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Resumo

A Amazobnia, o0 bioma terrestre mais divedsoplaneta, € moldada por eventos histéricos

e pela heterogeneidade ambiental. Plantas e animais especiakzagantiferentes tipos

de vegetacdo, como florestas de téinrae, florestas inundadas e ecossistemas de areia
branca (White Sand Ecosystein8/SE). Estes, com solos pobres em nutrientes e baixa
produtividade, abrigam espécies altamente adaptadas e muitas vezes endémicas. No
entanto, a diversidade de formigas nesses ambientes € ainda pouco conhecida. Dada sua
importancia ecoldgica, as formiga&osum grupo ideal para estudar as interacdes entre
espécies e suas respostas as variacbes ambientais. Esta tese examinou a estrutura e
composicao de assembleias de formigas em WSEs da Amazénia brasileira em diferentes
escalas espaciais. Nowimeiro capitulo, investigamos como a diversidade de formigas
terrestres e arboreas é influenciada pela estrutura da vegetacédo ao longo de um gradiente
de vegetacao de areia branda.segundo capitulcexplorou como a estrutura do habitat

e 0s processos bhiogeogréaficos afetam assembleias de formigas em campinas abertas e
florestas de areia branca em duas regiBasa oterceiro capitulo, apresentamos o
primeiro levantamento abrangente de formigas arbOreas e terrestres em campinas.
Descobrimos que a diversidade beta foi dominada pela substituicdo de espécies, e a
estrutura do habitat influenciou a composicédo de formigas terrestres eaarbBssas
conclusGes reforcam a necessidade de estratégias dervegéee que levem em
consideragcdo a complexidade e heterogeneidade dos ecossistemas de areia branca para

preservar sua biodiversidade.

Palavras chave: Floresta Amazbnica, Ecossistemas de Areia Branca (WSES),

Diversidade de Formigas, Gradiente Ambiental, Estrutura do Habitat, Conservacéo.



Xi

Abstract

The Amazon, the most diverse terrestrial biome on the planet, is shaped by historical
events and environmental heterogeneity. Plants and animals have specialized in different
types of vegetation, such as tefirsne forests, flooded forests, and whgand
ecosystems (WSHE These ecosystems, characterized by nutpeot soils and low
productivity, harbor highly adapted and often endemic species. However, ant diversity in
these environments remains largely unknown. Given their ecological importan@eants

an ideal group to study species interactions and their responses to environmental
variations. This thesis investigated the structure and composition of ant assemblages in
WSEs of the Brazilian Amazon at different spatial scales. In the first chapter, w
examined how the diversity of growddvelling and arboreal ants is influenced by
vegetation structure along a whgand vegetation gradient. The second chapter explored
how habitat structure and biogeographic processes affect ant assemblages in open
canpinas and whitesand forests across two regions. In the third chapter, we presented
the first comprehensive survey of arboreal and gralwelling ants in campinas. We
found that beta diversity was dominated by species turnover, and habitat structure
influenced the composition of both groud@elling and arboreal ants. These findings
highlight the need for conservation strategies that consider the complexity and

heterogeneity of whitsand ecosystems to preserve their biodiversity.

Keywords: Amazon Rainforest, Whit&and Ecosystems (WSEs), Ant Diversity,

environmest gradient, Habitat Structure, Conservation
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Introducéo geral

A Amazobnia € o bioma terrestre mais diverso do planeta, e sua diversidade é
estruturada por eventos historicos e pela heterogeneidade ambiental da regido (Haffer
1969; Emilio et al. 2010; Householder et al. 2021). Longe de ser uma paisagem
homogénea de flesta, a Amazonia € um mosaico de ambientes distintos, que variam
desde densas florestas de tdimae até areas sazonalmente inundadas por aguas brancas
(Varzeas) e aguas pretas (Igapds), bem como ecossistemas mais abertos, semelhantes a
savanas (Junk al. 2011) conhecidas como Ecossistemas de areia branca. Nesse bioma,
espécies de plantas e animais tornasantotal ou parcialmente especializadas nesses
diferentes tipos de vegetacdo e manchas de vegetacdo néo florestal (Fadini et al. 2021;
Adeney et al 2016; Borges et al. 2016a; Oliveira et al. 2023). Assim, os gradientes
ambientais associados a esses diferentes tipos de vegetacdo afetam a distribuicdo das
espécies, contribuindo de forma essencial para os padrbes -divbesadade na regido

amazonicgTuomisto e Ruokolainen 2006; Graca et al. 2017; Guilherme et al. 2019).

Os Ecossistemas de areia branca na Amazonia (White sand Ecossystems; WSE)
séo considerados singulares na Ameérica do Sul Tropical (IBGE 2012, Adney et al. 2016)
e tém abrangéncia nos estados do Acre, Amazonas, Para, Rondodnia e Roraima, podendo
se estenderirzda pela Colombia, Venezuela, Guiana Francesa, Guiana, Suriname e Peru
(IBGE, 2012). Conhecidas no Brasil como Campina e Campinaranas (Stropp et al. 2011,
Vicetinni, 2016), em outras regides como complexo vegetacional sobre areia branca
(Silveira 2003), sses ecossistemas sao caracterizados por baixa produtividade,
diversidade reduzida e solos com alto oligotrofismo e acidez, quando comparados as

florestas de terrirme (Anderson 1981). A vegetacdo dos ecossistemas de areia branca
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inclui campinas arbustivas abertas e campinaranas arboreas densas ou florestadas
(Anderson 1981; IBGE 2012; Daly et al. 2016; Silveira 2003; Adney et al. 2016), e sua
estrutura varia conforme a origem geologica, topografia, textura do solo, fertilidade,
hidrologia, profundidade do lencol freatico e regime de fogo (Anderson 1981; Adeney et

al. 2016; Fine e Bruna 2016).

A combinacao de fatores ambientais presentes nos ecossistemas de areia branca
resulta em modificagdes profundas na estrutura e composicao das assembleias de plantas
e animais em comparacdao com as florestas defiema adjacentes. As campinas e
campinaraas sdo menos diversas e apresentam uma composicao floristica distinta,
composta por vegetacdo mais esclerdfila e com elevada ocorréncia de endemismo
(Anderson 1981; Daly et al. 2016; Fine et al. 2010; Stroop et al. 2011). O namero de
espécies de plantasi@emicas associado a variacdo geografica e isolamento desses
ecossistemas sugere que eles contribuem para a diversidade regional de espécies
amazonicas (Fine et al. 2016). Esse padrdo também é observado em assembleias de
animais, como aves (Borges et @18). Aléem dissoas composi¢coes diferenciadaes
espécies de plantas nesses ecossistemas, afetam diretamente a abundéancia de
polinizadores, dispersores de sementes e predadores, muitos dos quais sdo insetos

(Laurance e Bierregaard 1997; Didhatral. 1996).

Entre os insetos, as formigas sé@o particularmente interessantes como espécies de
estudo, pois desempenham varias funcdes ecoldgicas, como predacdo, dispersdo e
controle de herbivoros (Bihn et al. 2010; Lach et al. 2010), interagindo com seu ambiente
em mutiplas escalas (Spiesman & Cumming 2008). Elas nidificam e forrageiam em
diferentes estratos florestais, como camadas superficiais do solo, serapilheira, troncos de

arbustos e arvores, além do dossel (Blithgen e Feldhaar 2010). A heterogeneidade
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ambiental, portanto, tende a estar associada a um maior nimero de espécies de formigas,
devido a oferta mais diversificada de recursos (Ribas et al. 2003; Pacheco e Vasconcelos
2012). Apesar do Ecossistema de Areia branca apresentar grande variagcdo na
disponibilidade de recursos, poucos trabalhos investigaram como caracteristicas
ambientais estruturam as assembleias de formigas nos ecossistemas de areia branca na
Amazbnia. A maioria dos estudos sobre formigas em ambientes amazbdnicos néo
florestados concergise em areas de savana (cerrados amazoénicos), que possuem uma
histéria evolutiva e estrutura ambiental distintas (Vasconcelos e Vilhena 2006;

Vasconcelos et al. 2008; Peixoto et al. 2010).

Categorizar escalas e agrupar espécies com base em seus grupos funcionais, ou
seja, nas funcbes que desempenham nos ecossistemas, tem sido uma tendéncia crescente
na ecologia devido a sua capacidade de prever ou explicar a estrutura das comunidades
(McGill et al. 2006; Philpott et al. 2010). A forca dessas relacdes varia de acordo com as
caracteristicas do ambiente em questdo (Giacomini 2007). Assim, as assembleias de
formigas fornecem um sistema de estudo ideal para examinar diferentes niveis de
toleranciaas variacdes de recursos, condicdes e perturbacdes nos ecossistemas terrestres
(Leal et al. 2012; Baccaro et al, 2013, Solar et al. 2016). Os ecossistemas de areia branca
na Amazonia ainda sdo muito pouco estudados. A maioria dos estudos sobre formigas em
ambientes amazonicos ndo florestados sdo restritas as areas de savana (cerrados
amazoOnicos) que apresentam uma historia evolutiva e estrutura ambiental distintas
(Peixoto et al. 2010). Entretanto, como conhecemos pouco sobre historia de vida e da
ecologiadas espécies de formigas, sabemos pouco o que regem mudanca nha riqueza e
abundancia de espécies entre locais com cobertura vegetal difblesge.contexto, a

presente tese investigou a estrutura e a composi¢cdo de assembleias de formigas em
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ecossistemas de areia branca em diferentes escalas espaciais na Amazonia brasileira. Os

resultados estdo organizados em trés capitulos:

Capitulo 1: Investigamos o efeito da estrutura da vegetacao na diversidade de formigas
em dois estratos ao longo de um gradiente natural de vegetacdo de areia branca na

Amazobnia central.

