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Abstract. Open-pit coal mine rehabilitation is essential to mitigate ecosystem degradation and biodiversity loss. Given that ants
(Hymenoptera: Formicidae) are excellent bioindicators, we evaluated the response of their communities along a restoration gradi-
ent in a tropical dry forest ecosystem. Sampling was conducted in five sites: three areas with different rehabilitation ages (1.5,
4, and 7 years) and two ecosystems not affected by mining (a dry forest fragment and a natural regeneration area). A total of 65
species and morphospecies were recorded, belonging to 30 genera and seven subfamilies. A key finding was the asynchronous
recovery of diversity: while species richness (q0) in the sites with longer rehabilitation times resembled that of the reference for-
est, community structure, measured by evenness (q1, g2), remained significantly lower, indicating a slower functional recovery.
Composition analysis (NMDS) revealed a clear successional gradient, with the 7-year site representing an intermediate state
in the trajectory toward reference forests. Notably, rehabilitation techniques such as muich application in the youngest site (1.5
years) promoted the early colonization of specialist predatory ants, resulting in a more complex community than that of the
4-year site. We conclude that proactive rehabilitation, particularly measures focused on soil protection, accelerates the recovery

of the ant community structure.

INTRODUCTION

Mining operations cause substantial alterations to eco-
systems, leading to severe environmental damage and eco-
logical degradation (Lei et al., 2016; Li¢ina et al., 2016). In
particular, open-pit coal mining is a major driver of habitat
disturbance, mainly through deforestation, extraction of
the topsoil layer, and its subsequent deposition in landfills,
causing spoilage in soil structure and density, loss of local
biota, modifications to surface and underground water
resources, large-scale landscape transformations, and en-
vironmental degradation (Holec & Frouz, 2005; Ribas et
al., 2012; Yuan et al., 2017). Therefore, this activity has an
impact on the structural dynamics of ecosystems and the
degradation of biological diversity (Blinova & Dobrydina,
2017).

To mitigate the effects caused, it is necessary to carry out
ecological restoration or rehabilitation in the affected areas
(Tizado & Nufiez-Pérez, 2016; Lima et al., 2016). A post-
mining landscape necessarily implies the recovery of soil
and vegetation cover as sources of organic matter and driv-
er elements in biogeochemical processes, both as prerequi-
sites for the rehabilitation and stabilization of biodiversity
and ecosystem processes (Frouz et al., 2001; Gastauer et
al., 2018). Assessments of these processes are necessary to
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provide evidence of recovery outcomes, however, monitor-
ing in rehabilitated areas has been mainly directed towards
vegetation, and despite the fundamental role played by
fauna in these processes, there is little information avail-
able (Thompson & Thompson, 2004; Ruiz-Jaen & Aide,
2005; Cristescu et al., 2012).

Terrestrial invertebrates play an important role as driv-
ers of ecosystem processes and functions (Majer et al.,
2007), and they have been used for monitoring in reha-
bilitation sites, particularly ants (Hymenoptera: Formici-
dae). They are a group of insects that have been studied
for their abundance, richness, sensitivity to environmental
changes, ecological functionality, ease of sampling, habitat
specificity, also, their assemblages can reflect responses to
ecological changes because their disturbance requirements
are well understood (Alonso, 2000; Andersen et al., 2003;
Blinova & Dobrydina, 2017). For these reasons, ants are
recognized as reliable indicators of terrestrial ecosystems
(Andersen et al., 2003, Andersen, 2019, Yeo et al., 2019,
Sithole & Tantsi, 2020).

Beyond bioindication, ants elucidate community reas-
sembly mechanisms critical for restoration. Neotropical
studies suggest that ant communities can exhibit remark-
able resilience, with species richness recovering rapidly,
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while compositional similarity to old-growth forests may
lag, taking decades to fully recover (Hoenle et al., 2022).
Moreover, recent evidence indicates that for ants, dispersal
is rarely the limiting factor; reproductive queens (alates) of
old-growth forest species can reach even the earliest stages
of regeneration. However, they often fail to establish colo-
nies due to environmental constraints (Grella et al., 2025).
Consequently, rehabilitation in open-pit mines must prior-
itize alleviating these abiotic constraints to enable the suc-
cessful establishment of colonizing species.

