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Abstract
Understanding how communities respond to anthropogenic disturbance is considered a 
stepping-stone to support decision-making by environmental managers and restoration 
ecology. In endangered biodiverse regions, such as the Neotropics, ecological indicators are 
particularly useful, by enlighten possible diversity trends and functional shifts. Our objec-
tives were to deepen our understanding on the soil ant assemblages/habitat relationships in 
the Brazilian Amazon, particularly relevant for a data-deficient and fast changing region, 
and evaluate if regional ant assemblages, collected within a gradient of disturbance, could 
fulfill the surrogate role. A sampling effort of 630 pitfall traps and litter collection were 
used for monitoring ant communities within the gradient of habitats considered. Sequential 
reductions in ant richness, abundance and simplification of assemblage compositions were 
detected along the disturbance gradient comprising pristine forests, secondary forests, agri-
culture and pastures. Additionally, indicator species identified could be used to assess the 
disturbance level but also to guide restoration efforts in this region. Finally, even though 
late secondary forests displayed diverse assemblages, old-growth/pristine forests support 
distinct communities, highlighting its critical contribution for the conservation of ants.
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Introduction

The Brazilian Amazon is considered a biodiversity hotspot, as it is one of the largest and 
most important tropical forests in the world, providing a range of ecosystem services across 
local, regional, and global scales (Garrett et al. 2017; Cajaiba et al. 2018a). However, the 
demand for food, energy, and raw materials (Laurance et  al. 2014; Dou et  al. 2018) has 
driven increased logging and conversion of forests to agriculture and pastures, causing 
massive landscape changes in recent decades (Gibbs et al. 2016). Global concerns regard-
ing environmental and ecological issues aroused, such as loss of biodiversity, increased 
greenhouse gas emissions, climate change, and the supply of water, closely linked with 
the trees’ metabolism (Hoff et al. 2018; Roitman et al. 2017; Sales et al. 2020), threaten-
ing wellbeing and socio-economy (Pecl et al. 2017). Despite the increasing research high-
lighting the significance of this regions’ biodiversity and ecosystem services provided (e.g. 
Ometto et  al. 2011; Campbell et  al. 2018), the quantification of the impacts of ongoing 
landscape changes is far from being understood (Dohm et  al. 2011; Ometto et  al. 2011; 
Spiller et al. 2018).

Invertebrates, namely arthropods, are particularly suited to quantify anthropogenic 
effects on ecosystems, since their population dynamics and mobility allow them to quickly 
respond to changing environmental conditions (Gerlach et  al. 2013; Diame et  al. 2015; 
Buchori et  al. 2018). Ants are predominant arthropods in most ecosystems, performing 
significant ecological functions within diverse trophic levels (as predators, herbivores, and 
scavengers) (Wilson and Hölldobler 2005; Baccaro et al. 2012; Pfeiffer et al. 2013). Also, 
their contribution to the physicochemical properties of the soil, nutrient cycling, water 
drainage, soil aeration, seed dispersion and pollination have been underlined by several 
authors (Bruna et  al. 2011; Belém et  al. 2020). Moreover, diversity and abundance evi-
dences its functional dominance in most terrestrial ecosystems (Bharti et  al. 2016). For 
instance, in the Brazilian Amazon, the biomass of ants can reach four times the combined 
biomass of all vertebrates (Wilson and Hölldoble 2005). Soil dwelling ant species are eas-
ily sampled using standard methodologies (e.g. pitfall traps) (Delabie et al. 2009) and con-
sidered highly responsive to environmental change, usually by an assemblage offset (Bac-
caro et al. 2013; Buchori et al. 2018). In fact, works in other regions depict responses to 
disturbance by ant communities, for instance significant loss of ant diversity in regrowth 
forests when compared with mature forests (Silva et al. 2007), time-lags in the recovery of 
assemblages after ecosystem restoration (Dunn 2004) and an increase of dominant invasive 
species suppressing natives in forest fragments (Achury et al. 2021).