Capitulo 2: Investigamos a influéncia da estrutura do habitat e da biogeografia na
diversidade taxondmica e funcional de assembleias de formigas em ecossistema de areia

branca na Amaz6nia

Capitulo 3: Realizamos o primeiro levantamento de espécies de formigas arbdreas e

terrestres de Campinas na Amazéna brasileira
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APITULO 1

»

Beta diversity and microhabitat use of ant assemblages in a whitand

vegetation gradient in central Amazonia

Amanda Batista da Silva de Oliveira, Sérgio Henrique Borges, Alessander Turibio Paes,
Rafaela Caroline dos Santos Pereira, Ramiro Dario Melinski, Albertina Pimentel Lima,

William E. Magnwsson, Fabricio Beggiato Baccaro

Artigo publicado naJournal of Insect Conservationem 23 de setembro de 20Z30I

10.1007/s1084023-0051 %4
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Abstract Much of the remarkable beta diversity of the Amazon biome is associated with the variety of vegetation types and
other broad environmental gradients. We investigated ant assemblages in white-sand vegetation, one of the most distinc-
tive vegetation types in the Amazon. Using pitfall traps in trees and on the ground, we comprehensively surveyed the ant
assemblages along a natural gradient of vegetation structure, quantified with ground-LiDAR measurements. We collected
individuals of 212 ant species/morphospecies distributed across 53 genera and nine subfamilies. Alpha diversity was not cor-
related with vegetation complexity, but beta diversity varied widely along the vegetation gradient. Species replacement was
the predominant beta-diversity component, with smaller contributions from richness differences and nestedness. Terrestrial
species composition was affected by vegetation structure, but arboreal species were more uniformly distributed along the
vegetation-complexity gradient. Many habitat-generalist species (sampled in terrestrial and arboreal stratum) were sampled
in less-complex parts of the gradient, suggesting that vertical stratification is diluted in more open vegetation. Our data indi-
cate that the high species replacement in a small area increases the conservation value of this vegetation type by allowing
much greater overall diversity than would be predicted by local alpha diversity.

Implications for insect conservation Our study demonstrates a remarkable ant-species replacement along a gradient of
white-sand vegetation and highlights the importance of conserving this fragile environment, which is threatened by fire,
deforestation, and mining.

Keywords Formicidae - White-sand - Replacement - Vertical stratification - Environmental gradient
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can be affected by environmental gradients or historical
contingencies (Qian et al. 2009). In contrast, nestedness
(i.e., species assemblages from sites with a smaller number
of species are subsets richer sites) can result from coloni-
zation or extinction events (Gaston and Blackburn 2000;
Ulrich and Gotelli 2007). However, differences in species
richness between sites do not always result in nested pat-
terns (Baselga 2010; Carvalho et al. 2012). In these cases,
the effect of environmental gradients may be more relevant
to explaining richness differences between sites (Podani and
Schmera 2011, Heino et al. 2017).

One of the most unique vegetation types found in the
Amazon is the white-sand vegetation that grows on nutri-
ent-poor sandy soils with superficial water tables (Anderson
1981). The white-sand vegetation occupies only 1.6% of the
Amazon basin, distributed as patches of different sizes and
degrees of isolation (Adeney 2016; Borges et al. 2016b). In
addition, this vegetation is distributed along environmen-
tal gradients that vary from forests with open canopies and
low densities of large trees (white-sand campinarana) to
open vegetation similar to heathlands (white-sand campina)
(Anderson 1981; Adeney et al. 2016). The habitat struc-
ture and floristic composition of white-sand campinas and
campinaranas are distinct from adjacent forests and Ama-
zonian savannas (Anderson 1981; Daly et al. 2016; Silveira
2003; Stropp et al. 2011).

White-sand vegetation poses numerous challenges to
the survival of animals and plants due to their spatial con-
straints, nutrient-poor soils, and open vegetation structure
(Anderson 1981; Daly et al. 2016; Fine et al. 2010; Stropp
et al. 2011). The environmental filters represented by these
restrictive conditions select biological assemblages that are
“poor™ in alpha diversity but with a high degree of ende-
mism. Several biological groups have been recently stud-
ied in white-sand vegetation, including plants (Fine and
Baraloto 2016; Vicentini 2016), insects (Lamarre et al.
2016; Graca et al. 2017; Vasconcelos et al. 2004), birds
(Capurucho et al. 2013; Borges et al. 2016a) and frogs
(Fraga et al. 2018; Carvalho et al. 2018; Ferrdo et al. 2022).
All these authors call attention to white-sand vegetation’s
contribution to the Amazon’s regional beta diversity (Costa
et al. 2020; Borges et al. 2016a; Capurucho et al. 2020; Fine
and Baraloto 2016).

Birds and plants are the most studied organisms in white-
sand vegetation (e.g., Capurucho et al. 2020; Fine et al.
2010, Costa et al. 2020), which limits our understanding of
the contribution of these habitats to the diversity of other
organisms, especially megadiverse groups such as arthro-
pods (Lamarre et al. 2016). Among arthropods, ants are
excellent study models since they are easy to sample, nest
and forage in different forest strata and perform essential
ecosystem functions, such as nutrient cycling, soil aeration,

seed dispersal, and predation (Agosti et al. 2000; Spiesman
and Cumming 2008; Bliithgen and Feldhaar 2010; Bihn et
al. 2010; Lach et al. 2010).

Vertical microhabitat differentiation in the vegetation
strongly affects ant-species distribution (Kaspari and Yano-
viak 2001). Arboreal vegetation provides more predictable
resources for nesting and food than soil (Yanoviak and Kas-
pari 2000). In contrast, the vegetation microclimate is more
variable than soil or litter (Vasconcelos and Vilhena 2006).
Due to the characteristics of these microhabitats, ant assem-
blages are markedly different between the arboreal and ter-
restrial strata (Yanoviak and Kaspari 2000; Arruda et al.
2021; Vasconcelos and Vilhena 2006). However, this ver-
tical stratification is better documented in ant assemblages
from forests or savannas with well-defined arboreal and
terrestrial strata (Yanoviak and Kaspari 2000; Ribas et al.
2003; Vasconcelos and Vilhena 2006; Da Silva and Schmidt
2019).

Most studies of ant assemblages in non-forest vegetation
in the Amazon have been conducted in savanna enclaves
(e.g., Peixoto et al. 2010; Vasconcelos and Vilhena 2006;
Siqueira and Silva 2021), with white-sand vegetation
remaining relatively neglected by researchers. Here, we aim
to fill this gap by investigating ant assemblages along an
environmental gradient in white-sand vegetation in Central
Amazonia. We aimed to answer the following questions: (i)
How are species richness, abundance, and composition of
arboreal and terrestrial ants distributed along the environ-
mental gradient in a white-sand ecosystem?; (ii) What is the
contribution of species replacement and nestedness to the
patterns of beta diversity of arboreal and terrestrial ants in
white-sand ecosystems?; (iii) How do variations in vegeta-
tion structure along environmental gradients affect species
microhabitat use in the white-sand ecosystem? We expect
a marked difference between species composition between
strata but a strong relationship between ant species richness
and habitat complexity, with fewer species and abundance
in more open habitats for both terrestrial and arboreal strata.
We also expected that the vegetation structure along the
white-sand forests would work as a filter with nestedness
dominating the beta-diversity patterns, especially for the
terrestrial species (i.e., the assemblages of more open areas
will be subsets of more closed sites). Given that forest struc-
ture varies greatly along the gradient in white sand forests,
we expect to find proportionately more habitat generalist
species in more open and sparsely vegetated sites.
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Materials and methods
Study area

Ants were collected in the white-sand vegetation of the Rio
Negro Sustainable Development Reserve (RDS Rio Negro),
a protected area of 102,979 hectares located on the lower
course of the Rio Negro (Fig. 1). The RDS Rio Negro is part
of a mosaic of protected areas distributed along the lower
course of the Rio Negro, covering more than eight million
hectares (FVA 2011).

The climate in the region is tropical humid (mean annual
rainfall of 2300 mm), with most rain falling between Janu-
ary and April and a drier period from July to September.
The average temperature oscillated around 27 °C, with rela-
tive humidity above 80%. The vegetation of the RDS Rio
Negro comprises various forest types, including upland
forests, black-water flooded forests (igapé forests), and
white-sand vegetation. Each vegetation type has distinct
ecological characteristics and harbors different animal and
plant assemblages (PGRDS 2017).