In this specific context of mine rehabilitation, ants have
been successfully employed to assess ecological integrity.
In Brazil, ants have been successfully employed to assess
the ecological integrity of rehabilitated bauxite mining
areas (Fernandes et al., 2021), while in India, they have
been used to monitor the presence of heavy metals of coal
mine spoils (Khan et al., 2023). Furthermore, research in
Europe demonstrates their effectiveness in evaluating post-
mining landscape restoration in temperate forests (Holec
& Frouz, 2005). Similarly, in Australia, ants have been
extensively used as bioindicators in mining rehabilitation,
given their high diversity and functional importance in
Australian ecosystems (Andersen et al., 2003; Majer, 2009;
Hoffmann & Andersen, 2003). However, studies using ants
as bioindicators in rehabilitated areas of mines in tropical
forests are still scarce (Majer, 2009; Dominguez-Haydar &
Armbrecht, 2011; Fernandez et al., 2021).

The study site is located in an open-pit coal mine within
a tropical dry forest, one of the most threatened and endan-
gered ecosystems both globally and in Colombia (Garcia
et al., 2014). These rehabilitation efforts are intended to
progressively recover biological characteristics and con-
serve the region’s biodiversity. Therefore, understanding
the outcomes of these efforts on the recovery of soil fauna
is essential.

The objective of this study was to determine the vari-
ation in ant richness, abundance, and composition across
a chronosequence of rehabilitated sites and undisturbed
areas within the mining concession. Specifically, we aimed
to answer the following questions: (1) How do ant richness
and abundance change across different stages of rehabilita-
tion compared to undisturbed reference forests? (2) Does
the taxonomic composition of antassemblages in rehabili-
tated areas converge toward the composition of the original
tropical dry forest over time? (3) To what extent can these
ant assemblages serve as reliable bioindicators of restora-
tion success in open-pit coal mining landscapes?

We hypothesized that rehabilitation measures, by im-
proving the vegetation structure, would favor the reestab-
lishment of ant communities. It is expected that the ant as-
semblage in sites with longer rehabilitation time would be
more like reference sites compared to areas with shorter
rehabilitation time.

MATERIAL AND METHODS

Study area

This study was conducted at the Calenturitas Mine, an open-
pit coal mining operation in the Cesar Department of northern
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Colombia, South America, at an elevation of 70-75 m a.s.l. The
predominant ecosystem is tropical dry forest. Precipitation fol-
lows a bimodal pattern (April-June and September—November),
with an average annual rainfall between 1,600 and 2,000 mm and
a mean annual temperature of 27.9°C. As of 2017, the mine’s
total disturbed area reached approximately 1,827.24 ha, of which
534.92 ha were undergoing active rehabilitation (Prodeco, 2017).

The Calenturitas mining concession has 6677 ha and has two
types of zones: natural biosensor areas (forests) and areas under
rehabilitation process. The biosensor areas are characterized by
forest cover at different stages of vegetation succession, whereas
the dumps are areas that were used for the accumulation of rock,
soil, and sterile material and are now undergoing vegetation cover
rehabilitation, where pastures and planted trees at various devel-
opmental stages predominate (Calenturitas, 2018).

Five sites were selected, comprising three rehabilitated areas
(1.5, 4, and 7 years post-rehabilitation) and two undisturbed ref-
erence forest sites (Fig. 1), each of which is described below.

* 1.5 years: At the time of the investigation, this site had been
under rehabilitation for 1.5 years, covering an area of 2.6 ha. A
distinct soil preparation methodology was applied here, consist-
ing of depositing mulch (vegetative material from grass leaves
and stems) to prevent water erosion and retain soil moisture. The
site is located on a slope and supports a high cover of shrubs and
herbaceous plants. No trees were planted.

* 4 years: Physical modifications were made to the terrain to
accommodate the removed topsoil, followed by the planting of
native tree species. The site is located on a slope with gullies
and unstable, erosion-prone soil, leaving some areas uncovered.
Grasses are present, along with sparsely distributed shrubs and
trees. Vegetation cover ranges from 0% to 11%. This is the largest
site, covering approximately 118 ha.

« 7 years: Located on the western spoil pile, this site covers an
area of 90 ha. It has been under rehabilitation for approximately
seven years, following the same method as the previous site (4
years). It is situated on a slope with some gullies, and in certain
areas, the soil is very compact. There is greater tree coverage,
some thorny shrubs, overgrown grasses, and scarce leaf litter.
Vegetation cover ranges between 86% and 94%.

