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Diversity and distribution of Solenopsis (Hymenoptera: Formicidae)

thief ants belowground

Leo Onvama, Joshua R. King & David G. JENKINS

Abstract

Subterranean ant communities are vastly understudied relative to aboveground ant communities. The thief ants of the
genus Solenopsis are a globally abundant and widespread group that is a conspicuous and important part of the below-
ground ant community. Thief ant ecology, including their distribution and diversity at local scales, has also rarely been
documented. In this study, we sampled the subterranean ant community of central Florida, a region with conspicuously
high subterranean thief ant abundance. We used a stratified-random sampling protocol and collected soil environmental
variables at each sampling plot to model subterranean ant diversity in relation to abiotic conditions in the soil envi-
ronment. Furthermore, we utilized non-parametric ordination methods and permutation-based analyses of variance to
visualize and quantify associations of species based on habitats and soil strata. Our study yielded 15 species from six
genera of which five were thief ant species. These five Solenopsis species represented 64% of all ant individuals found.
We also identified distinct differences in species composition between two habitat types (pine flatwoods and high pine
sandhills) and significant associations of soil abiotic conditions with the diversity of the subterranean community. This
study finds that thief ants dominate belowground and respond predictably to soil habitat conditions. Biotic effects among
ant species may be important given their purported lestobiotic behaviors.
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Introduction

Subterranean ants nest and forage almost entirely below-
ground. They are a group that may represent the final
unexplored frontier for global ant biodiversity (WILKIE &
al. 2007). In general, these ants are usually small-bodied
and cryptic in their morphology, most likely a result of a
hypogaeic life history (WonG & GUENARD 2017). Despite
recent evidence of the diversity represented in subterranean
communities as well as their potential impacts on soil
ecosystems, little information exists on their basic biology
and ecology (WILKIE & al. 2007, ScuMipT & DIeHL 2008,
ANDERSEN & BrauLt 2010, WILKIE & al. 2010, RiBas & al.
2012, WoNG & GUENARD 2017). This also extends to what
little is known about the ecology and belowground activities
of most epigaeic ants. Subterranean sampling has not been
integral to ant diversity assessments, and its practice has
only recently become more widespread (SCHMIDT & SOLAR
2010). Most sampling of subterranean ant communities has
only been done in the Neotropics (WoNG & GUENARD 2017).
Thus, subterranean ant distributions and interactions with
other soil invertebrates are scarcely known. This dearth of
information is because of the difficulties associated with
sampling belowground where traps and direct soil sampling
are usually the only logistically feasible approaches.
Given this sparse background, an important question is:
What are the potential drivers of subterranean ant species
distributions at local scales? At broader scales, soils (type,
compression, temperature) and elevation have been shown to

affect subterranean ant diversity (LyNcH & al. 1988, WILKIE
& al. 2010, BERMAN & ANDERSEN 2012, CANEDO-JUNIOR
2015). However, substantial variation exists among local
sample sites in the above studies. For example, subterranean
ant abundances in Ecuador are not predicted by some soil
conditions, such as soil pH or mineral content (JACQUEMIN
& al. 2012). However, another study in the Brazilian sa-
vannah showed significant effects of soil temperature and
compression in association with changing subterranean ant
species compositions (CANEDO-JUNIOR 2015). Collectively,
these few studies represent most of what is known about
environmental factors affecting subterranean ant diversity
and distributions (WonG & GUENARD 2017). These studies
suggest that the relationship between the diversity and
distributions of subterranean ants and soil conditions may
jointly depend on broad-scale geography and the local
composition of the local subterranean ant community.
Subterranean ant communities, especially in the tropics,
contain a variety of genera. However, the genus Solenopsis
is found globally in belowground communities and is among
the most abundant group of species in these communities
and thus warrants special attention (WiLKIE & al. 2007,
BErRMAN & ANDERSEN 2012, PAcHECO & MaAckAy 2013).
Thief ants in the genus Solenopsis are a group of relatively
small-bodied, largely subterranean or litter-dwelling species
(although there are even some arboreal species) that are
abundant in communities from the warm temperate to the



tropical zones (PacHECO & al. 2007, ANDERSEN & BRAULT
2010, HErNANDEZ 2010, PAcHECO & MackAy 2013). About
86 described thief ant species occur across the globe as a
common and conspicuous group in most ant communities
(Mackay & Mackay 2002, PacHeEco & Mackay 2013). In
Florida, the thief ant species considered to be completely
subterranean are Solenopsis tonsa THompsoN, 1989, Sole-
nopsis pergandei FOrREL, 1901, and quite possibly Solenopsis
tennesseensis SMITH, M.R., 1951. Some (or perhaps most)
thief ant species are purported to be “lestobiotic*, nesting
near the nests of host ant colonies, tunneling belowground
into their nests, and stealing their brood (HOLLDOBLER 1973,
HOLLDOBLER & WILSON 1990, TscHINKEL 2006, DEYRUP 2016).
Thief ants are assumed to practice lestobiosis upon a wide
range of ant species that are often much larger in size, as
this interaction often emphasizes the interaction between
small and large-bodied ants (HOLLDOBLER & WiLsON 1990).
Although thief ants may also be dietary generalists and
even predators of other ants when not stealing brood as
they have also been observed actively preying on founding
queens (WHEELER 1901, BLum & al. 1980, THompsoN 1980,
Buren 1983, LaMMERS 1987, NicHoLs & SITES 1991, VINsoN
& Rao 2004, Deyrup 2016). The small body size of thief
ants (which includes some of the smallest workers among
all ants) may also allow them to move through soil and es-
cape via pathways not accessible to their larger-bodied prey
(Kaspar1 & WEIsER 1999). This potential behavior coupled
with their high abundance and broad, global distribution
suggests that lestobiosis by thief ants, and preying directly
on brood and, especially, founding queens (LAMMERS 1987,
NicHoLs & SiTEs 1991, Vinson & Rao 2004), may be an
important regulator of both subterranean and aboveground
ant communities.