Environmental gradient

Five variables related to vegetation structure that poten-
tially influence ant diversity and abundance were quanti-
fied: canopy maximum height (m), canopy average height
(m), canopy cover (%), fraction of gaps computed at 10 m
height, and leaf area index in the vertical profile. These
vegetation variables were obtained using portable ground
LiDAR (Laser Detection and Ranging) equipment (Riegl
LD90-3100VHS-FLP). LiDAR is a practical and low-cost
remote-sensing system used to measure distances from
structures as a function of the time elapsed between the
emission and return of a laser ray (Lefsky et al. 2002; Parker

et al. 2004). Vegetation measurements using LiDAR were
obtained while the researchers walked at constant speed on
the 250 m centerline in each sampling plot. The five target
variables were calculated using standard R scripts (R Core
Team 2022).

Ant sampling

Ants were collected in ten 250-meter-long permanent plots
installed in white-sand campinas and campinaranas. in the
RDS Rio Negro following the RAPELD sampling design
(Magnusson et al. 2013). The plots were separated from
each other by approximately one kilometer and followed
the contour of the terrain to minimize edaphic variation
within the sampling unit (Magnusson et al. 2013). Four
additional plots were installed in white-sand campina veg-
etation, totaling 14 plots encompassing a wide natural range
of vegetation growing on sandy soils in the study area. We
installed 10 sampling stations spaced at 25 m intervals in
each plot. We placed two terrestrial and two arboreal pitfall
traps (~2 m apart) in each sampling station, resulting in 560
ant samples (280 from the arboreal traps and 280 from the
terrestrial traps).

The pitfall traps consisted of a 500 ml plastic cup (height:
12 cm, diameter: 9 cm) installed on the soil surface to collect
terrestrial ants or fixed in tree or shrub branches at approxi-
mately 2.5 m to capture arboreal ants. Terrestrial traps were
established with the cup border level with the soil surface,
containing a solution of water and sodium chloride (Bestel-
meyer et al. 2000). Arboreal traps were baited with human
urine diluted in water, which is very attractive for arboreal
ant species (Powell et al. 2011). Also, a small amount of
detergent was added to the traps to break the surface ten-
sion of the water. The traps remained in operation for 48 h

Fig. 1 Map of the study site
(A) showing the variation in
vegetation structure along the
white-sand vegetation gradient,
from open areas (B) (campina)
to dense white-sand forests
(campinarana)
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in June 2019, and the collected individuals were conserved
in 70% alcohol.

The sampled ants were identified at the genus level fol-
lowing Baccaro et al. (2015) and at the species level using
several taxonomic keys (Branddo 1990; Femandez 2003;
Longino 2003; MacKay and MacKay 2010). In addition,
the collected ants were compared with identified specimens
deposited in the invertebrate collections of the Universidade
Federal do Amazonas (UFAM) and the Instituto Nacional
de Pesquisas da Amazoénia (INPA). The identity of some
species was confirmed by Itanna Fernandes from INPA
and Rodrigo Feitosa from the Ant Systematics and Biology
Laboratory at the Universidade Federal do Parana (UFPR).

Data analysis
Vegetation structure

The environmental gradient represented by the vegetation-
structure variables of each plot was summarized using a
Principal Component Analysis (PCA). We used the five
LiDAR measurements standardized to mean zero and one
standard deviation. We calculated the loadings of each origi-
nal metric with PC1 and PC2 to describe better the struc-
tural change detected by LiDAR with individual variables.

Ant diversity

Plots were used as sampling units in all analyses. Because
most ant species are colonial, we used the frequency of
occurrence ranging from zero to 10 (the number of sampling
stations per plot) to estimate relative abundance per plot
and strata. The frequency of occurrence is a useful index of
the number of colonies in a plot due to the relatively long
(25 m) distance between traps (Baccaro and Ferraz 2013).
Ant species were classified as terrestrial or arboreal when
recorded in only one of these strata or habitat generalists if
recorded in both terrestrial and arboreal traps.

We used sample-based species-accumulation curves
to compare overall species richness between microhabitat
strata. We also calculated sampling coverage by stratum,
which provides a more standardized comparison between
effort and sampling coverage (Chao and Jost 2012). These
analyses were done in the INEXT statistical package (Hsieh
and Chao 2016).

The relationships between ant species richness or abun-
dance with vegetation structure at the plot level were ana-
lyzed using generalized linear models (GLM). The first
component (PC1), based on five LiIDAR variables, which
accounted for ~88% of the variance, was used as the vege-
tation-structure descriptor in this analysis.

@ Springer

The dissimilarity in species composition of ant assem-
blages between strata was assessed using non-metric mul-
tidimensional scaling (NMDS) based on the Bray-Curtis
measure for relative abundance and with the Serensen
index for presence-absence data. The robustness of the
groups formed by NMDS was assessed by a non-parametric
Permutation-based MANOVA (PERMANOVA) with 999
randomizations. The NMDS and PERMANOVA were cal-
culated using the vegan package (Oksanen et al. 2015).

To test the hypothesis that variation in ant-species compo-
sition was affected by changes in vegetation structure along
the environmental gradient, we also used PERMANOVA
tests for each stratum separately. For this analysis, we used
the Bray-Curtis dissimilarity distance matrix based on rela-
tive abundance and Serensen index for presence and absence
data as the response variable and the vegetation structure
complexity (PC1) as the predictor variable. We also created
a direct ordination graph for each stratum showing the ant
species occurrence along the vegetation gradient (PC1).

We applied the Podani and Schmera (2011) approach to
partitioning pairwise gamma diversity between plots into
species similarity, species replacement, and richness dif-
ferences. This approach also provides relativized measure-
ments of beta diversity, nestedness and richness differences.
These components are measured through relativized indices
and presented in ternary plots (Podani and Schmera 2011).
The temary plots contrast beta diversity versus similarity,
species replacement versus nestedness, and richness differ-
ence versus richness agreement. Richness agreement refers
to the largest subset of species for which the two sites being
compared would be equally rich. In contrast, Richness dif-
ference is the sum of richness difference values for pairs of
sites with no species in common. The indices were com-
puted using the SDRSimplex program (Podani andSchmera
2011), and the results were displayed with graphs prepared
with SYN-TAX 2000 package (Podani 2001).

We also used generalized linear models (GLM) to inves-
tigate the relationships between the richness and the relative
abundance of habitat generalist species along the vegeta-
tion-structure gradient (PC1). All analyses, except the beta-
diversity partitioning, were done in the R language (version
4.2.1; R Core Development Team 2020).

Results

Vegetation structure

The first (PC1) and second (PC2) principal components
represented 87.5% and 6.9% of the variation in vegeta-

tion structure, respectively (supplementary material SM1).
Lower values of PC1 were strongly correlated with lower
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Fig. 2 Ant species accumulation
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canopy, more gaps, and higher leaf area. In comparison,
higher PC1 values indicate sites with higher canopy, fewer
gaps, and larger leaf area index (supplementary material
SM2 - Table 1).

Differences in ant assemblages between strata

We collected 212 ant species/morphospecies belonging to
53 genera and nine subfamilies (Supplementary material
SM3- Table 2). Myrmicinae (105 species), Formicinae (39)
and Ponerinae (33 species) had the highest numbers of spe-
cies and Dolichoderinae, Pseudomyrmecinae, Ectatommi-
nae, Dorylinae, Amblyoponinae and Paraponerinae were
represented by only 1 to 12 species. The genera with the
higher numbers of species collected were Pheidole (31 spe-
cies), followed by Camponotus (30), Crematogaster (15)
and Hypoponera (11), Solenopsis (8) and Pseudonyrmex
(7). The most widely distributed species in the study area
were Crematogaster tenuicula (48), sampled in seven sam-
pling plots, Paratrachymyrmex diversus (78), sampled in
ten plots, followed by Pheidole sp.1 (51), sampled in ten
plots.

Actotal of 178 ant species were collected only in terrestrial
pitfalls, 92 only in arboreal pitfalls, and 58 were found in
both strata (Fig. 2). Species accumulation curves indicated

MDS1

that ant species richness was higher in the ground stratum
than the arboreal stratum (Fig. 2). However, the sampling
coverage of the arboreal stratum was lower (0.71) than the
sampling coverage in the terrestrial pitfalls (0.85), even
using samples with standardized collection effort by strata.

The species composition differed between the terrestrial
and arboreal strata, for both presence-absence and relative-
abundance data (Fig. 3). Additionally, the species composi-
tion of ground-dwelling ants was moderately related to the
forest structure (R? = 25% using relative-frequency data per
plot and R* = 20% using presence-absence data); there was
no relation between the arboreal-species composition along
the forest structure gradient (Fig. 3).

Species replacement was the predominant component of
beta diversity considering all ant species and for analyses
with only the arboreal or terrestrial species (Fig. 4). Species
similarity, richness differences, and nestedness had a low
contribution to beta diversity. In addition, the species turn-
over (or replacement) was stronger for the arboreal assem-
blage than the ground strata (Fig. 4).

