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Subterranean ants: summary and perspectives ansi@hpling methods, with notes
on diversity and ecology (Hymenoptera: Formicidae)

Mark K. L. WONG & Benoit GUENARD

Abstract

Soil organisms represent a key component of masystems, and their study must rely on efficiertt standardized
methods. In ants, subterranean assemblages aesveeras distinct from those of other strata (ggund surface or
canopy ants) and as such deserve particular atentthe value of which has recently been acknoydddn research
on ant evolution, systematics, and ecology. Inéngew, we first compile information on the vayieif available field
methods for studying subterranean ants and conipelsaevaluate their usage. Next, we summarisetdrenomic

» and ecological diversity of subterranean ants.linae propose future avenues for enhancing kndgéeon the biology
of these species. We identify seven techniquesdopling subterranean ants, which are categoriaddrithree main
methodological approaches: Subterranean Baitind, S&onpling, and Direct Sampling. Although subtee@m sam-
pling methods are specifically tailored to overcahe logistical challenges of collecting ants fraithin soil, in general
they share similar limitations and sources of itk conventional sampling methods like leaf litsampling, surface
baiting, and pitfall traps. For example, both sufateean and conventional sampling methods areelitiyy the amount
of time and labour required, and their results m@ypiased by the exclusion of some species whdityar sampling
periods or baits are used. In contrast, the ushgghterranean sampling methods can result inigo@wery of rare hypo-
gaeic species (e.g., specied eptanillaEmMERY, 1870,LeptanilloidesMANN, 1923, andOxyepoeCuSANTSCHI, 1926)
as well as unique ecological relationships (egpsenal variation in species richness of subtearaaat communities)
and life histories (e.qg., distinct foraging patteof hypogaeic Dorylinae species) that are stifirjounderstood. Studies
show that subterranean ants form a diverse (Up3csfecies) and distinct community (up to 44% uaieass) in com-
parison with ants collected from higher strata.t@ystic subterranean sampling has been used onditents; how-
ever, the distribution and intensity of samplingiea greatly among studies, with most effort cornicated in the
Neotropics, while the majority of biomes, suchrapical grasslands and moist forests, remain Igrgetier-sampled.
Future studies should address the current undepiseyrof subterranean ants by employing standaddarel improved
methods within the framework of pursuing new reskajuestions. For example, many areas pertaininget@nts'
activity patterns, trophic ecology, and contribnsdo ecosystem function deserve further studyrapidly advance
knowledge on subterranean ants, systematic soplsagmay be employed in comparative diversity assents across
biogeographic and environmental gradients, whileraative field methods such as subterranean baitmld be useful
for investigating important aspects of the antidw@ur and ecology.
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Introduction

The world's 15,100+ species of ants (Hymenoptesank WILSON 1959, LONGINO & NADKARNI 1990, BELSHAW &
cidae) occupy a remarkable diversity of ecologitahes  BOLTON 1994, BRUHL & al. 1998, FSHER 1999, YANO-
across structurally complex environments. For eXamp VIAK & KASPARI 2000, @MPOS & al. 2008, Roc & al.

ant communities display vertical stratificationnimost  2014), subterranean ants remain relatively unegglor
habitats. Different ant species occupy the subtema The subterranean microhabitat supports many species
stratum as well as several surface strata (e af.litéer, key to our general understanding of the behavindrezol-
ground-dwelling / understorey, canopy). While mycb- ogy of early ants. The phylogenetic position of tiypo-
gress has been achieved in determining the diyesisil  gaeic specieMartialis heurekaRABELING & VERHAAGH,
species composition of aboveground ant commurigigs, 2008, as well as recent phylogenetic assessmentx{L



Box 1: Hypogaeic ant species.

The soil habitat and cryptobiotic morphology of hymgaeic ant species

Although most ecological parameters of soils suteeperature, moisture, organic content, and peldevary with
geography and topography, the soil habitat mayrbadly characterized and distinguished from madséiomicro-
habitats (e.g., forest canopies and leaf litterjviay factors: low levels or the complete absenclkgbt, and, severe
spatial limitations that correspond to the natpi@e system and substrate grain sizeHEBEIS& WICHARD 1987).
Accordingly, most soil-dwelling arthropods includimypogaeic ant species are likely to have develafistinct
morphological and physiological adaptations as @vmhary responses to this unique environment. higlittle
need for visual sensing in a low-light environmeuith a shortage of visual stimuli, many hypoga&it species
either possess drastically reduced eyes or lack eympletely, and have depigmented bodies thgtaeeyellow
to almost white in colour (EJcHI & al. 2006, 2010, ZyANIN 2015). The physical constraints that the naturaé po
system places on the maximum size and effectivelityobf hypogaeic ants also accounts for theigfrently small
body sizes, slender forms, as well as associatactiens in their extremities and spinescence (oafasence of
spinescence altogether) (WonN 1959). While the morphologies of hypogaeic ant semay not always conform
to the parameters described above, hypogaeic spleelenging to a wide range of subfamilies do ofteplay —
either selectively or in combination — the abovwptwbiotic characters of small body size, reducedlsent spines-
cence, short legs, depigmented bodies, and reducatosent eyes (\WsON 1959, ANDERSEN& BRAULT 2010).

Examples of hypogaeic species of eleven ant subféies

(1) Leptanillinaeleptanilla oceanicdARONI & URBANI, 1977, (2) Formicinaédcropyga smithiFOREL, 1893, (3)
Myrmicinae:Anillomyrma decameréEMERY, 1901), (4) Ponerina€ryptopone fuscicepSMERY, 1900, (5) Ectat-
omminae:Typhlomyrmex pusilluEMERY, 1894, (6) AmblyoponinaéAdetomyrma venatriYVArRD, 1994, (7) Pro-
ceratiinaeProbolomyrmex watanab@&aNAKA , 1974, (8) Heteroponerinadeteroponera micropBORGMEIER 1957,
(9) DolichoderinaeAnillidris bruchi SANTSCHI, 1936, (10) Martialinaegvartialis heurekaRABELING & VERHAAGH,

2008, (11) DorylinaeAcanthostichus punctiscapMACKAY, 1996. Images from AntWeb.

& al. 2013), present a compelling case for the aiah of  those aboveground (M5ON 1959, S.VA & SILVESTRE
ants from soil-dwelling, subterranean ancestorg §aN 2004, R'bER WILKIE & al. 2007, $HMIDT & DIEHL 2008,
& HOLLDOBLER 2005). The ecology of subterranean antsYEO & al. 2017). Ant genera across different subfaasili
also deserves further study in as much as spesgesra  are predominantly, if not fully, comprised of hymic
blages of the subterranean stratum are often didtiom species. Examples incluékionopeltaMAYR, 1866 (Am-



blyoponinae)Leptanilla EMERY, 1870 (Leptanillinae),
AcanthostichusMayr, 1887 (Dorylinae)AcropygaRo-

GER, 1862 (Formicinae) an@entromyrmeMAYR, 1866
(Ponerinae).

all purposes, perhaps to avoid confusion in othéxlipa-
tions (e.g., YNCH & al. 1988, LUBERTAZZI & T SCHINKEL
2003, ANDERSEN& BRAULT 2010, R'DER WILKIE & al.
2010, ANDERSEN& al. 2012). By elucidating the subtle

Conventional ant sampling techniques such as litteryet important differences between these terms,shiag-

extractions, ground baiting and pitfall traps (eswved in

BESTELMEYER & al. 2000) have been reported to under-

sample species foraging within soil, and may faitap-
ture strictly hypogaeic species that do not foragar the
ground surface (bNGINO & COLWELL 1997, OWLER &
al. 2000, IWBERTAZZI & TSCHINKEL 2003, ANDERSEN&
BRAULT 2010, Y0 & al. 2017). It is likely that current rec-
ords of ant diversity, as well as knowledge onlitdogy

pening their definitions for consistent and precisage,
we therefore hope to facilitate more efficient coumin
cation within myrmecology.

