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Abstract 31 

As soil ecosystem engineers, ground-nesting ants alter various physicochemical properties of 32 

soils globally. However, less is known about how ant behaviors including bioturbation and 33 

hygiene affect microbial communities, such as by altering habitat complexity, resource 34 

availability, and competitive dynamics. Interactions such as this are increasingly recognized 35 

as important components in shaping the structure and function of ecological communities. 36 

In this review, we summarize current knowledge on the ecological consequences of ant-37 

driven processes for soil microbial biodiversity patterns and dynamics. We evaluate the 38 

impacts of ants on microbial communities across scales, from effects within the ant nest, 39 

beyond the nest into foraging areas, and ultimately across landscapes. We highlight that ants 40 

maintain close symbioses with various fungal and bacterial species, selectively employ 41 

species-specific antibiotics, maintain abiotic gradients through nest construction and 42 

foraging tunnel activities, create mosaics of differential selection on microbes across 43 

landscapes, and also act as dispersal agents for microbes. We also present commonly used 44 

methods in microbial ecology for capturing and quantifying microbial community 45 

characteristics, for myrmecologists interested in exploring new avenues of research and 46 

collaborations within this emerging field. 47 

 48 

Introduction 49 

Understanding how species interactions influence population dynamics and community 50 

diversity is a central goal of ecology (MAY 1972, CHESSON 2000). In natural ecosystems, 51 

interactions occur across biological scales of organization, including animals and 52 

microorganisms, shaping species persistence and biodiversity patterns (JANZEN 1977). Recent 53 

research has shown that microbial populations can affect animals by influencing the timing 54 

of key life-history events (METCALF & al. 2019) and fitness consequences through interaction 55 

effects (KNUTIE & al. 2017, GOULD & al. 2018). Similarly, microbial interactions themselves 56 

have long been recognized as critical for ecosystem functions, given their central roles in 57 

energy flow and matter cycling (LINDEMAN 1942, AZAM & MALFATTI 2007, FALKOWSKI & al. 2008, 58 

CORDERO & DATTA 2016). However, the reciprocal aspect of these interactions – how do 59 

animals influence microbial community dynamics and diversity patterns? – remains poorly 60 

understood.  61 

 62 

Animals play a key role in shaping ecosystem structure and function through both 63 

consumptive and non-consumptive effects. Historically, ecological theory emphasized the 64 

role of consumptive interactions like predation and herbivory in regulating population and 65 

diversity patterns (HAIRSTON & al. 1960, PAINE 1966, OKSANEN & al. 1981). But more recent 66 

work has expanded on these frameworks to include non-consumptive effects, such as trait-67 

mediated interactions and habitat modification, which can cascade through ecological 68 

communities and influence community structure and composition (WERNER & PEACOR 2003, 69 

SCHMITZ & al. 2004, PECKARSKY & al. 2008, SCHMITZ 2017). These diffuse, cross-scale interactions 70 

are now central to the emerging field of zoogeochemistry, which examines the impacts of 71 

animals on microbially-mediated processes like carbon storage and nutrient cycling (VANNI 72 

2002, ESTES & al. 2011, SCHMITZ & al. 2018, LEROUX & SCHMITZ 2025). Within this context, ants 73 

emerge as especially important organisms due to their remarkable abundance and 74 

widespread distribution. Recent estimates suggest that there are about 20 quadrillion ant 75 

individuals worldwide with a total biomass of 12 megatons dry carbon, which exceeds that 76 

of all wild birds and mammals combined (SCHULTHEISS & al. 2022). These patterns, coupled 77 

with their status as ecosystem engineers through intimate associations with the biophysical 78 



3 

matrix of the soil (JONES & al. 1996, LAVELLE & al. 2006, VILES & al. 2021, WU & al. 2025), 79 

position ants as key animals that may exert biotic controls on microbial diversity and 80 

processes via higher order interactions.     81 

 82 

Yet, the outcomes of such animal-driven processes can vary widely depending on 83 

environmental context (SCHMITZ & al. 2015). As such, context-dependency, or the tendency 84 

for the strength and direction of interactions to vary based on environmental conditions, is 85 

increasingly recognized as a key feature of ecological systems (BERTNESS & CALLAWAY 1994, 86 

CATFORD & al. 2022). In microbial ecology, community assembly processes and diversity 87 

patterns are often highly contingent on both biotic and abiotic factors (HOEK & al. 2016, 88 

BITTLESTON & al. 2020). This variability extends to animal-microbe systems, where local 89 

environmental conditions play a crucial role in shaping both the outcomes of species 90 

interactions (DAHAL & al. 2023) and their broader ecosystem effects (LI & al. 2021, MEYER & 91 

LEROUX 2023, VANDERPLOEG & al. 2023). For example, a global meta-analysis by (MCCARY & 92 

SCHMITZ 2021) found that invertebrate detritivores with bioturbating traits increased 93 

decomposition rates by 28% and soil nitrogen availability by 99%. But the effect sizes were 94 

found to be substantially variable, highlighting how ecological consequences of even 95 

functionally similar organisms can be strongly shaped by contingent factors. These 96 

sensitivities are particularly relevant for small-bodied organisms like invertebrates and 97 

microbes, whose population dynamics are more prone to nonlinear and potentially chaotic 98 

dynamics (ROGERS & al. 2022). Such dynamic instability may help explain the pronounced 99 

context-dependency observed in these groups.   100 

 101 

Among invertebrates, ants represent a particularly compelling yet underexplored model for 102 

studying the consequences of animal-driven processes on microbial community assembly, 103 

structure, and function. Through localized behaviors, such as bioturbation, nest 104 

construction, and foraging, ants alter habitat complexity, resource availability, and 105 

competitive dynamics, thereby providing a dynamic interface for exploring zoogeochemical 106 

processes (HÖLLDOBLER & WILSON 1990, FOLGARAIT 1998, JOUQUET & al. 2006, FROUZ & JILKOVÁ 107 

2008). Similarly, their high abundance and broad global biogeographic distribution affords 108 

both observational and experimental studies with natural populations across a range of 109 

environmental gradients (SCHULTHEISS & al. 2022). Importantly, ants operate at scales large 110 

enough to produce landscape-level effects, yet small enough to allow spatiotemporal 111 

tracking, which may not be readily feasible when working with larger animals. Finally, 112 

extensive literature on ant natural history and ecology has revealed emergent properties, 113 

ranging from keystone intransitivities to spatially clustered networks of pest control, that 114 

makes ants ideal systems for probing the links between cross-scale interactions and 115 

biodiversity maintenance in highly heterogeneous and microbially diverse soil environments 116 

(WAY & KHOO 1992, VANDERMEER & al. 2008, LAVELLE & al. 2016, VANDERMEER & PERFECTO 2023).  117 

 118 

Ground-nesting ants are a diverse group of animals found across various ecosystems, 119 

ranging from forests and grasslands to deserts and urban areas, and include well-known 120 

genera such as Solenopsis, Atta, Acromyrmex, Formica, Lasius, Pheidole, Pogonomyrmex, and 121 

Tetramorium, among many others. These ants typically construct elaborate networks of 122 

subterranean tunnels and chambers that range from a few centimeters to several meters 123 

deep, and provide them protection from predators and environmental stressors (TSCHINKEL 124 

2003, TSCHINKEL 2015). Additionally, ground-nesting ants play important ecological roles by 125 

influencing nutrient cycling, soil structure formation, seed dispersal, arthropod and plant 126 
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community structure, crop yields, and various other ecosystem services (HANDEL & BEATTIE 127 