What is actually known about subterranean ant interac-
tions with other ants is largely based on a few descriptions
(WHEELER 1901, ScHNEIRLA & al. 1944, Deyrup 2016). This
gap in knowledge is all the more important in regions such
as the southeastern US, and especially upland habitats in
Florida, where thief ants dominate subterranean ant diversity
and abundance (LuBerTAZzI & TscHINKEL 2003, KNG & Por-
TER 2007, DEYRUP 2016). Furthermore, the subterranean thief
ant complex from these localities has been taxonomically
well described for many years, meaning that community
diversity analyses may be confidently conducted (THomPsON
1980, 1989, MoreEno GonzALEZ 2001).

In the most comprehensive treatment of thief ant ecol-
ogy to date, THompsoN (1980) found that thief ant species
composition differed between shrubby and grassy habitat
types. Otherwise, only unpublished observations inform
the ecology of thief ant distributions. Depth to water table
or soil moisture content may be the main environmental
drivers of thief ant distribution and diversity as long-term
soil moisture dynamics may limit the foraging capabilities
of these ants (LAMMERs 1987). It is also known that thief
ants are sensitive to low humidity when being raised in a
laboratory setting but in the wild are incapable of building
mounds like the fire ant (Solenopsis invicta BUREN, 1972)
to escape inundation (THompsoN 1980, TscHINKEL 2006).
Therefore, well-drained soils in otherwise mesic regions
likely maintain conditions ideal for thief ant populations.
In Florida, upland habitats such as drier pine flatwoods
and especially high pine sandhills (MYErs & EwEL 1990)
appear to support robust populations of a number of thief
ant species (THompsoN 1980). Nearby habitats (e.g., more
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mesic flatwoods and dry prairies) are more prone to flood-
ing (Myers & EweL 1990) and appear to have reduced
subterranean ant diversity and abundances (Deyrup 2016).
We therefore conducted this study in upland sandhill and
flatwood habitats to determine if there are differences in
thief ant communities associated with these common habitat
types in this region.

To better understand the factors affecting ant distribution
and activity belowground, we sampled belowground foraging
ants in the two habitat types (sandhill and flatwoods) using
baits and collected associated soil environmental variables
to identify relationships between the subterranean ant com-
munity and local habitat conditions. Considering that many
subterranean ants are known for their small-bodied form and
cryptic morphology we specifically targeted small-bodied
ants in our sampling. We understand that not all subterranean
ants are small-bodied as seen in WoNG & GUENARD (2017)
but based on previous surveys and studies in central Florida
and in other parts of the state we have evidence that subter-
ranean ants in our locality were small-bodied (THoMPSON
1980, Prusak 1997, LuBertazzi & TscHINKEL 2003, KiNG &
PorTER 2007, KING 2010). Furthermore, our primary focus,
the Solenopsis thief ants, are all small-bodied (THoMPSON
1989, DEYRrUP 2016). However, not all the ants that were
baited truly practice a subterranean life history, that is,
nesting and foraging entirely belowground but they were
still classified as part of the subterranean ant community
for the purpose of this study. Therefore, we defined the
“subterranean ant community” to be composed of ants with
a hypogaeic life history as well as the ants that were found
to co-occur with them in our subterranean sampling. These
co-occurring species may forage or nest aboveground but
may be opportunistically foraging belowground as well.
We later differentiate subterranean versus other ant species,
based on what is known of their natural history. Neverthe-
less, even small-bodied aboveground foraging or nesting
ants that forage opportunistically belowground likely play
arole in the subterranean ant community.

We asked: (1) Do subterranean ant communities (with
an emphasis on thief ants) differ in composition and abun-
dance between flatwood and sandhill habitats? (2) Do soil
environmental gradients predict the species diversity of this
subterranean ant community? (3) Do these gradients also
predict the occurrence of thief ant species?

We also compared those data to the only two other sub-
terranean sampling studies conducted in Florida (THoMPsoN
1980, LuBERTAZZI & TSCHINKEL 2003). LUBERTAZZI & TSCH-
INKEL (2003) carried out their subterranean assessment in
the longleaf pine forest of the Apalachicola National Forest
outside of Tallahassee, Florida. THompsoN (1980) conducted
a sampling survey comprised of two total plots, one in
turkey oak woods and the other in an open field outside
of Gainesville, Florida. Comparisons to aboveground ant
diversity and relative abundance in our study site were
also made possible using aboveground pitfall sampling
data (from 2012) collected from the same arecas as our
subterranean sampling.

Materials and methods

Study site: Sampling was conducted during the months
of July and August, 2017, at Wekiva Springs State Park
(2,750 hectares) situated in Orange County, Florida at
28.7118°N, 81.4628° W. Average annual rainfall in the area is
approximately 1350 mm. The general seasonality of the site



Tab. 1: A table showing the top five performing simple linear regression models under AICc (Akaike Information Criterion
with correction for small sample sizes) rankings. Predictor variables for each model are shown along with each model’s
AICc score, the change in AICc¢ for every lower ranked model, AICc weights, and the adjusted-R?.

