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Abstract 

Soil organisms represent a key component of most ecosystems, and their study must rely on efficient and standardized 
methods. In ants, subterranean assemblages are perceived as distinct from those of other strata (e.g., ground surface or 
canopy ants) and as such deserve particular attention – the value of which has recently been acknowledged in research 
on ant evolution, systematics, and ecology. In this review, we first compile information on the variety of available field 
methods for studying subterranean ants and comparatively evaluate their usage. Next, we summarise the taxonomic 
and ecological diversity of subterranean ants. Finally, we propose future avenues for enhancing knowledge on the biology 
of these species. We identify seven techniques for sampling subterranean ants, which are categorized under three main 
methodological approaches: Subterranean Baiting, Soil Sampling, and Direct Sampling. Although subterranean sam-
pling methods are specifically tailored to overcome the logistical challenges of collecting ants from within soil, in general 
they share similar limitations and sources of bias with conventional sampling methods like leaf litter sampling, surface 
baiting, and pitfall traps. For example, both subterranean and conventional sampling methods are limited by the amount 
of time and labour required, and their results may be biased by the exclusion of some species when particular sampling 
periods or baits are used. In contrast, the usage of subterranean sampling methods can result in the discovery of rare hypo-
gaeic species (e.g., species of Leptanilla EMERY, 1870, Leptanilloides MANN, 1923, and Oxyepoecus SANTSCHI, 1926) 
as well as unique ecological relationships (e.g., seasonal variation in species richness of subterranean ant communities) 
and life histories (e.g., distinct foraging patterns of hypogaeic Dorylinae species) that are still poorly understood. Studies 
show that subterranean ants form a diverse (up to 113 species) and distinct community (up to 44% uniqueness) in com-
parison with ants collected from higher strata. Systematic subterranean sampling has been used on five continents; how-
ever, the distribution and intensity of sampling varies greatly among studies, with most effort concentrated in the 
Neotropics, while the majority of biomes, such as tropical grasslands and moist forests, remain largely under-sampled. 
Future studies should address the current under-sampling of subterranean ants by employing standardized and improved 
methods within the framework of pursuing new research questions. For example, many areas pertaining to the ants' 
activity patterns, trophic ecology, and contributions to ecosystem function deserve further study. To rapidly advance 
knowledge on subterranean ants, systematic soil sampling may be employed in comparative diversity assessments across 
biogeographic and environmental gradients, while alternative field methods such as subterranean baiting could be useful 
for investigating important aspects of the ants' behaviour and ecology. 
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Introduction  

The world's 15,100+ species of ants (Hymenoptera: Formi-
cidae) occupy a remarkable diversity of ecological niches 
across structurally complex environments. For example, 
ant communities display vertical stratification in most 
habitats. Different ant species occupy the subterranean 
stratum as well as several surface strata (e.g., leaf litter, 
ground-dwelling / understorey, canopy). While much pro-
gress has been achieved in determining the diversity and 
species composition of aboveground ant communities (e.g., 

WILSON 1959, LONGINO &  NADKARNI  1990, BELSHAW &  
BOLTON 1994, BRÜHL & al. 1998, FISHER 1999, YANO-
VIAK &  KASPARI 2000, CAMPOS & al. 2008, GROC & al. 
2014), subterranean ants remain relatively unexplored. 

The subterranean microhabitat supports many species 
key to our general understanding of the behaviour and ecol-
ogy of early ants. The phylogenetic position of the hypo-
gaeic species Martialis heureka RABELING &  VERHAAGH, 
2008, as well as recent phylogenetic assessments (LUCKY    
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Box 1: Hypogaeic ant species. 
 
The soil habitat and cryptobiotic morphology of hypogaeic ant species  
Although most ecological parameters of soils such as temperature, moisture, organic content, and pH levels vary with 
geography and topography, the soil habitat may be broadly characterized and distinguished from most other micro-
habitats (e.g., forest canopies and leaf litter) by two factors: low levels or the complete absence of light, and, severe 
spatial limitations that correspond to the natural pore system and substrate grain size (EISENBEIS &  WICHARD 1987). 
Accordingly, most soil-dwelling arthropods including hypogaeic ant species are likely to have developed distinct 
morphological and physiological adaptations as evolutionary responses to this unique environment. Having little 
need for visual sensing in a low-light environment with a shortage of visual stimuli, many hypogaeic ant species 
either possess drastically reduced eyes or lack eyes completely, and have depigmented bodies that are pale yellow 
to almost white in colour (EGUCHI & al. 2006, 2010, ZRYANIN 2015). The physical constraints that the natural pore 
system places on the maximum size and effective mobility of hypogaeic ants also accounts for their frequently small 
body sizes, slender forms, as well as associated reductions in their extremities and spinescence (or an absence of 
spinescence altogether) (WILSON 1959). While the morphologies of hypogaeic ant species may not always conform 
to the parameters described above, hypogaeic species belonging to a wide range of subfamilies do often display – 
either selectively or in combination – the above cryptobiotic characters of small body size, reduced or absent spines-
cence, short legs, depigmented bodies, and reduced or absent eyes (WILSON 1959, ANDERSEN &  BRAULT 2010). 

Examples of hypogaeic species of eleven ant subfamilies  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
(1) Leptanillinae: Leptanilla oceanica BARONI &  URBANI, 1977, (2) Formicinae: Acropyga smithii FOREL, 1893, (3) 
Myrmicinae: Anillomyrma decamera (EMERY, 1901), (4) Ponerinae: Cryptopone fusciceps EMERY, 1900, (5) Ectat-
omminae: Typhlomyrmex pusillus EMERY, 1894, (6) Amblyoponinae: Adetomyrma venatrix WARD, 1994, (7) Pro-
ceratiinae: Probolomyrmex watanabei TANAKA , 1974, (8) Heteroponerinae: Heteroponera microps BORGMEIER, 1957, 
(9) Dolichoderinae: Anillidris bruchi SANTSCHI, 1936, (10) Martialinae: Martialis heureka RABELING &  VERHAAGH, 
2008, (11) Dorylinae: Acanthostichus punctiscapus MACKAY , 1996. Images from AntWeb. 
 

 
& al. 2013), present a compelling case for the evolution of 
ants from soil-dwelling, subterranean ancestors (WILSON 
& HÖLLDOBLER 2005). The ecology of subterranean ants 
also deserves further study in as much as species assem-
blages of the subterranean stratum are often distinct from 

those aboveground (WILSON 1959, SILVA  & SILVESTRE 
2004, RYDER WILKIE  & al. 2007, SCHMIDT &  DIEHL 2008, 
YEO & al. 2017). Ant genera across different subfamilies 
are predominantly, if not fully, comprised of hypogaeic 
species. Examples include Prionopelta MAYR, 1866 (Am-
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blyoponinae), Leptanilla EMERY, 1870 (Leptanillinae), 
Acanthostichus MAYR, 1887 (Dorylinae), Acropyga RO-
GER, 1862 (Formicinae) and Centromyrmex MAYR, 1866 
(Ponerinae). 

Conventional ant sampling techniques such as litter 
extractions, ground baiting and pitfall traps (reviewed in 
BESTELMEYER & al. 2000) have been reported to under-
sample species foraging within soil, and may fail to cap-
ture strictly hypogaeic species that do not forage near the 
ground surface (LONGINO &  COLWELL 1997, FOWLER & 
al. 2000, LUBERTAZZI &  TSCHINKEL 2003, ANDERSEN &  
BRAULT 2010, YEO & al. 2017). It is likely that current rec-
ords of ant diversity, as well as knowledge on the biology 
of many understudied and enigmatic hypogaeic species, 
can be substantially increased with effective, targeted sam-
pling in the subterranean stratum (RYDER WILKIE  & al. 
2007). Despite this, techniques specifically aimed at col-
lecting subterranean ants are excluded from the majority 
of biotic surveys, often due to the perceived logistical dif-
ficulties associated with their usage (RYDER WILKIE  & al. 
2007, SCHMIDT &  SOLAR 2010). 

The overarching goal of this review is to consolidate 
and present information that will be useful to the study 
of subterranean ant communities, which are possibly the 
"final frontier" of ant diversity research (RYDER WILKIE  & 
al. 2007). In the first section, we catalogue, describe, and 
evaluate techniques employed in the collection of ants 
from the subterranean environment. Next, we opportunis-
tically review information on the diversity and ecology 
of subterranean ant communities so as to shed light on 
this understudied group. Finally, we outline sampling stra-
tegies with the potential to rapidly advance the knowl-
edge of subterranean ants and highlight important themes 
to explore in future research. 

Important definitions: We use the term "subterranean" 
to refer to the environment that lies immediately beneath 
the organic surface layer of living vegetation and loose 
plant and woody debris (i.e., leaf litter). In most cases, this 
environment comprises the O, A, E, B, and C soil hori-
zons (ISBELL 2016). Our definition of "subterranean" dif-
fers from other applications of the term, such as in refer-
ence to underground cave systems (e.g., HOWRATH 1993). 
More importantly, although the term "subterranean" may 
generally refer to organisms found within or collected from 
a specific habitat (e.g., a "subterranean ant" and "the di-
versity of subterranean communities"), we distinguish this 
from the term "hypogaeic". Henceforth we only use "hy-
pogaeic" to describe the b i o l o g y  of a species that pre-
dominantly lives and forages within the subterranean en-
vironment, and / or possesses cryptobiotic morphological 
characteristics (see Box 1) that would otherwise suggest 
such a life history. Therefore, the terms "subterranean ant" 
and "subterranean ant diversity" do not equate to "hypo-
gaeic species" and "diversity of hypogaeic species", respec-
tively. We propose establishing the above definitions of 
"subterranean" and "hypogaeic" for the field of myrme-
cology. While some studies do recognize the differences 
between the two terms and apply them consistently (e.g., 
RYDER WILKIE & al. 2007, OSUNKOYA & al. 2011, PA-
CHECO &  VASCONCELOS 2012), the terms have been used 
interchangeably in reference to habitats, sampling methods, 
and biology in other studies (e.g., EGUCHI & al. 2006, 
BRANDÃO & al. 2008, SCHMIDT & al. 2014) or used for 

all purposes, perhaps to avoid confusion in other publica-
tions (e.g., LYNCH & al. 1988, LUBERTAZZI & TSCHINKEL 
2003, ANDERSEN & BRAULT 2010, RYDER WILKIE  & al. 
2010, ANDERSEN & al. 2012). By elucidating the subtle 
yet important differences between these terms, and shar-
pening their definitions for consistent and precise usage, 
we therefore hope to facilitate more efficient communi-
cation within myrmecology. 

Although the current review focuses on sampling meth-
ods to collect ants from the subterranean environment as 
a whole, and while not all ants collected from the sub-
terranean environment are necessarily hypogaeic species, 
the relevance of hypogaeic species to this specific habitat 
warrants separate treatment from other species. This ap-
proach follows previous studies on subterranean ants, where 
hypogaeic species are distinguished on the basis of their 
cryptobiotic morphology (Box 1) or relative abundance in 
subterranean collections (RYDER WILKIE  & al. 2007, AN-
DERSEN &  BRAULT 2010, BERMAN &  ANDERSEN 2012, 
PACHECO &  VASCONCELOS 2012). As such, the distinc-
tion between hypogaeic and non-hypogaeic species will be 
highlighted in this review where relevant. 

Methods 

We performed a literature search for scientific articles re-
porting on subterranean ants using three separate approaches. 
First, articles were identified during the development of 
the GABI database (see details in GUÉNARD & al. 2017), 
which includes over 8800 publications. Second, to be cer-
tain that no publications were overlooked, the terms "Ants" 
or "Formicidae" in addition to one of the following terms 
"Subterranean", "Underground", "Hypogaeic", and "Soil" 
were incorporated into a search in Google Scholar. Fi-
nally, literature cited in previously identified publications 
were scrutinized for relevant material that might have been 
missed. In total, fifty publications were incorporated into 
this review (Tables S1 - S3 as digital supplementary ma-
terial to this article, at the journal's web pages.) 

