Conservation Genetics
https://doi.org/10.1007/s10592-023-01537-y

RESEARCH ARTICLE q

Check for
updates

Landscape genetics in a highly threatened environment: how relevant
to ants is the physiognomic mosaic of the cerrado savanna?

Marianne Azevedo-Silva' - Marina C. Cortes? - Carolina S. Carvalho® - Gustavo M. Mori* - Anete P. Souza” -
Paulo S. Oliveira®

Received: 19 December 2022 / Accepted: 18 May 2023
© The Author(s), under exclusive licence to Springer Nature B.V. 2023

Abstract

The Brazilian cerrado is one of the world’s biodiversity hotspots, comprising a mosaic of vegetation physiognomies. The
cerrado presents a high ant diversity, and ant genetic variation can be subjected to the influence of landscape features. Here,
we investigate how the composition and configuration of a cerrado reserve (4500 ha) in SE Brazil influence dispersal and
gene flow (through measures of genetic distance) in two abundant carpenter ants, Camponotus renggeri and C. rufipes.
Based on landscape genetics, we evaluated the degree of permeability of different land covers on the dispersal of ant queens,
males and workers, employing a genetic optimization algorithm framework. We found little genetic structure in C. renggeri,
regardless of caste. By contrast, we observed the formation of clear genetic clusters in C. rufipes, mainly for workers and
queens. For workers of both species, we found that genetic distance was not influenced by geographic distance or landscape
composition. For queens and males of C. renggeri, geographic distance was the most important factor explaining genetic
distance. For C. rufipes queens and males, however, the best model considered the effect of landscape resistance to gene
flow (i.e. the cost imposed by land use and cover types), with males dispersing through human-affected areas such as roads,
and queens through forested cerrado areas. Our results showed that cerrado landscape can differentially affect ant disper-
sal, even for closely related species, reinforcing the importance of using different castes and sexes in landscape genetics of
social insects. Our study also highlights that preservation of different vegetation physiognomies of cerrado is relevant for
ant dispersal performance.

Keywords Anthropogenic disturbance - Gene flow - Hymenoptera - Isolation by environment - Population genetics - Social
insects

Introduction

The cerrado savanna is the second largest biome in Brazil,
originally covering nearly 22% of the country’s surface
area (Oliveira and Marquis 2002). The so-called cer-
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the most diverse tropical savanna in the world (Colli et al.
2020), with a high endemism of plants (Myers et al. 2000).
Although invertebrates are poorly investigated compared
to vertebrates, the Neotropical cerrado hosts a large
amount of the butterfly, bee, and termite species (Myers
et al. 2000; Cavalcanti and Joly 2002). Only 8.3% of the
cerrado’s original territory is under protection—40% to
50% of its domain has been converted into croplands,
pastures, and forest plantations—and the lack of basic
biological and natural history records makes it difficult
to unveil species risk in cerrado areas (Colli et al. 2020).

Compared to other savannas, at large spatial scales, the
cerrado presents a high ant species diversity, with 38% more
ant species than Australian savannas (150 vs 93 species;
see Campos et al. 2011). Different factors contribute to the
dominance of ants on cerrado foliage. The proximal causes
include (i) many woody plants have hollowed out stems
whose galleries are frequently used as nest sites by arboreal
ant species, and (ii) a high occurrence of predictable liquid
food sources found in extrafloral nectaries and exudate-pro-
ducing insects (Oliveira and Leitao-Filho 1987; Oliveira and
Freitas 2004). Ultimately, the cerrado hosts many arboreal
ant species derived from tropical rainforests, given its loca-
tion between Amazonian and Atlantic rainforests, as well
as the historical expansion and retraction events in these
areas (see Campos et al. 2011). Moreover, the mosaic of
vegetation physiognomies and multilayer structure in cer-
rado woodlands leads to a high arboreal ant richness through
increased spatial heterogeneity (Ribas et al. 2003). Indeed,
structural environmental heterogeneity throughout the cer-
rado domain influences ant diversity. Different studies have
reported a high variation in richness, turnover, and compo-
sition of ant species across the range of vegetation types in
the cerrado (Marques and Del-Claro 2006; Andrade et al.
2007; Pacheco and Vasconcelos 2012; Silva et al. 2017). The
amount of grass and herbaceous strata affects ant diversity
in open grasslands, whereas tree richness and litter diversity
are the main determinants of ant diversity in the physiogno-
mies cerrado sensu stricto and cerraddo (Vasconcelos et al.
2019; De Queiroz et al. 2020).

