-
fect detection (Kéry 2004; Cayuela et al. 2018; Altwegg
and Nichols 2019). Spatial and temporal changes in animal
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populations have been analyzed through estimates of abun-
dance (Yamaura et al. 2011; Iijima et al. 2013). However,
estimating abundance can be logistically and analytically
challenging for species with high mobility, such as birds,
because the counts of individuals in the field may be quite
imprecise (Royle et al. 2007). An alternative approach is to
quantify rates of site occupancy (MacKenzie et al. 2002).
In this case, the focus is placed on the proportion of a par-
ticular area (or the proportion of suitable sites within an
area) that is occupied by the species of interest. Spatial and
temporal (seasonal) changes in site occupancy can be exam-
ined by estimating: (1) the probability that a particular site
that is occupied by the focal species during a given season
becomes unoccupied the following season (this parameter
has been termed “local extinction probability”), and (2)
the probability that a particular site that is unoccupied dur-
ing a given season becomes occupied the following season
(this parameter has been termed “colonization probability”)
(MacKenzie et al. 2003). These two parameters provide the
basis to understand the causes of site occupancy dynamics
(e.g., of seasonal changes). This approach, which explicitly
estimates detection probabilities (MacKenzie et al. 2018),
has been recently implemented to study population trends
of species of conservation concern and, in addition, it has
allowed identification of environmental features that facili-
tate the presence of the species of interest (Bled et al. 2013;
Louvrier et al. 2018; Ortega—Alvarez etal. 2021). However,
less than a handful of studies have estimated colonization
and local extinction probabilities for native species inhabit-
ing urban green spaces (Cassel et al. 2019; Rudershausen et
al. 2021; Zuniga-Vega et al. 2023).

In this study, we estimated rates of site occupancy for
nine resident species of native birds in an urban ecological
reserve located within one of the largest cities in the world,
Mexico City. As in most cities, the urban matrix is dominated
by exotic species of birds (van Heezik et al. 2008; Menon
and Mohanraj 2016). However, several species of native
birds can still be found in the city and little is known about
their population trends (Ramirez-Cruz et al. 2019, 2020).
Here, we focused on examining temporal (inter- and intra-
annual) changes in the proportion of area occupied by nine
non-migratory species of birds over the course of four years
(2015-2018), as well as on identifying the environmental
features of the reserve and surrounding urbanized areas that
facilitate the occurrence of these native birds. Given that
all our focal species have previously been observed inhabit-
ing urban ecosystems (Table 1), we hypothesize that these
native species have become urban exploiters and, therefore,
sites where human activities are frequent (i.e., the urban
matrix that surrounds the ecological reserve) would pro-
mote the presence of these birds. In contrast, sites within the
core conservation areas of the reserve would be less prone

to be colonized and instead should promote high rates of site
abandonment. Additionally, we tested the hypothesis that
these bird species occupy the urban reserve and surrounding
urbanized areas mainly during the limiting seasons of the
year (i.e., the cold or dry seasons) or during their breeding
periods, because seasonality is dampened in cities and they
can find food, water, warmer temperatures, and safe nesting
sites (Shochat et al. 2006; Yow 2007; Reynolds et al. 2019;
Wong et al. 2023). During the rainy, warm, or non-breeding
seasons these birds should depend to a lesser extent on the
urban environment and, thus, occupancy of the ecological
reserve and surrounding urban matrix should be lower.

Methods
Study area

We focused this study on the Reserva Ecoldgica del Pedre-
gal de San Angel (REPSA), which is an urban ecological
reserve that covers an area of 237 ha located in southern
Mexico City (Fig. 1). This reserve was created in 1983 to
protect the last remnants of a unique ecosystem composed
of a xerophytic scrubland established over a rocky substrate
that originated from the eruption of the Xitle volcano 2000
years ago (Siebe 2000, 2009). The REPSA harbors a rich
biodiversity composed of 1849 native and 317 exotic spe-
cies of plants and animals (SEREPSA 2013; Zambrano et al.
2016). Seasonality in the region is strong, with a rainy sea-
son from June to October, a cold-dry season from Novem-
ber to February, and a warm-dry season from March to May.
Mean temperatures are 16.7 °C, 13.1 °C, and 18.7 °C for the
rainy, cold-dry, and warm-dry seasons, respectively (Rze-
dowski 1954; Lot and Cano-Santana 2009).

This urban reserve is embedded within the dense urban
matrix of Mexico City, which is one of the top ten mega-
cities in the world with a human population of more than
21 million people inhabiting its metropolitan area (Fol-
berth et al. 2015; INEGI 2022). Our study area comprises
the entire protected area, as well as the adjacent urban area,
which includes a significant proportion of the campus of
the Universidad Nacional Autonoma de México (National
Autonomous University of Mexico; Fig. 1). The REPSA
is divided into three large core conservation areas and 13
smaller buffer areas, all of them surrounded by streets,
buildings, and facilities of the university (Fig. 1). The core
areas are patches of original xerophytic scrubland that serve
the main purpose of biodiversity conservation. Access to
people is restricted in these conservation areas. The smaller
buffer areas are a mix of both original scrubland and exotic
vegetation that serve as connectivity corridors among the
core areas. Access to people is only partially restricted in

@ Springer



Urban Ecosystems

Table 1 List of the nine species of birds that we monitored in an urban ecological reserve located within Mexico City. We also show basic ecologi-
cal information about each species

