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Abstract

1. Understanding how assemblages change over time improves our ability to predict

responses to local disturbances and global threats. Based on an extensive dataset

collected across 25 km2 in Reserva Ducke, Central Amazonia, we investigated the

structure of taxonomical and functional-group ant assemblages over 12 years.

2. Ants were sampled in 30 permanent plots (250 m in length) spaced 1 km apart,

using pitfall traps during four sampling events in 2006, 2012, 2014, and 2018. Each

sampling event deployed 300 traps, totaling 1200 samples across the study.

3. Our results revealed significant taxonomic shifts over time, with a sharp decrease in

species richness and abundance in 2014, followed by a recovery in 2018. Approxi-

mately 50% of species were re-sampled in subsequent years, suggesting a direc-

tional shift with no clear evidence of convergence or return to the composition

observed in 2006. Species turnover was influenced by topographic factors, with

flatter plots and valleys exhibiting higher turnover compared to steeper or well-

drained higher areas.

4. Changes in functional groups at the plot level were also very high between sam-

pling events, showing no clear pattern. However, all functional groups remained rel-

atively stable at the site scale, with no clear sign of directional changes over time.

5. Despite climate change and the increase in the frequency of extreme weather

events in the region, our results are consistent with the scarce information that

indicates ant assemblages are relatively stable in tropical forests in the long term.

These findings suggest that although ant species composition in tropical forests

may fluctuate due to environmental changes, functional redundancy within the

community may buffer ecosystem processes, ensuring long-term functional stabil-

ity. However, our results also show large variations in univariate ant metrics (rich-

ness and abundance) between years that may obscure long-term patterns.
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INTRODUCTION

Understanding assemblage dynamics in space and time is critical to

predicting how climate change may affect biodiversity (Bewick

et al., 2014) and ecosystem functions (Montoya & Raffaelli, 2010).

Such knowledge can refine conservation models and improve

decision-making processes regarding global biodiversity loss (Schiesari

et al., 2019). The temporal variation of species composition, often

called temporal beta diversity (Legendre & Gauthier, 2014), can result

from natural movement, dispersal (Massol et al., 2017), local extinc-

tions (Gonzalez et al., 2016) or changes in environmental conditions,

whether gradual or abrupt (Shimadzu et al., 2015). As the climate con-

tinues to change, there has been a surge in interest in long-term

assemblage dynamics (Blowes et al., 2019; Costa et al., 2020;

Dornelas et al., 2018, 2014; Munyai & Foord, 2015), which are crucial

for understanding the future of biodiversity.

Assemblages are often classified as stable when their composition

remains constant over time, or they may exhibit directional change,

where shifts accumulate (Fukami et al., 2005; Legendre, 2019). Direc-

tional changes may either diverge from or converge toward an initial

state, often defined as the community composition at the first sam-

pling point (Collins et al., 2000; Matthews et al., 2013). While many

examples of stable assemblage composition exist (e.g., Magurran &

Henderson, 2010), divergent directional changes are more frequently

observed, particularly in natural ecosystems (Dornelas et al., 2014).

However, the magnitude and nature of these changes often depend on

the facet of biodiversity being investigated. Species compositional

changes may not necessarily lead to corresponding functional changes,

as species can be replaced from the same functional group (Fukami

et al., 2005). Theory and evidence predict that functional changes

should be slower than taxonomic changes, as species replacement

tends to occur within functional groups (Holdaway & Sparrow, 2006;

Silva & Brandão, 2010).

Despite growing knowledge of species dynamics, terrestrial biodi-

versity datasets are biased toward vascular plants, vertebrates, and

temperate regions (Blowes et al., 2019; van Klink et al., 2020). Never-

theless, invertebrates are responsible for critical ecological processes,

and most diversity is concentrated in the tropics (Prather et al., 2013).

Invertebrates also have higher temporal turnover than long-lived taxa

(Collins et al., 2018), making them more prone to changes related to

climate or anthropogenic factors. As a result, the temporal diversity

patterns in temperate domains differ from tropical areas (Blowes

et al., 2019), making it hard to extrapolate patterns and processes

among regions. For example, while temperature is frequently reported

as the critical factor for seasonal dynamics and distribution changes in

temperate regions (Parmesan, 2007; but see Uquillas et al., 2024), the

effects of water availability and changes in precipitation are more

intense in the tropics (Chaudhari et al., 2019; Rodrigues-Filho

et al., 2024).

Ants (Hymenoptera: Formicidae) play a crucial role in ecological

processes, influencing soil physical and chemical properties (Sousa-

Souto et al., 2007), accelerating decomposition (McGlynn &

Poirson, 2012) and interacting with other invertebrates, fungi, and

plants (Griffiths et al., 2018; Schultz & McGlynn, 2000). Ants are also

sensitive to environmental changes (Gibb et al., 2015) and have rela-

tively sessile colonies, making them an excellent model for studying

temporal and spatial variation in species distributions (Andersen, 2019).

For instance, in tropical forests, ant assemblages show high species

turnover but no significant changes in species richness over time

(Donoso, 2017). However, in open environments, moisture plays a key

role in community stability, as wetter regions tend to exhibit greater

stability compared to drier areas (Câmara et al., 2019).

Ant diversity and activity are higher in moister seasons and habi-

tats, even in the tropics (Kaspari & Weiser, 2000; Vasconcelos

et al., 2003). In general, ant species density (Munyai & Foord, 2015)

and diversity (Queiroz et al., 2023) increase during wet seasons. How-

ever, the effects of precipitation on ant populations can vary depending

on local conditions, as some species are capable of adapting to fluctuat-

ing moisture levels (Tozetto et al., 2023). In many tropical forests,

microhabitat variability associated with topography plays a key role in

shaping ground-dwelling ant assemblages. Better-drained areas at

higher elevations contrast with the more humid conditions found in val-

leys, influencing species distribution patterns (Mezger & Pfeiffer, 2011;

Oliveira et al., 2009). For instance, the richness of ground-dwelling ant

species and the diversity of functional groups are closely linked to fluc-

tuations in the water table, with generalist species being more diverse

and active in humid areas (Baccaro et al., 2013; Souza Holanda

et al., 2021). However, little is known about how topographic moisture

gradients influence the taxonomic and functional diversity of ant

assemblages over time.

Terrain slope is another facet of topography that may indirectly

affect the occurrence of ant species. Sloping areas may suffer more

erosion after heavy rains than flatter areas, decreasing litter

density(Luizão et al., 2004) and increasing exposed soil (Rodrigues &

Costa, 2012). Therefore, sloping areas may create a more heteroge-

neous and dynamic environment, fostering ant species turnover over

time (Oberdorff et al., 2001). Reduced litter accumulation in these

areas can differentially impact ant functional groups, particularly those

that rely on leaf litter for nesting and foraging. Litter-nesting species,

such as cryptobiotic attines and some specialist predators, may be

more affected due to the loss of stable microhabitats and reduced

prey availability (Silva & Brandão, 2014). In contrast, generalist

ground-dwelling omnivores, which can exploit a broader range of

nesting sites and food resources, may be less impacted by increased

exposure to bare soil (Mezger & Pfeiffer, 2011). Consequently, the

interplay between slope and species-specific ecological traits likely

drives functional turnover within ant assemblages over time.

Here, we take advantage of the standardised sampling protocol

used in a Brazilian Long Term Ecological Research – LTER site (Costa

et al., 2015) to investigate the stability of ant species composition

across four sampling periods (2006, 2012, 2014, and 2018) over an

area of 25 km2 in a typical terra-firme forest in Central Amazonia. By

analysing such a large sampling area, we could examine the relation-

ships between assemblage composition and environmental variables,

such as slope and HAND (Height Above the Nearest Drainage). Fur-

thermore, by adopting a functional-group approach (Groc et al., 2014),
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we sought to provide a more comprehensive framework for under-

standing ant-assemblage dynamics. Our study addressed the following

hypotheses: (i) Species richness remained stable over time; and (ii) ant

assemblages exhibit directional changes, meaning species composition

is expected to shift over time without returning to its initial state.

(iii) Ant assemblages are consistently structured along the topographic

moisture gradient, with species composition differing predictably

between drier and more humid and steeper and flat areas.