Techniques for sampling subterranean ants 

An unexpected variety of techniques have been employed 
to collect ants from the subterranean stratum. With the 
exception of the technique used by ESTEVES & al. (2008) 
who trialled collecting subterranean ants from the gut con-
tents of myrmecophagous lizards, with limited success 
(yielding only five ant species), the current array of sub-
terranean sampling techniques available to myrmecolo-
gists are classified under three dominant methodological 
approaches: (I) Subterranean Baiting, (II) Soil Sampling, 
and (III) Direct Sampling (summarised in Tab. 1). 

Subterranean Baiting: Subterranean baiting involves 
placing an attractive substance underground to recruit forag-
ing ants for collection. Unlike conventional surface baiting 
where ants may be observed and collected directly from 
the ground surface, the process of subterranean baiting is 
often completely obscured from the investigator's view, 
preventing real-time observation and direct manual collec-
tion. Instead, in subterranean baiting a receptacle is used 
to contain recruited specimens until recovery of the whole 
baiting device. To date, two relatively similar devices for 
subterranean baiting have been used: the Subterranean 
Baited Container (SBC) and Subterranean Pitfall Trap 
(SPT). While their designs vary considerably among stud- 



 4

Tab. 1: Classification of the main subterranean sampling 
methods and their respective techniques. 

Sampling method Specific technique(s) Acronym 

Subterranean Baiting Subterranean baited con-
tainer 

SBC 

 Subterranean pitfall trap SPT 

Soil Sampling Manual sifting of soil 
samples 

SSm 

 Berlese extraction of soil 
samples 

SSb 

 Winkler extraction of 
soil samples 

SSw 

 Lavage de terre, extrac-
tion of soil samples 

SSldt 

Direct Sampling Direct sampling from soil  DS 

 
ies (Fig. 1), both SBCs and SPTs generally comprise some 
bait placed within a container that is buried underground. 
Multiple perforations in the container's wall facilitate the 
entry of ants into the device. In SBCs, the containers are 
commonly empty or may otherwise be filled with soil me-
dium (see Fig. 1g and WEISSFLOG & al. 2000, BERGHOFF 
& al. 2002, 2003), which allows recruited ants to remain 
alive until the device is retrieved. Alternatively, in SPTs 
the ants are killed and preserved in solution at the base of 
the container. SBCs and SPTs probably do not differ 
extensively in their potential for collecting subterranean 
ants, although in SBCs there is a greater risk of specimen 
damage / loss from live ants preying on each other. As 
such occurrences are not well documented, however, this 
subject will be omitted from subsequent discussion. 

B a i t  t y p e s :  To attract subterranean ants, most stud-
ies employ combinatory baits comprising both proteins 
and carbohydrates (e.g., FOWLER &  DELABIE 1995, RY-
DER WILKIE  & al. 2007, ANDERSEN &  BRAULT 2010), or 
proteins and lipids (e.g., SCHMIDT &  DIEHL 2008, PACHE-
CO &  VASCONCELOS 2012). Protein is the most popular 
substance used in subterranean baiting; often in the form 
of processed fish meat; and has been incorporated into all 
subterranean baiting protocols (see Tab. S1, available as 
an electronic supplement on the journal's web page). Such 
approaches possibly reflect the notion that subterranean 
and leaf-litter species are predominantly carnivorous in 
comparison to arboreal species relying on carbohydrate-
rich diets (DELABIE &  FOWLER 1995, DAVIDSON & al. 
2003). However, baiting strategies may seriously bias de-
scriptions of community composition because baits are 
selective and prone to being monopolized by dominant, 
mass-recruiting species (BESTELMEYER & al. 2000). On 
the other hand, solitary foraging species and specialist pre-
dators may be underrepresented in collections obtained 
using non-specific, foreign bait such as fish meat. As such, 
the use of both protein-based (sardines) and carbohydrate-
based (honey) baits did not result in a significant differ-
ence in species richness and composition between SBCs 
used in a Brazilian sugarcane plantation (SOUZA & al. 2010). 
Surprisingly, no other attempts have been made to inves-
tigate the relationships between specific bait types (i.e., 
protein vs. carbohydrates vs. lipids) and observed subter- 

 

 

Fig. 1: Diversity of designs of subterranean baiting devices 
used, drawn to scale. Subterranean Pitfall Traps (SPTs) 
are represented by designs a, c, d & f and are shown with 
preservation solution (PS); designs b, e, g represent Sub-
terranean Baited Containers (SBCs). The respective posi-
tions of baits (pink) are illustrated for individual designs. 
In SBCs, the bait is simply placed inside the container, or 
mixed in with the soil medium when one is present (de-
sign g). In SPTs, the bait often has to be separated from 
the preservation solution. This is either achieved by placing 
the bait in a smaller holding container (designs c, d, f) or 
by smearing it as a paste on the container's inner wall (de-
sign a). All devices are capped at the top to impede the 
entry of epigaeic species into the containers. Strings or 
handles attached to the caps facilitate retrieval of the bur-
ied devices. The studies represented by the designs shown 
are as follows: (a) ANDERSEN &  BRAULT (2010), OSUN-
KOYA & al. (2011), ANDERSEN & al. (2012), BERMAN &  
ANDERSEN (2012); (b) MORINI & al. (2004), SOUZA & al. 
(2010); (c) PACHECO &  VASCONCELOS (2012); (d) WONG &  
GUÉNARD (2016a, b); (e) RYDER WILKIE & al. (2007, 2010); 
(f) BRANDÃO & al. (2008), SCHMIDT &  SOLAR (2010), 
SCHMIDT &  al. (2016); (g) BERGHOFF & al. (2002, 2003). 
 
ranean ant diversity or composition. However, there is some 
evidence to suggest that using a variety of bait types pro-
motes diversity in collections. For example, among small 
trials of carbohydrate (cookie crumbs) and protein (tuna) 
incorporated into a wider sample of SBCs baited with palm 
oil (N = 170), species of Probolomyrmex MAYR, 1901 
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only recruited to protein baits (BERGHOFF & al. 2003). In 
the only reported instance of subterranean baiting with live 
prey to date, YAMAGUCHI &  HASEGAWA (1996) installed 
SBCs containing different soil invertebrates (e.g., earth-
worms, beetle larvae, woodlice etc.) in an urban, disturbed 
site and collected large numbers of generalist species such 
as Solenopsis japonica WHEELER, 1928 and Tetramorium 
caespitum (LINNAEUS, 1758) as well as the possible spe-
cialist Ponera scabra WHEELER, 1928. For future studies, 
subterranean baiting may be trialled for collecting speci-
fic hypogaeic ant species by using the known or hypothe-
sized prey as bait. For example, geophilomorph centipedes 
may be trialled as baits for recruiting hypogaeic species 
of the Leptanillinae (e.g., Leptanilla) and Amblyoponinae 
(e.g., Stigmatomma ROGER, 1859 and Xymmer SANTSCHI, 
1914) subfamilies. 

S e t t i n g  p e r i o d :  The setting period is the dura-
tion for which a baiting device is placed in the field to re-
cruit subterranean ants. Among sixteen studies using sub-
terranean baiting, setting periods vary from short periods 
of five or eight hours (e.g., FOWLER &  DELABIE 1995, 
EGUCHI &  BUI 2009) to one week (PACHECO &  VASCON-
CELOS 2012), with the majority of studies (N = 11) using a 
setting period of two days (Tab. S1). Based on the fin-
dings from a handful of studies investigating the effects 
of setting period on observed subterranean species richness 
(Australia, ANDERSEN &  BRAULT 2010; Borneo, BERG-
HOFF & al. 2003; Brazil, PACHECO &  VASCONCELOS 2012; 
and Ecuador, RYDER WILKIE  & al. 2007), longer setting 
periods (i.e., four to seven days) are unlikely to yield sig-
nificant differences in species richness from comparatively 
shorter ones (i.e., one to two days). Similarly, a marginal 
increase in observed species richness with duration of set-
ting period is reported for surface baiting (DELABIE & al. 
2000). While setting periods as short as 60 to 90 minutes 
are deemed sufficient to recruit dominant ground-forag-
ing species in surface baiting (BESTELMEYER & al. 2000), 
this is unlikely to be the case for subterranean ants. In-
stead, ANDERSEN &  BRAULT (2010) recommend a setting 
period of 24 hours for obtaining an effective sample, a 
duration in which almost 80% of species can been col-
lected (RYDER WILKIE &  al. 2007). It is worth noting, how-
ever, that setting periods which are too short to encom-
pass changes in daylight may exclude species with specific 
activity patterns. For example, EGUCHI &  BUI (2009) ob-
served only one species from daytime SBC trials (10:00 - 
15:00) but up to five from overnight trials (15:00 - 09:00). 
If clear circadian patterns are indeed common among sub-
terranean ants, a more mechanistic approach may be con-
sidered to understand the abiotic factors (e.g., tempera-
ture and humidity) or biotic factors (e.g., competition and 
predation) that limit species activity. Similarly, the iden-
tification of cues used by ants to detect circadian rhythms 
within an aphotic environment represents an interesting 
research question. 

D e s i g n s  o f  b a i t i n g  d e v i c e s :  Individual 
designs of subterranean baiting devices vary extensively 
among studies (Fig. 1). In terms of size, both SBCs and 
SPTs are typically constructed with small containers, such 
as film canisters used for SBCs (SOUZA &  al. 2010) (Fig. 
1b), as well as SPTs made from 3cm3 vials half-filled with 
preservation solution and baited with a paste smeared on 
the vial's inner wall (ANDERSEN &  BRAULT 2010, OSUN-

KOYA  & al. 2011, ANDERSEN & al. 2012, BERMAN &  AN-
DERSEN 2012) (Fig. 1a). Larger containers have also been 
used, notably soil-filled SBCs made from 12cm-wide sieve 
buckets (BERGHOFF & al. 2003) (Fig. 1g), SCHMIDT &  SO-
LAR 's (2010) "multiple bait containers within trap" design 
of SPTs (Fig. 1f), as well as a 50cm-long SBC intended 
to be a "subterranean probe" (RYDER WILKIE  & al. 2007, 
2010) (Fig. 1e). Due to the small number of studies, the 
considerable variation in geography, habitat and sampling 
effort between individual studies (Tab. S1), as well as the 
absence of controlled comparative trials, the relative sam-
pling efficiencies of the different devices are unknown. 
The influence of varying SBC / SPT dimensions and con-
figurations on overall sampling efficiency remains an im-
portant aspect to determine. For instance, in the collec-
tion of ground foraging ants (and other arthropods), the 
overall size of surface pitfall traps influences both the rich-
ness and composition of the species collected (ABENS-
PERG-TRAUN &  DION 1995, WORK & al. 2002, LANGE & 
al. 2011). Conceivably, small-sized subterranean baiting 
devices would be easier to replicate and install, thus maxi-
mizing sampling effort (i.e., the combined exposed sur-
face area of all setups in the soil) while lowering the en-
ergetic cost of the sampling process. In addition, smaller 
containers should suffice for holding hypogaeic species, 
which tend to be small in body size (WILSON 1959, AN-
DERSEN &  BRAULT 2010). However, the space afforded by 
larger containers may be advantageous in accommodating 
a wider variety of bait types (e.g., solid vs. liquid baits) 
and positions (e.g., bottom vs. top of container). Options 
for positioning baits are more relevant to SPTs as baits 
need to be separated from the preservation solution (e.g., 
Fig. 1c, 1d, 1f). 

