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Abstract

Ants are well-known for their roles in ecosystem engineering and for providing multiple ecosystem services. In the past,
these two roles have mainly been studied independently, and the possibility that these are two interchangeable roles just
studied in different ways should be considered. In this review, we outline what is known of ant populations and communi-
ties as engineers and service providers, including disservices resulting mainly from their nesting habits. Then we consider
the possibility of engineering and services being similar or contrasting roles. We argue that while both are linked through
the same processes, they are effectively researched as distinct because of conceptual and methodological differences; a
consequence of the historical construction of both fields and of their focus. However, considering the relevance of ants
within most terrestrial ecosystems and of their widespread presence and abundance, we must start combining knowledge
and practices from both fields to fully acknowledge and account for the importance of ant engineering to human well-be-
ing. Thus, we provide directions and identify areas that would benefit from the incorporation of both approaches into
future studies. For example, a shift of focus from ant population to ant community studies is necessary and overdue for
a holistic understanding of the role of ant communities in ecosystems. Further, another direction is the potential for ant
engineering to restore degraded ecosystems. Both directions would highly benefit from applying the theory and methods
of functional ecology in their approaches, and the reasons are also discussed in this review. Hopefully, growing awareness
on the topic will increase the demand for conservation of the ecosystems and their derived services, as well as the proper
quantification of this insect contribution to human societies.
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Introduction

In the current state of biodiversity decline, the man-
agement and valuation of ecosystem services (ES) have
become central elements in conservation and policy strat-
egies. Ecosystem services can be categorized into three
main groups: provisioning of material goods, regulation of
ecosystem processes (supporting and regulating services),
and non-material (cultural) services such as learning
and inspiration (MILLENNIUM ECOSYSTEM ASSESSMENT
2005, IPBES 2019; Glossary in Box 1). While provisioning
services often present direct, intuitive outcomes to biodi-
versity declines (e.g., reduced food options due to species
loss) and can be quantified monetarily, the valuation of
regulatory and non-material services poses significant

Box 1: Glossary of relevant terms presented in this review.

challenges due to their complex and less tangible nature
(F1sHER & TURNER 2008, STERNER & PERSSON 2008).
Despite this, the increasing rate of anthropogenic diversity
loss necessitates a comprehensive understanding of these
underlying ES (CARDINALE & al. 2012, BIRKHOFER & al.
2015). To address these challenges more effectively, it is
beneficial to concentrate on species that have extensive
interactions with other species, particularly those with
well-established provisioning services. This focus provides
an opportunity to express the value of non-provisioning
services in terms of ecological risk, such as the proba-
bility of losing economically valuable services (ABsoN &
TERMANSEN 2010). Furthermore, prioritizing species that

Term

Definition

Ecosystem Engineer

An organism that through some physical, biological, or biochemical
mechanism, alters in a system a condition or resource for another
organism or community, which results in the modification of the
abundance or fitness of said organism, or the diversity or composition
of said community (modified from JONES & al. 1994, JONES & al. 1997).

Ecological Process

The complex interaction between organisms and elements of the abiotic
environment that underpin fluxes of information, energy, and matter
(MACE & al. 2012, BROCKERHOFF & al. 2017).

Ecosystem Process

The interaction between ecological processes and ecosystem structures
that control fluxes of information, energy, and matter through the
ecosystem (CARDINALE & al. 2012).

Ecosystem Services

The benefits to human well-being provided by ecosystems, which may
or may not have a distinct monetary value (MACE & al. 2012).

Ecosystem Services Supply

The capacity of an ecosystem to supply a service regardless of the
perception, use, or outcomes to human populations (Assis & al. 2023).

Ecosystem Services Demand

The demand for ecosystem services from human populations,
regardless of their acknowledgement of it (Assis & al. 2023).

Ecosystem Service Flow

Service-specific flow of matter or organisms that connects the areas of
service supply and demand (METZGER & al. 2021, Assis & al. 2023).

Final Ecosystem Service

An ecosystem service that directly underpins or provides a good
(MACE & al. 2012).

Goods

The benefits or products derived from final ecosystem services.
Typically involves human mobilisation (SPANGENBERG & al. 2014).

Human Well-being

It includes the basic requirements for satisfactory living conditions,
freedom of choice, health, good social relations, and security
(MILLENNIUM ECOSYSTEM ASSESSMENT 2005)

Nature’s Contribution to People
(NCP)

All the contributions, both positive and negative, of living nature

(i.e., all organisms, ecosystems, and their associated ecological and
evolutionary processes) to people’s quality of life (Diaz & al. 2018,
IPBES 2019). Divided into regulation of environmental processes, and
material and non-material contributions, each contributing to different
aspects of people’s well-being.

Scale

Scale is the intrinsic characteristic of a pattern, process or ecological
entity being studied, defined in three main components: i) spatial;
ii) temporal; and iii) organizational (LEVIN 1992).
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Fig. 1: Summary of the relationship between ecosystem processes, services and engineering. In A), the ecosystem processes and

services (including its categories) are related according to their main foci of value, either nature or nature’s contributions to people

(NCP). From there, in B), examples of ecosystem processes (in black) and services (in green) are given and their relationship with

ant engineering is shown. No relationship between service and engineering is represented with a red cross, positive relationship

is represented in blue, and negative in pink. Then, the blue, green, and orange dots represent the ecosystem engineering type that

is related to the listed service. In C), examples of the different engineering activities of ants are listed according to their classifi-

cation in physical, biological, or chemical. Ants with large, durable colonies and nests tend to be the most impactful ecosystem
engineers, this includes leafcutter ants, harvester ants, Formica spp., for example (FARJ{-BRENER & WERENKRAUT 2015, VILES
& al. 2021, UHEY & HOFSTETTER 2022). This figure is modified from the framework presented in Figure 2 of PAscuaL & al. (2017)

and Figure SPM 1 of the IPBES report (IPBES 2019).

provide multiple ES or serve as indicators for other services
will enable us to optimize conservation outcomes within
the extant framework of limited time and funding (CaAro
2010). Ecosystem engineers are uniquely positioned to
contribute to this effort as their alteration of the physical,
chemical, and biological aspects of their environments play
a critical role in this regard. Ultimately, their activities can
induce profound and widespread effects on the surround-
ing community (JONES & al. 1994) and thus be of prime
importance for ecosystem maintenance and conservation.

The relationship between ES and ecosystem engineer-
ing is well-documented in certain taxonomic groups. For
instance, beavers (Castor spp.) are renowned for their
construction of natural dams, which modulate water flow
and mitigate extreme flooding events, yielding an esti-
mated annual savings of approximately $32 million in the
northern hemisphere (THOMPSON & al. 2021). While mam-
mals certainly play important roles in providing services
through ecosystem engineering, invertebrates typically
have stronger impacts, yet most lack quantitative assess-
ment (ROMERO & al. 2015, COGGAN & al. 2018). Terrestrial
invertebrates, especially, are instrumental engineers.
Their activities, such as soil modification, burrowing,
and leaf-structuring, alter the environment around them
creating habitats and regulating a wide array of ecosystem
functions (LAVELLE & al. 2016).

