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Research Article

Importance of Nesting Resources and
Soil Conditions for the Recovery of Ant
Diversity During Secondary Succession
in a Tropical Rainforest

Maya Rocha-Ortega1 and Miguel Á. Garcı́a-Martı́nez2,3

Abstract

The secondary succession of tropical rainforest in abandoned agricultural fields modifies components of species diversity and

processes of species colonization and replacement. In general, knowledge on invertebrate reassembly is lacking, even though

invertebrate assemblages directly influence the maturation of forests. Ants are especially useful for testing hypotheses about

the effects of resource diversity and microhabitat conditions. We experimentally assessed the effects of different successional

stages on nest colonization. Then, we assessed whether nesting resources and microhabitat conditions (i.e., abiotic condi-

tions) are potential mechanisms that influence the colonization pattern of twig-dwelling ants along a natural chronosequence

for 1 year in the Lacandon region, Mexico. We found that ant species richness in twigs is correlated with total species found

in leaf litter. The nest occupancy increased as succession progressed, but species richness did not change. Nests occupation

increased to greater artificial nesting resource decomposition rates and lower soil pH. Meanwhile, species richness was

increased only with lower soil compaction. Species composition changes among successional categories; the changes were

greater with greater soil compaction and soil pH. The diversity of nesting resources did not drive twig-dwelling ant assembly.

We conclude that the natural maturation of tropical forest enables greater colonization of twig-dwelling ants, but recovery of

the species composition of assemblages after 30 years is incomplete, although it shows a recovery trend.
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Introduction

At present, the rapid destruction and replacement of old-
growth tropical forests by agriculture is one factor driv-
ing biodiversity loss (Gibson et al., 2011). However, in
recent years, the cover of abandoned agricultural areas
has increased in several tropical countries. This trend of
land abandonment is likely to continue in the future
(Arroyo-Rodrı́guez et al., 2015; Chazdon, 2014).
Secondary succession may influence the colonization,
replacement, and diversity patterns of arthropod species
(Meloni & Varanda, 2015). Little is known about the
reassembly of invertebrates after the abandonment of
agricultural fields, even though invertebrate assemblages
can improve the success of forest restoration through
participating in several important ecosystem services
(e.g., pollination, soil fertility, food, and plague control;
Holmquist, Schmidt-Gengenbach, & Demetry, 2014).

Ants are highly diverse and abundant in the leaf litter
of tropical forests, including secondary forests (Parr,
2012). Ant colonization and diversity are positively
related to diversity of nesting resources, such as leaf
litter and twigs (Armbrecht, Perfecto, & Vandermeer,
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Artrópodos, Instituto de Ecologı́a, Universidad Nacional Autónoma de
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2004). Nest occupancy is also positively related to twig
decomposition rates and vegetative composition (de
Souza, Fernandes, Nascimento, Suguituru, & Morini,
2012). Furthermore, ants are sensitive to environmental
variables and respond rapidly to anthropogenic changes
(Del Toro, Ribbons, & Pelini, 2012). For instance, taxo-
nomic and functional diversity of ants are lost during
initial stages of secondary succession (Bihn, Verhaagh,
Brändle, & Brandl, 2008; Rocha-Ortega et al., 2017)
due to soil and vegetation condition changes (Schmidt,
Ribas, & Schoereder, 2013). Given this context, ants are
useful for testing hypotheses about secondary succession
via the studying of nesting resource diversity changes
(Murnen, Gonthier, & Philpott, 2013) and microhabitat
conditions (Schmidt et al., 2013).

Among the microhabitat conditions that play signifi-
cant roles in ant assembly, one of the most important is
physical and chemical properties of soil and litter
(Jacquemin, Drouet, Delsinne, Roisin, & Leponce,
2012). For instance, soil compaction determines free
space among soil particles that act as a selective filter
on ant fauna (Schmidt, Schoereder, & Caetano, 2017).
Thus, low soil compaction and high soil moisture allow
greater turnover of ground ant species along an environ-
mental gradient (Rocha-Ortega & Castaño-Meneses,
2015). Moreover, litter quantity influences microclimatic
conditions and soil pH in nest vicinity, which drive simi-
lar ant species compositions (Jı́lková, Matějı́ček, & Frouz
Jan, 2011) among intermediate secondary and old-growth
forests (OGFs; Osorio-Pérez, Barberena-Arias, & Aide,
2007). In turn, leaf-litter ants also play important roles in
shaping soil structure and in promoting nutrient cycling
via leaf-litter decomposition (Del Toro et al., 2012).
Nutrient cycling is an important mechanism for main-
taining and restoring tropical forest ecosystems
(Robinson, van den Berg, Meirelles, & Ostle, 2015). In
short, leaf-litter ants are sensitive to soil properties as well
as participate in the formation of soil and the decompos-
ition of organic matter and could help a quicker recovery
of vegetation.

The response of ants to distinct impacts and to the
subsequent recovery process has been evaluated (Parr,
2012), but the drivers behind nest colonization patterns
of ant assemblages remain unexplained (Jiménez-Soto &
Philpott, 2015). Over time, during tropical secondary suc-
cession, soil nutrients, litter layer (Robinson et al., 2015),
and resource diversity increase (Uriarte et al., 2012),
whereas microhabitat conditions are modified (Méndez-
Bahena, 1999). However, floristic composition impover-
ished that occur during the initial stages of secondary
succession (Chazdon et al., 2007) are particularly harmful
for leaf-litter ants. For example, ants are dependent on
tree parts (i.e., leaves and twigs) for nesting into cavities;
therefore, diversity loss of this resource would affect ant
nesting (Souza, Anjos, Carvalho, & Del-Claro, 2015).