Although the current review focuses on samplinghmet
ods to collect ants from the subterranean envirorniras
a whole, and while not all ants collected from tud-
terranean environment are necessarily hypogaeiespe
the relevance of hypogaeic species to this speué#intat

of many understudied and enigmatic hypogaeic specie warrants separate treatment from other species. ap

can be substantially increased with effective,ated sam-
pling in the subterranean stratumvff&r WILKIE & al.
2007). Despite this, techniques specifically airaedol-
lecting subterranean ants are excluded from thenibaj
of biotic surveys, often due to the perceived licgs dif-
ficulties associated with their usagev(®RrR WILKIE & al.
2007, $HMIDT & SOLAR 2010).

The overarching goal of this review is to consdkda
and present information that will be useful to ttedy
of subterranean ant communities, which are possitay
"final frontier" of ant diversity research YRER WILKIE &
al. 2007). In the first section, we catalogue, dbs¢ and
evaluate techniques employed in the collectionrdfa
from the subterranean environment. Next, we opp@stu
tically review information on the diversity and éagy
of subterranean ant communities so as to shed d¢ight
this understudied group. Finally, we outline samplstra-
tegies with the potential to rapidly advance thewh
edge of subterranean ants and highlight importeeres
to explore in future research.

Important definitions: We use the term "subterranean"”
to refer to the environment that lies immediatedpndath
the organic surface layer of living vegetation amalse
plant and woody debris (i.e., leaf litter). In moases, this
environment comprises the O, A, E, B, and C soii-ho
zons (BBELL 2016). Our definition of "subterranean” dif-
fers from other applications of the term, suchrasefer-
ence to underground cave systems (e.QWIRATH 1993).
More importantly, although the term "subterranearay
generally refer to organisms found within or calsetfrom
a specific habitat (e.g., a "subterranean ant""#ma di-
versity of subterranean communities"), we distisuthis
from the term "hypogaeic". Henceforth we only ubg-"
pogaeic" to describe the biology of a species phet
dominantly lives and forages within the subterranea-
vironment, and / or possesses cryptobiotic morpiiokd
characteristics (see Box 1) that would otherwisggest
such a life history. Therefore, the terms "subtezeam ant”
and "subterranean ant diversity" do not equatéypo-
gaeic species" and "diversity of hypogaeic specrespec-
tively. We propose establishing the above defingiof
"subterranean” and "hypogaeic" for the field of mgr
cology. While some studies do recognize the diffees
between the two terms and apply them consisteatty.,(
RYDER WILKIE & al. 2007, GUNKOYA & al. 2011, R-

proach follows previous studies on subterraneas) aftere
hypogaeic species are distinguished on the badiseaf
cryptobiotic morphology (Box 1) or relative abundann
subterranean collections YBER WILKIE & al. 2007, AN-
DERSEN& BRAULT 2010, BERMAN & ANDERSEN 2012,
PACHECO & VASCONCEL0S2012). As such, the distinc-
tion between hypogaeic and non-hypogaeic specikbeavi
highlighted in this review where relevant.

Methods

We performed a literature search for scientifiécéas re-
porting on subterranean ants using three sepanateaghes.
First, articles were identified during the develaprhof
the GABI database (see details inEBIARD & al. 2017),
which includes over 8800 publications. Second,ga@ér-
tain that no publications were overlooked, the tetAnts"
or "Formicidae" in addition to one of the followingrms
"Subterranean”, "Underground", "Hypogaeic", andil"So
were incorporated into a search in Google Schdiar.
nally, literature cited in previously identified lplications
were scrutinized for relevant material that migétédn been
missed. In total, fifty publications were incorptad into
this review (Tables S1 - S3 as digital supplemegniaa-
terial to this article, at the journal's web pajpes.

Techniques for sampling subterranean ants

An unexpected variety of techniques have been greglo
to collect ants from the subterranean stratum. Whth
exception of the technique used byTEVES& al. (2008)
who trialled collecting subterranean ants fromghecon-
tents of myrmecophagous lizards, with limited sssce
(yielding only five ant species), the current arcdysub-
terranean sampling techniques available to myrntecol
gists are classified under three dominant methaicdd
approaches: (I) Subterranean Baiting, (Il) Soil Bkmg,
and (lI) Direct Sampling (summarised in Tab. 1).
Subterranean Baiting: Subterranean baiting involves
placing an attractive substance underground toitdorag-
ing ants for collection. Unlike conventional sudataiting
where ants may be observed and collected direciiy f
the ground surface, the process of subterranedindé
often completely obscured from the investigatoitsw
preventing real-time observation and direct maco#éc-
tion. Instead, in subterranean baiting a receptadsed
to contain recruited specimens until recovery efiwhole

CHECO& VASCONCELOS2012), the terms have been used baiting device. To date, two relatively similar dms for

interchangeably in reference to habitats, samptiethods,
and biology in other studies (e.g.gECHI & al. 2006,
BRANDAO & al. 2008, $HMIDT & al. 2014) or used for

subterranean baiting have been used: the Subtemane
Baited Container (SBC) and Subterranean PitfallpTra
(SPT). While their designs vary considerably amstugl-



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

Sampling methoc Specific technique(s Acronym
Subterranean Baiting Subterranean baited conSBC
tainel
Subterranean pitfall tr: SP1
Soil Sampling Manual sifting of soil SSm
sample
Berlese extraction of sgil SSb
sample
Winkler extraction of SSw
soil sample
Lavage de terre, extract  SSldt
tion of soil sample
Direct Samplini Direct sampling fromso| DS

ies (Fig. 1), both SBCs and SPTs generally comgosee
bait placed within a container that is buried ugdeund.
Multiple perforations in the container's wall fétzite the
entry of ants into the device. In SBCs, the comtesirare
commonly empty or may otherwise be filled with soié-
dium (see Fig. 1g and M\5SFLOG& al. 2000, BERGHOFF
& al. 2002, 2003), which allows recruited ants ¢ongin
alive until the device is retrieved. Alternatively, SPTs
the ants are killed and preserved in solution atihse of

the container. SBCs and SPTs probably do not diffel

extensively in their potential for collecting subvBnean
ants, although in SBCs there is a greater rislpetisnen
damage / loss from live ants preying on each othsr.
such occurrences are not well documented, howéhisr,
subject will be omitted from subsequent discussion.
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Fig. 1: Diversity of designs of subterranean bgitievices
used, drawn to scal&ubterranean Pitfall Traps (SPTs)

Bait types: To attract subterranean ants, most studare represented by designs a, c, d & f and are rshath

ies employ combinatory baits comprising both prugei
and carbohydrates (e.g.QWLER & DELABIE 1995, R/-
DERWILKIE & al. 2007, ANDERSEN& BRAULT 2010), or
proteins and lipids (e.g.,cCBMIDT & DIEHL 2008, RACHE-
CO & VASCONCEL0S2012). Protein is the most popular
substance used in subterranean baiting; ofteneiricthm
of processed fish meat; and has been incorporatedil
subterranean baiting protocols (see Tab. S1, dlailas
an electronic supplement on the journal's web p&ygh
approaches possibly reflect the notion that suateran
and leaf-litter species are predominantly carnivsrin
comparison to arboreal species relying on carbadtedr
rich diets (CELABIE & FOWLER 1995, D\VIDSON & al.
2003). However, baiting strategies may serioushg loie-
scriptions of community composition because baits a

selective and prone to being monopolized by dontinan

mass-recruiting species EBTELMEYER & al. 2000). On
the other hand, solitary foraging species and ajistcpre-
dators may be underrepresented in collections obdai
using non-specific, foreign bait such as fish maatsuch,
the use of both protein-based (sardines) and cydbate-
based (honey) baits did not result in a significdiffer-

ence in species richness and composition betwe&sSB

used in a Brazilian sugarcane plantatiooy® & al. 2010).
Surprisingly, no other attempts have been madevest
tigate the relationships between specific bait $yfiee.,
protein vs. carbohydrates vs. lipids) and obsestditer-

preservation solution (PS); designs b, e, g repteSab-
terranean Baited Containers (SBCs). The respeptige
tions of baits (pink) are illustrated for individuZesigns.
In SBCs, the bait is simply placed inside the cimeta or
mixed in with the soil medium when one is presei#-(
sign g). In SPTs, the bait often has to be sepdufaten
the preservation solution. This is either achieveglacing
the bait in a smaller holding container (designd,d) or
by smearing it as a paste on the container's iwa#énde-
sign a). All devices are capped at the top to inepiw
entry of epigaeic species into the containersnggrior
handles attached to the caps facilitate retrief/&he bur-
ied devices. The studies represented by the deskgnen
are as follows: (a) ADERSEN& BRAULT (2010), GBUN-
KOYA & al. (2011), ANDERSEN& al. (2012), BERMAN &
ANDERSEN(2012); (b) MoRINI & al. (2004), $UzA & al.
(2010); (c) RCHECO& VASCONCELOS(2012); (d) WONG &
GUENARD (20164, b); (e) ROER WILKIE & al. (2007, 2010);
() BRANDAO & al. (2008), HMIDT & SOLAR (2010),
SCHMIDT & al. (2016); (gBERGHOFF& al. (2002, 2003).