Considering the high abundance and biomass of ants
in most biomes and habitats of the world (SCHULTHEISS
& al. 2022), it is not surprising that their roles within
ecosystems may surpass or equal those of many other or-
ganisms. For instance, ants are second only to earthworms
in bioturbation but are, however, likely more important in
absolute terms due to their wider distribution and diverse
range of engineering activities (FOLGARAIT 1998). Through
their sophisticated colony structures and efficient labor
division, ants adeptly build nests, clear soil from vege-
tation, and concentrate nutrients, thus facilitating vital
ecosystem processes (LEAL & al. 2014, FARJI-BRENER
& WERENKRAUT 2017). Moreover, ants contribute to ES
across all the categories delineated by both the Millenium
Ecosystem Assessment (MA) and the Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem
Service (IPBES) frameworks (Fig. 1); the IPBES frames
them as Nature’s Contribution to People (DEL Toro & al.
2012, IPBES 2019, ELizALDE & al. 2020). Despite their
critical role in terrestrial ecosystems, the study of service
provision and engineering activities of ants has often been
conducted independently.

Here, we explore the relationship between ES and en-
gineering in ants, and the study of these roles, to answer
the following questions: Are they linked? How are they
linked? Can these two different roles of ants in ecosystems
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be interchangeably studied, meaning they are the same
phenomenon of a system? Or only by combining both
approaches we can reach a better understanding of these
organisms’ roles in the environment, meaning they are
complementary or contrasting within a system? The goal
of this review is to synthesize results on ant ecosystem
engineering and examine the processes it affects, then to
evaluate how these engineering activities relate to well-es-
tablished ES (reviews on these topics alone are presented
in Tab. 1) and, finally, to determine what are these links
and how are they linked.

First, we review the roles of ants as multifaceted eco-
system engineers, to then discuss ant functional traits
related to engineering and how engineer’s traits and di-

versity are connected to ecosystem functions and service
provision. Following this introduction on ant engineering,
we highlight how it relates to service provision of all types,
including the services provided by ant communities — a
topic still hardly discussed — and disservices. Then, using
extensive information on both topics, we address the posed
question through a comparison of conceptual, historical,
and methodological differences. Finally, we identify and
emphasize areas where information is currently limited,
concluding with directions that can significantly improve
our understanding of the potential cascading effects of
biodiversity loss on ecosystems and human well-being
within the field of myrmecology. Throughout this review,
we use the terminology of the IPBES and the MA.

Tab. 1: A non-exhaustive list of meta-analyses and reviews on the topic of ants (or social insects) as ecosystem engineers and

service providers. Studies are presented in a chronological order.

Article | Scope Gaps and Future Directions References

Type

Ecosystem Engineers

Review | The review focuses on the effects of The author suggests that ants are a good | PETAL (1978)
ant nests in the physical and chemical model to study adaptations to greatly
environment around it. Further, the role modified environments.
of ant populations in controlling other
taxa and ants themselves is explored.

Review | Role of ants in ecosystems, mainly Studies are needed on ants’ resistance FoLGARAIT (1998)
from the perspective of the effects of and resilience to disturbance and if all
ground-dwelling ants on soil processes species are equally relevant to overall
and functions, emphasizing their role as ecosystem functioning. Furthermore, if
ecosystem engineers. their engineering role is dependent on

abundance.

Review | To discuss the relevance and boundaries Research is needed on the ecological JOUQUET & al.
of different soil engineer classifications, requirements and responses of soil (2006)
like the extended phenotype engineering | engineers to the environment and
type of ants, and how the engineering environmental changes, particularly in
effects have feedback on the engineers’ agroecosystems where their presence
fitness. has direct effects on humans. Further,

interactions between soil engineers should
be further studied.

Review | An overview of the impact of soil-dwelling | More information is needed on the spatial | CAMMERAAT &
ants on fine scale soil properties with distribution, size and density of ant nests | RiscH (2008)
emphasis on physical, chemical and and foraging holes at different scales.
biological aspects, and the possible effects
of ants on soil properties on landscape
scale.

Review | A review on the main mechanisms by Some future directions include testing FroUZ & JILKOVA
which ants affect the soil environment and | hypothesis on the mechanisms through (2008)
soil processes. which ants affect soil properties, testing

the effects on various spatiotemporal
scales of the ecosystem, and testing
the effects of other interactions (e.g.,
predation, myrmecochory, etc) on soil
properties.

Review | An overview of leaf cutting ants’ (LCAs) NA FARJI-BRENER &
mechanisms that modify soil structure TADEY (2009)
and fertility and how these changes
affect plant assemblages and landscape
structure.
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Article | Scope Gaps and Future Directions References
Type
Review | A review on the Ant Garden (AGs) More information is needed on the ORIVEL & LEROY
interactions around the world with ecology of AGs from ant and plant (2011)
discussion on the outcomes for the perspectives, as well as the chemical
partners and the extended community components of this interaction which are
interacting with it. key to its success.
Review | Synthesis on the non-trophic interactions | Test hypotheses on the patterns found LEAL & al. (2014)
of LCAs with plants and their habitats with cross-taxa and cross-ecosystem
to elucidate the outcomes in local and comparison, establish the traits that make
landscape levels with discussion on LCAs successful around disturbance.
disturbance regimes and management. Further, study the ecosystem-level effects
promoted by LCAs activities, and inactive
nests, on soil structure and function which
end up affecting the vegetation too.
Meta- A quantitative determination of the effects | Studies on internal refuse piles FARJI-BRENER
analysis | of leaf-cutting ants (LCAs) on soil fertility | of Acromyrmex to establish a full & WERENKRAUT
and plant performance moderated by comparison between the two LCA genera. | (2015)
variables of interest (substrate, location of | Further, to test the effects of LCAs in
refuse pile, genus, and latitude). regional level.
Meta- A quantitative determination of ants Additional data on nest size, nest density, | FARJI-BRENER
analysis | nests' effects on soil fertility and plant and the rate of refuse production are & WERENKRAUT
performance moderated by variables needed from a wide range of ant groups (2017)
of interest (feeding type, latitude, soil and habitats.
sampled, etc).
Review | The roles of ants in north temperate The authors suggest that the impact of WILLS & LANDIS
grasslands are reviewed, focusing on ants on microbial communities and soil (2018)
aspects of conservation and provision of | processes are further explored, based
ecosystem services. on ant activity, diversity, and identity of
species or functional groups. Moreover,
that consequences of climate change on
ants should be explored.
Review | A review on the mechanisms ants use to Studies are needed in non-symbiotic OFFENBERG &
and keep themselves and their nest clean of plants and temperate latitudes to confirm | DAMGAARD (2019)
Meta- pathogens, and whether their hygiene the generality of ants' hygienic effects.
analysis | measures extend to their surrounding Further, experiments on the mechanisms
environment, especially plants. behind ant-plant-pathogen protection are
needed.
Review | The review aims to identify the current The main gaps and areas for future SwANSON & al.
knowledge and gaps on the effects of LCAs | exploration are nest attributes and (2019)
in ecosystems through engineering and physical alterations, nest inputs
to develop a framework to quantify these | and outputs, carbon and nutrient
effects. transformation within nests, transport of
organic matter, and the spatiotemporal
heterogeneity of nest dynamics.
Review | The review goals are to identify, quantify | Field experiments to assess the roles of VILES & al. (2021)
and map globally the importance of ants ants in soil processes relative to other soil
on Earth's geomorphology. engineers, like earthworms and termites,
and in more complex processes too, like
their importance for sedimentation,
erosion, and weathering.
Review | The review focuses on harvester ants More studies on less-studied harvester ant | UHEY &
(common name for species of three ant species, as well as their interactions with | HOFSTETTER
genera: Pogonomyrmex, Messor, and plants, like invasive grasses, and their (2022)
Veromessor sp.), especially their effects capacity for habitat restoration.
on ecosystem and the different situations
they are seen as important keystone
species and pests.
Review | A review on the ecological aspects of More detailed studies on soil turnover NASCIMENTO & al.

leafcutter ants that have implications on
geomorphological processes.

and weathering rates are needed to get
a better picture of their roles on soil and
geomorphological development.