Aside from the overall size of the container, other spe-
cifications of subterranean baiting devices should ultimately 
depend on the nature of the research question. For exam-
ple, an SBC filled with soil of specific properties (e.g., 
organic matter content, particle size, or moisture) may fa-
cilitate observations on colony movement and behaviour 
(e.g., BERGHOFF & al. 2002) or ecological requirements 
and sociometry, while a partitioned SBC will be useful for 
investigating vertical stratification among soil-dwelling 
species (e.g., RYDER WILKIE &  al. 2007). The potential 
applications of subterranean baiting have certainly not been 
fully explored within myrmecology, and to this end it is 
worthwhile examining how subterranean baiting is em-
ployed within other fields. For example, a new species of 
hypogaeic beetle was collected from SPTs that facilitate the 
repetitive sampling of subterranean fauna at the same lo-
cation over a full year (ORTUÑO & al. 2014). These SPTs 
consist of a collection jar positioned at the bottom of a wire 
mesh shaft that is permanently installed in the soil column; 
the jar is simply retrieved and replaced with minimal soil 
disturbance during the quarterly collection of samples 
(ORTUÑO & al. 2014). 

S a m p l i n g  d e p t h :  In subterranean baiting, sam-
pling depth corresponds to the point at which the ants 
enter the baiting container. The majority of studies target 
depths between 10 and 20 cm (Tab. S1), with occasional 
subterranean baiting occurring as deep as 50 cm. Only a 
handful of studies incorporate a variety of sampling depths 
in their baiting protocol, with collections from within the 
10 - 20 cm range achieving the greatest overall species 
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richness and / or greatest number of hypogaeic species 
(e.g., PACHECO &  VASCONCELOS 2012). Likewise, among 
SBC collections from depths of 12.5, 25, 37.5, and 50 cm, 
maximum species richness (42 out of a total of 47 spe-
cies) was recorded at the depth of 12.5 cm (RYDER WILKIE  
& al. 2007). Among SPTs recruiting at 5, 10, and 15 cm, 
ANDERSEN &  BRAULT (2010) attribute the high observed 
species richness at 5 cm to "substantial contamination by 
epigaeic species", and recommend sampling at a minimum 
depth of 10 cm when targeting hypogaeic species. Apart 
from the selection of appropriate depths to maximize the 
overall diversity of subterranean collections, sampling depth 
may be tailored for taxon-specific studies of hypogaeic spe-
cies according to previous collection records so as to maxi-
mize collection success (see Tab. S2 for collection data 
including sampling depths and bait types for ant genera 
collected from previous studies). 

N o t a b l e  s p e c i e s  a n d  t a x o n o m i c  a c -
c o u n t s  f r o m  s u b t e r r a n e a n  b a i t i n g :  Subter-
ranean baiting is a relatively novel sampling method and 
has only been incorporated into ecological studies on ants 
in the last two decades (e.g., YAMAGUCHI &  HASEGAWA 
1996, BERGHOFF & al. 2002, LUBERTAZZI &  TSCHINKEL 
2003, RYDER WILKIE  & al. 2007, 2010, ANDERSEN &  
BRAULT 2010). Nevertheless, several uncommon ant gen-
era were collected via subterranean baiting. For example, 
individuals of Anillomyrma EMERY, 1913 were found in 
SBCs baited with pork at depths of 10 cm in Vietnam 
(EGUCHI &  BUI 2009), while Prionopelta MAYR, 1866 and 
Oxyepoecus SANTSCHI, 1926 were collected in SPTs baited 
with a mix of sardines and vegetable oil at depths of 20 cm 
in Brazil (PACHECO &  VASCONCELOS 2012). A survey of 
taxonomic literature also reveals several species accounts 
based on specimens collected via subterranean baiting. 
These include the rediscovery of Simopelta minima (BRAN-
DÃO, 1989) (BRANDÃO & al. 2008) and the range exten-
sion of Anillidris bruchi SANTSCHI, 1936 (SCHMIDT & al. 
2014) in Brazil, as well as the description of two new 
hypogaeic species from Singapore: Leptanilla hypodracos 
WONG & GUÉNARD, 2016, and Aenictus seletarius WONG 
&  GUÉNARD, 2016. 

Soil Sampling: Soil sampling represents another com-
monly employed method for collecting subterranean ants, 
involving the excavation of soil from the ground and sub-
sequent processing to retrieve the ants within samples, either 
manually or with various extraction techniques. Soil sam-
pling paired with manual collection (SSm) involves hand-
sifting the soil samples onto trays so as to reveal ants for 
collection (e.g., DELABIE &  FOWLER 1995, WATANASIT &  
NHU-EARD 2011). Apart from SSm, three extraction tech-
niques are used to retrieve ants from soil samples, name-
ly the Berlese extraction (also referred to as the Tullgren 
funnel) (SSb), Winkler extraction (SSw), and the Lavage 
de Terre (SSldt), a technique traditionally employed in the 
collection of other hypogaeic insects (LÓPEZ & al. 1994). 
To the best of our knowledge, SSldt has not been used to 
systematically sample whole communities of subterranean 
ants (i.e., unlike the first three techniques). This lack of use 
is most likely due to the logistically challenging and time-
consuming two-step SSldt extraction process where the or-
ganic matter is first separated from large quantities of ex-
cavated soil through repeated washing and filtering, and 
then subject to a Berlese extraction to retrieve the specimens. 

U n i t  s i z e  a n d  s a m p l i n g  d e p t h :  Compared 
to the sizes of individual SPT and SBC devices used in 
subterranean baiting, the volume of a single unit used in 
soil sampling tends to be large, with most requiring an 
excavation of 1500 to > 15,000 cm3 of soil per unit (Tab. 
S1). As such, soil sampling represents the most laborious 
method to execute, although the two methods function very 
differently and cannot solely be compared on the basis of 
labour. Like subterranean baiting, most soil sampling oc-
curs within the range of 10 to 20 cm below ground (Me-
dian = 15 cm) (Tab. S1). However, while SBCs and SPTs 
allow the collection of ants from depths up to 50 cm 
(RYDER WILKIE  & al. 2007, 2010, PACHECO &  VASCON-
CELOS 2012), most studies that use soil sampling have not 
collected ants at depths greater than 30 cm (Tab. S1). In 
addition, among studies using soil sampling, the distinc-
tion of sampling depths at which specimens are collected 
has not been effective. This contrasts the vertical stratifi-
cation of samples afforded by SBCs and SPTs (e.g., 
RYDER WILKIE  & al. 2007, 2010), which may be used to 
target specific soil depths (i.e., by limiting the positions 
of entrances to the collection containers). While not yet 
tested in a standard sampling protocol for an ant-specific 
study, HARADA &  BANDEIRA (1994) successfully divided 
blocs of excavated sandy soil into subsamples according to 
depth, and determined species composition for soil-dwelling 
arthropods in distinct strata. Although this method may 
work well with sand- and clay-based soils, we are doubt-
ful that such a neat division of excavated soil will be feas-
ible when working with porous soils of poor structure or 
comprising large proportions of soft organic matter. 

N o t ab le  s p e c ie s  a n d  t ax o n o mi c  a c c o u n t s  
f r o m  s o i l  s a m p l i n g :  In assessments of subterra-
nean ant diversity, rare hypogaeic species have been col-
lected from systematic soil sampling, notably two species 
of Leptanilloides MANN, 1923 from SSm in Brazil (VAS-
CONCELOS &  DELABIE 2000) and Tatuidris tatusia BROWN 
&  KEMPF, 1968 from SSm in Ecuador (JACQUEMIN & al. 
2012). Opportunistic soil sampling has also catered for 
taxonomic accounts on rare and important hypogaeic ant 
species. The first two specimens of the very rare and phylo-
genetically distinct Martialis heureka were collected from 
soil samples (RABELING & al. 2008), with other examples 
including the original description of the rare ponerine Si-
mopelta minima from four workers collected via SSb in 
Brazil (BRANDÃO 1989), as well an unexpected hypogaeic 
species of the genus Meranoplus SMITH , 1853 recently 
described from 41 specimens also collected via SSb in 
Vietnam (ZRYANIN 2015). While we did not encounter any 
studies systematically using SSldt techniques in diversity 
assessments, a survey of taxonomic literature suggests that 
collection by SSldt significantly contributes to species dis-
coveries. For example, using SSldt in a survey of soil-
dwelling beetles, soil samples taken to a depth of 50 cm 
from under a deeply embedded stone revealed multiple 
workers of the endemic Moroccan myrmicine Stenamma 
punctiventre EMERY, 1908, representing the first record of 
the putatively extinct species in over 90 years (ESPADALER 
&  HERNANDO 2012). By processing large samples of ex-
cavated soil (ca. 40 kg) with SSldt, LÓPEZ & al. (1994) 
collected multiple species of the uncommon hypogaeic 
genus Leptanilla from the Iberian Peninsula in surprisingly 
large numbers, including 84 workers of L. zaballosi BA-      
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Fig. 2: Global sampling locations of studies using subterranean sampling techniques as part of a standard sampling proto-
col (N = 36), with respect to the distribution of major biomes (after OLSON & al. 2001). The majority of studies (n = 30) 
aimed to collect whole subterranean communities (W), that is, as many ant species as possible from subsurface soil 
without targeting a specific taxon. These include studies that were fully dedicated to sampling subterranean ant com-
munities, as well as studies that incorporated subterranean sampling into a wider sampling protocol. In contrast to whole 
community studies, partial studies (P) used subterranean sampling to collect a targeted, specific group of ants (e.g., Dory-
linae in KUMAR &  O'DONELL 2009). Excluded from this diagram are taxonomic accounts (i.e., papers focusing on new 
species descriptions or distribution records) where sampling can be considered as opportunistic. The complete list of 
studies used is found in Table S3. 
 
RANDICA, LÓPEZ, MARTÍNEZ &  ORTUÑO, 1994 from one 
sample, and a queen with 34 workers of L. charonea BA-
RANDICA, LÓPEZ, MARTÍNEZ &  ORTUÑO, 1994 from an-
other. Their collection also represented a significant dis-
covery of cryptic diversity in the Leptanilla genus – with 
four species found within a small geographic area of central 
Spain (LÓPEZ & al. 1994). Similarly, SANTSCHI (1915) de-
scribed Leptanilla nana SANTSCHI, 1915 and recorded L. 
theryi FOREL, 1903 from Tunisia from specimens obtained 
via SSldt, while PERRAULT (1998) described Heteroponera 
georgesi PERRAULT, 1999 from French Guyana – a spe-
cies considered as hypogaeic due to the drastically reduced 
ommatidia observed in the worker caste. 

Direct Sampling (DS): DS generally encompasses a 
progressive excavation of soil layers in situ, which is si-
multaneously accompanied by a visual search and direct 
manual collection of ants from the gradually exposed lay-
ers of soil and the excavated soil, without the use of a 
hand sieve or secondary extraction device. In contrast to 
soil sampling and subterranean baiting techniques, the re-
sults of a DS are entirely dependent on the investigator's 
ability to detect ants in the sampling site, thus making it 
an "active sampling method" (see BESTELMEYER & al. 
2000). Due to such heavy reliance on the skill level of per-
sonnel involved in the sampling, it is difficult to establish 
consistency both within and between studies using DS – 
not to mention the physically demanding nature of this 
technique. Hence, it is unsurprising that DS has only been 
adopted in the systematic sampling protocols of three stud-
ies on subterranean ants (i.e., FISHER &  ROBERTSON 2002, 
MASUKO 2010, YEO & al. 2017) (Tab. S1). Although DS 
is challenging to standardize and laborious to execute, 
this subterranean sampling method may be advantageous 
to research that involves the observation of ants in their 
natural habitat and / or the immediate recording of infor-

mation in situ. For example, DS was used to discover and 
map, in great detail, the spatial distribution patterns of sub-
terranean nests belonging to twenty different ant species 
across thirty 1 m2 quadrats in a Japanese broadleaf forest 
(MASUKO 2010). The less intrusive nature of DS also faci-
litates the identification and collection of soft-bodied im-
mature life stages that are likely missed by subterranean 
baiting or damaged in soil sampling methods (FISHER &  
ROBERTSON 2002). 