Species Breeding season Spatial movements Diet Habitat preferences Refer-
Common name (short-distance ences
(Family) migration)
Haemorhous Pair formation occurs In western United Frugivorous Variety of undisturbed habitats and in urban  Badyaev
mexicanus between January and  States some popula-  Granivorous settings, but avoids dense coniferous stands. et al.
House finch March, nest building  tions make short- Highly variable foraging behavior (although 2020
(Fringillidae) between February and distance movements feeds mainly on the ground). Perches on
March, egg laying between local habitats, grasses, shrubs, cacti, and trees. Wide variety
from March to July,  particularly in areas of nest sites.
with most females with considerable Reported in urban areas.
having multiple snow cover during the
broods per season. winter.
Melozone fusca  Pair formation occurs Lateral and altitu- Granivorous From desert grasslands with scattered John-
Canyon towhee throughout the year.  dinal movements but dense shrubs to pine-oak coniferous son and
(Passerellidae) No information about documented in spring, forests. Feeds on the ground in open areas, ~ Haight
when nest build- fall, and winter in the sometimes under vegetation. Nests in trees, 2020
ing or egg laying United States. shrubs, or vines, rarely > 3.4 m above
begins. Nesting takes ground.
place from March to Reported in urban areas.
September.
Pheucticus Pair formation begins Obligated long- Insectivorous  Diverse habitats, including cottonwood/wil-  Hill 2022
melanocephalus  in spring. Nest build- ~ distance migration Frugivorous low groves and other riparian and floodplain
Black-headed ing starts in late April in populations from Granivorous habitats, openings in mature pine forests,
grosbeak or early May. Egg northern United pine-juniper woodlands, oak savanna,
(Cardinalidae) laying occurs from States. Suggested gardens, and orchards. Feeds high in trees
April to June. altitudinal migra- and in the understory, rarely on the ground.
tion in populations Nests are typically placed on outer branches
from southern United of small deciduous trees or shrubs.
States. Reported in urban areas.
Psaltriparus Pair formation and Seasonal altitudinal Insectivorous  Diverse habitats, from forested mountains to  Sloane
minimus nest building start migration to lower arid brush, but prefers open mixed woodland 2020
Bushtit between late January  elevations in the win- with some evergreen foliage or shrubby
(Aegithalidae) and early February. ter, and to higher alti- understory. Foliage-gleaner specialist.
Egg laying occurs tudes in the summer in Nests are placed at varying heights (from 1
from late March to the mountainous areas to 30 m), either near the trunk or in distal
early July. of the United States. vegetation.
Reported in urban areas.
Ptiliogonys Breeding phenology  Altitudinal migration  Insectivorous ~ Montane pine, oak, and juniper forests, as Gonzalez-
cinereus is poorly known. In to lower elevations Frugivorous well as some open areas with scattered trees. Garcia et
Gray Mexico, nest building during winter. Captures aerial insects by sallying from al. 2014;
silky-flycatcher has been reported usually tall trees. Also feeds on a variety of ~ Ramirez-
(Ptiliogonatidae)  in May, with the fruits. Nests are placed high on trees. Cruz et
presence of chicks in Reported in urban areas. al. 2019;
June. Chu 2020
Pyrocephalus Pair formation takes ~ Populations in the Insectivorous ~ From arid scrub to riparian woodland, avoid- Rios-
rubinus place from mid-Feb-  northernmost regions ing dense canopy and thick understory. Sit-  Chelén et
Vermilion ruary to mid-March of the United States and-wait predator, forages from tops of trees al. 2013;
flycatcher in the United States.  and southernmost as well as near ground, in open areas. Prey ~ Ellison et
(Tyrannidae) Nest building and South America are located from exposed perch and captured al. 2021
egg laying begin in migratory. Downslope from air or ground. Nest inconspicuous,
mid-March. movement of resident somewhat cryptic. Typically nests on trees

populations has been
reported during fall.

that line riparian corridors.
Reported in urban areas.
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Table 1 (continued)

Species Breeding season Spatial movements Diet Habitat preferences Refer-
Common name (short-distance ences
(Family) migration)

Spinus psaltria In the United States,  Permanent resident Granivorous Wide variety of habitats, mainly woodlands ~ Watt and

Lesser goldfinch  pair formation begins  across most of its and forests with small clearings or open Wil-
(Fringillidae) in February. Nest North American country with scattered trees or thickets. For- loughby
building starts in distribution. Altitudi- ages on the ground, often in weed patches, 2020
April, and egg laying  nal migration to lower meadows, pastures, riparian savannas, and
occurs from late May areas during winter suburban parks and yards. Nests are placed
to mid-June. has been documented in many different types of trees and shrubs.
in California in the Reported in urban areas.
United States, and
possibly in Sonora,
Mexico.
Thryomanes Pair formation occurs ~ Short-distance migrant Insectivorous  Scrubby vegetation and open woodlands. Kennedy
bewickii during March or as in parts of Mexico and Active forager. Gleans arthropods from and White
Bewick’s wren early as February in  the United States. leaves, branches, and trunks. Also flips and 2020
(Troglodytidae)  the United States. probes dead leaves on the ground. Opportu-
Nest building takes nistic cavity nester; uses a variety of sites.
place from late Febru- Reported in urban areas.
ary to April. Egg
laying occurs between
mid-March and late
May.
Toxostoma Breeds from February Local migration Insectivorous ~ Found in thorn scrub and thickets at edge of  Fokidis
curvirostre to August, with a peak reported in popula- Frugivorous woodlands among prickly pears, yuccas, and and Devi-
Curve-billed during May in the tions from the United mesquites. Forages on the ground in open che 2012;
thrasher United States. States and northern areas with no overstory; digs and probes Tweit
(Mimidae) Mexico. through leaf litter. Climbs shrubs and trees 2020

for berries. Nests usually in cholla cacti or
spiny shrubs such as yucca.
Reported in urban areas.

these buffer areas and, hence, human activity causes some
degree of disturbance (Zambrano et al. 2016; Ramirez-Cruz
et al. 2018). We were able to examine site occupancy of our
nine focal species in both the undisturbed reserve and adja-
cent buffer areas, gardens, buildings, parking lots, paved
walking paths, and streets.

Study species and field methods

We estimated rates of site occupancy for the following nine
resident species of native birds that still can be found in
central Mexico: Haemorhous mexicanus, Melozone fusca,
Pheucticus melanocephalus, Psaltriparus minimus, Ptiliog-
onys cinereus, Pyrocephalus rubinus, Spinus psaltria, Thry-
omanes bewickii, and Toxostoma curvirostre. These species
belong to eight taxonomic families and vary broadly in their
diet and preferred habitats (Table 1). Therefore, we expected
some differences among species in the particular features
of the REPSA and surrounding urban areas that promote
or preclude their presence and that cause inter- and intra-
annual changes in site occupancy. However, all nine species
have been frequently recorded in urban settings in distinct
regions (not only in Mexico City; Table 1). For this reason,
these species are appropriate study systems to examine the

hypothesis that these native species, which have probably
inhabited the region long before the establishment of the
city, have switched habitat preferences and now they should
show greater affinity for the urban area than for the ecologi-
cal reserve (i.e., they could have become urban exploiters).
In addition, we selected these particular nine species also
because the number of detections of each of them was high
enough to secure model convergence and reliable parameter
estimates. Other native bird species can also be found in
Mexico City, and in fact we recorded them during surveys,
but their abundances (and hence our detections) were too
low to obtain accurate parameter estimates (i.e., their stan-
dard errors were too large).