» Natural Regeneration (NR): This area (8.57 ha) is in the
mine’s advancing zone and has had no intervention for over 10
years, allowing for natural regeneration. Trees exceed eight me-
ters in height, with the presence of native species and Leucaena
leucocephala (Lam.) de Wit. The soil is partially covered with
leaf litter and herbaceous plants. Average vegetation cover was
97%.

« Forest: This area, referred to as “biosensor zones”, serves to
facilitate the coexistence of native flora and fauna, functioning as
a representative sample of the dominant ecosystems within the
mining project. The sampled zone, covering approximately 9 ha,
is characterized by native species, with trees over ten meters tall,
an irregular canopy, and the occasional presence of shrubs, palms,
and lianas, as well as high leaf litter coverage and regenerating
seedlings. Some areas include a matrix of scattered trees with
grassy undergrowth. Average vegetation cover was 98%.
Sampling design

Sampling was conducted three times during 2018 (May, Sep-
tember, and December). In each of the five sites, a 150 m transect
was established in the interior of the habitat patch to minimize
edge effects. We acknowledge that our study design represents a
limited sample size for broad generalization. To address this, we
employed statistical approaches that maximize the utility of the
data collected and account for the repeated measures structure.
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Fig. 1. Schematic map of the study area at the Calenturitas mine, showing the location of the three rehabilitated sites (1.5, 4, and 7 years)
and two reference forests (one natural regeneration site, and one older successional forest).

A total of 12 sampling stations were installed along each tran-
sect, arranged in two distinct clusters. The first cluster of six sta-
tions was placed within the first 50 m of the transect (from the
0 m to the 50 m mark). The second cluster of six stations was
placed within the final 50 m of the transect (from the 100 m to the
150 m mark). This design left a 50-meter gap in the center of the
transect. Ants were collected were measured at each of these 12
stations. Two complementary sampling methods were employed
at each station:

« Pitfall Traps: A 10-0z (approx. 295 ml) plastic container was
installed buried flush with the ground. Each trap was partially
filled with a solution of salt water and liquid soap and remained
active in the field for approximately 48 h.

* Manual Sampling: A 10-minute per-person sampling effort
was conducted at each station, focused between 08:00 and 10:00.
This active search targeted ants found on the ground, in the leaf
litter, within decomposing logs, under rocks, and on the surround-
ing vegetation.

The captured specimens were preserved in vials containing
70% ethanol. The ants were identified to the lowest possible taxo-
nomic level using the keys for subfamilies and genera by Fernan-
dez et al. (2019) and the AntWeb page (https://www.antweb.org/).
Those that could not be identified at this level were assigned a
code (morphospecies). The specimens are deposited in the ento-
mological collection of the Museum of the Universidad del Atlan-
tico, Barranquilla, Colombia.

Data analysis

To account for the colonial nature of ants, we quantified abun-
dance as a frequency of occurrence rather than by counting in-
dividuals (Dominguez-Haydar & Armbrecht, 2011). For each
specific species, we evaluated its presence or absence separately
for both the pitfall trap and the hand collection at each of the
12 sampling stations. The total abundance for that species was
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then calculated as the sum of these occurrences. Therefore, with
12 stations and 2 distinct methods, the maximum possible abun-
dance score for any single species was 24.

Given the logistical constraints that prevented spatial replica-
tion, we treated the three sampling events conducted in 2018 as
temporal repeated measures to assess differences in ant commu-
nities among the study sites. Ant diversity in each area was es-
timated using Hill’s effective number of species. The diversity
orders considered were q0 (species richness or zero-order diver-
sity), q1 (the exponential of Shannon’s index), and g2 (the inverse
of Simpson’s index), following Hill (1973). Expected richness at
each site was calculated as the mean of observed and estimated q0
numbers, along with sample coverage (Hsieh et al., 2024).

Linear Mixed Models (LMMs) were used to examine the effect
of habitat type on Hill’s diversity estimators. Area was included
as a fixed, nominal factor, with Forest set as the reference level.
Random intercepts for sampling event were incorporated to ac-
count for the hierarchical structure of the data (Zuur et al., 2009).
Post-hoc Tukey’s multiple comparison tests were performed to
identify significant differences among areas in each Hill’s diver-
sity estimator, with a 95% confidence level (Lenth, 2025).