Ant diversity has also been negatively affected by cerrado
conversion into agriculture, pastures, tree plantations (Neves
et al. 2012; Dalle Laste et al. 2019; De Queiroz et al. 2020;
Aguiar et al. 2022), urbanization (Pacheco and Vasconcelos
2007), and fragmentation (Branddo et al. 2011). Human-
driven changes in land use can also influence how ants
interact with other components of the biota. For instance,
pastures and tree plantations increase herbivore diversity and
abundance in ant-plant protective mutualisms (Neves et al.
2012), whereas habitat fragmentation may decrease seed dis-
persal by ants at fragment edges (Christianini and Oliveira
2013). Although these studies highlight the relevance of cer-
rado’s physiognomic mosaic for maintenance of ant species
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diversity, no ant study in cerrado has yet investigated the
most fundamental level of biodiversity, that is, the genetic
variation.

The higher the environmental complexity, the more prone
populations are to differentially explore the environmental
resources (Tews et al. 2004). Thus, environmental hetero-
geneity influences genetic diversity both by natural selec-
tion, with genotypes being favored by different microhabitat
conditions, and gene flow (Pamilo 1988; Vellend and Geber
2005). Gene flow plays a central role in structuring genetic
variation in heterogeneous environments (Niirnberger 2001).
Different methods have been used to measure population
gene flow, most of which consist of evaluating the spatial
distribution of neutral genetic markers (Niirnberger 2001). In
this context, landscape genetics offers a promising approach
to detect population genetic patterns and correlate them with
environmental heterogeneity, elucidating how much land-
scape attributes facilitate or prevent movement and, conse-
quently, gene flow of natural populations (Manel et al. 2003;
Cushman et al. 2013; Manel and Holderegger 2013).

Here, we investigate how the landscape mosaic of cer-
rado physiognomies in Southeast Brazil influence dispersal
and gene flow in two abundant carpenter ants, Camponotus
renggeri and C. rufipes. Specifically, we investigated (i) the
genetic structure and (ii) the influence of cerrado physiog-
nomies (cerrado sensu stricto, “cerradao” woodland) and
human altered areas in the gene flow of queens, males and
workers of both species. Our study contributes to the under-
standing of ant genetic patterns in the cerrado, providing
evidence for sex biased dispersal, and highlights the impor-
tance of considering different species, castes and sexes in
conservation biology of social insects, a group commonly
neglected in landscape genetic research.

The study species, natural history, and genetic
background

Camponotus renggeri and C. rufipes (Formicinae) are par-
ticularly relevant due to their abundance and ecological
interactions on the cerrado ground and on foliage (Fig. 1A).
Both species participate in mutualistic interactions with
hemipteran trophobionts and plants bearing extrafloral
nectaries, exhibiting aggressive behavior towards intrud-
ing organisms at their food sources, which often results in
increased plant protection and hemipteran survival (Oliveira
and Brandao 1991; Oliveira 1997; Del-Claro and Oliveira
2000). Camponotus renggeri is more frequently found in
“cerraddo”, nesting mainly in fallen dead trunks, while C.
rufipes nests are mostly found in open physiognomies and
may present a peculiar nest architecture made of dry straw;
colonies of both species may relocate their nests and exhibit
facultative polygyny (for more details, see Ronque et al.
2016, 2018). Non-related queens were found in C. renggeri
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Fig. 1 Ant species under study and sampling area. A Camponotus
renggeri (upper) and C. rufipes (lower) tending honeydew-producing
trophobionts (photographs by L. Mota). B Geographic distribution of
cerrado vegetation (in gray) and location of study area in SE Brazil.

polygynous colonies, with queens mating with a few males,
whereas in C. rufipes nestmate queens are closely related and
present high levels of polyandry (Azevedo-Silva et al. 2020).
In addition to contrasting ecological habits and natural his-
tory, the two species present distinct patterns of genetic
diversity: C. renggeri presents a weaker population genetic
structure compared to C. rufipes, which exhibits the forma-
tion of genetic clusters (Ronque et al. 2016). Previous work
showed that such patterns of genetic diversity organization
are not related to breeding system: although C. renggeri
and C. rufipes present different reproductive strategies, the
level of genetic diversity within colonies is indistinguishable
(Azevedo-Silva et al. 2020). As such, landscape genetics is
a useful approach to evaluate potential determinants of gene
flow between the two species.

