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Abstract

This study evaluates changes in the diversity and composition of ants that inhabit contrasting environmental conditions (green
and gray spaces) in two cities of different size and degree of urbanization: Xalapa and Coatepec (Veracruz, Mexico), both of
which are surrounded by cloud forest remnants, croplands and pastures. In each city, a green space and a gray space of similar
area were selected (~ 31 ha) and ten sampling sites were randomly placed within each environment. Tuna in oil and honey were
used as baits to collect soil ants, entomological nets to capture vegetation ants and Winkler sacks for leaf-litter ants. Ant species
richness (OD) and diversity (lD) was greater in Coatepec (the smaller and less urbanized city) than in Xalapa. However, the
pattern observed when comparing green and gray spaces differed between the cities: the greatest diversity (°D and 'D) was
observed in the gray space of Coatepec and the lowest diversity in the green space of Xalapa. In both cities, the similarity of
species composition between habitat conditions was close to 50% and the comparison of green spaces between the cities showed
that these are more different to each other than is the case with the gray spaces. These results suggest that the characteristics of
each city influence the ant diversity contained in green and gray spaces differently and can promote differentiation in species

composition within the same city.
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Introduction

Accelerated human population growth in urban areas has
transformed the landscape of the cities to include habitat
patches with different degrees of disturbance (Faeth et al.
2005; Grimm et al. 2008; Beninde et al. 2015) and varying
levels of environmental stress, such as increased temperatures,
changes in availability of space and resources and different
levels of pollution. These factors may act as ecological filters
for many species (Ramalho and Hobbs 2012; Savage et al.
2014; Parris et al. 2018). One of the most studied habitat
patches within cities are urban green spaces (forests, parks,
private gardens), which present lower levels of stress and less
disturbance than gray spaces (sidewalks, streets, buildings)
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(Savage et al. 2014; Parris et al. 2018). Green spaces generally
consist of non-built and environmentally heterogeneous areas,
characterized by high levels of diversity of flora and fauna that
constitute critical biodiversity hotspots within cities (Nielsen
et al. 2014). The opposite diversity patterns occur in gray
spaces, since the removal of vegetation cover usually causes
changes in the microclimate and availability of resources
(Pecarevic et al. 2010; Savage et al. 2014). Gray spaces are
typical of high-density built up areas and present a high pro-
portion of impervious surfaces. This urban environment gen-
erally supports only a few abundant species (Moller et al.
2012), which are often the same throughout the urban space
(i.e., similarity in species composition across large spatial
scales) (McKinney 2006; Ferenc et al. 2014).

Diversity studies in cities generally focus on comparisons
among green spaces such as parks (Nielsen et al. 2014), nat-
ural and cultivated greenery (Chong et al. 2014), street median
strips and parks or urban forests (Youngsteadt et al. 2014;
Savage et al. 2014), urban parks of different areas and ages
(Vignoli et al. 2009; Nielsen et al. 2014), forest remnants,
community gardens and vacant lots (Uno et al. 2010;
Philpott et al. 2014). One general assumption of such studies
is that diversity increases with the size of green spaces (Clark
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etal. 2007; Carbo-Ramirez and Zuria 2011) or with increasing
vegetation cover (Daniels and Kirkpatrick 2006; Fontana et al.
2011; MacGregor-Fors and Schondube 2011); however, while
there are species with the capacity to adapt to different urban
stress conditions (McKinney and Lockwood 1999), e.g., ants
(Vergnes et al. 2017; Santos et al. 2019), there have been no
studies of differences in the species diversity of habitats with
contrasting environmental conditions (i.e., green and gray
spaces) between cities of different sizes and levels of
urbanization.