In the Brazilian Amazon, some publications have shown the interest on using ants as 
ecological indicators of landscape changes. Anyway, there is a gap in data and evidence 
concerning ant communities’ sensitivity to ongoing land use and management changes in 
the Amazon region, fundamental to support their use as proxies of specific disturbances 
and ecosystems’ recovery status (e.g. Solar et al. 2016; Santos et al. 2021; Souza and Fer-
nandes 2021). Our objectives were to deepen our understanding on the soil ant assem-
blages/habitat relationships in the Brazilian Amazon, particularly relevant for a data-defi-
cient and fast changing region, and evaluate if regional ant assemblages, collected within 
a gradient of disturbance, could fulfill this surrogate role. The following hypotheses were 
tested: (i) disturbed habitats harbor less diverse communities than more pristine ones, (ii) 
disturbance is perceived by increased turnover and nestdness patterns, (iii) habitats’ distur-
bance/restoration is detectable using indicators species, i.e. associated with a single land 
use.
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Materials and methods

Study area and habitats selection

The study was conducted in the Brazilian Amazon, municipality of Uruará, state of Pará, 
Brazil (Fig. S1, Supplementary Material). Old-growth/primary rainforest stands-out as the 
dominant land use, while deforested areas mark the landscape near the main roads (e.g. 
Transamazonica) and in the south-central region of the municipality (Cajaiba et al. 2018b). 
Deforested areas are linked with urban development, extensive livestock production, cocoa 
farming, and small landowners mixed crops (short-rotational cycle agriculture) (Da Silva 
et  al. 2018). The climate is characterized as hot-humid (Köppen classification), with an 
average annual temperature and precipitation of 26  °C and 2000 mm, respectively (Peel 
et al. 2007).

Dominant land uses (for here on referred as “habitats”) present in the region were cho-
sen and classified as (from remote sensing, interviews with local residents, and on-site 
visits) (Da Silva et al. 2018): (i) Primary Forest (PF), little or no disturbance for at least 
80 years; (ii) Secondary Forest (SF), 15 years of recovery from anthropogenic disturbance; 
(iii) Incipient forest (IF), 5 years of recovery from anthropogenic disturbance; (iv) Agri-
culture (AG), cocoa plantations (Theobroma cacao), and (v) Pastures (PA), extensive live-
stock pastures.

Ant sampling

Sampling was carried out in 2015, during the rainy season (February/March), the inter-
mediate season (June) and the dry season (September/October), to encompass possible 
effects of varying environmental variables on ant communities. Individuals were capture 
using pitfall traps with 26 cm diameter and 13 cm deep, containing approximately 350 ml 
of solution (water, coarse salt for preserving dead animals, and neutral detergent to break 
the surface tension of the water) and covered by a suspended roof to prevent rainwater 
from entering. Two independent sites per habitat were sampled, located with a minimum 
distance of 24 km from each other. Seven random points in each study site, with a mini-
mum distance of 150 m from each other and a minimum distance of 150 m from the edge 
were selected (Lacasella et al. 2015). Three traps were installed by point, 10 m apart—two 
baited (sardines and bananas) and one non-baited. Traps were installed for 48 h, with the 
protocol being repeated for all habitats, sites and periods of collection, totaling a sampling 
effort of 630 traps (see Table S1, Supplementary Material, for details).

Litter sampling, considering litter the layer of leaves and debris that can be easily 
removed from the more compact soil (Ivanov and Keiper 2009; Da Silva et al. 2018), was 
applied to complemented pitfalls: 10 random areas of 1  m2 (1 × 1 m—total of 300 areas, 
see Table S2 Supplementary Material), with a minimum distance of 100 m between them, 
were selected by habitat, site and sampling period. Scrapping gently with a metal spat-
ula the litter and the topsoil was essential so that most ants in the samples were captured 
(Nakamura et al. 2007; Cajaiba et al. 2017b). Each soil and litter sample were placed in a 
tightly closed tissue bag and kept in an insulated box, screened in the laboratory for ants 
within the leaves, branches, and soil.