We established 100 observation sites distributed through-
out our study area (25 located in the core conservation areas
of the REPSA, 27 in the buffer areas, and 48 in adjacent
urban areas; Fig. 1). The specific location of each observa-
tion site was defined randomly, with the only requirement
of a minimum separation distance of 150 m from other
observation sites. In this way, we ensured that the prob-
ability of detecting birds at any given site did not affect
the probability of detecting them at other sites (i.e., inde-
pendent detectability; MacKenzie et al. 2002; MacKenzie
et al. 2018). Each observation site consisted of a circle of
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|

Fig. 1 Location in Mexico of the urban ecological reserve where we conducted our study (Reserva Ecologica del Pedregal de San Angel) includ-
ing the surrounding urban areas. This reserve is divided into core conservation areas (colored in dark blue) and buffer areas (colored in green).
All the surrounding areas represent gardens, buildings, parking lots, paved walking paths, and streets. Landmarks indicate the location of our 100
observation sites and are colored according to their location in either core, buffer, or urban areas. The number of observation sites within each type

of area is shown within parentheses

approximately 40 m in diameter, within which a group of
trained observers recorded all the bird species that they were
able to detect and accurately identify. All detections were
made visually with the aid of binoculars. All observers had
previous experience identifying all nine focal species and,
in addition, these bird species are relatively easy to identify
and differentiate from other birds that also occur in Mexico
City. Thus, the probability of false-positive detections that
could have biased our results (Clement 2016) was rather
low. We used a smaller radius for our observation sites than
the usual 50 m of point-count stations for bird surveys (Mat-
suoka et al. 2012) because the scrubland areas of the REPSA
are located on steep and complex volcanic terrain, making
it difficult to move through these areas without altering
the behavior of some birds. Additionally, the dense scrub
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vegetation in the REPSA limits our visibility and, hence, our
detectability of birds at distances greater than 40 m.

Our study spanned 11 field seasons over four years
(2015-2018). Our field seasons took place during May,
September, and January of each year, which represent the
warm-dry, rainy, and cold-dry seasons, respectively. The
first season occurred during May 2015 and the last dur-
ing September 2018. We focused on these three seasons
because they represent contrasting climatic conditions
that may affect reproduction, physiology, and behavior
of birds. Specifically, during the warm-dry season, which
corresponds to spring in the Northern Hemisphere, all our
nine focal species are breeding (Table 1). In addition, this
is also the warmest and driest period of the year (Carrera-
Hernandez and Gaskin 2007) and, thus, resources such as
food and water are likely scarce in the forests that surround
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the city. During the rainy season, juveniles of all nine spe-
cies already left the nests and vegetation grows throughout
the region. During the cold-dry season, rainfall is sporadic,
temperatures are the lowest of the year, and our nine species
are not breeding (Table 1). Given these seasonal differences
in both environmental conditions and bird phenology, the
habitat requirements of the nine species likely differ among
these three contrasting seasons (Table 1).

During each field season, we conducted repeated surveys
in all our 100 observation sites (between 6 and 8 indepen-
dent surveys per site and season). Each survey consisted
of 15 min of observation, searching for birds. From each
field season we obtained detection histories for each spe-
cies, which consisted of site-specific sequences of 0’s and
1’s, where 0 denotes that the species was not detected and
1 denotes that the species was detected during a particular
survey. For each observation site, the total number of 0’s
and 1’s per season was equal to the number of independent
surveys that we conducted.

In addition, at each observation site we measured envi-
ronmental characteristics that could have affected the prob-
ability that our focal species were present or our ability to
detect them during field surveys. Also, these environmental
features could have influenced whether our focal species
remained at a given site or abandoned the site between field
seasons. We estimated vegetation cover (as percentage) at
three different layers that reflect the structural complexity
of a site: trees (height>3 m), shrubs (height between 0.5
and 3 m), and herbs (height<0.5 m). These three vegeta-
tion strata can differentially affect our study species depend-
ing on their habitat preferences. For instance, some species
depend to a greater extent on tall trees to feed and nest (e.g.,
Pheucticus melanocephalus and Ptiliogonys cinereus; Chu
2020; Hill 2022), other species prefer shrubs to carry out
these essential activities (e.g., Thryomanes bewickii and
Toxostoma curvirostre; Kennedy and White 2020; Tweit
2020), and others tend to avoid dense vegetation and forage
preferentially in areas where herbs are the dominant vegeta-
tion stratum (e.g., Melozone fusca and Pyrocephalus rubi-
nus; Johnson and Haight 2020; Ellison et al. 2021). At each
visit, all observers visually estimated each type of cover and
then we calculated an average across all these visual esti-
mates, after discarding extreme estimates (as per Ramirez-
Cruz et al. 2020). We used this same method to estimate
urban cover as the percentage of each site that consisted of
parking lots, buildings, and paved walking paths. Similarly,
we estimated the percentage of the area of each site that was
covered by human waste (plastics, cardboard, metal cans,
organic waste, pieces of paper). We decided to examine
effects of urban cover and human waste due to their poten-
tial to alter resource availability for birds (Jokiméki and
Suhonen 1998; Garcia-Arroyo et al. 2023).

Using Google Earth (Google 2017), we measured the
distance from the center of each observation site to the
nearest urban structure (building, sidewalk, paved road, or
any other human-made structure). The distance to anthro-
pogenic structures affects the relative exposure of birds to
different levels of human noise and light pollution (Ciach
and Frohlich 2017) and can also serve as a proxy for the
degree of disturbance at each site. Specifically, the short-
est distances to the nearest urban structure correspond to
urbanized sites with intense human activity and the longest
distances correspond to sites located within the core conser-
vation areas of the reserve (Zufliga-Vega et al. 2019). We
also recorded whether gardening activities such as watering,
tree pruning, weed removal, and lawn mowing took place
at each site. The presence of gardening activities is relevant
for birds because they imply a sustained supply of water
throughout the year to maintain the vegetation, but they are
also related to artificial changes in vegetation cover that
may alter the abundance of some resources for birds, such
as prey availability (insects) and perching sites (Lepczyk et
al. 2004; van Heezik and Adams 2016). Finally, to estimate
vegetation species richness we counted the number of tree
and shrub species present at each observation site. We con-
sidered plant species richness as an additional measure of
the structural complexity of the vegetation. Greater habitat
complexity provides a broader diversity of resources (many
types of food, refuges, and nesting sites), hence meeting
the diverse needs of several bird species (Ghadiri Khana-
poshtani et al. 2012). Our previous ecological research in
the REPSA also considered these same environmental vari-
ables (Ramirez-Cruz et al. 2019; Zuiiiga-Vega et al. 2019;
Ramirez-Cruz and Ortega-Alvarez 2021).

Four of these environmental variables (tree, shrub, and
herb covers as well as the amount of human waste) can vary
through time (i.e., among years and seasons) and, therefore,
we measured them separately during each field season. The
other four variables (urban cover, distance to the nearest
urban structure, vegetation species richness, and presence
or absence of gardening activities) did not vary through time
and, therefore, we measured them only once. These envi-
ronmental variables were not strongly correlated with each
other (all Spearman correlation coefficients were smaller
than 0.8 in absolute value; Figs. S1-S11). Therefore, we used
all these variables separately in our occupancy analyses.