ranean ant diversity or composition. However, thiesme
evidence to suggest that using a variety of baiesypro-
motes diversity in collections. For example, amsnmll
trials of carbohydrate (cookie crumbs) and prof&ima)
incorporated into a wider sample of SBCs baiteth w#lm
oil (N = 170), species dProbolomyrmexvAYR, 1901



only recruited to protein baits ERGHOFF& al. 2003). In
the only reported instance of subterranean batitiy live
prey to date, XMAGUCHI & HASEGAWA (1996) installed
SBCs containing different soil invertebrates (eeguth-
worms, beetle larvae, woodlice etc.) in an urbastutbed
site and collected large numbers of generalistispestich
asSolenopsis japoniCWHEELER, 1928 andTletramorium
caespitumLINNAEUS, 1758) as well as the possible spe-
cialist Ponera scabraVHEELER, 1928. For future studies,
subterranean baiting may be trialled for collectspgci-
fic hypogaeic ant species by using the known ooliyg-
sized prey as bait. For example, geophilomorphipetés
may be trialled as baits for recruiting hypogagieses
of the Leptanillinae (e.gL.eptanilld) and Amblyoponinae
(e.g.,StigmatommdROGER, 1859 andXymmerSANTSCH,
1914)subfamilies.

Setting period: The setting period is the dura-
tion for which a baiting device is placed in theldi to re-
cruit subterranean ants. Among sixteen studiegusib-
terranean baiting, setting periods vary from speriods
of five or eight hours (e.g.,0wWLER & DELABIE 1995,
EGUCHI & Bul 2009) to one week #ZHECO& VASCON
CELOS2012), with the majority of studies (N = 11) usig
setting period of two days (Tab. S1). Based onfire
dings from a handful of studies investigating tffees
of setting period on observed subterranean spaclesess
(Australia, A\ADERSEN& BRAULT 2010; Borneo, BRG
HOFF & al. 2003; Brazil, RCHECO& VASCONCEL0S2012;
and Ecuador, ROER WILKIE & al. 2007), longer setting
periods (i.e., four to seven days) are unlikelyitd sig-
nificant differences in species richness from comapeely
shorter ones (i.e., one to two days). Similarlypaginal
increase in observed species richness with duraficet-
ting period is reported for surface baitinge(l2BIE & al.
2000). While setting periods as short as 60 to #lutas
are deemed sufficient to recruit dominant grouncd@e
ing species in surface baitinggBrELMEYER& al. 2000),
this is unlikely to be the case for subterraneats.admn-
stead, ADERSEN& BRAULT (2010) recommend a setting
period of 24 hours for obtaining an effective samp
duration in which almost 80% of species can bedn co
lected (RRDER WILKIE & al. 2007). It is worth noting, how-
ever, that setting periods which are too shortrtcoen-
pass changes in daylight may exclude species pitbific
activity patterns. For exampleGHCHI & Bul (2009) ob-
served only one species from daytime SBC trialsO@0
15:00) but up to five from overnight trials (15:009:00).
If clear circadian patterns are indeed common ansoig
terranean ants, a more mechanistic approach megrbe
sidered to understand the abiotic factors (e.gptra-
ture and humidity) or biotic factors (e.g., competi and
predation) that limit species activity. Similartje iden-
tification of cues used by ants to detect circadiythms
within an aphotic environment represents an intergs
research question.

Designs of baiting devices: Individual
designs of subterranean baiting devices vary eitelys
among studies (Fig. 1). In terms of size, both SBRGd
SPTs are typically constructed with small contasnetich
as film canisters used for SBC A & al. 2010)(Fig.
1b), as well as SPTs made from 3onals half-filled with
preservation solution and baited with a paste setkan
the vial's inner wall (ADERSEN& BRAULT 2010, GBUN-

KOYA & al. 2011, ANDERSEN& al. 2012, BERMAN & AN-
DERSEN2012) (Fig. 1a). Larger containers have also been
used, notably soil-filled SBCs made from 12cm-wétkve
buckets (ERGHOFF& al. 2003) (Fig. 1g), 8HMIDT & So-
LAR's (2010) "multiple bait containers within trap"sim
of SPTs (Fig. 1f), as well as a 50cm-long SBC idth
to be a "subterranean probe'y@&ER WILKIE & al. 2007,
2010) (Fig. 1e). Due to the small number of studikes
considerable variation in geography, habitat amdpdiag
effort between individual studies (Tab. S1), asaslthe
absence of controlled comparative trials, the iredatam-
pling efficiencies of the different devices are nolwn.
The influence of varying SBC / SPT dimensions ama-c
figurations on overall sampling efficiency remaarsim-
portant aspect to determine. For instance, in tiec-
tion of ground foraging ants (and other arthropotis}
overall size of surface pitfall traps influencestbthe rich-
ness and composition of the species collectegE(&-
PERGTRAUN & DION 1995, WORK & al. 2002, IANGE &
al. 2011). Conceivably, small-sized subterraneatiriga
devices would be easier to replicate and instalis tmaxi-
mizing sampling effort (i.e., the combined exposed-
face area of all setups in the soil) while lowerthg en-
ergetic cost of the sampling process. In addittonaller
containers should suffice for holding hypogaeiccips,
which tend to be small in body size (\WoON 1959, An-
DERSEN& BRAULT 2010). However, the space afforded by
larger containers may be advantageous in accomingdat
a wider variety of bait types (e.g., solid vs. ldjbaits)
and positions (e.g., bottom vs. top of contain®ptions
for positioning baits are more relevant to SPThaits
need to be separated from the preservation sol(gi@n,
Fig. 1c, 1d, 1f).

Aside from the overall size of the container, othiee-
cifications of subterranean baiting devices shaoitichately
depend on the nature of the research questionexan-
ple, an SBC filled with soil of specific propertiés.g.,
organic matter content, particle size, or moistunay fa-
cilitate observations on colony movement and behavi
(e.g., BERGHOFF& al. 2002) or ecological requirements
and sociometry, while a partitioned SBC will be fukéor
investigating vertical stratification among soil-elling
species (e.g., WER WILKIE & al. 2007). The potential
applications of subterranean baiting have certaintybeen
fully explored within myrmecology, and to this eitds
worthwhile examining how subterranean baiting is em
ployed within other fields. For example, a new sgeof
hypogaeic beetle was collected from SPTs thatitieilthe
repetitive sampling of subterranean fauna at tineesla-
cation over a full year (QruNo & al. 2014). These SPTs
consist of a collection jar positioned at the hotiof a wire
mesh shaft that is permanently installed in thecabiumn;
the jar is simply retrieved and replaced with miairsoil
disturbance during the quarterly collection of séasp
(ORTUNO & al. 2014).

Sampling depth: In subterranean baiting, sam-
pling depth corresponds to the point at which thesa
enter the baiting container. The majority of stedigrget
depths between 10 and 20 cm (Tab. S1), with ocoakio
subterranean baiting occurring as deep as 50 ciy. ©n
handful of studies incorporate a variety of samptilepths
in their baiting protocol, with collections from thin the
10 - 20 cm range achieving the greatest overaltispe



richness and / or greatest number of hypogaeiciepec
(e.g., ARCHECO & VASCONCEL0S2012). Likewise, among
SBC collections from depths of 12.5, 25, 37.5, 80dm,
maximum species richness (42 out of a total of g&-s
cies) was recorded at the depth of 12.5 cRDER WILKIE
& al. 2007). Among SPTs recruiting at 5, 10, andcirg
ANDERSEN& BRAULT (2010) attribute the high observed
species richness at 5 cm to "substantial contaimméty
epigaeic species", and recommend sampling at amaini
depth of 10 cm when targeting hypogaeic speciesurtAp
from the selection of appropriate depths to maxinifze
overall diversity of subterranean collections, simpdepth
may be tailored for taxon-specific studies of hygeig spe-
cies according to previous collection records st asaxi-
mize collection success (see Tab. S2 for collectiata
including sampling depths and bait types for antega
collected from previous studies).