(iv) Taxonomic and functional temporal beta diversities differ along

the topographic moisture gradient, with functional composition being

more stable over time due to the redundancy of species within func-

tional groups.

MATERIALS AND METHODS

Study site

The study was conducted at Reserva Ducke, 25 km North of Manaus

(Headquarters at 2� 57.00 S, 59� 56.00 W), Amazonas State, Brazil. The

reserve has topographic and edaphic variations typical of central Ama-

zonian forests and has a total area of about 10,000 hectares. The ter-

rain is undulating with elevation ranging from 30 to 180 m a.s.l. Soils

are classified as Xanthic Hapludox on plateaus, Typic Epiaquods on

slopes, and Typic Endoaquods associated with small streams in valleys

(Bravard & Righi, 1989). In recent years, the area around the Reserve

Ducke has suffered a continuous loss of native forest due to real

estate and agricultural expansion. However, parts of the north and

northeast sides are still connected to continuous forest.

The vegetation is a typical dense rainforest with a closed canopy

and abundant stemless palms in the understory (Costa et al., 2009).

There are approximately 1200 known species of trees with a canopy

height usually between 30 and 37 m, but some trees reach 40–45 m

(Ribeiro et al., 1999). The mean annual temperature and rainfall in

2010–2011 were 25�C and 2763 mm, respectively, with a short, drier

season between July and September (Coordination of Environmental

Dynamics, INPA).

Sampling design

We sampled ants in 30 permanent 250 m-long plots covering 25 km2

of tropical rainforest in 2006 and repeated the same sampling design in

2012, 2014, and 2018 (Figure 1). The plots were installed by the Pro-

gram for Biodiversity Research of Western Amazônia (PPBio-AmOc)

with support from the Coordenação de Aperfeiçoamento de Pessoal de

Nível Superior (CAPES) and the National Institute for Amazonian Biodi-

versity (INCT-CENBAM). Plots followed the terrain contours to mini-

mise topographic and edaphic variation within plots and were regularly

distributed across the landscape every 1 km (Magnusson et al., 2013).

F I GU R E 1 Map of study area, showing the spatial sampling design.
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In each plot, pitfall traps (10 total) were placed at 25-m intervals to

sample ants. The pitfalls consisted of 500-ml plastic cups with 95 mm

diameter and 80 mm depth partially filled with alcohol and left open for

48 hours (see Souza et al., 2012 for more details). Overall, we used

1200 pitfalls, 300 per year. All sampling took place during the dry sea-

son (September and October).

We identified ground-dwelling ants first to the genus level using

keys available in Baccaro et al. (2015), later to the species level when-

ever possible using available taxonomic keys, comparison with speci-

mens in collections previously identified by experts, and vouchers

sent to specialists (see acknowledgments). Where specific identifica-

tions were not possible, specimens were assigned to morphospecies.

The morphospecies received unique codes and were consistent over

the four sampling events. Vouchers are deposited in INPA’s Entomo-

logical Collection.

Functional groups

To explore the dynamics of ground-dwelling ant assemblages, ant spe-

cies were assigned to functional groups, following Groc et al. (2014)

classification (see their supplementary material for additional sources).

The species were placed in two groups of fungus-grower ants:

(1) Cryptobiotic attines and (2) Leaf-cutters; three groups of omni-

vores: (3) Arboreal omnivores, (4) Generalist omnivores (generalist

nesting) and (5) Ground-dwelling omnivores (ground nesting); and

three groups of predators: (6) Ground-dwelling generalist predators,

(7) Ground-dwelling specialist predators, and (8) Raid-hunting preda-

tors. This classification accounts for foraging behaviour, food choice,

and nesting site, grouping species with potentially similar lifestyles.

Arboreal omnivores species were included because they often forage

on the ground and, therefore, were relatively well sampled. The

remaining omnivore groups were categorised based on their nesting

behaviour, with generalist omnivores showing flexible nesting strate-

gies across various substrates (such as soil, litter, and dead wood),

while ground-dwelling omnivores specifically nest in the soil. Due to

the significant variation in natural history information, some genera

with well-studied species were classified into several functional

groups, while those with less-studied species were assigned to one

group based on the most prevalent syndrome within the genus. Arbo-

real predators (mainly Pseudomyrmex) and truly subterranean species

(i.e., Acropyga) were removed from the analysis, as the sampling

method underestimated their occurrence and abundance (both groups

represented �2% of sampled species). Table S1 shows the species

membership of each functional group.

Environmental variables

We used HAND and terrain slope as predictors of ant-assemblage

composition. HAND represents the vertical relative draining potential,

reflecting the amount of water in the soil (Schietti et al., 2014). The

HAND algorithm uses the vertical distance between the terrain and

the closest drainage points based on SRTM images (Rennó

et al., 2008). The algorithm measures the water net capacity to drain

from an elevated position to the nearest drainage channel (Nobre

et al., 2011). High HAND values mean greater draining potential, and

low HAND values indicate proximity to the water table. Areas with

shallow water tables are more prone to short-term waterlogging,

especially after heavy rains, which can affect ant diversity (Baccaro

et al., 2013; Souza Holanda et al., 2021). More details on HAND cal-

culation can be found in Nobre et al. (2011), for the Amazon in Rennó

et al. (2008), and Schietti et al. (2014) validation in Ducke Reserve.

Slope measures were taken every 50 m perpendicularly to the central

axis of the plot with clinometers and summarised as plot averages.

Both variables are available from the Brazilian Biodiversity Program

(PPBio—www.ppbio.inpa.gov.br), where the data and metadata for

each variable are described in detail. Both environmental predictors

were stable during this study (8 years) and were sampled in 2005. In

our plots at Ducke Reserve, HAND and terrain slope are not corre-

lated and together are good edaphic descriptors related to elevation,

soil granulometry, and soil nutrients (Figure S1).

Data analysis

Ants live in colonies, so we used occurrence data within the plot as a

measure of ant abundance. Occurrence data corresponds to the num-

ber of traps in each plot where a species was captured, varying from

zero (no detection of a given species) to 10 (the species was detected

in all pitfalls in a given plot). Given the distance between subsamples

(25 m), the number of occurrences is a good proxy for the number of

colonies per plot.

Using the occurrence data per plot, we constructed rarefaction and

extrapolation curves based on Hill numbers (Hill number qD, where

q = 0) for each year (Chao et al., 2014). We used 999 bootstrap sam-

ples to construct confidence intervals around Hill numbers (species

number in our case), facilitating the comparison of multiple assemblages

of rarefied and extrapolated samples. Based on Hill’s numbers, these

estimations are accurate for rarefaction and short-range extrapolation

(Chao et al., 2014). We then created sample-based and coverage-based

rarefaction curves to assess the representativeness of the sampling

between years (Chao & Jost, 2012).

We construct two matrixes, one with plots in rows and species in

columns and the other with plots in rows and functional groups in col-

umns. Both matrixes were filled with occurrence data. We calculated

the Bray–Curtis distance between the sampling rounds (2006–2012,

2006–2014, and 2006–2018) per plot for species and functional-

group matrices (Legendre, 2019). We then partitioned each Bray–

Curtis dissimilarity matrix into two scaled components, losses and

gains, for each plot. These metrics represent the abundance per spe-

cies and functional group changes per plot. Then, a permutational pro-

cedure was used to test the overall tendency to change (difference

between gains and losses) over all plots in both periods

(Legendre, 2019). These analyses provide a general picture of taxo-

nomic and functional changes at the site scale.
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We also compared the species-assemblage and functional-group

composition in 2006, 2012, 2014, and 2018 using a Permutational

Multivariate Analysis of Variance (PERMANOVA, Anderson, 2001),

followed by pairwise comparisons between years. P-values were

adjusted following Holm’s method for multiple testing (Holm, 1979).

Both analyses were based on the Bray–Curtis distance measure after

Hellinger standardisation (Legendre & Gallagher, 2001). For plotting,

we reduced the dimensionality of the assemblages (species and func-

tional groups) sampled each year using Non-Metric Multi-Dimensional

Scaling (NMDS) based on Bray–Curtis dissimilarity matrices. These

analyses provide an overall view of taxonomic and functional changes

at the plot scale.