Model AICe AAICc Weight (w,) Adjusted-R’
D ~ Habitat * Avg. Change in Daily Soil Temp. 94.4 0.0 0.34 0.60
D ~ Habitat * Avg. Soil Maximum Temp. 96.2 1.8 0.14 0.57
D ~ Habitat + Avg. Soil Moisture * Avg. Soil Temp. 97.2 2.9 0.08 0.58
D ~ Habitat + Avg. Soil Minimum Temp. 974 3.0 0.08 0.53
D ~ Habitat + Avg. Soil Moisture 97.6 33 0.07 0.53

involves a cycle of wet and dry seasons with the wet season
beginning around May and ending in November and the dry
season occurring December-April. We distinguished two
main habitat types within this park to conduct our survey,
high pine sandhills and mesic pine flatwoods.

High pine sandhill is a pyrogenic habitat characterized
by well-drained sandy soils, an overstory of longleaf pine
(Pinus palustris), and a groundcover dominated by wiregrass
(4strida beyrichiana) (MyERs & EwWeL 1990). The sandhill
sites selected for this study were in areas maintained by
low intensity fires. High pine sandhill habitats gradually
transition downhill to pine flatwoods, which are distinct
in vegetation as a result of more poorly-drained soils due
to a higher water table and subsequent proneness to flood-
ing (ABRAHAMSON & HARTNETT 1990). Sandhill soils are
generally categorized into droughty course sands, sandy
clays, or loamy sands; our sites were mostly composed of
coarse sand classified as Entisols that are generally low
in nutrients (ABRAHAMSON & HARTNETT 1990). Flatwood
soils are usually acidic and hold insignificant amounts of
extractable nutrients (GHoLz & FisHER 1982, MYERs & EWEL
1990). Soil moisture of the flatwoods is usually influenced
by soil organic matter content as well as a mulching effect
from the litter layer (MYERs & EwEL 1990).

Design: A stratified-random sampling design was used
in both habitat types, where habitat type boundaries were
first identified in the field (based on vegetation) using a
handheld GPS. These coordinates were used to generate
polygons representative of the two habitat types in ArcMap
(Esr12017). Coordinates for our sample plots (16 per habitat
type) were then randomly generated in ArcMap within the
habitat type polygons. A minimum distance of 36 meters
between sample plots avoided site overlap. Sample plots
were randomly assigned a sampling depth of 10 cm or 20 cm.
As a result, eight plots in each of two habitat types were
sampled at each of two depths (32 total sample plots) (Fig. 1).

Baits: Baits were made using plastic capped vials 70mm
tall and 30 mm in diameter. A ~ 5Smm diameter hole was
made near the bottom edge of the vial and covered with
1 mm screening to exclude larger animals (e.g., fire ants)
but permit entry by subterranean ants. This was done to
specifically target small-bodied subterranean ants as well
as other non-subterranean ants that may forage oppor-
tunistically within the subterranean environment. Each
bait was loaded with ~ 3 - 4 cm® of sugar cookie (Pecan
Sandies). To deploy the baits a battery-powered 24v drill
and a 24-inch auger-bit was used to drill into the soil to
a specified depth. The baits were then placed in the holes
and covered up with the previously extracted soil. Baits
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Fig. 1: Map of study site (Wekiva Springs State Park) with
sampling sites.

were deployed in the morning and retrieved using a hand
trowel ~ 72 hours later. Specimens were kept in sandwich
bags and stored in a freezer.

Habitat variables: Soil temperature and soil moisture
were recorded at each bait site. Soil temperature was recorded
for the entirety of the 72-hour baiting period using data
loggers (iButton, Maxim). Each plot had two data loggers
installed on both east and west sides at 10 cm below the soil
surface to record temperatures every hour during the baiting
period. Using those data, we extrapolated average minimum,
maximum, and temporal changes in soil temperatures per
site. Soil moisture was collected by using a soil moisture
sensor at 10cm depth (Procheck, Decagon Devices). Ten
readings were taken from each plot at the time of retrieval
and averaged to represent the soil moisture level of the plot.

Sorting: All ants collected from the baits were sorted
to species utilizing identification pointers from Deyrup
(2016). Additional reference specimens from J. R. King’s
personal collection were used to confirm identifications.

Aboveground sampling: Aboveground ant communities
were sampled previously in the same area and habitat types
of the park as the belowground sampling. In August 2012,
three 100 m linear transects were established in each hab-
itat type (a total of six transects), separated by at least 100
meters from one another or forest roads. In each transect,
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Tab. 2: Pseudo-R? values for most plausible logistic regression model of successfully modeled species collected in the
subterranean sampling (eight of 15 possible species). Model predictor variables are also displayed.

Species Pseudo-R? of most Model
plausible model

Solenopsis carolinensis 0.16 | Occurrence ~ Avg. Soil Moisture + Avg. Soil Temp.
Solenopsis pergandei 0.59 | Occurrence ~ Avg. Soil Moisture * Avg. Minimum Soil Temp.
Solenopsis tennesseensis 0.23 | Occurrence ~ Avg. Soil Temp.
Solenopsis tonsa 0.33 | Occurrence ~ Avg. Soil Moisture + Avg. Soil Temp.
Brachymyrmex depilis 0.74 | Occurrence ~ Avg. Minimum Soil Temp. * Avg. Soil Moisture
Pheidole floridana 0.11 | Occurrence ~ Avg. Maximum Soil Temp.
Pheidole metallescens 0.12 | Occurrence ~ Avg. Minimum Soil Temp + Avg. Soil Moisture
Pheidole morrisii 0.21 | Occurrence ~ Maximum Soil Temp.

sampling was performed using pitfall traps placed at 5-meter
intervals for a total of 20 traps per site and 120 traps for
the two habitat types. Pitfall traps were 85 mm long plastic
vials with 30 mm internal diameter partially filled with ~
15 ml of non-toxic, propylene-glycol antifreeze. Traps were
buried with the opened end flush with the surface of the
ground and operated for seven days. Traps were installed
using a hand-held, battery-powered drill using an auger bit.