Ants were preserved in 70% ethanol solution and identified until the species level 
(whenever possible), according to reference bibliography (Bolton 1994; Palácio and 
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Fernández 2003; Baccaro et al. 2015): in cases considered dubious or with incomplete ref-
erenced information, individuals where classified as morphospecies (Swart et  al. 2018). 
Even though not relevant for taxonomic studies, morphospecies have an added value for 
conservation, environmental impact assessment and for comparing regional patterns diver-
sity in biodiverse regions (e.g., Derraik et al. 2002). Collected specimens were deposited at 
the Laboratory of Ecology and Conservation, Federal Institute of Education, Science and 
Technology of Maranhão in Brazil.

Environmental variables monitoring

Fifteen environmental variables with potential influence on ant communities and ecosystem 
functioning were monitored within the sampled habitats (Cajaiba et al. 2017a): temperature 
(T), humidity (H), precipitation (P), circumference at breast height (CBH), circumference 
at ankle height (CAH), canopy cover (CC), richness of plants (RP), abundance of plants 
(AP), tree density (TD), richness of shrubs (RS), abundance of shrubs (AS), percentage of 
exposed soil (PES), percentage of green (vegetation) cover (GC), percentages of leaf litter 
cover (LLC), height of leaf litter (HLL). Information concerning the methods associated 
with each variable and the correlation between environmental variables and habitats are 
depicted in Tables S3, S4 (Supplementary materials).

Statistical analysis

Species rarefaction curves were plotted using the presence-absence data matrices using 
EstimateS 9.1.0 software (Colwell 2013). In order to standardize the comparisons between 
habitats and to estimate sampling completeness, curves and the Chao2 non-paramet-
ric estimator of total species richness were calculated (Colwell et  al. 2004). In order to 
discriminate richness and abundance between ecosystems, Generalized Linear Models 
(GLzMs) with a Poisson distribution for richness and gaussian for abundance, were fit-
ted. The response variables were the richness and abundance and the explanatory variables 
were the different habitats. Subsequently, pairwise contrast analyses using the Tukey test 
were performed to detect possible differences among habitats (Crawley 2010). In order to 
homogenize the variances and normalize the residues the abundance was transformed by 
log(x + 1).

The taxonomic composition of ant communities across habitats was compared using 
Permutational Multivariate Analysis of Variance (PERMANOVA). To inspect particular 
differences, two axes Non-Metric Multidimensional Scaling (NMDS) was applied, consid-
ering the low degree of stress (0.21). To reduce possible biases in the NMDS, least cor-
related environmental variables were selected (Spearman’s rho < 0.75) (Graham 2003): 
temperature (T), humidity (H), canopy cover (CC), percentage of exposed soil (PES), 
LLC percentages of leaf litter cover (LLC), tree density (TD), richness of shrubs (RS) and 
adjusted to the corresponding NMDS axes. Bray–Curtis similarity index was used within 
PERMANOVA and NMDS, with 999 permutations (Clarke and Warwick 2001).

We used Beta diversity analysis to verify the dissimilarity between habitats (Baselga 
2010). Pairwise dissimilarity index (βsør), ranging from 0 (associations of identical spe-
cies) to 1 (associations of different species), was partitioned in two summing components, 
turnover (βsim) and nestedness (βnes) (Baselga 2010). The use of this approach enables 
testing (i) differences in the total dissimilarity values (βsor), but also (ii) the relative contri-
bution of species replacement (βsim) and species erosion (βnes).
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Single-value indicator analysis (IndVal) (Dufrêne and Legendre 1997) with 9999 per-
mutations was used to detect possible indicator species, by combining the specificity (rela-
tive abundance patterns) of a species in a given habitat with its fidelity within that habitat 
(patterns of incidence). Species with high specificity and high fidelity within a habitat are 
considered to have the highest indicator value (IndVal > 25%, Dufrêne and Legendre 1997).

Envfit function (Oksanen et al. 2007) of the vegan package (Oksanen et al. 2013), Beta.
pair function of the betapart package (Baselga et al. 2017) and indicspecies 1.7.5 package 
(De Cáceres and Jansen 2015) within program R 3.2.4 (Core Team 2016) were used in our 
statistical analysis.