Dynamic occupancy models

We implemented single-species multi-season (dynamic)
occupancy models using the R package unmarked (MacK-
enzie et al. 2003; Fiske and Chandler 2011). Based on
the detection histories that we obtained for all nine focal
species, these single-species dynamic occupancy models
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allowed us to estimate four parameters by means of max-
imum-likelihood routines. First, occupancy probability
(denoted by w), which is the probability that any given
site is occupied by at least one individual of a focal spe-
cies. Second, detection probability (denoted by p), defined
as the probability of detecting at least one individual of a
focal species in sites where the species is present. Third,
local extinction (denoted by €), which is the probability that
an occupied site in season i is unoccupied in season i+ 1.
Fourth, colonization probability (denoted by ), defined as
the probability that a site that was unoccupied in season i is
occupied in season i+ 1. Given that occupancy probabilities
of different seasons are the result of both dynamic processes
(local extinction and colonization), we estimated € and y for
all seasons, as well as the initial occupancy probability (i.e.,
y for our first field season, which took place during May
2015) by means of maximum likelihood using unmarked
and then calculated occupancy probabilities for the next 10
field seasons as derived parameters as follows:

i =i a(l —eim1) + (1 — 1)y

where the subscript i represents each field season, from the
second to the last (MacKenzie et al. 2003).

To identify the environmental features of the reserve that
promote site occupancy and colonization as well as those
that cause high rates of site abandonment, we built general-
ized linear models using a logit link function with which
we searched for statistical effects of the following environ-
mental variables on our parameters of interest (initial vy, v,
g, and p). Initial occupancy, colonization, and extinction
were modeled as functions of season-specific tree cover,
shrub cover, herb cover, and amount of human waste (time-
varying environmental variables). In addition, these three
parameters were also modeled as functions of the four vari-
ables that did not vary among years or seasons (urban cover,
distance to the nearest urban structure, number of tree and
shrub species, and presence or absence of gardening activi-
ties). We fitted models with each of these predictors one at
a time as well as additive models, testing all possible com-
binations of pairs of predictors. We did not consider interac-
tions between predictors or additive models with more than
two predictors to avoid overparameterizing our models and
to keep our model set reasonably small.

Detection probability was modeled as a function of tree
cover, shrub cover, and the additive effect of these two pre-
dictors. We chose these two environmental variables as pre-
dictors of detection because dense vegetation could have
limited our visibility during field surveys. In addition, we
also compared detection probabilities between the three cli-
matic seasons (warm-dry, rainy, and cold-dry) by combin-
ing the four field seasons that took place during May of each
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year (May of 2015, 2016, 2017, and 2018) into the single
category of warm-dry season, the four field seasons that
took place during September of each year (September of
2015, 2016, 2017, and 2018) into the category of rainy sea-
son, and the three field seasons that took place during Janu-
ary of each year (January of 2016, 2017, and 2018) into the
category of cold-dry season. In this way, we built models in
which detection probability was affected by the factor “cli-
matic season”, which had three levels (warm-dry, rainy, and
cold-dry). This factor takes into account that activity pat-
terns of birds may vary seasonally, making them more vis-
ible to observers during those months when they carry out
conspicuous activities such as territorial defense, courtship,
and nest building (e.g., Zamora-Marin et al. 2021; Hack-
worth et al. 2022) or, alternatively, less detectable when
their overall activity levels remain low, such as during cold
or rainy periods (e.g., Vézina and Salvante 2010). Given that
the ability to detect birds may be different among observ-
ers, we also considered a model in which p varies among
observers. We also tested this observer effect on p in the fol-
lowing additive combinations with the other predictors: tree
cover + observer, shrub cover+ observer, tree cover + shrub
cover+observer, and climatic season+ observer. In addi-
tion, we also considered intercept-only models, in which
our parameters of interest (initial vy, v, €, and p) were not
affected by any predictor variable.

We selected the best model for each parameter using
the Akaike information criterion adjusted for small sample
sizes (AICc, Burnham and Anderson 2002). We also calcu-
lated Akaike weights (w;) which are measures of the relative
support for each model j (Burnham et al. 2011). In those
cases where a few models (two or three) had strong support
(i.e., models differing by less than two AICc units from the
best-fitting model, AAICc < 2), we selected the model with
the fewest parameters. However, in cases of high model
uncertainty (i.e., four or more models having strong sup-
port), we built an average model by computing weighted
averages of the regression coefficients across all competing
models using the Akaike weights as the weighting factor
(as per Burnham and Anderson 2002). Then, we identified
the environmental variables with evident effects on our
parameters of interest as those with model-averaged regres-
sion coefficients that were statistically different than zero
(regression coefficients with 95% confidence intervals that
did not include zero).

Testing all possible combinations of the different sources
of variation for initial y, v, €, and p would have resulted in
an excessively large model set (more than 250,000 compet-
ing models). To avoid this issue, we conducted our model
selection procedure in a sequential manner, as suggested
by Lebreton et al. (1992). First, we defined an initial model
in which both y and & varied among field seasons (i.c., a
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different value of y and & for each season), whereas only
an intercept was included for both initial y and p. Sec-
ond, we fitted all the competing models that we defined
for p and, based on the criteria that we explained above for
model selection, we identified the best source of variation
for this parameter or, in other words, the environmental
characteristic(s) with strong effect(s) on p. Third, we used
the model that we selected for p and proceeded to fit all
the competing models that we defined for initial vy, still
maintaining both y and € varying among field seasons. Here
again, we identified the best source of variation for initial .
In the fourth and fifth steps, we repeated this procedure for ¢
and vy, respectively, to find the environmental variables with
strong effects on these parameters.

We evaluated goodness of fit of the models that included
the environmental variables that we selected for all four
parameters (\, v, €, and p) of each species. For this purpose,
we used a parametric bootstrap procedure also implemented
in the R package unmarked (Fiske and Chandler 2011). This
procedure consisted in: (1) simulating 1000 datasets based
on the selected model for each species, (2) refitting this
model to each simulated dataset, and (3) calculating from
each of these simulations the sum of squared errors (SSE) as
a measure of model fit. We then compared the distribution
of these 1000 values of SSE with the SSE obtained from
fitting the selected model to the actual data of each species.
An actual SSE greater than 95% of the 1000 values of SSE
obtained from the simulated datasets would indicate a sig-
nificant lack of fit (i.e., P<0.05). However, in all nine spe-
cies the model including the environmental variables with
strong effects on v, v, €, and p provided adequate fit to the
data (P> 0.05 in all cases; Figs. S12-S20).