Materials and methods
Data collection

The genetic data used in this study result from our work
on Camponotus renggeri and C. rufipes breeding systems,

e Camponotus rufipes nests

C cerrado reserve at Mogi-Guagu (gray area) showing the distribution
of C. renggeri and C. rufipes nests in the (sampling area indicated by
the square), and D Sampling area mapped for four land use and cover
types, showing the location of Camponotus nests

based on the analyses of microsatellite molecular markers
(Azevedo-Silva et al. 2020). In December 2014 and Febru-
ary 2015, colonies of C. renggeri and C. rufipes were sam-
pled in a cerrado reserve near Mogi-Guacgu (22° 18’ S, 47°
11" W), Sao Paulo state, Southeast Brazil (Fig. 1B, C). The
reserve occupies an area of 4500 ha and presents differ-
ent physiognomies that vary from cerrado sensu stricto to
“cerraddo” woodland. cerrado patches are also permeated
by areas occupied by Pinus and Eucalyptus plantations.
The reserve is surrounded by an extensive agriculture
matrix and has numerous trails and roads (Giudice-Neto
et al. 2010). Ant nests were searched for nearly 60 h based
on their typical architectures, as previously described by
Ronque et al. (2016, 2018). In all, 22 colonies of C. reng-
geri and 35 of C. rufipes were collected. Colonies were
at least 100 m apart from one another and assessment of
genetic differentiation between them a posteriori ensured
the distinctiveness of sampled nests (Azevedo-Silva et al.
2020). The geographic coordinates of tagged nests were
recorded. Nine to 22 workers per colony of each species
were genotyped using different sets of 17 highly poly-
morphic microsatellite loci developed by Azevedo-Silva
et al. (2015). Parental genotypes (queens and males) were
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reconstructed based on workers’ genotypes using a full
likelihood method implemented in the program COLONY
v2.0 (Jones and Wang 2010). Further details of data col-
lection are given in Azevedo-Silva et al. (2020).

In the current work we use all previously collected data
of C. renggeri (Azevedo-Silva et al. 2020). However, a
subset of C. rufipes data was selected to assure that the
same landscape extension was used for both species, and to
optimize computational demands performance (Fig. 1C).
Seven nests of our original survey of C. rufipes (Azevedo-
Silva et al. 2020) were then excluded because they were
located away from the area selected for landscape genetics
analyses in the current study. Thus, our dataset included
a total of 389 workers, 51 queens and 72 males (from 22
nests) of C. renggeri, and 537 workers, 48 queens and 105
males (from 28 nests) of C. rufipes.

Population genetic analyses

To estimate pairwise genetic distances between workers
(from different nests), and between individual queens
and males (within and between nests), we calculated the
proportion of shared alleles (Dps) using the package ade-
genet v2.1.10 (Jombart 2008) in the software R v4.2.2 (R
Core Team 2022). This method is considered appropri-
ate for inferring genetic distance at both the individual
(i.e. queens and males) and population levels (i.e. workers
in nests; see Murphy et al. 2016). Estimates were trans-
formed into a dissimilarity index by making 1-Dps (used
in landscape genetic analysis—see below). To compare the
performance of 1-Dps with other metrics, we conducted
correlation tests between 1-Dps and other genetic distance
estimates (Kosman, Bray—Curtis, Euclidean, Loiselle, and
Ritland) for workers, queens and males using the R pack-
age corrplot v0.92 (Wei and Simko 2021; Fig. S1). Pear-
son correlation tests revealed that 1-Dps was significantly
correlated (p <0.05) to other estimates of genetic differ-
entiation for workers and reproductives of both species
(correlation coefficients are shown in Fig. S1). We thus
maintained 1-Dps as the metric of genetic differentiation
in landscape genetics analyses.