We also compared the abundance variation of each functional

group between the three sampling years. Given the marked difference

in occurrence numbers from 2014, we converted the occurrence

numbers to proportions. The number of species in each functional

group was divided by the total number of species present in a given

plot and year. We then used the proportion of each functional group

per plot as the dependent variable against the sampling round in beta-

regression models. Beta-regression models are less prone to distor-

tions caused by the lower and upper bounds of proportions (Ferrari &

Cribari-Neto, 2004).

We used distance-based redundancy analysis (dbRDA) to deter-

mine the extent to which environmental variables account for varia-

tion in species and guild composition (response variables) in each

sampling year. Distance-based redundancy analysis (dbRDA) is an

ordination method similar to Redundancy Analysis (RDA) but allows

non-Euclidean dissimilarity indices (Legendre & Anderson, 1999). The

distance matrices were based on the Bray–Curtis measure. The dis-

similarity matrices of ant-assemblage composition and functional-

group composition from each year were used as dependent variables,

and HAND and slope were the predictor variables in the dbRDA

models.

To investigate the role of environmental variables in the dynamics

of ant assemblages over time, we used the Bray–Curtis distance

between the four sampling rounds (2006–2012, 2006–2014 and

2006–2018) as the dependent variable against HAND and slope as pre-

dictor variables in GLM models. The statistical analyses were under-

taken in the R statistical environment (R Core Team, 2021), using vegan

(Oksanen et al., 2021), iNEXT (Hsieh et al., 2016), betareg (Cribari-

Neto & Zeileis, 2010), and graphed using ggplot (Wickham, 2016)

packages.

RESULTS

We registered 5827 occurrences (�17,850 ants) from 340 species

and morphospecies distributed in 60 genera and 10 subfamilies over

the study period (Table S1). The number of species observed per plot

ranged between 26 and 43 in 2006, 19 to 51 in 2012, 7 to 36 in

2014, and from 13 to 39 in 2018.

The rank order of species demonstrated significant changes over

the four sampling rounds. Crematogaster tenuicula Forel, 1904, which

was the most abundant species in 2006 and 2012, suffered a sharp

decline and was not detected in our 2014 sampling (Figure 2). Simi-

larly, Crematogaster brasiliensis Mayr, 1878, one of the three most

abundant species in 2012, was absent in 2014 but rebounded in

2018. Some species displayed contrasting trends. Pheidole biconstricta

Mayr, 1870, Solenopsis clytemnestra Emery, 1896, and Solenopsis cas-

tor Forel, 1893, which were not dominant in earlier rounds, were the

three most abundant species in 2014. Further shifts were observed in

2018, with Pheidole radoszkowskii Mayr, 1884 rising in abundance, and

previously dominant species, such as Pheidole biconstricta, declining.

Species richness through time

The rarefaction curves for 2006 and 2012 exhibited similar shapes

(Figure 3a), with large overlapping confidence intervals, indicating

consistent species richness during these periods. However, the num-

ber of ant species dropped significantly in 2014, from approximately

190 species in 2006 and 2012 to just 118 in 2014, marking an appar-

ent deviation from the earlier sampling rounds. This decline remained

evident when extrapolated species richness was considered at 2000

occurrences per sampling event. The 2018 data showed a recovery in

species richness, with the number of species approaching those

observed in 2006 and 2012, suggesting potential recolonization or

environmental changes favouring species return. The coverage-based

curves (Figure 3b) indicated that sample coverage remained relatively

stable across the years, varying only slightly: 93.8% in 2006, 93.6% in

2012 and 2014, and a slight decrease to 88% in 2018.

Taxonomic and functional temporal turnover

Across the entire reserve, temporal taxonomic beta diversity consis-

tently remained much higher than functional beta diversity

(Figure 4a,b), likely due to the larger number of species than functional

groups. Between 2006 and 2012, gains (C) and losses (B) were rela-

tively balanced for both taxonomic (mean [C-B] = 0.030, Stat = 0.864,

p.perm = 0.381) and functional turnover (mean [C-B] = 0.029,

Stat = 1.021, p.perm = 0.329). From 2006 to 2014, the losses far

exceeded the gains for both taxonomic (mean [C-B] = �0.306,

Stat = �6.911, p.perm = 0.001) and functional diversity (mean [C-B]

= �0.246, Stat = �7.028, p.perm = 0.001). In 2018, there was a slight

reduction in the disparity between gains and losses, but a difference

between 2006 and 2018 was still there for both taxonomic (mean [C-

B] = �0.064, Stat = �2.206, p.perm = 0.035) and functional turnover

(mean [C-B] = �0.102, Stat = �4.314, p.perm = 0.001).

The species composition changed markedly over the years

(PERMANOVA, R2 = 0.19, F = 9.159, p = 0.001), with only 46 spe-

cies consistently recorded in all four sampling events. There was con-

siderable variation in species composition among plots each year,

resulting in different assemblage compositions between years

(Table S2). Despite this variation, the direction of change in multivari-

ate space for most plots was similar, with lines connecting plots across

ANT-ASSEMBLAGE STRUCTURE OVER TIME 5



F I GU R E 2 The three most frequent ant species sampled in 2006, 2012, 2014, and 2018. There are 8 instead of 12 species because
Crematogaster tenuicula was among the top three in 2006, 2012, and 2018, Pheidole biconstricta was among the top three in 2006 and 2014, and
Solenopsis clymnestra was among the top three in 2014 and 2018.

F I GU R E 3 Sample-based (a) and sample coverage (b) curves for Pitfall trapping in 2006, 2012, 2014, and 2018 in the Brazilian Amazon
(Reserva Ducke). Solid lines represent the rarefaction, and the dashed lines represent the extrapolation curves. Shaded areas represent the 95%
confidence intervals.

F I GU R E 4 The mean and standard deviation of the partitioned turnover of species (a) and functional groups (b) in losses and gains per plot.

6 DA SILVA UTTA ET AL.



years showing nearly parallel trajectories, especially from 2006 to

2012 and 2012 to 2014 (Figure 5a). This suggests that the factors

driving these changes had similar effects on most plots, though the

trajectories began to diverge more notably in the 2014–2018 compar-

isons. The pattern was somewhat mirrored in the functional-group

composition (PERMANOVA, R2 = 0.28, F = 15.192, p = 0.001), but

the trajectories of change were less parallel, indicating less consistent

effects on functional composition than on species composition

(Figure 5b).

At the site scale, the relative abundance of ground-dwelling omni-

vores increased, particularly in 2012, 2014, and 2018, when it was

significantly higher than in 2006 (Figure 6). On the other hand,

F I GU R E 5 Non-Metric Multi-dimensional Scaling solution of the plots sampled in 2006, 2012, 2014 and 2018 according to ant species
(a) and functional-group composition (b). In both cases, ordinations were based on species occurrence data. Lines link the same plot among years.

F I GU R E 6 Relative abundance per plot for each functional group over the four sampling years at Ducke Reserve. Different letters indicate
differences between pairwise comparisons between sampling rounds after Holm adjustment for multiple tests.

ANT-ASSEMBLAGE STRUCTURE OVER TIME 7



generalist omnivores and raid-hunting predators decreased in abun-

dance in 2014, with a rebound in 2018, while ground-dwelling gener-

alist predators slightly reduced in 2018. Despite these changes, the

seven functional groups showed no directional changes in relative

abundance across the four sampling periods, maintaining consistent

levels throughout (Figure 6).

Taxonomic and functional composition along the
topographical gradient

Despite the high species turnover across years, the variation con-

strained by the environmental predictors was similar in each sampling

round, except for a slight decrease in 2018 (dbRDA 2006 = 0.096,

p ≤ 0.001; dbRDA 2012 = 0.106, p ≤ 0.001; dbRDA 2014 = 0.093,

p ≤ 0.001; dbRDA 2018 = 0.076, p = 0.02). However, the magnitude

of the influence of each environmental predictor shifted over time.

Species assemblages were significantly constrained by slope in the

first three sampling rounds, while HAND had a significant impact in

2006, 2012, and 2018 (Table 1).