1990, KRUSHELNYCKY & GILLESPIE 2008, EVANS & al. 2011, DEL TORO & al. 2012, OFFENBERG 2015, 128 

VILES & al. 2021, WU & al. 2025). 129 

 130 

In this review, we summarize current knowledge on the ecological consequences of ant-131 

driven processes for soil microbial biodiversity patterns and dynamics. We distinguish the 132 

impacts of ants within and beyond their nests, as most research to date has focused on the 133 

former, even though ant behaviors and activities differ dramatically over this dynamic 134 

boundary. We also present a table of commonly used methods in microbial ecology for 135 

capturing and quantifying microbial communities. This list is intended as a synthesized 136 

resource to guide myrmecologists who are interested in exploring and collaborating on 137 

various aspects of ant-microbial interactions. Finally, we also explore the implications of ant-138 

microbial interactions for spatial patterns of microbe diversity in soil, underscoring the 139 

potential role of ants in microbial dispersal and metapopulation dynamics across 140 

heterogeneous landscapes.  141 

 142 

1. Within The Nest: Ground-nesting ants most directly shape soil microbial communities 143 

within the bounds of their nests, via localized behaviors, namely hygiene and bioturbation of 144 

soils (WILKINSON & al. 2009). To regulate homeostatic nest conditions, ants modify the 145 

physical environment to create biogenic structures, gather food from foraging areas, engage 146 

in individual and peer hygienic behaviors, and use glands that produce antibiotic defense 147 

compounds. Ultimately, these mechanisms can alter local soil physical, chemical, and 148 

biological properties (URBAŃCZYK & SZULC 2023), including soil structure, resource availability, 149 

habitat complexity, and microbial community and/or biofilm dynamics. Additionally, in 150 

contrast to some traditional views in ecology that tend to ignore microbial diversity, we 151 

suggest how more detailed microbial community ecology can be important for overall soil 152 

functions and nutrient dynamics. 153 

 154 

1.1. Fungus Cultivation: The classic and most well-studied example (CURRIE & al. 1999, 155 

CALDERA & al. 2009, SUEN & al. 2011, ALLEN & al. 2023) of ant effects on soil microbial 156 

communities is the mutualism that, similar to other insect-fungal mutualists (JOSEPH & 157 

KEYHANI 2021), co-evolved ca. 66 million years ago between fungus-growing ants (tribe Attini) 158 

and their cultivated nest symbiont fungi, which digest the leaf tissues gathered to then serve 159 

as ant food (HÖLLDOBLER & WILSON 1990, SCHULTZ & al. 2024). Ant-fungus mutualisms are 160 

widespread, present in over 200 species of ants, with the leaf-cutting ant group containing 161 

over 70 species, although much research has focused on Atta and Acromyrmex (CALDERA & al. 162 

2009). Their basidiomycete fungal cultivars are similarly diverse, with nearly 300 ant-163 

cultivated fungal species in the order Agaricales, and a notable focus on the Leucocoprinae 164 

fungal tribe (SCHULTZ & al. 2024). Past research has focused on ant-fungal co-evolution 165 

(NORTH & al. 1997), which finds interesting patterns: variable specificity in the mutualism 166 

pairing, ranging from the evolution of ant colony-level fungal lineages (MUELLER & al. 2011), 167 

the detection of broad fungal functional groups based on grass- or dicot-feeding ant 168 

preferences; and sister clades of fungi being cultured by closely-related non-leaf cutting 169 

ants, such as Trachymyrmex (MUELLER & al. 2017). Within a nest, fungal lineages are mostly 170 

cultivated as monocultures (MUELLER & al. 2010), which ant workers actively curate by 171 

maintaining hygiene of their body’s microbiome to prevent spoilage of their food.  172 

 173 
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Ant body microbiomes often contain components to detect (GOES & al. 2020) and defend 174 

against pathogens, including plant pathogens (OFFENBERG & DAMGAARD 2019) and pathogens 175 

specific to fungal cultivars, such as the ascomycete Escovopsis. The Escovopsis fungus is 176 

controlled via antibiotics that are produced by bacterial commensalists living on ant bodies, 177 

which include some lineages of Actinobacteria. The main Actinobacteria studied is 178 

Pseudonocardia, which can spread spores widely, yet its population structure mirrors that of 179 

its ant host colonies (CALDERA & CURRIE 2012). The consequences of such complex ant-180 

associated microbial interactions are the generation and maintenance of bacterial 181 

biodiversity at finer levels of strains within microbial species, despite natural selection also 182 

operating genus levels and coarser taxonomic resolutions. Finer strain-level diversity in 183 

bacteria may have implications for their activity and functions in soil, as strains are widely 184 

known to show different functions (PARK & al. 2022, ANDERSON & BISANZ 2023), such as in 185 

disease (YAN & al. 2020, HOQUE & al. 2021). Furthermore, the complex Attini-Agaricales-186 

Escovopsis-Pseudocardonia relationship described here, and found with similar species 187 

(GEHRING & BENNETT 2009) in similar settings, can clearly intransitive interaction structures, 188 

and thus should be studied as such for more realistic understanding of long-term predictions 189 

in nature (VANDERMEER 2011, SOLIVERES & al. 2018, SOLIVERES & ALLAN 2018, LOZANO & al. 2019, 190 

VANDERMEER & PERFECTO 2023, VERDÚ & al. 2023), and we encourage this further research to 191 

uncover future community dynamics helpful for biological control. 192 

 193 

1.2. Hygiene: Ant body microbiomes and hygiene are basic mechanisms that shape soil 194 

microbial communities, namely via ant metapleural glands. Metapleural glands distinguish 195 

ants from other Hymenoptera (HÖLLDOBLER & WILSON 1990) and function as a source of 196 

secreted chemicals that ants spread to groom themselves and larvae, in part due to 197 

antimicrobial effects of the secreted chemicals (STOW & BEATTIE 2008, YEK & MUELLER 2011). 198 

Secreted chemicals are relatively acidic (MASCHWITZ 1974), and is a strategy promoted by 199 

eusociality (STOW & al. 2007) that is also implemented by Attine ants for gardening fungal 200 

monocultures (FERNÁNDEZ-MARÍN & al. 2006). Secretions from the metapleural gland have 201 

variable efficacy in preventing germination of fungal spores (BEATTIE & al. 1985, BEATTIE & al. 202 

1986), which implies that metapleural secretions filter and/or select for certain microbial 203 

taxa. However, much remains unknown about this mechanism of action filtering soil 204 

microbial communities, such as whether metapleural secretions can be specific to certain 205 

microbes, and whether this specificity changes across ant species. 206 

 207 

Overall, microbial filtering effects of ant sanitation and hygiene may work in opposition to 208 

microbial inoculation effects from ant diets, and together form dialectic processes shaping 209 

ant nest soil microbial community assembly. For example, venom production is another 210 

mechanism that can shape microbial communities, specifically inhibiting microbial biofilm 211 

formation in the fire ant Solenopsis invicta BUREN, 1972 (CARVALHO & al. 2019). Other glands 212 

can also produce antibiotic compounds (OFFENBERG & DAMGAARD 2019), which could scale up 213 

to shape plant disease dynamics (OFFENBERG 2015). Less is known about such effects of 214 

antibiotic compounds from other ant glands on specific microbial groups, as well as the 215 

collective sum of antibiotics used by a single ant species or how this might differ between 216 

ant species. Ant-derived antimicrobial compounds are selectively used when needed (OBIN & 217 

