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Abstract

Extrafloral nectary plants not only occur in natural areas but also in urban parks. These areas are
prone to edge effects, and plants face different microenvironmental conditions. We investigated
the spatial variation of ant-plant interactions in an urban park, and we examined if plants with
ants would show lower herbivory levels and if it depended on habitat type (interior or edges).
Seedlings of Inga laurina were set in 200-m long transects (which covered both the west and east
edges, and the interior) in an urban park and then experimentally assigned to be either
ant-present or ant-excluded plants. Leaf herbivory was investigated throughout the wet season
and was influenced by the interaction effect between ants and habitat type. Ants decreased the
herbivory on the west edge, but on the east edge results were the opposite. The east edge had
higher temperature and sunlight exposure in comparison to the other sites and was assumed to
disrupt the stability of ant-plant interactions. In the interior of the fragment, herbivory
depended on ant presence/absence and on the location of plants along the transect. Our study
highlights how the outcomes of ant-plant interactions are spatially conditioned and affected by
different types of habitats.

Introduction

In the neotropics, many plant species rely on ants for protection, and in exchange, plants provide
ants with extrafloral nectar (EFN), a liquid that is rich in carbohydrates (Del-Claro et al. 2016).
Despite the amount of literature showing that ants exert a positive effect on plant growth and
biomass, reduction of herbivory, and increases in fitness (Rosumek et al. 2009, Pereira et al.
2020), we cannot rule out the fact that these interactions are conditional over time and space
where they take place (Thompson 2005, Jones & Koptur 2015). The literature is filled with data
showing the influence of ants on herbivory in punctual periods, usually at the end of the leaf
flush season (Coley et al. 2005, Calixto et al. 2021). The main problem with this approach is that
by examining herbivory in only one specific period, the data might mask important variations in
leaf area loss during the leaf flush season (Monique et al. 2022). For instance, Nascimento and
Del-Claro (2010) showed that plants with ants had consistently lower herbivory levels
throughout the four months of observation; in contrast, Kelly (1986) revealed that plants with
ants might show higher herbivory than plants without ants, depending on the census/sampling.
In addition, Fuente & Marquis (1999) not only demonstrated that herbivory varies over time but
also that it depends on the environment in which interactions occur (Del-Claro & Marquis
2015). In this context, to enrich the knowledge of ant-plant interactions, it might be wise to
examine how herbivory varies along the whole leaf flush season and if it is affected by both ants
and different environments.

The interplay between the environment and mutualistic ant-partners is a main factor
controlling the outcomes in ant-plant interactions (Nogueira et al. 2015, Béchtold et al.
2016). Most of what we know about the spatiotemporal variation in ant-plant relationships
comes from studies in natural areas; however, EFN plants also occur in fragments within urban
settings, such as parks (Clarke et al. 2008, Silva et al. 2019). In a broad sense, urban parks are
considered isolated forest habitats surrounded by an urban matrix without terrestrial connec-
tions/corridors with natural areas and are susceptible to anthropogenic disturbances (Pacheco &
Vasconcelos 2007). In addition, these areas can be considered fragments and are consequently
prone to edge effects, which create different microenvironmental conditions for species occur-
ring on the edges and in the interior (Bolger et al. 2000).

For flying animals, parks are considered islands (McFrederick & LeBuhn 2006), but for
terrestrial species, such as ants, parks can be regarded as refuges and encompass a subset of
the species found in the forests (Santos ef al. 2019). There is an assumption that the interactions
between ants and plants in these places might be different from those in natural areas because
the ant fauna of parks is restricted to a few species, most of which are non-specialist and
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opportunistic (Pacheco & Vasconcelos 2007, Clarke et al. 2008).
However, since EFN-drinking ants are generalists, interactions with
plants are assumed to persist if EFNs are active (Silva et al. 2020).

In this study, we investigated the spatiotemporal variation of ant—
plant interactions in a fragment located in an urban setting. Our
experiment consisted of a three-factor design with ‘time’ (the period
that corresponds to the whole leaf flush season), ‘ants’ (present or
absent), and ‘habitat type’ (the transects that incorporate the interior
and the edges of the fragment). We addressed the following ques-
tion: do plants with ants show lower herbivory levels, and does it
depend on habitat type (interior or edges) and time of sampling
(different dates of sampling within the leaf flush season)?

Our study plant was Inga laurina (Sw.) Willd (Fabaceae), an
EFN-bearing legume species. Plants in this genus have long been
studied with regard to their interactions with ants (Koptur 1984,
Bixenmann et al. 2013). Both the environment and ants seem to
play an important role in the life history and herbivory of Inga
species. For instance, habitat type and sunlight exposure are critical
factors for the growth of I. vera; in addition, herbivory is greatly
suppressed when ants are present (Kersch & Fonseca 2005).
Thus, Inga species appear to be a good model for investigating
how herbivory varies according to ants and the environment.

Materials and methods
Study area

The study was conducted between November 2019 and
May 2020 at the Parque Ambiental Macambira (16°44/26.20” S,
49°19’11.10” W, 827 m above sea level) in the city of Goinia, Brazil.
The park is used for recreation and educational purposes and lacks
large-scale human disturbances, such as mowing, fires, and logging.
The park contains a typical and conserved Cerraddo with trees up to
10 m tall. The climate has two well-defined seasons: a dry winter from
May to September and a rainy summer from October to April.

The park is an urban fragment with approximately 25 ha and is
surrounded by avenues and houses all around its borders. The
park itself is asymmetric; one part resembles an arrow, and the
other a square, both of which are linked by a boomerang-shaped
area of vegetation. The so-called west edge (16°44'26.20"S,
49°19'10.64"W) is limited by a matrix formed by deforested land
containing a few shrubs and grasses; this matrix extends up to
150 m until the nearest street (Supplementary material 1). The
so-called east edge (16°4423.07"S, 49°19'6.63"W) ends in an
avenue. The interior of the park is well preserved with large trees
with canopies covering the understory and does not sustain pertur-
bations other than storms that once in a while may provoke the fall
of trees and branches. The most frequent plant species are
Hymenaea courbaril L. (Fabaceae), Tapirira guianensis Aubl.
(Anacardiaceae), Xylopia sericea A. St.-Hil. (Annonaceae), Schefflera
morototoni (Aubl.) Maguire, Steyerm. & Frodin (Araliaceae),
Mauritia flexuosa L. f. (Arecaceae), and Anadenanthera colubrina
(Vell.) Brenan (Fabaceae).