Functional-group composition was less environmentally struc-

tured. The environment explained around 8% of the functional-group

composition sampled in 2006 (dbRDA = 0.086, p = 0.148), 2012

(dbRDA = 0.099; p = 0.072), 2014 (dbRDA = 0.117; p = 0.013) and

2018 (dbRDA = 0.100; p = 0.035). In contrast to species composition,

slope was the only environmental variable consistently associated

with functional-group composition throughout the earlier sampling

years. By 2018, HAND emerged as a significant predictor for

functional-group composition (p = 0.013), whereas slope did not

show a significant effect (p = 0.232). (Table 1).

Taxonomic and functional temporal turnover along the
topographical gradient

The species turnover, measured here as the difference in the Bray–

Curtis distance of each plot between years, was inconsistent over

time. The GLM model explained �20% of the species composition

turnover between 2006 and 2012 (R2adj = 0.201, p = 0.018)

and �16% of species composition turnover between 2006 and 2018

(R2adj = 0.164, p = 0.033). In both models, the terrain slope was cor-

related with species composition turnover (b = �0.004; p = 0.005 for

2006–2012; and b = �0.002; p = 0.045 for the 2006–2018 compari-

son). Plots with more temporal turnover in species composition were

at the beginning of the slope radient, which are flat areas, while most

similar plots were on more inclined terrain (Figure 7). HAND values

were only related to species composition turnover in the 2006–2018

comparison (b = �0.001; p = 0.036), with relatively higher species

turnover in areas closer to the streams (Figure 7). The spatiotemporal

turnover of species composition between 2006 and 2014 was not

related to any environmental predictor (R2adj = �0.027, p = 0.553).

The composition of functional groups over time followed a similar

pattern, but the responses were more variable. The multiple regres-

sions explained �17% of the functional composition turnover

between 2006 and 2012 (R2adj = 0.175, p = 0.028), �10%

(R2adj = 0.103, p = 0.045) between 2006 and 2014, and �20%

(R2adj = 0.202, p = 0.017) between 2006 and 2018. The slope was

related to the Bray–Curtis distance of plots in the first two compari-

sons (2006–2012: b = �0.005; p = 0.009 and 2006–2014:

b = 0.007; p = 0.029) but in opposite directions (Figure 8). However,

functional composition turnover between 2006 and 2018 was related

only to HAND values (b = �0.003; p = 0.005), with more functional

turnover in areas closer to streams (Figure 8).

DISCUSSION

This study reveals complex taxonomic and functional composition

patterns of ant assemblages across four sampling periods (2006,

2012, 2014, and 2018) in a Central Amazonian terra-firme forest. The

sharp declines in ant richness and abundance in 2014 were reversed

in 2018, ruling out the possibility of an ant collapse during the moni-

toring period. However, the results also highlight substantial temporal

turnover (around 50% between sampling events), with significant dif-

ferences in species composition between the sampling periods, partic-

ularly between 2006 and 2018. These strong taxonomic shifts were

T AB L E 1 Summary of dbRDA statistics for species and functional-group composition in the 3 years studied.

Year

HAND Slope

F p F p

Species composition 2006 1.546 0.002 1.330 0.009

2012 1.797 0.001 1.550 0.001

2014 1.134 0.185 1.652 0.001

2018 1.293 0.042 1.028 0.384

Functional-group composition 2006 1.078 0.363 1.587 0.049

2012 1.096 0.340 1.956 0.034

2014 0.904 0.535 2.441 0.003

2018 1.882 0.013 1.233 0.232

Note: Significant results (p ≤ 0.05) are in bold.
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not entirely mirrored by functional-group composition, indicating that

functional redundancy may buffer ecosystem processes against spe-

cies loss. These findings align with other long-term studies of tropical

invertebrates, where community shifts often occur without significant

losses in functional roles (Blowes et al., 2019; Donoso, 2017).

Is there evidence of changes in the number of species
with time?

The Amazonian hydrological cycle has intensified since the 1980s,

with dry seasons becoming drier and wet seasons becoming wetter

(Gloor et al., 2015), concomitant with an increase in the frequency of

extreme floods and droughts (Marengo & Espinoza, 2016). For

instance, Central Amazonian forests have experienced significant

increases in extreme climatic events over the last 30 years, with a

higher relative frequency of water excess than water-deficit anomalies

(Costa et al., 2020). It rained more than expected in 2014 (2 SD higher

than the 50-year monthly average) for eight consecutive months

(Marengo & Espinoza, 2016). While we always sampled ants during

the peak of the dry season and did not record any heavy rain during

sampling, excess rainfall may interfere with ant movement

(Porter, 2005), lowering the number of species captured, or may lead

to local extinction of some species. Interestingly, despite an extremely

dry season in 2016 (2 SD lower than the 50-year monthly average—

Costa et al., 2020), the ant assemblages seemed to recover. The 2018

F I GU R E 7 Partial regression plots showing the taxonomic temporal turnover between 2006–2012, 2006–2014, and 2006–2018 samples.
Please note that the y-axis is on the same scale as Figure 8.
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data showed signs of recolonization, with species richness rebounding

toward levels observed in 2006 and 2012. This recovery in species

richness could reflect either a response to favourable environmental

conditions for two consecutive years or natural successional dynamics

within the ant assemblage. Given these observations, we do not have

strong evidence to attribute the sharp decline in ant richness in 2014

to either methodological bias or climatic variation alone. The observed

fluctuations in species richness suggest that ant assemblages in tropi-

cal forests undergo natural cycles of decline and recovery, reinforcing

the idea that these systems exhibit long-term resilience rather than a

unidirectional decline. Future monitoring rounds closer to extreme cli-

matic events may help better understand the dynamics of ant

assemblages.

Is there evidence of directional or stable trajectories in
ant assemblages with time?

On average, around half of the ant species caught in one sampling

round were recovered in the following sampling period, and only 13.5%

of the species were sampled in the four censuses. In some cases, varia-

tion in species composition over time can be attributed to unpredict-

able occurrences of rarer species (Magurran & Henderson, 2003). Rare

species are less likely to be detected and may also represent species

with higher dispersal abilities (van Schalkwyk et al., 2019). Thus, the

most abundant species are usually more adapted to local environmental

conditions and are subject to smaller abundance fluctuations over time

(Magurran & Henderson, 2010). However, that does not seem to be

F I GU R E 8 Partial regression plots showing the functional temporal turnover between 2006–2012, 2006–2014, and 2006–2018 samples.
Please note that the y-axis is on the same scale as Figure 7.
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the case in Reserva Ducke. Only Crematogaster tenuicula was recorded

three times among the three most frequent species per year, and only

two other species (Pheidole biconstricta and Solenopsis clytemnestra) fig-

ured among the top three in two sampling rounds. These results

strongly suggest that the ant assemblages in this tropical forest are

highly dynamic over time, even among the most common species.

Taxonomic beta diversity was consistently higher than functional

beta diversity across all sampling rounds, supporting that species

replacements tend to occur within functional groups (Silva &

Brandão, 2010). This is evident in the fact that despite the consider-

able taxonomic turnover, the overall functional structure of the ant

community remained relatively stable over the 12-year monitoring

period. For instance, although some species, such as C. tenuicula and

C. brasiliensis displayed marked declines, and P. radoszkowskii became

more abundant in 2018, these changes did not result in significant

shifts in the functional groups relative abundance in each sampling

event. Thus, no functional group showed a strong trend to increase or

decrease over time. This suggests that functional redundancy within

the functional groups may buffer ecosystem processes from taxo-

nomic changes, a pattern commonly observed in diverse tropical sys-

tems (Blowes et al., 2019).

Are the assemblages consistently structured along the
topographic gradient?

Although the composition of ant assemblages sampled in 2006, 2012,

2014, and 2018 strongly differed, the responses to terrain variables

were remarkably stable over the topographic gradient and correlated

with HAND or slope in all sampling periods. The contrasting roles of

HAND and slope over time suggest a dynamic interplay between

topographical and hydrological factors. In central Amazonia, topogra-

phy is a good predictor of environmental and microclimate changes.