Notable species and taxonomic ac-

counts from subterranean baiting: Subter-

ranean baiting is a relatively novel sampling medthad
has only been incorporated into ecological studiesints
in the last two decades (e.g.AWAGUCHI & HASEGAWA
1996, BERGHOFF& al. 2002, lWUBERTAZZI & TSCHINKEL
2003, R'DER WILKIE & al. 2007, 2010, ADERSEN &

Unit size and sampling depth: Compared
to the sizes of individual SPT and SBC devices ured
subterranean baiting, the volume of a single uséduin
soil sampling tends to be large, with most requgram
excavation of 1500 to > 15,000 Euf soil per unit (Tab.
S1). As such, soil sampling represents the mostriabs
method to execute, although the two methods fumetasy
differently and cannot solely be compared on thesbaf
labour. Like subterranean baiting, most soil sangpbc-
curs within the range of 10 to 20 cm below groulate{
dian = 15 cm) (Tab. S1). However, while SBCs an@SP
allow the collection of ants from depths up to 58 c
(RYDER WILKIE & al. 2007, 2010, RCHECO & VASCON-
CELOS 2012), most studies that use soil sampling have no
collected ants at depths greater than 30 cm (Tab.I6
addition, among studies using soil sampling, treti-
tion of sampling depths at which specimens areect#d
has not been effective. This contrasts the verstatifi-
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 thesitions
of entrances to the collection containers). Whité yet
tested in a standard sampling protocol for an patific
study, HARADA & BANDEIRA (1994) successfully divided

BRAULT 2010). Nevertheless, several uncommon ant genblocs of excavated sandy soil into subsamples dapto

era were collected via subterranean baiting. Farmgpte,
individuals ofAnillomyrmaEMERY, 1913 were found in

depth, and determined species composition fordsediing
arthropods in distinct strata. Although this methmody

SBCs baited with pork at depths of 10 cm in Vietnamwork well with sand- and clay-based soils, we avald-

(EGUCHI & Bul 2009), whilePrionopeltaMAYR, 1866 and
OxyepoecuSANTSCHI, 1926 were collected in SPTs baited
with a mix of sardines and vegetable oil at depfig0 cm

in Brazil (PACHECO& VASCONCEL0OS2012). A survey of
taxonomic literature also reveals several speaesumnts
based on specimens collected via subterraneamdaiti
These include the rediscoveryS®imopelta miniméBRAN-
DAO, 1989) (BRANDAO & al. 2008) and the range exten-
sion ofAnillidris bruchi SANTSCHI, 1936 (8HMIDT & al.
2014) in Brazil, as well as the description of tnwew
hypogaeic species from Singapdreptanilla hypodracos
WONG & GUENARD, 2016, andAenictus seletariug/oNG

& GUENARD, 2016.

Soil Sampling: Soil sampling represents another com-
monly employed method for collecting subterraneats,a
involving the excavation of soil from the groundiasub-
sequent processing to retrieve the ants within Esngither
manually or with various extraction techniques.| Sam-
pling paired with manual collection (SSm) involvend-
sifting the soil samples onto trays so as to reaetd for
collection (e.g., BLABIE & FOWLER 1995, WATANASIT &
NHU-EARD 2011). Apart from SSm, three extraction tech-
nigues are used to retrieve ants from soil samplkase-
ly the Berlese extraction (also referred to asTthigren
funnel) (SSbh), Winkler extraction (SSw), and thevdge
de Terre (SSldt), a technique traditionally emptbirethe
collection of other hypogaeic insectOfez & al. 1994).
To the best of our knowledge, SSldt has not beed ts
systematically sample whole communities of subteraa
ants (i.e., unlike the first three techniques)stihtck of use
is most likely due to the logistically challengiagd time-
consuming two-step SSldt extraction process wher®t-
ganic matter is first separated from large qua#itf ex-
cavated soil through repeated washing and filterangl
then subject to a Berlese extraction to retriegesfrecimens.

ful that such a neat division of excavated soil bd feas-
ible when working with porous soils of poor struetor
comprising large proportions of soft organic matter
Notable species and taxonomic accounts
from soil sampling: Inassessments of subterra-
nean ant diversity, rare hypogaeic species have tele
lected from systematic soil sampling, notably tywedes
of LeptanilloidesMANN, 1923 from SSm in Brazil (Ws-
CONCELOS& DELABIE 2000) andratuidristatusiaBROWN
& KEMPF, 1968 from SSm in EcuadorAQQUEMIN & al.
2012). Opportunistic soil sampling has also catdoed
taxonomic accounts on rare and important hypogaetic
species. The first two specimens of the very racepdylo-
genetically distincMartialis heurekawere collected from
soil samples (RBELING & al. 2008), with other examples
including the original description of the rare pone Si-
mopelta minimdrom four workers collected via SSb in
Brazil (BRANDAO 1989), as well an unexpected hypogaeic
species of the genideranoplusSviTH, 1853 recently
described from 41 specimens also collected via i8Sb
Vietnam (ZRYANIN 2015). While we did not encounter any
studies systematically using SSldt techniqueserdity
assessments, a survey of taxonomic literature stgjgeat
collection by SSldt significantly contributes toesges dis-
coveries. For example, using SSldt in a surveyodf s
dwelling beetles, soil samples taken to a deptblofm
from under a deeply embedded stone revealed maltipl
workers of the endemic Moroccan myrmici@&namma
punctiventreEMERY, 1908, representing the first record of
the putatively extinct species in over 90 yeaisP@EDALER
& HERNANDO 2012). By processing large samples of ex-
cavated soil (ca. 40 kg) with SSIdtokEz & al. (1994)
collected multiple species of the uncommon hypagaei
genud_eptanillafrom the Iberian Peninsuia surprisingly
large numbers, including 84 workerslofzaballosiBA-
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Fig. 2: Global sampling locations of studies ussngterranean sampling techniques as part of aatsdmpling proto-
col (N = 36), with respect to the distribution ojor biomes (after G5ON & al. 2001). The majority of studies (n = 30)
aimed to collect whole subterranean communities, (W8t is, as many ant species as possible fromustdre soil
without targeting a specific taxon. These inclutie®s that were fully dedicated to sampling sulateean ant com-
munities, as well as studies that incorporatedesudmean sampling into a wider sampling protoleotontrast to whole
community studies, partial studies (P) used suimean sampling to collect a targeted, specificgafiants (e.g., Dory-
linae in KUMAR & O'DONELL 2009). Excluded from this diagram are taxonomizoaats (i.e., papers focusing on new
species descriptions or distribution records) wreenmpling can be considered as opportunistic. Timeptete list of

studies used is found in Table S3.

RANDICA, LOPEZ MARTINEZ & ORTURO, 1994 from one
sample, and a queen with 34 workerd. otharoneaBA-

RANDICA, LOPEZ MARTINEZ & ORTURNO, 1994 from an-
other. Their collection also represented a sigaiftcdis-
covery of cryptic diversity in theeptanillagenus — with
four species found within a small geographic afezentral
Spain (LOPEZ& al. 1994). Similarly, 8NTSCHI (1915) de-
scribedLeptanillananaSANTSCHI, 1915 and recordeld

mation in situ For example, DS was used to discover and
map, in great detail, the spatial distribution g@ats of sub-
terranean nests belonging to twenty different aeties
across thirty 1 fquadrats in a Japanese broadleaf forest
(MAsSUKO 2010). The less intrusive nature of DS also faci-
litates the identification and collection of softdied im-
mature life stages that are likely missed by subtean
baiting or damaged in soil sampling methodsKER &

theryi FOREL, 1903 from Tunisia from specimens obtained ROBERTSON2002).

via SSldt, while BRRAULT (1998) describetiieteroponera

georgesiPERRAULT, 1999 from French Guyana — a spe-

cies considered as hypogaeic due to the drastieallyced
ommatidia observed in the worker caste.