Ants are particularly suited to applied biodiversity studies
given their high abundance and species richness, their regular
occurrence throughout the year and nest stability (Alonso and
Agosti 2000; Kaspari 2000), as well as the ease of collection
and application of standardized sampling designs
(Bestelmeyer et al. 2000). The study of the diversity and struc-
ture of ant communities may be useful for evaluating the qual-
ity of urban environments related to increased urbanization
(Santos et al. 2019). It has recently been found that ants are
one of the most conspicuous and successful groups of animals
in different environments within cities (Santos 2016). They
can persist in disturbed environments such as man-made soils
(Technosols) used in urban parks (Vergnes et al. 2017) and
impervious surfaces (Pecarevic et al. 2010). Ecological studies
of urban ants have documented changes in diversity and spe-
cies composition in urban habitat green patches of different
sizes (Gibb and Hochuli 2002; Uno et al. 2010; Savage et al.
2014) and degrees of urbanization (Majer and Brown 1986;
Brown et al. 2013).

Many urban ant diversity studies have focused on green
spaces, but little is known about ant diversity and composition
in gray spaces (MacGregor-Fors et al. 2015; Vergnes et al.
2017). More studies of urban ant ecology are therefore re-
quired (Vergnes et al. 2017), particularly in contrasting habi-
tats (i.e., green and gray spaces) in small to medium-sized
cities characterized by high vegetation coverage but with dif-
ferent urbanization processes. There have been few studies to
date on ant diversity within urban areas in Mexico (Lopez-
Moreno et al. 2003; Cupul-Magaiia 2009), and two of those
that do exist are part of multi-taxonomic studies in Xalapa city
only. These studies show that ant species richness is lower in
highly—urbanized areas compared with lowly—urbanized areas
(13% less rich), although no statistically significant differ-
ences were detected (MacGregor-Fors et al. 2015). The
highest ant species richness is found in the smallest, heavily
managed and visited green spaces rather than in larger and less
managed green spaces (MacGregor-Fors et al. 2016).

The aim of this study was to compare the diversity and
species composition of ant assemblages that inhabit green
and gray spaces in two Mexican cities: Xalapa de Enriquez
and Coatepec. Both cities are Neotropical urban settlements
located in a region of tropical montane cloud forest, one of the
ecosystems of greatest diversity and highest endemism levels
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in Mexico (Rzedowski 1996), but one that is under a high
degree of threat due to the increase in cultivated areas and
unplanned urban expansion over recent decades (Williams-
Linera et al. 2002; Cruz et al. 2010). Xalapa has a higher
degree of urbanization, a higher population and is ten times
larger in area than Coatepec (Lemoine-Rodriguez 2012;
Falfan and MacGregor-Fors 2016). Given that many studies
have shown than canopy cover in green spaces can predict
high species diversity because it offers the ants shelter and
food (Reviewed by Santos 2016), in addition to suitable mi-
croclimatic conditions, ant diversity is expected to be greater
in the green spaces regardless of the characteristics of the city.
Green spaces are also expected to present a species composi-
tion that differs from that of the gray spaces and that these
differences will be greater in the larger of the two cities.

Materials and methods
Cities

Xalapa, capital of the state of Veracruz (19°32'37” N, 96°54'
37 W; precipitation: 1100-1600 mm/year; elevation: 1100—
1560 m a.s.l), is considered a medium-sized city (~64 km?;
INEGI 2009, 2010) and has ~600,000 inhabitants (INEGI
2010). In three decades (1980 to 2010) the population in-
creased by approximately 50% (Lemoine-Rodriguez et al.
2019) and the urban area increased 8.6 times (SEDESOL
2011; Chavez-Alaffita 2014). In 2010, Xalapa was declared
a metropolitan area to include five small neighboring cities
(CONAPO 2010). Xalapa is considered one of the state capital
cities of Mexico with the highest vegetation coverage
(Williams-Linera et al. 2002), since around 20% of its arca
comprises trees and shrubs (Lemoine-Rodriguez 2012;
Lemoine-Rodriguez et al. 2019). The urban area of Xalapa
corresponds to 51% of the municipality and it is immersed
within areas of cultivation (35%, mainly of sugar cane and
shade coffee), grasslands (9%) and remnants of cloud forest
(5%). Due to its status as the state capital, the predominant
urban land uses are public buildings (schools, universities and
government), thoroughfares and commercial activities
(Benitez et al. 2012).