Higher sites are usually drier and well-drained, have more clayey soils,

and higher litter productivity. On the other hand, the lowlands have

sandy and poorly drained soils, with greater water availability and

greater tree mortality (Chauvel et al., 1987; Luizão et al., 2004; Toledo

et al., 2012). Unpredictable and frequent flooding after heavy rains in

the valleys may also be a recurring disturbance for part of the ant

assemblage (Souza Holanda et al., 2021). These factors result in differ-

ent environmental and microclimatic conditions, favouring the consis-

tent replacement of ant species along the topographic gradient. The

exception was in 2014, the wettest year in our sampling period.

Although we did not sample ants during the rainy season, the excess

rainfall in 2014 may weaken the relationship between ant species

composition and HAND detected in other years.

Terrain slope was also an important predictor of spatial taxonomic

and functional ant composition changes. In steeper areas, there is less

accumulation of leaf litter and greater spacing between plants due to

the high mortality rate of trees and larger gap formation (Toledo et al.,

2012). Consequently, plant species’ composition differs from that of

the flat areas (Oliveira et al., 2009). Areas with steep slopes also have

less leaf litter (Luizão et al., 2004) and more exposed soil than flatter

areas (Rodrigues & Costa, 2012), resulting in a more heterogeneous

environment. Thus, the smaller amount of litter in the steeper areas can

limit species occurrence (Sabu et al., 2008), selecting only species more

adapted to these conditions. The lower species turnover at one end of

the gradient (steeper slopes) may explain the stable correlation of taxo-

nomic and functional composition in the three sampling events.

Topography is a consistent predictor of the local distributions of

other taxonomic groups, such as plants (Schietti et al., 2014), pseudo-

scorpions (Aguiar et al., 2006), oribatid mites (Moraes et al., 2011),

frogs (Menin et al., 2007), snakes (Fraga et al., 2011), birds (Bueno

et al., 2012), bats (Pereira et al., 2019), and monkeys (Kinap

et al., 2021). In these studies, topographic and edaphic factors, such

as elevation, HAND, slope, and soil granulometry, explained part of

the variation in species composition in space. However, these studies

have yet to investigate whether these patterns are stable. Our results

showed that, regardless of the species identity (more than 50% of the

ant species composition changed between years), topography

remained a good predictor of ant assemblage composition over time.

Is temporal beta diversity similar along the
topographic gradient?

Terrain slope was the best predictor of species composition changes

between years. We hypothesized that steeper areas would be more

susceptible to species substitutions due to more recurrent distur-

bances. However, our data indicated the opposite trend. While this

was not a strong pattern, the ant assemblage turnover between 2006

and 2012 and 2006 and 2018 was higher in flat than inclined plots.

This result, together with the spatial pattern (within sampling periods),

also suggests that steeper slopes may act more as an environmental

filter than a recurrent disturbance source for the ground-dwelling

ants. The environmental conditions in areas with steep slopes may

select or limit species establishment, favouring some species over

others. In this case, the reduced number of species capable of estab-

lishing and persisting in these conditions may lower the species turn-

over over time.

For many organisms, including ants, the valleys are often cited as

dynamic environments because of the water-level fluctuations in

areas closest to the streams (Souza Holanda et al., 2021; Toledo

et al., 2012). Valleys also have fewer species and differ from higher

and better-drained areas (Landeiro et al., 2018). These two character-

istics led us to predict that the topo-edaphic gradient would explain at

least some variation in taxonomic and functional composition change

over time. The most frequent disturbances in the valleys would act as

a continuous source for the reorganisation of the species in each sam-

pling year. Thus, the valleys would concentrate most of the species

turnover. Our results confirm this hypothesis. However, the pattern

was relatively weak and inconsistent, detected only between 2006

and 2018. These results make it clear that our understanding of the

effects of environmental variables on ant diversity is still limited and

that predicting temporal patterns based on ant diversity spatial pat-

terns needs to be done with caution.
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In tropical forests, ants are locally highly diverse, and patterns

reported for one stratum may not hold for the entire assemblage

(Torres et al., 2020; Wilkie et al., 2010). The leaf-litter ant fauna, typi-

cally sampled with Winkler extractors, is composed of more cryptic

and smaller species, many of them with specialised habitat require-

ments, while ground-dwelling ant assemblages, often sampled with

pitfall traps, are dominated by larger and more mobile species

(Olson, 1991; Wiezik et al., 2015). Although both strata are highly

dynamic, leaf-litter ant assemblage composition seems more stable

over time than ground-dwelling-ant assemblages (Castro et al., 2012;

Donoso, 2017). Despite ground-dwelling ants showing desirable char-

acteristics to indicate ecological disturbance (larger species with

higher dispersal abilities), more studies are needed to understand if

patterns gathered from pitfall traps apply to other strata or the entire

ant community.

AUTHOR CONTRIBUTIONS

Ana Cristina da Silva Utta: Investigation; writing – original draft;

methodology; validation; visualization; writing – review and editing.

Adriano Henrique Cruz de Oliveira: Investigation; methodology; vali-

dation; visualization; writing – review and editing. Jorge Luiz Pereira

de Souza: Investigation; methodology; validation; visualization;

writing – review and editing. Itanna Oliveira Fernandes: Investigation;

methodology; validation; visualization; writing – review and editing.

William Ernest Magnusson: Investigation; methodology; validation;

visualization; writing – review and editing. Fabricio Beggiato Baccaro:

Conceptualization; investigation; validation; visualization; writing –

review and editing; software; methodology; supervision.

ACKNOWLEDGEMENTS

We thank Everaldo Pereira, Juliana S. Araújo, Pollyana Y. O. Caval-

cante, Aires da S. Lopes (in memorian), José da S. Lopes, Paulo da

S. Lopes (in memorian), Fabio Oliveira, and Claudio dos Santos-Neto

for their help in sampling ants. Fernando Fernández, Jacques H. C.

Delabie, John T. Longino, José M. S. Vilhena, and Rodrigo M. Feitosa

confirmed some species identifications. Jamerson Aguiar helped with

the map creation. This work was only possible due to 20 years of

research conducted under the Brazilian LTER, funded by national

(CAPES, CNPq) and regional (FAPEAM) Brazilian Science Foundations,

including the latter: – CHAMADA PÚBLICA N� 021/2020 – PELD/

CNPq/FAPEAM. Additional financial support was provided by PIPT/

FAPEAM 1750/08; PNPD/CAPES 03017/19-05; FAPEAM

062.01325/2014, and Long-Term Ecological Research – PELD, the

Program for Biodiversity Research (PPBio) 470375/2006-0;

558318/2009-6; and the National Institute for Amazonian Biodiver-

sity (CENBAM). J.L.P.S. was supported by CNPq PCI/INMA post-doctoral

scholarship 302065/2021-0, and A.H.C.O. was supported by CNPq and

FAPEAM scholarships. FBB and WEM have been continuously supported

by CNPq productivity grants 309600/2017-0 and 307178/2021-8. IOF

was supported by PNPD/CAPES 88887.372176/2019-00, POSGRAD

(FAPEAM), and PROAP (CAPES). Data are maintained by PPBio and

CENBAM.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are openly available at

https://github.com/Fabricera/Utta_etal/.

ORCID

Ana Cristina da Silva Utta https://orcid.org/0000-0002-6573-342X

Fabricio Beggiato Baccaro https://orcid.org/0000-0003-4747-1857

REFERENCES

Aguiar, N.O., Gualberto, T.L. & Franklin, E. (2006) A medium-spatial scale

distribution pattern of Pseudoscorpionida (Arachnida) in a gradient

of topography (altitude and inclination), soil factors, and litter in a

central Amazonia forest reserve, Brazil. Brazilian Journal of Biology,

66, 791–802. Available from: https://doi.org/10.1590/S1519-

69842006000500004

Andersen, A.N. (2019) Responses of ant communities to disturbance: five

principles for understanding the disturbance dynamics of a globally

dominant faunal group. The Journal of Animal Ecology, 88, 350–362.
Available from: https://doi.org/10.1111/1365-2656.12907

Anderson, M.J. (2001) A new method for non-parametric multivariate

analysis of variance. Austral Ecology, 26, 32–46. Available from:

https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x

Baccaro, F.B., Feitosa, R.M., Fernández, F., Fernandes, I.O., Izzo, T.J., de

Souza, J.L.P. et al. (2015) Guia para os gêneros de formigas do Brasil.