(2024)
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Article | Scope Gaps and Future Directions References

Type

Ecosystem Services Providers

Review | The author reviews studies on ant The author suggests more investigation RastoaGI (2011)
provisioning services, including food and | on ants’ nutritional composition, immune
pharmaceutical usage of ants. defence, and the pharmacological

properties of different ant species and
castes.

Review | A major review on the ecosystem The authors suggest a few avenues for DEL Toro & al.
services provided by ants framed in the future research, including expanding (2012)
Millennium Ecosystem Assessment; our knowledge about ant biodiversity
the first review on the topic since the within and across ecosystems, exploring
introduction of it by FOLGARAIT (1998). their roles as engineers, quantifying and

valuating their services, and quantifying
the impacts of anthropogenic changes in
service provision.

Review | The author reviews the importance of the | Several directions are identified by the OFFENBERG
weaver ant to sustainable crop production | author, including the identification of the | (2015)
and pest control and the possibility of best ant-crop matches based on outcomes
other ants being able to deliver the same of interactions, finding proper Integrated
services. Pest Management techniques to broaden

ants’ efficacy in different contexts,
quantifying the repelling properties of ant
pheromones and the indirect advantages
for plants of disease protection.

Review | The roles of ants in agroecosystems is More studies are needed on the net DiaME & al.
reviewed with focus on biological control | outcomes of the interactions observed (2017)
and weaver ants. in cropping systems between ants and

herbivores, predators and parasitoids.
Review | SEE ABOVE SEE ABOVE WILLS & LANDIS
(2018)

Meta- The authors analyse the effects of weaver | In general, research is needed on the THURMAN & al.

analysis | ants on pests and crop yield. Case interactions between weaver ants and (2019)
studies are also presented to deepen the other arthropods on crops, to understand
understanding of their services versus the outcomes of possible interactions
disservices. observed. Further, to investigate plant

material feeding and nutrient cycling on
the tree.

Review | The authors analyse the traits of social The authors identify the need to ELIZALDE & al.
insects that make them good suppliers of | standardize methodologies for the (2020)
ecosystem services. Further, they compile | quantification of service provision, as well
and assess conservation management as developing sustainable ways to manage
strategies in order to improve and and use social insects as service providers.
preserve the services provided.

Meta- The review analyses the impacts of ants The authors point out to other factors that | ANJos & al. (2022)

analysis | in biological control in agroecosystems by | can affect the role of ants on pest control
balancing their services and disservices to | and need to be studied, such as landscape
crop yield. composition, climate change and ant

invasive status.

Review | The objective was to search for chemicals | The main gap for future studies is to OFFENBERG & al.

and originating from ants or their cuticle test the effects of the chemicals found, (2022)

Meta- microbiome that are harmful to antibiotics and growth inhibitors, in vivo.

analysis | phytopathogens and quantify their effects.

Review | The ecosystem services or disservices The authors identify the need to gather PERFECTO &
provided by ants in the context of urban more information on the effects of climate | PHILPOTT (2023)

ecology and expected impacts of climate
change to the ant communities.

change and landscape characteristics
on the provision of ecosystem services.
Further, investigating the services
provisioned in specific urban habitats.
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Fig. 2: A visual representation of the different ant-mediated engineering activities, including physical, biological, and chemical
changes to the environment, in blue, pink, and orange, respectively.

Ants as ecosystem engineers

Ants have emerged as the archetypal model of terrestrial
ecosystem engineers, distinguished from other known
engineers, like earthworms, due to their remarkable blend
of collective organization and behavioral plasticity (HOLL-
DOBLER & WILSON 1990). Through interactions with their
environment, ants modify the physical, chemical, and
biological properties of ecosystems, thereby modifying the
conditions in which other species and themselves thrive
(Fig.2). In the following section, we synthesize the cur-
rent knowledge and evidence of ants acting as ecosystem
engineers, highlighting the connections to ecosystem pro-
cesses. Although our classification was devised to stream-
line and emphasize the varied engineering activities, they
often happen concurrently. Furthermore, this review
does not include trophic interactions in the definition of
ecosystem engineering (Box 1), including the cases where
structural changes to the ecosystem are a result of trophic

interactions. For example, the ant Anoplolepis gracilipes
(SmrTH, 1857) affected the forest structure on Christmas
Island by decimating the land crab Gecarcoidea natalis
and establishing mutualistic interactions with invasive
scale bugs (O’'DowD & al. 2003). However, we acknowledge
that the co-occurrence of trophic / non-trophic interac-
tions is interconnected and may be difficult to discern in
some cases (JONES & al. 1994).

Physical engineering

Soil physical properties

To date, much of the literature has focused on physical
engineering, defined as the alteration of environments
through mechanical activities (LAVELLE & al. 2016), with
changes in soil characteristics receiving the most atten-
tion. Several studies have documented the impact of ants
on soil properties through two primary mechanisms: 1)
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the nest building process itself, and 2) the collection and
transport of food and other materials to the nest from the
surrounding environment (JOUQUET & al. 2006, FROUZ
& JILKOVA 2008, DEL Toro & al. 2012, TuMma & al. 2022).
Bioturbation is typically a byproduct of nest construction
where, through excavation of the intricate network of
tunnels and galleries associated with ground nesting ants,
soil is exchanged between the surface and lower depths (DE
BRUYN & CONACHER 1990, DECAENS & al. 2002, Frouz &
JILKOVA 2008). It is estimated that ants provide an average
bioturbation rate of 1.5 t ha- yr1, with some values higher
than 60 tha! yr! (VILES & al. 2021). As a result, soil texture
surrounding nests may change due to the redistribution of
clay, silt, and sand content (TSCHINKEL 2015), which can
impact the structural stability of the soil (CAMMERAAT
& RiscH 2008, DE ALMEIDA & al. 2020a). Furthermore,
when workers excavate, they bring smaller particles to the
surface, creating nest soils with higher macro-porosity
and lower micro-porosity compared with non-nest soils
(MouTINHO & al. 2003). Such alterations can enhance wa-
ter drainage and infiltration rates, facilitating the horizon-
tal movement of water (CHERRET 1989, LEITE & al. 2018).
Other effects include higher soil water content, decreased
surface run-off, increased soil sediment loss from loose
aggregates, and alterations of preferential flow due to tur-
ret-shaped mounds (L1 & al. 2019). Ant nest architecture,
however, can have species-specific effects on soil microto-
pography, increasing water infiltration depending on ver-
tical soil biopore depth and pore size (FARJI-BRENER 2010,
L1 & al. 2019), with reduction in bulk density dependent
on nesting materials used (CARLSON & WHITFORD 1991).
Consequently, ant nest activity on freshly excavated soil
can increase run-off and soil loss, water infiltration, soil
organic matter, and porosity, while reducing bulk density
(CERDA & JURGENSEN 2008, DRAGER & al. 2016). The
effect of ant engineering on soil erosion remains contro-
versial, with evidence for both positive and negative roles
and context dependency (VILES & al. 2021). Therefore,
more studies and a meta-analysis including variations
in climate and soils on the topic should help to settle it.