VANDER MEER 1985, FERNÁNDEZ-MARÍN & al. 2006). These compounds may also be tailored to 218 

nest pathogens, leading to disproportionate survival of microbes that do not pose direct 219 

threats to ants (FERNANDES & al. 2018).  220 

 221 
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1.3. Nest Microbiome: Among the non-Attine ants, other ground-dwelling ants have been 222 

found to increase microbial diversity (DELGADO-BAQUERIZO & al. 2019, LINDSTRÖM & al. 2019), 223 

but studies have not tested explicit community assembly mechanisms (STEGEN & al. 2013, 224 

STEGEN & al. 2015, TRIPATHI & al. 2018). Specifically, patterns of microbial biodiversity in large 225 

and long-lived Iridomyrmex purpureus (SMITH, F., 1858) ant nests include enrichment in 226 

opportunistic, faster-growing, and copiotrophic microbes, as well as those capable of 227 

antibiotic production (DELGADO-BAQUERIZO & al. 2019). Fast-growing microbes included plant 228 

pathogens and bacteria in the phylum Bacteroidetes, as well as fungi in the division 229 

Chytridiomycota and archaea in the genus Nitrososphaera. Oligotrophic Acidobacteria 230 

abundances were reduced in nests, while decomposer fungi and plant root symbionts were 231 

not significantly different in ant nest soils. Additionally, harvester ant (Veromessor andrei 232 

(MAYR, 1886)) nests have shown enrichment in arbuscular mycorrhizal fungi (FRIESE & ALLEN 233 

1993), which are critical for most plants’ acquisition of phosphorus (WEBER & al. 2025). 234 

Clearly, ant nests can serve as unique reservoirs for microbial biodiversity including archaea, 235 

which can scale up to affect plant primary production (FARJI-BRENER & WERENKRAUT 2017), such 236 

as in agricultural systems (WU & al. 2025). Ultimately, however, research on the underlying 237 

mechanisms explaining these ant effects on microbial communities remain understudied and 238 

microbial community assembly processes should be explicitly tested (NEMERGUT & al. 2013). 239 

 240 

1.4. Gut Microbiome: Many studies of ant microbiomes focus on internal gut community 241 

membership, which likely reflects both diet and genetic selection by the internal gut 242 

microenvironment. Ant diets come from variable resources (ROCHA-ORTEGA & GARCÍA-MARTÍNEZ 243 

2018) and can consist of macroinvertebrates varying widely in microbiome (WAGNER & al. 244 

1997). There is additional variation in core internal gut microbiome composition, such as in 245 

harvester ants (GAMBOA & al. 2025) and the ant species Diacamma cf. indicum SANTSCHI, 1920 246 

in Japan, whose compositions are dominated by an unknown Firmicutes bacterial species 247 

(SHIMOJI & al. 2021). Furthermore, cephalotine ant gut bacterial communities were found to 248 

be more likely to be shared within trophic level, even across phylogenetically distinct 249 

lineages, suggesting stronger effects of diet and/or convergent evolution, as core community 250 

members (i.e. Rhizobiales bacteria) are likely key in aiding ant nitrogen metabolism 251 

(ANDERSON & al. 2012). Ant gut microbiomes can also affect nest soil microbiomes through 252 

the excretion of ant feces (PEREIRA & al. 2020, COLE & al. 2021), which serve as nutrient 253 

hotspots and inocula from which soil microbial community dynamics can then emerge. 254 

 255 

1.5. Soil Microhabitats: Ants also shape soil microbial communities by modifying several 256 

aspects of soil microenvironments throughout their nests, although previous studies tend to 257 

focus on soil chemical variables. Overall, ant nests are built to maintain homeostasis via a 258 

regulated environment, which includes soil temperature and moisture (JONES & OLDROYD 259 

2006, BIERBAß & al. 2015). Indeed, ground-nesting ants tend to have a protein-rich diet 260 

consisting of insects (FRIZZI & al. 2020) as shown in their waste (HUDSON & al. 2009), unlike 261 

leaf-dwelling ants that more likely focus on tending carbohydrate reservoirs (VANDERMEER & 262 

al. 2010, VANDERMEER & al. 2019). Accordingly, previous studies show lower, more acidic pH, 263 

and occasionally higher (CAMMERAAT & al. 2002) or lower (DOSTÁL & al. 2005) organic carbon 264 

and inorganic nutrient concentrations, such as phosphorus and potassium in Pachycondyla 265 

striata SMITH, F., 1858 nests (ALMEIDA & al. 2019), but lower calcium and magnesium 266 

concentrations in grassland nests of the yellow meadow ant Lasius flavus (FABRICIUS, 1782) 267 

(DOSTÁL & al. 2005). Nests of Lasius flavus have also been reported to be hotspots of nutrient 268 

cycling, showing lower carbon mineralization, but higher nitrogen mineralization and base 269 
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cations, as well as higher leachable dissolved organic carbon and nitrogen (BIERBAß & al. 270 

2015). Ant nest effects on soil chemistry can also vary by habitat, such as by elevation, 271 

where carbon and nitrogen are higher at low elevations but lower at higher elevations, 272 

possibly due to deeper nest architecture in drier soils (SANKOVITZ & PURCELL 2022). There may 273 

also be temporal legacy effects or soil memory of soil nutrient enrichment by ants, as found 274 

for Atta colombica GUÉRIN-MÉNEVILLE, 1844, where decomposition of ant waste material 275 

enriched soils in nitrogen and phosphorus up to one year after nest abandonment (HUDSON & 276 

al. 2009). In addition to nitrogen-rich insect protein diets, higher nutrient levels require 277 

higher mineralization rates by soil bacteria and fungi, but microbial activity is rarely 278 

measured (DAUBER & WOLTERS 2000). Ultimately, ant effects on soils can scale up to affect 279 

plant growth by stimulating both green shoot and root biomass (FARJI-BRENER & WERENKRAUT 280 

2017), and even scale up to increase leaf nitrogen concentrations (WAGNER & FLEUR NICKLEN 281 

2010). 282 

 283 

There has been comparatively less focus on how ants modify soil structure (CAMMERAAT & 284 

RISCH 2008), despite the increasing recognition of soil structure as important for shaping soil 285 

microbial communities (KRAVCHENKO & al. 2014, BAVEYE & al. 2018, KRAVCHENKO & al. 2019) as 286 

well as nutrient cycling (KRAVCHENKO & GUBER 2017, VOGEL & al. 2022, MEDINA & VANDERMEER 287 

2023). As part of their nest (and niche) construction process (VANDERMEER 2008, LALAND & al. 288 

2016), ants are fundamentally integral parts of the soil fragmentation and formation process 289 

shaping overall soil geomorphology (WHITFORD & ELDRIDGE 2013). Intuitively, ant body size will 290 

correspond with mandible size (TSCHINKEL & al. 2003), which then corresponds with soil 291 

fragment size excavated and particles used for nest construction (AVILA-NÚÑEZ 2023), leading 292 

to changes in soil texture and bulk density (CAMMERAAT & RISCH 2008), microbial community 293 

compositional differences by specific ant colony identity (LUCAS & al. 2017), and possibly 294 

even colony developmental stage where microbial succession increases microbial diversity 295 

(NEPEL & al. 2023). This interspecific variation in excavation processes likely lead to 296 

differences in soil porosity, average pore size for workers to travel through, and pore 297 

network connectivity, all of which have significant impacts on soil microbial activity 298 

(KRAVCHENKO & GUBER 2017, KRAVCHENKO & al. 2019). However, it remains unclear how 299 

microbial community shifts underlie changes in nest architecture and geometry, which 300 

overall remains understudied (TSCHINKEL & al. 2003, RÖMER & ROCES 2014, FORTI & al. 2018). 301 