Analyses: Each occurrence of a species in a baited vial
was considered an occurrence of one colony of that species
based on the spatial distances between baits (KING & Por-
TER 2007, KinG 2010). Potential differences in community
composition between habitats and depths were evaluated
with nonmetric multi-dimensional scaling (NMDS), which
is a nonparametric ordination method. Subsequent permuta-
tion-based analyses of variance (PERMANOVAs) were used
to test for significant differences between detected clusters.
The NMDS utilized beta diversity distances based on the
Bray-Curtis index, a measure of dissimilarity that allowed
for the separation of sites based on differences in species
composition (while also accounting for species abundance
as measured by frequency of occurrences). Bray-Curtis
distances are also robust to sampling errors and preferred to
other beta diversity measures (SCHROEDER & JENKINS 2018).
Potential effects of environmental gradients on ant diversity
were modeled using both linear mixed-effect models and
linear regressions. Species estimators were also calculated
using Chaol estimators (all values listed in Appendix S1, as
digital supplementary material to this article, at the journal’s
web pages) to provide further evidence of the robustness
of sampling methods. The response variable for all models
was the Jost Diversity index (D = e'’; Jost 2006) per site
calculated using number of species occurrences per site.
Independent variables included depth of the baited vial,
soil temperature (averages of maximum, minimum, and
daily range), and average soil moisture (Tab. 1). Model
assumptions were evaluated based on residual diagnostic
plots (Appendix S2). Finally, the occurrence of all species
in the baited vials was modeled using logistic regressions,
where the occurrence of each ant species was predicted by
soil parameters. All regressions were compared and ranked
using corrected Akaike Information Criterion weights
(AICc w) from the R package “bbmle” (BoLkEer & R DE-
VELOPMENT CoRE TEAM 2017) as they allowed an appropriate
comparison for model parsimony compared to evaluating
individual R*-values (Tab. 1). Logistic regressions were also
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evaluated with pseudo-R?values calculated by subtracting
the null deviance of the model from the residual deviance
and dividing the total by the residual deviance (Tab.2).
All soil environmental variables were standardized during
analyses and all statistical analyses were conducted using
R 3.4.1 statistical software (R DEVELOPMENT CORE TEAM
2017). Mixed-effect models were computed using the R
package “lme4” (BATEs & al. 2015) and the “vegan” package
(OxsaNEN & al. 2017) was used to compute NMDS ordi-
nations and PERMANOVAs. All graphics for regressions
and ordinations were done using the R package “ggplot2”
(WickHAM 2009).

Results

Ant diversity and abundance: A total of 15 species en-
compassing six genera were captured and identified from
all our belowground baits (full species list in Appendix S3).
98% of the 1152 baited vials deployed were recovered; 23
baited vials were lost during sampling. Species-sampling
estimates indicate that all existing species were observed
in most samples (Appendix S1). We assessed relative abun-
dances as the occurrence of a species at each baited vial.
The most common genus was Solenopsis (in 70% of baits),
followed by Pheidole (21.5%) and Brachymyrmex (8.3%).
The last three genera, Forelius, Hypoponera, and Nylan-
deria occurred in one baited vial, each. Solenopsis was
the most species-rich genus with six species (all thief ants
except for the introduced fire ant, S. invicta). The 8 most
common species were Solenopsis pergandei (occurring in
209 baited vials, 27.6% of total), Solenopsis carolinensis
ForeL, 1901 (98, 12.9%), Solenopsis nickersoni THOMPSON,
1982 (93, 12.3%), Pheidole floridana EMERY, 1895 (69, 9%),
Brachymyrmex depilis EMERY, 1893 (63, 8.3%), Solenopsis
tennesseensis (50, 6.6%), Solenopsis invicta (40, 5.3%), and
Pheidole morrisii ForeL, 1886 (39, 5.2%).

Soil strata composition: Most ant taxa other than So-
lenopsis, Nylanderia wojciki (TRAGER, 1984), and Pheidole
dentata MaYR, 1886 were less frequently sampled at the
greater depth (20 cm). Nylanderia wojciki and Pheidole
dentata were relatively rare and were only detected at 20cm
(Appendix S3). Among the Solenopsis species, S. carolin-
ensis occurrence decreased 42% from 10 cm to 20 cm soil
depth and S. nickersoni occurrence decreased (25%), but
S. pergandei occurrence increased (78%), S. tennesseensis
occurrence had no change, and S. tonsa occurrence increased
(145%). The most frequently captured species at both depths



was S. pergandei. Based on an NMDS analysis and a sub-
sequent PERMANOVA, depth did not significantly affect
species compositions (PERMANOVA, P > 0.05).