N o t a b l e  s p e c i e s  c o l l e c t e d  b y  d i r e c t  
s a m p l i n g :  When using DS to uncover the spatial nest-
ing patterns of subterranean ants in Japan, MASUKO (2010) 
collected colonies of the tiny and uncommon hypogaeic 
species Leptanilla japonica BARONI URBANI, 1977. Recent-
ly, several rare and potentially hypogaeic genera such as 
Apomyrma BROWN, GOTWALD &  LÉVIEUX, 1971, Dolio-
ponera BROWN, 1974, and Fisheropone SCHMIDT &  SHAT-
TUCK, 2014 were collected from a systematic DS in the 
Cote d'Ivoire (YEO & al. 2017). As an example from taxo-
nomic literature, the hypogaeic species Dolopomyrmex pi-
latus COVER &  DEYRUP, 2007, which represented a new 
genus upon its discovery, was first collected by opportunis-
tic soil excavation and searching in situ (COVER &  DEY-
RUP 2007). It is very possible that numerous other species 
accounts – especially those of hypogaeic species – are 
likewise based on specimens collected by DS, albeit this 
would be difficult to confirm when most are simply de-
scribed as being "collected from soil". 

Notes on the diversity and ecology of subterranean 
ant communities 

The geographic distribution of studies sampling subterra-
nean ants is patchy and biased, with a concentration of 
sampling effort in the Neotropics (Fig. 2). Most studies 
have been situated within tropical regions, possibly a re- 
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Tab. 2: Research topics and focal areas of studies using subterranean sampling techniques in a standard sampling protocol 
(n = 36). Individual studies can comprise several research topics and focal areas. The complete list of studies used can 
be found in Table S3. 

Research 
topics 

Focal areas Technique used  
(No. of studies) 

Methods Development and/or trial of new SBC or SPT designs for subterranean baiting SBC (2), SPT (3) 

Comparing sampling efficiency and / or complementarity of multiple sampling methods, 
including subterranean sampling techniques 

SBC (2), SSm (2) 

Diversity Assessment of subterranean ant diversity only SBC (2), SPT (3) 

Assessment (and comparison) of subterranean and aboveground ant diversity DS (1) SBC (3), SPT (1), 
SSm (3) SSw (1) 

Ecology Comparing ant communities (including subterranean) within different habitats and / or 
land use practices 

DS (1), SBC (2), SPT (1), 
SSm (2) 

Investigating vertical stratification of subterranean ants in soil SBC (2) 

Investigating biogeographic and / or temporal patterns in distributions of subterranean 
ant communities 

DS (1), SBC (1), SSm (1), 
SSb (1)  

Responses of subterranean ant diversity to changes in abiotic or biotic factors (e.g., soil 
properties, relative ground cover) in a single habitat  

SBC (1), SPT (3), SSm (1) 

Foraging 
ecology 

Mapping foraging patterns of a single hypogaeic species SBC (1) 

Dietary preferences and/or resource partitioning among subterranean (and aboveground) 
ant communities 

SBC (3) 

Responses of foraging rates of subterranean ant communities to changes in habitat, climate, 
disturbance etc. 

SBC (2) 

 
flection of the anticipated higher diversity of subterranean 
ants in these areas, and only a handful of studies have taken 
place in temperate ecosystems of Japan and Eastern USA. 
Subterranean ants of the majority of biomes have not been 
sampled, especially within the vast grasslands and shrub 
lands in tropical and temperate regions, as well as in tem-
perate deciduous and coniferous forests. Even tropical moist 
and dry forests, the biomes which are potentially sampled 
most frequently by other methods, have been extensively 
under-sampled for their subterranean ant communities. For 
example, the Afrotropical region is almost devoid of stud-
ies (with the exception of YEO & al. 2017), despite this 
region's recognition for its important subterranean fauna 
(e.g., termites, EGGLETON 2000). Similarly, no studies have 
been undertaken in the tropical forests of the Indian sub-
continent, and only a handful of studies have been con-
ducted in the Indomalayan region. Subterranean baiting and 
soil sampling are the most commonly used methods in 
standard sampling protocols for subterranean ants, though 
by contrast, and to the best of our knowledge, direct sam-
pling has only been incorporated in the standard sampling 
protocols of three studies (see previous section). Common 
research topics and focal areas for studies employing sub-
terranean sampling techniques are highlighted in Table 2, 
while preliminary information on the ecology and diver-
sity of subterranean ant communities is discussed below. 

Diversity of ants in subterranean collections: De-
spite the relatively limited use of subterranean sampling 
techniques and their biogeographic biases (Fig. 2), 125 
genera have been collected using these techniques, repre-
senting about a third of the 334 genera currently described 
globally. With the exception of the Aneuretinae, Myrme-
ciinae, and Paraponerinae subfamilies, the majority of ant 
subfamilies are well represented at the generic level in 

subterranean samples (Fig. 3). Furthermore, a quarter to 
nearly half of the genera known from the five most diverse 
subfamilies has been recorded from subterranean samples. 
Differences in the relative proportion of genera collected 
among subfamilies most likely reflect the biology of in-
dividual species, though they may also represent poten-
tial biogeographic bias of subterranean sampling. For ins-
tance, the absence of Aneuretinae in subterranean samples 
may simply be due to the complete lack of subterranean 
sampling in Sri Lanka where this subfamily is endemic. 
The overall shortage of subterranean sampling in Asia 
(Fig. 2) may also explain the low generic diversity ob-
served in subterranean records of the hypogaeic subfamily 
Leptanillinae (Fig. 3), for which seven of the eight known 
genera are restricted to this continent (ANTMAPS.ORG 2016, 
JANICKI  & al. 2016); subterranean sampling within Asia 
may thus promote capture of leptanilline species (e.g., WONG 
&  GUÉNARD 2016a). Conversely, extensive subterranean 
sampling within the Neotropics, complemented by some 
collections from the Australian region (Fig. 2), may have 
favoured the collection of all genera in the Ectatomminae 
subfamily (Fig. 3) which are distributed throughout these 
regions. Notably, a recent and unique study in West Africa 
allowed for the capture of seven ponerine genera never be-
fore collected through subterranean sampling, with four 
of them endemic to the Afrotropical region (YEO & al. 
2017). In summary, an important diversity of genera, re-
presenting both ancestral and derived clades of ant species, 
may be collected through subterranean sampling methods. 

Most individual studies using subterranean sampling 
methods aim to assess the diversity of the subterranean ant 
communities. For each study, the respective measures of 
species richness and composition (by subfamily) are sum-
marised in Table S1. Among the studies reviewed, the two  
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Fig. 3: The sixteen extant ant sub-
families and the respective pro-
portions of their generic diversi-
ty recorded in collections from 
subterranean sampling techniques. 
For each subfamily, the percent-
age (%) of total genera repre-
sented in subterranean samples is 
shown. Genus records from both 
systematic and opportunistic sam-
pling efforts have been included 
in this figure. Refer to Table S2 
for a full list of subterranean col-
lection records for the different 
ant genera.  

 

 

 
most speciose subterranean collections were both obtained 
by soil sampling (SSm) in Brazil. At a cocoa plantation 
(8 ha) in Ilhéus (Bahia), 113 species in nine subfamilies 
were recorded from 4,131 soil samples (DELABIE &  FOW-
LER 1995), while at Manaus (Amazonas), 106 species in 
four subfamilies were recorded from 324 soil samples in 
a fragmented tropical forest (< 100 ha) (VASCONCELOS &  
DELABIE 2000). The lowest recorded diversity of subter-
ranean ants was also observed in Brazil, but through sub-
terranean baiting in 30 ha of fragmented subtropical forests 
at Rolante City (Rio Grande do Sul), where 13 species in 
four subfamilies were collected from 80 SBCs (SCHMIDT 
&  DIEHL 2008). The lowest recorded ant diversity from soil 
sampling (SSm) originates from a subtropical grassland of 
South Africa (sampled area not reported), where 14 species 
in three subfamilies were recorded from 36 soil samples 
(LINDSEY &  SKINNER 2001). Importantly, the variation ob-
served among the abovementioned studies should be con-
sidered with caution due to a lack of standardization in the 
methods used, areas sampled, and sampling effort deployed. 

Aboveground and subterranean communities – just 
how similar are they? The majority of studies employing 
subterranean sampling techniques have often sampled above-
ground ant communities using conventional surface sam-
pling techniques. Some studies have also specifically com-
pared ant assemblages from above and below the ground 
surface (e.g., SILVA &  SILVESTRE 2004, PACHECO &  
VASCONCELOS 2012, YEO & al. 2017). When subterra-
nean sampling techniques are paired with protocols using 
surface sampling techniques, the proportion of total species 
collected in subterranean samples varies substantially (17 - 
91%) (Tab. 3). Perhaps of greater interest, the proportion 
of total species unique to subterranean samples ranges 
from as low as zero to almost half of all collected species 
(Tab. 3). For example, in a tropical Thai forest all ant spe-
cies found in soil samples were also collected by surface 

baiting, hand collection or leaf litter extraction (WATAN-
SIT &  NHU-EARD 2011). However, in a tropical Brazilian 
cocoa plantation and a subtropical Brazilian forest as many 
as 55 of 124 and 32 of 113 species, respectively (DELABIE 
&  FOWLER 1995, SILVA &  SILVESTRE 2004), were unique 
to soil samples and not collected in leaf litter extractions 
(Tab. 3). Recently, YEO & al. (2017) also found that sub-
terranean ant assemblages collected via DS were distinct 
from aboveground ant assemblages collected by leaf litter 
extractions and pitfall traps, on the basis of significantly 
lower species richness and species evenness in the former. 
On the whole, therefore, inconsistent findings among stud-
ies that compare subterranean and aboveground ant assem-
blages are likely attributed to the large variance in sam-
pling location, protocol, and effort. Current data suggests 
that use a greater variety of surface sampling methods 
(Tab. 3) reduces the likelihood of collecting species which 
are unique to subterranean samples, but this can only be 
confirmed in a future controlled study. 

Rarity and stratum-specificity of subterranean ants: 
The main biological properties commonly associated with 
the rarity of a species include small population size, re-
stricted geographical distribution or high habitat specifi-
city. On the other hand, the perceived rarity of a species 
may also be influenced by non-biological criteria, such as 
a prolonged absence of collection records (e.g., over sev-
eral decades), the discovery of the species outside its normal 
geographical range, as well as the inability of experts to 
collect representative samples of the species (RABINOWITZ 
1981, ESPADALER &  LÓPEZ-SORIA 1991). Both opportunis-
tic and systematic subterranean sampling efforts have un-
covered many ant species that are traditionally considered 
to be rare (see sections on "notable species collected" by 
the three subterranean sampling methods above). Yet, the 
"rarity" of many species is more likely an artefact of hi-
storic collections using conventional methods (which under- 
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Tab. 3: A comparison of ant species diversity in surface and subterranean collections for studies that incorporated sub-
terranean sampling techniques into a wider sampling protocol. The studies listed here sampled ants from multiple strata 
including the subterranean habitat, ground surface and leaf litter layer, understory vegetation and canopy. For this compar-
ison, collections from canopy samples have been excluded. The techniques employed for subterranean sampling include 
subterranean baiting techniques such as Subterranean Baited Containers (SBC) and Subterranean Pitfall Traps (SPT); 
Soil Sampling techniques such as the retrieval of ants from collected soil samples either manually (SSm), with a Winkler 
(SSw) or Berlese extraction (SSb); and Direct Sampling (DS) of ants while excavating soil in situ. The techniques used 
to sample ants from surface strata include the usage of baiting stations or containers on the ground surface (B); setting 
pitfall traps flushed with the ground surface (PT); leaf litter sampling techniques such as the retrieval of ants from leaf 
litter samples either manually (LLm), with a Winkler (LLw) or Berlese extraction (LLb); and direct sampling in surface 
strata by searching for ants on the ground surface (S) or from beating understory vegetation (V). 

Study Subterranean 
technique 

Surface 
technique(s) 

Total 
species 

Species in subterranean 
samples 

Species unique to sub-
terranean samples 

No. % of total spp. No. % of total spp. 