 302 

Ant nest construction can also shape soil aggregation, which is also increasingly recognized 303 

as important for long-term soil fertility and organic matter storage (AHMADI & al. 2011, BLAUD 304 

& al. 2014, CHAPLOT & COOPER 2015, RILLIG & al. 2017, CHEN & al. 2022). During the nest 305 

construction process, in addition to preferring to use slightly harder soils, e.g. mineral or 306 

compacted, ants use their saliva to help cement soil particles together (BRIAN 1983). As a 307 

result, ant nests likely affect soil aggregate characteristics, such as stability and/or average 308 

diameter (ECHEZONA & IGWE 2012), but direct research on this aspect of soil development 309 

remains limited. Soil aggregation can shape microbial community diversity and composition 310 

(BACH & al. 2018), such as through biofilm formation (BÜKS & KAUPENJOHANN 2016, LEHMANN & 311 

al. 2017, WU & al. 2019) and modifying meta-population dynamics (JACKSON & al. 2014), but 312 

additional distinguishing underlying mechanisms that are specifically mediated by soil 313 

aggregates (BAILEY & al. 2013) remains an area for future study. 314 

 315 

Fine-scale variation in bioturbation processes during ant nest construction then scales up to 316 

shape whole nest sizes and geometry. Broadly, ant nest architecture and geometry remains 317 
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poorly understood, in part because ant nests and soil microbial communities are often 318 

studied separately (BOTTINELLI & al. 2015). However, specific examples of nest architecture 319 

exist for common ant genera including Formica (MIKHEYEV & TSCHINKEL 2004), Camponotus 320 

(TSCHINKEL 2005), Odontomachus (CERQUERA & TSCHINKEL 2010), and Pogonomyrmex harvester 321 

ants (TSCHINKEL 2004). Given that each chamber differs in function, such as to hold food or 322 

brood, chambers also very likely harbor different microbiomes, as shown in Azteca trigona 323 

EMERY, 1893 (LUCAS & al. 2019) and other invertebrates (ZHU & al. 2021). Over longer 324 

evolutionary time scales, ant nest-associated microbiomes may then feedback to shape the 325 

ant nest architecture, such as through constructing waste or brood chambers to have 326 

microclimatic properties minimizing pathogenic or encouraging beneficial microbial 327 

communities. 328 

 329 

2. Beyond the Nest: Ants also impact microbial communities beyond their nests. Functional 330 

domains in soils, a concept coined by ANDERSON (1995) and elaborated on by LAVELLE (2002), is 331 

particularly useful in conceptualizing both the spatiotemporal aspects of regulation of 332 

microbial activity and soil processes, but also the hierarchical position that ants and other 333 

soil engineers assume when compared to the many other factors at play. Ants and other 334 

macrofaunal soil ecosystem engineers sit at a critical connecting point between micro and 335 

macro scales, wherein they determine the architecture of soils through the creation of 336 

aggregates and pores across plot scales, which then form the habitat and substrate access to 337 

microbial food webs (LAVELLE & al. 2006, LAVELLE & al. 2016). Different ant species have 338 

differing effects on microbial community composition and activity (DAUBER & WOLTERS 2000, 339 

BOOTS & al. 2012, FERNANDES & al. 2024), so when considering communities of ants, one can 340 

begin to visualize a mosaic of ant colonies, each assemblage uniquely affecting microbial 341 

communities in particular and potentially complementary ways. Here we highlight possible 342 

mechanisms of interest regarding the various ways through which ants may impact microbial 343 

communities beyond the nest. 344 

 345 

2.1. Ant Mosaics: The concept of ant mosaics has already been well-characterized within the 346 

sphere of arboreal ants, and is defined by mutually exclusive territories of dominant ants 347 

that also house several co-occurring non-dominant or submissive ant species, thus creating 348 

unique assemblages of ant species (ROOM 1971, BLÜTHGEN & STORK 2007). Ant mosaics have 349 

been shown to structure arthropod communities and related ecosystem impacts, with 350 

resident ants shifting the biotic contexts of ecological interactions (LESTON 1973, DEJEAN & al. 351 

1997, STÜBER & al. 2021). While ant mosaics have been traditionally applied to arboreal ants, 352 

we believe that this framework is useful for understanding not only the distributions of 353 

ground-nesting ants and arthropod communities, but also soil microbial communities and 354 

their subsequent impacts on ecosystem processes, particularly in environmental contexts 355 

where ant-mediated top-down controls are ecologically relevant. 356 

 357 

Ant mosaics are spatiotemporally heterogeneous. With the passage of time, mosaics can 358 

either shift or remain static, and (PERFECTO & VANDERMEER 2013) suggested that competitive 359 

intransitivity drives shifting mosaics whereas competitive hierarchy drives static ones. 360 

Additionally, the presence of parasitoids can introduce nonlinear higher-order effects that 361 

complicate the spatial dynamics generated by intransitive competition, which has been 362 

shown both empirically and theoretically (VANDERMEER & PERFECTO 2020, VANDERMEER & 363 

PERFECTO 2024a). Contrary to traditional notions of ant mosaics, dominant ants can also drive 364 

the disassembly of co-occurrence patterns that would otherwise occur among subordinate 365 
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ants (SANDERS & al. 2007). While ground ant nests may seem stationary, they are more 366 

mobile than conventionally thought, and nest relocation likely plays a role in mosaic re-367 

formation as well, although nest movement is poorly characterized for most ant species and 368 

can be influenced by many non mutually-exclusive factors (MCGLYNN 2012). All of this can all 369 

affect the so-called ‘pattern mobility’ of ant mosaics through time, which will have important 370 

implications for temporal aspects of ant-microbe interactions through colony residence 371 

times and cultivation of species-specific microbial communities.  For example, a mosaic with 372 

high pattern mobility may result in less heterogeneity over landscape scales, as (DAUBER & 373 

WOLTERS 2000) found that young Lasius flavus mounds lack the typical features characterizing 374 

the microbial communities of mature mounds, suggesting that nest residence time is an 375 

important factor in the alteration of microbial communities. 376 

 377 

LAVELLE & al. (2006) broaches the idea of mosaics of functional domains for soil invertebrates, 378 

which has been observed in earthworms, where different earthworm species assemblages 379 

formed distinct areas of influence, either increasing or decreasing bulk density of the soil 380 

(ROSSI 2003). Effects like this are likely most pronounced for organisms that are sessile or 381 

semi-sessile, like the iterative nesting behavior of social organisms, due to their ability to 382 

form physicochemical gradients over space. Through physical modification of soils and 383 

nutrient loading via nest-building activities, termites (Odontotermes spp.) support soil 384 

microbial activity, facilitating decomposition and mineralization of nutrients. These hotspots 385 

of microbial activity regulated by termite activity were found to create spatial structure and 386 

regulate ecosystem function of black cotton savannas in Kenya (FOX-DOBBS & al. 2010). Many 387 

ground-nesting ant species also maintain sizable and semi-sessile (MCGLYNN 2012) nests that 388 

could feasibly recreate similar patterns, although there is a dearth of literature assessing 389 

these local gradients outside of the nest context. Most work to date compares nest to non-390 

nest (reference) soils in ants, which while useful, often assigns reference soils irrespective of 391 

the foraging activities of the colony of interest. This makes it difficult to ascertain any effect 392 

the ants may have throughout their foraging space, potentially ignoring the much larger 393 

footprint of influence that ants may have outside of their nest.  394 

 395 

2.2. Tunnel Formation: For soil-dwelling ants, tunneling activity may represent an important 396 

behavior that modifies soil bacterial communities within foraging areas. Solenopsis invicta, 397 

the red imported fire ant, is a globally distributed invasive ant species that engages 398 

extensively in tunneling, which can be as deep as 11 centimeters (MARKIN & al. 1975a) and 399 

extend as far as 15 meters away from a nest (TSCHINKEL 2011). During tunnel construction, 400 