Coatepec, the administrative center of the Municipality of
Coatepec (19°27°19” N, 96°57'31” W; precipitation: 1100—
2100 mm/year; elevation: 1200 m a.s.l) is a small city
(~6.4 km? and ~ 53,000 inhabitants, INEGI 2009, 2010) lo-
cated 8 km southwest of Xalapa. The population of this city
has grown by 8% over the last 20 years (INEGI 2010).
Coatepec presents lower quantities of infrastructure (avenues,
public buildings and vehicles) than Xalapa. The land use of'its
surrounding landscape is mainly agricultural (61%, mainly
shade coffee), grassland (18%) and forest (13%) (INEGI
2009). The economic activity of this urban settlement is also



Int J Trop Insect Sci

focused on services such as public administration, local tour-
ism, commerce and coffee production (Gobierno del Estado

de Veracruz 2016).

Urban green spaces

Two of the largest urban green spaces in each city were select-
ed: Parque Ecologico Macuiltépetl in Xalapa and Cerro de las
Culebras in Coatepec (Lopez-Faltan 2017). The Parque
Ecologico Macuiltépetl (referred to hereafter as Macuiltépetl;
31 ha, ~1600 m a.s.1.) has been a Protected Natural Area since
1978 and is located in the central part of Xalapa, comprising
approximately 0.5% of the total city area (Fig. 1). It presents
moderately high management and continuous human use for
recreational purposes. The vegetation on this inactive volcano
includes secondary cloud forest, although exotic ornamental
species are also present in the park (Williams-Linera et al.
2002). Management activities include gardening along the
main trails and specific areas, tree removal and pruning, as
well as maintenance of a paved road. Human activities are
considerable and include jogging, picnicking, group activities
(e.g., dancing, martial arts), among others, that peak during

weekends (Ortiz-Rodriguez 2015).

The Cerro de las Culebras has been a municipal ecological
Reserve since 1992 (37 ha; ~ 1300 m a.s.l.). It is located in the
northern part of Coatepec city and considered the largest green
space within the city, encompassing 6% of the total urban area
(Fig. 1). In addition to helping to regulate the local climate,
capture water and control erosion, this reserve maintains rep-
resentative species of the tropical montane cloud forest and
shaded coffee plantations (the most important commercial
crop in the region). In spite of its conservation status, the
Cerro de las Culebras is subject to various pressures, including
urban development on its hillsides and uncontrolled

Fig. 1 Location of the green and

gray spaces in two cities of
Veracruz state, Mexico and
distribution of the sampling
points from which ants were
collected

19°35'0"N

recreational use. This green space presents low management
and high visitor rates (Lopez-Falfan 2017).

Design and sampling methods

Since the urban landscape of both cities is heterogeneous
(Lopez-Falfan 2017), and Cerro de las Culebras is the only
public green space in Coatepec city, a sampling area of similar
size was considered in both types of urban habitat conditions
(~31 ha, corresponding to the area of Macuiltépetl, since this
is the smallest of the two areas). The distance between the
green and gray spaces in each city was greater than 1 km
(Fig. 1). Within each green and gray space, ten sampling sites
were located randomly (20 sites per city) covering as much as
possible the complete extension of the selected sampling area
(Fig. 1). A total of 62 ha within each city were sampled.
Ants were collected between April and July 2016 (which
corresponds to the transition between the dry and rainy season
in the region). In order to obtain the most complete inventory
of ants in all habitat conditions, three sampling techniques
were used: 1) Using two bait types (tuna in oil and honey);
at each site, two sampling stations were placed at 50 m apart.
Four 10 cm? white paper squares were placed at each station,
two with tuna and two with honey, interspersed at a distance of
2 m apart. Each bait was left out for ~1 h to avoid competitive
exclusion of the ants (Uno et al. 2010). Subsequently, 70%
ethyl alcohol was poured onto each baited paper square with
attracted specimens, which were then placed individually in
tightly sealed and labeled plastic bags. 2) Manual capture (for
ants foraging on vegetation and soil); the vegetation available
at each station was sampled for 15 min with an entomological
net (Bestelmeyer et al. 2000). 3) Winkler samples were used to
collect leaf litter ants in five of ten selected points within each
space (for a total of 10 samples/city). Since not all sites within
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the gray space of the city presented leaf litter, both leaf litter
and accumulated detritus from the flower beds and gardens of
houses near the sampling sites were sampled. Following cap-
ture, all individuals were identified with the aid of specialized
taxonomic keys (MacKay and MacKay 1989; Bolton 1994).
Reference specimens of all species collected were deposited in
the entomological collection of the Instituto de
Investigaciones Biologicas, Xalapa (IIB-UV).