DELABIE &  FOWLER (1995) SSm LLb 124 113 91.1 55 44.4 

SILVA &  SILVESTRE (2004) SSw LLw 113 071 62.8 32 28.3 

SCHMIDT &  DIEHL (2008) SBC B, HC 035 013 37.1 07 20.0 

LINDSEY &  SKINNER (2001) DS PT 043 029 67.4 07 16.3 

FOWLER &  DELABIE (1995) SBC B 074 019 25.7 11 14.9 

LYNCH & al. (1988) SSb LLb 022 016 72.7 03 13.6 

YEO &  al. (2017) DS LLw, PT 138 096 69.6 17 12.3 

VASCONCELOS &  DELABIE (2000) SSm LLm, PT 227 106 46.7 20 08.8 

LINDSEY &  SKINNER (2001) SSm PT 037 014 37.8 03 08.1 

SOUZA & al. (2010) SBC B, PT 045 014 31.1 03 06.7 

JACQUEMIN & al. (2016) SSm LLw, PT 161 062 38.5 10 06.2 

OSUNKOYA & al. (2011) SPT PT 100 036 36.0 06 06.0 

PACHECO &  VASCONCELOS (2012) SPT PT 232 075 32.3 12 05.2 

GARCÍA-MARTÍNEZ & al. (2016) SPT B, PT, LLw 075 019 25.3 03 04.0 

FISHER &  ROBERTSON (2002) DS LLw, PT, V 059 021 35.6 02 03.4 

RYDER WILKIE  & al. (2010) SBC B, HC, LLw, PT 270 048 17.8 08 03.0 

LUBERTAZZI &  TSCHINKEL (2003) SBC B, PT 071 020 28.2 00 00.0 

WATANASIT &  NHU-EARD (2011) SSm B, HC, LLm 087 040 46.0 00 00.0 

ANDERSEN & al. (2012) SPT HC, LLw, PT 082 025 30.5 00 00.0 

 
sample subterranean ants), as opposed to a consequence of 
the biological properties of individual species. Evidence 
substantiating this hypothesis is the occasionally high num-
ber of species unique to subterranean collections when mul-
tiple habitat strata are sampled (Tab. 3), the unmatched 
occurrence rates of some species in subterranean collections 
(e.g., DELABIE &  FOWLER 1995, BERGHOFF & al. 2003), 
as well as multiple accounts of "rare" ants being collected 
by subterranean methods in surprisingly high densities, un-
expected habitats, or areas outside their reported geograph-
ic range (e.g., LÓPEZ &  al. 1994, BRANDÃO &  al. 2008, 
SCHMIDT &  al. 2014). In future studies, the widespread 
use of subterranean sampling methods will help to disting-
uish ant species which have truly low occurrences in na-
ture from those which are under-represented in the majo-
rity of studies employing conventional sampling methods 
such as leaf litter extractions and surface pitfall traps. 

Ecological and environmental patterns of subter-
ranean ant diversity: While a number of studies have 

used subterranean sampling methods to investigate specific 
relationships between environmental factors and subter-
ranean ant diversity, inconsistencies in study aims and the 
variables measured preclude any broad relationships from 
being inferred with certainty. Nevertheless, a summary of 
findings in three main areas is provided below. 

S p a t i a l  a n d  t e m p o r a l  p a t t e r n s :  Species 
composition of subterranean ant communities from soil 
samples (SSm) is reported to vary substantially across spa-
tial scales, with high species turnover observed at both 
regional (> 2 km) and limited scales (~ 1 m) (JACQUEMIN 
& al. 2012, 2016). A high species turnover across limited 
spatial scales may arise from varying distribution patterns 
of subterranean nest sites, which, in turn, relate to the uni-
que ecology of individual species. For example, using DS 
to discover and excavate subterranean ant nests, MASUKO 
(2010) classified the distribution patterns of Japanese sub-
terranean nesting species into three distinct groups: ran-
dom, over-dispersed, and weakly clumped. The diversity 
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of subterranean ants is also known to display temporal 
variation in both tropical and temperate climates. For ex-
ample, subterranean ant diversity in a tropical Ecuadorian 
forest varied with the wet-dry cycle, with higher species 
richness and abundance observed in soil samples (SSm) 
during the dry season – possibly owing to the migration 
of drought-sensitive epigaeic species downwards into the 
soil during these periods (JACQUEMIN & al. 2016). Simi-
larly, in a temperate forest of Maryland USA, the species 
richness of ants collected in soil samples (SSb) almost 
doubled throughout May to August (i.e., late spring to 
summer) as compared to all other times of year (LYNCH 
& al. 1988). With a single study recording the differences 
in diurnal versus nocturnal subterranean ant activity, and 
based on a rather limited sampling effort of SBCs (N = 20) 
(EGUCHI &  BUI 2009), the overall knowledge on circadian 
patterns of subterranean ant communities is extremely 
limited. To this end, more extensive sampling with either 
subterranean baiting (i.e., by staggering baiting periods) or 
soil sampling (i.e., by collecting soil samples at different 
times of day) may elucidate possible circadian rhythms 
of subterranean ants in future work. 

B i o t i c  a n d  a b i o t i c  d r i v e r s : Preliminary 
findings from few available studies suggest that biotic 
properties of aboveground vegetation may exert little in-
fluence on subterranean ant communities. For example, the 
infestation of an invasive creeper in Australia had limited 
impacts on subterranean ant diversity sampled through 
SPTs (OSUNKOYA & al. 2011). Similarly, the diversity of 
ants collected in SBCs did not vary significantly across a 
gradient of herbaceous ground cover in a pine forest in 
Florida (cf. contrasting patterns displayed by ant assem-
blages of the ground surface and vegetation) (LUBERTAZZI 
&  TSCHINKEL 2003). Studies on the associations between 
subterranean ants and the abiotic properties of their soil 
environments report equivocal results. While physico-
chemical properties of soil (e.g., organic matter content, 
pH, electrical conductivity, degree of humification, and soil 
texture) were relatively poor predictors of ants collected 
by SSm (JACQUEMIN & al. 2012), the degree of soil com-
paction has recently shown to affect the composition of 
subterranean ant assemblages, with small-sized species oc-
curring more frequently in compacted soil than larger-sized 
species (SCHMIDT & al. 2016). However, the latter findings 
were based on a limited sampling effort using SPTs (N = 
20) and a separate study found no effects of soil compac-
tion on subterranean ant assemblages (GARCÍA-MARTÍNEZ 
& al. 2016). As soil compaction impacts the diversity of 
other arthropod populations (EATON & al. 2004), com-
pacted soils may also indirectly affect subterranean ants 
by affecting prey availability (e.g., oribatid mites in BAT-
TIGELLI  & al. 2004). Future experiments modifying soil 
compaction as well as moisture and temperature will fur-
ther elucidate how these factors influence subterranean ant 
diversity and composition. 

Habi ta t  modi f ica t ion and land  use  change:  
Like other ecological communities (e.g., LIU & al. 2016), 
subterranean ants are affected by extensive habitat modi-
fication and land use change. For example, significant dif-
ferences in the richness and composition of ant species in 
soil samples (SSm) were observed between heterogenous 
and homogenous rubber plantations in Thailand (WATA-
NASIT &  NHU-EARD 2011), and in Brazil, the composition 

of subterranean ant communities collected by SBCs in 
agricultural croplands was shown to be distinct from those 
in adjacent secondary forests and forestry plantations 
(SCHMIDT &  DIEHL 2008). However, while the effect of 
land use change on the ecology of surface ant communi-
ties has been explored, such as in their contributions to 
ecosystem function and interspecific interactions (e.g., 
BESTELMEYER &  WIENS 1996, CRIST 2009, GRAY & al. 
2015), these relationships are unknown for subterranean 
ants and certainly deserve investigation. 

Foraging ecology of subterranean ants: Thus far, 
studies on the foraging ecology of subterranean ants have 
been achieved with the usage of subterranean baiting, spe-
cifically SBCs (Tab. 2), which allow for bait manipula-
tion and facilitate the observation of continuous foraging 
activities by subterranean ants. The majority of studies 
have investigated the foraging ecology of the subterranean 
Dorylinae, with some monitoring and mapping the forag-
ing patterns of individual hypogaeic species (e.g., Dory-
lus laevigatus SMITH , 1857 in BERGHOFF & al. 2002 and 
Acanthostichus quadratus EMERY, 1895 in MORINI & al. 
2004), and others examining the effect of environmental 
gradients on foraging by subterranean Dorylinae communi-
ties (O'DONNELL &  KUMAR 2006, KUMAR &  O'DONNELL 
2009). In spite of their differing focal species and research 
aims, all abovementioned studies report that subterranean 
Dorylinae have unique foraging ecologies which are dis-
tinct from those of their surface-dwelling counterparts. For 
example, BERGHOFF & al. (2002) observed the hypogaeic 
species D. laevigatus occupying the same foraging site 
for several months, contrasting with epigaeic army ant spe-
cies which are characterized by a very localized and tem-
porary presence at foraging sites. The stable subterranean 
trunk trail system used by D. laevigatus also contrasts with 
the short-lived swarm raids of epigaeic doryline species 
(BERGHOFF & al. 2002, KRONAUER 2009). In Costa Rican 
cloud forests, foraging rates of subterranean Dorylinae were 
neither affected by habitat type nor by day-to-day weather 
variation within sites, but foraging rates displayed an in-
crease with elevation. These findings contrast patterns ob-
served in surface Dorylinae communities (O'DONNELL &  
KUMAR 2006, KUMAR &  O'DONNELL 2009). Collective-
ly, the findings from a variety of studies using SBCs to 
study subterranean Dorylinae highlight their unique forag-
ing ecology, which remains understudied for the majority 
of species (KRONAUER 2009). Subterranean baiting is an 
effective method for studying the foraging ecology of sub-
terranean Dorylinae communities because these ants tend 
to exist in large populations that aggressively recruit to 
subterranean bait in extensive foraging raids (WEISFLOGG 
& al. 2000, BERGHOFF & al. 2002). This method has also 
been successfully applied to investigate other subterranean 
ant communities, although such studies are less common. 
For example, YAMAGUCHI &  HASEGAWA (1996) used SBCs 
with a variety of live baits to study trophic preferences and 
predation rates of subterranean ant communities in Japan, 
with earthworms and woodlice corresponding to the high-
est predation rates by subterranean ants. When bait was 
controlled for, species of the genera Tetramorium (MAYR, 
1855), Solenopsis (WESTWOOD, 1840), Formica (LINNAE-
US, 1758) and Ponera (LATREILLE, 1804) displayed a ver-
tical stratification of predation in the 50 cm-deep soil layer 
(YAMAGUCHI &  HASEGAWA 1996). As a caveat, the poten-



 12 

tial for subterranean baiting to collect or observe specific 
ants may be severely limited if a non-target dominant spe-
cies recruits in large numbers – this effect was observed 
when D. laevigatus raided SPTs in Singapore in densities 
of over 500 individuals per device, excluding almost all 
other species from the collections (M.K.L. Wong, unpubl.). 

Discussion 

In spite of their recognized importance to multiple fields 
across myrmecology, the majority of the world's subter-
ranean ant faunas remain understudied. While conven-
tional ant sampling methods potentially under-sample the 
ants found below ground (Tab. 3), studies that systemati-
cally employ techniques for specifically collecting ants from 
the subterranean environment are few in number and geo-
graphically scattered (Fig. 2). Collectively, the findings 
of the studies in this review indicate that subterranean ant 
communities are often distinct and diverse in composi-
tion, and may also exhibit unique ecological relationships 
and life histories. A variety of novel and significant taxo-
nomic accounts have also been realised for hypogaeic spe-
cies collected with these techniques. Therefore, there are 
strong grounds for increased sampling and investigation 
into the diversity and ecology of subterranean ant com-
munities. However, a key obstacle to future work on sub-
terranean ants is the substantial variation in the sampling 
techniques used to date, which precludes meaningful com-
parisons across studies and the inference of broad rela-
tionships about this important ant community. In this re-
view, we identified at least seven different subterranean 
sampling techniques (Tab. 1). Furthermore, there is marked 
variation among the technical specifications of individual 
techniques; for instance, the designs and sizes of devices 
used in subterranean baiting (Fig. 1). Below we discuss 
two methodological approaches that should be explored 
simultaneously in order to rapidly advance knowledge on 
subterranean ant communities. 