Also, leaf-litter ants require microhabitat conditions
associated to OGF for suitable nesting; therefore, alter-
ations of microhabitat conditions during succession
stages may decrease species richness (Schmidt et al.,
2013). The use of artificial nests can decouple the natural
correlations among nesting resources and environmental
changes (e.g., soil properties) during secondary succes-
sion. Therefore, it sheds light on the community assembly
mechanisms, such as habitat filters, and nesting patterns
that shape leaf-litter ant assemblages along the secondary
succession.

In this study, we experimentally assessed the effects
of different successional stages on nest colonization.
Then, we assessed whether nesting resources and micro-
habitat conditions (i.e., abiotic conditions) are potential
mechanisms that influence the colonization pattern of
twig-dwelling ants along a natural chronosequence for 1
year in the Lacandon region, Mexico. Because of vegeta-
tion loss, we expected the scarcity of nesting resources
and the unsuitable conditions for nesting in secondary
forests. Therefore, we predicted that artificial nests
would be more frequently occupied by ants in younger
secondary forests than in OGFs. Also, we predicted that
ant species richness would be higher in OGFs than in
secondary forests.

Methods

Study Area and Site Selection

The Lacandon rainforest comprises parts of Belize,
Guatemala, and Mexico and is one of the largest areas
of tropical rainforest (ca. 800,000 ha) in Mesoamerica
(Hernández-Ruedas et al., 2014). The study was per-
formed in the Lacandon region near the village of Loma
Bonita in Marqués de Comillas municipality (16� 04’ N,
90� 45’ W), south of theMontes Azules Biosphere Reserve
(RBMA) in Chiapas, Mexico. Mean annual precipitation
is about 3,000mm, and average temperature is 24�C. A
marked dry season occurs from February to April
(Martı́nez-Ramos, Anten, & Ackerly, 2009). The research
area mainly consists of three geomorphologic units
defined according to soil and topographic criteria
(Ibarra-Manrı́quez & Martı́nez-Ramos, 2002). This
study was conducted within the most widespread geomor-
phologic unit in the region, which is characterized by topo-
graphical irregularity, an elevation of 115 to 300m a.s.l.,
small hills and valleys, and sandy limestone soils of low pH
(< 5.5). The dominant vegetation is lowland tropical rain-
forest (Ibarra-Manrı́quez & Martı́nez-Ramos, 2002). The
regional landscape is composed of agricultural uses (65%),
secondary forests (22%), and OGFs (13%; Zermeño-
Hernández, Pingarroni, & Martı́nez-Ramos, 2016).

Within the study area, we selected eight permanent
plots (0.5 ha) of secondary forest regenerating from

2 Tropical Conservation Science

Downloaded From: https://complete.bioone.org/journals/Tropical-Conservation-Science on 26 Apr 2024
Terms of Use: https://complete.bioone.org/terms-of-use



abandoned cornfields (outside RBMA) with successional
ages ranging from 6 to 27 years. These plots represented a
natural gradient of forest recovery (Figure 1). For com-
parison purposes, we selected four plots of OGFwithin the
RBMA. According to estimates, the OGFs were likely cut
about 450 years ago; however, there is no conclusive evi-
dence up to the present date (Zermeño-Hernández et al.,
2016). The same plots used in the study of van Breugel,
Martı́nez-Ramos, and Bongers (2006) were selected for the
present study, as these authors chose plots with homoge-
neous environmental conditions in terms of soil, topog-
raphy, and management history. Plots were located from
1 to 12 km apart. The secondary forest plots were
embedded in remnants of 1 to 10 ha andmay be influenced
by the same effects of fragmentation (Table 1).

Experimental Design

Secondary forests largely differ in structure and compos-
ition compared with nearby OGFs (Letcher & Chazdon,

2009). Fallow age is one variable that may reflect com-
munity organization at a certain point in time along a
successional trajectory. However, secondary succession
is not necessarily unidirectional, and secondary forests
will not necessarily resemble OGFs over time (van
Breugel et al., 2006). Therefore, it is not possible to
assign an age to OGFs. If an age is arbitrarily assigned
to OGFs and included in a model, the model’s tendencies
would be artificially influenced. In this respect, to evalu-
ate the trajectory of change in ecosystem processes
beyond a single site, chronosequence approaches in
which multiple, independently restored sites of more or
less the same age are considered appropriate (Dent &
Wright, 2009; Gibson et al., 2011; Letcher & Chazdon,
2009; Matzek, Warren, & Fisher, 2016). For these rea-
sons, the best means of comparing secondary forests with
OGFs is through assigning successional categories. We
classified the eight secondary forests into two continuous
secondary successional categories: The first category
included four forests abandoned 6 to 12 years ago

Figure 1. Map of the study area in the Lacandon region of Chiapas, Mexico, where sampled plots are labeled as secondary forests (SFs)

according to the number of years since cornfield abandonment or as old-growth forests (OGFs).
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(successional category 1 [SC1]), and the second category
included four forests abandoned 13 to 27 years ago
(SC2). The four OGFs were included in the final category
of forest succession (OGF). The experiment was con-
ducted from June 2010 to May 2011.