A Venn diagram comparing unique and shared ant species
among areas was generated using the ggVennDiagram R pac-
kage (Gao et al., 2024). Non-metric Multidimensional Scaling
(NMDS) was performed using the Bray-Curtis distance to visual-
ize species composition patterns among different areas. The or-
dination stress value was reported to assess the goodness of fit
(Legendre & Legendre, 2012).

To assess differences in species composition among sampling
sites, a Permutational Multivariate Analysis of Variance (PER-
MANOVA) was performed based on Bray-Curtis distance ma-
trices using 999 permutations. Prior to this, the assumption of
homogeneity of multivariate dispersions was verified using the
PERMDISP test (Betadisper). Pairwise comparisons (pairwise
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PERMANOVA) were conducted with a False Discovery Rate
(FDR) correction for multiple testing. Due to the balanced design
with three replicates per site (n = 3), the mathematical constraint
on possible permutations often limited the resolution of P-values
in pairwise tests. Consequently, the interpretation of differences
was primarily based on the effect size (R2) and the F-statistic,
rather than the statistical significance of the P-value (Martinez,
2017; Oksanen et al., 2025).

All data processing, analysis, and visualization were performed
with R (R Core Team, 2025).

RESULTS

Richness and abundance patterns

A total of 10824 individuals belonging to 65 species and
morphospecies, 30 genera, and seven subfamilies were re-
corded (see Table S1 for a complete list). Of these, 40%
were identified to the level of species, while the remaining
were sorted as distinct morphospecies (e.g., Pheidole sp.
1). These morphospecies represent groups for which com-
prehensive taxonomic keys are not available for the region,
or where major workers are required for identification but
were not collected. The subfamily that contributed the
most to total richness was Myrmicinae, with 32 species,
followed by Formicinae (13), Ponerinae (6), Pseudomyr-
micinae (6), and Dolichoderinae (4), while the subfamilies
with the lowest richness were Dorylinae and Ectatomminae
with two species respectively. Regarding the genera, Phei-
dole Westwood, 1839 (11), Camponotus Mayr, 1861 (6),
Pseudomyrmex Lund, 1831 (6), and Solenopsis Westwood,
1840 (5) were the most species rich. The highest richness
by sites was observed in areas not affected by mining ac-
tivity, especially in Forest, while in rehabilitated areas, the
highest richness was for the 7-year site and the lowest was
for the 1.5-year site. Acropyga Roger, 1862 (Formicinae),
Leptogenys Roger, 1861 (Poneriane) and Gnamptogenys
Roger, 1863 (Ectatomminae) were the rarest genera, since
only one species was found for each of them and with one
or two workers.

Sample coverage for all study sites ranged from 88% in
the Natural Regeneration area to 94% in the 1.5-year re-
habilitated site (Table S2). Ant diversity, quantified using
Hill’s effective number of species, varied among different
habitat types. Boxplots visually revealed clear patterns in
the diversity distribution for each habitat type (Fig. 2).

Linear mixed models confirmed the visual evidence, re-
vealing a significant overall effect of habitat type on ant di-
versity for all Hill numbers (p <0.001) (Table S3). For spe-
cies richness estimates (q0), post-hoc comparisons (Tukey
test) revealed that the 7-year rehabilitation site reached lev-
els statistically indistinguishable from the reference eco-
systems (Forest and Natural Regeneration); in contrast, the
younger rehabilitation stages (1.5-year and 4-year) formed
a distinct statistical group with significantly lower species
richness, showing median species counts below 20 and
narrower interquartile ranges. Observed richness values
(red points) were consistent with these estimates.