(MARKIN & al. 1975a) found that S. invicta first forms an aboveground ant trail, but soon 401 

excavates vertical shafts every 10 to 24 cm along that trail, which then branch into several 402 

more horizontal tunnels. These branching tunnels eventually meet tunnels from other 403 

vertical shafts, forming a contiguous underground tunnel to the food source. This process 404 

occurred over as little as 48 hours. Constant and rapid bioturbation throughout the colony’s 405 

foraging area may enhance microbial activity, where mixing and aeration of soils by ants 406 

brings otherwise dormant microbes into contact with new digestible substrates, enhancing 407 

rates of chemical transformations (LAVELLE & al. 1995, LAVELLE & al. 2006). Tunnel excavation 408 

also oxygenates soils, which can alter microbial community composition and function 409 

(FENCHEL & FINLAY 2008), and increases soil porosity and hydraulic conductivity, which also 410 

increase microbial activity (TORBERT & AND WOOD 1992, WU & al. 2025). TRAVANTY & al. (2022) 411 

found that soils colonized by S. invicta had significantly different bacterial communities 412 

compared to unaffected soil, with elevated abundances of several taxa including 413 
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Actinobacteria, although this study investigated nest soil, so effects beyond the nest remain 414 

unknown. These ‘beyond-nest’ effects may also show intraspecific variation, where polygyne 415 

forms of S. invicta tend to form several smaller nests connected by tunnels (TSCHINKEL 2013), 416 

which may intensify effects of tunneling through inter-nest exchanges. Looking at ants more 417 

broadly, VILES & al. (2021) found that ants move a median of 1.5 tons of soil per ha annually 418 

and up to over 60 tons of soil per ha annually for species like Aphaenogaster longiceps 419 

(SMITH, F., 1858) in Australia and Pogonomyrmex badius (LATREILLE, 1802) in Florida, USA. 420 

There are few studies that investigate foraging tunnel formation behavior under natural 421 

conditions (MARKIN & al. 1975b, BERGHOFF & al. 2002), leaving traits like tunnel turnover, 422 

extent, and density largely unknown for most ant species, all of which could have varying 423 

effects on microbial activity and persistence throughout the landscape covered by ant 424 

foraging. 425 

 426 

2.3. Indirect Effects: Throughout their foraging space, ants indirectly affect microbial 427 

communities through the plethora of interactions they hold with other non-microbial 428 

organisms. For example, ants may have indirect effects on microbial communities through 429 

suppression (DUNHAM & MIKHEYEV 2010) or augmentation (SANDERS & VAN VEEN 2011) of 430 

microbivore populations, such as springtails and mites, with consequences for nutrient 431 

cycling and litter decomposition. This effect is likely dependent on ant species, as wood ants 432 

(Formica spp.) were found to have minimal or no effect on soil faunal populations (LAAKSO 433 

1999, LENOIR & al. 2003). However, wood ants may alter microbial populations through their 434 

effects on plant community composition, where WARDLE & al. (2011) found that long-term 435 

exclusion of the red wood ant (Formica aquilonia YARROW, 1955) increased herbaceous plant 436 

biomass, which in turn stimulated microbial biomass and activity and related microbial-437 

driven processes of litter decomposition and C and N mineralization. Aside from indirect 438 

effects on microbes, ants can conversely have indirect effects on aboveground diversity by 439 

exerting controls on soil microbial diversity and dynamics. For example, FERNANDES & al. 440 

(2024) found that ant-handling of myrmecochorous seeds by leaf-cutting ants Atta sexdens 441 

(LINNAEUS, 1758) and Acromyrmex subterraneus (FOREL, 1893) on seeds of Mabea fistulifera 442 

resulted in different fungal communities based on the identity of the ants handling them. 443 

Seed manipulation by Atta sexdens is known to positively affect germination and handling by 444 

Acromyrmex subterraneus is known to have a negative effect on germination (FERNANDES & 445 

al. 2018). Ants can also affect microbial composition of floral nectar on plants that they 446 

defend. VANNETTE & al. (2017) found that aggressive ant Azteca sericeasur LONGINO, 2007 447 

modified floral visitation to coffee (Coffea arabica) by pollinators and that plant association 448 

with Azteca sericeasur was correlated with distinct microbial community composition, which 449 

may be linked to later fruit set and weight (PHILPOTT & al. 2006). 450 

Even arboreal ants can link aboveground and belowground communities by affecting soil 451 

microbial activity. In a study on the dominant arboreal ant, Azteca trigona, nutrient-enriched 452 

waste products ‘raining’ from their nests onto the forest floor resulted in a 2.4-fold increase 453 

in microbial detritivores and predators compared to an area 10 meters away, along with 454 

increases in decomposition of leaf litter as well (CLAY & al. 2013). These effects also extended 455 

up to a meter away from the nest. While this study did not directly address microbes, 456 

nutrient translocation through waste piles by social insects like ants is an important 457 

zoogeochemical process shaping microbial activity and community composition across soil 458 

ecosystems. 459 

 460 
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3. Commonly Used Microbial Quantification Methods: Quantifying microbial diversity is 461 

fundamentally challenging, first and foremost due to the ubiquitous yet invisible nature of 462 

microbial life forms. Large population sizes, short generational times, high levels of 463 

metabolic plasticity, and ability to share genes between distant lineages further complicate 464 

this task (POLZ & al. 2013, SOUCY & al. 2015, LENNON & DENEF 2016). Although tremendous 465 

progress has been made since the invention of the microscope—the event that led to the 466 

birth of microbiology as a modern scientific discipline—method selection can be 467 

overwhelming due to sheer number of tools and the varying levels of analytical depth and 468 

biological information they can offer. 469 

Here, we list some commonly used methods today, organized into four categories based on 470 

the type of information they can generate: (1) Taxonomic and genomic profiles, (2) 471 

Functional activity and expression, (3) Biomass and productivity, and (4) Spatial and in situ 472 

organization (Table 1). Rather than providing an exhaustive catalogue, our list is designed to 473 

support hypothesis driven method selection—particularly for testing the assumptions and 474 

predictions of ecological theories in the context of cross-scale ant-microbe interactions—as 475 

well as to facilitate functional studies on how ants may alter microbial processes in soil 476 

environments. This synthesis is particularly relevant today, as the field of microbial ecology is 477 

increasingly data-rich yet lacking in cohesive theoretical foundations (NEMERGUT & al. 2013, 478 

ANTWIS & al. 2017, PROSSER & MARTINY 2020, HUG 2024). 479 

 480 

{Insert Table 1 Here} 481 

 482 

4. Ants & Microbial Dispersal: The most basic abstraction in community ecology, framed as 483 

the competitive exclusion principle, states that no two species overlapping in resource 484 

requirements or niche space can coexist, as the superior competitor will eventually drive the 485 

other to extinction (GAUSE 1934). Yet, empirically observed patterns of biodiversity often 486 

contradict these predictions (HUTCHINSON 1961). Among several mechanisms proposed to 487 

resolve this paradox, spatial structures, both within populations (e.g., Janzen-Connell effects) 488 

and between populations (e.g., metacommunity dynamics), have emerged as key ecological 489 

mechanisms driving species coexistence (JANZEN 1970, CONNELL 1971, MURRELL & LAW 2003, 490 