Data analysis

Diversity was estimated as the effective number of species or
diversity of order-q (D; Jost 2006):

s\ /(9
D = <Zp§’)
i=1

Where Pi is the proportional abundance of species, S is the
number of species and ¢ is the order of diversity. The exponent
q determines the influence of species abundance on the diver-
sity values. For the comparisons, diversities of orders 0 and 1
were calculated: When q =0, species richness is obtained,
which is a measure of diversity that gives a disproportionate
weight to rare species (Jost 2006). When q = 1, the Shannon
diversity is obtained, which weighs each species according to
its abundance (in our case, the frequency) in the community,
and can therefore be interpreted as the number of “common”
or “typical” species in the community (Jost 2006).

Comparisons of diversity values (D) between cities, and
between green and gray spaces within each city, were made
under the same sampling coverage (Cn), which evaluated
completeness of the inventory as the proportion of the com-
munity that is represented by the number of species captured
in the sample. The value of Cn varies between 0 (low com-
pleteness) and 100% (high completeness) (Chao and Jost
2012). As a statistical criterion for comparison between cities
and between spaces (green — gray), the 95% CI was used.
Non—overlap of the confidence intervals indicates that there
is sufficient evidence to show significant differences between
the estimated values of diversity (Cumming et al. 2007). The
estimate of 1D + 95% CI, and its respective sampling coverage
for each habitat condition, was conducted using the iNEXT
package of R (Hsieh et al. 2016).

Following the recommendation by Magurran (2004),
range—abundance curves (considering the frequency of occu-
pation of the sites) were used to examine changes in the struc-
ture of ant assemblages between the green and gray spaces of
each city. Range—abundance curves were also used to deter-
mine changes in the identity of the most frequent or dominant
species. In these curves, information relating to changes in the
distribution of abundance indicated differences in species
evenness between assemblages (Magurran 2004).
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In order to evaluate differences in the composition of spe-
cies between cities and between habitat conditions (green—
gray spaces) within each city, the Serensen index was used
as a measure of overlap of the assemblages. This index indi-
cates the proportion of species shared in each assemblage
(Wolda 1981; Jost et al. 2011). Values vary from 0 (minimum
similarity or zero overlap) to 1 (maximum similarity or max-
imum overlap). In addition, Venn Euler diagrams were gener-
ated in R-Project (using the VennDiagram package) (Chen
and Boutros 2011) in order to represent the number of shared
and exclusive species in each comparison: 1) between cities,
2) between spaces (green—gray) in each city and 3) among
spaces of similar condition (green—green and gray—gray) with-
in each city.

Results

A total of 22,191 individuals belonging to 60 ant species (30
genera) were collected. The richest genera was Pheidole (16%
of the total species), followed by Camponotus (12%),
Solenopsis and Pseudomyrmex (7%) (Table 1). The species
Solenopsis geminata represented 64% of the total captured
individuals (occupying 38 of the 40 sampling sites) and al-
most twice as many individuals were collected in the green
space of both cities (Table 1). In Xalapa, Nylanderia fulva (an
introduced species known as the “crazy ant”) was also found
in most sites, but in low abundance (Table 1). Despite the
dominance of these two species in both cities, species even-
ness tended to be higher in the gray spaces compared to green
spaces, particularly in Coatepec city (Fig. 2).