Study plant

The genus Inga is restricted to the neotropics and contains approx-
imately 300 species (Kursar et al. 2009). The study plant, I. laurina,
grows up to 20 m tall. The EFNs occur at the base of the opposite
leaflets. The leaf flush is related to the onset of the rainy period
(October), and the production of extrafloral nectar is continuous
throughout the dry season, which lasts until April (end of the rainy
season). From May to September, the plant does not produce any
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leaves, and the EFNs are non-functional. Several species of Inga are
known to be visited by EFN-drinking ants, and studies have exam-
ined the potential of ants as antiherbivore defences in Inga, as well
as the performance of plants in different environments (Koptur
1985, Kersch & Fonseca 2005, Bixenmann et al. 2013). Two species
of Inga are present in the park (I. alba (Sw.) Willd and I nobilis
Willd.), and together with I. laurina, these legumes are part of
the park’s management plan.

Experimental design

We established a study design with 4 rows per 11 column-transects
in the park; each row contained 22 plants and each column had
eight plants. The largest linear transects were 200m long
(Figure 1) and were set from one edge to the other of the park
(Supplementary material 1). A total of 88 seedlings of I. laurina
were purchased from a commercial greenhouse located in
Goilnia city, Brazil, transported to the park and transplanted into
established transects. At this point, the seedlings were between 15
and 20 cm tall, and there was no significant difference in height,
number of leaves, and number of EFNs between plants (p > 0.05
in all cases, details not shown here).

Each linear transect was 200 m long and was spaced 10 m from
each other. A total of 22 seedlings of I. laurina were planted in pairs
(one ant-present and another ant-excluded seedling) in each tran-
sect; each pair was 20 m distant from the other pair, and each plant
from each pair was 1 m distant from the other (Figure 1).

Our sample size was equal to 88 seedlings (11 plant pairs times
4 transects = 88 seedlings), which were divided into ant-present
and ant-excluded individuals (n=44 plants in each group).
The restriction of ant access to plants was made with the use of
nontoxic wax (Tanglefoot ©), which was applied to the foot of each
‘ant-excluded’ seedling. The ‘ant-present’ plants were left undis-
turbed, except by a thin layer of wax which was applied to a portion
of the main stem to control for the effect of the wax; this did not
restrain the access of ants to plant parts. Leaves and stems from
each seedling were clipped to avoid the formation of vegetation
bridges between plants.

In many ant-plant studies, scientists tag single individual plants
and divide their bushes into experimental units where one bush
receives the resin to avoid ants and a neighbour bush is assigned
as a control unit (Alves-Silva et al. 2014, Aristizabal & Metzger
2019). The advantage of this approach is that herbivores can
rapidly assess the ant-free areas and forage accordingly. In addi-
tion, insects that whenever are harassed by ants in control bushes
can rapidly fly to the nearest ant-excluded plant parts to keep
feeding. In our study, the I laurina plants were rather small to
be divided into experimental bushes, so we preferred to grow
two seedlings, one with and the other without ants, close to each
other (1-m space), which covers the distance between experimental
plant pairs in the study by Mody & Linsenmair (2004).

We might also have chosen to not distribute the I. laurina in
experimental pairs, but rather into ant-present and ant-excluded
plants that were distributed evenly in the park and distant from
each other. However, we were afraid that some plants might perish,
which would affect the even sample size between experimental
plants. In our current approach, if one plant from the pair perished,
its counterpart was going to be excluded from the study as well;
luckily this did not happen. To conclude, the decision to keep plant
pairs 1-m spaced from each other was based on a logistic reason,
since it permitted a quick evaluation of plants by one researcher in
the field.
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Figure 1. Representation of the transects
established in the park to grow the individuals
of Inga laurina. Each row sustained 22 seedlings,
which were assigned as ant-present or ant-
excluded treatments. Rows started from the very
west edge and ended at the east edge (the limit
between the park and the surrounding non-
forested matrix). A clear delimitation of the
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Data collection

Data collection commenced 21 days after plant acclimation in the
area. The plants were scanned six times, from mid-December to
late March, which corresponds to the wet season (see results for
the dates). Field trips were carried out on December 16 (2019)
and in the following dates of 2020: January 6, January 27,
February 17, March 9, and March 30. In each field trip, the
‘ant-present’ seedlings were scanned for the presence of ants,
and the ant-excluded plants were also checked to guarantee that
no ants trespassed the wax barrier. Ants visiting the control plants
were photographed to permit an initial classification to the genus
level (this is possible for common genera, such as Camponotus,
Cephalotes, and Crematogaster) (Supplementary material 1).
At the end of the fieldwork, the ants were collected.

Our measure of herbivory was the ratio between the number of
leaves and the number of leaves with herbivory (leaf area loss) in
each seedling (Gonzalez-Teuber et al. 2012). First, we aimed to
measure herbivory as the leaf area loss (% and mm? per leaf), using
digital images. However, leaves usually had most of their areas and
margins attacked by beetles and caterpillars, thus restraining us
from measuring leaf area loss with accuracy (Supplementary
material 1). Our measure of herbivory might not have been the
most appropriate (i.e., damaged leaves divided by the total number
of leaves; Alves-Silva & Del-Claro 2014; Gonzalez-Teuber et al.
2012), but it was the only possible method to assess the herbivory
levels in I. laurina. Nonetheless, Burger et al. (2021) did not notice
differences between this method and the measure of leaf area loss.
Thus, we believe our results are trustworthy.