YITBAREK & VANDERMEER 2017).  In line with this spatial framing, it is increasingly understood 491 

that natural ecosystems are rarely uniform or closed. Instead, they are embedded in a 492 

heterogeneous matrix of fluctuating environmental conditions and interaction networks 493 

(LEVIN 1992, PERFECTO & al. 2019). Species persistence, thus, is not only affected by birth and 494 

death rates within a patch but also by the migration of individuals between patches (LEVINS 495 

1969, HANSKI 1998). This open-system, or metapopulation, perspective offers a way to 496 

understand how interdependent local and regional processes together influence community 497 

structure and dynamics. As VANDERMEER & PERFECTO (2024b) note in The Dialectical 498 

Agroecologist: “biodiversity maintenance is a landscape affair, with populations and mixed 499 

species groups in a never-ending dance between local extinctions and regional movements”.  500 

 501 

While dispersal is a deceptively simple process involving movement of individuals from one 502 

patch to another, it can produce complex patterns of biodiversity. (VELLEND 2016) outlines 503 

how dispersal can be understood across scales (1) as a high level process influencing 504 

diversity alongside selection, drift, and speciation (2) as a process interacting with selection, 505 

and (3) as a low level process with spatially variable fitness effects. At broader spatial scales 506 

or higher level, dispersal can increase local diversity via introduction of immigrants from the 507 

regional species pool (DAMSCHEN & al. 2006). However, this increased local diversity can 508 
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simultaneously homogenize the patches, thereby decreasing beta diversity (KNEITEL & MILLER 509 

2003, PEDRUSKI & ARNOTT 2011). Moreover, when the magnitude of local advantage is allowed 510 

to vary across patches, the relationship between dispersal and diversity can interact with 511 

selection to become a non-linear and hump-shaped: dispersal can increase diversity at lower 512 

or intermediate rates due to rescue effects, but reduce diversity at high dispersal rates as a 513 

result of constant propagule influx through mass-effects, which effectively expands the local 514 

advantage throughout the metacommunity (MOUQUET & LOREAU 2003). Finally, dispersal traits 515 

themselves may evolve under spatially variable selection regimes. For example, the well 516 

known competition-colonization model posits that negative trait correlation between 517 

dispersal and local competitive abilities can enable species coexistence through negative 518 

frequency-dependent selection after disturbance (LEVINS & CULVER 1971, TILMAN 1994, CADOTTE 519 

& al. 2006). 520 

 521 

These scale-dependent effects are particularly relevant for soil ecosystems, where inherent 522 

spatial heterogeneity forms a structurally complex and fragmented landscape (ZHOU & al. 523 

2002, PHILLIPS 2017), with ants as a major driver. As ecosystem engineers, ground-dwelling 524 

ants actively modify microbial habitats in ways that may both constrain and facilitate 525 

microbial dispersal. As such, studying ant-microbe interactions is essential for informing the 526 

health and resilience of socio-ecologically vital soil ecosystems that underpin our food 527 

systems (EVANS & al. 2011, WU & al. 2025) and serve as major carbon pools.   528 

 529 

4.1. Microbial Dispersal Across Scales: The importance of dispersal in microbial biodiversity 530 

maintenance depends on the degree to which populations are restricted in their movement. 531 

Historically, it has been assumed in microbial ecology that “everything is everywhere, but 532 

the environment selects” (BAAS-BECKING 1934), implying that microbial communities are not 533 

constrained by dispersal. However, recent research has now shown that microbes, much like 534 

larger organisms, also experience dispersal limitation (MARTINY & al. 2006, CUSTER & al. 2022). 535 

In contrast to continental-scale patterns predicted by edaphic factors, beta-diversity of soil 536 

microbial diversity at finer spatial scales is influenced by dispersal limitation (FIERER & JACKSON 537 

2006, MARTINY & al. 2011). This underscores the scale-dependent nature of dispersal 538 

processes in microbial communities.  539 

 540 

Experimental and modelling studies have confirmed that dispersal influences microbial 541 

community structure and dynamics in more complex and nuanced ways. For instance, 542 

ALBRIGHT & MARTINY (2018) found that altering dispersal rates affected richness, evenness, 543 

and composition of soil bacterial communities. Similarly, individual-based modeling of 544 

microbial decomposers has revealed that dispersal interacts with selection to shape 545 

community assembly (EVANS & al. 2017). Specifically, at low dispersal rates, communities 546 

were strongly influenced by stochastic processes, while at higher dispersal rates, there was 547 

increased environmental selection for many functional trait diversity, likely due to migration 548 

of specialist taxa (EVANS & al. 2017). Additionally, a unique aspect of applying 549 

metacommunity theory to microbes is widespread dormancy behavior, which allows 550 

microbes to persist under adverse conditions until they become favorable once again for 551 

growth (MCDONALD & al. 2023). Dormancy can alter traditional metacommunity paradigms 552 

depending on how much dormancy covaries with dispersal, and likely strengthens 553 

colonization legacies and priority effects, while also causing time lags for mass effects 554 

(WISNOSKI & al. 2019).  555 

 556 
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Beyond community assembly, dispersal has been shown to promote species coexistence, 557 

influence community recovery following disturbance events, and lead to modification of key 558 

ecosystem properties, such as leaf litter decomposition, mediated by the soil microbiome 559 

(KERR & al. 2002, EVANS & al. 2020, WALTERS & al. 2022). Notably, recent work has highlighted 560 

the zoogeochemical implications of microbial dispersal. HAWKINS & ZEGLIN (2022) 561 

experimentally showed that manipulating microbial dispersal using soil bags and bison dung 562 

deposition significantly increased diversity and homogenized community structure across 563 

varying land-use regimes. Taken together, these findings suggest that microbial dispersal is 564 

highly context dependent, and influenced by both biotic and abiotic factors. While a 565 

thorough review of microbial dispersal is beyond the scope of this text, we point readers 566 

towards CHOUDOIR & DEANGELIS (2022) and CUSTER & al. (2022) for comprehensive review of 567 

microbial dispersal modes, vectors, and their eco-evolutionary consequences. In the 568 

following section, we explore possible mechanisms through which ants may influence 569 

microbial dispersal.   570 

 571 

4.2. Ant Impacts on Microbial Dispersal: Ants can influence local microbial diversity through 572 

impacting microbial dispersal rates, altering their ability to colonize new patches across 573 

landscapes. Perhaps at the largest scale is through nuptial flights, an important stage of the 574 

ant colony life cycle where new queens and males leave the nest to mate and found new 575 

colonies. Information on flight ranges during nuptial flights is particularly sparse, although 576 