Finally, another common change to soil physical prop-
erties is in the temperature within nest space, which is
usually different from the surrounding external temper-
ature. This is a result of the passive and / or active ther-
moregulation of ants, which is responsible for keeping the
environment within the physiological limits of ants (JONES
& OLDROYD 2006). Although this is of great advantage to
the ants, it can benefit other organisms that utilize their
nest space as dealt in the next subsection.

Ants as habitat producers and providers

The biogenic structure of the nest itself can act as
potential habitat for secondary inhabitants during ant oc-
cupancy and post-occupancy. Ant nests, galleries, foraging
trails, and many other constructions near or distant from
the main nest provide shelters, access, and resources for
a wide range of other organisms, including insects, mites,
springtails, and fungi (ANDERSON & McSHEA 2001, HOLL-
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DOBLER & KwaPicH 2022). Numerous other examples exist,
including obligatory associations seen in certain stingless
bees with Crematogaster nests (SAKAGAMI & al. 1989),
mutualistic / parasitic relationships that range from be-
ing obligatory to facultative between Lycaenidae and ants
(P1ERCE & al. 2002), or purely facultative such as reptiles
laying eggs in ant nests (NAGY & al. 2017). At a microscopic
scale, refuse piles can contain high diversity of bacteria
and fungi (FARJI-BRENER 2010). These, and other micro-
habitats, promote diversification of microbial communities
(BooTs & al. 2012, BooTs & CLIPSON 2013, TRAVANTY & al.
2022), which can also influence soil fertility (GINZBURG &
al. 2008). At larger scales, ant nests provide warmer tem-
peratures in proximity to the mound, providing thermal
refugee for reptiles, as is the case in Canada where the
persistence of the snake Storeria occipitomaculata in
northern climates is likely reliant on such nests (CAIRNS
& al. 2018). Alternatively, songbirds may lay their eggs in
ant nests to protect them against predators and ectopar-
asites (MAZIARZ & al. 2021). More often, ant nests may be
re-used by other ant species (Assis & al. 2017), which may
be accompanied with their own suite of myrmecophiles
(see also KISTNER 1982). Diversity in nests can be quite re-
markable, for instance, the Formica rufa group LINNAEUS,
1761 has up to 125 myrmecophiles species (PAIVINEN &
al. 2004, PARMENTIER & al. 2014); ponerines, which have
small nests, can host up to 43 different species (RocHA &
al. 2020), army ants from the genus Eciton have as much
as 62 species of myrmecophiles (vON BEEREN & al. 2021).
The use of biogenic structures can enhance biodiversity by
creating living spaces and providing protection from un-
favorable environmental conditions or biotic interactions
(BERKE 2010, ROMERO & al. 2015).

Within the tree canopy, ant gardens promote diver-
sity and modify the distribution of specific epiphytes by
incorporating them into their nests (MORALES-LINARES
& al. 2018), to the point that some epiphytes have evolved
obligate species-specific relationship with ants and depend
on them from dispersal to growth (CAMPBELL & al. 2023).
This mutualistic relationship allows the epiphytes to ben-
efit from the nutrient-rich environment within ant nests
(CEREGHINO & al. 2010, ORIVEL & al. 2011, GONCALVES
& al. 2016) and effectively creates habitat islands for ar-
thropods (RODGERS & KiTcHING 2011). Different ant spe-
cies may select specific epiphytes for their nests, which
indirectly modify the invertebrate diversity found within
bromeliad phytotelmata (CEREGHINO & al. 2010).

Other physical engineering

Beyond physical changes to soil and tree epiphytes,
species such as Atta spp. shape the understory / can-
opy structure, effectively becoming light engineers. In
fact, 95% of Atta cephalotes (LINNAEUS, 1758) colonies
make small to medium forest gaps near their nest in the
Atlantic Forest (CorRREA & al. 2016). Leaf-cutting ants’
removal of leaves can lead to stem death and occasional
tree falls, enabling the preservation of light-rich areas in
the tropical forest (CORREA & al. 2016, KNOECHELMANN &



al. 2020), as well as increased wind velocity within open
patches (MEYER & al. 2011). Light and wind complexity
increases the heterogeneity of the environment, creating
microhabitats (TINYA & ODOR 2016, SWANSON & al. 2019)
and supporting light-dependent plant species in tropical
forests (CORREA & al. 2016). Although several arboreal ants
can build conspicuous structures on tree branches (i.e.,
Camponotus, Crematogaster, Dolichoderus, Oecophylla,
Polyrhachis, etc.; MORALES-LINARES & al. 2018), it does
not appear to influence light configuration in ecosystems.
This might occur because, as is the case in Oecophylla
longinoda (LATREILLE, 1802), they tend to choose shaded
nest sites (WIJNGAARDEN & al. 2007), or because they are
not big enough to cause an important change (ORIVEL &
LeEROY 2011). Further, ant gardens and their associated
vascular plants (from ferns to flowering plants; CAMPBELL
& al. 2023) are another study system that should be ex-
plored for their possible light engineering. To the best of
our knowledge no current studies have focused on these
physical changes. In conclusion, although the aforemen-
tioned examples may not be responsible for measurable dif-
ferences in light penetrating the canopy, they act as habitat
for numerous other arthropod associates which will be fur-
ther discussed below (PEREZ-LACHAUD & LACHAUD 2014).

Biological and Chemical Engineering
Aside from physical engineering, ant activity can alter
the surrounding soil and community, benefiting other
organisms by nutrient redistribution, seed dispersal,
and chemical protection. These effects are heterogeneous
depending on the species and their associated traits, nest
architecture, environmental conditions, and the commu-
nity involved.

Soil chemical properties

Through foraging activities, ants acquire substantial
quantities of sugars, proteins, and lipids from external
sources such as litter, plant tissue, honeydew, seeds, resin
from distant trees, invertebrate prey (BLUTHGEN & FELD-
HAAR 2010), or vertebrate carrion (EUBANKS & al. 2019),
which influence nutrient content of ant nest soil contrib-
uting to soil fertility. Ant mounds are characterized by
higher concentrations of specific nutrients (such as N, Ca,
P, Mg, K, Na, S, Zn, and Cu) compared with the surround-
ing soil (FrRouz & al. 1997, LENOIR & al. 2001, RiscH & al.
2005, OHAsHI & al. 2007), with a positive effect size range
(nutrients 95% highest posterior density interval, HPD:
1.14 - 1.89, cations 95% HPD: 0.05 - 1.64) as evaluated
by meta-analysis (FARJ-BRENER & WERENKRAUT 2017).
Overall, no effect on pH (effect size range 95% HPD: -1.11
- 0.53) could be detected through a meta-analysis (FAR-
JI-BRENER & WERENKRAUT 2017). However, some studies
might show differences in soil pH between nest mound
and the surrounding soil (BLoMQVIST & al. 2000). Organic
material is incorporated into the soil through decompo-
sition, with the fertility effect varying depending on the
type of food ants consume and where they store the food
and detritus (BRIESE 1982). Ants that create refuse piles