Results

General results and diversity comparisons

Species-accumulation curves per habitat approximate asymptotes, indicating a satisfactory 
sampling effort (Fig. 1). These data suggest that the number of ant species sampled is close 
to the total number of species in each type of habitat.

A total of 9727 individuals from 131 species, 31 genera and 8 subfamilies were captured 
(Supplementary Material, Table S4). Myrmicinae (66 species and 13 genera) and Poneri-
nae (25 species and 7 genera) were the diverse subfamilies. On the other hand, the genus 
Pheidole (15 species and 2,872 individuals), Camponotus (12 species and 1016 individu-
als), Solenopsis (10 species and 1128 individuals) and Pachycondyla (6 species and 1038 
individuals) attained the highest abundances. Conversely, 48 species (36.64%) included 
less than ten individuals, and 37 species (28.25%) less than five individuals (Supplemen-
tary Material, Table S4). PF were associated with outstanding richness and abundance (105 

Fig. 1  Ant rarefaction species-accumulation curves for the studied habitats. Central lines represent occur-
rence-based rarefaction curves and their 95% confidence intervals. PF—little or no disturbance for at least 
80 years, (ii) SF—15 years of recovery from anthropogenic disturbance, (iii) IF—5 years of recovery from 
anthropogenic disturbance, (iv) AG—cocoa plantations (T. cacao), and (v) PA—extensive livestock pas-
tures
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species and 3643 individuals), followed by SF (82 species and 2018 individuals), contrast-
ing with PA (61 species, 1308 individuals) (Table S4, supplementary material).

Statistical significant differences were detected for habitats’ richness and abundance 
(GLzM, F = 14.49, p < 0.001 and F = 49.13, p < 0.001, respectively). PF attained signifi-
cantly higher richness and abundance than all other habitats (Fig. 2A). SF presented also 
significantly higher richness and abundance when compared IF, AG and PA (Fig. 2B). On 
the other hand, IF, AG and PA depicted equivalent richness and abundance, significantly 
lower than PF and SF (Fig. 2A, B) (see supplementary material, Table S5, for details of the 
associated differences and Tukey post-hoc values).

Taxonomic composition

Of the 131 species collected, 45 (34.35%) were shared among all habitats, while 36 
(27.50%) were exclusive of specific habitats. The largest number of exclusive species were 
captured in PF (17), followed by SF (7 species). Complementary, the largest species’ shar-
ing occurred between PF and SF (13 species) (Table S6, Supplementary Material). In fact, 
ant assemblages showed significant differences in composition (PERMANOVA, F = 13.43, 
p < 0.0001), reinforced by the dissimilarity between all pairwise comparisons (Table  1). 
Additionally, pristine assemblages were also apart from the other habitats, even though 
with a small overlap with late secondary forest (Non-metric Multidimensional Scaling, 
NMDS; Fig. 3). NMDS also depicts a general overlap between disturbed habitats (IF, AG 
and PA) and a trend in the assemblages composition associated with the gradient of distur-
bance under study (Fig. 3). The distinct assemblages of PF were linked with canopy cover 
(CC), tree density, litter cover on soil (LTC), moisture (H), and shrub richness (NSS), 
while PA, AG and partially IF were correlated with higher temperatures (T) and percentage 
of exposed soil (PES) (Fig. 3).

Beta diversity dissimilarity index (βsor) highest values (βsor) were found when com-
paring PF with PA (βsor = 0.87), PF with IF (βsor = 0.77), and SF with AG (βsor = 0.78) 
(Fig. 4); even the lower dissimilarities, such as between PF and SF (βsor = 0.52) and PF 

Fig. 2  Box-plots depicting Ants’ Richness (A) and Abundance (B) for the habitats studied. The values fol-
lowed by the same letters are not statistical significantly different according to the Tukey test. PF—little 
or no disturbance for at least 80 years, (ii) SF—15 years of recovery from anthropogenic disturbance, (iii) 
IF—5 years of recovery from anthropogenic disturbance, (iv) AG—cocoa plantations (T. cacao), and (v) 
PA—extensive livestock pastures
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and IF (βsor = 0.58) show significant variation in species composition between habitats 
(Fig.  4). The isolation of assemblages was accentuated by the predominant Turnover 
(βsim) component: e.g. when comparing PF with PA (βsim: 0.66), SF with AG (βsim: 
0.59) (Fig. 4). Nestdedness (βnes), depicting close assemblages’ erosion, was particu-
larly significant when comparing IF with PA (βnes: 0.30) and AG with PA (βnes: 0.29) 

