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ABSTRACT: Exotic species are fairly common within cities. However, urban areas also contain isolated
fragments of original ecosystems, which may act as small ecological reserves. Unfortunately, these
natural areas that are completely surrounded by urban structures are more vulnerable to human-induced
disturbance and to the presence of nonnative species. Given the importance of these remnants of original
ecosystems embedded within cities, efforts must be made to know if, once a nonnative species enters
an urban reserve, it occupies the majority of the area or becomes restricted to some specific patches.
This knowledge is important to determine the invasiveness and success of nonnative species, as well
as the level of threat to the native biota. Additionally, it is important to understand which microhabitat
conditions promote the presence and establishment of such nonnative species. Here, we used occupancy
models to estimate the proportion of the total area that is occupied by exotic species of plants and animals
within a natural reserve completely surrounded by urban areas. We also examined which environmental
factors are associated with the presence of these exotic plants and animals. Our results revealed that
occupancy of nonnative species is relatively high (>40%) within this urban reserve. However, we found
an overall preference of nonnatives for specific patches of the reserve where human-made structures are
present and where gardening activities take place. Some of the species that we studied deserve special
attention because of their potential negative effects on native species.

Index terms: detection probability, Mexico City, nonnative species, occupancy, urban reserves

INTRODUCTION vegetation and suitable habitat for native
fauna, reserves within urban areas are still
vastly understudied (Francis and Chadwick
2015). Particularly, the degree to which
such fragments of native ecosystems are
already affected by exotic species is an
important topic that deserves attention.
This information may serve as the basis to
implement control strategies for invasive
populations in these urban reserves (Za-
valeta et al. 2001). Specifically, ecological
studies of exotic species in urban reserves
should examine if, once a nonnative species
enters a reserve, it occupies the majority
of the area or becomes restricted to some
specific patches (Xiangzhen et al. 2016;

Xiao et al. 2016).

Species introduction is a global phenom-
enon that currently affects almost every
ecosystem on the planet (Mack et al. 2000;
Simberloff et al. 2013). Exotic species may
become invasive after establishing in novel
environments where they experience a rap-
id population growth due to high resource
availability and lack of competitors and/
or predators (Thomsen et al. 2011; Harvey
and Fortuna 2012). Nonnative species may
affect ecosystem functioning by displacing
local species and, in some cases, by altering
the nutrient and water cycles of their new
habitat (Sousa et al. 2011; Harvey and
Fortuna 2012; Lapiedra et al. 2015).

Urban areas constitute heavily modified
environments that contain not only species
introduced by humans, but also scattered
and isolated fragments of original eco-
systems (Francis and Chadwick 2013).
These remnants of native flora and fauna
embedded within cities play a vital role
as small ecological reserves, and may also
offer a number of ecosystem services (Eh-
renfeld 2000; Johnson and Handel 2016).
Unfortunately, within confined areas such
as urban reserves, native species are more
vulnerable to competitive exclusion and
local extinction due to their small pop-
ulation sizes and the continual arrival of
exotic invaders (Pulliam 1998; With 2002;
Strauss et al. 2006).

Knowledge about how widespread exotic
species are in an area of interest is import-
ant to determine the invasiveness/success
of such species (Mack et al. 2000). In
the particular case of exotic species that
occupy only specific parts of confined
reserves (such as reserves embedded in
urban areas), it is important to understand
which microhabitat conditions promote the
presence and establishment of such non-
native species (Lee and Carroll 2014). In
other words, how do the patches inhabited
by exotic species differ from other patch-
es within the same reserve where such
species are absent? Monitoring invasive
populations and the conditions that promote
their presence/absence can lead to effective

Despite their value as remnants of original strategies for their control.
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Here, we use occupancy models to esti-
mate the proportion of the total area that
is occupied by exotic species of plants
and animals within an ecological reserve
completely surrounded by urban areas.
This robust analytical approach estimates
the proportion of occupied area by taking
into account that species are detected im-
perfectly in field surveys (MacKenzie et al.
2002; MacKenzie 2006). In addition, we
examined which environmental factors are
associated with the presence of these exotic
plants and animals. Our results may help
to understand the environmental conditions
that favor or hinder the establishment of
exotic species in an ecological reserve
within a megacity. This information may
provide the basis to design management
strategies for such nonnative species.