Zenodo. Available from: https://doi.org/10.5281/ZENODO.32912

Baccaro, F.B., Rocha, I.F., del Aguila, B.E.G., Schietti, J., Emilio, T., Pinto, J.

L.P.d.V. et al. (2013) Changes in ground-dwelling ant functional

diversity are correlated with water-table level in an Amazonian Terra

Firme Forest. Biotropica, 45, 755–763. Available from: https://doi.

org/10.1111/btp.12055

Bewick, S., Stuble, K.L., Lessard, J.-P., Dunn, R.R., Adler, F.R. &

Sanders, N.J. (2014) Predicting future coexistence in a north Ameri-

can ant community. Ecology and Evolution, 4, 1804–1819. Available
from: https://doi.org/10.1002/ece3.1048

Blowes, S.A., Supp, S.R., Antão, L.H., Bates, A., Bruelheide, H., Chase, J.M.

et al. (2019) The geography of biodiversity change in marine and ter-

restrial assemblages. Science, 366, 339–345. Available from: https://

doi.org/10.1126/science.aaw1620

Bravard, S. & Righi, D. (1989) Geochemical differences in an Oxisol-

spodosol toposequence of Amazonia, Brazil. Geoderma, 44, 29–42.
Available from: https://doi.org/10.1016/0016-7061(89)90004-9

Bueno, A.S., Bruno, R.S., Pimentel, T.P., Sanaiotti, T.M. & Magnusson, W.E.

(2012) The width of riparian habitats for understory birds in an Ama-

zonian forest. Ecological Applications, 22, 722–734. Available from:

https://doi.org/10.1890/11-0789.1

Câmara, T., Leal, I.R., Blüthgen, N., Oliveira, F.M.P. & Arnan, X. (2019)

Anthropogenic disturbance and rainfall variation threaten the stabil-

ity of plant–ant interactions in the Brazilian caatinga. Ecography, 42,

1960–1972. Available from: https://doi.org/10.1111/ecog.04531

Castro, F.S.d., Gontijo, A.B., Castro, P.d.T.A. & Ribeiro, S.P. (2012) Annual

and seasonal changes in the structure of litter-dwelling ant assem-

blages (Hymenoptera: Formicidae) in Atlantic semideciduous forests.

Psyche: A Journal of Entomology, 2012, 1–12. Available from: https://

doi.org/10.1155/2012/959715

Chao, A., Gotelli, N.J., Hsieh, T.C., Sander, E.L., Ma, K.H., Colwell, R.K. et al.

(2014) Rarefaction and extrapolation with hill numbers: a framework for

sampling and estimation in species diversity studies. Ecological Mono-

graphs, 84, 45–67. Available from: https://doi.org/10.1890/13-0133.1

12 DA SILVA UTTA ET AL.



Chao, A. & Jost, L. (2012) Coverage-based rarefaction and extrapolation:

standardizing samples by completeness rather than size. Ecology, 93,

2533–2547. Available from: https://doi.org/10.1890/11-1952.1

Chaudhari, S., Pokhrel, Y., Moran, E. & Miguez-Macho, G. (2019) Multi-

decadal hydrologic change and variability in the Amazon River basin:

understanding terrestrial water storage variations and drought char-

acteristics. Hydrology and Earth System Sciences, 23, 2841–2862.
Available from: https://doi.org/10.5194/hess-23-2841-2019

Chauvel, A., Lucas, Y. & Boulet, R. (1987) On the genesis of the soil mantle

of the region of Manaus, Central Amazonia, Brazil. Experientia, 43,

234–241. Available from: https://doi.org/10.1007/BF01945546

Collins, S.L., Avolio, M.L., Gries, C., Hallett, L.M., Koerner, S.E., La

Pierre, K.J. et al. (2018) Temporal heterogeneity increases with spa-

tial heterogeneity in ecological communities. Ecology, 99, 858–865.
Available from: https://doi.org/10.1002/ecy.2154

Collins, S.L., Micheli, F. & Hartt, L. (2000) A method to determine rates and

patterns of variability in ecological communities. Oikos, 91, 285–293.
Costa, F.R.C., Guillaumet, J.-L., Lima, A.P. & Pereira, O.S. (2009) Gradients

within gradients: the mesoscale distribution patterns of palms in a

central Amazonian forest. Journal of Vegetation Science, 20, 69–78.
Available from: https://doi.org/10.1111/j.1654-1103.2009.05314.x

Costa, F.R.C., Zuanon, J.A.S., Baccaro, F.B., Almeida, J.S.d., Menger, J.d.S.,

Souza, J.L.P. et al. (2020) Effects of climate change on central Ama-

zonian forests: a two decades synthesis of monitoring tropical biodi-

versity. Oecologia Australis, 24, 317–335. Available from: https://doi.

org/10.4257/oeco.2020.2402.07

Costa, F.V., Costa, F.R.C., Magnusson, W.E., Franklin, E., Zuanon, J.,

Cintra, R. et al. (2015) Synthesis of the first 10 years of long-term

ecological research in Amazonian Forest ecosystem – implications

for conservation and management. Nature Conservation, 13, 3–14.
Available from: https://doi.org/10.1016/j.ncon.2015.03.002

Cribari-Neto, F. & Zeileis, A. (2010) Beta Regression in R. Journal of Statis-

tical Software, 34, 1–24. Available from: https://doi.org/10.18637/

jss.v034.i02

Donoso, D.A. (2017) Tropical ant communities are in long-term equilib-

rium. Ecological Indicators, 83, 515–523. Available from: https://doi.

org/10.1016/j.ecolind.2017.03.022

Dornelas, M., Antão, L.H., Moyes, F., Bates, A.E., Magurran, A.E., Adam, D.

et al. (2018) BioTIME: a database of biodiversity time series for the

Anthropocene. Global Ecology and Biogeography, 27, 760–786. Avail-
able from: https://doi.org/10.1111/geb.12729

Dornelas, M., Gotelli, N.J., McGill, B., Shimadzu, H., Moyes, F., Sievers, C.

et al. (2014) Assemblage time series reveal biodiversity change but

not systematic loss. Science, 344, 296–299. Available from: https://

doi.org/10.1126/science.1248484

Ferrari, S. & Cribari-Neto, F. (2004) Beta regression for modelling rates

and proportions. Journal of Applied Statistics, 31, 799–815. Available
from: https://doi.org/10.1080/0266476042000214501

Fraga, R., Lima, A.P. & Magnusson, W.E. (2011) Mesoscale spatial ecology

of a tropical snake assemblage: the width of riparian corridors in cen-

tral Amazonia. Herpetological Journal, 21, 51–57.
Fukami, T., Martijn Bezemer, T., Mortimer, S.R. & Putten, W.H. (2005)

Species divergence and trait convergence in experimental plant com-

munity assembly. Ecology Letters, 8, 1283–1290. Available from:

https://doi.org/10.1111/j.1461-0248.2005.00829.x

Gibb, H., Sanders, N.J., Dunn, R.R., Watson, S., Photakis, M., Abril, S. et al.

(2015) Climate mediates the effects of disturbance on ant assem-

blage structure. Proceedings of the Royal Society B: Biological Sciences,

282, 20150418. Available from: https://doi.org/10.1098/rspb.2015.

0418

Gloor, M., Barichivich, J., Ziv, G., Brienen, R., Schöngart, J., Peylin, P. et al.

(2015) Recent Amazon climate as background for possible ongoing

and future changes of Amazon humid forests. Global Biogeochemical

Cycles, 29, 1384–1399. Available from: https://doi.org/10.1002/

2014GB005080

Gonzalez, A., Cardinale, B.J., Allington, G.R.H., Byrnes, J., Arthur

Endsley, K., Brown, D.G. et al. (2016) Estimating local biodiversity

change: a critique of papers claiming no net loss of local diversity.