on the soil surface promote nutrient enrichment in the
topsoil layer, while refuse stored in nest chambers enrich
the soil layer within the nest itself, promoting shallow
or deeper root growth, respectively (FARJI-BRENER &
WERENKRAUT 2017). Such enrichment effects can range
between 40 and 100-fold between nest and non-nest soils
(MouTiNHO & al. 2003, TADEY & FARJI-BRENER 2007).
Although ant-nest soil is higher in nutrients, the benefits
experienced by plants typically occur with long-lasting
nests with few nest relocations, and if soil turnover and
plant-clearing rate is low (HicAsHI & al. 1989, CARLSON
& WHITFORD 1991, HUGHES 1991, FARJ{-BRENER & WER-
ENKRAUT 2015). It is worth mentioning that most studies
deal with soil-nesting ants, while leaf-litter-nesting and
army ants’ middens could also represent an important
share of nutrient input to the soil and should be better
investigated (ROBLES LOPEZ & al. 2024). Further, there is
still a largely unexplored role of foliar uptake of nutrients
from ant defecation (PINKALSKI & al. 2018), expanding
this discussion from roots to tips.

Refuse piles also create favorable microenvironments
that enhance seed survival and germination rates (RISSING
1986, LEVEY & BYRNE 1993). Both physical and chemical
changes to soil can extend beyond the nest mound prox-
imity, positively benefiting plant growth (NkEM & al. 2000,
FARJI-BRENER & WERENKRAUT 2017). Apart from these
direct effects, the fertile ant soil may also affect plant
fitness indirectly. For instance, research by HANSEN & al.
(2023) suggests that ant mounds can extend the duration
of plant phenology events and enhance flowering success,
potentially increasing the resilience of plant-insect inter-
actions in the face of climate change. However, not all ant
nests will enrich soil nutrient content (FARJI-BRENER &
WERENKRAUT 2017). In some areas with low intrinsic soil
nutrient content, certain ant species with large colonies,
such as leaf-cutting ants in Neotropical regions, will de-
plete soil nutrient content (MEYER & al. 2013). These ants
remove most plant material in their vicinity, resulting in
reduced nutrients transfer from litter into the soil. This
effect is particularly notable in forested habitats where soil
has limited nutrient reserves and depends on continuous
recycling of decomposed organic matter (RICHARDS 1996).

Seed dispersers

At least 255 ant species have been classified as seed
dispersers of an estimated ~11,000 plant species in var-
ious ecosystems (LENGYEL & al. 2010), having a direct
impact on the local plant community composition and on
the granivores by mediating the seed bank and germina-
tion within and around their nest soil and by modifying
the distribution and abundance of seeds in the land-
scape, respectively (BEATTIE 1985, GiLaDI 2006, WILLS
& LANDIS 2018, DE ALMEIDA & al. 2020a). Overall, seed
dispersal is an interesting case of ecosystem engineering
because through an interaction with plant propagules,
either failed seed consumption, or elaiosome consumption,
ants physically alter seed distribution in the landscape.
This alters the conditions for the propagules (i.e., distinct
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physical and chemical properties of the nest soil) and
the resources for granivores (SANDERS & FrRAaGO 2024),
resulting in changes of fitness and composition of these
organisms in an ecosystem.

The conditional mutualism of myrmecochory supports
the directed dispersal hypothesis where seeds reach suit-
able micro-habitats for germination, as well as elaiosome
removal which further increases germination success
(HANDEL & BEATTIE 1990, LEAL & al. 2007). For example,
Messor barbarus (LINNAEUS, 1767), although a granivo-
rous species, will store seeds in their refuse piles in Medi-
terranean grasslands, providing advantageous microsites
with protection from abiotic and biotic conditions (RISSING
1986, LEVEY & BYRNE 1993, AZCARATE & PEco 2007), in-
creasing plant species richness and seed density (BUuLOT
& al. 2016). Further, there is evidence that harvester ants,
in general, affect seed dispersal and survival beyond their
consumption. One study showed that seedling survival
rates are similar within the nest as compared with out-
side, however, density increased for the seedling species
selected by the ant (ANJos & al. 2020). Furthermore, seeds
are sometimes transported to the refuse pile, in which
41.3% of the 1% selected were found to germinate (RETANA
& al. 2004). It has also been suggested that aardvark-ant
interaction in South Africa increases seed transport to
nutrient-rich sites and the viability of these seeds (DEAN
& YEATON 1992). Varying preferences for seed species by
ants lead to non-random seed selection. As a result, the
seed composition within ant nest soil may differ from that
of the surrounding soil (FARJI-BRENER & MEDINA 2000,
ScHUTZ & al. 2008, ZHAO & al. 2020). Nonetheless, selected
plant species tend to be more abundant in the nest soil
than in the surrounding soil (SCHUTZ & al. 2008), driving
seed bank variation at ant nests and creating a mosaic of
plant species.

Chemical repertoire of ants and their symbionts

Sociality in ants is a key evolutionary feature, yet it is
not without risks. Frequent worker interaction enhances
the quick dissemination of pathogens creating a need for a
strict hygiene protocol (ScHMID-HEMPEL 1998). Although
certain mechanical practices such as grooming and refuse
pile placement can mitigate some of the risks, the use of
chemicals have also appeared in some species (SCHMID-
HEMPEL 1995, OFFENBERG & DAMGAARD 2019). Multiple
chemicals are already produced by ants, ranging from
use in communication to defense against competitors or
predators (ATTYGALLE & MORGAN 1984). Passive applica-
tion of antibiotics (terpenoids, mullein and myrmicacin)
obtained while foraging can extend to plants, decreasing
plant disease incidence (AKINO & al. 1995, OFFENBERG &
DAMGAARD 2019). Interestingly, there are also examples
of ectosymbionts present on the ant cuticle biofilm that
provide chemicals as a defense against pathogens (SAm-
UELS & al. 2013, Gao & al. 2014), and this might extend
to the leaf microbiota, for example, due to the interaction
with the forager microbiota (BITAR & al. 2021). The genera
Acromyrmex, Allomerus, Oecophylla, Pseudomyrmex,
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Tetraponera, and possibly others (leaf-cutting ants hav-
ing a vast literature themselves; see SAMUELS & al. 2013),
have antibiotic-producing ectosymbionts in their cuticle
(i.e., bacteria of the genus Bacillus and Lactococcus).
Anti-pathogenic compounds are passively transferred to
foraging areas including plants, reducing the pathogen-in-
flicted leaf damage and the epiphytic bacterial abundance
(SAMUELS & al. 2013).

The presence of ants might in many cases increase the
chances of success of plants, but typically only if evolution-
ary mutualistic interactions are shared (NEss & al. 2010,
GONZALEZ-TEUBER & al. 2014). Within some ant-plant
mutualisms, ant chemical compounds are actively respon-
sible for plant dominance. For example, in Myrmelachista
schumanni EMERY, 1890 and Duroia hirsuta mutualism,
non-host plants are sprayed with formic acid by M. schu-
manni allowing extensive areas to be dominated by D.
hirsuta (see FREDERICKSON & al. 2005). Other organisms
might also use ant compounds for their benefits. Songbirds
have been observed to apply ants on their feathers (anting),
mainly from Formicinae species. There are a few poten-
tial reasons for this behavior, including the usage of their
compounds produced for their anti-parasitic, bactericidal,
and fungicidal properties (REViS & WALLER 2004, BUSH &
CrayToN 2018). However, compelling evidence for any of
the hypotheses coined are still missing (Morozov 2015).
Ants have a large and undiscovered pharmacological
potential that can be efficiently explored with new tech-
nological developments (AGARWAL & al. 2022).