METHODS

Study Area and Field Methods

The Reserva Ecolégica del Pedregal de San
Angel (REPSA) is an ecological reserve
situated within Mexico City (Figure 1),
which is among the top ten megacities in
the world (Folberth et al. 2015). This city
has a total area of 1485 km?2, with a pop-
ulation of 8.8 million people. The average
population density is 5920 persons per km?
(INEGI 2010). The estimated projection
of urban growth predicts that most of
the conservation grounds that currently
surround the city will be urbanized by the
year 2020 (Sudrez-Lastra 2016). However,
the REPSA is the only reserve completely
surrounded by the urban area that preserves
part of the original ecosystem that was
situated in what is now southern Mexico
City (Zambrano et al. 2016). This reserve
was created in October 1983 to protect the
last remnants of a xerophytic scrubland
established over the lava field created by
the eruption of the Xitle volcano nearly
2000y ago (Rzedowski 1994; Siebe 2000;
Razo-Gonzilez et al. 2014). Two climatic
seasons are clearly discernible: the rainy
season from June to October and the dry
season from November to May (Rzedowski
1994). This ecosystem is unique in the
world due to its particular composition
of endemic plants and animals (Lot and

Cano-Santana 2009). The REPSA is home
to 1849 native and 317 exotic species of
plants and animals (REPSA 2017) and
is situated within the limits of the main
campus of the National Autonomous Uni-
versity of Mexico (Universidad Nacional
Auténoma de México, UNAM), which is
the institution that currently oversees the
care and maintenance of this ecosystem.

This ecological reserve has a total area of
237 ha divided into three core areas and
13 buffer areas, all of them interspersed
among buildings and facilities of the
University (Figure 1; Peralta-Higuera
and Prado-Molina 2009). The core areas
correspond to patches of original scrubland
with minimal human-induced disturbance
and restricted access to people. These core
areas were established for conservation
purposes. The buffer areas were added to
the reserve in 1997 to serve as connectiv-
ity corridors interspersed among the core
and urban areas (Zambrano et al. 2016).
These areas are composed of both original
scrubland and exotic vegetation introduced
during early attempts of reforestation in
the campus around 1950 (Estafiol-Tecuatl
and Cano-Santana 2017). In these areas,
access by people is only partially restricted
and, therefore, some of them experience
disturbances caused by human activities.

We established 100 observation sites in
both core and buffer areas, as well as in
some of the urban areas surrounding them
(Figure 1). To randomly select the observa-
tion sites, we overlapped a grid with 1000
numbered squares on the map of the study
area. Then, we used the computer program
R 3.3.0 (R Core Team 2016) to generate
100 random numbers that corresponded
to 100 particular squares of our grid. In
those cases where the selected squares were
located in inaccessible areas, we slightly
adjusted their location to the nearest acces-
sible sites. The minimum distance between
observation sites was 150 m. We visited
each site on five occasions during May of
2015 as well as during September of 2015.
Some easily accessible sites were visited
on one or two additional occasions during
these two months. In our analysis, May
represents the dry season and September
represents the rainy season.

All observations were carried out by the
same group of previously trained observ-
ers. Observations were conducted within
a 20-m radius around the center of each
observation site. Species of flora and fauna
were detected and identified independently
by the observers during a 15-min time lapse
with the use of binoculars and through
direct observation. In the case of plants,
we identified seedlings, saplings, and adult
individuals based mainly on their leaf mor-
phology. At each visit we recorded whether
a species was detected or not and, based
on these data, we constructed detection
histories for each species and for each ob-
servation site. Given the short observation
time per visit, some plant species may have
been missed. However, our study deals with
this potential issue in three ways. First, each
site was visited on at least five occasions
during each sampling month, which means
a total of 75 min of total observation time
per site and season. Second, occupancy
models were designed to explicitly deal
with imperfect detection (see occupancy
estimation below). Third, our focal plant
species (Table 1) are easily distinguished
from the surrounding flora even during
their early stages of development due to
their particular leaf morphology.