Ecology, 97, 1949–1960. Available from: https://doi.org/10.1890/

15-1759.1

Griffiths, H.M., Ashton, L.A., Walker, A.E., Hasan, F., Evans, T.A., Eggleton, P.

et al. (2018) Ants are the major agents of resource removal from tropi-

cal rainforests. The Journal of Animal Ecology, 87, 293–300. Available
from: https://doi.org/10.1111/1365-2656.12728

Groc, S., Delabie, J.H., Fernandez, F., Leponce, M., Orivel, J., Silvestre, R.

et al. (2014) Leaf-litter ant communities (Hymenoptera: Formicidae)

in a pristine Guianese rainforest: stable functional structure versus

high species turnover. Myrmecological News, 19, 43–51.
Holdaway, R.J. & Sparrow, A.D. (2006) Assembly rules operating along a

primary riverbed–grassland successional sequence. Journal of Ecol-

ogy, 94, 1092–1102. Available from: https://doi.org/10.1111/j.

1365-2745.2006.01170.x

Holm, S. (1979) A simple sequentially rejective multiple test procedure.

Scandinavian Journal of Statistics, 6, 65–70.
Hsieh, T.C., Ma, K.H. & Chao, A. (2016) iNEXT: an R package for rarefac-

tion and extrapolation of species diversity (hill numbers). Methods in

Ecology and Evolution, 7, 1451–1456. Available from: https://doi.org/

10.1111/2041-210X.12613

Kaspari, M. & Weiser, M.D. (2000) Ant activity along moisture gradients in

a neotropical forest 1. Biotropica, 32, 703–711.
Kinap, N.M., Nagy-Reis, M., Bobrowiec, P.E.D., Gordo, M. &

Spironello, W.R. (2021) Influence of topography gradient and season-

ality on primate habitat use in Central Amazonia. Mammalian Biology,

101, 251–259. Available from: https://doi.org/10.1007/s42991-

021-00108-3

Landeiro, V.L., Franz, B., Heino, J., Siqueira, T. & Bini, L.M. (2018) Species-

poor and low-lying sites are more ecologically unique in a hyperdi-

verse Amazon region: evidence from multiple taxonomic groups.

Diversity and Distributions, 24, 966–977. Available from: https://doi.

org/10.1111/ddi.12734

Legendre, P. (2019) A temporal beta-diversity index to identify sites that

have changed in exceptional ways in space–time surveys. Ecology

and Evolution, 9, 3500–3514. Available from: https://doi.org/10.

1002/ece3.4984

Legendre, P. & Anderson, M.J. (1999) Distance-based redundancy analysis:

testing multispecies responses in multifactorial ecological experi-

ments. Ecological Monographs, 69, 1–24. Available from: https://doi.

org/10.1890/0012-9615(1999)069[0001:DBRATM]2.0.CO;2

Legendre, P. & Gallagher, E.D. (2001) Ecologically meaningful transforma-

tions for ordination of species data. Oecologia, 129, 271–280. Avail-
able from: https://doi.org/10.1007/s004420100716

Legendre, P. & Gauthier, O. (2014) Statistical methods for temporal and

space–time analysis of community composition data†. Proceedings of
the Royal Society B: Biological Sciences, 281, 20132728. Available

from: https://doi.org/10.1098/rspb.2013.2728

Luizão, R.C.C., Luizão, F.J., Paiva, R.Q., Monteiro, T.F., Sousa, L.S. &

Kruijt, B. (2004) Variation of carbon and nitrogen cycling processes

along a topographic gradient in a central Amazonian forest. Global

Change Biology, 10, 592–600. Available from: https://doi.org/10.

1111/j.1529-8817.2003.00757.x

Magnusson, W., Braga-Neto, R., Pezzini, F., Baccaro, F.B., Bergallo, H.,

Penha, J. et al. (2013) Biodiversity and integrated environmental

monitoring.

Magurran, A.E. & Henderson, P.A. (2003) Explaining the excess of rare

species in natural species abundance distributions. Nature, 422, 714–
716. Available from: https://doi.org/10.1038/nature01547

Magurran, A.E. & Henderson, P.A. (2010) Temporal turnover and the main-

tenance of diversity in ecological assemblages. Philosophical Transac-

tions of the Royal Society, B: Biological Sciences, 365, 3611–3620.
Available from: https://doi.org/10.1098/rstb.2010.0285

ANT-ASSEMBLAGE STRUCTURE OVER TIME 13



Marengo, J.A. & Espinoza, J.C. (2016) Extreme seasonal droughts and

floods in Amazonia: causes, trends and impacts. International Journal

of Climatology, 36, 1033–1050. Available from: https://doi.org/10.

1002/joc.4420

Massol, F., Altermatt, F., Gounand, I., Gravel, D., Leibold, M.A. &

Mouquet, N. (2017) How life-history traits affect ecosystem proper-

ties: effects of dispersal in meta-ecosystems. Oikos, 126, 532–546.
Available from: https://doi.org/10.1111/oik.03893

Matthews, W.J., Marsh-Matthews, E., Cashner, R.C. & Gelwick, F. (2013)

Disturbance and trajectory of change in a stream fish community

over four decades. Oecologia, 173, 955–969. Available from: https://

doi.org/10.1007/s00442-013-2646-3

McGlynn, T.P. & Poirson, E.K. (2012) Ants accelerate litter decomposition in a

Costa Rican lowland tropical rain forest. Journal of Tropical Ecology, 28,

437–443. Available from: https://doi.org/10.1017/S0266467412000375

Menin, M., Lima, A.P., Magnusson, W.E. & Waldez, F. (2007) Topographic

and edaphic effects on the distribution of terrestrially reproducing

anurans in Central Amazonia: mesoscale spatial patterns. Journal of

Tropical Ecology, 23, 539–547. Available from: https://doi.org/10.

1017/S0266467407004269

Mezger, D. & Pfeiffer, M. (2011) Partitioning the impact of abiotic factors

and spatial patterns on species richness and community structure of

ground ant assemblages in four Bornean rainforests. Ecography, 34,

39–48. Available from: https://doi.org/10.1111/j.1600-0587.2010.

06538.x

Montoya, J.M. & Raffaelli, D. (2010) Climate change, biotic interactions

and ecosystem services. Philosophical Transactions of the Royal Soci-

ety, B: Biological Sciences, 365, 2013–2018. Available from: https://

doi.org/10.1098/rstb.2010.0114

Moraes, J., Franklin, E., de Morais, J.W. & de Souza, J.L.P. (2011) Species

diversity of edaphic mites (Acari: Oribatida) and effects of topogra-

phy, soil properties and litter gradients on their qualitative and quan-

titative composition in 64 km2 of forest in Amazonia. Experimental &

Applied Acarology, 55, 39–63. Available from: https://doi.org/10.

1007/s10493-011-9451-7

Munyai, T.C. & Foord, S.H. (2015) Temporal patterns of ant diversity

across a mountain with climatically contrasting aspects in the tropics

of Africa. PLoS One, 10, e0122035. Available from: https://doi.org/

10.1371/journal.pone.0122035

Nobre, A.D., Cuartas, L.A., Hodnett, M., Rennó, C.D., Rodrigues, G.,

Silveira, A. et al. (2011) Height above the nearest drainage – a hydro-

logically relevant new terrain model. Journal of Hydrology, 404, 13–
29. Available from: https://doi.org/10.1016/j.jhydrol.2011.03.051

Oberdorff, T., Hugueny, B. & Vigneron, T. (2001) Is assemblage variability

related to environmental variability? An answer for riverine fish.

Oikos, 93, 419–428. Available from: https://doi.org/10.1034/j.1600-

0706.2001.930307.x

Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R.,

O’hara, R.B. et al. (2021) Package ‘vegan’. Community Ecol. Package

Version 2, 1-295.

Oliveira, P.Y.d., Souza, J.L.P.d., Baccaro, F.B. & Franklin, E. (2009) Ant

species distribution along a topographic gradient in a “terra-firme”
forest reserve in Central Amazonia. Pesquisa Agropecuária Brasileira,

44, 852–860. Available from: https://doi.org/10.1590/S0100-

204X2009000800008

Olson, D.M. (1991) A comparison of the efficacy of litter sifting and pitfall

traps for sampling leaf litter ants (Hymenoptera, Formicidae) in a

tropical wet forest, costa rica. Biotropica, 23, 166. Available from:

https://doi.org/10.2307/2388302

Parmesan, C. (2007) Influences of species, latitudes and methodologies on

estimates of phenological response to global warming. Global Change

Biology, 13, 1860–1872. Available from: https://doi.org/10.1111/j.