With all these examples of ant engineering in mind,
we turn our attention now to the functional aspect of ant
diversity, which is important to consider when discussing
their contribution to ecosystem processes, and finally, to
service provision.

Engineer’s functional traits

A functional trait approach adds a dimension to biodiver-
sity measurements facilitating a more mechanistic un-
derstanding of ecological phenomena (WoNG & al. 2019).
A functional trait is a phenotypic entity measured on an
individual organism that has a demonstrable link to its fit-
ness (McGILL & al. 2006, VIOLLE & al. 2007) or its ability to
regulate ecosystem functioning (MLAMBO 2014, SCHMITZ
& al. 2015). The traits of ecosystem engineers can have
important implications for their contribution to ecosystem
processes and service provision, relating to the magnitude
and efficiency, or the consistency and stability of these
processes (DE ALMEIDA & al. 2020a, ELIZALDE & al. 2020).
Ants play a unique role as ecosystem engineers in this
regard as their eusociality confers an extended phenotype
on the nest itself, allowing for the consideration of traits
at both the individual and colony levels (HOLLDOBLER &
WILSON 1990, ARNAN & al. 2014). Within ant functional
ecology, morphological traits have had the most attention
due to the relative ease at which one can measure them.
In addition to morphology (body size, pilosity, etc.), other
factors have been identified as important to consider when
studying terrestrial invertebrates, including physiology



(temperature tolerance, relative growth rate, etc.), behavior
(activity time, locomotion speed, etc.), ecology (ingestion
rate, feeding guild, etc.), and life history traits (life span, on-
togeny, etc.) (MORETTI & al. 2017). Specifically, traits meas-
ured at the colony level, especially those associated with
nest construction and structure, may be more indicative of
effectiveness of an ant species as ecosystem engineers. Here
we highlight specific traits of interest, both at the individ-
ual and colony levels, that have been either demonstrated
or theorized to impact engineer ability or efficiency.

In relation to bioturbation, body size is likely to be
a key functional trait related to the excavation process,
determining size and shape of tunnels (ESPINOZA & SAN-
TAMARINA 2010). As physical engineers, larger bodied indi-
viduals tend to have the most impact on soil displacement
and movement (LEHMANN & al. 2017) with larger burrows
increasing soil porosity and water infiltration (LEE &
FOSTER 1991, AUCLERC & al. 2022). Along with body size,
traits such as mandible length restrict the choices available
by limiting the size and mass of particles being carried
(DoSTAL & al. 2005, OLIVERAS & al. 2005, DE ALMEIDA &
al. 2020b), while other measurable modifications to man-
dible morphology may relate to specialized functions such
as leaf cutting or digging (HOLLDOBLER & WILSON 1990).
Such constraints have consequences for other aspects of
engineering, such as seed dispersal or nutrient cycling,
where the size and mass of the particle being carried likely
alters the local seed bank, the nutrient concentration in
the soil, or the dispersal distance (KASPARI 1996, WILLS
& LaNDIs 2018). Furthermore, some species of ants are
known to exhibit varying levels of polymorphism, where
the breadth of a trait can add heterogeneity to engineering
activities (WiLLs & al. 2018). However, within a polymor-
phic species (Solenopsis invicta BUREN, 1972), there is
evidence that topological features of the tunnel network
are conserved among individuals of different sizes, with
nest area and length being correlated with the number of
active workers instead (GRAVISH & al. 2012).

Colony size is positively correlated with the nest vol-
ume (BUHL & al. 2005, TSCHINKEL 2011), with larger col-
onies containing more chambers and tunnels (TSCHINKEL
2021, MILLER & al. 2022), allowing for more potential
microhabitats for myrmecophiles (PARMENTIER & al.
2014). Additionally, the connectivity and modularity of
the nests can influence collective behavior, with higher
connectivity increasing the speed of resource transporta-
tion (PINTER-WOLLMAN 2015). Nest architecture is an im-
portant trait that can vary greatly from relatively shallow
nests to up to 7m in depth (HOLLDOBLER & WILSON 1990,
MOREIRA & al. 2004, GUIMARAES & al. 2018). Construction
is often responsive to environmental conditions, so physi-
ological traits such as critical thermal limit or desiccation
resistance may determine certain nest characteristics.
For example, workers of Formica podzolica FRANCOEUR,
1973 that experience higher temperatures excavate deeper
nests (SANKoOVITZ & PURCELL 2021), while Temnothorax
rugatulus (EMERY, 1895) built thicker nest walls in higher
humidity (DIRIENZO & DORNHAUS 2017). While individual

morphological traits may act as constraints in the rate of
excavation, physiological and colony properties likely me-
diate the overall impacts in ecosystems. Trait acquisition
and inclusion in studies of ant engineering and service
provision is a promising venue to connect different axes
of diversity to the provision of ES. In the next section, we
explore the connection between biodiversity and ecosys-
tem functions and services.

Engineer diversity and ecosystem
functions and services

The functioning and stability of ecosystems are critically
dependent on biological diversity (HOOPER & al. 2005,
CARDINALE & al. 2012, TILMAN & al. 2014). Animal en-
gineering activities generally have a positive effect on
species richness (ROMERO & al. 2015), thereby support-
ing the ecological processes they provide. Nonetheless,
the diversity of the engineering species themselves may
play a significant role in maintaining ecosystem stability
(YEAKEL & al. 2020). It is important to note, however, that
most studies have primarily focused on single dominant
ant species with large nest footprints, while species with
relatively smaller nests have received less attention.

Ant nest building, in particular, creates “fertility is-
lands” by increasing surrounding soil organic matter and
biota diversity. This results in enhanced nutrient availabil-
ity and cation concentrations, which in turn promotes plant
biomass and fitness. Yet, this does not necessarily result
in higher density and or plant species richness (BouLToN
& AMBERMAN 2006, FARJI-BRENER 2010, FARJI-BRENER
& WERENKRAUT 2017). It is also evident that there is spe-
cies-specific variation which influences the contribution to
ecosystem functioning. The fertility associated with these
islands depend on ant diet, with herbivorous ants increas-
ing nest cation content more than omnivorous ants, thus
promoting greater primary production (FARJI-BRENER &
WERENKRAUT 2017). However, while the degree of influ-
ence exerted by ants on a given community is correlated
with their diet and functional traits (EL1ZALDE & al. 2020,
AUCLERC & al. 2022), the modulation of environmental
modification is contingent on soil types and topographical
factors (JAMES & al. 2008). Arid environments benefit sub-
stantially more as ants have a greater impact on fertility
due to the lack of surface vegetation or water (BRIESE 1982,
CARLSON & WHITFORD 1991, DOSTAL & al. 2005, CERDA &
JURGENSEN 2008, FARJI-BRENER 2010, DE ALMEIDA & al.
2020a). For example, redistributing water to create mois-
ture-rich patches in semi-arid environments contributes
to small-scale landscape heterogeneity, further amplified
with their impacts on soil chemistry (RICHARDS 1996).