Direct Sampling (DS): DS generally encompasses a
progressive excavation of soil layers in situ, viahis si-
multaneously accompanied by a visual search aretidir
manual collection of ants from the gradually exgblsg/-
ers of soil and the excavated soil, without the ofa
hand sieve or secondary extraction device. In eshto
soil sampling and subterranean baiting technicireste-
sults of a DS are entirely dependent on the ingattr's
ability to detect ants in the sampling site, thusking it
an "active sampling method" (se&e®ELMEYER & al.
2000). Due to such heavy reliance on the skillllet@er-
sonnel involved in the sampling, it is difficult &stablish
consistency both within and between studies usiS8g-D
not to mention the physically demanding naturehid t
technique. Hence, it is unsurprising that DS hdg been
adopted in the systematic sampling protocols @fettstud-
ies on subterranean ants (i.aSHER & ROBERTSON2002,
MASUKO 2010, Yo & al. 2017) (Tab. S1). Although DS
is challenging to standardize and laborious to atesc

Notable species collected by direct
sampling: When using DS to uncover the spatial-nest
ing patterns of subterranean ants in Japaxguyio (2010)
collected colonies of the tiny and uncommon hypagae
specied eptanilla japonicaBARONI URBANI, 1977. Recent-
ly, several rare and potentially hypogaeic genech &is
ApomyrmaBROWN, GOTWALD & LEVIEUX, 1971, Dalio-
poneraBROWN, 1974, and-isheroponeSCHMIDT & SHAT-
TUCK, 2014 were collected from a systematic DS in the
Cote d'lvoire (0O & al. 2017). As an example from taxo-
nomic literature, the hypogaeic spediEdopomyrmex pi-
latus COVER & DEYRUP, 2007,which represented a new
genus upon its discovery, was first collected byaofunis-
tic soil excavation and searching in {f€oveR & DEY-
RUP 2007). It is very possible that numerous othecigse
accounts — especially those of hypogaeic speciae—
likewise based on specimens collected by DS, athst
would be difficult to confirm when most are simplg-
scribed as being "collected from soil".

Notes on the diversity and ecology of subterranean
ant communities

The geographic distribution of studies samplingtsui-

this subterranean sampling method may be advantageo nean ants is patchy and biased, with a concentratio

to research that involves the observation of amtheir
natural habitat and / or the immediate recordingnfdt-

sampling effort in the Neotropics (Fig. 2). Mostidies
have been situated within tropical regions, pogsibte-



Tab. 2: Research topics and focal areas of studieg subterranean sampling techniques in a stasdanpling protocol
(n = 36). Individual studies can comprise sevegakarch topics and focal areas. The completeflstudies used can

be found in Table S3.

Research | Focal area: Technique usec
topics (No. of studies
Methods | Development and/or til of new SBC or SPT designs for subterranean b SBC (2), SPT (¢

including subterranean sampling technic

Comparing sampling efficiency and / or complemetyaf multiple sampling methods

SBC (2), SSm (2)

Diversity | Assessment of subterraneant diversity onl

SBC (2), SPT (¢

Assessment (and comparison) of subterranean aneggitound ant diversity

DS (1) SBC (3), SPT (1),
SSm (3) SSw (:

ant communitie

Ecology | Comparing ant communities (including sutgeean) within different habitats and / oDS (1), SBC (2), SPT (1),
land usepractice SSm (2
Investigating vertical stratification of subterraneants in sc SBC (2
Investigating biogeographic and / or temporal pagen distributions of subterranearDS (1), SBC (1), SSm (1),
ant communitie SSt(1)
Responses of subterranean ant diversity to chang@siatic or biotic factors (e.g., soil SBC (1), SPT (3), SSm (1
properties, relative ground cover) in a single twl

Foraging | Mapping foraging patterns of a single hypogaeicigs SBC (1

ecology

Dietary preferences and/or resource partitioningragrsubterranean (and aboveground®BC (3)

disturbance et

Responses of foraging rates of subterranean arraoities to changes in habitat, climateSBC (2)

flection of the anticipated higher diversity of setranean
ants in these areas, and only a handful of stindies taken
place in temperate ecosystems of Japan and E&s8&n
Subterranean ants of the majority of biomes havdeen
sampled, especially within the vast grasslandssindb
lands in tropical and temperate regions, as weith &sm-
perate deciduous and coniferous forests. Evercabpioist
and dry forests, the biomes which are potentiaipgled
most frequently by other methods, have been extelysi
under-sampled for their subterranean ant commsni&er
example, the Afrotropical region is almost devoidimd-
ies (with the exception of 80 & al. 2017), despite this
region's recognition for its important subterranéama
(e.g., termites, &GLETON 2000). Similarly, no studies have
been undertaken in the tropical forests of thedndiub-
continent, and only a handful of studies have beam
ducted in the Indomalayan region. Subterraneaimbainhd

subterranean samples (Fig. 3). Furthermore, a eugrt
nearly half of the genera known from the five ndiserse
subfamilies has been recorded from subterraneapleam
Differences in the relative proportion of generdezied
among subfamilies most likely reflect the biologyir-
dividual species, though they may also represetdarpo
tial biogeographic bias of subterranean samplirg.ifs-
tance, the absence of Aneuretinae in subterrarsaples
may simply be due to the complete lack of subteraan
sampling in Sri Lanka where this subfamily is endem
The overall shortage of subterranean sampling i As
(Fig. 2) may also explain the low generic divergty
served in subterranean records of the hypogaefarsilly
Leptanillinae (Fig. 3), for which seven of the gighown
genera are restricted to this continenti{MAPS.ORG2016,
JANICKI & al. 2016); subterranean sampling within Asia
may thus promote capture of leptanilline speciggs,(B@ONG

soil sampling are the most commonly used methods irf& GUENARD 2016a). Conversely, extensive subterranean

standard sampling protocols for subterranean #misigh
by contrast, and to the best of our knowledge ctlisam-
pling has only been incorporated in the standantb$iag
protocols of three studies (see previous sectidajnmon
research topics and focal areas for studies emmjasiib-
terranean sampling techniques are highlighted riera,
while preliminary information on the ecology andeti-
sity of subterranean ant communities is discussémb
Diversity of ants in subterranean collectionsDe-
spite the relatively limited use of subterraneamsing
techniques and their biogeographic biases (Figl25},
genera have been collected using these technirpae-
senting about a third of the 334 genera currerglcdbed
globally. With the exception of the Aneuretinae, ile-
ciinae, and Paraponerinae subfamilies, the majofignt
subfamilies are well represented at the generiellav

sampling within the Neotropics, complemented by som
collections from the Australian region (Fig. 2),ytave
favoured the collection of all genera in the Eatattcinae
subfamily (Fig. 3) which are distributed throughtise
regions. Notably, a recent and unique study in \iésta
allowed for the capture of seven ponerine genevarrge-
fore collected through subterranean sampling, athr
of them endemic to the Afrotropical regiong¥ & al.
2017). In summary, an important diversity of geneea
presenting both ancestral and derived clades cffeties,
may be collected through subterranean samplingadsth
Most individual studies using subterranean sampling
methods aim to assess the diversity of the subiearaant
communities. For each study, the respective measiire
species richness and composition (by subfamily)sare-
marised in Table S1. Among the studies reviewes o
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most speciose subterranean collections were bddineo
by soil sampling (SSm) in Brazil. At a cocoa pldita
(8 ha) in IIhéus (Bahia), 113 species in nine sutiilias
were recorded from 4,131 soil sampleg(BBIE & FOw-

m Global generic richness

O Generic richness in
subterranean samples

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.
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baiting, hand collection or leaf litter extractiGiVATAN -
SIT & NHU-EARD 2011). However, in a tropical Brazilian
cocoa plantation and a subtropical Brazilian foesstany
as 55 of 124 and 32 of 113 species, respectivetyARE

LER 1995), while at Manaus (Amazonas), 106 species in& FOWLER 1995, 8 VA & SILVESTRE 2004), were unique

four subfamilies were recorded from 324 soil sasjite
a fragmented tropical forest (< 100 hap6¢ONCELOS&