Species diversity

About 60% of the total individuals were collected in
Coatepec, with the green space of this city providing the
largest number of individuals (~34%). Sample coverage
ranged from 82 to 92% (Table 1). Comparison of diversity
values of the same sample coverage (90%), considering
both species richness (°D) and Shannon diversity ('D),
showed that Xalapa was significantly less rich and diverse
than Coatepec (Fig. 3a, b). The gray space was signifi-
cantly more diverse than the green space, in both cities
(Fig. 4a, b). The greatest difference was found when com-
paring the diversity of ant assemblages among the green
spaces of each city: in general terms, diversity in the
green space of Xalapa was significantly lower compared
that of Coatepec (Fig. 4a, b). While no significant differ-
ences were detected between the gray spaces of both cit-
ies, the gray space of Xalapa tended to be less diverse
than its equivalent in Coatepec (Fig. 4a, b).
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Table1  Antspecies and number of individuals collected (total frequency in brackets) in the green — gray spaces in two cities of Veracruz State, Mexico

Species Xalapa Coatepec Total
Green Gray Green Gray
(n=10) (10) (10) (10) (40)
Dolichoderinae
Dorymyrmex bicolor _ 3(D) _ 39 (5) 42 (6)
Forelius damiani _ _ 8(2) B 8(2)
Linepithema dispertitum 2(1) 30 (6) _ 27 (5) 59 (12)
Tapinoma ramulorum _ 15 (1) _ 5@2) 20 (3)
Dorylinae
Neivamyrmex swainsonii _ 1) _ _ (1)
Formicinae
Brachymyrmex sp. 1 _ 1(1) 1(1) 6 () 8(5)
Brachymyrmex sp. 2 B 14 (3) B 275 (8) 289 (11)
Camponotus albicoxis _ 1(1) 1(1) B 2()
Camponotus atriceps 18 3) 3(12) B 1(1) 22 (6)
Camponotus brettesi B B B 6 (1) 6(1)
Camponotus novogranadensis B B B 13(3) 13(3)
Camponotus planatus _ 51) _ 1(1) 6(3)
Camponotus sericeiventris B B 1(1) B 1(D)
Camponotus striatus _ _ 74) 2(1) 9(5)
Nylanderia austroccidua 22 (4) 10 (2) _ _ 32 (6)
Nylanderia fulva 23 (9) 40 (8) 30 (5) 131 (5) 224 (27)
Paratrechina longicornis 22) 34 (4) 15(7) 94 (7) 145 (20)
Myrmicinae
Adelomyrmex silvestrii 2(1) _ 1(1) 3(1) 6(3)
Adelomyrmex tristani 34(2) B B B 34 (2)
Apterostigma mexicanum B B 1(1) B 1(D)
Atta mexicana B B 10 (3) 5(1) 15 4)
Cardiocondyla minutior _ 3(2) _ 1(1) 43)
Carebara sp. 1 77 (5) 44 (4) 34 (4) B 155 (13)
Carebara urichi _ _ 8 (1) 94 (2) 102 (3)
Crematogaster nigropilosa _ _ 15 (1) 4(1) 19 (2)
Crematogaster sp. 1 1(1) 4(1) 41 (1) B 46 (3)
Cyphomyrmex rimosus _ _ 1(1) 8(2) 9(3)
Monomorium ebeninum _ _ _ 732 (4) 732 (4)
Octostruma balzani _ _ 8(2) _ 8(2)
Pheidole bilimeki 10 (4) 666 (6) 8(2) 552 (8) 1236 (20)
Pheidole gula 297 (4) B B 4(2) 301 (6)
Pheidole hyatti _ B 42 (3) B 42 (3)
Pheidole megacephala B 924 (7) 4(1) B 928 (8)
Pheidole nubicola 511 .(8) 1(1) 14 (2) 18 (3) 544 (14)
Pheidole punctatissima _ 13 (3) 12 (4) 75 (4) 100 (11)
Pheidole soritis 1(1) 29 (1) _ 10 (2) 40 (4)
Pheidole synanthropica 443 (2) 1(1) B 2(1) 446 (4)
Pheidole tschinkeli 25(5) 48 (3) 40 (2) 159 (5) 272 (15)
Pheidole xyston _ 22 (2) 2(2) _ 24 (4)
Solenopsis geminata 3208 (8) 1740 (10) 6435 (10) 2825 (10) 14,208 (38)
Solenopsis picea _ 261 (2) 793 (5) 306 (6) 1360 (13)
Solenopsis sp. 1 22) 123 (7) 21 (4) 12 (3) 158 (16)
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Table 1 (continued)