To search for temporal trends in occupancy probabili-
ties of our nine focal species, we calculated y for all field
seasons as derived parameters from additional competing
models that we built to estimate temporal variation in both
colonization and local extinction (excepting v for the initial
season, which we estimated through maximum likelihood).
In these additional models, we included as covariates the
environmental variables that we previously identified as
strong predictors of initial y, v, €, and p for each species.
Specifically, we built nine additional models that resulted
from all the combinations of y and ¢ differing among cli-
matic seasons (i.e., using the factor “climatic season” as
predictor), varying among all field seasons (i.e., a different
value of y or ¢ for each field season), or remaining constant
across all seasons. Based on these nine competing models
and their respective Akaike weights, we computed model-
averaged estimates of occupancy probabilities for all field
seasons (from the second to the last).

Results

The full model selection results (including ranking of mod-
els based on AICc and Akaike weights) for all the com-
peting models that we implemented to search for effects
of environmental variables on initial v, vy, €, and p of our
nine focal species can be found in Table S1. In addition, the
average models that we built per parameter and species are
reported in Table S2.

Detection probabilities

Only two environmental variables had evident effects on the
detection probabilities of four bird species (Table 2). Shrub
cover had fairly similar negative effects on p of three species,
H. mexicanus, M. fusca, and Pyrocephalus rubinus (Fig.
S21a-c). Thus, as we expected, dense shrub cover restricted
our visibility in the field, limiting our ability to detect these
three species. In the particular case of S. psaltria, p varied
among climatic seasons, with higher detectability during
the rainy season compared to the warm-dry and cold-dry
seasons (Fig. S21d). In the remaining five species, we did
not detect statistical relationships between environmental
variables and detection probabilities (Table 2). Only in three
species (Haemorhous mexicanus, Psaltriparus minimus,
and Thryomanes bewickii) did detectability vary among
observers (Table 2). The model-averaged regression coef-
ficients that represent the magnitudes of these inter-observer
differences can be seen in Table S2.

Initial occupancy

In four species we detected effects of three environmental
variables on initial y (Table 3). Shrub cover had a negative
effect on occupancy of two species, Haemorhous mexicanus
and Melozone fusca (Fig. 2a, c) and, in contrast, a positive
influence on occupancy of Ptiliogonys cinereus (Fig. 2e).
Distance to the nearest urban structure negatively affected
initial occupancy of H. mexicanus and P. cinereus (Fig. 2b,
f). This finding indicates that occupancy of these two species
is highest at urban sites. In the latter species, expected occu-
pancy probability was essentially zero in sites located more
than 100 m from the nearest urban structure (Fig. 2f). The
presence of gardening activities promoted higher occupancy
probabilities of M. fusca and Pyrocephalus rubinus (Fig. 2d,
g). In the other five species, the confidence intervals of the
model-averaged regression coefficients for all predictor
variables included zero and the intercept-only model was
within the models with strong support (AAICc < 2), indicat-
ing that considering potential effects of environmental vari-
ables did not improve substantially the model fit compared
to the simplest model with no predictors (Table 3).
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Table 2 Model selection results for detection probability (p) of nine species of native birds that inhabit an urban ecological reserve located within

Mexico City
Species Predictor variable Regression coefficient Confidence interval
Haemorhous mexicanus Shrub cover -0.13 -0.20 —-0.06
Observer
Melozone fusca Shrub cover -0.28 -0.43 —-0.13
Pheucticus melanocephalus Intercept only
Psaltriparus minimus Observer
Ptiliogonys cinereus Intercept only
Pyrocephalus rubinus Shrub cover -0.25 -0.37—-0.12
Spinus psaltria Climatic season 2.12 1.55—2.69
(rainy versus cold-dry)
Climatic season 0.42 -0.25 —1.09
(warm-dry versus cold-dry)
Climatic season 1.70 1.19—2.20

(rainy versus warm-dry)
Thryomanes bewickii Observer

Toxostoma curvirostre Intercept only

For each species, we show the environmental variable (or variables) with strongest influence on detectability, the corresponding regression
coefficients, and their 95% confidence intervals. The regression coefficients that represent inter-observer differences in detection probability
can be found in Table S2. In the particular case of Spinus psaltria, coefficients represent estimated differences in detectability between climatic

seasons

Table 3 Model selection results for initial occupancy probability (y) of nine species of native birds that inhabit an urban ecological reserve located

within Mexico City

Species Predictor variable

Regression coefficient Confidence interval

Haemorhous mexicanus Shrub cover

Distance to urban structure
Shrub cover

Gardening activities
Intercept only

Intercept only

Melozone fusca

Pheucticus melanocephalus
Psaltriparus minimus
Ptiliogonys cinereus Shrub cover

Distance to urban structure
Gardening activities
Intercept only

Intercept only

Pyrocephalus rubinus
Spinus psaltria
Thryomanes bewickii

Toxostoma curvirostre Intercept only

-1.23 -2.01 —-0.45
-0.73 -1.37—-0.09
-1.02 -1.87 —-0.18
1.47 0.08 —2.85
0.78 0.09 —1.47
-3.10 -5.43 —-0.77
1.05 0.09 —2.01

For each species, we show the environmental variable (or variables) with strongest influence on initial occupancy, the corresponding regression

coefficients, and their 95% confidence intervals
Colonization

Four environmental features influenced colonization proba-
bilities of six bird species (Table 4). Again, shrub cover had
contrasting effects: negative on y of H. mexicanus (Fig. 3a)
and positive on y of P. cinereus (Fig. 3h). Colonization prob-
abilities of five bird species (M. fusca, Pheucticus melano-
cephalus, Ptiliogonys cinereus, Pyrocephalus rubinus, and
Toxostoma curvirostre) were negatively affected by distance
to the nearest urban structure (Fig. 3b, d, f, i, k). Therefore,
in these five species the highest colonization rates occurred
at urban sites. With the exception of M. fusca, y values for
these species were close to zero in sites located more than
150 m from the nearest urban structure (Fig. 3d, f, i, k). The
presence of gardening activities had a positive influence on
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the colonization probability of a single species, M. fusca
(Fig. 3¢). The number of tree and shrub species (vegetation
species richness) had positive effects on colonization rates
of three species (Pheucticus melanocephalus, Ptiliogonys
cinereus, and Pyrocephalus rubinus) (Fig. 3e, g, j). We did
not detect statistical relationships between environmental
variables and y of the remaining three species (Psaltripa-
rus minimus, Spinus psaltria, and Thryomanes bewickii)
(Table 4).