Because we aimed to evaluate the genetic structure
(i.e. the number of distinct clusters and membership of
individuals to the genetic clusters) for each ant species,
we used Discriminant Analysis of Principal Components
(DAPC; Jombart et al. 2010) implemented in the R pack-
age adegenet v2.1.10 (Jombart 2008). We used nests as a
priori groups and determined the optimal number of PCs
based on a-score. This method is employed to deal with the
trade-off between power of discrimination and over-fitting
of using multiple PCs (i.e. the proportion of successful
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reassignment corrected for the number of retained PCs;
see Jombart et al. 2010).

Landscape genetics analyses

Ecological and evolutionary processes, including within-
species genetic variation over space and time, are largely
influenced by environmental features that may be assessed
with geographic information system (GIS) tools (Kozak
et al. 2008). Thus, to quantify the influence of landscape
features on Camponotus renggeri and C. rufipes genetic
structure, we mapped the study area using high resolution
images in the software ArcGIS 10.3.1 (ESRI, Redlands, CA,
USA) at a scale of 1:5000 and with World Geodetic System
84 (WGS84) datum. We classified the study area into four
land use and cover categories (see Fig. 1D): (i) woodland
areas of cerrado with trees forming a closed canopy (“cer-
radao”); (ii) scrub of trees and shrubs with scarce vegetation
cover (cerrado sensu stricto); (iii) areas with tree plantations
(Pinus, Eucalyptus); and (iv) human-altered areas (housing,
trails, paved and unpaved roads).

We adopted a link-based landscape genetic analysis
(sensu Wagner and Fortin 2013), whose focus relies on
relating genetic distance between individuals (or demes)
with environmental distance (Wagner and Fortin 2013).
Consequently, the link-based analysis can be used to
evaluate how gene flow is likely to occur between patches
according to spatial features interposing them (Wagner and
Fortin 2013). The landscape can be represented by a resist-
ance surface, that is, a spatial layer whose value at each
grid cell designates the cost to movement or gene flow
(Spear et al. 2010); the higher the value, the higher the
landscape resistance to flow. We evaluated the degree of
permeability of the different land use and covers on disper-
sal of workers and reproductives of Camponotus renggeri
and C. rufipes. Because we have no previous information
about the cost imposed by different environmental condi-
tions on Camponotus spp. dispersal, we used a genetic
optimization algorithm framework implemented in the R
package ResistanceGA v4.0-14 (Peterman 2018) that con-
ducts the surface parametrization iteratively. This method
is widely used in landscape genetics because it requires
no a priori assumption about resistance surface values
(Peterman 2018). Therefore, we were able to determine
the resistance surface values that optimize the statistical
relationship between 1-Dps pairwise genetic distances
(response) and cost-distances (predictor) for the two Cam-
ponotus species. We used random-walk commute time to
estimate the effective distances. Statistical relationships
were assessed through linear mixed effects models, with
maximum likelihood population effects parameterization
(MPLE; Clarke et al. 2002), which accounts for the non-
independence of pairwise genetic data. We also contrasted
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the land use models with an isolation by distance model
(IBD) that only considers the geographic distance as pre-
dictor, and a null model to represent the absence of geo-
graphic distance and landscape effects on genetic struc-
ture. MLPE model performance was examined through the
Akaike Information Criterion, corrected for small sample
sizes (AICc). Models were ranked according to the differ-
ence between each model and best model (AAICc). Mod-
els with AAICc <2 were considered the most plausible
among candidates (Zuur et al. 2009). Marginal R* (R*m,
proportion of variance explained by the fixed factor) and
conditional R? (R2c, proportion of variance explained by
both fixed and random factors) were also estimated for
each model. Because ResistanceGA is based on a sto-
chastic optimization routine, it is important to evaluate if

Fig.2 Genetic structure of
workers, queens, and males of

Camponotus renggeri

parameters converge by rerunning the algorithm (Peterman
2018). Therefore, to assess the consistency of the results
for each caste and sex, we performed five independent
runs of ResistanceGA, with resolution of 25 m. Mean and
standard deviation were calculated for the five independent
runs for all model statistics.