Species Xalapa Coatepec Total
Green Gray Green Gray
(n=10) (10) (10) (10) (40)
Solenopsis sp. 2 78 (4) 1(1) 5(1) 72) 91 (8)
Strumigenys brevicornis 25@3) _ 15 (1) _ 40 (4)
Strumigenys louisianae _ 2(1) _ 8(5) 10 (6)
Strumigenys margaritae _ _ 1(1) _ 1(1)
Temnothorax sp.1 B 77 (3) B 18 (5) 95 (8)
Wasmannia auropunctata _ _ _ 92 (2) 92 (2)
Ponerinae
Gnamptogenys strigata 5@2) B 1(1) 12 (3) 18 (6)
Hypoponera opacior B 101 (7) B 12 (3) 113 (10)
Hypoponera punctatissima B 3(2) B B 3(2)
Hypoponera sp. 1 B 2(DH) 2(D) B 4(2)
Rasopone ferruginea B 2(1) B B 2(1)
Odontomachus laticeps 1(1) 4 (3) _ 14 (3) 19 (7)
Pachycondyla harpax _ _ _ 1(1) 1(1)
Ponera exotica 1(1) _ _ 5@3) 6(4)
Pseudomyrmicinae
Pseudomyrmex ejectus _ _ _ 1(1) 1 (D)
Pseudomyrmex euryblemma _ _ _ 2(1) 2(1)
Pseudomyrmex gracilis B B 1(1) 12 (5) 13 (6)
Pseudomyrmex pallidus B B 3(1) B 3(1)
Number of individuals 4788 4228 7581 5594 22,191
Sample coverage (Cn) in % 92 89 82 91

The script - indicates that the species was not captured

Species composition

Despite the high similarity observed between cities (~75%),
the number of species exclusive to each differed markedly:
Coatepec had a number of exclusive species four times higher

Fig. 2 Range—abundance curves
(using capture frequency) for
assemblages of ants collected in
each environmental condition in
two cities of Veracruz State,
Mexico
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Fig. 3 Comparison of values of (a)
species richness (a) and Shannon
(b) diversity of ants in each of two 60 -
cities in Veracruz State, Mexico. a
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greater number of exclusive species compared to the green
spaces, which tended to differ taxonomically (47% similarity,
Fig. 5b, ¢). The number of exclusive species in the green and
gray spaces of Coatepec was almost double that found in
Xalapa (Fig. 5d, e).

Discussion

Contrary to our expectations, the species richness and diver-
sity of ants of the green spaces in both cities was lower than
that of the gray spaces, and both habitat conditions shared
approximately half of the ant species. These results suggest
that differences in urbanization level and city size may affect
ant diversity and change the composition of species that in-
habit the green—gray spaces within urban areas. In general,
both cities contain a high diversity of ant species. This is

Coatepec

Xalapa Coatepec

related to the presence of a very diverse regional pool of spe-
cies that inhabit coffee plantations (106 species; Valenzuela-
Gonzalez et al. 2008), riparian vegetation (53 species; Garcia-
Martinez et al. 2015) and cloud forest remnants (75 species;
Garcia-Martinez et al. 2016). The presence of remnants of
forests and agroforestry systems around urban centers are of
great importance in terms of ensuring the viability of the pop-
ulations and maintaining biodiversity within the cities (see
source-sink dynamics hypothesis, Pulliam 1988). Different
land uses should therefore be integrated into urban growth
planning.

The results show that the smallest and least urbanized of the
two cities (Coatepec) is ~25% more diverse and contributed
four times more exclusive species than Xalapa. This result is
based on a complete inventory of the ant fauna taken in similar
sampling areas (~ 31 ha) for each habitat condition within
each city, using several standardized ant sampling methods

Fig. 4 Comparison of values of (a)
species richness (a) and Shannon
(b) diversity of ants in each 50