Microclimatic data (temperature, humidity, and sunlight expo-
sure) were collected to permit the classification of the edges and the
interior of the fragment, because differences in temperature and
humidity, for instance, are strikingly different on the edges and
the interior, permitting its recognition and use in statistical
analyses (Christianini & Oliveira 2012, Mendonga et al. 2015).
Temperature and humidity data were recorded in the mornings
(08:00 to 09:00 to avoid daily variation; Wang et al. 2009) of sunny
days using a digital thermo hygrometer (MTH-1300 Minipa). The
device was placed between each pair of seedlings, and the data were
recorded. The light incidence was measured with Google’s smart-
phone app Science Journal for Android OS (V. 3.5.329666436 from
2020; the app was discontinued by Google). By using the app, a
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extension of edges and the interior was made
later, based on microclimatic data and statistical
analyses (see Results section) (see also
Supplementary material 1).

fragment

single smartphone (model Samsung S9) was consistently used
throughout the study, and it was held above and between the pairs
of I laurina. The camera then registered the luminosity in
lux units.

Statistical analyses

The microclimatic data (light, temperature, and humidity) were
visualized in different figures, and data were not linear, but rather
varied depending on the location of the transects (Figure 2a, b, ).
For instance, the last group of tagged plants (locate at a distance of
200 m along the transect — Figure 1), located on a border of the
park (on the east), had the highest temperature and luminosity,
and the lowest humidity. In contrast, some transects in the interior
of the fragment had opposite values.

A non-linear regression was made for each microclimatic
variable, yielding polynomial models for temperature (intercept
=25.24, x=-0.74, x*=0.08); humidity (intercept=76.84,
x=4.72, x*=-044) and luminosity (intercept=4930.0,
x=—2086, x> =201.5). We fit an adjusted curve along the frag-
ment’s transects which demonstrated a parabolic trend of temper-
ature, humidity, and luminosity. Regardless of the microclimatic
variable, all of them showed that the inner part of the fragment
(the interior) had different conditions in comparison with the
borders. In fact, the adjusted parabolic curve allowed us to recog-
nize three distinct areas within the fragment, which were labelled as
‘west edge’, ‘interior’, and ‘east edge’ (Figure 2a, b, ¢). The visual
estimation and classification of edges and the interior were appro-
priate in our study as figures, and the polynomial adjusted regres-
sion curves were used to quantify how physical variables varied
along the transects.

A more traditional approach would be to pairwise-compare
each part of the transect to classify them onto edges and interior;
however, this is not feasible due to the characteristics of the frag-
ment. For instance, the temperature in the 20 m and 180 m trans-
ects was similar (Figure 2a) and one might assume that both parts
of the transect should be put in the same categorical factor; none-
theless, they are 160 m away from each other and are separated
by parts with lower temperatures. The 180 m transect is also very
different (in terms of temperature, humidity and luminosity) from
the subsequent transect (200 m) (Figure 2a). The adjusted para-
bolic curve revealed that the edges had increased values of
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to the interior. The figure shows the mean and
standard deviation.

temperature and light in comparison to the interior; in contrast,
the humidity was conceivably lower on the edges. According to
our classification, the west edge accounted for two transects (0
to 20m, n=16 plants), the interior for eight transects (40 to
180 m, n =64 plants) and the east edge for one transect (200 m,
n =8 plants) (Figure 2a, b, ¢).

In order to statistically compare the microclimatic data among
these three habitat types indicated by Figure 2, we performed
Kruskal-Wallis test (non-parametric data) followed by Dunn’s test
(a posteriori) for the values of temperature, humidity and sunlight
exposure in each habitat type. Once we realized that the physical
data of these three sites were statistically different (see Results
section), the west edge, the east edge, and the interior of the

https://doi.org/10.1017/50266467423000044 Published online by Cambridge University Press

Transect lenght (m)

fragment were incorporated into the subsequent analyses as
categorical data.

General linear mixed model tests (GLMM) were used to
examine the influence of plant groups (with or without ants),
the location of plants in the transects, and dates of sampling
(employed as a fixed and also as the random factor) on herbivory
(% of attacked leaves per plant). Tukey’s post hoc tests were made
whenever necessary to investigate in detail results that were
statistically significant.

To verify if the herbivory data were spatially correlated, which
might influence the results, we made Moran’s and Mantel tests, as
well as a linear mixed-effects regression with spatial data of plants.
None of the analyses were significant (results not shown); thus, we
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Table 1. Variation of leaf herbivory in Inga laurina according to ants (presence and absence), date of sampling (six occasions),
and transect length (200 m) in a tropical urban park. The interaction effect between ants*transect length*samplings was not

conducted as it decreased the fit of the GLMM model.

Variables Wald > Df P-values
Ants 233 1 <0.0001
Sampling 389.1 5 <0.0001
Transect length 474.73 10 <0.0001
Ants*transect length 600.14 10 <0.0001
Ants*sampling 34.5 5 <0.0001
Sampling*transect length 380.54 50 <0.0001
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Figure 3. Comparison of (a) temperature, (b) humidity, and (c) light incidence in the sites classified as edges and interior of the urban fragment. Lowercase letters upon bars
indicate statistical differences based on the Kruskal-Wallis test and on Dunn’s test (a posteriori).

rule out the spatial location of plants as a variable of influence in
our study.

Statistical procedures were performed using R statistical soft-
ware, version 4.2.2.

Results

Plants up to 20 m from the west edge and the plants at the opposite
site, at the very end of the transect (200 m), were considered to be
on the edges (see Figure 1 for details on plant distribution). Figure 2
shows that the temperature, humidity, and light incidence at these
sites were different from the so-called interior. The adjusted curve
in the figure shows decreases in temperature and luminosity from
the edges to the interior and an increase in humidity. The
comparison among the edges and the interior yielded significant
results (P < 0.0001 in all cases) (Figure 3). The east edge had the
highest temperature, lowest humidity, and highest luminosity
(Figure 3). The interior had the highest humidity, but the temper-
ature was milder, and luminosity was the lowest in comparison
to the edges (Figure 3). The physical variables were all
related (Spearman’s correlation values: temperature and humidity
=—0.94; temperature and luminosity =0.91; humidity and
luminosity = —0.86).