Results

For Camponotus renggeri, the optimal number of PCs
retained in DAPC analyses were 7, 10, and 8 for workers,
queens and males, respectively (Fig. S2). We thus found
little genetic structure for C. renggeri workers and repro-
ductives in DAPC analyses (Fig. 2A, C, E), although some

Camponotus rufipes
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genetic clusters can be observed for C. renggeri workers. For
C. renggeri queens and males, genotypes were less differ-
entiated and the genetic variation was more homogeneously
distributed throughout the studied area (see also heatmaps of
pairwise genetic distance in Fig. S3A, C, E). Contrastingly,
in C. rufipes, DAPC analyses retained the optimal number
of PCs equal to 5 for workers, 4 for queens, and 6 for males
(Fig. S2). Even using nests as a priori groups, we found a
clear formation of three genetic groups when considering C.
rufipes worker genotypes (Fig. 2B). A similar pattern was
found for queens (Fig. 2D), but was not clearly observed for
males (Fig. 2F). These results revealed some individuals to
be more genetically differentiated than others for C. rufipes,
with clear formation of genetic clusters (see also heatmaps
of pairwise genetic distance in Fig. S3B, D, F).

Landscape genetics analyses compared three competing
models (land use, isolation by distance, and null model)
to explain the genetic differentiation for species’ castes
and sexes (Table 1). The top ranked model sheds light on
which tested predictor best explains gene flow and ant dis-
persal. Landscape genetic analysis of the worker caste for
C. renggeri and C. rufipes revealed that the null model was
better ranked than the IBD and land use models, indicating
that neither geographic distance nor landscape composi-
tion have effect on ant dispersal in the cerrado (Table 1).

Table 1 Model selection for linear mixed effects models of landscape
(i.e. the optimized resistance surface including all land uses) and
geography on pairwise genetic distances of castes and sexes of Cam-

For C. renggeri queens and males, the model including
geographic distance was the best one, although R*m for
both models were close to zero, indicating that geo-
graphic distance explains little of the variation (Table 1).
Contrastingly, for C. rufipes queens and males, the land
use models were top ranked, indicating that landscape
composition and configuration are important predictors
of genetic differentiation in the reproductive caste of C.
rufipes (Table 1).

These results revealed that land use is affecting the dis-
persal of C. rufipes queens and males. Therefore, we evalu-
ated the optimized resistance surface values only for this
species. Low resistance values indicate high probability of
gene flow (i.e., dispersal) across land use or cover type. The
optimized resistance surface for C. rufipes males based on
the best land use and cover model indicated that the most
permeable land use type is the human-affected category,
with resistance value of 1 (urbanized area and trails, paved
and unpaved roads; Table 2). On the other hand, for C.
rufipes queens, “cerradao” woodland presented the lowest
resistance value (equal to 1; Table 2), suggesting this land
cover is the most suitable for dispersal by C. rufipes queens.
The findings were consistent across all five runs of Resist-
anceGA (Table 2), suggesting that this number of runs was
enough to unveil dispersal patterns in each caste and sex of

ponotus renggeri and C. rufipes. Mean + standard deviation are shown
for the five runs of ResistanceGA for all castes and sexes (workers,
queens and males) of C. renggeri and C. rufipes