MARKIN & al. (1971) found that 99% of Solenopsis invicta queens landed within 1.6 kilometers 577 

of the nest location, but a small proportion of queens dispersed 11-16 kilometers away from 578 

the nest. Additionally, Atta texana (BUCKLEY, 1860), Atta cephalotes (LINNAEUS, 1758), and Atta 579 

sexdens were observed to disperse maximally from 9.6 to 11 kilometers away from the nest 580 

site (FOWLER & al. 1986). Transportation of microbes during nuptial flights has only been well-581 

studied within the fungus-farming ants (tribe Attini). New gynes possess an infrabuccal 582 

pocket in which they store a piece of the fungus from the mother colony, and use it to start a 583 

new fungal garden after the nuptial flight (BOULOGNE & al. 2014). These ants are also 584 

important for dispersal of their Actinobacteria symbiont, Pseudonocardia, which helps to 585 

combat fungal pathogens within the nest. Recombination by Pseudonocardia is constrained 586 

by association with their ant hosts, showing dispersal limitation even over relatively small 587 

scales (CALDERA & CURRIE 2012). Importantly, ants likely possess some amount of control over 588 

which microbial species they do and do not disperse, where PAGNOCCA & al. (2008) failed to 589 

find any Escovopsis, the specialized fungal pathogen that attacks the ant’s fungal garden, or 590 

the entomopathogenic fungi Beauveria sp. or Metarhizium sp. on or within gynes, suggesting 591 

effective sanitation methods to prevent dispersal of pathogens to new nests. They did find, 592 

however, several types of filamentous fungi and yeasts on the gynes, including those in the 593 

genera Cladosporium, Aureobasidium, Candida, and Cryptococcus, suggesting that they do 594 

passively disperse other fungal taxa. Beyond the fungus-farming ants, not much is known 595 

about the direct transmission of microbes by gynes during nuptial flights. 596 

 597 

In addition to larger scales of dispersal for microbes, ants also serve as dispersal agents on a 598 

finer scale within their nest structures, across different areas of soil that represent relatively 599 

distinct patches. Firstly, ants create different chambers in their nests for different uses such 600 

as food storage, waste management, and brood rearing, which develop different soil 601 

microclimates and also harbor different microbial communities (LUCAS & al. 2019), and 602 

thereby establishes fine-scale spatial organization and potential meta-community dynamics 603 

of ant nest-associated microbial populations. Second, as discussed above, ant bodies have 604 
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their own selective microbiome that they maintain with hygienic behavior (OFFENBERG & 605 

DAMGAARD 2019). Third, ant mandibles move around fragmented pieces of soil during the 606 

nest construction process, which can be relatively frequent in semi-sessile species. Nest 607 

construction often involves excavating soil fragments from deeper soil layers, ranging from a 608 

typical 30 cm down to 12 meters depth (TSCHINKEL 2004). Compared to soils without ant 609 

activity, ant workers likely increase microbial dispersal rates, and therefore may exaggerate 610 

mass effects for microbes. Stronger mass effects would lead to more homogenization, but 611 

also more lags, variation, and/or stochasticity in competitive patch dynamics. Additionally, 612 

ant foraging and tunneling can also facilitate microbial dispersal throughout patches of soil, 613 

as foraging extents can cover relatively large areas, such as in Solenopsis invicta where 614 

foraging tunnels can extend up to 15 meters from the nest (TSCHINKEL 2011, VANDERMEER & al. 615 

2022). Ant tunneling may be an important mechanism of microbial dispersal, as tunnels are 616 

widely separated in space across many directions, and long-distance dispersal is often rare 617 

across taxa (JORDANO 2017). Tunnel distributions will shift based on available food resources 618 

and may represent a source of mass effects of microbial dispersal as workers move and 619 

transport soil fragments, food throughout the tunnels. Through these activities, ants likely 620 

disperse at least a selected portion of soil microbes across finer scales within their nest 621 

structures.  622 

 623 

Landscape-scale ant mosaics provide one source of habitat heterogeneity that could provide 624 

differing selective regimes on microbial communities, through their multitude of effects on 625 

the physical and chemical properties of soils, hygienic behavior, and translocation of 626 

nutrient-rich substrates into and out of nests. An extreme example of species sorting 627 

includes the fungal lineages maintained by fungus-farming ants (tribe Attini) which are very 628 

well conserved from generation to generation, where POULSEN & BOOMSMA (2005) found that 629 

the monocultured fungus in a colony was able to reject mycelial components from 630 

neighboring colonies with high fidelity. However, whereas the basidiomycetous fungi of 631 

fungus-farming ants is intimately tied to their survival, the activities of ants also influence 632 

microbial diversity and community composition for a multitude of species that do not 633 

directly or clearly impact the ants’ survival (CLAY & al. 2013, FERNANDES & al. 2018, DELGADO-634 

BAQUERIZO & al. 2019). This mosaic of selective regimes may function to preserve landscape-635 

level biodiversity of microbial communities, and this effect is likely stronger within static 636 

mosaics or those with low pattern mobility. 637 

 638 

Ant-mediated dispersal and sorting of microbial communities serves to structure microbial 639 

communities and associated functions across spatial and temporal scales, from within and 640 

beyond the nest to the shifting mosaics of ant territories through time. Of importance as 641 

well is dormancy, which contributes to the maintenance of microbial biodiversity (JONES & 642 

LENNON 2010). It is not known, however, how the changes in environmental cues associated 643 

with ant activities may mediate dormancy patterns within microbial communities and its 644 

impact on microbial biodiversity. 645 

 646 

5. Future Directions & Conclusion: Within the emerging field of zoogeochemistry, there 647 

remains much to explore regarding ant-microbe interactions and their subsequent effects on 648 

population dynamics, community diversity, and ecosystem function. Although we do know 649 

that metapleural secretions and other antibiotic compounds produced by ants can have 650 

species-specific effects, this has only been tested for a handful of bacterial and fungal 651 

species. Better characterization of antibiotic specificity, to what extent they are produced 652 
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and used, and under what conditions they are used will all be helpful in understanding 653 

better the role of ants in shaping microbial community composition within their functional 654 

domains. This also applies to the microbial selection that occurs for gynes during ant nuptial 655 

flights, which for the microbial species is likely an important long-distance dispersal event. 656 

Another deserving avenue of research is the connection between nest architecture and 657 

microbial diversity and function. To what extent do distinct nest structures house distinct 658 

microbial assemblages, and through what mechanisms are these biodiversity and 659 

community patterns maintained? 660 

 661 

Although the majority of previous work focuses on the impacts of ants within their nests, the 662 

total area influenced by ants throughout their functional domains extends substantially 663 

farther beyond the nest. However, since very few studies have addressed this broader 664 

spatial scale, many questions remain unanswered with regards to beyond-nest effects on soil 665 

microbial community composition and functions. Firstly, it remains unclear which behaviors 666 

have significant impacts on microbial community structure, and whether or not these effects 667 

translate into shifts in community function, as functional redundancy is common in microbial 668 

communities (TALBOT & al. 2014). Spatiotemporal aspects of the ant mosaic are also of 669 

interest, as ant nests and associated foraging areas are very dynamic – constantly appearing, 670 

disappearing, advancing, and retreating – which presents the question of the consequences 671 

of legacy memory effects of ant activities for microbial community reassembly and soil 672 

processes (CANARINI & al. 2021, MEDINA & VANDERMEER 2023).  673 

 674 

Lastly, much of the work in zoogeochemistry treats microbial community diversity as a black 675 

box (SCHMITZ & al. 2018), but recent methodological advances present a plethora of ways to 676 

characterize soil microbial diversity and dynamics, which can help us develop new testable 677 

hypotheses from diverse theoretical frameworks, ultimately better linking cross-scale 678 

species interactions, involving animals and microbes, to modified ecosystem processes. Since 679 

many aspects of ant-microbe interactions are spatially explicit, we also encourage dedicating 680 

analytical and sampling resources to investigating spatial effects. 681 
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Taxonomic and Genomic Profiles 

Method Microbial 
Metric 
Quantified 

Key Applications Methodological 
Considerations 

Example Questions 

16S rRNA gene 
sequencing  

Abundance of 
16S rRNA 
gene  

- Estimating 
bacterial/archaeal 
community diversity 
(structure & 
composition) based 
on taxonomy 
 
- Constructing 
phylogenies using a 
single gene  

- Cost effective & lower 
learning curve compared to 
metagenomics 
 
- Low phylogenetic 
resolution due to reliance 
on a single, slowly evolving 
marker gene 
 
- Ideal for community 
surveys without functional 
data 
 
- More effective than 
metagenomics for detecting 
both dominant & rare taxa  

Who is there? What 
genes do they carry? 
 