Habitat-based community structure: Brachymyrmex
(one occurrence in high pine sandhills, 62 occurrences in
pine flatwoods), was more prevalent in the flatwoods than
in sandhill habitats. Forelius (1, 0), Hypoponera (1, 0), and
Nylanderia (1, 0) were present in flatwoods but absent in
the sandhills. Pheidole (125, 38) and Solenopsis (359, 169)
were more common in the sandhills. Within Solenopsis, S.
nickersoni was found more commonly in flatwoods than
in sandhill habitats. However, all other thief ant species (S.
carolinensis, S. pergandei, S.tennesseensis, S. tonsa) were
more prevalent in the sandhills.

The NMDS analysis (Fig. 2, Fig. 3) showed a distinct sep-
aration between communities of the two habitat types along
with the separation of species that was congruent with our
raw data. A subsequent PERMANOVA verified significant
separation of centroids in this analysis (P < 0.05). All thief
ant and Pheidole species, except for Solenopsis nickersoni,
P. dentata, and P. morrisii, were clustered tightly within
the sandhill cluster. Positions for S. tfonsa and Pheidole
adrianoi Naves, 1985 in the NMDS were furthest away
from the flatwood cluster. The species within and around
the flatwood cluster had a higher degree of spread, most
likely due to several species (Forelius pruinosus (ROGER,
1863), Hypoponera opacior ForeL, 1893, N. wojciki, and P.
dentata) having been collected only once. Brachymyrmex
depilis’ position in the NMDS mirrors S. fonsa and is one of
the few frequently collected species in the flatwoods. Finally,
the fire ant, S. invicta, is positioned more along the upper
edge of the flatwood cluster and towards the center between
both habitat clusters. To further validate these results, we
removed singletons from the species by site matrix (four
total species / columns removed) and ran the NMDS at the
same dimensions (k = 2) with the same number of starting
iterations (1000) and found no differences in patterns. The
stress value remained the same at ~ 0.127.

Modeling species diversity: Although not all species
caught at our baits are truly subterranean ants, for the pur-
poses of this study, we included species captured in below-
ground samples as part of the subterranean community as
these species were clearly actively foraging belowground.
Subterranean ant diversity was most effectively explained
in regression models as an interaction between habitat
types and average daily soil temperature range (4/Cc w,
= 0.34, Tab. 1). This model represented a majority of var-
iance in ant diversity (P = 0.02, R?= 0.60). Residuals met
assumptions of the model. The simple linear regression
model outperformed the random-intercept model, and
conditional pseudo R-squared values indicated that random
intercepts explained very little variation and both models
indicated approximately the same effect sizes. A second
linear model also included an interaction between habitat
type and average soil maximum temperature (4/Cc w, =
0.14). However, the model using average daily temperature
ranges accounted for more variation and was more plausible.
In all our initial models we added soil depth as a covariate
but the differences between the top-ranked models with
and without the covariate was negligible as effect sizes and
adjusted-R? values barely differed.

Predicting species occurrences: Logistic regression
models of thief ant species occurrence per site using soil
environment variables significantly predicted four of five
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Fig.2: Nonmetric multi-dimensional analysis of the species
by site matrix from the subterranean sampling. Triangles
represent pine flatwood sites and circles represent high
pine sandhill sites. Lines connect the sites to each habitat’s
respective centroid in multivariate space. Labels for thief
ant species represent the position of species within this
space. The analysis had acceptable stress values of 0.126
at two dimensions (k = 2).
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Fig.3: A replicate nonmetric multi-dimensional analysis
visual of Figure 2. Labels differ here to show the position
of non-thief ant species. Flatwood species labels have a
higher degree of spread due to extreme low occurrences of
some species (e.g., Pheidole dentata, Nylanderia wojciki).

thief ant species and helped in further understanding the
NMDS result (full models listed in Appendix S4); only
Solenopsis nickersoni occurrence was not predicted. So-
lenopsis pergandei’s most plausible model was a function
of the interaction between average soil moisture and av-
erage minimum soil temperature (P = 0.02, Pseudo-R? =
0.59, Tab.2). Solenopsis tonsa’s most plausible model was
a function of the additive effects of average soil moisture
and temperature (P = 0.02, 0.01 respectively, Pseudo-R? =
0.33). Solenopsis carolinensis’ most plausible model was
also a function of the same predictors (P = 0.04, P = 0.04,
Pseudo-R?=0.16). Finally, S. tennesseensis’ most plausible
model was a function of average soil temperature (P =0.01,
Pseudo-R? = (.23).

Other co-occurring ant species found in our samples
were also modeled by logistic regression, though not all
species had sufficient occurrences to model (Tab. 5, models
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Tab. 3: Simple linear model coefficients and their 95% confidence intervals for the top five most plausible models in pre-
dicting diversity based on AICc (Akaike Information Criterion corrected for small sample sizes) rankings. Coefficients
represent changes in the Jost diversity index relative to different soil abiotic variables. Bolded coefficients were significant
at P <0.05. All coefficients are based on the flatwood habitat as being the reference level in the model and all quantitative

predictor variables were standardized.