Local extinction
We detected effects of six environmental variables on local

extinction probabilities of six bird species (Table 5). Dis-
tance to the nearest urban structure had a positive influence
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Fig. 2 Estimated relationships
between initial occupancy prob-
ability (y) (i.e., occupancy during
our first field season, which took
place during May 2015) and
some environmental variables for
different species of native birds.
Dashed gray lines and error bars
denote 95% confidence intervals

Initial occupancy probability (y)

a) Haemorhous mexicanus

b) Haemorhous mexicanus

c) Melozone fusca
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Table 4 Model selection results for colonization probability (y) of nine species of native birds that inhabit an urban ecological reserve located

within Mexico City

Species

Predictor variable

Regression coefficient

Confidence interval

Haemorhous mexicanus
Melozone fusca

Pheucticus melanocephalus
Psaltriparus minimus
Ptiliogonys cinereus
Pyrocephalus rubinus
Spinus psaltria

Thryomanes bewickii
Toxostoma curvirostre

Shrub cover

Distance to urban structure
Gardening activities

Distance to urban structure
Tree and shrub species richness
Intercept only

Distance to urban structure
Tree and shrub species richness
Shrub cover

Distance to urban structure
Tree and shrub species richness
Intercept only

Intercept only

Distance to urban structure

-0.36
-0.43
0.79
-0.71
0.67

-0.60
0.27
0.29
-0.65
0.41

-0.97

-0.67 —-0.05
-0.76 —-0.10
0.28 —1.30
-1.11 —-0.30
0.37—0.96
-0.89 —-0.30
0.06 —0.48
0.03—0.55
-0.95 —-0.35
0.21 —0.61
-1.51 —-0.42

For each species, we show the environmental variable (or variables) with strongest influence on colonization, the corresponding regression
coefficients, and their 95% confidence intervals

on ¢ of three species, H. mexicanus, M. fusca, and Pyro-
cephalus rubinus (Fig. 4a, c, g). In both M. fusca and P.
rubinus, extinction probability was essentially one in sites
located more than 150 m from the nearest urban structure

(Fig. 4c, g). Herb cover negatively affected & of M. fusca
(Fig. 4b). In turn, tree cover had a negative influence on ¢
of Psaltriparus minimus and Ptiliogonys cinereus (Fig. 4d,
e). In the latter species, extinction probability was higher at
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Fig. 3 Estimated relationships
between colonization probabil-
ity (y) and some environmental
variables for different species of
native birds. Dashed gray lines
and error bars denote 95% confi-
dence intervals
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Table 5 Model selection results for local extinction probability (€) of nine species of native birds that inhabit an urban ecological reserve located

within Mexico City

Species

Predictor variable

Regression coefficient

Confidence interval

Haemorhous mexicanus
Melozone fusca

Pheucticus melanocephalus
Psaltriparus minimus
Ptiliogonys cinereus

Pyrocephalus rubinus
Spinus psaltria

Thryomanes bewickii
Toxostoma curvirostre

Distance to urban structure
Herb cover

Distance to urban structure
Intercept only

Tree cover

Tree cover

Gardening activities
Distance to urban structure
Urban cover

Shrub cover

Intercept only

Intercept only

0.23
-0.35
1.00

-0.27

-0.39

0.69

1.29

0.51

-0.78
Intercept only
Intercept only

0.05—0.42
-0.60 —-0.09
0.01 —1.99
-0.52 —-0.02
-0.67 —-0.11
0.14 —1.23
0.50 —2.09
0.15—0.87
-1.43 —-0.13

For each species, we show the environmental variable (or variables) with strongest influence on local extinction, the corresponding regression
coefficients, and their 95% confidence intervals
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Fig.4 Estimated relationships a) Haemorhous mexicanu
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sites where gardening activities take place compared to sites
where such activities are absent (Fig. 4f). In Pyrocephalus
rubinus, € increased as urban cover increased (Fig. 4h). In
S. psaltria, € decreased sharply as shrub cover increased
(Fig. 41). In the remaining three species (Pheucticus melano-
cephalus, Thryomanes bewickii, and Toxostoma curvirostre)
either the intercept-only model was within the models with
strong support (AAICc<2) or the confidence intervals of
the model-averaged regression coefficients for all predictor
variables included zero (Table 5).

Seasonal changes in site occupancy

Occupancy of five species (H. mexicanus, M. fusca, Pheucti-
cus melanocephalus, Pyrocephalus rubinus, and Toxostoma
curvirostre) varied among climatic seasons (Fig. 5a-c, f, 1).
In H. mexicanus, Pheucticus melanocephalus, Pyrocephalus
rubinus, and T. curvirostre the highest model-averaged val-
ues of y occurred during the warm-dry seasons (Fig. 5a, c, f,
1), although in P. rubinus (Fig. 5f) differences among seasons
were not as prominent as in H. mexicanus (Fig. 5a), Pheucti-
cus melanocephalus (Fig. 5c¢), and T. curvirostre (Fig. 51).
During one of the rainy seasons (September 2016), y of H.

mexicanus was substantially high and similar to the y values
that we observed during the warm-dry seasons (Fig. 5a). In
M. fusca, the highest rates of site occupancy occurred dur-
ing both the warm-dry and rainy seasons (Fig. 5b). Notably,
in all these five species the lowest model-averaged values of
y were observed during the cold-dry seasons (Fig. 5a-c, f, i).

In three species (Psaltriparus minimus, Ptiliogonys
cinereus, and Thryomanes bewickii) we observed inter-
and intra-annual variations in site occupancy, but without
consistent differences between climatic seasons (Fig. 5d,
e, h). In a single species, S. psaltria, y remained relatively
constant throughout our study period (Fig. 5g). Complete
model selection results (including AICc, AAICc, and w)) for
the nine competing models that we implemented to derive
season-specific estimates of y (from temporal variation in
v and €) for all nine focal species can be found in Table S3.

Discussion
In this study, we have provided evidence in support of our

two hypotheses. By identifying features of the environment
that cause relatively high rates of site abandonment as well
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Fig.5 Model-averaged estimates of occupancy probabilities (y) for nine species of native birds and for all field seasons. Different symbols repre-
sent different climatic seasons. Error bars denote 95% confidence intervals
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as those that facilitate their presence, we have confirmed
that most of the species of native birds that we studied (the
only exception was S. psaltria, see below) prefer to occupy
the urbanized areas that surround this unique urban ecologi-
cal reserve rather than the core conservation areas. Further-
more, the temporal changes that we detected in most species
in the proportion of area occupied (Fig. 5) resulted, at least
to some extent, from individuals leaving predominantly
conservation sites during some seasons and then returning
preferentially to (choosing) urbanized sites in other seasons.
These findings represent solid evidence that these species
have become urban exploiters and, likely, their fitness is
now higher in urban settings than in less disturbed habitats.
In addition, we detected seasonal changes in habitat occu-
pancy of five species that were evident during all four years
of our study. Each year, these species occupied the largest
area during the warm-dry season and the smallest during
the cold-dry season. This finding indicates that these five
species are using the city predominantly to place their nests
and feed their chicks because all of them breed during these
warm and dry months (Table 1). Also, these birds may ben-
efit from the abundant food and water that human activities
provide around this urban reserve during this driest period
of the year, when these vital resources are scarce in the for-
ests that surround the city. Below, we discuss the specific
lines of evidence that provide support for both hypotheses.