At each site and during both dry and rainy
seasons, we quantified the following envi-
ronmental variables that may influence the
presence (or absence) of our focal species:
proportion of the substrate that corresponds
to exposed rock, percent vegetation cover
at herb (<1.5 m in height), shrub (1.5-3 m
in height), and tree (>3 m in height) layers,
as well as percentage of the area covered
by human-associated litter. Additionally,
we measured organic soil depth, registered
whether the site is frequently subject to
gardening activities such as mowing of
exotic grasses that grow on the borders
of the breaches that run through the core
areas, removal of weeds and some exotic
trees in the buffer areas, and pruning, weed
removal, and watering within the urban
areas. Lastly, we measured the distance
from the center of the observation site to
the nearest human-made structure (e.g.,
building, road, garden) using Google Earth
(Google 2017).
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Figure 1. Geographic location of the study area (Reserva Ecoldgica del Pedregal de San Angel) within Mexico City. We indicate the location of core (light
grey), buffer (dark grey), and urban (non-shaded) areas. Arrows depict observation sites. The dark area within Mexico City indicates the original extent of
the native ecosystem.
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Study Species

We focused on ten exotic species of plants
and animals that inhabit the REPSA (Table
1). These included one bird: house sparrow
(Passer domesticus L.); one small mammal:
Mexican red-bellied squirrel (Sciurus au-
reogaster nigrescens Bennett); four trees:
river red gum (Eucalyptus camaldulensis
Dhenh.), tropical ash (Fraxinus uhdei
(Wenz) Lingelsh.), jacaranda (Jacaranda
mimosifolia D. Don), and Peruvian pepper
(Schinus molle L.); and four herbs: klip
dagga (Leonotis nepetifolia (L) R. Br.),
rose natal grass (Melinis repens Willd.),
kikuyu grass (Pennisetum clandestinum
Hochst. ex Chiov.), and castorbean (Rici-
nus communis L.). These species are both
easy to see and identify in the field. Some
were introduced because of their aesthetic
value to parks and gardens, whereas others
arrived after expanding their original dis-
tributional ranges due to human activities.
In the case of herbs and trees, we focused
on species that are able to disperse and
establish seedlings outside of gardening
areas without human intervention.

According to previous studies in other re-
gions, some of these species have evident
negative effects on endemic plants and
animals mostly as a result of competitive
interactions (Table 1). For instance, the
presence of the house sparrow apparently
reduces bird species richness (MacGre-
gor-Fors et al. 2010). When highly abun-
dant, the Mexican red-bellied squirrel may
promote fungal infections on adult trees by
skinning their bark (Mora-Ascencio et al.
2010). Exotic trees such as the Peruvian
pepper and the river red gum can modify
the general structure of the vegetation or
impede the establishment of other native
plants (del Moral and Muller 1970; Iponga
et al. 2008).

Occupancy Estimation

For each focal species, we estimated
occupancy (y) and detection (p) proba-
bilities using likelihood-based procedures
implemented in program MARK (White
and Burnham 1999). We estimated these
parameters separately for the dry (May)
and rainy (September) seasons imple-

menting single-season occupancy models
(MacKenzie et al. 2002; MacKenzie 2006).
These models appropriately deal with
uneven sampling occasions by modifying
the likelihood expression of any particu-
lar site. Using the detection histories we
generated different linear models incorpo-
rating relevant environmental covariates
for each species to model the detection
probability (p) first, and subsequently,
the probability of occupancy (y). Table 2
shows the specific covariates that we used
for each parameter and for each species.
We started with a null model in which both
parameters were kept invariant (constant).
Then, we modeled p by testing the effect
of different covariates, as well as additive
effects between pairs of covariates, while
maintaining invariant the parameter y. We
did not consider models with interactive
effects between pairs of covariates because
in most cases the regression coefficient for
the interaction term was poorly estimated.
We compared the fit of all these models by
means of the Akaike’s information criterion
adjusted for small samples (AIC_; Burnham
and Anderson 2002).

After selecting the best parameterization
for detection probability, we tested the
effect of different covariates on y as well
as two-way additive effects of these covari-
ates. Similarly to what we observed in p,
the interaction between pairs of covariates
affecting y could not be properly estimated
and, hence, we did not consider models
with interactive effects. Again in this case
we used AIC, to select the environmental
covariates with strongest effects on y. In
addition, we calculated Akaike weights (w)
to estimate the relative support (or strength
of evidence) for each fitted model (Johnson
and Omland 2004). We focused on models
with strong support in the data (models that
differed in less than 2 units in their AIC,
scores with respect to the top model; AAIC,
< 2). In particular, we placed emphasis on
those covariates included in these supported
models for which the confidence intervals
of their regression coefficients did not
include zero. Occupancy probabilities for
core, buffer, and urban areas were obtained
from the models with the lowest AAIC,
in which type of area was included as a
factor affecting .