Nesting Resources

Artificial nests. To test whether the diversity of artificial nest-

ing resources (ANRs) increased species richness and nest

occupancy of twig-dwelling ants, we first selected twigs of

similar length and diameter (approximately 2 cm in diameter

and 30 cm long). Twigs were cut from living trees of the five

most common species in the studied landscape (Hernández-

Ruedas et al., 2014). These species are ordered from highest

to lowest wood density: Dialium guianense (Aubl.),

Byrsonima crassifolia (L.), Inga paterno Harms, Tabebuia

rosea (DC.), and Trichospermum mexicanum (DC.). The

density of wood has an important inverse effect on the rate

of decomposition (i.e., wood of lower density has a higher

decomposition rate; Jackson, Peltzer, & Wardle, 2013).

Twigs with a high decomposition rate generate more inner

spaces and facilitate ant colonization.

All twigs were dried in a drying chamber at 105�C for
1 week. In each twig, a hole with a diameter of 1 cm and
length of 5 cm was drilled lengthwise using a drill bit.
Then, 5 twigs of the same species (conspecific trees) or
a mix of twigs of 5 different species (heterospecific trees)
were placed in a 35� 15 cm mesh bag (0.5 cm of gap
diameter), henceforth called ANR. In each plot, ANR
diversity was tested using 10 conspecific and 10

heterospecific ANRs, which were placed alternately and
flush with the soil surface every 6m along the edge of a
50� 6m quadrat (Armbrecht et al., 2004). At the begin-
ning of each period (i.e., prewet, wet, and postwet peri-
ods), a new set of 20 ANRs was placed and subsequently
collected at the end of the period. Each period consisted
of 120 days to maximize the chance of capturing max-
imum nest occupancy. The wet period occurred from
June to September (precipitacion> 300mm). Later, the
postwet period was defined as the 120 days posterior to
the wet season (precipitation from 100 to 300mm).
Finally, the prewet or dry period occured from
February to May (precipiation< 60mm). Ant coloniza-
tion was considered successful when at least one of the
twigs of the ANR was occupied by a fertile queen (queen-
right nest). We counted both occupied nests and species.
First, voucher specimens of all ants were identified at the
genus level following Mackay and Mackay (1989) and at
species level according to Longino (2010). Then, the
names of ant subfamilies, tribes, genera, and species
were assigned according to AntCat classification, which
is an online catalog containing the current taxonomy and
phylogeny of the world’s ant (Bolton, 2018). A reference
collection of species was deposited in the Entomological
Collection of the Instituto de Ecologı́a A.C. in Xalapa,
Veracruz, Mexico (IEXA; Reg. SEMARNAT: Ver.
IN.048.0198).

Decomposition rates. We estimated the decomposition rates

for each ANR in each plot to characterize the cavity-

entrance access. Because ants do not have specialized ana-

tomical structures for making tunnels inside twigs, they

depend on twig decomposition to greater space cavity

entrance (see Powell, Costa, Lopes, & Vasconcelos, 2011).

Before placement in the field, the ANRs were weighed to

obtain the initial dry weight. At the end of each period, the

ANRs were collected, dried, and weighed on a 0.01 -g pre-

cision scale. The mass loss of each ANR was calculated

considering the initial weight as the total dry weight

(100%). The decomposition percent was expressed as an

average per plot (n¼ 60) per year in terms of twig mass

per volume (g/cm3; Dickie, Fukami, Wilkie, Allen, &

Buchanan, 2012).

Twigs with a high decomposition rate generate greater
resource access, as ants do not have specialized anatom-
ical structures for making tunnels inside wood (Powell
et al., 2011).

Winkler Extractors, Pitfall Traps, and ANR Inventory

To compare assemblages naturally occurring on leaf litter
and the ground with those of the ANRs, we used ant
assemblage data collected using Winkler extractors and
pitfall traps from a prior independent study conducted at
the same plots (Rocha-Ortega & Favila, 2013).

Table 1. Number of Species and Colonies of Ants Found in

Artificial Nests Across Eight Secondary Forests Abandoned at

Different Times and Four Old-Growth Forest Plots in the Lacandon

Region, Mexico.

Secondary

successional

categories

Time since

abandonment

(year)

Plot

area

(ha)

Number

of observed

species

Number

of total

colonies

SC1 6 2.8 5 13

SC1 9 3 5 10

SC1 11 1.1 12 18

SC1 12 4 8 15

SC2 13 10 8 11

SC2 14 1 13 18

SC2 18 2.8 11 15

SC2 27 5.5 10 23

OGF 13 34

OGF 11 25

OGF 9 14

OGF 12 19

Note. OGF¼old-growth forest; SC¼ successional category.
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Microhabitat Conditions

In each plot, we measured three soil variables (soil com-
paction, pH, and moisture content), which were used as
surrogates for microhabitat conditions (Table 2). These
variables were considered because soil compaction pro-
motes a shift in ant assemblage composition; ant body
size has been found to decrease with increasing compac-
tion (Schmidt et al., 2017). In addition, soil pH in the
vicinity of nests is determinate of the accumulation of
organic matter, which, in turn, is associated with avail-
able nutrient content (Jı́lková et al., 2011). Finally,
greater moisture content is associated with low soil com-
paction and higher turnover of ant species (Rocha-Ortega
& Castaño-Meneses, 2015). Measurements were recorded
beside the sites where ANRs (i.e., 20 per period) were
placed using a cone penetrometer (Humboldt Soil
Penetrometer, pocket type, H-4195, scale 0–10 kg) and a
soil acidity and moisture meter (portable Kelway). These
variables were expressed as average per plot (n¼ 60) to
indicate the quality of soil conditions.