DELABIE 2000). The lowest recorded diversity of subter-

ranean ants was also observed in Brazil, but tHrcudp-
terranean baiting in 30 ha of fragmented subtrdpicasts
at Rolante City (Rio Grande do Sul), where 13 spei
four subfamilies were collected from 80 SBCsKSIDT
& DIEHL 2008). The lowest recorded ant diversity from soil
sampling (SSm) originates from a subtropical geasslof
South Africa (sampled area not reported), wherepkties
in three subfamilies were recorded from 36 soil glam
(LINDSEY & SKINNER 2001). Importantly, the variation ob-
served among the abovementioned studies shouldrbe ¢
sidered with caution due to a lack of standardizeith the
methods used, areas sampled, and sampling effiayeel.
Aboveground and subterranean communities — just
how similar are they? The majority of studies employing
subterranean sampling techniques have often samiptre-
ground ant communities using conventional surface-s
pling techniques. Some studies have also spedtyficaim-
pared ant assemblages from above and below thadrou
surface (e.g., IBVA & SILVESTRE 2004, PACHECO &
VASCONCELOS2012, Y0 & al. 2017). When subterra-
nean sampling techniques are paired with protagsiisg
surface sampling techniques, the proportion of &geacies
collected in subterranean samples varies subdtarfid -
91%) (Tab. 3). Perhaps of greater interest, thegatmn
of total species unique to subterranean samplegesn
from as low as zero to almost half of all collectgecies
(Tab. 3). For example, in a tropical Thai fore$al spe-
cies found in soil samples were also collectedjase

to soil samples and not collected in leaf littetragtions
(Tab. 3). Recently, ¥o & al. (2017) also found that sub-
terranean ant assemblages collected via DS wetiadlis
from aboveground ant assemblages collected byliteaf
extractions and pitfall traps, on the basis of gigantly
lower species richness and species evenness forther.
On the whole, therefore, inconsistent findings agnstud-
ies that compare subterranean and abovegroundsera
blages are likely attributed to the large variamceam-
pling location, protocol, and effort. Current dataggests
that use a greater variety of surface sampling ouxgh
(Tab. 3) reduces the likelihood of collecting spsaivhich
are unique to subterranean samples, but this clgrben
confirmed in a future controlled study.

Rarity and stratum-specificity of subterranean ants
The main biological properties commonly associatéb
the rarity of a species include small populatiaresie-
stricted geographical distribution or high habgpecifi-
city. On the other hand, the perceived rarity apacies
may also be influenced by non-biological critedach as
a prolonged absence of collection records (e.@r sgv-
eral decades), the discovery of the species outsidermal
geographical range, as well as the inability ofexxpto
collect representative samples of the speciesi(®wITz
1981,ESPADALER& LOPEZSORIA 1991). Both opportunis-
tic and systematic subterranean sampling effons lha-
covered many ant species that are traditionall\siciened
to be rare (see sections on "notable species tedleby
the three subterranean sampling methods above)théet
"rarity" of many species is more likely an artefatti-
storic collections using conventional methods (Wwhinder-



Tab. 3: A comparison of ant species diversity irfate and subterranean collections for studiesititarporated sub-
terranean sampling techniques into a wider samgdiogpcol. The studies listed here sampled ants fraultiple strata
including the subterranean habitat, ground surdexckleaf litter layer, understory vegetation andoggy. For this compar-
ison, collections from canopy samples have beetudad. The techniques employed for subterraneamplgzgrinclude
subterranean baiting techniques such as Subtemd@ated Containers (SBC) and Subterranean Pikfalps (SPT);
Soil Sampling techniques such as the retrievahtd rom collected soil samples either manuallyn@gSvith a Winkler
(SSw) or Berlese extraction (SSh); and Direct SargplDS) of ants while excavating soil in sifthe techniques used
to sample ants from surface strata include theaus@daiting stations or containers on the groundase (B); setting
pitfall traps flushed with the ground surface (PI€gf litter sampling techniques such as the reatief ants from leaf
litter samples either manually (LLm), with a Winkig_Lw) or Berlese extraction (LLb); and direct saling in surface
strata by searching for ants on the ground suifarer from beating understory vegetation (V).

Study Subterranean| Surface Total Species in subterranean | Species unique to sub-
technique technique(s) species samples terranean samples
No. % of total spp. No. % of total spp.
DELABIE & FOWLER (1995 SSn LLb 124 11z 91.1 5E 44.¢£
SILVA & SILVESTRE (2004 SSw LLw 11z 71 62.¢ 32 28.2
SCHMIDT & DIEHL (2008 SBC B, HC 35 13 37.1 7 20.C
LINDSEY & SKINNER (2001 DS PT 43 29 67.4 7 16.2
FOWLER & DELABIE (1995 SBC B 74 19 25.7% 11 14.¢
LYNCH & al. (1988 SSt LLb 22 16 721 3 13.¢
YeO& al. (2017 DS LLw, PT 13¢ 96 69.€ 17 12.2
VASCONCELOS& DELABIE (2000)| SSm LLm, PT 227 106 46.7 20 8.8
LINDSEY & SKINNER (2001) SSm PT 37 14 37.8 3 8.1
Souza & al. (2010) SBC B, PT 45 14 31.1 3 6.7
JACQUEMIN & al. (2016) SSm LLw, PT 161 62 385 10 6.2
OSUNKOYA & al. (2011 SP1 PT 10C 36 36.C 6 6.C
PACHECO& VASCONCELOS(2012 | SP1 PT 232 75 32.: 12 5.2
GARCIA-MARTINEZ & al. (2016 | SP1 B, PT, LLw 75 19 25.c 3 4.C
FISHER& ROBERTSON(2002 DS LLw, PT, V 59 21 35.¢ 2 34
RYDER WILKIE & al. (2010 SBC B, HC, LLw, P1 27C 48 17.¢ 8 3.C
LUBERTAZZI & TSCHINKEL (2003 | SBC B, P1 71 20 28.2 0] 0.C
WATANASIT & NHU-EARD (2011 | SSnr B, HC, LLm 87 40 46.C 0 0.C
ANDERSEN& al. (2012 SP1 HC, LLw, PT 82 25 30.t 0] 0.C

sample subterranean ants), as opposed to a consecpfe  used subterranean sampling methods to investigatsdfis
the biological properties of individual speciesidance relationships between environmental factors andesub
substantiating this hypothesis is the occasiorédfit num-  ranean ant diversity, inconsistencies in study ainthe
ber of species unique to subterranean collectidvenwnul-  variables measured preclude any broad relation$tops
tiple habitat strata are sampled (Tab. 3), the uohel  being inferred with certainty. Nevertheless, a samnof
occurrence rates of some species in subterrandladtioms  findings in three main areas is provided below.
(e.g., DELABIE & FOWLER 1995,BERGHOFF& al. 2003), Spatial and temporal patterns: Species
as well as multiple accounts of "rare" ants beioljected  composition of subterranean ant communities fromh so
by subterranean methods in surprisingly high dessitin-  samples (SSm) is reported to vary substantiallgsacspa-
expected habitats, or areas outside their repgaedraph-  tial scales, with high species turnover observedadh
ic range (e.g., 6PEZ& al. 1994,BRANDAO & al. 2008, regional (> 2 km) and limited scales (~ 1 M}QUEMIN
SCHMIDT & al. 2014). In future studies, the widespread & al. 2012, 2016). A high species turnover acrasétéd
use of subterranean sampling methods will helgsting- spatial scales may arise from varying distribupatterns
uish ant species which have truly low occurrencesa-  of subterranean nest sites, which, in turn, ratathe uni-
ture from those which are under-represented imtagm- que ecology of individual species. For exampleng®S
rity of studies employing conventional sampling haets  to discover and excavate subterranean ant nesis, kb
such as leaf litter extractions and surface pitfalps. (2010) classified the distribution patterns of Jegs® sub-
Ecological and environmental patterns of subter-  terranean nesting species into three distinct ggorgn-
ranean ant diversity: While a number of studies have dom, over-dispersed, and weakly clumped. The dityers
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of subterranean ants is also known to display temalpo
variation in both tropical and temperate climates: ex-
ample, subterranean ant diversity in a tropicaldgouian
forest varied with the wet-dry cycle, with highgresies

of subterranean ant communities collected by SBCs i
agricultural croplands was shown to be distincirfriinose

in adjacent secondary forests and forestry plaoiati
(ScHMIDT & DIEHL 2008). However, while the effect of

richness and abundance observed in soil samples)(SS land use change on the ecology of surface ant cofimu

during the dry season — possibly owing to the ntigra
of drought-sensitive epigaeic species downwards tim
soil during these periodsAJQUEMIN & al. 2016). Simi-
larly, in a temperate forest of Maryland USA, tipeces
richness of ants collected in soil samples (SSimoat
doubled throughout May to August (i.e., late spring
summer) as compared to all other times of yean@H