Independent Variables D ~ Habitat D ~ Habitat D ~ Habitat * D ~ Habitat D ~ Habitat
+ Avg. Soil * Avg. Soil Avg. Change in + Avg. Soil + Avg. Soil
Moisture * Avg. | Maximum Temp. | Daily Soil Temp. Moisture Minimum Temp.
Soil Temp.
Intercept 2.25+0.66 2.82+0.53 2.73+0.49 2.59+0.51 2.69+0.50
Sandhill 2.55+1.03 2.15+0.73 2.27+0.69 2.25+0.74 2.05+0.71
Avg. Change in Daily - - -0.23+0.48 - -
Soil Temp.
Avg. Soil Maximum - -0.39+0.59 - - -
Temp.
Soil Minimum Temp. - - - - -0.20+0.36
Avg. Soil Moisture 0.31+£0.48 - - 0.19+£0.37 -
Avg. Soil Temp. -0.08+0.53 - - - -
Sandhill:Avg. Change - - 0.87+0.70 - -
in Daily Soil Temp.
Sandhill:Avg. Soil - 0.85+0.76 - - -
Maximum Temp.
Avg. Soil Moisture: -0.53+0.43 - - - -
Avg. Soil Temp.

listed in Appendix S5). A/Cc model selection on the logistic
regressions for Pheidole adrianoi and Solenopsis invicta
showed the null model being ranked the best indicating
the lack of any statistical signal in their species-respective
models. Brachymyrmex depilis’ most plausible model was
a function of the interaction between average soil moisture
and average minimum soil temperature (P = 0.04, Pseudo-R?
= 0.74). Pheidole floridana’s most plausible model was a
function of average maximum soil temperature (P = 0.05,
Pseudo-R?=0.11). Pheidole metallescens’ EMERY, 1895 most
plausible model was a function of the additive effects of
average soil moisture and average minimum soil temperature
(P=0.07,0.09, Pseudo-R*= 0.12). It is important to note that
the next plausible model for P. metallescens was the null
model, and the two models were only different by a 44/Cc
of 0.2 with similar 4/Cc weights (Appendix S5). Therefore,
we did not evaluate P. metallescens occurrences. Pheidole
morrisii’s most plausible model was a function of average
minimum soil temperature (P = 0.02, pseudo-R* = 0.21).
Overall, subterranean ant diversity was dominated by
Solenopsis species and different in composition between
high pine sandhills and pine flatwoods. Those patterns
appeared to be related to soil temperature and moisture,
which consistently predicted belowground ant diversity
and species’ occurrences in the two different habitat types.

Discussion

Differences among habitats: Distinct multivariate differ-
ences between sandhill and flatwood sites are consistent
with the expectation that ant communities differ between
habitat types at local scales (BERMAN & ANDERSEN 2012,
Cross & al. 2016) (Fig.2 & 3). Distinct species compositions
existed between habitats, but sandhill sites were more similar
to one another than flatwood sites, indicating the greater
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homogeneity in soil habitat conditions in the sandhills.
This suggests that heterogeneous soil habitat conditions
affecting thief ants in flatwoods may result in more variation
in the species present in any given area. This clustering
also indicates the presence of a potential ecological driver
(soil temperature and moisture conditions by regressions)
for dissimilar species rosters found in both habitats. Such
drivers may be environmental filters resulting in different
survivorship or competitive abilities among species, ulti-
mately resulting in different species found in pine flatwoods
and high pine sandhills. Results here describe patterns in
species composition; elucidating actual drivers of these
patterns will require experiments and careful observation
of species’ natural histories.

The known natural history of most of these species
agrees with their positions within the NMDS. Of the san-
dhill thief ant species, only Solenopsis tonsa, one of the few
truly subterranean species, is expected to occur strictly in
sandhill (Deyrup 2016). Solenopsis pergandei, another true
subterranean species can be found in other soils but tends
to be most common in open sandy areas such as sandhills.
Solenopsis tennesseensis, a suspected subterranean but also
litter-dwelling thief ant, is a supposed habitat generalist but
in this case, was closely associated with the sandhill sites.
Other species that were tightly clustered to the sandhills
were Pheidole metallescens, P. adrianoi, and P. floridana.
Pheidole metallescens is considered a predominantly upland
species that is usually found in high pine sandhills and
usually co-occurs with P. adrianoi. Pheidole floridana
is associated with drier habitats, like the sandhills, and
is less likely to be found in moist forested areas (DEyrup
2016). Flatwood species other than S. nickersoni included
B. depilis and P. morrisii. Brachymyrmex depilis, predom-
inantly sampled in the flatwoods, is considered a generally



Tab.4: Logistic regression model coefficients and their 95% confidence intervals for the most plausible model for every
successfully modeled thief ant species. Coefficients represent the log odds of the occurrence of the ant species relative
to different soil abiotic conditions. Bolded coefficients were significant at P < 0.05. All predictor variables were stand-

ardized for the models.

Independent variables Solenopsis carolinensis | Solenopsis pergandei | Solenopsis tennesseensis | Solenopsis tonsa

coefficients coefficients coefficients coefficients
Intercept 0.02+0.79 2.76+2.49 0.37+£0.84 -0.57+£0.94
Avg. Minimum Soil Temp. - -2.40+2.20 - -
Avg. Soil Moisture -1.04+0.99 -3.61+£3.06 - -1.85+1.37
Avg. Soil Temp. -1.04+1.01 - -1.42+1.07 -1.71£1.50
Avg. Soil Moisture: Avg. - 2.36+2.02 - -
Minimum Soil Temp.

Tab. 5: Logistic regression model coefficients and their 95% confidence intervals for the most plausible model for every
successfully modeled non-thief ant species. Coefficients represent the log odds of the occurrence of the ant species rel-
ative to different soil abiotic conditions. Bolded coefficients were significant at P < 0.05. All predictor variables were

standardized for the models.