Leaf herbivory was significantly influenced by the presence of
ants (plants with ants had on average 10% less herbivory than
plants without ants), the time of sampling, the location of plants
along the transects (herbivory was higher on the edges and lower
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in the interior of the fragment), and by the interaction effects
among the variables examined (Table 1). The interaction effect
between ants and transect length indicates that not only herbivory
depended on ant presence/absence but also on the location of
plants along the transect (Figure 4). In fact, a significant effect
of ant presence was noted for plants at the beginning of the transect
(0 metres from the west edge); in contrast, at the end of the transect
results were just the opposite (Figure 4). In the interior of the frag-
ment, results varied as ants either had or had not a positive effect
(i.e., reduction) on herbivory levels (Figure 4).

Further comparisons considering each side of the park (west
and east edges, and the interior of the fragment) showed that on
the west edge, the plants without ants had an almost 2-fold higher
herbivory rate, on average, than plants with ants (35% and 18%,
respectively). The herbivory was similar between plant groups in
the interior of the fragment, and plants with ants on the east edge
showed higher herbivory (on average 25% more). The interaction
effect of ants and dates of sampling occurred because herbivory
varied throughout the leaf flush season in plants with and without
ants (Supplementary material 2).

The plants did not sustain one single ant species consistently, as
during fieldwork, we noticed shifts of ants in each seedling.
Therefore, it was not possible to examine the effect of each
ant on herbivory, and we considered the community of ants as a
whole. We came across ants belonging to genera Camponotous,
Crematogaster, Cephalotes, Solenopsis, and Ectatomma, and all
of them visited the EFNs of I. laurina.
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Figure 4. Variation in the herbivory levels of
Inga laurina according to transect length and 01
plant groups (presence or absence of ants).
The bars indicate the mean and SD values.

Superscript  asterisks indicate statistically 0 2'0
significant differences according to Tukey’s post
hoc tests.

Discussion

Here, we found evidence of different microenvironments within
the study area. Data on temperature, humidity, and luminosity
revealed three distinct sites, two edges, and the interior. These sites,
together with ants, were responsible for contrasting herbivory
levels in I. laurina. On the west edge, plants with ants had the
lowest herbivory levels, a result expected according to ant-plant
interaction models of mutualism, because EFN plants deprived
of ant-partners may experience increased herbivory levels
(Kost & Heil 2005, Katayama & Suzuki 2011). Studies have shown
that the production of extrafloral nectar is higher in EFN plants
susceptible to direct sunlight exposure (Millan-Cafiongo et al.
2014) and embedded in an environment with other plants
(Alves-Silva & Del-Claro 2013); thus, it is expected that ants will
be more frequent in such unshaded plants and defend the plant
from herbivores (Alves-Silva & Del-Claro 2013, Béichtold et al.
2016). This situation was observed on the west edge.

On the east edge, results were the opposite, as plants with ants
had higher herbivory than their counterparts. The east edge
receives a huge influence from the surrounding non-forested
matrix; in fact, the very east edge faces a main city avenue.
Conversely, the west edge has no such abrupt change in the envi-
ronment, as the matrix is formed by a deforested area with grasses
and seedlings, which belongs to the park’s limit of occupation.
Therefore, the east edge can be assumed to be severely disturbed
in comparison to the west edge. The east edge had the highest
temperature, luminosity, and lowest humidity in comparison to
the other sites. Plants in highly stressed environments, such as
the east edge, may be more susceptible to herbivore attack
(Garcia-Jain et al. 2021). This occurs because plants cannot main-
tain their homeostasis when they are subjected to harsh conditions;
in this case, their tolerance surpasses the limits of their phenotypic
plasticity, incurring several changes, both physiological and
morphological (Nikiforou & Manetas 2017, Aguilar-Peralta
et al. 2020).

The study plant, I. laurina, is not a pioneer species, but rather a
secondary and late-successional species (Uriarte et al. 2004, Polli
et al. 2020). Thus, by being exposed to such a harsh habitat as
the east edge (in comparison to the other sites), both the plants
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and the ants might have faced detrimental effects (Kersch &
Fonseca 2005, Yamawo et al. 2014). Insect herbivores benefit from
highly stressed plants, both by the plant’s reduced levels of defences
and because of the disruption of top-down control, as the compo-
sition of the natural enemies of herbivores varies on spatial scales
(Wirth et al. 2008, Santos et al. 2013, Pereyra et al. 2015). In the
interior, a shaded habitat, ants reduced the herbivory in some
plants, but not in others; nonetheless, the pooled results revealed
no difference in herbivory according to plant groups. Usually,
shade-tolerant and late-successional plants (such as 1. laurina;
Uriarte et al. 2004; Polli et al. 2020) may have increased secondary
compound defences in the shade, which is their ideal environment;
this prevents herbivore attack (Coley 1988, Dudt & Shure 1994).

The two edges of the park showed contrasting results in terms of
herbivory according to ant presence/absence. We may conclude
that ant-plant interactions were not affected by a mild stress (west
edge), and in fact, gaps may strengthen the ant visitation to plants
and the reduction of herbivory rates (Alves-Silva & Del-Claro
2013). Nonetheless, a harsh environment such as the east edge
might have disrupted the interactions between ants and the
non-pioneer species I. laurina. In this site, ants might have
changed their foraging behaviour and abandoned the plants during
some periods, or the plants might have been visited by species of
ants that offered no protection from herbivores (Palmer & Brody
2007, Nogueira et al. 2012, Leal et al. 2015, Andersen 2019). Some
plants that are located in harsh environments (e.g., edges, prox-
imity to roads) and are subjected to full sunlight exposure face
severe water stress which in turn is a detrimental factor for extra-
floral nectar production (Newman & Wagner 2013, Kunert et al.
2015, Cruz Rocha et al. 2019). Thus, ants might have had no benefit
in visiting the plants, making them susceptible to herbivory attack.
The ant-plant specificity could unravel some of these assumptions,
but I laurina was visited by several ant species, thus limiting our
knowledge.