Species Caste Model k  AlCc AAICc R’m R
Camponotus renggeri Workers Null 1 —758.75+0 0+0 0+0 0.52+0
Geographic distance 2 —756.32+0 242+0 0+0 0.52+0
Land cover 5 —748.61 +0.042 10.14+0.042 0.06+0.002 0.54+0.001
Queens Null 1 —3372.68+0 8.69+0 0+0 0.26+0
Geographic distance 2 —3381.37+0 0+0 0.01+0 0.27+0
Land cover 5 —3370.19+0.321 11.18+0.321 0.04 +0.003 0.32+0.004
Males Null 1 —4662.53+0 36.31+0 0+0 0.18+0
Geographic distance 2 —4698.85+0 0+0 0.01+0 0.19+0
Land cover 5 —4685.61+0.108 13.24+0.108 0.05+£0.002 0.23£0.002
Camponotus rufipes Workers Null 1 —-630.8+0 0+0 0+0 0.27+0
Geographic distance 2 —628.58+0 2.22+0 0+0 0.27+0
Land cover 5 —628.12+0.039 2.67+0.039 0.13+0 0.31+0
Queens Null 1 —1744.28+0 168.12+0.022 0+0 0.23+0
Geographic distance 2 —1819.69+0 92.7+0.022 0.07+0 0.29+0
Land cover 5 —1912.39 + 0.022 0+0 0.34+0 0.53+0.001
Males Null 1 —9203.86+0 4242 +0.655 0+0 0.15+0
Geographic distance 2 —9421.28+0 206.78 +£0.655 0.04+0 0.19+0
Land cover 5 —9628.06 + 0.655 0+0 0.15+0.001 0.28+0.001

The best model among candidates is highlighted in bold. Commute Distance algorithm was used for optimizing resistance values

For data of each ResistanceGA run, please see Table S1

Knumber of estimated parameters in each model; A/Cc Akaike Information Criteria corrected for small samples; AAICcdifference between
Akaike Information Criteria corrected for small samples between each model and the best model; R*m marginal r-square; R’c conditional r-square
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Table 2 Landscape resistance

: : Caste Run Estimate SE t Woodland ~ Open cer- Tree plantations Human-
values e§t1mated in each of (“cerraddo”) rado vegeta- affected
the five independent runs of tion areas
ResistanceGA for Camponotus
rufipes queens and males Queens 1 0.0822  0.0059 13.9628 1 862.3801 789.6606 2499.089

2 0.0824  0.0059 13.9661 1 848.4017 800.9681 2455.811

3 0.0825 0.0059 13.9650 1 907.2689 856.9074 2494.792

4 0.0824  0.0059 13.9656 1 876.5276 819.1913 2487.733

5 0.0826  0.0059 139704 1 860.9106 824.5047 2496.762
Males 1 0.0452  0.0021 21.2136 85.30296 147,636.8 124,093.7 1

2 0.0454  0.0021 21.2421 42.14621 103,509.9 86,194.81 1

3 0.0450  0.0021 21.2023 8.581545 16,542.63 14,466.53 1

4 0.0455 0.0021 21.2335 37.25611 83,907.4 67,125.51 1

5 0.0451 0.0021 21.2094 5.71639%4 12,453.38 10,763.48 1

Estimate, standard error (SE), and t-value (t) for each model is also shown. Low resistance values indicate
high probability of gene flow (i.e., dispersal) across land use or cover type

Camponotus renggeri and C. rufipes. Detailed model per-
formance for each run of ResistanceGA for ant castes and
species can be found in Table S1.

Discussion

By comparing the effect of landscape composition and con-
figuration of cerrado on gene flow of the two carpenter ant
species, we found that genetic diversity is little structured in
Camponotus renggeri. Although we detected the formation
of some genetic groups for workers of C. renggeri, no clear
formation of genetic clusters was observed for queens and
males. In this species, geographic distance is the main, albeit
weak, factor influencing the dispersal of the reproductive
caste. Contrastingly, we observed the formation of genetic
clusters in C. rufipes, mainly for workers and queens. In this
species, gene flow was influenced by land use and cover,
with queens dispersing through the “cerraddo” woodland,
whereas males are more prone to disperse through human-
modified areas. For both species, worker dispersal was not
influenced by geographic distance or land cover.

The absence of effects of landscape composition and geo-
graphic distance on worker genetic distance is not surpris-
ing, given that workers are not the truly dispersing caste
(reproductive alates are; Holldobler and Wilson 1990). Nest
relocation (i.e. the changing in nest location) promoted by
workers is found throughout ant phylogeny (McGlynn 2012)
and has been reported for C. renggeri and C. rufipes (Ron-
que et al. 2016, 2018). In general, small-scale nest move-
ment and relocation is not considered dispersal. However,
frequent nest relocation over extended time periods may lead
to long distance dispersal, and therefore has the potential
to influence genetic distribution (Hakala et al. 2019). This
process does not seem to influence genetic dissimilarity
between nests in C. renggeri and C. rufipes, probably due