@® Xalapa
® Coatepec

1N
o
]

environmental condition (green ’Q\ ~ a -
and gray spaces) within two cities o 1 ~ ‘
of Veracruz State, Mexico. Error ~ 40 - o > ®
bars represent the 95% ”n T B =
: o ‘ + » 30 -
confidence interval ) 6 EG_J | 1
c L
0 ‘ © ’ l
— - C 4
3 20 ¢ c ¢
() 1 © 1
7] 7
10 A
10 A
; ; I %
Green Gray Green Gray

@ Springer



Int J Trop Insect Sci

Fig. 5 Venn diagrams
representing the overlap in ant
species composition (calculated
with the Serensen index) between
two cities of Veracruz state,
Mexico (a), between green and
gray spaces within each city (b, ¢)
and between the spaces of each
city (d, e). Circle size denotes the
differences in species richness.
Each panel includes the number
of shared and exclusive species in
each comparison

(b) Xalapa

Gray

(d) Green spaces

Coatepec

in order to include species with different foraging habits and
nesting behavior. Xalapa is ten times larger than Coatepec city,
relatively more urbanized and is located in the central part of
the metropolitan area, such that the matrix that surrounds it
comprises six expanding urban centers (CONAPO 2010;
Benitez et al. 2012), immersed in sugarcane crops and road
infrastructure. This has contributed to reducing the area of
vegetation coverage in the city to 8% over the last 30 years
(Benitez et al. 2012), which can negatively affect species di-
versity. This inverse relationship between ant diversity and
city size is similar to that found for carabid beetles (Magura
etal. 2004) and other groups, such as birds (Sorace and Gustin
2010; Ferenc et al. 2014), plants (Wang et al. 2014) and certain
mammals (Lopucki and Kitowski 2017). However, more stud-
ies are necessary to fully assess the impact of small to
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Coatepec

(a) Between cities

Xalapa

(c) Coatepec
Green Green

Gray

(e) Gray spaces

Xalapa Xalapa

Coatepec

medium-sized cities on biodiversity (Wang et al. 2014;
Lopucki and Kitowski 2017) since global urban growth is
expected to take place in such cities, which are generally con-
sidered to be reservoirs of biodiversity.

This study highlights the importance of different habitats in
terms of the conservation of greater ant diversity within urban
areas, especially when it has been found that city size and
degree of urbanization could affect not only the total number
of species within a city but also the species composition of
individual habitats (Ceplova et al. 2017). The lower diversity
and evenness of ant assemblages inhabiting green spaces not
only reflects the influence of the size of these cities but also the
individual characteristics of the green spaces (e.g., use and
management type, geographical position within the city and
isolation).
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Characteristics such as vegetation type, intensity of use and
management of green spaces can also explain the lower diver-
sity found in this environment within the larger of the two
cities. While the green spaces of both cities present a high rate
of visitors for recreational purposes (Vazquez-Torres et al.
2010), they do differ in certain aspects. Macuiltépetl Park in
Xalapa presents a high proportion of exotic ornamental spe-
cies (Vazquez-Torres et al. 2010) that generally provide fewer
resources than the natural vegetation (Siemann et al. 1998;
Wilde et al. 2015), and the park management is directed main-
ly towards keeping the areas of frequent recreational use and
roads clean and cleared of vegetation (Ortiz-Rodriguez 2015).
This implies a chronic disturbance that can modify micro-
environmental conditions and the supply of resources for feed-
ing and nesting ants, favoring opportunistic species. In con-
trast, the Cerro de las Culebras in Coatepec is a protected area
with little management and, while the native vegetation pres-
ent has been modified, it still preserves elements of the orig-
inal vegetation (Lopez-Falfan 2017). Unlike the green space
in Xalapa, these characteristics would favor higher ant species
diversity, as has also been found for woody plants (Lopez-
Falfan 2017).