In our study, we quantified herbivory in I. laurina throughout
the leaf flush season, and we registered the periodical variations in
herbivory and whether they varied according to site (edges and
interior) and ant presence/absence. This approach is uncommon
in ant-plant studies, with results either showing that the effects
of ants are consistent or not depending on the census (Kelly
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1986, Nascimento & Del-Claro 2010). In I. laurina, we covered the
whole leaf flush season and examined in different periods how
plants were performing with and without ants. In the end, we
found a significant interaction effect between ants and sampling
date, indicating that herbivory was higher or lower depending
on the presence of ants and the date of sampling. This result is
in accordance with Monique et al. (2022) who show that plants
with ants experienced large variations in flower production during
the reproductive season. Thus, it is clear that the true effect of ants
on plants could only be examined if one takes into consideration
how plants with ants experience higher o lesser performance in a
given period of its phenology, especially when ants are supposed to
patrol the plants (i.e., when extrafloral nectaries are active).

Urban parks have been regarded as unimportant places for ant
biodiversity, both because of their relatively low areas, and the
existence of only a subset of species that occur in natural areas
(Menke et al. 2011). Nonetheless, we showed that the same mech-
anisms that influence ant-plant interactions in natural areas, such
as plant phenology, microclimatic gradients, ant presence, and
spatial scales (Nogueira et al. 2020, Calixto et al. 2021, Monique
et al. 2022), are also present in the study park. In this context,
not only parks are important to increase our understanding of
ant-plant interactions, but it is also surprising that these relation-
ships in such (so-called) disturbed habitats do persist, revealing
potential micro hotspots of ant-plant interactions. Our under-
standing of the biodiversity in tropical urban parks in the tropics
is scarce (< 10% of studies in parks) (Nielsen et al. 2014). In Brazil,
most investigations in urban areas evaluate the abundance and
community composition of epigaeic ants; in addition, most studies
were conducted in the Atlantic Forest biome (Munhae et al. 2009,
2015, Melo et al. 2022). To the best of our knowledge, ours is the
first study in Brazil to evaluate how herbivory in an urban park
(with the matrix surrounded by a city) is affected by ant-partners,
space and time.

One potential limitation of the study was the lack of ant-plant
specificity, as more than one ant species was observed visiting the
same individual plant during the study; this prevented us from
examining the role of each species in plant protection.
Nonetheless, this was a characteristic of the study, and since the
interaction between EFN plants and ants is facultative, plants
can be visited by several ant species (Anjos et al. 2017).
Moreover, the stability of ant-plant mutualism in the tropics
depends on only a few arboreal species of ants (Lange et al.
2013, Fagundes et al. 2017, Camara et al. 2018), which coinciden-
tally are species that occur in parks (Aranda et al. 2022). In this
context, the authors might consider the effect of the ant commu-
nity on plants rather than analysing each ant species separately
(Franco & Cogni 2013, Raupp et al. 2020). Another potential limi-
tation of the study was the sampling of only one urban area, and
this is justified by logistics and the period of fieldwork, that was
time-consuming, as we conducted an experimental approach
based on ant presence/absence covering a whole plant phenophase,
which is the same approach used in natural areas to investigate
plant-ant interactions (Fagundes et al. 2017, Monique et al.
2022). The sampling of ants in one or few areas is not uncommon
for urban habitats (Ribeiro et al. 2012, Cantone 2018, Souza-
Campana et al. 2020), and besides, most of what we know about
ant-plant interactions in natural areas comes from studies
conducted in single areas as well. Nonetheless, the interpretation
of our results should consider the conditions of the study park,
and we expect that further comparable studies could enhance
our knowledge of plant-ant interactions in urban areas.
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The outcomes of the interplay between the spatiotemporal
effect of ants on herbivory and the concomitant effect of the envi-
ronment (fragmentation, edge effects) and time are difficult to
generalize, given the variability of possible results (e.g., the inter-
actions among all variables can lead to various different scenarios)
(Yamawo et al. 2014, Pereyra et al. 2015, Camara et al. 2017). Here,
we provide further information on this system by showing that leaf
herbivory in an urban park depends both on space and on time.
There is not much literature on edge effects in the Cerrado biome,
let alone investigations of edge effects and ant-plant interactions in
urban settings (Santos et al. 2019). Our study highlights how the
outcomes of ant-plant interactions are conditional. In the study
park, a 200 m spatial variation was enough to display variations
in the effectiveness of ants as plant guards of I. laurina.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/50266467423000044

Data availability. The datasets generated during and/or analysed during the
current study are available from the corresponding author on reasonable
request. Should the manuscript be accepted for publication, the data supporting
the results will be archived in an appropriate public repository and the DOI will
be included accordingly.

Acknowledgements. We appreciate the comments by Andre Luis da Silva
Castro, Daniel de Paiva Silva, Bruno de Sousa Lopes, Diego V. Anjos, the editors
of Journal of Tropical Ecology and six anonymous reviewers on early versions of
the study. We also thank Mr. Jodo Lopes Rodrigues, manager of Green Areas,
Mr. Anténio Junio Gongalves da Cruz, manager at the Geréncia e
Monitoramento Ambiental de Goiania, the Agéncia Municipal do Meio
Ambiente and the Departamento da Geréncia e Monitoramento Ambiental
de Goiania for logistics and permitting the conduction of the fieldwork at
the Macambira park. We thank the Instituto Federal Goiano for financial
support and Capes (Coordenagao de Aperfeicoamento de Pessoal de Nivel
Superior) for their support in the CRENAC (Programa de Pds-Graduagio
Profissional em Conservagdo dos Recursos Naturais do Cerrado) post-
graduation programme. We have no conflict of interest.