to the high extension of our sampling site and the small
foraging areas reported for these ants in the same cerrado
area (up to 4 m? for C. renggeri and 9.8 m? for C. rufipes;
Ronque et al. 2018). Thus, nearby factors should be more
important as mediators of forager movement and nest relo-
cation than large-scale landscape and geographic distance.
Workers typically search for resources in the vicinity of the
nest (Peeters and Ito 2015). Conversely, nest relocation may
occur in response to nearby resource availability, competi-
tion for food, physical damages to the nest, microclimate
changes, environmental disturbance, site quality, seasonality,
and predation evasion (Smallwood and Culver 1979; Small-
wood 1982; Holldobler and Wilson 1990; Leal and Oliveira
1995; Dornhaus et al. 2004; Heller et al. 2006; McGlynn
2012; Hakala et al. 2019).

We recorded patterns of genetic variation similar to the
ones previously reported by Ronque et al. (2016), that is,
weak genetic structure for C. renggeri and a strong genetic
subdivision for C. rufipes. Azevedo-Silva et al. (2020) fur-
ther showed that C. renggeri and C. rufipes presented indis-
tinguishable amount of genetic diversity within the colony.
However, as shown in the current study, this similarity is
not maintained at the population level. The genetic struc-
ture among the nests of C. rufipes is consistent with the
occurrence of closely related queens in polygynous colonies
(Azevedo-Silva et al. 2020). Interestingly, here we showed
that these discrepancies likely originated from differences in
dispersal strategies between species. It is known that genetic
structure and gene flow in ants are mainly influenced by the
dispersal of reproductive individuals (queens and males),
and limitations in this process may lead to spatial genetic dif-
ferentiation (Suarez et al. 2010; Pamilo et al. 2016). Indeed,
intrinsic and extrinsic factors may influence gene flow in
ants, such as mode of dispersal, nutrition of reproductives,
colony structure, competition, and predation (Shigesada and
Kawasaki 1997).
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In most ant species, dispersal is mediated by flight, the
shortest phase of the ant life cycle during which reproduc-
tives mate, disperse, locate a nest site, and face mortality
risks (Holldobler and Wilson 1990). Intrinsically, queen
dispersal is influenced by a trade-off between founding and
flight ability, mediated by abdomen investment (Helms and
Kaspari 2014; Helms 2018). Although, the flight muscles
in the thorax are used as resources in the founding phase
(Holldobler and Wilson 1990), it is also known that queens
with heavier abdomens present higher energy reserves for
offspring production (Helms and Kaspari 2014; Helms
2018). In turn, such heavier abdomens negatively impact
their flight, their ability to mate, to disperse through long-
distances, to avoid predators, and to find suitable nest sites
(Helms and Kaspari 2014; Helms 2018). Additionally, in
some ant species, queen movement may depend on work-
ers through a process known as assisted dispersal, in which
workers carry their female sexual sisters over several meters
to promote outbreeding with unrelated males (e.g. Vidal
and Heinze 2022). Extrinsically, long-distance dispersal is
regarded as a product of other ecological pressures, such as
habitat quality, which impacts dispersal by influencing the
amount and quality of virgin queens and males produced
by the colony (e.g. Cremer and Heinze 2003; Clobert et al.
2009; Lowe and McPeek 2014). Considering intrinsic and
extrinsic factors is therefore crucial to unveil effective dis-
persal in ants.

We found that geographic distance weakly influences the
dispersal of C. renggeri queens and males, suggesting that
intrinsic and extrinsic factors beyond landscape composition
may prevent reproductives to disperse farther. For instance,
in the studied area C. renggeri presents fewer nest types
compared to C. rufipes, using mainly dead trunks for nesting
(Ronque et al. 2016). This could limit C. renggeri queens,
which would restrict their dispersal distances to suitable sites
with available trunks for nesting. Contrastingly, we found
no evidence of dispersal limitation by geographic distance
for C. rufipes, suggesting that this species is more capable
of long-distance dispersal. In this scenario, landscape con-
nectivity and habitat quality are crucial for dispersal suc-
cess (Hanski 1999; Fahrig 2001). For C. rufipes males, we
found that the landscape with the lowest resistance value
was the human-affected category (urbanized area and trails,
paved and unpaved roads). Indeed, roads may be used as
corridors for movement and dispersal increasing gene flow
over long distances for some animal species (Balkenhol and
Waits 2009).