Table 1  PERMANOVA analysis 
for comparing the composition 
of ant assemblages between 
the studied habitats (F = 13.43, 
p < 0.0001)

The values highlighted in italics correspond to the significance test (p 
value)
PF—little or no disturbance for at least 80 years, (ii) SF—15 years of 
recovery from anthropogenic disturbance, (iii) IF—5  years of recov-
ery from anthropogenic disturbance, (iv) AG—cocoa plantations (T. 
cacao), and (v) PA—extensive livestock pastures. Bray–Curtis simi-
larity algorithm, with 999 permutations was used for the analysis

PF SF IF AG PA

PF – 0.001 0.0001 0.0001 0.0001
SF 10,93 – 0.001 0.001 0.001
IF 16,23 9,283 – 0.05 0.01
AG 21,58 12,38 6,382 – 0.05
PA 31,52 18,56 9,181 7,51 –

Fig. 3  Non-metric Multidimensional Scaling (NMDS) depicting the composition of ant assemblages 
according to the habitats: PF—little or no disturbance for at least 80 years, (ii) SF—15 years of recovery 
from anthropogenic disturbance, (iii) IF—5 years of recovery from anthropogenic disturbance, (iv) AG—
cocoa plantations (T. cacao), and (v) PA—extensive livestock pastures. Bray–Curtis similarity algorithm, 
stress 0.21 was used. The detailed description of each environmental variables Table S3, Supplementary 
material
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and only marginal for SR vs IF (βnes = 0.17) and PF vs SF (βnes: 0.19). Detailed com-
parisons are depicted in Table S7, Supplementary material.

Indicator species—Indval

From the species collected, 16 were considered particularly relevant for indicating habitats, 
five species associated with PF, two with SF, two with PA and one with AG and none with 
IF (Table 2). Additionally, four indicated less disturbed areas (PF and SF simultaneously) 
and two highly disturbed areas (PA and AG simultaneously) (Table 2).

Discussion

Ant assemblages’ characteristics and habitats disturbance

Anthropogenic change in the forest landscapes created a toll on ants’ diversity, as dem-
onstrated by the decline in richness and abundance between the less disturbed (primary 
and secondary forest) and all other habitats. This biodiversity trend is in agreement with 
the habitat heterogeneity hypothesis (Tews et al. 2004), but also with studies demonstrat-
ing increasing diversity with habitat complexity (Staab et al. 2014; Rabello et al. 2015). 
Both link habitat heterogeneity and complexity with diverse diets and nest location pos-
sibilities, thus allowing the coexistence of a large set of species and populations (Klimes 
et al. 2012; Ahuatzin et al. 2019). Additionally, highly disturbed habitats, particularly those 
with reduced canopy coverage, litter, and high solar incidence, constrain microclimates and 
create more extreme conditions (i.e., soil moisture, temperature, and solar radiation) that 
apparently curb ant communities (Reynolds et al. 2018).

Fig. 4  Comparison of dissimilarity values for βsor (overall dissimilarity), βnes (dissimilarity resulting from 
nestedness), and βsim (turnover) for the ants assemblages associated with the different habitats. PF—little 
or no disturbance for at least 80 years, (ii) SF—15 years of recovery from anthropogenic disturbance, (iii) 
IF—5 years of recovery from anthropogenic disturbance, (iv) AG—cocoa plantations (T. cacao), and (v) 
PA—extensive livestock pastures
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The previous factors are also considered decisive for the shifts in composition of assem-
blages, by modulating potential niches (Read and Andersen 2000). Trees’ age and diversity 
is considered one of the most relevant factors for providing nesting locations (Frizzo and 
Vasconcelos 2013), food resources (Arnan et al. 2007) and complex microclimates (Car-
valho et al. 2020). Indirectly, trees’ shading in the forest soil is also inversely related with 
the cover of shrubs that dominate the first stages of forest regeneration and with the arthro-
pod communities that are closer to the communities of highly modified habitats (Cajaiba 
et al. 2018a; Da Silva et al. 2018). Erosion in richness and abundance has been ascribed 
to cattle trampling in pasture areas, that contributes to soil compaction, reduced pathways 
through the litter layer, as well as less hiding places and hunting grounds for ants (Chen 
et  al. 2011; Cajaiba et  al. 2017b). Additionally, change in soil characteristics associated 
with pasture management creates complementary (and partially unknown) challenges to 
many soil dwelling ant communities (Spellmeier et al. 2019), which become dominated by 
opportunistic generalists, as well as alien invasive eurytherms (Lassau and Hochuli 2004).