Financial Support. This research received no specific grant from any funding
agency, commercial, or not-for-profit sectors

Competing Interest Declaration. The authors declare none

References

Aguilar-Peralta JS, Gonzalez-Rodriguez A, Maldonado-Lopez Y,
Fagundes M, Faria ML, Avila-Cabadilla LD, Alvarez-Afiorve MY and
Cuevas-Reyes P (2020) Contrasting patterns of morphology, fluctuating
asymmetry and leaf herbivory in three plant species of different successional
stages of a tropical dry forest. Trees 34, 1075-1086.

Alves-Silva E, Biéchtold A, Barénio GJ, Torezan-Silingardi HM and
Del-Claro K (2014) Ant-herbivore interactions in an extrafloral nectaried
plant: are ants good plant guards against curculionid beetles? Journal of
Natural History 49, 841-851.

Alves-Silva E and Del-Claro K (2013) Effect of post-fire resprouting on leaf
fluctuating asymmetry, extrafloral nectar quality, and ant-plant-herbivore
interactions. Naturwissenschaften 100, 525-532.

Alves-Silva E and Del-Claro K (2014) Fire triggers the activity of extrafloral
nectaries, but ants fail to protect the plant against herbivores in a neotropical
savanna. Arthropod-Plant Interactions 8, 233-240.

Andersen AN (2019) Responses of ant communities to disturbance: five prin-
ciples for understanding the disturbance dynamics of a globally dominant
faunal group. Journal of Animal Ecology 88, 350-362.

Anjos DV, Caserio B, Rezende FT, Ribeiro SP, Del-Claro K and Fagundes R
(2017) Extrafloral-nectaries and interspecific aggressiveness regulate
day/night turnover of ant species foraging for nectar on Bionia coriacea.
Austral Ecology 42, 317-328.


https://doi.org/10.1017/S0266467423000044
https://doi.org/10.1017/S0266467423000044

Aranda R, Tibcherani M, Nacagava VAF, de Carvalho SS and de Souza PR
(2022) The role of urban savannah fragments and their characteristics for the
conservation of ants (Hymenoptera: Formicidae) in central Brazil.
Community Ecology 23, 115-127.

Aristizabal N and Metzger JP (2019) Landscape structure regulates pest
control provided by ants in sun coffee farms. Journal of Applied Ecology
56, 21-30.

Bichtold A, Silva EA and Del-Claro K (2016) Ants, plant characteristics and
habitat conservation status affect the occurrence of myrmecophilous butter-
flies on an extrafloral nectaried Malpighiaceae. Studies on Neotropical Fauna
and Environment 51, 112-120.

Bixenmann RJ, Coley PD and Kursar TA (2013) Developmental changes in
direct and indirect defenses in the young leaves of the Neotropical tree genus
Inga (Fabaceae). Biotropica 45, 175-184.

Bolger DT, Suarez AV, Crooks KR, Morrison SA and Case TJ (2000)
Arthropods in urban habitat fragments in Southern California: area, age,
and edge effects. Ecological Applications 10, 1230-1248.

Burger HF, Vondrackova K, Sklodowski M, Koid Q, Dent DH, Wallace K
and Fayle TM (2021) Protection from herbivores varies among ant genera
for the myrmecophilic plant Leea aculeata in Malaysian Borneo. Asian
Myrmecology 14, 1-16.

Calixto ES, Novaes LR, Santos DFB, Lange D, Moreira X and Del-Claro K
(2021) Climate seasonality drives ant-plant-herbivore interactions via plant
phenology in an extrafloral nectary-bearing plant community. Journal of
Ecology 109, 639-651.

Camara T, Almeida WR, Tabarelli M, Andersen AN and Leal IR
(2017) Habitat fragmentation, EFN-bearing trees and ant communities:
ecological cascades in Atlantic Forest of northeastern Brazil. Austral
Ecology 42, 31-39.

Camara T, Leal IR, Bliithgen N, Oliveira FMP, Queiroz RTD and Arnan X
(2018) Effects of chronic anthropogenic disturbance and rainfall on
the specialization of ant-plant mutualistic networks in the Caatinga,
a Brazilian dry forest. Journal of Animal Ecology 87, 1022-1033.

Cantone S (2018) Winged Ants in the city of Sdo Paulo, Brazil: analysis of the
mating flight: 47-54.

Christianini AV and Oliveira PS (2012) Edge effects decrease ant-derived
benefits to seedlings in a neotropical savanna. Arthropod-Plant Interactions
7, 191-199.

Clarke KM, Fisher BL and Lebuhn G (2008) The influence of urban park
characteristics on ant (Hymenoptera, Formicidae) communities. Urban
Ecosystems 11, 317-334.

Coley PD (1988) Effects of plant growth rate and leaf lifetime on the amount
and type of anti-herbivore defense. Oecologia 74, 531-536.

Coley PD, Lokvam J, Rudolph K, Bromberg K, Sackett TE, Wright L,
Brenes-Arguedas T, Dvorett D, Ring S, Clark A, Baptiste C,
Pennington RT and Kursar TA (2005) Divergent defensive strategies of
young leaves in two species of Inga. Ecology 86, 2633-2643.

Cruz Rocha ML, Cristaldo PF, Santos Lima PS, Dos Santos AT,
Do Sacramento JJM, Santana DL, Dos Santos Oliveira BV, Bacci L and
Albano Aradjo AP (2019) Production of extrafloral nectar in the
Neotropical shrub Turnera subulata mediated by biotic and abiotic factors.
Flora: Morphology, Distribution, Functional Ecology of Plants 260, 151483.

Del-Claro K and Marquis RJ (2015) Ant species identity has a greater effect
than fire on the outcome of an ant protection system in Brazilian
Cerrado. Biotropica 47, 459-467.

Del-Claro K, Rico-Gray V, Torezan-Silingardi HM, Alves-Silva E,
Fagundes R, Lange D, Dattilo W, Vilela AA, Aguirre A and
Rodriguez-Morales D (2016) Loss and gains in ant-plant interactions
mediated by extrafloral nectar: fidelity, cheats, and lies. Insectes Sociaux
63, 207-221.