Heterogeneity evidently emerges as a significant attrib-
ute of ecosystem engineering, potentially enhancing com-
munity diversity on broader scales and governing larger
ecosystem processes (ROMERO & al. 2015, FARJI-BRENER
& WERENKRAUT 2017). Engineers’ impacts on the physical
environment operate through altering abiotic conditions,
modifying consumable resources, and / or influencing non-
trophic resources (i.e., living spaces) (SANDERS & al. 2014,
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SANDERS & FRAGO 2024). Communities of engineers in a
habitat create mosaics of different soil structures as well
as varying concentrations of organic matter and nutrients
(BouLTON & AMBERMAN 2006, LAVELLE & al. 2016). Such
small-scale impacts can accumulate into the landscape
as long-term effects, with downstream consequences for
ecosystem functioning and services being dependent on
diversity effects (NKEM & al. 2000, LAVELLE & al. 2006,
FENG & al. 2022). Particularly, if a single dominant species
(or trait) is linked to an ecosystem function, then the abun-
dance or biomass of that species (or traits) in a community
will be more important in predicting that function (mass
ratio hypothesis; GRIME 1998). Alternatively, functions
may be dependent on contributions from many different
individuals (or traits) to be fully realized (complementarity
hypothesis; Diaz & CaBipo 2001, TILMAN & al. 2001). For
example, the diversity of nest construction strategies may
not mitigate erosion as effectively as having high density
of larger compact nests in an area (which last longer and
offer overall better resistance) (PATON & al. 1995). Alter-
natively, ant-derived variability in nutrient concentration
can indirectly increase soil resilience towards erosion by
increasing its heterogeneity, preventing plant invasions
and structural homogenization (LAVELLE & al. 2006).
Subsequent research should transit from concentrating
on local-scale mechanisms to encompassing communi-
ty-scale dynamics to adequately comprehend and address
the impact of engineering on the delivery of ES (MAcCE &
al. 2012, LAVELLE & al. 2016).

Ecosystem services are essentially what human so-
cieties obtain, in terms of direct or indirect goods or
well-being, from ecosystems functioning. There is ex-
tensive research that causally connects biodiversity with
functioning, thus with service provision (BALVANERA & al.
2006), elucidating the potential connecting mechanisms
(SrR1vASTAVA & VELLEND 2005). The supply of services,
measured as ecosystem functioning, is usually the only
component considered in service provision studies in the
natural sciences (METZGER & al. 2021). For example, tax-
onomic and functionally diverse communities of insects
can deliver a greater number of services than less diverse
communities (fruit yield: KLEIN & al. 2003, nutrient cy-
cling: BEYNON & al. 2012). In fact, biodiversity showed to
be a key factor for stable service provision in the short-
and long-term through different mechanisms (BEyNoN
& al. 2012). There is also a growing trend to evaluate the
multifunctionality of ecosystems, or their capacity to
provide more than one function or service at the same
time (HECTOR & BAGCHI 2007, LEFCHECK & al. 2015). The
connection between biodiversity and multifunctionality is
even stronger, thus diverse communities and landscapes
better fulfill multiple functions and services (HECTOR &
BaccH1 2007, GAMFELDT & al. 2013). For instance, in an
experimental mesocosm, functionally diverse dung beetle
treatments were more important to provide higher levels
of three ES (MANNING & al. 2016). At the landscape scale,
efficient and diverse service provision is better guaranteed
by higher beta diversity and diverse local communities
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(VAN DER PLAS & al. 2016, BROCKERHOFF & al. 2017, VAN
DER PraS & al. 2018). Practically, the connection between
biodiversity and ES is complex and can be approached in
various ways (MACE & al. 2012); for ants and ant engineer-
ing, most of the examples given here connect their diversity
with the regulation of ecosystem processes, therefore,
providing services directly and indirectly.

Engineers as ecosystem
service providers
Several ecosystem services are known to be directly or
indirectly provisioned by ants (DEL Toro & al. 2012, PER-
FECTO & PHILPOTT 2023), some being the result of their
diverse engineering activities detailed previously (Fig. 1).
Instead of listing engineering as a supporting service itself,
in this review, however, we prefer to classify engineering
activity as an ecological process mediated by ants’ indi-
vidual- and colony-level traits, which accumulate in the
landscape leading to the provision of regulation of envi-
ronmental processes. Such distinction avoids confusion in
understanding the relationship between biodiversity and
ES (MACE & al. 2012). Further, the end product of these
engineering activities — in most cases the nest — is itself
contributing with material and non-material services to
people, thus being an indirect link between both roles.
In general, studies only refer to the connection of eco-
system functions and services without quantification or
valuation efforts. In this section, we provide an overview
of these studies on engineering-related ES and disservices,
mostly from the perspective of service supply.

Material services

Typically, the material services attributed to ants are
derived from their bodies, as many ant species are used
for food (RasToart 2011), and not their built structures.
However, a few examples exist where the construction
materials used in nest building, the end product of the en-
gineering process, are potential goods for humans. In the
case of Oecophylla spp., the final-instar larvae produce silk
used in stitching leaves together to form a nest (CROZIER
& al. 2010), these natural nanofiber membranes possess
unique features that makes them suitable for potential
medical applications (REDDY & al. 2011). Additionally,
Oecophylla spp. silk may be utilized as biomaterial, such
as a cell matrix (SIR1 & MAENSIRI 2010) with application
in various biotechnological fields including tissue culture,
drug loading, biosensoring, biodegradable solar cells, and
artificial nerve tubes (PRAJWAL & al. 2015). In Africa,
nest extract from Oecophylla longinoda was also used as
treatment for asthma or severe coughing (VAN Huts 2003).
Similarly, the Paniyan tribe of Southern India would treat
scabies with the mud found in ant nests (WILSANAND &
al. 2007). While such practices may be rooted in tradition,
potentially serving as part of cultural identity, there is a
significant chance that medically novel and important
products can arise from such practices (SEABROOKS &
Hu 2017). Finally, Rhytidoponera mayri (EMERY, 1883)
nests in Australia showed to be potential indicators for



geochemical explorations and prospecting of gold, copper,
and zinc (STEWART & ANAND 2014).

Regulation of environmental processes

Ants’ engineering activities give support and regulate
many ecosystem processes that can be advantageous to
humans, including regulation of freshwater flow through
the soil (L1 & al. 2014, 2017, LEITE & al. 2018), erosion and
runoff (CERDA & JURGENSEN 2008, CERDA & al. 2009, L1 &
al. 2017), regulation of climate (WU & al. 2013), regulation
of nutrient cycles (LAVELLE & al. 2006), and formation and
decontamination of soils (LE1 2000, SWANSON & al. 2019,
VILES & al. 2021). The magnitude of their effects can vary
according to their traits and is usually uncoupled from
human demand, except in agroecosystems.