In six of our nine focal species (Haemorhous mexica-
nus, Melozone fusca, Pheucticus melanocephalus, Ptili-
ogonys cinereus, Pyrocephalus rubinus, and Toxostoma
curvirostre), the highest occupancy and colonization rates
occurred at or near urban sites. This indicates that certain
features of the urban landscape provide benefits to these spe-
cies. The observed statistical effects of other environmental
variables on occupancy and colonization probabilities pro-
vide clues as to what these benefits could be. In particular,
the presence of gardening activities facilitates occupancy
and colonization of M. fusca as well as occupancy of P,
rubinus. The former species forages on the ground in open
areas, searching for seeds and grains (Johnson and Haight
2020), whereas the latter is an insectivorous sit-and-wait
predator that hunts in open areas, locating its prey by perch-
ing on tall branches of isolated trees (Ellison et al. 2021).
Gardening activities, such as tree pruning, weed removal,
and lawn mowing, occur frequently in the urban areas that
surround the REPSA, increasing the proportion of green
open areas (i.e., areas covered with short grass or lawn with
few scattered trees), which are suitable feeding habitat for
these two species.

Moreover, greater richness of trees and shrubs increases
colonization probabilities of Pheucticus melanocepha-
lus, Ptiliogonys cinereus, and Pyrocephalus rubinus likely
because such plant heterogeneity offers a broad array of

refuges, sources of food, and roosting and nesting sites for
these and other bird species. For both Pheucticus melano-
cephalus and Pyrocephalus rubinus, which leave several
sites before the cold-dry season (Fig. Sc, f), this positive
effect of richness of shrubs and trees on colonization means
that when they return to the area right before the warm-dry
season (which is the season when they occupy the largest
number of sites), both species choose sites with high veg-
etation species richness. The area occupied by Ptiliogonys
cinereus also varied through time (although not consistently
between climatic seasons; Fig. 5e), indicating that this spe-
cies leaves some sites and then returns preferentially to
unoccupied sites with high vegetation species richness. The
urban areas that surround the reserve have a high richness of
plants, including several species of exotic trees of very dif-
ferent heights and ornamental shrubs that produce fruits and
flowers all year long. In contrast, the REPSA is a relatively
homogeneous ecosystem, mainly composed of a xerophytic
scrubland where a few species of shrubs and small trees are
dominant (e.g., Buddleja cordata, Pittocaulon praecox, and
Eysenhardtia polystachya; Castillo-Argiiero et al. 2009). In
fact, shrub cover was negatively related to occupancy and
colonization of H. mexicanus as well as to occupancy of
M. fusca, indicating that these two species prefer the urban
areas over the core conservation areas of the reserve, where
shrubs are abundant and large trees are scarce.

An interesting case was Ptiliogonys cinereus, which
seems to also prefer the urban areas that surround the reserve
because its occupancy decreases sharply in sites located
more than 50 m from the nearest urban structure (Fig. 2f).
However, this is the only species in which shrub cover had
a positive influence on both occupancy and colonization
probabilities (Figs. 2e and 3h). These findings indicate that,
within urban areas, P. cinereus occupies sites where shrubs
are abundant. This pattern of habitat use can be explained
by the diet of this bird, which is partially composed of small
fruits (Chu 2020) and, as we mentioned before, several
species of ornamental shrubs that produce plenty of fruits
all year long are abundant in the urban areas that surround
the REPSA (e.g., Arctostaphylos pungens and Phytolacca
icosandra; Rzedowski and Calderon de Rzedowski 2000;
Moreno-Rico et al. 2014). We note here that our occupancy
analyses revealed fine-scale patterns of habitat use because
even though six of our nine study species have higher occu-
pancy and colonization rates in urban sites, some of them
seem to differ in the specific micro-habitats that they occupy
within the urban areas. For instance, M. fusca and Pyro-
cephalus rubinus prefer green open areas whereas Ptili-
ogonys cinereus prefers sites with abundant shrubs. Such
differences among species in the environmental variables
that facilitate their presence are indirect evidence of niche
partitioning in this urban ecosystem.

@ Springer
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Our estimates of local extinction probabilities provide
additional evidence of a preference for urban sites, in more
than half of our study species. Again, in H. mexicanus,
M. fusca, and Pyrocephalus rubinus urban sites are aban-
doned less frequently as indicated by positive relationships
between local extinction rates and distance to the nearest
urban structure. In both Psaltriparus minimus and Ptili-
ogonys cinereus, extinction probabilities decreased as tree
cover increases, which also indicates fidelity to urban sites
because tree cover is higher in these sites compared to the
conservation sites that are dominated by shrubs. Similarly,
in the particular case of M. fusca, the rates of site abandon-
ment were highest in sites with low or no herb cover, many
of which correspond to the core conservation areas of the
reserve (dense shrub cover impedes the growth of herbs).
In contrast, local extinction of this bird species was less fre-
quent in sites with abundant herb cover, many of which are
open green areas interspersed between buildings, walking
paths, and parking lots. However, our findings also reveal
that permanence in urban sites depends on the degree of
habitat modification, because local extinction of Pyroceph-
alus rubinus was highest in sites that are predominantly
covered by human-made structures, with little vegetation.
Similarly, site abandonment of Ptiliogonys cinereus was
more frequent in areas where gardening activities are pres-
ent. Therefore, the observed relationships between envi-
ronmental variables and local extinction rates also indicate
that urban sites where heterogenecous vegetation is present
provide the greatest benefits to more than half of our study
species.