Ant assemblages along the vegetation gradient

Ant species richness was not associated with variations in
vegetation structure summarized by the first PCA component

&\ Skinves
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Fig. 4 Ternary plots showing ant beta-diversity components of simi-
larity (S). differences in species richness (D). and replacement (R).
The dots represent relativized pairwise scores for all possible site com-
parisons. The analyses were separated by all species (a), only arboreal
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(b), and only terrestrial () species. Each point represents relativized
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indicate maximum values for the respective metric

Fig.5 Relative number (A) and A B
abundance (B) of generalist 07 07{
species along the main vegeta- 2 » * ¢
: : y 2 2 & %
tion structure gradient (LiDAR £5 306 .
—-PC1). e s
3 81 . >
%o 5 Sosq . .
7 g 2
= °
04 S04 6
& E
o . .
2 - £
£03 03
= o ]
& . L
02 02
2 2 2 2

0
PC1 - Lidar

Canopy maximum and average height —— +
+ S CANOPY COVEr

+ e |_@af area

(PC1) for either arboreal (r>=0.023, df=12, P=0.598) or
ground strata (r2=0.006 df=12, P=0.785). In contrast,
ground-species composition was affected by vegetation
structure measured by PCl1 (PERMANOVA, R>=0.25,
P=0.001). Arboreal species tended to occupy the gradient
more uniformly since species composition did not correlate
with PC1 (PERMANOVA, R?=0.08, P=0.248). Even so,
the relative abundance of some terrestrial and arboreal ant
species appears to be higher in different parts of the vegeta-
tion gradient (supplementary material SM4 and SM5).

The proportion of habitat-generalist species was related
to PC1 (F; 1, = 6.772, P=0.023), indicating that white-sand
campina harbor more habitat-generalist species than areas
with a more closed canopy. However, no significant relation-
ship was found between ant relative-abundance data (F, ;, =
2.601, P=0.132) and the vegetation gradient (Fig. 5).

Discussion
Our study demonstrates the importance of environmental

gradients within white-sand vegetation for understand-
ing ant species distribution and vertical stratification. As
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expected, the number of ant species sampled on the ground
was higher than those sampled in the vegetation (Arruda
et al. 2021; Vasconcelos and Vilhena 2006; Vasconcelos et
al. 2004). However, there were other differences between
strata. Although replacement dominated beta diversity in
both strata, arboreal assemblages showed a stronger pattern,
with higher species replacement among plots. The higher
replacement of species in the arboreal stratum was unrelated
to the main vegetation structure gradient, as found for the
terrestrial species. In addition, proportionally more habi-
tat-generalist species were found in more open areas. Our
results suggest that ant-assemblage stratification weakens
along the vegetation-structure gradient. However, this dilu-
tion occurs more due to decreased typically arboreal species
in the more open and less complex areas of the white-sand
vegetation gradient.

The structure and organization of ant assemblages that
forage and nest in vegetation and soil are often distinct since
the species are exposed to different conditions and respond
differently to environmental gradients (Powell et al. 2011;
Arruda et al. 2021; Neves et al. 2021; Yanoviak and Kas-
pari 2000; Bliithgen and Feldhaar 2010). For example, ants
receive higher solar incidence in the arboreal stratum and
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are subject to higher and more variable temperatures and
relatively fewer nitrogen-rich resources. Conversely, micro-
climatic conditions are more stable in the soil layer where
the availability of nitrogen-rich resources is higher (Kaspari
et al. 2015). Our data suggest that these ecological differ-
ences between arboreal and ground strata can restrict the
distribution of some species to distinct parts of the envi-
ronmental gradient. Moreover, a relatively large number of
generalist species were sampled in less-forested plots, sug-
gesting that the vertical stratification is diluted in more open
areas, where the resources are presumed to be scarcer.

The ant alpha diversities in the arboreal and ground strata
were not related to the vegetation-complexity gradient. In
contrast, the beta-diversity components of the ant assem-
blage showed more consistent differentiation along the gra-
dient. Ground-ant species composition was correlated with
vegetation complexity along the sampling gradient, while
arboreal species were little affected by vegetation-structure
variation. This pattern may be explained by the variation in
ant species richness associated with the complexity of the
white-sand vegetation (Siqueira and Silva 2021). The low
influence of nestedness related to the lack of relation with
species richness indicates that ordered species impoverish-
ment/enrichment is weak in this system.

In continuous white-sand campinarana forests, canopy
height ranges from 15 to 20 m, and emergent trees may
reach up to 30 m in height (IBGE 2012; Silveira 2003). The
campinarana vegetation structure, particularly the canopy
cover, favors the establishment of typical arboreal ants, as
our results have shown. In contrast, the white-sand campina
is limited to a small strip of vegetation, with a dense herba-
ceous layer dominated by patches of exposed sand. Small
trees with coriaceous, stiff, sclerophyllous leaves, shrubs,
and twisted trunks grow very close to each other, with
bushes that rarely exceed two meters in height (Anderson
1981). These characteristics allow greater light penetration,
which may limit the occurrence of some forest species. Fur-
thermore, our results show that open white-sand campina
harbor many habitat generalist species with broader habi-
tat requirements that are presumably more capable of deal-
ing with a wide range of food sources and microclimate
variation.

The predominance of the replacement component of beta
diversity in ant assemblages may also be related to varia-
tions in microclimatic changes and food resources along
the studied gradient. Despite the higher species richness in
the ground strata, overall beta diversity was higher in the
arboreal ant assemblages, but only the terrestrial ant assem-
blages were related to vegetation structure. Likely, the vari-
ability in ecological conditions acts as an environmental
filter sorting distinct species assemblies finely tuned along
the vegetation gradient. In particular, the high turnover

between white-sand campina and nearby upland forests on
more clayey soils contributes to increased beta diversity in
the region (Vasconcelos et al. 2004). Vegetation heterogene-
ity seems to be an essential promoter of arboreal (Ribas et
al. 2003) and ground (Vasconcelos et al. 2023) ant diversity
in non-forested environments. Our results echo these pre-
vious studies, expanding these findings to the white-sand
vegetation complex.

Implications for conservation

Although Amazonian white-sand vegetation is famous for
its poverty in fauna and flora, we document a rich assem-
blage of ants in these habitats. White-sand vegetation har-
bors many endemic bird and plant species. Still, the degree
of endemism of ant species associated with white-sand
vegetation could not be evaluated due to the scarcity of
arthropod studies in these habitats. Nonetheless, our data
indicate that several ant species are restricted to short parts
of the vegetation gradient, resulting in replacement being
the predominant component of the beta diversity. Thus, to
conserve a larger portion of the ant diversity, protecting the
entire vegetation gradient, including the small and isolated
patches of white-sand campina, will be necessary.

Human activities, such as deforestation and mining,
threaten Amazonian white-sand vegetation. Patches of
white-sand campina have been destroyed for sand extrac-
tion for civil construction (Ferreira et al. 2013), and the veg-
etation is susceptible to fire (Flores and Holmgren 2021).
Moreover, the white-sand vegetation covers a small portion
of the Amazon region and, due to the poverty of its soils,
has limited regeneration capacity (Anderson 1981), making
this fragile habitat much more endangered than the larger
and continuous forests growing over better-structured soils.
Greater sampling of ants and other invertebrates in white-
sand vegetation must be prioritized since these endangered
habitats could host endemic species with small distributions
(Ferreira et al. 2014; Borges et al. 2014). Such studies are
fundamental to expanding the current Amazonian protected
area system, including larger expanses of white-sand veg-
etation and its unique biodiversity.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s10841-
023-00517-4.
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Supplementary material

Table 1- Loadings for Correlation PCA for the LIDAR vegetation descriptors data.

PC1 PC2
canopy maximum height (m) 0.97 0.02
canopy average height (m) 0.97 0.17
canopy openness (%) -0.93 0.11
fraction of gaps computed at 10 meters height -0.87 0.44
leafarea index in the vertical profile 0.93 0.33

Table 2.Occurrence and frequency of species and morphospecies of ants sampled in the
arboreal and terrestrial strata in the Rio Negro Sustainable Development Reserve,
Amazonas, Brazil.
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ABSTRACT

White-sand ecosystems are one of the most distinctive vegetation types of the Amazon
but their arthropod diversity remains poorly studied. We compared ant assemblages of
open whitesandcampinasand whitesand forests in two regions in the northern Brazilian
Amazon to examine the influence of habitat structure and lecatiotaxonomic and
functional diversity of these organisms. Alpha diversity of arboreal ants in-sdmiig
campinastends to be lower than in whisand forests. In contrast, alpha diversity of
grounddwelling ants was similar in both habitats of studied regions. The species
composition of arboreal ants of whisandcampinasand whitesand forests was very
distinct between the study regions. In contrast, arboreal assemblages of these habitats
were similar within each region. Species composition of graiwelling ants was
strongly affected by habitat and region. Functionatspf arboreal and growalvelling

ants was also affected by region and habitat structure, with morphological traits related
to vision (eye size), mobility (femur length), and prey manipulation (mandible lengths)
filtered mainly by habitat independently of regi@wur results highlight that structural
complexity in whitesand forests promotes greater arboreal ant diversity while ground
dwelling ants are more influenced by regional conditions, underscoring the complex

interplay of ecological and historical factorglresehabitats.