Independent variables Brachymyrmex depilis | Pheidole floridana | Pheidole metallescens | Pheidole morrisii
coefficients coefficients coefficients coefficients
Intercept -3.26+0.91 -0.27+0.75 -0.77+0.82 -0.75+0.89
Avg. Maximum Soil Temp. - -0.86+0.85 - -1.48+1.26
Avg. Minimum Soil Temp. 4.49 +1.06 - -0.83+£0.97 -
Avg. Soil Moisture 5.56+1.08 - -1.01£1.07 -
Avg. Soil Temp. - - - -
Avg. Soil Moisture: Avg. -3.70+1.02 - - -
Minimum Soil Temp.
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occurrence: Local scale ant diversity is often weakly cor-
related with abiotic conditions and is usually more strongly
associated with local vegetation (Cross & al. 2016). However
for subterranean communities, gradients of abiotic conditions
such as soil moisture and temperature may heavily influence
their distribution at local scales (THompsoN 1980, LUBERTAZZI
& TscHINKEL 2003, WILKIE & al. 2010). Teasing apart how
local scale abiotic conditions affect diversity can be useful in
discerning drivers of diversity. Here we found that diversity
was predicted by an interaction between habitat types and
average daily soil temperature range, where subterranean
ant diversity increased with average daily temperature range
in sandhill habitats but decreased slightly in the flatwoods
(Fig.4, Tab. 3). Flatwood sites also experienced higher var-
iation in average daily soil temperature range than sandhill
sites. This result may indicate a more dynamic environment
in the flatwoods, where soil temperature can be influenced
by flooding events due to poorly drained soils. Flooding

Average Soil Temperature Difference °C

Fig.4: Most plausible simple linear regression model for
subterranean diversity. Y-axis represents the Jost diversity
index; X-axis represents average daily soil temperature
range (standardized) of the 3-day baiting period. Triangles
represent high pine sandhill sites and circles represent pine
flatwoods sites. Grey shading represents the 95% confidence
intervals of the model. The dashed line represents the inter-
action of sandhill habitat with soil temperature range while
the solid line represents the interaction of flatwood habitats
with soil temperature range (P = 0.02). Adjusted-R?= 0.60.

events in these areas as well as shallow water tables may
strongly constrain habitat space for these ants (LAMMERS
1987, LuBerTAZZ1 & TSCHINKEL 2003, TSCHINKEL & al. 2012).
Another possible explanation is that some ant species may
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Fig.5: Logistic regression models of Brachymyrmex depilis (left) and Solenopsis pergandei (right). Y-axis represents
occurrence; X-axis represents average minimum soil temperature (standardized). The interaction between average min-
imum soil temperature and average soil moisture (standardized) is represented through 4 facets (labels on right). Each
facet shows the model at three different average soil moisture levels and average soil moisture increases from the top to
the bottom facet. Colors differ for each average soil moisture level and colored shading represents the 95% confidence
intervals of the model at various levels of moisture. Pseudo-R? values for B. depilis and S. pergandei models were 0.74
and 0.59 and P-values for each model’s interaction were 0.04 and 0.02, respectively.

not be able to tolerate the wide temperature differences and
therefore prefer the lower soil temperature variation. It was
surprising to find no significant effects on diversity from
soil moisture as it could be a better proxy for indicating
periodic flooding. However, the relatively brief study did
not collect moisture data throughout a wet-dry season cycle,
so the full variation of soil moisture that may affect colony
distributions was not fully evaluated.

Depths to water tables and inundation dynamics may
not drive species composition and diversity differences
between the two habitat types. Logistic regressions showed
that environmental soil gradients serve a significant role in
the occurrence of thief ants and co-occurring ants found
in our sampling. For example, in low soil moisture, cooler
minimum soil temperature increases the chance of Sole-
nopsis pergandei occurrence but in high moisture soils,
lower minimum soil temperature decreases the chances
of occurrence. This suggests that S. pergandei might be
sensitive to the synergistic effects of both soil moisture
and temperature.

The logistic regression for Solenopsis carolinensis
showed significant negative effects on the chances of its
occurrence as soil temperature and moisture increased. The
same significant effect on the same parameters were also
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observed for S. fonsa. Finally, S. fennesseensis occurrence
was negatively affected by increasing soil temperature.
Across these four thief ant species there is thus a trend
of decreasing occurrence as soil moisture or temperature
increases (Tab.4). These four species were also all posi-
tioned tightly within the same sandhill cluster from the
NMDS analysis suggesting, again, soil abiotic conditions
as a potential driver for that thief ant clustering. This is
congruent with previous assumptions found from THomp-
soN (1980) that highly moist and inundation-prone areas
may not be suitable for the persistence of these species as
well as a study from Texas (LAMMERs 1987) where it was
suggested that subterranean foraging by thief ants may be
limited by soil moisture.

When considering the occurrence of other non-thief
ant species in flatwoods within the context of the NMDS
analysis, only B. depilis occurrence was modelled suc-
cessfully in the flatwoods. A sandhill species, Solenopsis
pergandei, was modeled with the same predictors but
responded in opposite directions (Fig. 5, Tabs. 4, 5). These
contrasting patterns suggest environmental filtering as po-
tential mechanism explaining their occurrence in disparate
habitats. Brachymyrmex depilis could be more sensitive to
xeric conditions as indicated by lower occurrences at lower



Habitat Type . Flatwood

Sandhill

Aboveground Abundance

Belowground Abundance

Trachymyrmex =
Solenopsis =
Pogonomyrmex =

Pheidole =

Odontomachus = .
Ochetellus = ‘
Nylanderia = .