& al. 1988). With a single study recording the €eiffnces
in diurnal versus nocturnal subterranean ant dagtiaind
based on a rather limited sampling effort of SBIEs(20)
(EGucHI & Bui 2009), the overall knowledge on circadian
patterns of subterranean ant communities is exteme
limited. To this end, more extensive sampling veither
subterranean baiting (i.e., by staggering baitiegogls) or
soil sampling (i.e., by collecting soil sampleddterent
times of day) may elucidate possible circadian ming

of subterranean ants in future work.

Biotic and abiotic driversPreliminary
findings from few available studies suggest thatibi
properties of aboveground vegetation may exete litt-
fluence on subterranean ant communities. For exgrtipt
infestation of an invasive creeper in Australia hadted
impacts on subterranean ant diversity sampled tirou
SPTs (BUNKOYA & al. 2011). Similarly, the diversity of
ants collected in SBCs did not vary significanttyass a
gradient of herbaceous ground cover in a pine fdares
Florida (cf. contrasting patterns displayed by asgem-
blages of the ground surface and vegetationpErTAZZI

ties has been explored, such as in their contidnstio
ecosystem function and interspecific interactioas
BESTELMEYER& WIENS 1996, RIST 2009, RRAY & al.

2015), these relationships are unknown for subteaa
ants and certainly deserve investigation.

Foraging ecology of subterranean antsThus far,
studies on the foraging ecology of subterraneas laae
been achieved with the usage of subterranean ¢pasie-
cifically SBCs (Tab. 2), which allow for bait marila-
tion and facilitate the observation of continuoosafing
activities by subterranean ants. The majority oflsts
have investigated the foraging ecology of the sudean
Dorylinae, with some monitoring and mapping theafpr
ing patterns of individual hypogaeic species (eDpry-
lus laevigatusSmiTH, 1857in BERGHOFF& al. 2002 and
Acanthostichus quadratUd&veRYy, 1895 in MoRINI & al.
2004), and others examining the effect of environtale
gradients on foraging by subterranean Dorylinaerani-
ties (O'DONNELL & KUMAR 2006, KUMAR & O'DONNELL
2009). In spite of their differing focal specieslarsearch
aims, all abovementioned studies report that stdsiean
Dorylinae have unique foraging ecologies which dise
tinct from those of their surface-dwelling countats. For
example, BERGHOFF& al. (2002) observed the hypogaeic
speciedD. laevigatusoccupying the same foraging site
for several months, contrasting with epigaeic aamtyspe-
cies which are characterized by a very localizedl tam-
porary presence at foraging sites. The stable salan

& TSCHINKEL 2003). Studies on the associations betweertrunk trail system used Y. laevigatusalso contrasts with

subterranean ants and the abiotic properties of siod
environments report equivocal results. While phgsic
chemical properties of soil (e.g., organic mattentent,
pH, electrical conductivity, degree of humificati@nd soil
texture) were relatively poor predictors of antfexted
by SSm (ACQUEMIN & al. 2012), the degree of soil com-
paction has recently shown to affect the compasitb
subterranean ant assemblages, with small-sizeiespme
curring more frequently in compacted soil thanédargjzed
species (8HMIDT & al. 2016). However, the latter findings
were based on a limited sampling effort using SNI's
20) and a separate study found no effects of soilpac-
tion on subterranean ant assemblageR(B\-MARTINEZ

& al. 2016). As soil compaction impacts the diversif
other arthropod populations AEON & al. 2004), com-
pacted soils may also indirectly affect subterranaats
by affecting prey availability (e.g., oribatid mstéen BAT-
TIGELLI & al. 2004). Future experiments modifying soil
compaction as well as moisture and temperaturefuvil
ther elucidate how these factors influence subteaa ant
diversity and composition.

Habitat modification and land use change:
Like other ecological communities (e.giJlL& al. 2016),
subterranean ants are affected by extensive habddi-
fication and land use change. For example, sigmifidlif-
ferences in the richness and composition of antispen

the short-lived swarm raids of epigaeic dorylineaps
(BERGHOFF& al. 2002, KRONAUER 2009). In Costa Rican
cloud forests, foraging rates of subterranean aglwere
neither affected by habitat type nor by day-to-deather
variation within sites, but foraging rates displdyan in-
crease with elevation. These findings contrasepadtob-
served in surface Dorylinae communities (ONNELL &
KUMAR 2006, KUMAR & O'DONNELL 2009). Collective-
ly, the findings from a variety of studies using Gito
study subterranean Dorylinae highlight their unifurag-
ing ecology, which remains understudied for thearibj
of species (IRONAUER 2009). Subterranean baiting is an
effective method for studying the foraging ecolafysub-
terranean Dorylinae communities because thesetemds
to exist in large populations that aggressivelyugdo
subterranean bait in extensive foraging raid&€@8.0GG
& al. 2000, BERGHOFF& al. 2002). This method has also
been successfully applied to investigate otherestdriean
ant communities, although such studies are lessram
For example, XMAGUCHI & HASEGAWA (1996) used SBCs
with a variety of live baits to study trophic prefaces and
predation rates of subterranean ant communitidgan,
with earthworms and woodlice corresponding to tigi-h
est predation rates by subterranean ants. Whemait
controlled for, species of the gen@ratramorium(MAYR,
1855),SolenopsigWEeEsTwoon 1840),Formica (LINNAE-

soil samples (SSm) were observed between heteragenous, 1758)andPonera(LATREILLE, 1804) displayed a ver-

and homogenous rubber plantations in Thailand i
NASIT & NHU-EARD 2011), and in Brazil, the composition

tical stratification of predation in the 50 cm-desil layer
(YAMAGUCHI & HASEGAWA 1996).As a caveat, the poten-
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tial for subterranean baiting to collect or obsespecific
ants may be severely limited if a non-target domiirspe-
cies recruits in large numbers — this effect waseobed

time and labour to accommodate the repetitive apir
nature of diversity assessments. Moreover, thestvéa
sampling methods" (BSTELMEYER & al. 2000) are gen-

whenD. laevigatugaided SPTs in Singapore in densities erally unsuitable for comparative assessments Bedheir

of over 500 individuals per device, excluding altak
other species from the collections (M.K.L. Wongpubl.).

Discussion

In spite of their recognized importance to multifitdds
across myrmecology, the majority of the world'steub

findings are heavily dependent on the relativdskil per-

sonnel undertaking the samplingd@LLI & al. 2011).
Similarly, despite their potential sampling effio®y

(i.e., when small devices are used), subterranadmg

and comparable methods used in aboveground sampling

may not be ideal for diversity assessments bedheyado

ranean ant faunas remain understudied. While convennot capture "random” samples of ants. In SBCs, S#ifls

tional ant sampling methods potentially under-santpé
ants found below ground (Tab. 3), studies thatesyati-
cally employ techniques for specifically collectiagts from
the subterranean environment are few in numberganel
graphically scattered (Fig. 2). Collectively, thedings

the extensively utilised surface pitfall traps alikhe con-
tainer's overall size, as well as the dimensiorts @osi-
tions of entrances will disproportionately influenthe
collection of different ant species according tecific body
sizes and foraging patternsEBNSPERGTRAUN & DION

of the studies in this review indicate that sulzteean ant
communities are often distinct and diverse in cosipo
tion, and may also exhibit unique ecological relaships

1995, @TELLI & al. 2011). Furthermore, both surface and
subterranean bait are susceptible to biased cortyraom-
position and abundance, as they may be overrurehy g

and life histories. A variety of novel and sign#itt taxo-
nomic accounts have also been realised for hypogaet-
cies collected with these techniques. Thereforeretlare
strong grounds for increased sampling and invetitiga
into the diversity and ecology of subterraneancamh-
munities. However, a key obstacle to future worksah-
terranean ants is the substantial variation instmapling
techniques used to date, which precludes meaningfot
parisons across studies and the inference of brelad
tionships about this important ant community. |is tte-
view, we identified at least seven different sutaaean
sampling techniques (Tab. 1). Furthermore, thenaaiked
variation among the technical specifications ofvitiial
techniques; for instance, the designs and sizelevtes
used in subterranean baiting (Fig. 1). Below weuks

two methodological approaches that should be eggdlor

simultaneously in order to rapidly advance know&dg
subterranean ant communities.