Regarding community structure, Shannon (q1) and Simp-
son (q2) diversity displayed a distinct, non-linear pattern.
Forest sites exhibited the significantly highest values for
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Fig. 2. Comparison of estimated and observed ant diversity (Hill
numbers) across a rehabilitation chronosequence (1.5, 4, and 7
years) and reference forests (Natural Regeneration, Forest) in a
coal mine. The panels display diversity orders q = 0 (Richness),
g = 1 (Shannon), and q = 2 (Simpson). Boxplots visualize the
median (solid line) distribution of estimated diversity values, and
overlaid red dots show the raw observed values. letters indicate
significant differences between habitats (LMM followed by Tukey’s
post-hoc test, alpha = 0.05).

both indices (medians around 27 for q1 and 19 for q2), re-
flecting greater evenness and reduced species dominance.
The NR and 7-year rehabilitation areas tended to display
intermediate diversity; however, post-hoc tests showed
no significant differences among themselves, nor with the
1.5-year site. Notably, the Natural Regeneration (NR) area
showed a broad range of statistical overlap, suggesting
high variability in its community structure. Unlike the pat-
tern observed for richness, the observed values (red points)
for both Shannon and Simpson indices closely aligned with
the estimated medians across all sites.
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Fig. 3. Venn diagram illustrating the exclusive and shared ant
species across the rehabilitation chronosequence (1.5, 4, and 7
years) and reference forests (Natural Regeneration, Forest) in a
coal mine in Cesar, Colombia. Color intensity is proportional to the
number of species within each intersection.

Compositional convergence

The Forest site hosted the highest number of exclusive
species (11), followed by the Natural Regeneration and
1.5-year sites (five species), and the 7-year site (two spe-
cies). The 4-year site contained no exclusive species. A
total of 11 species were found to be shared across all five
sites (Fig. 3).

Non-metric Multidimensional Scaling (NMDS) (Fig.
4) ordination visualized distinct ant assemblage composi-
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tions across the chronosequence. The Stress value of 0.09
is considered good, indicating that the two-dimensional
ordination reliably represents community similarities in a
reduced-dimensional space. A global PERMANOVA con-
firmed that habitat type structured species composition (F
=8.2; R*=0.77; p < 0.001).

Pairwise comparisons revealed distinct compositional
clusters. The early rehabilitation stages, 1.5-year (blue
points) and 4-year (red) were compositionally similar to
each other (F = 1.6, R? = 0.28, p = 0.2). This group was
characterized by Solenopsis geminata, Dorymyrmex tu-
berosus, and Forelius damiani. Samples from the 7-year
rehabilitation area (orange) occupied an intermediate posi-
tion but tended to shift toward the Forest and NR clusters,
particularly toward NR. Strong compositional shifts were
confirmed between this 7-year site and the 4-year stage (F
=14.04,R*=0.77)

In contrast, samples from undisturbed vegetation, Forest
(purple) and NR (green), occupied the upper-right portion
of the ordination space, remaining separated from the early
rehabilitation stages. While pairwise comparisons indi-
cated some variation between these two reference habitats
(F = 3.21, R* = 0.44), they were clearly distinct from the
younger sites and associated with a diverse assemblage in-
cluding Pachycondyla harpax, Labidus coecus, Strumig-
enys marginiventris, and multiple species of Cephalotes,
Pseudomyrmex, and Camponotus.

Although these pairwise comparisons yielded p-values
of 0.1, which corresponds to the lowest possible probability
value achievable with the permutation limits of our sample
size (n = 3), the high coefficients of determination R?0.60
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tests to highlight the magnitude of species turnover. Global stress
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value = 0.091. NR: Natural regeneration.
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and Pseudo-F values indicate differentiation between these
stages, confirming that community composition changes
with rehabilitation age.

DISCUSSION

Ants responded to rehabilitation measures in the Calen-
turitas mine. After seven years of rehabilitation, the assem-
blage already differs from those found in areas at earlier
successional stages. Moreover, the composition and struc-
ture of these communities reflect the history of transforma-
tions that the region has experienced due to various anthro-
pogenic activities. This is evidenced by the lower number
of ant species recorded in this study compared with previ-
ous research conducted in other rehabilitated mining areas
(Fontalvo-Rodriguez & Solis-Medina, 2009; Dominguez-
Haydar & Armbrecht, 2011) and in dry forests of the same
region, where species richness typically ranges between
60 and 70 in mature forest and natural regeneration areas
(Marquez-Pefia & Dominguez-Haydar, 2023).

This lower recorded richness, however, must be inter-
preted within the context of our sampling methodology.
The high sample coverage values indicate that our sam-
pling effort was sufficient to thoroughly characterize the
epigeic ant community. Our focus on this stratum, using
pitfall traps and manual collecting, means that other impor-
tant guilds, such as arboreal, hypogeic, and cryptic species,
were likely underrepresented (Andersen, 1991; Bestelmey-
er et al., 2000). Therefore, the actual species richness in
these areas is probably higher than what we report.