Dudt JF and Shure DJ (1994) The influence of light and nutrients on foliar
phenolics and insect herbivory. Ecology 75, 86-98.

Fagundes R, Dattilo W, Ribeiro SP, Rico-Gray V, Jordano P and Del-Claro K
(2017) Differences among ant species in plant protection are related to
production of extrafloral nectar and degree of leaf herbivory. Biological
Journal of the Linnean Society 122, 71-83.

Franco MS and Cogni R (2013) Common-garden experiments reveal
geographical variation in the interaction among Crotalaria pallida

https://doi.org/10.1017/50266467423000044 Published online by Cambridge University Press

SS Domingos and E Alves Silva

(Leguminosae: Papilionideae), Utetheisa ornatrix L. (Lepidoptera:
Arctiidae), and extrafloral nectary visiting ants. Neotropical Entomology
42, 223-229.

Fuente MAS and Marquis RJ (1999) The role of ant-tended extrafloral necta-
ries in the protection and benefit of a Neotropical rainforest tree. Oecologia
118, 192-202.

Garcia-Jain SE, Maldonado-Lépez Y, Oyama K, Fagundes M, de Faria ML,
Espirito-Santo MM and Cuevas-Reyes P (2021) Effects of forest fragmen-
tation on plant quality, leaf morphology and herbivory of Quercus deserti-
cola: is fluctuating asymmetry a good indicator of environmental stress?
Trees 2021, 1-15. Springer.

Gonzalez-Teuber M, Silva Bueno JC, Heil M and Boland W (2012) Increased
host investment in extrafloral nectar (EFN) improves the efficiency of a
mutualistic defensive service. PLoS ONE 7, e46598.

Jones IM and Koptur S (2015) Quantity over quality: light intensity, but not
red/far-red ratio, affects extrafloral nectar production in Senna mexicana var.
chapmanii. Ecology and Evolution 5, 4108-4114.

Katayama N and Suzuki N (2011) Anti-herbivory defense of two Vicia species
with and without extrafloral nectaries. Plant Ecology 212, 743-752.

Kelly CA (1986) Extrafloral nectaries: ants, herbivores and fecundity in Cassia
fasciculata. Oecologia 69, 600-605.

Kersch MF and Fonseca CR (2005) Abiotic factors and the conditional
outcome of an ant-plant mutualism. Ecology 86, 2117-2126.

Koptur S (1984) Experimental evidence for defense of Inga (Mimosoideae)
saplings by ants. Ecology 65, 1787-1793.

Koptur S (1985) Alternative defenses against herbivores in Inga (Fabaceae:
Mimosoideae) over an elevational gradient. Ecology 66, 1639-1650.

Kost C and Heil M (2005) Increased availability of extrafloral nectar reduces
herbivory in Lima bean plants (Phaseolus lunatus, Fabaceae). Basic and
Applied Ecology 6, 237-248.

Kunert N, Aparecido LMT, Higuchi N, Santos JDos and Trumbore S
(2015) Higher tree transpiration due to road-associated edge effects in a
tropical moist lowland forest. Agricultural and Forest Meteorology 213,
183-192.

Kursar TA, Dexter KG, Lokvam J, Pennington RT, Richardson JE,
Weber MG, Murakami ET, Drake C, Mcgregor R and Coley PD (2009)
The evolution of antiherbivore defenses and their contribution to species
coexistence in the tropical tree genus Inga. Proceedings of the National
Academy of Sciences of the United States of America 106, 18073-18078.

Lange D, Dittilo W and Del-Claro K (2013) Influence of extrafloral nectary
phenology on ant-plant mutualistic networks in a neotropical savanna.
Ecological Entomology 38, 463-469.

Leal LC, Andersen AN and Leal IR (2015) Disturbance winners or losers?
Plants bearing extrafloral nectaries in Brazilian Caatinga. Biotropica 47,
468-474.

McFrederick QS and LeBuhn G (2006) Are urban parks refuges for bumble
bees Bombus spp. (Hymenoptera: Apidae)? Biological Conservation 129,
372-382.

Melo TS, Koch EBA, Andrade ARS, Travassos MLO, Peres MCL and Delabie
JHC (2022) Ants (Hymenoptera: Formicidae) in different green areas in the
metropolitan region of Salvador, Bahia state, Brazil. Brazilian Journal of
Biology 82, 1-6.

Mendong¢a AH, Russo C, Melo ACG and Durigan G (2015) Edge effects in
savanna fragments: a case study in the cerrado. Plant Ecology and
Diversity 8, 493-503.

Menke SB, Guénard B, Sexton JO, Weiser MD, Dunn RR and
Silverman J (2011) Urban areas may serve as habitat and corridors for
dry-adapted, heat tolerant species; an example from ants. Urban Ecosystems
14, 135-163.

Millan-Caiongo C, Orona-Tamayo D and Heil M (2014) Phloem sugar flux
and jasmonic acid-responsive cell wall invertase control extrafloral nectar
secretion in Ricinus communis. Journal of Chemical Ecology 40, 760-769.

Mody K and Linsenmair KE (2004) Plant-attracted ants affect arthropod
community structure but not necessarily herbivory. Ecological Entomology
29, 217-225.

Monique K, De Souza GR, Calixto ES and Silva EA (2022) Temporal variation
in the effect of ants on the fitness of myrmecophilic plants: seasonal effect
surpasses periodic benefits. Science of Nature 109, 1-9.


https://doi.org/10.1017/S0266467423000044

Journal of Tropical Ecology

Munhae C de B, Souza-Campana DR de, Kamura CM and Castro Morini
MS de (2015) Ant communities (Hymenoptera: Formicidae) in urban
centers of the Alto Tieté, Sao Paulo, Brazil. Arquivos do Instituto Biologico
82, 1-5.

Munhae CB, Bueno ZAFN, Morini MSC and Silva RR (2009) Composition of
the ant fauna (Hymenoptera: Formicidae) in public squares in Southern
Brazil. Sociobiology 53, 455-472.