KEY WORDS: Open vegetation, ant assemblage, tree, amt®nomic and functional

diversity

INTRODUCTION
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Habitats are defined by the biotic and abiotic conditions necessary for organisms to
survive and reproduce (Southwood 1977, Stadtmann and Seddon 2020). These conditions
are spatially variable since similar habitats could be subject to distinct geolagical a
climatic events, affecting the species diversity and composition (Lometiab 2017).

Thus biological assemblages living in similar habitats in different biogeographical
regions provide good models for understanding how species diversity and aggembla
structure evolve across time and space (Ricklefs and Schluter 1993, Rosenzweig 1995,
Fine 2015).

The Amazon is the largest rainforest in the world, and part of its astonishing biological
diversity is explained by the variability in soils and vegetation types that provide habitats
for a large number of species (Pires and Prance 1985, Quetsald2009, Tuomistaet
a. 2019, Ol ieta 20213. AlBoi, thehAmnazon basin was subject to complex
past events like river formation, climate changes, and tectonism that affect landscapes
and their associated habitats and species €Val. 2021). One othe most distinctive
vegetation types of the Amazon is the wiggnd ecosystems (WSE), which serve as
habitats for a unique conjunct of species of plants and vertebrates (Anderson 1981, Pires
and Prance 1985).

Amazonian whitesand ecosystems grow on sandy soils (podzols and spodosoils),
which are nutrienpoor and generally distributed in low parts of the terrain that can be
seasonally flooded (Adenest al. 2016). Locally, WSE consists of heterogeneous and
distinctive habitats distributed along gradients from open and grassy vegetation,
resembling savannas, to high canopy forests with dense thin trees (Anderson 1981,
Adeneyet al. 2016). WSE is distributed in different biogeographic regions and found as
isolated patches or large and continuous habitats (Adetnaly2016, Capuruchet al.

2020, Regeet al. 2024). Some studies suggest that the areas occupied by Amazonian
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WSE are dynamic, with evidence for expansion and retraction in the past éRittler
2021, Capuruchet al. 2023). Landscape configuration, local differences in the habitat
structure, and historical contingencies affect the diversity of animal and plant
assemblages in WSE (Borgessal. 2016a, Cost&t al. 2020, De Oliveiraet al. 2023,
Capuruchceet al.2023).

Despite being considered "speepsor” habitats, WSE had a remarkable contribution
to Amazonian beta diversity, as demonstrated for birds and plants (Fine and Baraloto
2016, Vicentini 2016, Capuruchat al. 2023). Unfortunately, the arthropod diversity of
WSE is poorly characterized despite recent advances (e.g., Lanalr@016, Siqueira
and Silva 2021, De Oliveirat al. 2023). Protection and continuous investigation of the
WSE biodiversity are priorities since these fragile ecosystems are imphgted
anthropogenic activities (e.g., fires, sand extraction), which threaten their unique biota
(Ferreiraet al. 2013, Flores and Holmgren 2021).

Despite being -ponosdbdéernbdt s pecWSEsSs have a
to Amazonian beta diversity, as demonstrated for birds and plants (Fine and Baraloto,
2016, Vicentini, 2016, Capuruchet al. 2023). Unfortunately, arthropod diversity in
WSEs is still poorly characterized, despite recent advances (e.g. Laahair016,
Siqueira and Silva, 2021; De Oliveiet al. 2023). Even ubiquitous and abundant
invertebrate taxa, such as ants, are very little investigated in these environments
(AndradeSilvaet al.2024).

Ants play essential roles in tropical ecosystems, particularly in the Amazon region,
where nearlyl,000 species have been cataloged on www.Antmapd.dmgickiet al
2016, GABI: Guénaret al 2017, AndradeSilva et al. 2022). This diversity is a crude
underestimate since several areas and habitats of the region remain poorly sampled

(AndradeSilva et al. 2022, Schmidet al. 2022), including WSE (Carvalhet al. 2023,
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AndradeSilva et al. 2022). The highdiversity of ants in the Amazon is partially
associated with microhabitat stratification (Klimes et al. 30Wwhich affects ants'
distribution. Forest understory and canopy layers offer more predictable resources for
nesting and feeding than ground stratum (Yanoviak and Kaspari 2000, Vasconcelos and
Vilhena 2006). Consequently, ant species compositions ti&wveen the arboreal and
terrestrial strata in most studied habitats (Vasconcelos and Vilhena 2006, da Silva de
Oliveira and Schmidt 201®avidson and PatreKim 1996; Klimeset al2015.

Ant assemblages are also influenced by ecological and biogeographical processes,
reflecting the interaction between local and regional changes (&ilb&d2003, Campos
et .2@ll, Pacheco and Vasconcelos 2012, Schetidt. 2017). Local environmental
conditions often act as filters, allowing only species with determined traits to survive in
a given habitat (Guilhermet al 2019, Siqueira and Silva 2021). Although the ants'
functional traits may help to understand species responses to environmentitgrad
(Gibbet al. 2015, Paret al.2017), the role of local habitat heterogeneity in the functional
structuring of Amazonian ant assemblages is scarcely assessed (Guédhatn219),
especially in WSE. Convergence in trait composition can result from similar selective
pressures, shedding light on the mechanisms that promote and maintain biodiversity in
different areas (Cornwell and Ackerly 2009). Additionally, the functionatepaefined
as the range of trait combinations within a community, may contracpandxdepending
on habitat complexity and resource availability, reflecting the selective pressures imposed
by local conditions (Mouchedt al 2010, Villégeret al 2010). For example, traits related
to mobility, such as femur length, or resource acquisition, such as mandible size, may be
filtered in structurally complex habitats like forests, where competition and niche
differentiation are intensified (Guillhermet al. 2019). Conversely, in simpler

environments such as open campinas, functional space maigbw, favoring traits that
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optimize survival in exposed conditions, such as enhanced vision for predator detection
(Weiser and Kaspari 2006).

Here, we compared the ant assemblages of the opensahidevegetation and closed
canopy whitesand forests distributed in two biogeographical regions. In one of those
regions, the WSE occupies thousands of square kilometers of continuous habitat, while
in the other, the WSE is composed of small isolated patches. We expect that the
contrasting habitat structure and landscape configuration will influsmcassemblages'
taxonomic and functional structure and proposed the following predictions: (i) ant alpha
diversity will be higher in whitesand forests due to its more complex vegetation structure
compared to open whitgand vegetation in both studied iats; (i) ant alpha diversity
will be greater in regions with large, continuous habitats compared to regions where these
habitats are smaller and isolated; (iii) alpha diversity of graiwelling and arboreal
ants will be more affected by local vegetatteeterogeneity and the beta diversity of these
ecological groups will be more responsive to site effect;aiit)species turnover will be
high between both habitat structure and site location andure}ional space will be
higher in whitesand forests compared to open wAsiéad vegetation and different
components of functional diversity will be affected onlyHapbitat structure, but not by

site location (i.e., functional convergence in different regions).

MATERIALS AND METHODS
Sampling habitats and study regions

The vegetation of WSE is quite variable in structure and plant species composition
(Anderson 1981, Ferreira 2009, Costaal. 202071 Fig. 1). In this study, we used the
habitat classification proposed by Borgtsl. (2016b) that categorized open fields with

grass and scrub areas as wisamdcampina(WSC) and low to higitanopy forests (0
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30 meters) growing in sand soils as wiggnd forests (WSF). WSE is used here as a
general term that includes all variations in the structure and floristics of this vegetation
type (Fig.1).

We sampled ants invo protected areas located in the northern Brazilian Amazon
(Fig. 2): Reserva de Desenvolvimento Sustentavel do Rio Negro (hereafter RDS Rio
Negro), located in Amazonas state (L-8003; Long=-60.693) and Parque Nacional do
Virua (hereafter Parna Virligsituated at Roraima state (Lat: 1.282; Lot6d:.111). The
WSE in the RDS Rio Negro is found as patches of low to-baytopy forests with open
understory (WSF) or as small patches (18 to 29 ha) of open to shrub vegetation growing
in exposed sandy sqWSC). Both WSF and WSC are surrounded by uptard firme
forests that dominate the regional landscape. The WSC in RDS Rio Negro are often
restricted to areas of shallow water table, that can be temporally flooded after heavy rains.
In sharp contrast, BE with its different physiognomies occupies about one million
hectares of the Parna Viruad (ICMBio 2014). Approximately 255,000 hectares are
represented by open/shrubtgmpina(WSC), and the several physiognomies of white
sand forests (WSF) cover more than 700,000 hectares in Parna Virua (ICMBio 2014).
The WSC in Parna Virua are also restricted to areas with thewsbatloateitable in the
landscape, but given the size, some WSC areas can remain flooded for several months
(Damasceet al.2013).

Ant collection and identification

Ants were collected in 14 plots in RDS Rio Negro in in J20&9 (four in WSC and 10
in WSF) and 12 plots in Parna Virua in in Febru2@g?2 (six in WSC and six in WSF)
following the RAPELD sampling design (Magnussdral.2013). The plots were 250 m
long and regularly distributed at every 1 km in the landscape. Each plot contained ten

sampling stations with four pitfall traps (two on the ground and two in the vegetation)
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spaced at 25 m intervals, totaling 40 traps per plot. Ground traps contained water and
sodium chloride solution, and the arboreal traps were placed ~2 m high and were filled
with diluted human urinéBestelmeyeet al. 2000, Powelket al.2011), and operated for
48 hours. Collected ants were preserved in 70% alcohol. Our sampling effort resulted in
1.040 pitfall samples (520 from the arboreal traps and 520 from the gdoveiling
traps).