Finally, we must note here that changes
between seasons in occupancy of trees do
not arise from changes in the occurrence
of adult individuals. Instead, decreases in
the occupancy of tree species reflect the
disappearance of nonreproductive indi-
viduals (seedlings and saplings) from one
season to the following due to natural mor-
tality or deliberate removal of individuals
within certain areas. On the other hand,
increases in tree occupancy are caused by
establishment of seedlings and saplings in
previously unoccupied areas.

RESULTS

Occupied Area

Regarding animals, the house sparrow
showed preference for the urban area
during both seasons (Figures 2a, 2b). Av-
erage occupancy across seasons was 62.3%
of the buffer area, and 86.2% of the urban
area. Occupancy of core areas was 55.1%
during the dry season (although the confi-
dence interval for this parameter was quite
wide; Figure 2a), whereas during the rainy
season this nonnative bird was absent from
these core areas (Figure 2b). Occupancy of
the Mexican red-bellied squirrel was very
similar during both seasons in buffer and
urban areas (averages across seasons were
35.9% and 35.5%, respectively; Figures 2c,
2d). The squirrel was also absent from the
core areas during the rainy season (Figure
2d) and it occupied an extremely small
proportion of these core areas during the
dry season (3.6%; Figure 2c).

Regarding trees, the river red gum occupied
53.4% of the core areas during the dry sea-
son and decreased its occupancy of these
core areas to 18% during the rainy season
(Figures 2e, 2f). Its occupancy in buffer and
urban areas remained similar between dry
and rainy seasons (68.9% and 46.3% on
average, respectively). Occupancy of the
tropical ash also decreased slightly in the
buffer areas during the rainy season (from
52.4% during the dry season to 30.1%), but
did not differ considerably between seasons
in the urban areas (77.2% on average;
Figures 2g, 2h). For neither season were
we able to accurately estimate occupancy
of this nonnative tree in the core areas.
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Jacaranda occupancy was higher within
the core, buffer, and urban areas during
dry season (19.5%, 38%, and 74 %, respec-
tively) compared to the rainy season (0%,
20.2%, and 43.1%, respectively; Figures 2i,
2j). In both seasons, this species showed
its highest occupancy in the urban areas
(58.6% on average). Finally, occupancy of
the Peruvian pepper showed no changes
between seasons, and had higher values
within buffer and urban areas (85.7%, and
83.1% on average, respectively) than in
the core areas (56.4% on average; Figures
3a, 3b).

In the case of herbs, occupancy of the klip
dagga varied between seasons, with higher
occupancy in the rainy season compared to
the dry season in the core areas (44% and
15%, respectively) and, in contrast, lower
occupancy in the rainy season compared
to the dry season in the buffer (33% and
51.8%, respectively) and urban areas (20%
and 41%, respectively; Figures 3c, 3d).
Occupancy of the rose natal grass did not
vary among areas, but was highest during
the dry season (95.3% on average; notice
that during this dry season this grass was
present in all urban areas; Figure 3e)
compared to the rainy season (54.7% on
average; Figure 3f). The kikuyu grass was
present in virtually all buffer and urban ar-
eas during both seasons (94.7% and 98.7%
on average, respectively), occupying slight-
ly less of the core areas (65% on average;
Figures 3g, 3h). Castorbean maintained
a low homogeneous occupancy among
areas and seasons averaging 8.5% of the
core areas, 28.7% of the buffer areas, and
33.6% of the urban areas (Figures 3i, 3j).