Consistent with patterns frequently reported in ant res-
toration ecology, where species richness exhibits rapid
resilience (Ottonetti et al., 2006; Majer et al., 2007;
Dominguez-Haydar & Armbrecht, 2011), species richness
(q0) in the 7-year rehabilitation site successfully reached
levels statistically indistinguishable from the undisturbed
forest. However, the results expose a decoupling between
the recovery of species richness and community structure.
While richness rebounded quickly, evenness and domi-
nance (qland q2) followed a slower trajectory; the forest
maintained significantly higher values than all rehabili-
tation stages. This confirms that while the rehabilitation
strategy effectively removes colonization barriers, allow-
ing diverse species to arrive, the complex structural bal-
ance of the undisturbed ecosystem requires more time to
reassemble (Hoenle et al., 2022).

Although NR possesses high species richness, its com-
munity structure (ql and q2) is very similar to that of
the 7-year site. This suggests that targeted rehabilitation
measures (such as planting and soil management) contrib-
ute to the recovery of community structure (Andersen et
al., 2003), achieving in 7 years what passive regeneration
takes a decade or more to accomplish. This finding high-
lights the effectiveness of active rehabilitation over simply
abandoning areas for natural recovery (Meli et al., 2017).

In terms of species composition, the results of this study
show that rehabilitation measures at the Calenturitas mine
promote the recovery of ant communities, showing a clear
successional gradient. The NMDS ordination (Fig. 4)
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shows this trend into three groups: the early rehabilitation
areas (1.5 and 4 years), the advanced rehabilitation area (7
years) in an intermediate position, and areas with greater
vegetation complexity (Forest and NaturalRegeneration)
as a more advanced state. This pattern confirms that spe-
cies composition is a sensitive indicator of ecological res-
toration progress in this tropical dry forest ecosystem. This
pattern can be associated with variations in the composi-
tion and structure of vegetation (structural heterogeneity)
that influence the maintenance of suitable microclimatic
conditions and the supply of nesting and food resources
(Schmidt et al., 2013; Andersen, 2019).

The transition in the composition of ant communities,
visible in the NMDS and in the number of shared species
in the Venn diagram, can be related to habitat complexity.
Early rehabilitation areas (1.5 and 4 years) are dominated
by generalist and pioneer species such as Dorymyrmex tu-
berosus Cuezzo & Guerrero, 2012, Solenopsis geminata
(Fabricius, 1804), and Nylanderia Emery, 1906, known for
their preference for open and disturbed habitats (Cuezzo
& Guerrero, 2012; Carval et al., 2016). However, these
species with minor abundance were also found in undis-
turbed areas, indicating some degree of intervention in
these zones, either due to proximity to human settlements
or previous land use. On the other hand, the reference for-
est harbors the greatest number of exclusive species (11
species), including leaf-litter specialists like Strumigenys
marginiventris, Santschi, 1931 and Gnamptogenys hart-
mani (Wheeler, 1915) (Andersen, 2000; Fernandez et al.,
2019) which underscores the forest’s role as a reservoir of
unique biodiversity that is lost with disturbance.

The hunter ant Ectatomma ruidum dominated in the For-
est and the 7-year rehabilitation site. While this species
is often associated with open, disturbed habitats in other
regions of the country (Santamaria et al., 2009a), our find-
ings show it prefers sites with greater tree cover. This pat-
tern is consistent with observations from other Colombian
coal mines (Santamaria et al., 2009b; Gutiérrez-Rapalino
& Dominguez-Haydar, 2017). This aligns with recent re-
search suggesting that the dominance of E. ruidum in tropi-
cal dry forests is not necessarily an indicator of disturbance
or low species richness. Instead, its presence is strongly
shaped by habitat characteristics, particularly vegetation
cover and temperature (Ramos & Guerrero, 2023). Thus,
its dominance in our mature reference sites likely reflects
its preference for the specific microclimatic and structural
conditions found there, rather than a response to distur-
bance.