The ants were sorted and identified at the genus level following Bagtat¢2015)
and at the species resolution using taxonomic keys of Brandao (1990), Fernandez (2003),
Longino (2003), MacKay and MacKay (2010), and Oliveital (2021). The collected
ants were also compared with identified specimens deposited in the invertebrate
collections of the Universidade Federal do Amazonas (UFAM), the National Institute of
Amazonian Research (INPA), and Systematics and Biology of Ants Laboratério de
Sistemética e Biogia de Formigas da Universidade Federal do Parana (UFPR).
Specimens were deposited in the Zoological Collection Prof. Paulo Bihrnheim {CZPB
UFAM) and invertebrate collections of INPA a@blecdo Entomoldgica Padre Jesus

Santiago Moure DZUP.

Functional traits
We used a morphological trait database of Amazonian ants that have been constantly
updated (Andrad&ilva et al. 2022, AndradeSilva et al. 2024). In short, morphological
traits of ant species were measured using -hegblution images and selected
publications. Measurements were standardized by prioritizing type specimens, and
ImageJ software was employed for imdggesed analysis when direspecimen
examination was not feasible. Missing data were addressed through imputation methods.

Given the high number of species and measurements, only one specimen was measured
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per species. For detailed protocols see And&itla et al (2022) and Andrad8ilva et
al. (2024).Among the database anselected the following five continuous morphological
traits associated with different aspects of ant biology and related to open or forested
environments (see the Global Ant Traits Database,Raifr2017):
Eye length (EL) and distance from eye to the mandible insertion (DEMEye size
is related to foogseeking behavior and periods of activity (Weiser and Kaspari 2006).
The distance from the compound eye torttandibular insertion can influence visual
performance in predator species (Silva and Brandao 2014).
Femur length (FL): the size of the femur is linked to the complexity of the
environment. Proportionally shorter femurs are advantageous for navigating complex
interstitial habitats by allowing better access to small crevices and resources on the
leaf litter (Kaspari and Weer 1999)
Head length (HL): used as an indicator of body mass and related to the foraging
strategies. Ants with larger heads support larger mandiblesttack prey with
different body sizes (Kaspari and Weiser 1999).
Mandible length (ML) : larger mandibles enable access to prey of different shapes
and sizes, while longer mandibles allow for the predation of larger prey (Fetveller

1991, Weiser and Kaspari 2006).

DATA ANALYSIS

Plots were the sampling units in the analyses, and the occurrence frequency ranging
from zero to 10 (the number of sampling stations per plot and stratum) was used to
estimate the relative abundance of ants. Occurrence frequency is a helpful index of the
number of ant colonies in a plot due to the relatively long distance between sampling

stations (Baccaro and Ferraz 2013). Preliminary analysis indicates that the assemblage
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patterns were similar using only nominal species or using all species (hominal species
and morphospecies). Then, we opted to include all sampled ants in the analysis. Ant
species were classified as grotohdlelling or arboreal specialists when recordedrily o

one of these strata or as habitat generalists if collected in both eiawatichg and
arboreal traps.

Ant alpha diversity of the two habitats (WSC and WSF) and two regions (RDS Rio
Negro and Parna Virud) was compared through sabgded cumulative curves
extrapolated for a common sampling effort (12 samples in each habitat) using the
statistical packageNEXT (Chao and Jost 2012, Colwel al. 2012, Hsieh and Chao
2016). In the cumulative curves, we used the Hill numbers with coefficients (q) that
emphasize rare species (q = 0, species richness), neither rare nor abundant species (q =1,
exponential of Sannon's entropy), and the most abundant species (q = 2, inverse of
Simpson index) (Hill 1973, Chaat al.2014, Roswelét al.2021). The cumulativeurves
were built by sampling stratum (growdavelling or arboreal). We also used a tway
ANOVA to test for differences in species richness of specialists and generalists across
habitat (WSC and WSF) and region (RDS Rio Negro and PARNA Virua).

Non-metric multidimensional scaling (NMDS) based on the Jaccard distance was used
to assess the dissimilarity in species composition of ant assemblages between habitats and
regions. The statistical significance of the previously defined groups baseditatshab
and regions was evaluated by a permutation (PERMANOVA) with 999 randomizations.
The NMDS and PERMANOVA analysis were run in the vegan package (Okstaaén
2024). In addition to assemblage ordination, we performed an indicator species analysis
to identify ant species significantly associated with a particular habitat and region (De

Caceres and Legendre 2009).
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Ant functional diversity was assessed using two complementary ways. First,
community weight means (CWM) were calculated to identify which particular
morphological trait was filtered by habitat types in each study region. Additionally,
three indices that represent different aspects of the functional structure of ant assemblages
(Mouchetet al.2010) were used: functional dispersal (Fdis), which measures the average
distance of species from the centroid of the functional space; functional evenness (FEve),
which assesses how evenly species fill the functional space; and functional divergence
(Fdiv), which evaluates how species are distributed within the functionad,sjoacasing
on those with extreme traits.

These indices were calculated using standardized functional traits where each trait was
divided by Weber's length of the species, a standard measure of ant size. Therefore, the
three indices compare differences in form, while the CWM compares relativeabies
(but Weberés | ength). Di fferences -~maypong hab
ANOVA in both cases. The CWM and functional indices were calculated using the FD

package (Lalibertét al.2014).

RESULTS

Ant assemblagealphadiversity

We documented the presence of 276 species or morphospecies in our study sites (Table
S1), distributed across 57 genera and nine subfamilies, with 146 species (53% of the total)
nominally identified (Table S2). The most spedied subfamily (see specieih
habitats in the RDS Rio Negro and Parna Virua regions, Table 1) was Myrmicinae (150
species), followed by Ponerinae (42 species) and Formicinae (36 species). We sampled
130 antspecies in WSC and 236 in WSF, with 40 species exclusively recorded in WSC,

146 found only in WSF, and 90 species collected in both habitats. Additionally, we
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recorded new distribution records for 30 species in the state of Roraima, two of which
also represent the first records for Amazonas, and four species were recorded for the first
time in Brazil (Table S1).

Species richness of arboreal ants of WSF was similar in both studied regions as
happened with arboreal ants in WSC (Fig. 3A). Species richness of arboreal ants in WSC
tends to be lower than in WSF, despite a slight overlap in confidence interval observed
between WSC and WSF in RDS Rio Negro (Figure 3A). The same general patterns were
recovered with the Shannon (q = 1) and Simpson (g = 2) indices (Figure 3B, C), except
that the arboreal richness of the dominant species was lower in WSC in Virua National
Parkcompared with other habitats (Figure 3C). Among the graivelling ants, WSF
in both regions and WSC in RDS Rio Negro had similar alpha diversity (Figure 3D, E,
F). In contrast, the alpha diversity of groumdelling ants of WSC in Parna Virua was
remarlably lower than all other habitats (Figure 3D, E, F, Figure S1).

Grounddwelling specialists (i.e., collected only in this stratum) were proportionally
more diverse in WSF than WSC in both studied regions {Wap ANOVA, P = 0.03 for
habitat effect) and more varied in both habitats in RDS Rio Negro compared to Parna
Virua (Two-way ANOVA, P = 0.03 for site effect, Figure 4A). Ant diversity in WSC and
WSF was similar among the arboreal specialists (Figure 4B)-#ayoANOVA, P =
0.89 for habitat effect). However, WSC and WSF of Parna Virua had proportionally more
arborealspecies than RDS Rio Negro (Tway ANOVA, P = 0.0012 for site effect).
Diversity of generalist species (i.e., recorded in both sampling strata) was higher in WSC
than WSF in both regions (Figure 4C), especially in RDS Rio Negro-(#ayoANOVA,

P = 0.008 for site effect anid= 0.01 for habitat effect).

Ant assemblagebeta diversity and indicator species
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The species composition of arboreal ants of WSC was very distinct between study
regions, just like in WSF (Figure 5A). However, we did not find differences in WSC and
WSF species composition within each region (PERMANONA4,0.87 for habitat effect
andP = 0.001 for site effect). In contrast, we found strong effects of habitats and site
location (PERMANOVA P = 0.001 for habitat effect aritl= 0.001 for site effect) in the
species composition of growahivelling ants (Figure 5B).

We identified 52 species/morphospecies significantly associated with a specific
habitat (WSC and WSF) within the studied regions (Appendix 1). Nineteen species were
indicators of WSC in RDS Rio Negro, and 11 species were significantly associated with
thesame habitat in Parna Virua. WSF in Parna Virué harbors a higher number of indicator

species (n = 16) than the same habitat in RDS Rio Negro (n = 6).