Factors Affecting Occupancy

According to the best-supported model
(Table 3), occupancy of the house sparrow
was positively affected by gardening activ-
ities during both seasons (Figures 4a, 4c).
However, large amounts of litter, abundant
shrub cover, and larger distances to urban
structures decreased its occupancy during
the dry (Figure 4b) and rainy (Figures 4d,
4e) seasons. With respect to the Mexican
red-bellied squirrel, only the tree cover
had a positive correlation with occupancy
during the dry season (Figure 4f). During
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Figure 2. Estimated occupancy probabilities (y) of house sparrow (a, b), Mexican red-bellied squirrel (c, d), river red gum (e, f), tropical ash (g, h), and
jacaranda (i, j) within core, buffer, and urban areas during dry and rainy seasons. Error bars represent 95% confidence intervals.

the rainy season four different models had
strong support in the data. However, in all
these models the confidence intervals for
all regression coefficients included zero

(Table 3).

tance to urban area and positively affected
by herb cover during both seasons (Figures

In the case of trees, occupancy of the river ~ 5a—d). Occupancy of the tropical ash was
red gum was negatively affected by the dis- negatively affected by both percentage of
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exposed rock and shrub cover during both
seasons (Figures 5e-h). Jacaranda occu-
pancy was highest in areas with gardening
activities during both seasons (Figures 5i,
5k). However, during the dry season its

occupancy was also positively affected
by soil depth (Figure 5j) and negatively
affected by shrub cover (Figure 51). Lastly,
several models had strong support in the
data of the Peruvian pepper during the

dry season (Table 3). However, only soil
depth had an evident negative effect on
its occupancy during this season (Figure
5m). During the rainy season, occupancy
of the Peruvian pepper was only affected
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Figure 3. Estimated occupancy probabilities (y) of Peruvian pepper (a, b), klip dagga (c, d), rose natal grass (e, f), kikuyu grass (g, h), and castorbean (i, j)
within core, buffer, and urban areas during dry and rainy seasons. Error bars represent 95% confidence intervals.
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by the type of area (Table 3, Figure 3b).

Regarding herbs, occupancy of the klip
dagga was positively affected by shrub
cover (Figures 6a, 6¢) and negatively affect-
ed by the distance to urban area (Figures
6b, 6d) in both seasons. Occupancy of the
rose natal grass was not clearly affected by
any covariate during the dry season (Table
3), but it was positively affected by shrub
cover during the rainy season (Figure 6e).
Occupancy of the kikuyu grass was neg-
atively affected by tree and shrub covers
during the dry season (Figures 6f, 6g), and
by shrub cover and exposed rock during
the rainy season (Figures 6h, 6i). Castor-
bean occupancy was not clearly affected
by any covariate during the dry season
(Table 3), but was negatively affected by
distance to urban area during the rainy
season (Figure 6j).

Detection Probability

In general, detection probability was sim-
ilar between seasons (Appendixes 1 and
2). The two exceptions were the rose natal
grass and the kikuyu grass. Detection of the
rose natal grass increased during the rainy
season in all areas, whereas detection of
the kikuyu grass also increased during the
rainy season but only in buffer and urban
areas. In fact, in urban areas detectability
of this latter herb species was quite close
to 1 (Appendix 2).

For most species, detectability was lowest
in the core areas. However, klip dagga
and castorbean showed similar detection
probabilities in all areas. In addition, de-
tection of the rose natal grass during the
dry season was highest in the core areas
(Appendix 2). In contrast, some species
were highly detectable in the urban areas,
such as the house sparrow, river red gum,
tropical ash, Peruvian pepper, and kikuyu
grass (in all these species p was higher than
0.58). It is noteworthy that for all plant
species detection was <1 (Appendixes 1
and 2), presumably because both grasses
and seedlings of trees are less conspicuous
when surrounded by other vegetation.

DISCUSSION

The species that we studied here are a

small sample of the nonnative plant and
animal species that inhabit this last rem-
nant of the original ecosystem of southern
Mexico City (Zambrano et al. 2016). With
the exception of the Mexican red-bellied
squirrel and the castorbean, these non-
native species occupied 40% or more of
some areas (at least during one of the
two climatic seasons). This means that,
although the REPSA seems to have some
resilience to these species (particularly the
protected core areas), nonnative plants and
animals are relatively widespread within
its boundaries. Overall, nonnative species
seem to share a high affinity for buffer
and urban areas. These two types of areas
are subject to gardening activities, which
involve removal of weeds, pruning of
trees, and frequent watering. In the urban
areas the tropical ash and the jacaranda
are commonly planted and maintained
for ornamental purposes, whereas species
like the river red gum and the klip dagga
have been the target of control efforts
(Zambrano et al. 2016; Estafol-Tecuatl
and Cano-Santana 2017). Shrub cover is
usually very scarce or nonexistent in these
patches, and the soil reaches its greatest
depth because the original exposed volcanic
rock has been artificially covered and filled
with soil. Human access to these areas is
not restricted, and in most cases this has
led to high levels of disturbance through
noise pollution and litter.