Taken together, the observed associations between habi-
tat traits and occupancy, colonization, and local extinction
probabilities of our focal species support the hypothesis that
these birds have greater affinity for the urbanized areas that
surround the reserve than for the core conservation areas.
Therefore, we have found evidence that most of our focal
species have become urban exploiters. All these species
have been reported in urban areas (Table 1) and according
to previous studies, some of them, in particular H. mexica-
nus, M. fusca, P. cinereus, and Pyrocephalus rubinus, can
thrive in urban ecosystems (Badyaev et al. 2020; Chu 2020;
Johnson and Haight 2020; Ellison et al. 2021). The high
vegetation species richness that occurs in the urban areas
that surround the REPSA provide a broad array of micro-
habitats for these and other bird species. In addition, human
activities can provide essential resources to birds, mainly
in the form of food (e.g., organic waste, bird feeders, fruits
and seeds from ornamental plants) (Gray and van Heezik
2016; Johnson and Munshi-South 2017; Tryjanowski et al.
2020). One additional case of urban affinity is Thryomanes
bewickii, which was the only species for which no statis-
tical relationships were evident between environmental
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variables and occupancy, colonization, or extinction rates.
This suggests that the spatial distribution of this insectivo-
rous bird is relatively homogeneous across our study area,
equally occupying both protected and urban sites. In fact,
T bewickii is tolerant to high levels of disturbance and is
becoming a common species in urban ecosystems (Farwell
and Marzluft 2013; Gonzalez-Oreja 2017). The only nota-
ble exception to this pattern of urban affinity was Spinus
psaltria. Local extinction of this species was highest in sites
with lowest shrub cover (Fig. 4i), which largely correspond
to urban sites. Hence, S. psaltria may preferentially occupy
the core conservation areas of the reserve where shrubs are
abundant. Apparently, this species can use shrubs as nesting
sites (Watt and Willoughby 2020).

Consistent with our second hypothesis, in five species
(H. mexicanus, M. fusca, Pheucticus melanocephalus,
Pyrocephalus rubinus, and Toxostoma curvirostre), we
observed seasonal changes in occupancy rates, with lowest
occupancy occurring during the cold-dry season and high-
est during the warm-dry season (and also during the rainy
season in H. mexicanus and M. fusca). We propose three
potential explanations for this seasonal pattern. First, breed-
ing individuals establish territories during the spring (i.e.,
the warm-dry season in Mexico City), thus increasing the
spatial distribution of these species. Previous studies have
documented that all these five species form pairs and nest
during the spring (Badyaev et al. 2020; Johnson and Haight
2020; Tweit 2020; Ellison et al. 2021; Hill 2022; Table 1).
Hence, these five species may be using the urbanized areas
predominantly as breeding grounds likely because preda-
tion risk for nests and chicks is low (Gering and Blair 1999)
and also because urban structures and the distinct species
of shrubs and trees provide a broad array of nesting sites
(Reynolds et al. 2019). Furthermore, availability of some
insects may be higher within the city compared to the for-
ests outside the city (e.g., flies; Chatelain et al. 2023). Given
that most bird species feed their offspring with invertebrates
(Schoener 1965; Badyaev et al. 2020; Hill 2022), higher
abundance of these prey could contribute to their preference
for urban sites during their breeding season. In the particu-
lar case of M. fusca, females extend their nesting season
until September (Johnson and Haight 2020; Table 1), which
explains why site occupancy of this species was highest dur-
ing both the warm-dry and rainy seasons (May and Septem-
ber of each year).

Second, food and water availability may be higher within
the city during the warm-dry season (trees and gardens are
frequently watered and anthropogenic sources of food for
birds are available all year long), which is when environ-
mental conditions are driest and food sources may be scarce
in the surrounding forests. Thus, numerous individuals of
these species may move into the city during this limiting
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season, increasing the rates of site occupancy. There are
records of altitudinal and short-distance migration for all
nine species (Table 1). Third, mortality could be substan-
tially high during cold months, reducing the population
numbers and, consequently, the total area occupied by these
species. Certainly, bird mortality can be more intense during
the winter, at least at higher latitudes (Doherty and Grubb
2002). These non-mutually exclusive explanations deserve
empirical research.

The lowest occupancy rates that we observed during the
cold-dry season of each year in these same five species (H.
mexicanus, M. fusca, Pheucticus melanocephalus, Pyro-
cephalus rubinus, and T curvirostre) are not consistent
with the hypothesis that native birds may use the ecologi-
cal reserve and surrounding urban areas as refuge from the
colder temperatures of the surrounding forests (Bonnet-
Lebrun et al. 2020).

The ecological information that we have presented here
allows us to propose the following management recommen-
dations aimed at preserving the native biodiversity of this
and other megacities. First, native urban exploiters seem to
benefit from heterogenous vegetation. Thus, the urbanized
areas that surround large green spaces such as the REPSA
should include a wide array of species of shrubs and trees.
Species-rich vegetation would provide diverse microhabi-
tats and food sources for several bird species with distinct
ecological needs. Native species of shrubs and trees should
preferably be used. Second, tall tree species with dense
canopy (e.g., the native Taxodium mucronatum; Martinez
Gonzalez 2008) can provide suitable habitat for forest-
associated bird species (such as Psaltriparus minimus and
Ptiliogonys cinereus; Fig. 4d, e) and hence facilitate their
colonization of the edges of this and other urban ecological
reserves. Third, open green spaces where gardening activi-
ties take place, such as lawns, may attract ground foragers.
However, some trees and shrubs must be planted within and
around these grass fields to provide scattered refuges and
perching sites for birds. Notice that some insectivorous spe-
cies, such as Pyrocephalus rubinus, prefer both open green
areas and high vegetation species richness (Figs. 2g and
3j). Fourth, people living in the city must be informed that
during the breeding season several species of native birds
colonize the areas that surround the reserve (and probably
other urban green spaces). In this way, city residents can
contribute to preserve these species by avoiding factors that
put them at risk. For example, minimal tree pruning during
this season could prevent accidental destruction of the nests
that are placed on tree branches. Similarly, control of their
domestic cats, which are known to frequently prey on bird
nests (Mcruer et al. 2017), could increase the survival rates
of eggs and nestlings.

Finally, we highlight areas of opportunity for future
research. Our study focuses only on nine species inhabiting
a single city. Similar temporal and spatial examinations of
occupancy in other species and other cities would strengthen
the evidence in support of the ecological processes that we
have inferred here. We found that, with the exception of S.
psaltria, our study species prefer the urbanized areas that
surround the reserve over the core conservation areas. How-
ever, the urban ecological reserve might be critical for the
persistence of other birds (e.g., migratory species such as
Bombycilla cedrorum and Falco sparverius) and/or other
animal groups, such as native mammals (e.g., Bassaris-
cus astutus) and reptiles (e.g., Sceloporus torquatus) (Lot
and Cano-Santana 2009). Ecological studies of these other
taxa in this urban ecosystem are certainly needed (but see
Zuniga-Vega et al. 2019). We only measured some of the
habitat features that could facilitate or prevent the presence
of these nine bird species in our study area. This means that
the effects of other environmental variables, such as food
availability (e.g., abundance of seeds, fruits, and inverte-
brates), presence of potential predators, and degree of noise
and light pollution (Dominoni 2015; Arévalo et al. 2022),
remain to be examined.
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