1365-2486.2007.01404.x

Pereira, L.G.d.A., Capavede, U.D., Tavares, V.d.C., Magnusson, W.E.,

Bobrowiec, P.E.D. & Baccaro, F.B. (2019) From a bat’s perspective,

protected riparian areas should be wider than defined by Brazilian

laws. Journal of Environmental Management, 232, 37–44. Available
from: https://doi.org/10.1016/j.jenvman.2018.11.033

Porter, S.D. (2005) A simple design for a rain-resistant pitfall trap. Insectes

Sociaux, 52, 201–203. Available from: https://doi.org/10.1007/

s00040-004-0783-8

Prather, C.M., Pelini, S.L., Laws, A., Rivest, E., Woltz, M., Bloch, C.P. et al.

(2013) Invertebrates, ecosystem services and climate change. Biologi-

cal Reviews, 88, 327–348. Available from: https://doi.org/10.1111/

brv.12002

Queiroz, A.C.M., Marques, T.G., Ribas, C.R., Cornelissen, T.G., Nogueira, A.,

Schmidt, F.A. et al. (2023) Ant diversity decreases during the dry sea-

son: a meta-analysis of the effects of seasonality on ant richness and

abundance. Biotropica, 55, 29–39. Available from: https://doi.org/10.

1111/btp.13158

R Core Team. (2021) R: A language and environment for statistical

computing.

Rennó, C.D., Nobre, A.D., Cuartas, L.A., Soares, J.V., Hodnett, M.G.,

Tomasella, J. et al. (2008) HAND, a new terrain descriptor using

SRTM-DEM: mapping terra-firme rainforest environments in Amazo-

nia. Remote Sensing of Environment, 112, 3469–3481. Available from:

https://doi.org/10.1016/j.rse.2008.03.018

Ribeiro, J., Hopkins, M.J.G., Vicentini, A., Sothers, C.A., Costa, M.d.S.,

Brito, J.D. et al. (1999) Guía de identificação das plantas vasculares de

uma floresta de terra-firme na Amazônia Central. Manaus: Editora

INPA.

Rodrigues, F.R.d.O. & Costa, F.R.C. (2012) Litter as a filter of emergence

for herbaceous seedlings and sporophytes in central Amazonia. Jour-

nal of Tropical Ecology, 28, 445–452. Available from: https://doi.org/

10.1017/S0266467412000491

Rodrigues-Filho, C.A.S., Costa, F.R.C., Schietti, J., Nogueira, A., Leitão, R.P.,

Menger, J. et al. (2024) Multi-taxa responses to climate change in the

Amazon Forest. Global Change Biology, 30, e17598. Available from:

https://doi.org/10.1111/gcb.17598

Sabu, T.K., Vineesh, P.J. & Vinod, K.V. (2008) Diversity of forest litter-

inhabiting ants along elevations in the Wayanad region of the West-

ern Ghats. Journal of Insect Science, 8, 69. Available from: https://doi.

org/10.1673/031.008.6901

Schiesari, L., Matias, M.G., Prado, P.I., Leibold, M.A., Albert, C.H.,

Howeth, J.G. et al. (2019) Towards an applied metaecology. Perspec-

tives in Ecology and Conservation, 17, 172–181. Available from:

https://doi.org/10.1016/j.pecon.2019.11.001

Schietti, J., Emilio, T., Rennó, C.D., Drucker, D.P., Costa, F.R.C.,

Nogueira, A. et al. (2014) Vertical distance from drainage drives flo-

ristic composition changes in an Amazonian rainforest. Plant Ecology

and Diversity, 7, 241–253. Available from: https://doi.org/10.1080/

17550874.2013.783642

Schultz, T.R. & McGlynn, T.P. (2000) The interactions of ants with other

organisms. Ants Stand. Methods Meas. Monit. Biodivers, 4, 35–44.
Shimadzu, H., Dornelas, M. & Magurran, A.E. (2015) Measuring temporal

turnover in ecological communities. Methods in Ecology and Evolution,

6, 1384–1394. Available from: https://doi.org/10.1111/2041-210X.

12438

Silva, R.R. & Brandão, C.R.F. (2010) Morphological patterns and

community organization in leaf-litter ant assemblages. Ecological

Monographs, 80, 107–124. Available from: https://doi.org/10.1890/

08-1298.1

Silva, R.R. & Brandão, C.R.F. (2014) Ecosystem-wide morphological struc-

ture of leaf-litter ant communities along a tropical latitudinal gradi-

ent. PLoS One, 9, e93049. Available from: https://doi.org/10.1371/

journal.pone.0093049

Sousa-Souto, L., Schoereder, J.H. & Schaefer, C.E.G.R. (2007) Leaf-cutting

ants, seasonal burning and nutrient distribution in Cerrado vegeta-

tion. Austral Ecology, 32, 758–765. Available from: https://doi.org/

10.1111/j.1442-9993.2007.01756.x

14 DA SILVA UTTA ET AL.



Souza Holanda, P.M., Souza, J.L.P. & Baccaro, F.B. (2021) Seasonal fluctua-

tion of groundwater level influences local litter-dwelling ant richness,

composition, and colonization in the Amazon rainforest. Ecological

Entomology, 46, 220–231. Available from: https://doi.org/10.1111/

een.12954

Souza, J.L.P.d., Baccaro, F.B., Landeiro, V.L., Franklin, E. &

Magnusson, W.E. (2012) Trade-offs between complementarity and

redundancy in the use of different sampling techniques for ground-

dwelling ant assemblages. Applied Soil Ecology, 56, 63–73. Available
from: https://doi.org/10.1016/j.apsoil.2012.01.004

Toledo, J.J., Magnusson, W.E., Castilho, C.V. & Nascimento, H.E.M. (2012)

Tree mode of death in Central Amazonia: effects of soil and topogra-

phy on tree mortality associated with storm disturbances. Forest

Ecology and Management, 263, 253–261. Available from: https://doi.

org/10.1016/j.foreco.2011.09.017

Torres, M.T., Souza, J.L.P. & Baccaro, F.B. (2020) Distribution of epigeic

and hypogeic ants (Hymenoptera: Formicidae) in ombrophilous for-

ests in the Brazilian Amazon. Sociobiology, 67, 186. Available from:

https://doi.org/10.13102/sociobiology.v67i2.4851

Tozetto, L., Forrister, D.L., Duval, M., Hays, T., Garwood, N.C., Castro, R.V.

et al. (2023) Army ant males lose seasonality at a site on the equator.

Biotropica, 55, 382–395. Available from: https://doi.org/10.1111/

btp.13192

Uquillas, A., Bonilla, N., Arizala, S., Basset, Y., Barrios, H. & Donoso, D.A.

(2024) Climate drives the long-term reproductive investment of a

tropical ant community. Scientific Reports. 15, 428. Available from:

https://doi.org/10.21203/rs.3.rs-4049096/v1

van Klink, R., Bowler, D.E., Gongalsky, K.B., Swengel, A.B.,

Gentile, A. & Chase, J.M. (2020) Meta-analysis reveals declines

in terrestrial but increases in freshwater insect abundances. Sci-

ence, 368, 417–420. Available from: https://doi.org/10.1126/

science.aax9931

van Schalkwyk, J., Pryke, J.S. & Samways, M.J. (2019) Contribution of com-

mon vs. rare species to species diversity patterns in conservation

corridors. Ecological Indicators, 104, 279–288. Available from:

https://doi.org/10.1016/j.ecolind.2019.05.014

Vasconcelos, H.L., Macedo, A.C.C. & Vilhena, J.M.S. (2003) Influence of

topography on the distribution of ground-dwelling ants in an Amazo-

nian Forest. Studies on Neotropical Fauna and Environment, 38, 115–
124. Available from: https://doi.org/10.1076/snfe.38.2.115.15923

Wickham, H. (2016) ggplot2: elegant graphics for data analysis Springer-

Verlag New York; 2009.

Wiezik, M., Svitok, M., Wieziková, A. & Dovčiak, M. (2015) Identifying shifts in
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