The success of the rehabilitation techniques is evidenced
by comparing the 1.5- and 4-year sites. Despite having
less than half the recovery time, the 1.5-year site exhib-
ited almost twice as many species as the 4-year site and a
more complex composition. We attribute this remarkable
success to the implementation of soil protection techniques
such as mulching at the younger site. This practice im-
proves moisture retention and facilitates the establishment
of an herbaceous cover, creating favorable microclimates
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and refuges that enable rapid colonization (Dawes, 2010;
Williams et al., 2012).

A clear indicator of the success of this methodology is
the exclusive presence of the specialist predatory ant Lep-
togenys pubiceps Emery, 1890, at this 1.5-year site. The
early occurrence of a specialist predator, usually a late
colonizer (Hoffmann & Andersen, 2003), signals the effec-
tiveness of the rehabilitation strategy. This finding aligns
with the habitat filtering hypothesis. A study from the Ec-
uadorian Chocé shows that although reproductive queens
disperse successfully across the entire regeneration gradi-
ent, their successful establishment is strictly constrained by
harsh abiotic conditions (Grella et al., 2024). In the mine,
the application of mulch likely mitigated this environmen-
tal filter by improving thermal stability and humidity reten-
tion, thus allowing specialized propagules to survive and
establish functional colonies in an environment that would
otherwise have been hostile.

We acknowledge the limitations imposed by our sample
size. While the number of site replicates is low, the inten-
sive sampling effort within each site (12 stations, two com-
plementary capture methods, and three temporal events)
allowed for a detailed characterization of the local ant as-
semblages. Our results should therefore be interpreted as
a case study of chronological recovery trajectories within
this specific mining complex, providing a necessary base-
line for future, large-scale monitoring programs in the re-
gion.

CONCLUSION

Consistent with our hypothesis, ant communities became
progressively more complex with increasing rehabilitation
age at mining sites. Techniques such as mulching enhance
soil moisture and facilitate the establishment of grasses
and herbs, creating favorable microclimates, nesting sub-
strates, and food resources that promote ant colonization.
We recommend that future monitoring programs evaluate
not only species richness butalso multiple dimensions of
diversity and functional composition to provide a more
comprehensive assessment of restoration success.
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Table S1. Composition of ants and capture frequency of species in the five sites of the Calenturitas mine.

Natural

Subfamily Species or morphospecies 1.5 year 4 year 7 year regeneration Forest Total
S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 S2 S8
Dorymyrmex rjgf_02 1 1 2
Dolichoderinae Dorymyrmex tuberosus 7 1 12 12 12 12 3 5 3 3 4 1 3 3 2 93
Forelius damiani 8 12 12 4 5 11 1 2 1 56
Tapinoma melanocephalum 1 1 1 3 2 4 12
Dorylinae ] Labidus coecus 1 2 3
Neivamyrmex iridescens 2 1 1 4
. Ectatomma ruidum 10 12 N 10 10 12 12 N 12 100
Ectatomminae ,
Gnamptogenys hartmani 1 1
Acropyga sp1 1 1
Brachymyrmex sp1 1 5 1" 2 3 2 2 1 3 1 2 1 1 35
Brachymyrmex sp2 1 1
Camponotus blandus pronotalis 1 6 6 5 1 1 20
Camponotus coruscus 1 2 5 7 2 4 4 25
Camponotus lindigi 4 10 3 6 9 12 11 12 5 6 8 6 3 95
Formicinae Camponotus sp3 1 1 3 7 7 5 4 5 4 7 4 2 50
Camponotus sp6 3 2 1 1 5 12
Camponotus zonatus 1 3 8 7 " 1 2 3 1 37
Nylanderia sp1 2 1 8 7 1 1 35
Nylanderia sp2 2 2 1 6 1 5 17
Nylanderia sp3 5 1 1 1 8
Paratrechina longicornis 5 5
Acromyrmex santschii 3 1 3 2 1 5 4 3 22
Cephalotes columbicus 2 4 5 3 5 3 5 4 6 37
Cephalotes femoralis 2 2
Cephalotes minutus 4 4
Cyphomyrmex rimosus 4 8 1 1 1 4 2 21
Temnothorax sp1 1 2 3
Temnothorax sp2 1 1
Megalomyrmex sp1 1 1
Myrmicocrypta sp1 1 1 1 1 2 6
Paratrachymyrmex bugnioni 2 3 5
Pheidole fallax 3 12 8 10 1 8 1 43
Pheidole jelskii 1 1 1 9 5 5 3 1 2 28
Pheidole radoszkowskii 1 11 11 2 6 6 3 4 7 1 3 3 6 7 75
Pheidole sp10 1 1
Pheidole sp11 1 2 3
Myrmicinae Pheidole sp12 3 7 10
Pheidole sp2 1 3 1 2 1 3 11
Pheidole sp4 5 2 7
Pheidole sp6 5 5
Pheidole sp9 3 4 9 2 3 21
Pheidole subarmata 1 2 6 10 5 5 7 4 40
Solenopsis geminata 8 12 9 7 6 8 2 2 1 3 1 59
Solenopsis sp2 4 7 2 1 14
Solenopsis sp3 1 1 4 1 10 17
Solenopsis sp4 1 4 1 6 2 1 6 21
Solenopsis sp5 3 1 1 1 2 2 5 5 23
Strumigenys marginiventris 2 2
Strumigenys sp2 1 1
Tetramorium sp1 2 4 6
Wasmannia auropunctata 2 1 2 5
Crematogaster sp1 5 5 6 9 8 3 4 6 4 2 8 60
Crematogaster sp2 2 2 2 6
Hypoponera sp1 1 1 1 2 5
Hypoponera sp2 3 3
Ponerinae Hypoponera s_p3 1 1
Leptogenys pubiceps 1
Odontomachus bauri 2 2 4 1 2 8 7 9 35
Pachycondyla harpax 1 1 4 4 10
Pseudomyrmex sp1 1 4 1 1 3 10
Pseudomyrmex sp2 4 1 3 1 2 38 1 3 15
Pseudomyrmicinae Pseudomyrmex sp3 1 5 1 2 9
Pseudomyrmex sp4 1 1 1 1 4
Pseudomyrmex sp5 1 1 2
Pseudomyrmex sp6 1 1 2 1 5
Total relative abundance 32 97 116 30 54 77 85 92 108 75 78 83 125 83 137 1272
Richness 26 19 38 37 46
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Table S2. Mean values and standard deviations (in brackets) of observed and estimated Hill's effective species numbers, and sample coverage.