In the case of animals, the house sparrow
showed a clear affinity for urban areas
likely because of the abundance of anthro-
pogenic food sources, but also because of
its preference for buildings as nesting sites,
such as has been documented in previous
studies (Chamberlain et al. 2007; Magudu
and Downs 2015). Although occupancy of
the Mexican red-bellied squirrel in buffer
and urban areas was not particularly high, it
reached its lowest in the core areas. Studies
carried out in forest areas of Mexico found
that Mexican red-bellied squirrels prefer
tall trees to build their nests (Ramos-Lara
and Cervantes 2007); within the study
area, tall trees like the river red gum and
the tropical ash (both nonnative species)
are more commonly available in the buffer
and urban areas because, in the recent past,
people commonly planted them in urban
parks and gardens (Chacalo et al. 1994).
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Figure 4. Predicted effects of different environmental factors on occupancy probabilities (y) of animal species: house sparrow (a—e), and Mexican red-bellied
squirrel (f) during dry and rainy seasons. The regression coefficients for all these environmental variables were derived from models with strong support in
the data (see Table 3) and were statistically different than zero. Error bars and gray lines represent 95% confidence intervals.

Other arboreal squirrels like the grey squir-
rel (Sciurus carolinensis Gmelin) show a
similar affinity for urban or suburban areas
where they seem to forage more intensely
than in environments where humans are
absent (Bowers and Breland 1996).

Our results also revealed that overall occu-
pancy of nonnative trees tend to be higher
in the buffer and urban areas. Nonetheless,
the river red gum maintained a similar
occupancy probability in all core, buffer,
and urban areas during the dry season.
The ability of this tree to colonize a large
proportion of the core areas during this
season might be explained by its potentially
high dispersal capacity. Closely related
species, like Eucalyptus globulus Labill.,
are able to disperse their seeds over long
distances (up to 80 m; Calvifio-Cancela

and Ribido-Bara 2013). Furthermore, the
river red gum produces large quantities of
organic litter that contains water-soluble
toxins that affect growth of surrounding
herbs (del Moral and Muller 1970; Tererai
etal. 2015). We also found that occupancy
of the jacaranda decreased during the rainy
season in all core, buffer, and urban areas.
Similarly, occupancy of the river red gum
and the tropical ash decreased during the
rainy season in the core and buffer areas,
respectively. These observed reductions
in the occupied area possibly mean that,
although nonnative tree species are capable
of establishing seedlings within the core
and buffer areas, they might be outcom-
peted by the local flora during the rainy
season. Finally, the Peruvian pepper was
the tree species with highest occupancies
in all areas, without reductions during the

rainy season. This tree is well adapted to
shrubland environments and is able to
establish and grow on rocky substrates
(Howard and Minnich 1989). Given its
early introduction into central Mexico
during the sixteenth century, the Peruvian
pepper is now considered a naturalized spe-
cies (Ramirez-Albores and Badano 2013).
However, increases in its abundance may
lead to drastic changes in the vegetation
structure; thus, some researchers consider
this nonnative tree a potential threat to the
native flora (Iponga et al. 2008).

Occupancy of nonnative herbs was also
relatively higher in buffer and urban areas.
The only exception was the klip dagga,
which showed a slightly lower occupancy
probability within the urban areas during
the rainy season. This reduction during the
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Figure 5. Predicted effects of different environmental factors on occupancy probabilities () of tree species: river red gum (a—d), tropical ash (e-h), jacaranda
(i-1), and Peruvian pepper (m) during dry and rainy seasons. The regression coefficients for all these environmental variables were derived from models with
strong support in the data (see Table 3) and were statistically different than zero. Error bars and gray lines represent 95% confidence intervals.