The degree of isolation of the urban habitats and their sur-
rounding matrix type are other characteristics that may deter-
mine ant diversity (Uno et al. 2010; Perfecto and Vandermeer
2002; Philpott et al. 2014; Santos et al. 2019). Although
Macuiltépet]l Park is one of the largest green spaces in
Xalapa, it can be considered an “island of vegetation”, located
towards the central part of the city (Fig. 1) and disconnected
from its other green spaces (MacGregor-Fors et al. 2016). This
geographical situation may act to limit the colonization/
recolonization dynamics of ants in different environments
within the city. A recent study of 11 taxonomic groups in
green spaces of different sizes in Xalapa revealed lower spe-
cies richness in Macuiltépetl Park compared to the smaller
green spaces (MacGregor-Fors et al. 2016). Although
Coatepec does not have a system of public green areas such
as that of Xalapa (Falfan and MacGregor-Fors 2016; Lopez-
Falfan 2017), much of its green areas are located in the gar-
dens of houses, which together with the type of matrix (dom-
inated by shade coffee crops) that surrounds the city seem to
favor the high diversity of ants observed in this green space.
Shade coffee crops are recognized for maintaining a high di-
versity of insects, particularly ants (Perfecto and Vandermeer
2002; Armbrecht and Perfecto 2003; Philpott et al. 2014).
Differences in isolation and matrix characteristics between
the two cities may therefore influence ant diversity in different
ways.

The results of this study indicate that the gray spaces of
both cities contributed to a set of different species, many of
them typical of modified environments. It is therefore possible
to conclude that the ant species used green and gray spaces
differentially in both cities as a result of differences in the

micro-climatic conditions and supply of resources for nesting
and feeding. Ants in urban areas seem to benefit from open
and disturbed habitats due to a greater availability of food
(highly energetic waste) abandoned by pedestrians (Savage
et al. 2014). This could explain the greater diversity observed
in the gray spaces of both cities. Future studies should evalu-
ate the role of microclimatic differences and supply of food
and nesting resources on the ant diversity and community
structure in different urban habitats.

Recent studies have shown that urban ants are important
for removing food waste in a highly urbanized environment
(Youngsteadt et al. 2014; Penick et al. 2015) where generalist
ants tend to increase in abundance, as is the case of the fire ant
Solenopsis geminata, which is widespread in tropical and sub-
tropical regions (Gotzek et al. 2015). This species is consid-
ered a pioneer species (Perfecto 1991) and a generalist key-
stone predator (Risch and Carroll 1982), in terms of its food
and shelter needs, that readily occupies urban and agro-
ecosystems (Perfecto 1991; Holway et al. 2002; Perfecto and
Vandermeer 2002). For this reason, it is unsurprising to find
this species in all of the sites sampled, but it is striking that its
greatest abundance was found in green spaces of both cities,
since it is generally associated more with disturbed areas.
Solenopsis geminata is notorious for its aggressive behavior
(Perfecto 1991, 1994) and it may therefore have a competitive
advantage with which to displace other species. This could
negatively impact the species diversity of these green spaces
as it has done with vertebrates (Travis 1941; Plentovich et al.
2009) and invertebrates (Travis 1941; Risch and Carroll
1982).

In general, gray spaces in cities are considered novel hab-
itats that favor generalist ant species (Pecarevi¢ et al. 2010)
characterized by unicolonial population structure (colonies
that are not independent of each other), and high-density pop-
ulations of high competitive capacity that are often ecologi-
cally dominant (Helanter et al. 2009), as in the case of species
of the genera Solenopsis, Pheidole and Nylanderia (Perfecto
1991, 1994; Kumar et al. 2015). Given the high similarity of
species of generalist ants in the gray spaces of both cities in
this study, an aspect of interest for future studies would be to
determine how the structure of the colonies and the competi-
tion of the generalist ants vary between the green and gray
spaces of both cities.

Conclusions

To explain the differences in diversity and species composi-
tion between cities, it is not only important to consider their
size, but also other characteristics of the green and gray spaces
within cities, such as geographical position, degree of isola-
tion, management intensity and matrix type surrounding the
cities. Ant diversity comparisons between contrasting habitats
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showed that, in two medium and small cities, gray spaces do
not negatively affect the diversity of ants. This highlights the
value of this habitat type for ants, given the characteristics of
the physical space in terms of offering a high availability of
resources that can favor the high abundance of some generalist
species. Understanding the role that small and medium-sized
cities play in terms of species diversity is therefore an impor-
tant element for the design and planning of city growth, par-
ticularly when studies show that global human population
growth in the future will be concentrated in such urban areas.
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