Male ants are generally associated with reproduction and
allocate their resources only to mating and dispersal, making
them the sex that disperses the most (Hakala et al. 2019).
Male dispersal can be particularly important for C. rufipes.
Since queens in this species present strong genetic struc-
ture, males play an important role shaping its gene flow, as
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shown for other ant species (e.g. Berman et al. 2016). The
importance of males in bringing new alleles to colonies of
C. rufipes has previously been suggested by Azevedo-Silva
et al. (2020), and the results from the current study reinforce
this idea.

For C. rufipes queens, we found that areas of “cerradao”
woodland presented the lowest resistance value, suggesting
that queens tend to disperse through forested areas. Indeed,
studies on landscape genetics with ants have reported that
these social insects are especially affected by landscape use.
For instance, in two distinct environments (Costa Rica and
Panama), Pérez-Espona et al. (2012) and Soares et al. (2014)
showed the inability of Eciton burchellii (Ecitoninae) ants
to disperse in deforested areas. Additionally, climatic con-
ditions were also found to influence ant dispersal in Atta
cephalotes (Mufioz-Valencia et al. 2022), affecting repro-
ductive flights in many tropical ants (Donoso et al. 2022).
Thus, open vegetation physiognomies in the cerrado land-
scape (natural and/or human-altered) may represent a barrier
for queens of C. rufipes.

Our results showed that landscape composition can dif-
ferentially affect gene flow in C. renggeri and C. rufipes,
reinforcing the fact that environmental traits away from the
nest vicinity influence dispersal (Hanski 1999; Fahrig 2001).
This can be particularly relevant for population and com-
munity dynamics since dispersal alters population viscosity
and allows colonization of new habitats (Van Valen 1971;
Suarez et al. 2010; Pamilo et al. 2016). Previous studies have
reported the impact of changes in vegetation structure on ant
species diversity in cerrado (e.g. Dalle Laste et al. 2019; De
Queiroz et al. 2020). Our findings with C. rufipes suggest
that suppression of areas covered with cerrado vegetation
would likely decrease gene flow and, consequently, increase
genetic differentiation of populations of this carpenter ant.
Such changes could potentially impact the ant-based ecolog-
ical services and negatively affect other components of the
flora and fauna, such as the plants with which ants maintain
mutualistic interactions (Oliveira and Freitas 2004; Oliveira
et al. 2017).

The current study deals with one of the biggest gaps in
ant biology, namely dispersal behavior, which is crucial for
ant conservation, especially in ecosystems facing strong
human impacts such as the cerrado savanna (Cavalcanti and
Joly 2002; Colli et al. 2020). We highlight the usefulness of
landscape genetics to evaluate dispersal performance in ants,
mainly reproductive individuals, an admittedly difficult pro-
cess to document in the field (Hakala et al. 2019). Our work
is a step further in the understanding of landscape effects
on ant dispersal in the Neotropics. We show that outcomes
from vegetation heterogeneity on ant dispersal performance
may vary even between closely related species, highlight-
ing the importance of a species-specific approach, espe-
cially if results are to be used in programs of environmental
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management (Storfer et al. 2010). Moreover, the effects of
landscape on genetic distance in alates were not detected
in the workers caste. Although worker genotypes resulted
from queen and male genotypes (both in C. renggeri and C.
rufipes), reproduction between unrelated queens and males
may cause genotype admixture in workers (Azevedo-Silva
et al. 2020). These results highlight the relevance of using
different castes when studying ant dispersal, given that work-
ers and reproductives can respond differently to landscape
composition. Finally, our study adds to the current knowl-
edge on landscape genetics of invertebrates in the tropics,
enhancing that the conservation of the Brazilian cerrado
savanna is crucial for the continuity of microevolutionary
processes, gene flow in particular, which help to maintain
viable ant populations.
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