Data Analyses

The number of nests occupied by a species in a plot
during the 1-year sampling period was used as a measure
of abundance. We calculated the inventory reliability
for each heterospecific and conspecific ANR using the
coverage estimator, which is a less biased estimator of
sample completeness than nonparametric methods
(Chao & Jost, 2012):

Ĉn ¼ 1�
f1
n

n� 1ð Þ f1
n� 1ð Þ f1 þ 2f2

� �� �
� 100

where n is the number of nests occupied by each species of
a given ANR, and f1 and f2 are singletons (species each
represented by a single occupied nest) and doubletons
(species represented by exactly two occupied nests),
respectively (Chao & Jost, 2012). The sample complete-
ness (Ĉn) indicates the proportion of the total community
represented by the collected species. When Ĉn& 100%,
sampling is complete given the sampling effort and used
collection technique (Chao & Jost, 2012). Values of Ĉn

were calculated in iNEXT package for R software.
To compare each sample coverage among ANRs,
we used 95% confidence intervals wherein significant
differences were indicated by nonoverlapping confidence
intervals (Hsieh, Ma, & Chao, 2016). Likewise, the
differences between the ANR ants and the previously
collected ground-foraging ants were tested to determine
whether the sampling methods were comparable.

We performed correlations among the species richness
and nest occupancy of ant assemblages collected in the
ANRs and those of ground-foraging ants to determine
their collinearity. This simple analysis suggested that
environmental soil conditions during secondary succes-
sion may influence the sampled twig-dwelling assemblages
in the same way that these influence ground-foraging ants.
For this, we retrieved the ground-foraging ant inventory
(collected by Winkler sacks and pitfall traps) of the same
study plots in Rocha-Ortega and Favila (2013), which rep-
resented an independent sampling. Because the data (i.e.,
species richness or number of nests) did not meet the basic
parametric assumptions, we used Spearman’s correlation
coefficients.

Species richness and the number of occupied nests are
commonly influenced by successional stages (Rocha-
Ortega & Favila, 2013) and are likely influenced by nest-
ing resources and environmental soil conditions, which
are surrogate variables of successional stages. So, these
microhabitat conditions likely influence the response
variables of species richness and number of occupied
nests. For this reason, we implemented generalized
linear mixed models to assess the effects of nesting
resources (ANR diversity and decomposition rate) and
soil microhabitat conditions (compaction, pH, and mois-
ture content of soil) on species richness and number of
nests (Bolker et al., 2009). ANR diversity was measured
as either heterospecific or conspecific. Decomposition
rates were calculated as the average loss of twig mass
per ANR diversity per plot per year (n¼ 30).
Microhabitat conditions were measured next to each
ANR and were expressed as average per plot per year
(n¼ 60) to indicate the quality of soil conditions. We
expected that greater diversity and decomposition rates
would increase both ant species richness and nest occu-
pancy. In addition, we expected that lower soil

Table 2. Description of Surrogate Variables for Nesting Resources and Microhabitat Conditions for Assessing Twig-Dwelling Ants Along

a Forest Successional Gradient in the Lacandon Region of Chiapas in Southeastern Mexico.

Resources Diversity of artificial nesting resources Availability of cavities in artificial nesting resources

Heterospecific Decomposition rates of twigs

Conspecific

Conditions Soil physical properties Soil chemistry Water holding capacity

Bulk density (i.e., soil compaction) Soil pH Soil moisture
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compaction and pH would also increase both ant species
richness and nest occupancy, whereas lower soil moisture
content would likely decrease both ant species richness
and nest occupancy. In all models, we assumed a
Poisson error distribution and specified plot as the
random factor to control for any random effects. Next,
to test whether the decomposition rate of the ANRs and
the soil microhabitat conditions (i.e., soil compaction,
soil pH, and soil moisture) varied among successional
categories, we performed an analysis of variance of a
generalized linear mixed-effect model with a Gaussian
error distribution and specified plot as the random
factor. To construct each model, we used both forward
and backward stepwise selection of the explanatory vari-
ables according to their significance using the R package
MASS 7.3. The predictive power of the models was eval-
uated according to the Akaike’s Information Criterion
(AIC; Akaike, 1987); the �AIC of the null model was
then compared with that of the aforementioned model.
Models with �AIC� 2 were considered equivalent. We
performed post hoc analyses only when a factor (i.e., sec-
ondary succession and the surrogates of nesting resources
and environmental soil conditions) exerted a significant
effect on species richness or number of occupied nests.
We applied a multiple comparison procedure, Dunnett’s
C test (SC1, SC2 vs. OGF), to determine differences
between each SC and the OGFs. All analyses were per-
formed in the statistical software R 3.5 (R Development
Core Team, 2016). The stepAIC function of the ‘‘MASS
7.3’’ package (Ripley et al., 2013), the glht function of the
‘‘multcomp’’ package (Hothorn et al., 2008), and the
glmer and lmer functions of the ‘‘lme4’’ package were
used during the analysis (Bates, Maechler, Bolker, &
Walker, 2015).

Finally, we assessed the effects of SC and environmen-
tal soil conditions on species composition with a partial
canonical correspondence analysis using the vegan pack-
age for R and tested the significance of the model
and axes with a two-way analysis of variance (Oksanen
et al., 2015).