Even if pristine forest ant assemblages look as partial isolated from the other habitats, 
secondary forests results—more than 15  years of recovery were not sufficient to bring 
ant assemblages closer to the PF communities—depict the halfway of recovery between 
degraded and pristine habitats (Ottonetti et  al. 2006; Ribas et  al. 2012a). Composition 
similarities found here support this idea, namely the gradient in beta diversity within the 
gradient of habitats, in line with chronosequential studies concerning ants and ecosystem 
restoration (Laste et al. 2019). The significant turnover found, circa 80% of the total beta 
diversity, indicates that each habitat has a (partially) distinct subset of species (Lyra-Jorge 
et al. 2010; Cajaiba et al. 2017b). Age from disturbance could be part of the explanation 
the of increasing dissimilarity (Schmidt et al. 2013). Perennial crops, such as cocoa, sustain 
higher diversities and complex assemblages than pastures and even incipient secondary 

Table 2  Significant species, in 
compliance with the indicator 
value analysis (IndVal), for 
the habitats studied (p value 
associated)

PF—little or no disturbance for at least 80  years, SF—15  years of 
recovery from anthropogenic disturbance, IF—5  years of recovery 
from anthropogenic disturbance, AG—cocoa plantations (T. cacao), 
PA—extensive livestock pastures

Specie Habitats IndVal p value

Azteca sp2 PF 91 0.01
Brachymyrmex sp1 PF 70 0.01
Solenopsis sp6 PF 46 0.05
Gnamptogenys striatula PF 37 0.01
Pachycondyla sp1 PF 33 0.05
Camponotus sp5 PF + SF 93 0.001
Ectatomma lugens PF + SF 91 0.001
Dinoponera gigantea PF + SF 84 0.01
Pachycondyla crassinoda PF + SF 69 0.01
Pachycondyla harpax SF 77 0.05
Brachymyrmex sp2 SF 33 0.05
Pheidole sp4 AG + PA 87 0.01
Pheidole sp6 AG + PA 75 0.01
Pheidole sp8 AG 43 0.05
Ectatomma brunneum PA 78 0.05
Camponotus senex PA 27 0.05
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forests, and presented partial similarities with PFs (Groc et al. 2017). Apparently, cocoa 
plantations extensive management, high canopy cover and particularly thick litter (Groc 
et al. 2017) contribute to an increase in the resources and stability in environmental condi-
tions, that enable the conservation of ant diversity (and in general soil arthropods) in neo-
tropical regions (Delabie et al. 2007; Schroth et al. 2011).

With did not monitored other types of crops, namely annual intensive which results 
would probably include additional shifts and biodiversity loss. Limitations of nesting loca-
tions for ants, caused by the lack of litter, decaying trunks, or live trees (Klimes et al. 2012) 
is one of the most important factors hindering ant diversity (Pacheco et  al. 2013). Also, 
agricultural intensification, specifically cultivation operations, pesticides, fertilizer inputs, 
permanent arable land, and simplification of habitat structure are considered the main fac-
tors creating colds pots in the Neotropics (Ekroos et al. 2010; Cajaiba et al. 2019).