Assessing subterranean ant diversity — method se-

lection and familiar considerations: A standard sampling
technique and protocol for assessing subterranetadi-a
versity is urgently needed to address the curreattd of
basic information on the composition and richndsthis
group of ants. Establishing an approach for sydieaiy
assessing the diversity of subterranean ant contiesimill

promote consistency among studies, and shouldrin tu

allow for cross-study comparisons to reveal impurfzat-
terns of diversity that relate to macroecology hitjeo-
graphy — such as patterns across continents og &lien
vation gradients. In assessments of ant divertiy se-
lected method(s) should be readily standardizeefferc-
tive usage across many different habitats, so &ciiitate
the comparison of species assemblages among radtips
and regions (8INER& al. 2005, ®TELLI & al. 2011).

eralist species while simultaneously excluding tiospe-
cialists. Although pitfall trapping without the wgaof bait
is a well-established and relatively effective noelffor as-
sessing ant diversity on the ground surface (baltisgta-
tions discussed in GELLI & al. 2011), we know of only
one example where unbaited subterranean pitfal tper-
formed effectively in a standard sampling protod®io-
Luccl & al. 2016). Thus far, it appears that the majority
of ant studies have avoided the usage of unbadibece
tion devices in subterranean sampling, and predirgisam-
pling with unbaited SPTs for a 72-hour period gisoved
unsuccessful (Fig. 1d; M.K.L. Wong, unpubl.). Trosv
success may be due to the lower activity levelsygio-
gaeic species, as well as the limited humber abenes
to most collection containers (Fig. 1), which tdgetac-
count for a low probability that ants will randongumble
into the SPTs in the absence of attractants. Gnnibiie,
there are several examples from non-myrmecolodgjteal
erature of SPTs constructed with porous wire mash (
opposed to solid containers), which maximise théasa
area for subterranean fauna to enter the collectimces
(e.g., QVEN 1995,HERIBERTO & PEDRO 2010); these may
be trialled for collecting subterranean ants.

In comparison to direct sampling by hand and sudter
nean baiting with SBCs or SPTs, soil sampling neshe
which are relatively similar to litter samplingtae ground
surface — are likely to provide less biased measents of
ant diversity (ESTELMEYER& al. 2000). As with litter sam-
pling, variation arising from human error in sainspling
should be further minimized through the employnant
a consistent extraction technique such as a Wirdder
tractor to retrieve specimens from the soil samplesing
SSw therefore lowers the risk of escapees and chigse
cimens that are likely to occur in SSm where this ane

Individual subterranean sampling methods are stibjeccollected by hand after sieving. This is especiatiportant

to unique sampling biases, and as such they diffbs-
tantially in their specific advantages and limitaus for
use in diversity assessments. Notably, many aspelets
ing to the suitability of subterranean samplingtmds for
diversity assessments are also relevant to samplatigods
for ants of other habitat strata (e.g., groundazafand

canopy ants) (seed3ELLI & al. 2011). For example, direct

sampling in soil for subterranean ants, as weblasve-
ground for litter and canopy ants, may be too tg>an
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when sampling the subterranean stratum, since gy
gaeic species are small in size and pale in cqBox 1),
and can be missed even by a well-trained eye. liteaf
sampling with Winkler extraction has repeatedly dasi
trated the highest sampling efficiency among avdéa
ground surface sampling methodsOERSEN1991, RSHER
1999, BESTELMEYER & al. 2000, ELABIE & al. 2000).
However, in subterranean sampling it remains texasn-
ined whether SSw is more efficient than direct samgp



15 cm

15cm

25cm

Fig. 4: Soil sampling with Winkler extraction (SSw)pro-
posed sampling technique for subterranean diveeasity
sessmentsA soil sample of the dimensions indicated is
excavated and processed with a Winkler extractbmoo

to retrieve subterranean ants, which are collertqute-
servation solution (PS).

and subterranean baiting, since no studies havetedo
more than one method in a single protocol. In datdito
investigate or account for temporal variation ibteura-
nean ant activity, soil sampling can be performedifa
ferent times of day or year — this is akin to teeommen-
dations for litter sampling, which is subject tmaar lim-
itations (see BSTELMEYER& al. 2000).

Based on the results of previous soil samplingreffo
(Tab. S1), we find that collecting a soil sampledhen-
sions 15 cm x 15 cm and to a depth of 25 cm sheuffite
for a representative sample of the subterraneacoamtnu-
nity. In particular, the sampling depth of 25 cntiesen
because it incorporates the agreed range of pdré&rsar
nean diversity and maximum number of hypogaeicispec
among the studies presently reviewed (i.e., 10 er2D.
Therefore, we suggest that an SSw with the abogeisp
fications (illustrated in Fig. 4) may be an effeetistan-
dardized sampling technique for future assessnwemnthe
diversity of subterranean ant communities. The Wink
extraction is preferred over the Berlese extractamrits
accessibility (i.e., electricity not required) asampling
efficiency (see comparison ireEBTELMEYER2000), which
can be substantially increased by practicing regek-
ler shuffling (QUENARD & Lucky 2011). In keeping with
previous studies, researchers targeting hypogaeicies
should distinguish these from epigaeic speciesires-
ranean samples on the basis of their cryptobiotigphol-
ogy (Box 1) and relative abundance, since the ctiia
of epigaeic species nesting in soil cannot be cetepl
avoided regardless of sampling technique used.

Exploring other methods for new areas
of study: Astechniques that are well suited fqida
diversity assessments like soil sampling may netaé
other poorly known aspects of subterranean ants asic
their activity patterns, foraging ecology, and isfeecific

interactions, we also propose that investigatoosiishnot
dismiss alternative subterranean sampling techsitfuet
may better address these specific research hygsthiéss
clear that subterranean baiting techniques arerbsiited
than others for such research as they can obtaaminmg
ful sets of data (e.qg., trophic preferences, piedattes,
activity patterns, etc.) and their designs lend weein situ
experimental setups (e.g., separating or excludatigc-
tions by depth, long-term monitoring, etc.). Ounay
of myrmecological literature suggests that the ptée
research applications of subterranean baiting hatbeen
fully explored. For example, some areas not yeé$tiv
gated with subterranean baiting include the stddshort-
term circadian activity patterns in subterraneds,as well
as long-term comparisons of foraging rates aciussér-
tical soil profile. In addition to the current asgoent of
designs for SBCs and SPTs (Fig. 2), a brief suofeyn-
myrmecological literature reveals other potentiaibeful
subterranean baiting and trapping devices (e\ygN1995,
SCHLICK-STEINER & STEINER 2000, LOoPEZ& OROMI 2010,
ORTUNO& al. 2013, 2014) as well as alternative methods
for collecting and tracking the movements of othdter-
ranean fauna (e.g.ORSCHLER1994, LAWRENCE & BOow-
ERS 2002, BASTARDIE & al. 2005). In this spirit, we en-
courage myrmecologists to pursue novel approaabres f
subterranean sampling, and to consider modifyingeot
techniques to overcome long-standing limitationelusferv-
ing ant behaviour occurring underground (e.g. aitisig
cameras in SBCs to observe interspecific interastior
to measure scavenging rates).

We anticipate that standardized diversity assessmen
complemented by the innovative exploration of ngpwda
theses about this final frontier will bring to ligthe cryp-
tic biology of the enigmatic ants from the underigor
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