Assessing subterranean ant diversity – method se-
lection and familiar considerations: A standard sampling 
technique and protocol for assessing subterranean ant di-
versity is urgently needed to address the current dearth of 
basic information on the composition and richness of this 
group of ants. Establishing an approach for systematically 
assessing the diversity of subterranean ant communities will 
promote consistency among studies, and should in turn 
allow for cross-study comparisons to reveal important pat-
terns of diversity that relate to macroecology and biogeo-
graphy – such as patterns across continents or along ele-
vation gradients. In assessments of ant diversity, the se-
lected method(s) should be readily standardized for effec-
tive usage across many different habitats, so as to facilitate 
the comparison of species assemblages among multiple sites 
and regions (STEINER & al. 2005, GOTELLI & al. 2011). 

Individual subterranean sampling methods are subject 
to unique sampling biases, and as such they differ subs-
tantially in their specific advantages and limitations for 
use in diversity assessments. Notably, many aspects relat-
ing to the suitability of subterranean sampling methods for 
diversity assessments are also relevant to sampling methods 
for ants of other habitat strata (e.g., ground surface and 
canopy ants) (see GOTELLI & al. 2011). For example, direct 
sampling in soil for subterranean ants, as well as above-
ground for litter and canopy ants, may be too taxing on 

time and labour to accommodate the repetitive and rapid 
nature of diversity assessments. Moreover, these "active 
sampling methods" (BESTELMEYER & al. 2000) are gen-
erally unsuitable for comparative assessments because their 
findings are heavily dependent on the relative skills of per-
sonnel undertaking the sampling (GOTELLI & al. 2011). 

Similarly, despite their potential sampling efficiency 
(i.e., when small devices are used), subterranean baiting 
and comparable methods used in aboveground sampling 
may not be ideal for diversity assessments because they do 
not capture "random" samples of ants. In SBCs, SPTs and 
the extensively utilised surface pitfall traps alike, the con-
tainer's overall size, as well as the dimensions and posi-
tions of entrances will disproportionately influence the 
collection of different ant species according to specific body 
sizes and foraging patterns (ABENSPERG-TRAUN &  DION 
1995, GOTELLI & al. 2011). Furthermore, both surface and 
subterranean bait are susceptible to biased community com-
position and abundance, as they may be overrun by gen-
eralist species while simultaneously excluding trophic spe-
cialists. Although pitfall trapping without the usage of bait 
is a well-established and relatively effective method for as-
sessing ant diversity on the ground surface (but see limita-
tions discussed in GOTELLI & al. 2011), we know of only 
one example where unbaited subterranean pitfall traps per-
formed effectively in a standard sampling protocol (PAO-
LUCCI & al. 2016). Thus far, it appears that the majority 
of ant studies have avoided the usage of unbaited collec-
tion devices in subterranean sampling, and preliminary sam-
pling with unbaited SPTs for a 72-hour period also proved 
unsuccessful (Fig. 1d; M.K.L. Wong, unpubl.). This low 
success may be due to the lower activity levels of hypo-
gaeic species, as well as the limited number of entrances 
to most collection containers (Fig. 1), which together ac-
count for a low probability that ants will randomly stumble 
into the SPTs in the absence of attractants. On this note, 
there are several examples from non-myrmecological lit-
erature of SPTs constructed with porous wire mesh (as 
opposed to solid containers), which maximise the surface 
area for subterranean fauna to enter the collection devices 
(e.g., OWEN 1995, HERIBERTO & PEDRO 2010); these may 
be trialled for collecting subterranean ants. 

In comparison to direct sampling by hand and subterra-
nean baiting with SBCs or SPTs, soil sampling methods – 
which are relatively similar to litter sampling at the ground 
surface – are likely to provide less biased measurements of 
ant diversity (BESTELMEYER & al. 2000). As with litter sam-
pling, variation arising from human error in soil sampling 
should be further minimized through the employment of 
a consistent extraction technique such as a Winkler ex-
tractor to retrieve specimens from the soil samples. Using 
SSw therefore lowers the risk of escapees and missed spe-
cimens that are likely to occur in SSm where the ants are 
collected by hand after sieving. This is especially important 
when sampling the subterranean stratum, since many hypo-
gaeic species are small in size and pale in colour (Box 1), 
and can be missed even by a well-trained eye. Leaf litter 
sampling with Winkler extraction has repeatedly demons-
trated the highest sampling efficiency among available 
ground surface sampling methods (ANDERSEN 1991, FISHER 
1999, BESTELMEYER & al. 2000, DELABIE & al. 2000). 
However, in subterranean sampling it remains to be exam-
ined whether SSw is more efficient than direct sampling       
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Fig. 4: Soil sampling with Winkler extraction (SSw), a pro-
posed sampling technique for subterranean diversity as-
sessments. A soil sample of the dimensions indicated is 
excavated and processed with a Winkler extractor column 
to retrieve subterranean ants, which are collected in pre-
servation solution (PS). 

 
and subterranean baiting, since no studies have adopted 
more than one method in a single protocol. In addition, to 
investigate or account for temporal variation in subterra-
nean ant activity, soil sampling can be performed at dif-
ferent times of day or year – this is akin to the recommen-
dations for litter sampling, which is subject to similar lim-
itations (see BESTELMEYER & al. 2000). 

Based on the results of previous soil sampling efforts 
(Tab. S1), we find that collecting a soil sample of dimen-
sions 15 cm × 15 cm and to a depth of 25 cm should suffice 
for a representative sample of the subterranean ant commu-
nity. In particular, the sampling depth of 25 cm is chosen 
because it incorporates the agreed range of peak subterra-
nean diversity and maximum number of hypogaeic species 
among the studies presently reviewed (i.e., 10 - 20 cm). 
Therefore, we suggest that an SSw with the above speci-
fications (illustrated in Fig. 4) may be an effective stan-
dardized sampling technique for future assessments on the 
diversity of subterranean ant communities. The Winkler 
extraction is preferred over the Berlese extraction for its 
accessibility (i.e., electricity not required) and sampling 
efficiency (see comparison in BESTELMEYER 2000), which 
can be substantially increased by practicing regular Wink-
ler shuffling (GUÉNARD &  LUCKY 2011). In keeping with 
previous studies, researchers targeting hypogaeic species 
should distinguish these from epigaeic species in subter-
ranean samples on the basis of their cryptobiotic morphol-
ogy (Box 1) and relative abundance, since the collection 
of epigaeic species nesting in soil cannot be completely 
avoided regardless of sampling technique used. 

E x p l o r i n g  o t h e r  m e t h o d s  f o r  n e w  a r e a s  
o f  s t u d y :  As techniques that are well suited for rapid 
diversity assessments like soil sampling may not reveal 
other poorly known aspects of subterranean ants such as 
their activity patterns, foraging ecology, and interspecific 

interactions, we also propose that investigators should not 
dismiss alternative subterranean sampling techniques that 
may better address these specific research hypotheses. It is 
clear that subterranean baiting techniques are better suited 
than others for such research as they can obtain meaning-
ful sets of data (e.g., trophic preferences, predation rates, 
activity patterns, etc.) and their designs lend well to in situ 
experimental setups (e.g., separating or excluding collec-
tions by depth, long-term monitoring, etc.). Our survey 
of myrmecological literature suggests that the potential 
research applications of subterranean baiting have not been 
fully explored. For example, some areas not yet investi-
gated with subterranean baiting include the study of short-
term circadian activity patterns in subterranean ants, as well 
as long-term comparisons of foraging rates across the ver-
tical soil profile. In addition to the current assortment of 
designs for SBCs and SPTs (Fig. 2), a brief survey of non-
myrmecological literature reveals other potentially useful 
subterranean baiting and trapping devices (e.g., OWEN 1995, 
SCHLICK-STEINER &  STEINER 2000, LÓPEZ &  OROMÍ 2010, 
ORTUÑO & al. 2013, 2014) as well as alternative methods 
for collecting and tracking the movements of other subter-
ranean fauna (e.g., FORSCHLER 1994, LAWRENCE &  BOW-
ERS 2002, BASTARDIE & al. 2005). In this spirit, we en-
courage myrmecologists to pursue novel approaches for 
subterranean sampling, and to consider modifying current 
techniques to overcome long-standing limitations of observ-
ing ant behaviour occurring underground (e.g., installing 
cameras in SBCs to observe interspecific interactions or 
to measure scavenging rates). 

We anticipate that standardized diversity assessments 
complemented by the innovative exploration of new hypo-
theses about this final frontier will bring to light the cryp-
tic biology of the enigmatic ants from the underworld. 

Acknowledgements 

The authors would like to thank Alan Andersen and Jens 
Dauber, as well as the editors of Myrmecological News 
for their invaluable comments on a previous version of the 
manuscript. We are also grateful to Christian Peeters and 
Miguel García-Martínez for providing supporting data. We 
would like to thank Bayden Russell, Rob Dunn, and Brian 
Worthington for assistance with language correction. Mark 
Both authors would also like to thank Theodore Evans for 
accommodating early consultation on the topic of subter-
ranean sampling.  

References 

ABENSPERG-TRAUN, M. &  DION, S. 1995: The effect of pitfall 
trap diameter on ant species richness (Hymenoptera: Formici-
dae) and species composition of the catch in a semi-arid euca-
lypt woodland. – Australian Journal of Ecology 20: 282-287. 

ANDERSEN, A.N. 1991: Sampling communities of ground-for-
aging ants – pitfall catches compared with quadrat counts in 
an Australian tropical savanna. – Australian Journal of Ecol-
ogy 16: 273-279. 

ANDERSEN, A.N. &  BRAULT, A. 2010: Exploring a new biodi-
versity frontier: subterranean ants in northern Australia. – Bio-
diversity and Conservation 19: 2741-2750. 

ANDERSEN, A.N., HOUADRIA, M., BERMAN, M. &  VAN DER 

GEEST, M. 2012: Rainforest ants of the Tiwi Islands: a remark-
able centre of endemism in Australia's monsoonal tropics. – 
Insectes Sociaux 59: 433-441. 



 14 

ANTMAPS.ORG 2016: <http://antmaps.org>, retrieved on 1 Nov-
ember 2016. 

BASTARDIE, F., CAPOWIEZ, Y., RENAULT, P. &  CLUZEAU, D. 
2005: A radio-labelled study of earthworm behaviour in artifi-
cial soil cores in term of ecological types. – Biology and Fer-
tility of Soils 41: 320-327. 

BATTIGELLI , J.P., SPENCE, J.R., LANGOR, D.W. &  BERCH, S.M. 
2004: Short-term impact of forest soil compaction and organic 
matter removal on soil mesofauna density and oribatid mite 
diversity. – Canadian Journal of Forest Research 34: 1136-1149. 

BELSHAW, R. &  BOLTON, B. 1994: A survey of the leaf litter ant 
fauna in Ghana, West Africa (Hymenoptera: Formicidae). – 
Journal of Hymenoptera Research 3: 5-16. 

BERGHOFF, S.M., MASCHWITZ, U. &  LINSENMAIR, K.E. 2003: 
Hypogaeic and epigaeic ant diversity on Borneo: evaluation of 
baited sieve buckets as a study method. – Tropical Zoology 
16: 153-163. 

BERGHOFF, S.M., WEISSFLOG, A., LINSENMAIR, K.E., HASHIM, 
R. &  MASCHWITZ, U. 2002: Foraging of a hypogaeic army ant: 
a long neglected majority. – Insectes Sociaux 49: 133-141. 