- Do ants exert top-
down controls on 
microbial community 
(re)assembly through 
trait-mediated effects? 
 
- Are ant nests 
hotspots of horizontal 
gene transfers due to 
higher level of 
microbial 
diversity/abundance?  
 
- Do ants alter 
functional trait 
distribution in 
microbial 
communities?  

ITS sequencing  Abundance of 
ITS gene 
marker  

- Estimating fungal 
community diversity 
(structure & 
composition) based 
on taxonomy 
 
- Constructing 
phylogenies using a 
single gene  

Metagenomics  Gene content 
and 
abundance at 
the 
population & 
community 
level  

- Characterizing 
functional potential & 
trait diversity across 
all domains 
 
- Tracking populations 
through space & 
time, including 
evolutionary change 
 
- Constructing 
phylogenies using 
selected genes  

- High resolution data for 
bacteria, archaea, fungi, & 
viruses 
 
- Higher costs & 
computational demands 
than 16s or ITS 
 
- Requires complex 
bioinformatic pipelines & 
has a steeper learning curve 
 
- Ideal for capturing 
dominant populations 
(though higher sequencing 
depth can capture some 
rare members)  

Functional Activity and Expression 

Method Microbial 
Metric 
Quantified 

Key Applications Methodological 
Considerations 

Example Questions 

Meta- 
transcriptomics  

Gene 
expression 
patterns at 
the 
population & 

- Identifying active 
members based on 
transcript abundance 
profiles 
 

- Highly sensitive to 
technical errors due to short 
half-life of RNA 
 

What are the microbes 
doing functionally & 
metabolically? 
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community 
level  

- Characterizing 
community level 
activities in response 
to environmental 
changes  

- Requires quick sample 
preservation, high 
sequencing depth, & 
complex analysis 
 
- Can be paired with other 
‘omics data for integrated 
insights about expressed 
functions/niche 
differentiation 

- Do the nutrient 
pulses driven by ant 
activities (tunnelling, 
foraging, excretion 
etc.) significantly shift 
patterns of microbial 
gene expression? 
 
- Do microbial 
communities in ant 
nests exhibit greater 
functional diversity or 
enhanced nutrient 
cycling? 
- What is the 
relationship between 
microbial diversity & 
function in ant nests 
compared to 
surrounding soil 
environments?  

Metaproteomics  Protein 
content & 
abundance at 
the 
community 
level  

- Identifying proteins 
responsible for 
catalyzing ecosystem 
functions 
 
- Inferring 
contributions of 
member species to 
community functions 
based on expressed 
gene products  

- Complex pipelines 
 
- Closer functional proxy 
given that protein 
abundance is measured 
 
- Can identify post-
translational modifications 
that are key to functional 
regulation in some cases  

Metabolomics  Metabolite 
profiles & 
abundance at 
the 
community 
level 

- Characterizing 
metabolic states  
 
- Characterizing small 
molecule sets to infer 
species interactions  

- Sensitive to sample 
processing & extraction 
 
- Difficult to get reliable 
classifications (though 
software improvements 
have significantly helped 
broad identification of 
chemically defined molecule 
classes)  
 
- Ideal for physiological 
profiling at high resolution 

Community-level 
physiological 
profiling (CLPP) 
analysis 

Utilization 
patterns of 
various 
carbon 
substrates  

- Assessing functional 
diversity across 
microbial community 
samples 
 
- Profiling carbon 
substrate preferences 
and activities at the 
community level 

- Simple & cost-effective 
compared to ‘omics 
methods 
 
- Aggregated community 
level measurements that 
cannot be linked to 
taxonomic data 
 
- Ideal for rapid & high 
throughput screening of 
functional shifts 

Biomass and Productivity 

Method Microbial 
Metric 
Quantified 

Key Applications Methodological 
Considerations 

Example Questions 
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Flow cytometry Cell counts, 
phenotypic 
features, & 
nucleic acid 
content  

- Estimating total 
abundance 
 
- Estimating 
phenotypic diversity 
(community structure 
& composition) 
 
- Estimating 
metabolic population 
structures (active vs 
inactive cells)  

- Cheap, easy learning 
curve, & high-throughput 
screening 
 
- Samples that will be 
compared need to be run in 
the same machine 
 
- Taxonomic & phenotypic 
features can be correlated 
but cannot be linked 

How do the patterns 
of biomass, population 
abundance, & 
community turnover 
shift over time & 
space? 
 
- How do the patterns 
of resistance & 
resilience of microbial 
communities differ 
inside vs outside ant 
nests? 
- Do ants alter 
dispersal rates and 
routes of soil microbial 
populations? 
 
- Can microbial growth 
efficiency be linked to 
stoichiometric shifts 
caused by ant-driven 
nutrient inputs? 

Leucine 
Incorporation 
Assay  

Rate of 
incorporation 
of 
radiolabeled 
leucine into 
newly 
synthesized 
proteins  

- Estimating 
heterotrophic 
production rates 
 
- Estimating bacterial 
growth efficiency if 
combined with 
respiration assay  

- Standard & cost-effective 
proxy for bacterial 
production 
 
- Does not target 
autotrophs or fungi 

Phospholipid 
fatty acid (PFLA) 
analysis 

Concentration 
of 
phospholipid 
fatty acids   

- Estimating microbial 
biomass based on 
biomarker that 
breaks down quickly 
when a cell dies 
 
- Profiling shifts in 
redox states & 
activity, which can 
then be used to 
assess soil health 

- Cannot resolve taxa 
beyond broad groups 
 
- Ideal for high throughput 
screening of active 
microbial biomass and 
activity 

Potential 
Mineralizable 
Carbon (PMC) 

Rate of CO2 
production 
from 
respiration of 
soil organic 
carbon (SOC) 

- Estimating 
decomposition 
potential of SOC 
 
- Inferring carbon 
cycling rates based on 
microbial activity 

- Highly sensitive to lab 
incubation conditions 
 
- Widely used indicator of 
soil biological activity and 
health 

Spatial and In Situ Organization 

Method Microbial 
Metric 
Quantified 

Key Applications Methodological 
Considerations 

Example Questions 

NanoSIMS Uptake & flow 
of isotopically 
labeled 
substrates 
(e.g., ¹³C, ¹⁵N)  

- Visualizing 
enrichment of 
specific isotopes at 
high resolution  
 
- Assessing spatial 
interactions of 
metabolite exchanges 

- Technically complex & 
costly  
 
- Ideal for high resolution 
enrichment analysis at the 
cellular levels 

How & where are 
microbial populations 
interacting at finer 
spatial scales? 
 
- How do ants alter 
fine-scale spatial 
organization patterns 
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Fluorescence in 
situ hybridization 
(FISH) 

Abundance & 
spatial 
distribution of 
taxa using 
fluorescently 
labeled 
probes 

- Quantifying 
abundance of 
targeted taxa  
 
- Visualizing spatial 
organization & co-
localization patterns 

- Limited sensitivity to 
populations with low 
activity or low ribosome 
content  
 
- Significantly easier to learn 
and use compared to 
nanoSIMS 
 
- Ideal for locating & 
identifying particular taxa of 
interest  

in heterogeneous soil 
matrices? 
 
- Do microbial 
populations exhibit 
higher levels of 
metabolic cross-
feeding within ant-
modified habitats? 
 
- Are certain nest 
structures hotspots of 
biogeochemical 
activity compared to 
others?  
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