Ant assemblagefunctional diversity

Habitats and regions filtered some morphological traits. Distance from eye to the
mandible insertion tends to be higher in arboreal ants in the WSC of Parna Virua
compared to the same habitat in RDS Rio Ne§e (0.02). However, no differences
between habitats were detected in this trait (Figure 6A). Arboreal ants in WSF tend to
have larger femur lengtiP(= 0.001) than ants in WSC in both regions (Figure 6C).
Similarly, arboreal ants in WSF tend to have larger mandible length than WS® ants (
0.06) (Figuire 6E). A habitat effect was observed among the growmelling ants P =
0.001), with the distance from eye to the mandible being larger in WSC than in WSF in
both regions (Figure 6F). Also, the eye length of gredwelling ants are larger in WSC
than in WSFP = 0.004) in RDS Rio Negro and Parna Virua (Figure 6G).

Among the arboreal ants, functional dispersion (FDis) was higher in WSF than WSC

(Figure 7A), especially in RDS Rio Negro (Twaay ANOVA, P = 0.03 for habitat effect
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and P = 0.05 for site). Functional divergence (FDiv) in arboreal ants was also more
accentuated in WSF than WSE = 0.03 for habitat effect) in both study regions (Figure
7B). Functional evenness in arboreal ants was higher in RDS Rio Negro compared to
Parna Virua P = 0.02 for site effect) in both sampled habitats (Figure 7C). Among
grounddwelling ants, the functional dispersiof £ 0.009) and regularity?(= 0.002)

were much lower in Parna Virua than RDS Rio Negro in both WSF and WSC (Figure 7

D, F).

DISCUSSION

The alpha and beta diversity of arboreal and gredwaellling ants varied significantly
between WSF and WSC and among the regions, indicating that habitat type and
geographic location are determinants in the structure of ant assemblages. Furthermore,
the olserved differences in morphological characteristics and functional space underscore
the importance of considering multiple ecological scales to understand functional

diversity patterns in this unigue Amazonian ecosystem.

Taxonomic diversity

We predicted that ant alpha diversity would be higher in WSF than WSC in agreement
with the habitat heterogeneity hypothesis that suggests that structurally complex habitats
provide more resources and diversified niches with a concomitant increase agahe |
species diversity (MacArthur and MacArthur 1961, Ribgal.2005). Indeed, the alpha
diversity of arboreal ants in WSF was superior to WSC in both study regions, suggesting
that the habitat structure plays amportant role in species diversity independent of

geographic location. This suggests that the physical and biological characteristics of WSF
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provide a consistent environment and resources for the colonization and survival of
arboreal ants, maintaining greater local species diversity (De Olate#la2023).

Among the recorded species, at least one endangered species and others rarely
documented in Amazonian ecosystems were identified. These findings highlight the
taxonomic and conservation value of wksnd ecosystems, emphasizing their role in
housing unige and vulnerable biodiversity. Such records reinforce the necessity of
further studies to better understand and protect these habitats, which remain
underexplored despite their ecological significance.

We found higher alpha diversity in the ground than in the arboreal stratum, as observed
in other studies (Vasconcelos and Vilhena 2006, Screhalt2013, da Silva de Oliveira
and Schmidt 2019However, in contrast with arboreal ants, the local diversity of ground
dwelling ants was similar among WSF and WSC, except for WSC in Parna Virua. The
similar alpha diversity among habitats in the grodmetlling antassemblages indicates
that the variability in soil habitat (e.g., litter density and soil porosity) apparently does not
influence the local diversity of ants that live on the ground, which is surprising given the
great contrast in vegetation biomass betw&F and WSC. Adding a functional group
or guild classification to groundwelling ants could further elucidate how these
assemblages partition habitat resources and respond to environmental heterogeneity (Parr
et al.2017; Gibbet al. 2015). For instance, this approach could clarify whether species
within similar functional roles exhibit redundancy or if certain guilds are more sensitive
to habitat variations, thus providing a deeper understanding of the ecological processes
driving assemblage composition these contrasting habitats.

The remarkable lower ant alpha diversity in WSC at the Parna Virua apparently is
associated with landscape dynamics. In addition to extremely low fertility, soils in WSE

are frequently inundated by groundwater (Adeney 2016, Mendstraga2014, Adeney
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et al.2016, Damascet al.2013). The extension and duration of the flooding regime in
WSE are highly variable and depend on the local relief (Damesed. 2013). For
example, some spots in WSE could remain flooded for several months in Parna Virua
(Damasceet al. 2013). The magnitude and duration of flooding in the WSC patches in
RDS Rio Negro are much lower than in the large areas of WSC in Parna Virua. The
recurrent floods are natural disturbances for gredwelling ants (Baccaret al. 2013)

and likely restrict local diversity in regions with lowigiration and largscale flooding,

such as Parna Virua.

We predicted that ant alpha diversity would be greater in Parna Virua with their large
and continuous expanses of WSE which would be consistent with specielvarsiy
and habitat amount hypotheses (Fahrig 2013). However, species taxonomic divessity do
not show consistent patterns among ant groups. The richness of -ghealidg
specialist ants was higher in RDS Rio Negro compared to Parna Virua, which is precisely
opposed expected pattern. In contrast, arboreal ants of WSF and WSC are more
diversified in Parna Virud. We hypothesized that the intensity and duration of flooding
could also explain the relatively low diversity of grotshdelling specialist ants in Parna
Virua.

Seasonal floods also force ants to migrate to the arboreal stratum to survivet(Adis
al. 2001). This forced migration to trees during flooding periods may explain the higher
proportional diversity of arboreal specialists observed in WSC and WSF at the Parna
Viruad compared to the same habitats in RDS Rio Negro. In contrast, flooding restricts
local diversity by limiting the availability of microhabitats and resources necessary for
the survival of ants that nest in the soil (Seal and Tschinkel 2010, Tebgirsd. 2012,
Baccarcet al.2013). The smaller patches of WSC in RDS Rio Negro probably experience

faster recolonization after periodic flooding than the larger and almost continuous WSC
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of Parna Virua. In addition, the higher diversity of generalist species in WSC compared
to WSF in both regions suggests that vertical stratification can be diluted in more open
vegetation (De Oliveirat al.2023).

The most striking patterns we found wergtfie consistent difference between the
proportion of species associated with the terrestrial or arboreal stratum between regions
and (ii) the inversion of the pattern between strata. While the relative proportion of
grounddwelling species is higher ingfRDS Rio Negro in both habitats, the proportion
of arboreal species is higher in the Parna Virua, also in both habitats. These results
reinforce a marked effect of the region, probably associated with the landscape
configuration resulting from distinct $torical contexts. The extensive area of WSC in
the Parna Virua may function as a species source for the WSF. At the same time, the large
extension of WSF that dominates the landscape of the RDS Rio Negro provides
propagules (species) for the WSC in thgioa. Similar patterns have been proposed to
explain differences between Brazilian and Australian savannas (Reak<2024).

The species composition of arboreal ants was similar between WSC and WSF within
each region, suggesting that the contrasting vegetation structure between these habitats
has a low influence on the beta diversity compared to geographical location. Aripbreal a
similarity among habitats is still stronger in RDS Rio Negro where WSF dominates the
landscape. In sharp contrast, the composition of arboreal ant species in WSC and WSF
differed between the studied regions, reflecting the site location's importance in
determining beta diversity. In turn, habitat structure and site location strongly affected the
species composition of growthivelling ants. Habitat diversity found along gradients
from open fields (WSC) to forests (WSF) promotes higher species turnohén egch

region (De Oliveireet al.2023, Ribast al.2003, Vasconcelost al.2004).
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The landscape of each study region is strongly contrasting in terms of habitat
availability, and this configuration is likely associated with WSE origins in each region.
The extensive WSE in the Parna Virua are formed by sediments deposited in large
distributary fluvial systems (megafans), which could have originated from tectonism
disturbance during the Late Pleistocene and Holocene (Rossetti2012, Zani and
Rossetti 2012). In contrast, the small white sand patches in the RDS Rio Negro result
from local degradation of the clay component of the soil (podsolization) (Dubr@tucq
al. 1991, Mafraet al.2002). These contrasting historical trajectories may result in distinct
habitat distribution and configuration, affecting the taxonomic diversity of WSE ant

assemblages.

Functional diversity

As we predicted, most morpHonctional traits were filtered by the vegetation
structure instead of site location (Almeidaal. 2023). Amongthe arboreal ants, the
femur length was larger in WSF than in WSC, suggesting the more structurally complex
habitat filter traits associated with mobility. Similarly, the longer mandible in arboreal
ants in WSF suggests a higher diversity of prey avalabthese habita{g&owleret al.
1991, Yamamotet al. 2009,). Among groundwelling ants, traits associated with vision
were selected in WSC compared to WSF. Bigger and more separated eyes may reflect
adaptations to a more exposed environment, where vision plays a crucial role in detecting
prey and predators

Arboreal ants in WSF exhibit greater functional dispersion than in WSC, possibly due
to the higher structural heterogeneity and availability of resources in these habitats. In
addition, the higher functional evenness in arboreal ants in RDS Rio Negrollesgaf

habitat, highlights the regional influence on functional diversity. Graiwelling ants in
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Parna Virua showed lower functional dispersion and regularity compared to RDS Rio
Negro, indicating that regional factors also have a important role on functional diversity
than habitat structure. Thus, the functional diversity of gredwelling ants is rare
sensitive to regional conditions, while that of arboreal ants more related with habitat
complexity. Our results demonstrate that the origins of each habitat in distinct
biogeographic regions affect not only the taxonomic but also the functionalityivers
response of ants to variability in habitat structure.