BERMAN, M. &  ANDERSEN, A.N. 2012: New Caledonia has a de-
pauperate subterranean ant fauna, despite spectacular radiations 
above ground. – Biodiversity and Conservation 21: 2489-2497. 

BESTELMEYER, B.T. &  WIENS, J.A. 1996: The effects of land 
use on the structure of ground-foraging ant communities in 
the Argentine Chaco. – Ecological Applications 6: 1225-1240. 

BESTELMEYER, B.T., AGOSTI, D., ALONSO, L.E., BRANDÃO, C.R.F., 
BROWN, W.L., DELABIE, J.H.C. &  SILVESTRE, R. 2000: Field 
techniques for the study of ground-dwelling ants: An over-
view, description, and evaluation. In: AGOSTI, D., MAJER, J.D., 
ALONSO, L.E. &  SCHULTZ, T.R. (Eds.): Ants: standard methods 
for measuring and monitoring biodiversity. – Smithsonian 
Institution Press, Washington and London, pp. 122-144. 

BRANDÃO, C.R.F. 1989: Belonopelta minima new species (Hy-
menoptera: Formicidae: Ponerinae) from eastern Brazil. – Re-
vista Brasileira de Entomologia 33: 135-138. 

BRANDÃO, C.R.F., FEITOSA, R.M., SCHMIDT, F.A. &  SOLAR, R. 
R.D.C. 2008: Rediscovery of the putatively extinct ant species 
Simopelta minima (BRANDÃO) (Hymenoptera: Formicidae), with 
a discussion on rarity and conservation status of ant species. 
– Revista Brasileira de Entomologia 52: 480-483. 

BRÜHL, C.A., GUNSALAM , G. &  EDUARD LINSENMAIR, K. 1998: 
Stratification of ants (Hymenoptera: Formicidae) in a primary 
rain forest in Sabah, Borneo. – Journal of Tropical Ecology 
14: 285-297. 

CAMPOS R.I., LOPES, C.T., MAGALHAES, W.C.S. &  VASCONCELOS, 
H.L. 2008: Vertical stratification of ants in savanna vegeta-
tion in the Serra de Caldas Novas State Park, Goiás, Brazil. – 
Iheringia, Série Zoologia 98: 311-316. 

COVER, S.P. &  DEYRUP, M. 2007: A new ant genus from the 
southwestern United States. In: SNELLING, R.R., FISHER, B.L. 
&  WARD, P.S. (Eds.): Advances in ant systematics (Hymeno-
ptera: Formicidae): homage to E. O. Wilson – 50 years of con-
tributions. – Memoirs of the American Entomological Insti-
tute 80: 89-99. 

CRIST, T.O. 2009: Biodiversity, species interactions, and func-
tional roles of ants (Hymenoptera: Formicidae) in fragmented 
landscapes: a review. – Myrmecological News 12: 3-13. 

DAVIDSON, D.W., COOK, S.C., SNELLING, R.R. &  CHUA, T.H. 
2003: Explaining the abundance of ants in lowland tropical 
rainforest canopies. – Science 300: 969-972. 

DELABIE, J.H. &  FOWLER, H.G. 1995: Soil and litter cryptic ant 
assemblages of Bahian cocoa plantations. – Pedobiologia 39: 
423-433. 

DELABIE, J.H., FISHER, B.L., MAJER, J.D. &  WRIGHT, I.W. 2000: 
Sampling effort and choice of methods. In: AGOSTI, D., MA-
JER, J.D., ALONSO, L.E. &  SCHULTZ, T.R. (Eds.): Ants: Stan-
dard methods for measuring and monitoring biodiversity. – 
Smithsonian Institution Press, Washington and London, pp. 
145-154. 

EATON, R.J., BARBERCHECK, M., BUFORD, M. &  SMITH , W. 
2004: Effects of organic matter removal, soil compaction, and 
vegetation control on collembolan populations. – Pedobiologia 
48: 121-128. 

EGGLETON, P. 2000: Global patterns of termite diversity. In: ABE, 
T., BIGNELL, D.E. &  HIGASHI, M. (Eds.): Termites: evolution, 
sociality, symbioses, ecology. – Kluwer Academic Publishers, 
Dordrecht, pp. 25-51. 

EGUCHI, K. &  BUI, T.V. 2009: Exploration of subterranean ant 
fauna by underground bait-trapping – a case study in Binh Chau 
– Phuoc Buu Nature Reserve, Vietnam (Insecta: Hymenoptera: 
Formicidae). – ARI 32: 21-25. 

EGUCHI, K., HASHIMOTO, Y. &  MALSCH, A.K. 2006: Pheidole 
schoedli sp. n. (Hymenoptera: Formicidae), a subterranean spe-
cies found from North Borneo. – Myrmecologische Nachrich-
ten 8: 31-34. 

EGUCHI, K., BUI, T.V., GENERAL, D.M. &  ALPERT, G.D. 2010: 
Revision of the ant genus Anillomyrma EMERY, 1913 (Hymeno-
ptera: Formicidae: Myrmicinae: Solenopsidini). – Myrmeco-
logical News 13: 31-36. 

EISENBEIS, G. &  WICHARD, W. 1987: Atlas on the biology of soil 
arthropods. – Springer Berlin Heidelberg, Berlin, Germany, 
437 pp. 

ESPADALER, X. &  HERNANDO, C. 2012: Redécouverte de Sten-
amma punctiventre EMERY au Maroc (Hymenoptera, Formi-
cidae). – Nouvelle Revue d'Entomologie 28: 33-36. 

ESPADALER, X. &  LÓPEZ-SORIA, L. 1991: Rareness of certain 
Mediterranean ant species: fact or artifact? – Insectes Sociaux 
38: 365-377. 

ESTEVES, F.D.A., BRANDÃO, C.R.F. &  V IEGAS, K. 2008: Subter-
ranean ants (Hymenoptera: Formicidae) as prey of fossorial 
reptiles (Reptilia, Squamata: Amphisbaenidae) in Central Brazil. 
– Papéis Avulsos de Zoologia (São Paulo) 48: 329-334. 

FISHER, B.L. 1999: Improving inventory efficiency: a case study 
of leaf-litter ant diversity in Madagascar. – Ecological Appli-
cations 9: 714-731. 

FISHER, B.L. &  ROBERTSON, H.G. 2002: Comparison and origin 
of forest and grassland ant assemblages in the High Plateau 
of Madagascar (Hymenoptera: Formicidae). – Biotropica 34: 
155-167. 

FORSCHLER, B.T. 1994: Fluorescent spray paint as a topical mar-
ker on subterranean termites (Isoptera: Rhinotermitidae). – 
Sociobiology 24: 27-38. 

FOWLER, H.G. &  DELABIE, J.H. 1995: Resource partitioning among 
epigaeic and hypogaeic ants (Hymenoptera: Formicidae) of a 
Brazilian cocoa plantation. – Ecología Austral 5: 117-124. 

FOWLER, H.G., DELABIE, J.H. &  MOUTINHO, P.R.D.S. 2000: 
Hypogaeic and epigaeic ant (Hymenoptera: Formicidae) assem-
blages of Atlantic coastal rainforest and dry mature and secon-
dary Amazon forest in Brazil: continuums or communities. – 
Tropical Ecology 41: 73-80. 

GARCÍA-MARTÍNEZ, M.Á., MARTÍNEZ-TLAPA, D.L., PÉREZ-TOLEDO, 
G.R., QUIROZ-ROBLEDO, L.N. &  VALENZUELA-GONZÁLEZ, J.E. 
2016: Myrmecofauna (Hymenoptera: Formicidae) response to 
habitat characteristics of tropical montane cloud forests in cen-
tral Veracruz, Mexico. – Florida Entomologist 99: 248-256. 

GOTELLI, N.J., ELLISON, A.M., DUNN, R.R. &  SANDERS N.J. 
2011: Counting ants (Hymenoptera: Formicidae): biodiversity 



 15

sampling and statistical analysis for myrmecologists. – Myr-
mecological News 15: 13-19. 

GRAY, C.L., LEWIS, O.T., CHUNG, A.Y.  &  FAYLE , T.M. 2015: 
Riparian reserves within oil palm plantations conserve logged 
forest leaf litter ant communities and maintain associated sca-
venging rates. – Journal of Applied Ecology 52: 31-40. 

GROC, S., DELABIE, J.H.C., FERNÁNDEZ, F., LEPONCE, M., ORIVEL, 
J., SILVESTRE, R., VASCONCELOS, H.L. &  DEJEAN, A. 2014: 
Leaf-litter ant communities (Hymenoptera: Formicidae) in a 
pristine Guianese rainforest: stable functional structure versus 
high species turnover. – Myrmecological News 19: 43-51. 

GUÉNARD, B. &  LUCKY, A. 2011: Shuffling leaf litter samples 
produces more accurate and precise snapshots of terrestrial 
arthropod community composition. – Environmental Entomol-
ogy 40: 1523-1529. 

GUÉNARD, B., WEISER, M.D., GÓMEZ, K., NARULA , N. &  ECO-
NOMO, E.P. 2017: The Global Ant Biodiversity Informatics 
(GABI) database: synthesizing data on the geographic distri-
bution of ant species (Hymenoptera: Formicidae). – Myrme-
cological News 24: 83-89.  

HARADA, A.Y. &  BANDEIRA, A.G. 1994: Estratificação e densi-
dade de invertebrados em solo arenoso sob floresta primária e 
plantios arbóreos na Amazônia Central durante a estação seca. 
– Acta Amazonica 24: 103-118. 

HERIBERTO, L. &  PEDRO, O. 2010: A pitfall trap for sampling the 
mesovoid shallow substratum fauna. – Speleobiology Notes 
2: 7-11. 

HOWARTH, F.G. 1993: High-stress subterranean habitats and evo-
lutionary change in cave-inhabiting arthropods. – The Ameri-
can Naturalist 1993: S65-S77. 

ISBELL, R. 2016: The Australian soil classification. – CSIRO pub-
lishing, Vancouver, 152 pp. 

JACQUEMIN, J., DROUET, T., DELSINNE, T., ROISIN, Y. &  LE-
PONCE, M. 2012: Soil properties only weakly affect subter-
ranean ant distribution at small spatial scales. – Applied Soil 
Ecology 62: 163-169. 

JACQUEMIN, J., ROISIN, Y. &  LEPONCE, M. 2016: Spatio-temporal 
variation in ant (Hymenoptera: Formicidae) communities in 
leaf-litter and soil layers in a premontane tropical forest. – 
Myrmecological News 22: 129-139. 

JANICKI J.H., NARULA , N., ZIEGLER, M., GUÉNARD, B. &  ECO-
NOMO, E.P. 2016: Visualizing and interacting with large-
volume biodiversity data using client-server web mapping ap-
plications: The design and implementation of antmaps.org. – 
Ecological Informatics 32: 185-193. 

KRONAUER, D.J.C. 2009: Recent advances in army ant biology 
(Hymenoptera: Formicidae). – Myrmecological News 12: 51-65. 

KUMAR, A. &  O'DONNELL, S. 2009: Elevation and forest clearing 
effects on foraging differ between surface- and subterranean-
foraging army ants (Formicidae: Ecitoninae). – Journal of Ani-
mal Ecology 78: 91-97. 

LANGE M., GOSSNER, M.M.  &  WEISSER, W.W. 2011: Effect of 
pitfall trap type and diameter on vertebrate by-catches and 
ground beetle (Coleoptera: Carabidae) and spider (Araneae) 
sampling. – Methods in Ecology and Evolution 2: 185-190. 

LAWRENCE, A.P. &  BOWERS, M.A. 2002: A test of the "hot" mus-
tard extraction method of sampling earthworms. – Soil Biol-
ogy and Biochemistry 34: 549-552. 

LINDSEY, P.A. &  SKINNER, J.D. 2001: Ant composition and acti-
vity patterns as determined by pitfall trapping and other meth-
ods in three habitats in the semi-arid Karoo. – Journal of Arid 
Environments 48: 551-568. 