Area Sample coverage q0 gt 92

Observed Estimated Observed Estimated Observed Estimated
1.5yr 94% (3.1%) 16 (7.5) 22.1 (11.5) 11.9 (5.5) 13.5 (6) 10.2 (4.6) 11.2 (4.9)
4yr 93.4% (4.2%) 12.3 (4.6) 16.5 (7.4) 9.3 (3.8) 10.8 (4.4) 7.7 (3.3) 8.7 (3.7)
7yr 90.7% (1.4%) 25 (4.6) 34.7 (6.9) 17.2 (3) 20.6 (3.6) 13.6 (2.1) 15.2 (2.4)
NR 88% (3.3%) 24.3 (4) 44.7 (3.7) 18.2 (2.8) 23.7 (4.3) 14.6 (1.5) 17.3 (2.3)
Forest 93.1% (4.1%) 32.3(3.8) 37.4 (0.2) 25.6 (3.5) 30.2 (2.5) 21.3 (34) 25 (3.5)

Table S3. Estimates of the fixed effects parameters of the linear mixed model
of Hill’s species diversity by habitat type.

Hill's species diversity ~ Area Estimate Confidence interval p value
(Intercept)  37.36 27.55-47.18 <0.001

q0n =15, 1.5yr -15.30 -25.75--4.84 0.010
logLik = —35.48, 4yr -20.88 -31.34 --1042  0.002
df=8 7yr -2.67 -13.13-7.79 0.573
NR 7.38 -3.08 - 17.84 0.142

(Intercept)  30.19 24.56 — 35.82 <0.001

qln=15 1.5yr -16.65 -24.17--9.13  <0.001
logLik = -31.41, 4yr -19.34 -26.86 —-11.82  <0.001
df=8 7yr -9.55 -17.07 - -2.03 0.019
NR -6.46 -13.98 — 1.06 0.083

(Intercept)  25.04 20.46 — 29.61 <0.001

g2n =15, 1.5yr -13.84 -19.75--7.94  <0.001
logLik = —29.14, 4yr -16.37 -22.28 —-10.47 <0.001
df=8 7yr -9.86 -15.77 - -3.96 0.005
NR -7.78 -13.69 — -1.88 0.016
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