Ant diversity is significantly shaped by habitat structure and geographical location,
whose influence was highly variable across habitats (opens vs. forest), habitats (ground
vs. arboreal), and morphological traitfhese findings have important implications for
biodiversity conservation and ecosystem management in Amazonian-sahde
ecosystemsBy highlighting the role of habitagpecific filters and regional processes in
shaping ant diversity, our results emphasize the need to protect and manage the structural
complexity of these habitats. Furthermore, our study provides a framework for
understading how ant diversity responds to environmental gradients, offering insights
that can inform strategies to habitat disturbance on WSE. Future research should expand
on these findings by incorporating letgym monitoring to assess temporal dynamics in
arnt assemblages and exploring the interplay between functional and phylogenetic
diversity. Additionally, integrating experimental approaches to test the resilience of
functional traits under varying environmental pressures could provide deeper insights into
the mechanisms driving biodiversity patterns in these highly dynamic ecosystems. Such
studies will be critical for advancing our understanding of how habitat complexity and

biogeographic history interact to shape the structure and function of tropicakisty.
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Appendix 1. List of ant species significantly associated to a particular habitat-8ahide
campina WSC or whiteand forests WSF) in the two study regions (RDS Rio Negro and
Parna Virud). IndVval varies from 0 to 1 and P values were obtained with 999

permutations.

Taxons Indicator of Indval P value
Dolichoderus imitator WSC RDS Rio Negro 0.842  0.001
Pseudomyrmex oculatus WSC RDS Rio Negro 0.791  0.001

Ectatomma tuberculatum WSC RDS Rio Negro 0.753  0.001
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Camponotus (Tanaemyrmesp01
Camponotus (Tanaemyrmex) testaceus
Pheidolesp.4

Wasmannia auropunctata

Camponotus (Myrmaphaenus)vagulus
Pheidolesp.33

Neoponera globularia

Brachymyrmesp.1

WSC RDS Rio Negro 0.748
WSC RDS Rio Negro 0.688
WSC RDS Rio Negro 0.658
WSC RDS Rio Negro 0.658
WSC RDS Rio Negro 0.612
WSCRDS Rio Negro 0.612
WSC RDS Rio Negro 0.607
WSC RDS Rio Negro 0.589

Camponotus (Myrmocladoecus) rectangularis WSC RDS Rio Negro 0.587

Cephalotes atratus

Crematogaster torosa

Camponotus (Myrmobrachys) senex
Dorymyrmexsp. 1

Camponotus (Myrmobrachysp. 18
Brachymyrmexsp.2

Camponotus (Myrmaphaenus). 8
Paratrachymyrmex diversus
Pheidolesp. 1

Camponotus (Myrmaphaenus). 1
Blepharidatta brasiliensis
Crematogaster sotobosque
Gnamptogenys horni

Camponotus (Myrmobrachys) crassus
Cephalotes pusillus

Camponotus (Myrmothrix) atriceps
Pseudomyrmex termitarius
Crematogastenr acutasp. 5
Dolichoderus diversus

Ectatomma brunneum

WSC RDS Rio Negro 0.581
WSC RDS Rio Negro 0.5

WSC RDS Rio Negro 0.5

WSC RDS Rio Negro 0.481
WSC RDS Rio Negro 0.463
WSC RDS Rid\Negro 0.456
WSC RDS Rio Negro 0.456
WSF RDS Rio Negro 0.734
WSF RDS Rio Negro 0.665
WSF RDS Rio Negro 0.645
WSF RDS Rio Negro 0.632
WSF RDS Rio Negro 0.548

WSF RDS Rio Negro 0.544

WSC Parna Virua 0.833
WSCParna Virua 0.831
WSC Parna Virua 0.671
WSC Parna Virua 0.645
WSC Parna Virua 0.626
WSC Parna Virua 0.611
WSC Parna Virua 0.605
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0.001
0.002
0.005
0.006
0.004
0.002
0.002
0.004
0.005
0.01

0.023
0.03

0.03

0.035
0.044
0.047
0.001
0.002
0.004
0.003
0.008
0.033
0.001
0.001
0.006
0.002
0.007
0.007
0.015



Solenopsisf. saevissima
Pseudomyrmex venustus
Cephalotes pavonii
Pseudomyrmex gracilis
Camponotus rapax
Aztecasp. 1

Azteca chartifex

Pheidole diligens

Labidus praedator
Nylanderiasp. 3
Crematogaster flavomicrops
Pheidole biconstricta
Pheidolesp.11

Camponotus (Tanaemyrmex) lespesii
Cephalotes placidus
Neoponera apicalis
Dolichoderus laminatus
Aztecacf. ulei

Pheidole radoszkowskii

Acromyrmex octospinosus

WSC Parna Virua
WSC Parna Virua
WSC Parna Virua
WSC Parna Virua
WSF Parna Virua
WSF Parna Virua
WSF Parna Virua
WSF Parna Virua
WSF Parna Virua
WSFParna Virua
WSF Parna Virua
WSF Parna Virua
WSF Parna Virua
WSF Parna Virua
WSF Parna Virua
WSF Parna Virua
WSF Parna Virua
WSF Parna Virua
WSF Parna Virua
WSF Parna Virua

0.587
0.5

0.474
0.468
0.788
0.744
0.732
0.687
0.609
0.588
0.577
0.577
0.577
0.554
0.543
0.542
0.542
0.538
0.5

0.5
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0.013
0.025
0.034
0.039
0.001
0.001
0.001
0.001
0.002
0.028
0.003
0.013
0.008
0.014
0.021
0.031
0.009
0.017
0.019
0.021
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Figure 1. Variation in the vegetation structure of Amazonian \Aatel ecosystems: A)

open whitesand campina with grassy aspect in Parque Nacional do Virua, B) low canopy
white-sand forest in Parque Nacional do Virua, C) wk#ded forest in Parque Naoal

do Virua, note the small diameters of trees, D) shrubby vehitel campina growing in
exposed patch of sandy soil in Reserva de Desenvolvimento Sustentavel do Rio Negro,
E) whitesand forest in Reserva de Desenvolvimento Sustentavel do Rio Negro.

Photagraphs taken by Amanda Batista de Oliveira.

Figure 2. Study sites: White sand campinas (yellow) and White sand forests (red) from

Virua National Park an RDS Rio Negro

Figure 3. Samphkbased rarefaction and extrapolation curves using Hill number separated
by arboreal ant species (upper panel) and gralwelling ants (lower panel): species
richness or g1 (A and D), Shannon indices or g2 (B and E), and simpson indi8g®or

and F).

Figure 4. Boxplots of species richness of ant specialist in ground (A) and arboreal (B)
layers and generalist species (C) in wAsiénd ecosystems habitats and regions. Numbers

of species are represented proportionally.

Figure 5. Ordinations of sampling sites based in Jaccard indices of arboreal (A) and

grounddwelling (B) ants represented in two axis of froatric multidimensional scales
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Figure 6. Boxplots of community weight means (CWM) of ant assemblages sampled in
white-sand campingdWSC) and whitesand forests (WSF) calculated with data of five

morphological traits.

Figure 7. Boxplots of functional indices separated by stratum, habitat and regions:
functional dispersion (FDis), functional divergence (FDiv), and functional evenness

(FEve).

Figure 1. Variation in the vegetation structure of Amazonian \Wk#ed ecosystems: A)
open whitesand campina with grassy aspect in Parque Nacional do Virua, B) low canopy

white-sand forest in Parque Nacional do Virua, C) wkaed forest in Parque Nacional
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do Virua, note the small diameters of trees, D) shrubby vehitel campina growing in
exposed patch of sandy soil in Reserva de Desenvolvimento Sustentavel do Rio Negro,
E) whitesand forest in Reserva de Desenvolvimento Sustentavel do Rio Negro.

Photograps taken by Amanda Batista de Oliveira.
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Figure 2. Study sites: White sand campinas (yellow) and White sand forests (red) from

Virua National Park an RDS Rio Negro
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Figure 3. Sampkpased rarefaction and extrapolation curves using Hill number separated
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richness or g1 (A and D), Shannon indices or g2 (B and E), and simpson indj8g®or

and F).
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layers and generalist species (C) in wAsié@d ecosystems habitats and regions. Numbers
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Figure 5. Ordinations of sampling sites based in Jaccard indices of arboreal (A) and

grounddwelling (B) ants represented in two axis of aoatric multidimensional scales
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Figure 6. Boxplots of community weight means (CWM) of ant assemblages sampled in

white-sand campina (WSC) and wh#and forests (WSF) calculated with data of five

morphological traits.
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Figure 7. Boxplots of functionalindices separated by stratum, habitat and regions:
functional dispersion (FDis), functional divergence (FDiv), and functional evenness

(FEve).



























































































































































































