Results

Forty-seven species in 215 queenright nests (i.e., nests in
which a queen was present) were collected in the ANRs
(Appendix A). Of the 720 total ANRs, 22.5% were occu-
pied (12% of heterospecific nests and 10.5% of conspe-
cific nests). Mean nest occupancy increased from 11.2%
in the pre- and postwet periods to 45.5% in the
wet period. Overall, most of the encountered species
belonged to the Myrmicinae subfamily and the
Poneromorph species group (Appendix A). The most
frequently encountered queen ant species in nests were
Wasmannia auropunctata, Pheidole sp. B, and
Hypoponera nitidula (occurring in 3 of the 20 ANRs per

plot in each season; Table 3). Furthermore, compared
with the species data from Rocha-Ortega and Favila
(2013), 21 species of the 128 species found across the
landscape were sampled by all three sampling methods
(i.e., ANRs, Winkler extractors, and pitfall traps).
Thirty-three species were shared between Winkler extrac-
tors and ANRs, and 24 species were shared between pit-
fall traps and ANRs. Forty-seven species were exclusively
found in Winkler extractors or pitfall traps, and 11 spe-
cies were exclusively found in the ANRs.

The sampling completeness of the heterospecific
ANRs was 87.5% and of the conspecific ANRs was
79%. Meanwhile, sampling completeness was 76.8% in
SC1, 85.2% in SC2, and 83.8 in OGF. Overall, ANRs
had an inventory completeness of 90.6%, Winkler extrac-
tors of 100%, and pitfall traps of 96%. When comparing
sampling completeness among different ANRs or
sampling methods, accumulation curves did not show
significant differences in species richness or sampling
completeness (Figure 2), so these were considered
comparable.

Correlations Between ANRs and Ground-Foraging
Ant Assemblages

Species richness of ant assemblages in the ANRs was
correlated with species richness of leaf-litter ants (i.e.,
Winkler traps; r¼ 117.5, p< .05) but not with species
richness of ground ants (i.e., pitfall traps; r¼ 310.5;
p¼ .74).

Surrogates of Nesting Resources
and Microhabitat Conditions

Neither SC nor ANR diversity influenced the decompos-
ition rate of the ANRs. Soil compaction, pH, and mois-
ture differed among successional categories (F¼ 8.04,
p¼ .02; F¼ 29.00, p< .001; F¼ 16.27, p¼ .001, respect-
ively; Figure 3). Dunnett’s C post hoc test showed that
soil compaction was greater in SC2 than OGF (p< .001);

Table 3. Mean� SD of Species Richness and Number of

Occupied Nests per SC and Diversity of Artificial Nesting

Resources (ANRs).

SC ANR

Species

richness

SC1 1.87� 1.89 Heterospecific 2.52� 2.10

SC2 2.33� 1.85 Conspecific 2.05� 1.95

OG 2.66� 2.31

Nest

occupied

SC1 2.33� 2.49 Heterospecific 3.33� 3.08

SC2 2.79� 2.62 Conspecific 2.63� 2.80

OG 3.83� 3.54

Note. OG¼ old-growth; SC¼ successional category.
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yet, no significant differences were found between SC1
and OGF. Soil pH in OGF was lower than in SC1
(p< .001) and SC2 (p< .001). Finally, soil moisture was
higher in OGF than SC1 (p¼ .001) and SC2 (p< .001;
Figure 3).

Effects of Nesting Resources and Soil Conditions
on Twig-Dwelling Ant Diversity

Species richness was not affected by SC or ANR diver-
sity. The best model of microhabitat conditions showed a

Figure 2. Rarefaction curves for ants nesting in twigs. (a, c) Species richness is plotted against sample coverage. (b, d) Sample coverage is

plotted against the number of samples (artificial nesting resources [ANRs]) of conspecific ANRs (gray lines) and heterospecific ANRs (black

lines) throughout the study. Both bars represent 95% confidence intervals.

Figure 3. Variation in soil compaction and pH (mean� SD) among abandoned cornfields (SC1 and SC2) and old-growth forests (OGFs).

Bars labeled with the same letter are not significantly different.

SC¼ successional category.
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linear and negative relationship between species richness
and soil compaction. Soil pH did not affect species rich-
ness, and soil moisture was not included in the model.
The higher rate of decomposition of ANRs did not sig-
nificantly affect species richness (Table 4).

The number of occupied nests significantly varied
among successional categories (Table 4). Post hoc tests
showed that the number of nests was lower in SC1 than in
OGF (p¼ .03). The number of occupied nests was similar
between SC2 and OGF (p¼ .21). Regarding the effects of
nesting resources and microhabitat conditions, the best
model showed only that the number of nests increased
with lower soil pH values and with higher soil compac-
tion. Also, in the best model, soil moisture and inter-
action effects were not included. The decomposition
rate also significantly and positively influenced the
number of nests (Table 4).

Species composition was significantly associated
with SC, F(1, 6)¼ 1.19, p¼ .004; soil compaction,
F(1, 6)¼ 1.25, p¼ .01; and soil moisture, F(1, 6)¼ 1.11,
p¼ .02. The first two canonical correspondence analysis
axes explained for 63.3% of variation in species
composition.