Neotropical ants as ecological indicators of anthropogenic disturbances

Ants are dominant organisms in most terrestrial regions and, therefore, have a long and suc-
cessful history as indicators of ecosystem integrity (Chen et al. 2011; Ribas et al. 2012b; 
Bharti et  al. 2016). The interpretation of its environmental change surrogate potential is 
achieved when species-habitat associations are explained and considered significant (Chen 
et al. 2011). Anyway, in diverse regions such as the Neotropics, this interpretation could be 
hindered considering that species level identification is not always possible, due to lack of 
available taxonomists, unknown (new) species and costs associated (Cajaiba et al 2018a). 
In such regions, the morphospecies concept might be used to create the first assessment of 
the relation between diversity and habitats, while reducing the time and expenses associ-
ated with species identification (Groc et al. 2010; Maveety et al. 2011). In fact, surrogate 
taxonomic approaches have been developed to address the short-term need of providing 
scientific advice to resource managers and policy makers (Hackman et al. 2017; Cajaiba 
et al. 2018b). Also, several authors highlight that differences observed at the species level 
usually can be seen at higher taxonomic levels, namely genus (Andersen et al. 2002; Der-
raik et al. 2002; Schnell et al. 2003).

In our study, we identified 16 species/morphospecies indicating habitats within diverse 
levels of disturbance. Most indicator species associated with pristine habitats were found 
almost exclusively there, whereas indicators from disturbed habitats, were mostly general-
ist present within all habitats but specially abundant in the former, e.g. Pheidole species/
morphospecies (see Table S4 supplementary material and Table 2) (Delabie et al. 2009). In 
this way, the dominance of the generalist species/guilds further suggests that the replace-
ment of pristine forests by anthropogenic habitats is accompanied by a replacement of the 
biomass of specialized forest ants species by the generalist species (Philpott et al. 2010) 
that are able to cope and take advantage of novel conditions created (Groc et  al. 2017). 
Apparently, reduction in biomass/diversity seem to ultimate “indicators” of disturbance in 
the Neotropics.

Final remarks

Comprehensive biodiversity surveys are generally unfeasible, due to limitations in time, 
financial resources and taxonomists, justifying the application of surrogates in ecologi-
cal diagnostics (Chen et al. 2011; Andersson et al. 2014). Several works demonstrate that 
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certain organisms’ behaviors, inter and intra specific relationships, services and response to 
environmental change might be used for estimating the conservation status of ecosystems 
and landscapes (Kemerich et al. 2014; Lima et al. 2015). Noss (1990), Dale and Beyeler 
(2001), Lawton and Gaston (2001), and Scott et  al. (2006) among many other scientists 
highlighted the features of indicator/surrogate organisms: relevant for ecosystem homeo-
stasis (not only keystone species), wide geographical range, low-cost straightforward sam-
pling and sensitive to environmental change. Noteworthy has been the pertinence of indica-
tors for supporting decision-making of ecosystem restoration and sustainable management 
practices (e.g. Semprucci et al. 2015; Cajaiba et al. 2017a; Belém et al. 2020).

Our results support the hypotheses that ants are particularly reactive to anthropogenic 
disturbance in the Brazilian Amazon, changing their assemblages’ richness, abundance and 
composition. Also, several species were considered indicators of pristine and or disturbed 
habitats. Thus, we conclude that ants might be useful for assisting in decision-making 
regarding environmental conservation and habitats restoration in this region. Furthermore, 
as ants are intimately related to almost all other taxa and secondary forests were not able 
are to substitute PFs diversity, significant patches of pristine vegetation should be left in 
landscape to ensure biodiversity conservation (Kalamandeen et  al. 2018). Interestingly, 
cocoa plantations’ ant assemblages high diversity, suggests as a potential rescue habitat for 
ants. Future studies should focus on farm characteristics, such as plantation size and age, 
to verify how these productive areas contribute to the maintenance of biodiversity in this 
region. We would like to emphasize the need to conduct more research with ants in other 
areas of the Amazon, including large scale and long-term continuous sampling of data and 
environmental variables, logistically unfeasible in our study. Also, it will be fundamental to 
achieve more works in secondary forests, within diverse stages of recovery, to confirm (or 
not) the results obtained by our humble study (Cajaiba et al. 2019).
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