L IU, C., GUÉNARD, B., BLANCHARD, B., PENG, Y.Q. &  ECO-
NOMO, E.P. 2016: Reorganization of taxonomic, functional, and 

phylogenetic ant biodiversity after conversion to rubber plan-
tation. – Ecological Monographs 86: 215-227. 

LONGINO, J.T. &  COLWELL, R.K. 1997: Biodiversity assessment 
using structured inventory: capturing the ant fauna of a trop-
ical rain forest. – Ecological Applications 7: 1263-1277. 

LONGINO J.T. &  NADKARNI , N.M. 1990: A comparison of ground 
and canopy leaf litter ants (Hymenoptera: Formicidae) in a 
Neotropical montane forest. – Psyche 97: 81-94. 

LÓPEZ, F., MARTÍNEZ, M.D. &  BARANDICA, J.M. 1994: Four new 
species of the genus Leptanilla (Hymenoptera: Formicidae) 
from Spain-relationships to other species and ecological issues. 
– Sociobiology 24: 179-212. 

LÓPEZ, H. &  OROMÍ, P. 2010: A pitfall trap for sampling the 
mesovoid shallow substratum (MSS) fauna. – Speleobiology 
Notes 2: 7-11. 

LUBERTAZZI, D. &  TSCHINKEL, W. 2003: Ant community change 
across a ground vegetation gradient in north Florida's long-
leaf pine flatwoods. – Journal of Insect Science 3: art. 21. 

LUCKY, A., TRAUTWEIN, M.D., GUENARD, B.S., WEISER, M.D. &  

DUNN, R.R. 2013: Tracing the rise of ants-out of the ground. 
– Public Library of Science One 8: art. e84012. 

LYNCH, J.F., JOHNSON, A.K. &  BALINSKY , E.C. 1988: Spatial and 
temporal variation in the abundance and diversity of ants (Hy-
menoptera: Formicidae) in the soil and litter layers of a Mary-
land forest. – The American Midland Naturalist 1988: 31-44. 

MASUKO, K. 2010: Nest density and distribution of subterranean 
ants in an evergreen broadleaf forest in Japan with special 
reference to Amblyopone silvestrii. – Entomological Science 
13: 191-198. 

MORINI, M.S.D., YASHIMA , M., ZENE, F.Y., SILVA , R.R.D. &  

JAHYNY , B. 2004: Observations on the Acanthostichus quadra-
tus (Hymenoptera: Formicidae: Cerapachyinae) visiting under-
ground bait and fruits of the Syagrus romanzoffiano in an area 
of the Atlantic Forest, Brazil. – Sociobiology 43: 573-578. 

O'DONNELL, S. &  KUMAR, A. 2006: Microclimatic factors asso-
ciated with elevational changes in army ant density in trop-
ical montane forest. – Ecological Entomology 31: 491-498. 

OLSON, D.M., DINERSTEIN, E., WIKRAMANAYAKE , E.D., BUR-
GESS, N., POWELL, G.V.N., UNDERWOOD, E., D'AMICO, J.A., 
STRAND, H.E., MORRISON, J.C., LOUCKS, C.J., ALLNUTT, T.F., 
RICKETTS, T.H., KURA, Y., LAMOREUX, J.F., WETTENGEL, W.W., 
HEDAO, P. &  KASSEM, K.R. 2001: Terrestrial eco-regions of the 
world: a new map of life on Earth. – Bioscience 51: 933-938. 

ORTUÑO, V.M., CUESTA, E., GILGADO, J.D. &  LEDESMA, E. 2014: 
A new hypogean Trechus CLAIRVILLE  (Coleoptera, Carabidae, 
Trechini) discovered in a non-calcareous superficial subterra-
nean habitat of the Iberian system (Central Spain). – Zootaxa 
3803: 359-372. 

ORTUÑO, V.M., GILGADO, J.D., JIMÉNEZ-VALVERDE, A., SENDRA, 
A., PÉREZ-SUÁREZ, G. &  HERRERO-BORGOÑÓN, J.J. 2013: The 
"alluvial mesovoid shallow substratum", a new subterranean 
habitat. – Public Library of Science One 8: art. e76311. 

OSUNKOYA O.O., POLO, C. &  ANDERSEN, A.N. 2011: Invasion 
impacts on biodiversity: responses of ant communities to in-
festation by cat's claw creeper vine, Macfadyena unguis-cati 
(Bignoniaceae) in subtropical Australia. – Biological Invasions 
13: 2289-2302. 

OWEN, J.A. 1995: A pitfall trap for repetitive sampling of hypo-
gean arthropod faunas. – Entomologist's Record and Journal 
of Variation 107: 225-228. 

PACHECO, R. &  VASCONCELOS, H.L. 2012: Subterranean pitfall 
traps: is it worth including them in your ant sampling proto-
col? – Psyche 2012: 1-9. 

PERRAULT, G.H. 1998: Heteroponera georgesi n. sp. de Guyane 
française. – Bulletin de la Société Entomologique de France 
103: 475-477. 



 16 

PAOLUCCI, L.N., MAIA , M.L.B., SOLAR, R.R.C., CAMPOS, R.I., 
SCHOEREDER, J.H. &  ANDERSEN, A.N. 2016: Fire in the Ama-
zon: impact of experimental fuel addition on responses of ants 
and their interactions with myrmecochorous seeds. – Oeco-
logia 182: 335-346. 

RABELING, C., BROWN, J.M. &  VERHAAGH, M. 2008: Newly 
discovered sister lineage sheds light on early ant evolution. – 
Proceedings of the National Academy of Sciences of the Un-
ited States of America 105: 14913-14917. 

RABINOWITZ, D. 1981: Seven forms of rarity. In: SYNGE, H. (Ed.): 
The biological aspects of rare plant conservation. – Wiley, 
New York, NY, pp. 14-19. 

RYDER WILKIE , K.T., MERTL, A.L.  &  TRANIELLO, J.F. 2007: 
Biodiversity below ground: probing the subterranean ant fauna 
of Amazonia. – Naturwissenschaften 94: 725-731. 

RYDER WILKIE , K.T.R., MERTL, A.L. &  TRANIELLO, J.F. 2010: 
Species diversity and distribution patterns of the ants of Amazo-
nian Ecuador. – Public Library of Science One 5: art. e13146. 

SANTSCHI, F. 1915: Nouvelles fourmis d'Algérie, Tunisie et Syrie. 
– Bulletin de la Société d'histoire naturelle d'Afrique du Nord 
6: 54-63. 

SCHLICK-STEINER, B.C. &  STEINER, F.M. 2000: Eine neue Subter-
ranfalle und Fänge aus Kärnten. – Carinthia II 190: 475-482. 

SCHMIDT, F.A. &  DIEHL, E. 2008: What is the effect of soil use 
on ant communities? – Neotropical Entomology 37: 381-388. 

SCHMIDT, F.A. &  SOLAR, R.R.C. 2010: Hypogaeic pitfall traps: 
methodological advances and remarks to improve the sam-
pling of a hidden ant fauna. – Insectes Sociaux 57: 261-266. 

SCHMIDT, F.A., FEITOSA, R.M., DE MORAES REZENDE, F. &  SILVA 

DE JESUS, R. 2014: News on the enigmatic ant genus Anillidris 
(Hymenoptera: Formicidae: Dolichoderinae: Leptomyrmecini). 
– Myrmecological News 19: 25-30. 

SCHMIDT, F.A., SCHOEREDER, J.H. &  CAETANO, M.D.N. 2016: 
Ant assemblage and morphological traits differ in response to 
soil compaction. – Insectes Sociaux. doi:10.1007/s00040-016 
-0532-9. 

SILVA , R.R.D. &  SILVESTRE, R. 2004: Riqueza da fauna de 
formigas (Hymenoptera: Formicidae) que habita as camadas 
superficiais do solo em Seara, Santa Catarina. – Papéis Avul-
sos de Zoologia (São Paulo) 4: 1-11. 

SOUZA, D.R.D., STINGEL, E., ALMEIDA , L.C.D., LAZARINI , M.A., 
MUNHAE, C.D.B., BUENO, O.C., ARCHANGELO, C.R. &  MORINI, 
M.S.D.C. 2010: Field methods for the study of ants in sugar-
cane plantations in Southeastern Brazil. – Scientia Agricola 
67: 651-657. 

STEINER, F.M., SCHLICK-STEINER, B.C., MODER, K., BRUCKNER, 
A. &  CHRISTIAN, E. 2005: Congruence of data from different 
trapping periods of ant pitfall catches (Hymenoptera: Formi-
cidae). – Sociobiology 46: 105-116. 

VASCONCELOS, H.L. &  DELABIE, J.H. 2000: Ground ant commu-
nities from central Amazonia forest fragments. In: AGOSTI, 
D., MAJER, J., ALONSO, L. &  SCHULTZ, T. (Eds.): Sampling 
ground-dwelling ants: case studies from the world's rain for-
ests. – Curtin University School of Environmental Biology, 
Perth, Australia, pp. 59-70. 

WATANASIT, S. &  NHU-EARD, T. 2011: Diversity of ants (Hymeno-
ptera: Formicidae) in two rubber plantations in Songkhla Pro-
vince, Southern Thailand. – Songklanakarin Journal of Science 
and Technology 33: 151-161. 

WEISSFLOG, A., STERNHEIM, E., DOROW, W.H.O., BERGHOFF, S. 
&  MASCHWITZ, U. 2000: How to study subterranean army ants: 
a novel method for locating and monitoring field populations 
of the South East Asian army ant Dorylus (Dichthadia) laevi-
gatus SMITH, 1857 (Formicidae, Dorylinae) with observations 
on their ecology. – Insectes Sociaux 47: 317-324. 

WILSON, E.O. 1959: Some ecological characteristics of ants in 
New Guinea rain forests. – Ecology 40: 437-447. 

WILSON, E.O. &  HÖLLDOBLER, B. 2005: The rise of the ants: a 
phylogenetic and ecological explanation. – Proceedings of the 
National Academy of Sciences of the United States of Ame-
rica 102: 7411-7414. 

WONG, M.K.L.  &  GUÉNARD, B. 2016a: Leptanilla hypodracos 
sp. n., a new species of the cryptic ant genus Leptanilla (Hy-
menoptera: Formicidae) from Singapore, with new distribu-
tion data and an updated key to Oriental Leptanilla species. – 
ZooKeys 551: 129-144. 

WONG, M.K.L.  &  GUÉNARD, B. 2016b: Aenictus seletarius, a new 
species of hypogaeic army ant from Singapore, with an up-
dated key to the Aenictus minutulus species group (Hymeno-
ptera: Formicidae: Dorylinae) from Southeast Asia. – Annales 
Zoologici 66: 35-42. 

WORK T.T., BUDDLE, C.M., KORINUS, L.M. &  SPENCE, J.R. 2002: 
Pitfall trap size and capture of three taxa of litter-dwelling 
arthropods: implications for diversity studies. – Environmental 
Entomology 31: 438-448. 

YAMAGUCHI , T. &  HASEGAWA, M. 1996: An experiment on ant 
predation in soil using a new bait trap method. – Ecological 
Research 11: 11-16. 

YANOVIAK S.P. &  KASPARI, M. 2000: Community structure and 
the habitat templet: ants in the tropical canopy and litter. – 
Oikos 89: 259-266. 

YEO, K., DELSINNE, T., KONATE, S., ALONSO, L., AÏDARA, D. &  

PEETERS, C. 2017: Diversity and distribution of ant assemblages 
above and below ground in a West African forest-savannah 
mosaic (Lamto, Côte d'Ivoire). – Insectes Sociaux 64: 155-168. 

ZRYANIN , V.A. 2015: The first subterranean ant species of the 
genus Meranoplus F. SMITH , 1853 (Hymenoptera: Formici-
dae) from Vietnam. – Caucasian Entomological Bulletin 11: 
153-160. 

 
 
 
 