Discussion

Our study is novel in that it experimentally assessed the
effects of secondary succession on ant nest colonization
through two potential mechanisms of assembly: nest
diversity and soil properties on nest colonization. The
present study supports the importance of nesting colon-
ization patterns for the recovery of twig-dwelling ant
diversity in the Lacandon region of Chiapas, Mexico.
Our results improve our understanding of the nesting
resources and soil conditions that drive the recovery of
twig-dwelling ants during secondary succession in trop-
ical rainforest landscapes. We found that ant species rich-
ness in twigs is correlated with total species found in leaf
litter. Nest occupation was regulated by SC, soil pH, and
decomposition rate. Meanwhile, species richness only was
regulated by soil compaction. Species turnover was
driven by SC, soil pH, and compaction. Overall, in the
studied successional chronosequence, reassembly of leaf-
litter ants is more driven by soil conditions than nesting
resources, particularly in younger forests.

Surprisingly, our results showed that succession stage
significantly affected the nest occupation but not species
richness. These results suggest that nest occupation by
ants tends to increase with decreasing habitat disturbance
(Armbrecht, Perfecto, & Silverman, 2006; Murnen et al.,
2013), but species richness in twigs is not affected. We
suggest two reasons why ant richness did not differ
among successional stages. First, our chronosequence
is embedded in a landscape with a high proportion of
OGF (Zermeño-Hernández et al., 2016). This factor
may enable species from OGFs to continually disperse
into secondary forests independent of successional
stage. Thus, local ant recovery might be regulated
by landscape configuration more than local features
(see Melo, Arroyo-Rodrı́guez, Fahrig, Martı́nez-Ramos,
& Tabarelli, 2013). Second, local habitat complexity (e.g.,
vegetation structure) may not be important during colony
founding. Likely, strategies such as colony claustral
founding, in which case queens remain sealed in nest
chambers and use only body reserves for energy (Brown
& Bonhoeffer, 2003), may minimize the habitat effect on
colony founding. In this case, the effects of habitat com-
plexity would be more evident during colony growth
(Souza et al., 2015).

Most studies on restoration approaches have focused
on plants and have assumed that fauna returns as vege-
tation develops (Audino, Louzada, & Comita, 2014).

Table 4. Results of Generalized Linear Mixed Model Testing for

Effects of Nesting Resources and Soil Conditions on Alpha

Diversity Metrics of Twig-Dwelling Ant Assemblages.

Single and multiple models �2 df p

(A) Secondary succession effect

Species richness � Successional category 3.22 2 .19

Number of occupied nests �

Successional category

6.09 2 .04*

(B) Independent effects of nesting resources

Number of occupied nests � ANR diversity 2.83 1 .09

Number of occupied nests � Decomposition

rate of twigs

4.96 .02*

Species richness � ANR diversity 1.73 1 .18

Species richness � Decomposition

rate of twigs

1.15 .28

(C) Independent effects of soil conditions

Number of occupied nests � Soil compaction 4.53 1 .03*

Number of occupied nests � Soil moisture

Number of occupied nests � Soil pH 8.73 <.001*

Species richness � Soil compaction 3.99 1 .04*

Species richness � Soil moisture

Species richness � Soil pH 3.27 1 .07

(D) Multiple effects of nesting resources

Number of occupied nests �

ANR Diversity� Successional Category

1.55 2 .45

Species richness � ANR Diversity�

Successional Category

0.41 2 .81

(E) Multiple effects of soil conditions

Species richness � Soil Compaction� Soil pH 2.32 1 .12

Note. Chi-square, df, and p values are given for likelihood ratio tests of the

minimum adequate model against the null model, or the full model against

the null model where no fixed factors were significant. ANR¼ artificial

nesting resource.

*p< 0.05.
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However, faunal recovery also depends on other micro-
habitat conditions associated with secondary succession
besides vegetation (Brudvig, 2011; Majer, 2009). The spa-
tial distribution of trees and species-specific differences in
leaf-litter production as well as the quality of secondary
vegetation cause spatial heterogeneity in nutrient return
to the forest floor and, therefore, in the redistribution of
soil nutrients (see Uriarte, Turner, Thompson, &
Zimmerman, 2015). Thus, spatial heterogeneity in nutri-
ent could affect ant reassembly. In the present study, we
found that decreasing soil compaction and pH are related
to increasing diversity of twig-dwelling ants. These results
evidence that the environmental soil conditions inherent
to successional pathways likely drive ant diversity. In
fact, environmental soil conditions are likely more influ-
ential on ant reassembly than nesting resource diversity.

Overall, we found that soil properties influence the
species richness and nest occupancy, whereas ANR diver-
sity did not drive ant assembly. Higher species richness
was associated with lower soil compaction, while high
occupancy was associated with lower soil pH values.
Soil compaction could regulate the assembly of inverte-
brates via selecting for the body size required to move
through small free spaces in soil particles, thus changing
the composition of the invertebrate community that
many ants rely upon for feeding (Ryder Wilkie, Mertl,
& Traniello, 2007). Furthermore, a lower soil pH indi-
cates a higher amount of organic matter and available
nutrients (Frouz & Jilková, 2008), which enhance the
suitability of nest sites (Schmidt et al., 2013). These com-
bined results suggest that even when queenright colonies
are not dependent on prey availability, queens likely
select soil spots with certain conditions to favor colony
growth. On the other hand, although low availability of
nesting sites is associated with areas with less complex
vegetation structures, the availability of nesting sites is
naturally high for leaf-litter ant species (Souza et al.,
2015). Therefore, soil conditions associated with suitabil-
ity for nesting might limit the leaf-litter ant assembly
more than nesting resources during secondary succession.
In contrast, for arboreal ants that nest in trees, habitat
disturbance is directly associated with the loss of tree
species and availability of nesting sites (Jiménez-Soto &
Philpott, 2015; Philpott & Foster, 2005; Souza et al.,
2015). Thus, arboreal ants are more limited by nesting
sites than leaf-litter ants.