Leptothorax = .
g Hypoponera =
s )
o Formica = .
Forelius = I
Dorymyrmex =| .
Cyphomyrmex = I

Crematogaster = |
Cardiocondyla = |
Camponotus =

Brachymyrmex =

Aphaenogaster =

0.2 0.4

T
0.6

T
0.0 0.2 0.4 0.6

Proportion of Abundance

Fig. 6: Abundance of aboveground and belowground sampling. Y-axis represents ant taxa at the genus level. X-axis rep-
resents the proportion of total abundance per sampling type. Dark sections of the bars represent abundance found in pine
flatwood areas and lighter sections represent abundance found in high pine sandhill areas. Note: Solenopsis invicta has

been removed from the datasets represented in the figure.

levels of soil moisture while S. pergandei tends to show
the opposite trend. These results support previous sugges-
tions that Florida’s subterranean thief ants may occur more
frequently in well-drained soils (e.g., high pine sandhill
ecosystems) (THompsoN 1980, LaMMERs 1987). A wider
range of environmental conditions in other habitats and
locations should also be considered to verify the patterns
observed here, in sandy soils.

Although our models show evidence indicative of envi-
ronmental filtering in certain subterranean species, patterns
of occurrence of thief ants may also be affected by the oc-
currence and distributions of potential prey in the context
of the purported lestobiotic interactions that thief ants have
with other ants, especially larger-bodied ant species. To
further understand the role that species interactions may
play in shaping subterranean ant distributions, there is a
need for detailed information on, for example, the local
distribution of thief ant colonies in relation to other colonies.
Unfortunately, no such data exists but we can cautiously infer
patterns of co-occurrence from aboveground pitfall data.

A comparison of studies: This study showed the
dominance of thief ants among small-bodied ants in the
subterranean environment of central Florida’s sandy soils.
Furthermore, our community analyses indicate significantly
distinct subterranean ant communities between flatwood
and sandhill habitat types. Moreover, the diversity of these
communities can be predicted using soil abiotic conditions.

Subterranean thief ant diversity patterns remain largely
enigmatic in most regions of the world, so the results of this
study are the first quantitative assessments of the diversity
and distribution of an abundant group of subterranean ants
and the abiotic predictors of that diversity.

This study complements two other subterranean sam-
pling studies in Florida (Tallahassee and Gainesville) and
is one of few studies globally to assess abiotic predictors
of subterranean ant diversity patterns (THompsoN 1980,
LuBerTazzI & TscHINKEL 2003). Ants in the Solenopsis
genus dominate the subterranean thief ant communities
in both north and central Florida. 15 total species were
found in belowground samples here while 20 species were
captured in north Florida (LuBerTAZZI & TscHINKEL 2003).
Solenopsis pergandei, was the most dominant species in
our study, but not in north Florida. THompson (1980) de-
scribed S. pergandei as an “occasional dominant” species
in north-central Florida (Gainesville). The dominant thief
ant in both the Tallahassee and Gainesville studies was S.
carolinensis. This indicates a transition between S. per-
gandei and S. carolinensis as dominant thief ants between
central and north Florida. Other species occurrences, in-
cluding Pheidole dentata, P. floridana, P. metallescens, and
Brachymyrmex depilis were found in studies of THomPsON
(1980), LuerTAZZI & TscHINKEL (2013), and results here.
Our study provides further evidence of the widespread,
high abundances of thief ants in this region. It is also clear
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that the subterranean ant communities of semi-tropical
and temperate Florida are not as diverse as subterranean
communities in the Neotropics (THompsoN 1980, LUBERTAZZI
& TscHINKEL 2003, WILKIE & al. 2007) where as many as
47 species were recorded at local scales.

Sampling methods differed between 2012 aboveground
sampling (pitfall traps) and belowground baits in this study;
comparisons are made with caution. Aboveground samples
collected more species (37 species in 18 genera), and abun-
dances were more evenly distributed than in our below-
ground sampling. Aboveground, the genus Pheidole is most
abundant followed closely by Solenopsis and Camponotus.
Solenopsis pergandei and S. tonsa, two truly subterranean
species, were not recorded in any of the aboveground traps.
However, belowground, Solenopsis remains dominant by
quite a large margin (Fig. 6). Aboveground species richness
remains relatively the same with 32 species in the flatwoods
and 35 in the sandhill. The aboveground ant community
seems to have a higher abundance of individuals across the
genera present in sandhill habitat when compared to flat-
woods habitat. However, several genera show the opposite
trend, including Formica and Nylanderia. Considering the
temporal difference in the pitfall data and the subterranean
data we suggest that it is possible that sandhill habitats may
serve as areas of higher abundance of larger-bodied ants that
can serve as potential prey for thief ants.

Lestobiosis and subterranean ant communities: This
study affirms the general dominance of thief ants in Florida
upland soils (THompsoN 1980, LuBerTAZZI & TSCHINKEL 2003).
If thief ants are truly lestobiotic, then their widespread
abundance, now shown by three studies in Florida (including
this one), suggests potential for substantial effects on co-
occurring ants, including direct and indirect effects via brood
raiding and generalist predation (THompsoN 1980, BUREN
1983, LaAMMERS 1987, NicHOLS & SITES 1991, YAMAGUCHI &
Hasecawa 1996, ViNsoN & Rao 2004). Further sampling is
needed to evaluate subterranean ant communities among
various ecosystems, and the environmental conditions that
may potentially predict the diversity and distributions of
these lesser-known ant communities.
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