Nascimento EA and Del-Claro K (2010) Ant visitation to extrafloral nectaries
decreases herbivory and increases fruit set in Chamaecrista debilis (Fabaceae)
in a Neotropical savanna. Flora 205, 754-756.

Newman JR and Wagner D (2013) The influence of water availability and defo-
liation on extrafloral nectar secretion in quaking aspen (Populus tremu-
loides). Botany 91, 761-767.

Nielsen AB, van den Bosch M, Maruthaveeran S and van den Bosch CK
(2014) Species richness in urban parks and its drivers: a review of empirical
evidence. Urban Ecosystems 17, 305-327.

Nikiforou C and Manetas Y (2017) Ecological stress memory: evidence in
two out of seven species through the examination of the relationship between
leaf fluctuating asymmetry and photosynthesis. Ecological Indicators 74,
530-534.

Nogueira A, Baccaro FB, Leal LC, Rey PJ, Lohmann LG and Bronstein JL
(2020) Variation in the production of plant tissues bearing extrafloral necta-
ries explains temporal patterns of ant attendance in Amazonian understorey
plants. Journal of Ecology 108, 1578-1591.

Nogueira A, Guimaraes E, Machado S and Lohmann L (2012) Do extrafloral
nectaries present a defensive role against herbivores in two species of the
family Bignoniaceae in a Neotropical savannas? Plant Ecology 213, 289-301.

Nogueira A, Rey PJ, Alcantara JM, Feitosa RM and Lohmann LG (2015)
Geographic mosaic of plant evolution: extrafloral nectary variation mediated
by ant and herbivore assemblages. PLoS ONE 10, 1-24.

Pacheco R and Vasconcelos HL (2007) Invertebrate conservation in urban
areas: ants in the Brazilian Cerrado. Landscape and Urban Planning 81,
193-199.

Palmer TM and Brody AK (2007) Mutualism as reciprocal exploitation:
African plant-ants defend foliar but not reproductive structures. Ecology
88, 3004-3011.

Pereira CC, Boaventura MG, de Castro GC and Cornelissen T (2020) Are
extrafloral nectaries efficient against herbivores? Herbivory and plant
defenses in contrasting tropical species. Journal of Plant Ecology 13, 423-430.

Pereyra M, Pol RG and Galetto L (2015) Does edge effect and patch size
affect the interaction between ants and Croton lachnostachyus in frag-
mented landscapes of Chaco forest? Arthropod-Plant Interactions 9,
175-186.

https://doi.org/10.1017/50266467423000044 Published online by Cambridge University Press

Polli A, Romagnolo MB, Souza LA de and Pastorini LH (2020) Influence
of the functional traits of seeds on germination dynamics and morphofunc-
tional pattern of the seedlings. Acta Scientiarum. Biological Sciences 42,
e52154.

Raupp PP, Gongalves RV, Calixto ES and Anjos DV (2020) Contrasting
effects of herbivore damage type on extrafloral nectar production and ant
attendance. Acta Oecologica 108, 1-7.

Ribeiro FM, Sibinel N, Ciocheti G and Campos AEC (2012) Analysis of ant
communities comparing two methods for sampling ants in an urban park in
the city of Sdo Paulo, Brazil. Sociobiology 59, 971-984.

Rosumek F, Silveira F, de S Neves F., de U Barbosa N, Diniz L, Oki Y, Pezzini
F, Fernandes G and Cornelissen T (2009) Ants on plants: a meta-analysis of
the role of ants as plant biotic defenses. Oecologia 160, 537-549.

Santos JC, Alves-Silva E, Cornelissen TG and Fernandes GW (2013) The
effect of fluctuating asymmetry and leaf nutrients on gall abundance and
survivorship. Basic and Applied Ecology 14, 489-495.

Santos MN, Delabie JHC and Queiroz JM (2019) Biodiversity conservation in
urban parks: a study of ground-dwelling ants (Hymenoptera: Formicidae) in
Rio de Janeiro City. Urban Ecosystems 22, 927-942.

Silva CHF, Arnan X, Andersen AN and Leal IR (2019) Extrafloral nectar as a
driver of ant community spatial structure along disturbance and rainfall
gradients in Brazilian dry forest. Journal of Tropical Ecology 35, 280-287.

Silva EA, Anjos D, Bichtold A, Lange D, Maruyama PK, Del-Claro K and
Mody K (2020) To what extent is clearcutting vegetation detrimental to
the interactions between ants and Bignoniaceae in a Brazilian savanna?
Journal of Insect Conservation 24, 103-114.

Souza-Campana DR, Carvalho ACN, Canali M, Silva OGM, Morini MSC
and Fujihara RT (2020) A rapid survey of ground-dwelling ants
(Hymenoptera: Formicidae) in an urban park from state of Sio Paulo,
Brazil. Brazilian Journal of Biology 80, 682-684.

Thompson JN (2005) The geographic mosaic of coevolution. Chicago:
University of Chicago Press, 442 p.

Uriarte M, Canham CD, Thompson J and Zimmerman JK (2004) A neigh-
borhood analysis of tree growth and survival in a hurricane-driven tropical
forest. Ecological Monographs 74, 591-614.

WangH, LeiJ, Li S, FanJ, Li Y, Sun S and Chang Q (2009) Effect of the shelter-
belt along the Tarim Desert Highway on air temperature and humidity.
Chinese Science Bulletin 53, 41-52.

Wirth R, Meyer ST, Leal IR and Tabarelli M (2008) Plant herbivore inter-
actions at the forest edge. Progress in Botany 69, 423-448.

Yamawo A, Tagawa J, Hada Y and Suzuki N (2014) Different combinations of
multiple defence traits in an extrafloral nectary-bearing plant growing under
various habitat conditions. Journal of Ecology 102, 238-247.


https://doi.org/10.1017/S0266467423000044

	Effect of ants on herbivory levels of Inga laurina: the interplay between space and time in an urban area
	Introduction
	Materials and methods
	Study area
	Study plant
	Experimental design
	Data collection
	Statistical analyses

	Results
	Discussion
	References