Some additional evidence may support the idea that
leaf-litter ants are weakly limited by nesting resources in
secondary forests, at least during the colony founding
stage. We found a high proportion of shared ant species
among ANRs and Winkler extractors (60%). Our result
suggests a low nesting resource specificity of leaf-litter ant
species. Nesting strategies might explain this affirmation.
For instance, claustral colony founding that is common
in leaf-litter ants (Hölldobler & Wilson, 1990). In this

case, queenright ants are not dependent on availability
or unpredictability of nesting sites but rather on nest
decay and new twigs, which drive recolonization
(Byrne, 1994). Another nesting strategy present in leaf-
litter ants is polydomy, wherein ant colonies occupy two
or more spatially separated nests. Thus, ants may explore
more resources over a larger area, maximizing their fora-
ging efficiency and colony nutrient intake (Ellis &
Robinson, 2014). Either of these two strategies could be
minimizing ant species dependency on the specificity of
nesting resources. While Armbrecht et al. (2004) showed
the importance of a diverse mix of twigs for species rich-
ness, the driver in their study was not preference for dif-
ferent species of twigs but rather an emergent property:
the diversity of twigs. In contrast, we found that factors
such as suitable patches in soil properties can influence
more the selection of nest site than mix of twigs.

Another mechanism that can be contributed to regu-
lating the assembly of leaf-litter ants is positive inter-
actions among species. We observed that 64% of total
collected species shared their artificial nests with one or
more species. Particularly, Hypoponera nitidula, Pheidole
sp., Prionopelta modesta, Strumigenys gundlachi, and
W. auropunctata. Sagata, Mack, Wright, and Lester
(2010) reported similar results, indicating that 50% of
twig-dwelling ant species shared both natural and artifi-
cial twig nests with another species. Plesiobiosis is the
most rudimentary form of heterospecific associations
and has been observed for ants. This type of association
occurs between species pairs that differ in morphology,
behavior, and taxonomy and denotes nesting in close
proximity without biological interdependence (Kanizsai,
Lrinczi, & Gallé, 2013). Accordingly, different ant species
may coexist in the same twigs when coexisting species
vary in prey specificity (see Longino, 2010). This also
suggests that twig nests are not strongly partitioned
mosaics. Sharing a nest may even represent an advantage,
as coexisting ants may then engage in the mutual defense
of twigs against shared predators (Sagata et al., 2010).

The decomposition rate of ANRs had a positive effect
on nest occupancy and shift greater changes of species
composition. This finding is consistent with Shik and
Kaspari (2010), who found that nest occupancy in a trop-
ical region increased with the decomposition of ephem-
eral nest resources and the subsequent conversion of
detritus to food. In areas where twigs undergo accelerated
decomposition, ant colonization may be directly favored
by species’ metabolic requirements or indirectly favored
by an increase in prey availability (Kaspari, Yanoviak,
Dudley, Yuan, & Clay, 2009; McGlynn, 2006). Despite
the high potential density of natural twig nests, perhaps
only a subset is suitable for colonization (Byrne, 1994).
Many twigs are probably uninhabitable, as both freshly
fallen and thoroughly decayed twigs are not suitable for
nesting (Herbers, 1986). Therefore, the decomposition
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rate of twigs (or ANRs in this study) may be a crucial
factor that shapes the nests occupy by ants in tropical
forests during secondary succession.

This study also indicates that the species composition
of ant assemblages was significantly affected by second-
ary succession and was associated with soil compaction
and moisture. Even so, secondary forests potentially
attain species compositions similar to OGFs in the long
term (Letcher & Chazdon, 2009). In our study, the com-
position of ant assemblages in different successional
stages differed qualitatively from OGF sites, likely as a
result of a strong founder effect (Wanner & Dunger,
2001). Thus, species richness is similar among succes-
sional stages, but the constituent species are different.
Despite the species composition of secondary forests
showing incomplete recovery after 30 years, these second-
ary forests still harbor many species associated with
OGFs and nests in spots with certain soil properties
(Frouz & Jilková, 2008; Jacquemin et al., 2012). Our
results support that secondary tropical forests may

become self-sustainable, functioning ecosystems and
could be favored through the active introduction of
ants via artificial nests.

Implications for Conservation

At present, natural secondary succession and restoration
practices have mainly focused on plant recovery after dis-
turbance and have assumed that fauna return as vegeta-
tion develops (Audino et al., 2014). However, faunal
recovery also depends on other variables (Brudvig,
2011; Majer, 2009). Our results suggest that twig-dwelling
ants may passively recolonize tropical secondary forests.
Nevertheless, recovery of the species composition of
assemblages after 30 years is incomplete, although it
shows a recovery trend. The active introduction of ants
via artificial nests (as the dry twigs used in this study) in
secondary tropical forests may help to promote faster
species composition recovery, as well as ant-mediated
ecosystem processes.

Appendix A. Ant Species (Subfamily/Tribe) Collected in Old-Growth Forest (OGF) and Secondary Forest (SF) of Different Successional

Ages in the Lacandon Region, the Largest Area of Tropical Rainforest in Mexico.