rainy season might stem from the deliberate
removal of this species in some buffer and
urban patches during active nonnative plant
control efforts. In the case of the rose natal

grass, its occupancy decreased in all three
areas during the rainy season (similar to
what we observed in some nonnative trees).
Nonetheless, occupancy probability of

the rose natal grass was remarkably high
(almost 100%) in all three areas during
the dry season. Finally, the kikuyu grass
was outstanding because of its consistently
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Figure 6. Predicted effects of different environmental factors on occupancy probabilities (y) of herb species: klip dagga (a—d), rose natal grass (e), kikuyu
grass (f-i), and castorbean (j) during dry and rainy seasons. The regression coefficients for all these environmental variables were derived from models with
strong support in the data (see Table 3) and were statistically different than zero. Error bars and gray lines represent 95% confidence intervals.

high occupancy in all three areas during
both seasons. Our results suggest that these
nonnative herbs may thrive in both seasons,
as opposed to some of the nonnative trees,
which decreased their presence during the
rainy season. This is especially worrying
considering that klip dagga has been known
to affect the growth of other species when it
is highly abundant (Chau et al. 2013), and
both the rose natal grass and kikuyu grass
seem to be associated with reductions in

species diversity (Possley and Maschinski
2006; Estafiol-Tecuatl and Cano-Santana
2017). Thus, we suggest that these three
species need constant monitoring to prevent
them from causing further disturbances
within the core areas of the reserve.

Interestingly, all plant species were imper-
fectly detected during our field surveys.
Occupancy models address this issue by
simultaneously estimating both detection

and occupancy probabilities (MacKenzie
et al. 2002; MacKenzie 2006). This means
that changes in detectability among areas
or seasons do not affect the precise esti-
mation of occupancy probabilities. Hence,
these models provided us with unbiased
estimates of the proportion of the total area
that is occupied by these nonnative plants.
For example, detectability of the rose natal
grass increased substantially during the
rainy season compared to the dry season
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(Appendix 2). However, its occupancy was
lower during the rainy season (Figures 3e,
3f). This indicates that the probability of
detecting plants does not depend on their
relative abundance but rather on their visi-
bility. Specifically, during the rainy season
the rose natal grass grows in height and its
spikes turn bright pink.

Regarding factors that affect occupancy,
distance to urban structure was associ-
ated with the occupancy of four species:
house sparrow, river red gum, klip dagga,
and castorbean. Specifically, closeness
to buildings and gardens promotes the
presence of these species. Likely, humans
and human-made structures provide them
with some resources such as food, refuges,
and appropriate soil. Shrub cover had two
different effects on occupancy probability.
On the one hand, abundant shrub cover
seemed to promote the presence of klip
dagga and the rose natal grass, presumably
due to nurse plant effects on their seeds.
On the other hand, shrub cover had a neg-
ative impact on two tree species (tropical
ash and jacaranda) and one herb (kikuyu
grass). This suggests that for these species
shrub cover might hinder germination of
their seeds by blocking access to light or
by means of strong competition for soil
nutrients and water. Exposed rock in the
area had a negative effect on the tropical
ash and the kikuyu grass, which are almost
absent in areas where rock is abundant,
likely because these plants need deeper
soil for their growth. Lastly, gardening
activities clearly increased occupancy of
the house sparrow and the jacaranda. In
the case of the former species, this positive
effect might be related to the closeness of
these areas to buildings, whereas in the case
of the latter species it seems to be related
to the common use of the jacaranda as an
ornamental tree.

Our results point toward the need to con-
duct additional studies on nonnative species
inhabiting urban reserves. Physiological
needs of potential invaders deserve further
studies to discern the particular mecha-
nisms by which nonnative species affect the
native biota. In addition, potential negative
interactions between nonnatives and local
species should be analyzed experimentally
or through spatial models (i.e., MacKenzie

et al. 2004) to broaden our understanding
of ecological processes taking place within
such remnants of original vegetation.
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Appendix 1. Estimated detection probabilities (p) of house sparrow (a, b), Mexican red-bellied squirrel (c, d), river red gum (e, f), tropical ash (g, h), and
jacaranda (i, j) within core, buffer, and urban areas during dry and rainy seasons. Error bars represent 95% confidence intervals.
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Appendix 2. Estimated detection probabilities (p) of Peruvian pepper (a, b), klip dagga (c, d), rose natal grass (e, f), kikuyu grass (g, h), and castorbean (i, j)
within core, buffer, and urban areas during dry and rainy seasons. Error bars represent 95% confidence intervals.
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