Taxa\Forests SF5 SF6 SF4 SF8 OGF2 OGF4 OGF1 SF3 SF1 SF2 OGF3 SF7

Amblyoponinae

Amblyoponini

Prionopelta amabilis Borgmeier, 1949 0 0 0 0 3 0 1 0 0 0 2 0

Prionopelta modesta Forel, 1909 1 0 0 3 7 1 5 0 0 1 0 0

Dorylinae

Incertae sedis

Cerapachys sp. A 0 0 0 0 0 2 0 0 0 0 0 0

Formicinae

Camponotini

Camponotus atriceps (Smith, 1858) 0 0 0 0 0 0 0 0 0 0 0 1

Camponotus planatus Roger, 1863 0 2 0 0 0 0 0 0 0 0 0 0

Lasiini

Nylanderia austroccidua (Trager, 1984) 0 0 0 0 1 0 0 0 0 0 0 0

Nylanderia guatemalensis (Forel, 1885) 0 0 0 0 0 0 0 0 2 0 3 0

Myrmelachistini

Brachymyrmex sp. A 0 0 1 0 0 0 0 0 0 0 0 0

Plagiolepidini

Acropyga fuhrmanni (Forel, 1914) 0 0 0 0 0 0 1 0 0 0 0 0

Myrmicinae

Attini

Acromyrmex octospinosus (Reich, 1793) 0 0 0 0 0 0 0 1 0 0 0 0

Eurhopalothrix gravis (Mann, 1922) 0 0 0 0 0 1 0 0 0 1 0 0

Lachnomyrmex scrobiculatus Wheeler, 1910 0 0 1 0 0 0 3 0 0 0 0 0

Mycocepurus smithii (Forel, 1893) 0 0 0 4 0 0 0 0 0 0 0 0

Octostruma balzani (Emery, 1894) 1 0 0 0 1 0 0 0 0 0 0 0
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Appendix A. Continued

Taxa\Forests SF5 SF6 SF4 SF8 OGF2 OGF4 OGF1 SF3 SF1 SF2 OGF3 SF7

Pheidole sp. A 0 1 0 0 0 0 0 0 0 0 0 0

Pheidole sp. B 4 1 2 2 1 0 2 3 5 2 0 2

Pheidole sp. C 0 1 0 1 0 0 0 2 0 0 0 0

Pheidole sp. F 1 0 1 0 0 0 1 0 0 0 0 1

Pheidole sp. G 0 0 0 0 0 0 1 1 0 0 0 0

Pheidole sp. I 1 0 0 0 0 0 0 0 0 0 0 1

Pheidole sp. P 0 0 0 0 0 0 0 1 0 0 0 0

Strumigenys alberti Forel, 1893 0 0 1 0 0 0 0 0 0 0 0 1

Strumigenys brevicornis Mann, 1922 0 0 0 0 0 0 1 2 0 0 0 0

Strumigenys cordovensis Mayr, 1887 1 0 0 0 0 0 0 0 0 0 0 0

Strumigenys eggersi Emery, 1890 0 0 0 0 0 0 1 0 0 0 0 0

Strumigenys elongata Roger, 1863 0 0 2 2 1 2 0 0 0 0 0 1

Strumigenys epinotalis Weber, 1934 0 0 0 0 0 0 0 0 0 0 1 0

Strumigenys gundlachi (Roger, 1862) 2 1 2 0 0 0 0 0 0 0 2 2

Strumigenys louisianae Roger, 1863 0 0 1 0 0 0 0 0 0 0 0 0

Strumigenys ludia Mann, 1922 0 0 0 0 0 3 0 0 0 0 0 0

Strumigenys margaritae Forel, 1893 0 0 0 0 0 0 0 0 0 0 1 0

Strumigenys myllorhapha (Brown, 1959) 2 0 1 1 1 0 0 0 0 0 0 0

Strumigenys schulzi Emery, 1894 0 0 0 1 0 0 0 0 0 0 0 0

Strumigenys spathula Lattke & Goitı́a, 1997 0 0 0 0 1 0 0 0 0 0 0 0

Strumigenys subedentata Mayr, 1887 0 0 0 0 0 1 0 0 0 0 0 0

Wasmannia auropunctata (Roger, 1863) 1 2 1 1 3 2 7 2 4 3 1 1

Wasmannia rochai Forel, 1912 1 0 0 0 0 0 0 0 0 0 0 0

Crematogastrini

Crematogaster nigropilosa Mayr, 1870 0 0 0 0 0 0 1 0 1 0 1 0

Solenopsidini

Adelomyrmex silvestrii (Menozzi, 1931) 0 0 2 0 0 0 2 0 0 0 0 0

Megalomyrmex drifti Kempf, 1961 1 0 0 0 0 0 0 0 0 0 0 0

Rogeria cornuta Kugler, 1994 0 0 0 0 0 1 0 0 0 0 0 0

Solenopsis sp. A 0 2 2 0 0 1 0 0 0 0 1 2

Solenopsis sp. B 1 0 0 3 0 0 0 0 1 0 0 1

Solenopsis subterranea MacKay & Vinson, 1989 0 1 0 0 1 3 0 0 0 0 0 0

Ponerinae

Ponerini

Anochetus mayri Emery, 1884 1 0 0 0 0 0 0 0 0 0 0 0

Hypoponera nitidula (Emery, 1890) 0 0 0 5 4 1 9 3 0 3 2 2

Pseudomyrmecinae

Pseudomyrmecini

Pseudomyrmex sp. A 0 0 0 0 0 1 0 0 0 0 0 0

Note. Numbers listed indicate the observed species occurrences in the forests.
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