Multiple regulating services are provisioned by ants
due to their engineered changes to soil physical and chem-
ical properties. An experiment found that farmland with
ants and termites showed an increase in crop yield by
36% due to improved water infiltration (EVANS & al. 2011).
Another study showed that plots with active ant nests
had, on average, 60% higher water infiltration rate in an
orange orchard, where soil properties get altered under
intensive herbicide application and machinery use (CERDA
& JURGENSEN 2008). Moreover, habitat and ecosystem
restoration are other possible benefits; ant nests promote
water infiltration and retention of deep-rooted plants,
which eventually reduces vegetation loss in desert areas
that have been revegetated (L1 & al. 2014). Further, the
reintroduction of Camponotus japonicus MAYR, 1866 in
the Loess Plateau (China) improved water infiltration and
lowered water evaporation around the nest, potentially
contributing to revegetate that area (L1 & al. 2017).

Ants have been extensively studied as important bi-
oindicators. Ant species richness, density, diversity, and
even identity have all provided insight into the soil quality
in mine sites and agricultural lands (MAJER 1983, PECK &
al. 1998, VENUSTE & al. 2018, KAVEHEI & al. 2021). Soil cy-
cling and bioaccumulation of heavy metals in ant workers
highlight how important ants can be for the restoration of
sites and the positive consequences for human well-being
(GrzES 2010). Concentrations of several heavy metals have
been detected in harvester ants (Pogonomyrmex rugosus
EMERY, 1895) residing near an inactive copper and lead
smelter (DEL Toro & al. 2010), and wood ants (Formica
lugubris ZETTERSTEDT, 1838) which accumulate high
levels of heavy metals in proximity to a cobalt smelter in
Finland (SKALDINA & al. 2018). Above findings suggest that
ants can serve as reliable surrogates for assessing heavy
metal contamination. In coal mines, two ant species, Cat-
aglyphis longipedem (EICHWALD, 1841) and Camponotus
compressus (FABRICIUS, 1787), consistently demonstrated
bioaccumulation of heavy metals in levels greater than
grasshoppers; moreover, C. longipedem exhibited higher
levels of zinc and manganese due to their excavation ac-
tivities, while C. compressus showed elevated iron content
attributed to their consumption of plant-derived liquids
(KHAN & al. 2017, KHAN & al. 2023).

Non-material services

Non-material services provided by ant engineers are
relatively uncommon, primarily manifested through their
remarkable nest-building activities. Here too, the results
of the engineering process, by being a physical, objec-
tive part of a landscape, provide non-material services
to humans in an indirect pathway between engineering
and services. The intricate underground ant colony nests
have inspired civil engineers and architects in terms of
ant mound bionics, structures, and materials (GARCIA-
HOLGUERA & al. 2016, YANG & al. 2022, BELACHEW &
al. 2024). Indeed, leaf-cutting ants provide such inspi-
ration for engineering application by showcasing their
ability to control their nest microclimate. In a nest of
Acromyrmex heyeri (FOREL, 1899), workers maintain a
stable nest temperature by actively modifying the nest
structures (BoLLAzzI & RocEs 2010), and similarly, work-
ers of Atta vollenweideri FOREL, 1893 design the nest
openings with turrets to facilitate the wind-induced nest
ventilation (KLEINEIDAM & al. 2001). As a result of nest
excavation, some species (e.g., Messor barbarus) have po-
tential use in paleontological prospection (MARTIN-PEREA
& al. 2019).

Ant nests also play an important role in religious rit-
uals and superstition. For instance, in sub-Saharan Af-
rica, people make offerings on the ant nest as a means of
expelling demons (in Mali and Niger), as these nests are
often associated with spiritual beliefs, and it is believed
that rainbow snakes emerge from ant nests to stop the
rain in Niger and Sudan (VAN Huts 2021). It is important
to note that the relevant ant species involved in these rit-
uals are not mentioned by the author. More interestingly,
anthills are occasionally referenced in literature, as an
indicator of, for example, “potential regeneration” (OPATA
2003) or “an indictment” (WozN1UK 2008). To clarify,
termite mounds, with conspicuous aboveground struc-
tures, are sometimes mistakenly referred to as anthills.
Hence, when anthills are documented as a bionic object
of the underground city of Cappadocia in Turkey (YANG
& al. 2022) or a venue where locals conduct ritualized
worships in many parts of India (SHULMAN 1978, IRWIN
1982), they are constructed by termite workers rather
than ants.

Services provided by communities of
engineering ants

The nest building and central foraging traits of ants make
them all potential contributors, though to different degrees
(e.g., see NOOTEN & al. 2022, BoGaR & al. 2024), to the
same ecosystem processes. More interestingly, however,
is to utilize the effects of their species-specific traits that
potentially create a mosaic of outcomes to a service in
question. Ant-engineering effects to ecosystem processes
and services at community- and landscape- levels are less
studied and remain speculative, as well as the accuracy of
scaling up the well-studied effects of some species. There-
fore, we present some examples and directions for future
studies in this area.
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Services provided by ant communities

As mentioned previously, researching ant assemblages
can give us a more realistic understanding of their impact
on functioning and services provision (and multifunc-
tionality) by including potential interactions and the net
effect of their diverse life histories. The net outcomes of
local and regional processes and supply of services are
contingent, among other factors, on the components of
the respective ant fauna (PERFECTO & PHILPOTT 2023),
including its functional components (CADOTTE & al. 2011,
WOoNG & al. 2019). Functional diversity is high among
soil-nesting ants, related to their nest building and for-
aging activities, creating a true mosaic of conditions and
resources for other organisms by increasing soil-nutri-
ent-profile heterogeneity (FARJI-BRENER & WERENK-
RAUT 2017, VILES & al. 2021), which differentially affects
plant and microbial communities by influencing their
fitness (BooTs & al. 2012, FARJ{-BRENER & WERENK-
RAUT 2017), and reflects on landscape-level heterogeneity
(CAMMERAAT & RiscH 2008). This might be especially
true for those regions containing, among other ants, spe-
cies that are recognized as important ecosystem engi-
neers, like leafcutter ants, harvester ants, Formica spp.,
and others.

The direct contribution of ant engineering to the wa-
ter cycle and soil maintenance, plus the promotion of
diverse soil microbiome and plant root growth (GyssELs
& al. 2005, BooTs & al. 2012, Hao & al. 2021), which
affect the carbon cycle, are all expected to have impor-
tant outcomes to climate regulation, a service that is of
utmost importance considering the effects of anthropo-
genic climate change. Wu & al. (2013), in a well-rounded
experiment, quantified the contribution of the three most
abundant ant species in a marsh to the production of
important atmospheric gasses, as well as the net ecosys-
tem production based on nest densities and total area
studied (a landscape-scale outcome). Ant nests acted as
sources of carbon dioxide but sinks of methane. There-
fore, they bring essential information to properly quan-
tify the role of ant engineering in marshlands, directly
or indirectly through microorganisms, to the balance of
greenhouse gasses and nutrient cycles, and ultimately, to
the supply of climate regulation services, or potentially
disservices.

The contribution to soil-based ES is part of what ant
engineering does, as they further contribute to structuring
oflocal plant communities and their fitness by promoting
seed dispersal, creation of ant gardens, clearings in forests,
and above- and belowground growth (FARJ{-BRENER &
WERENKRAUT 2017). All these processes contribute at
some level to primary production and community heter-
ogeneity (R1SSING 1986, NKEM & al. 2000, ROMERO & al.
2015, HANSEN & al. 2023). Even though ant engineering
does not promote plant diversity according to the me-
ta-analysis of FARJI-BRENER & WERENKRAUT (2017),
we argue that community-level studies are necessary to
answer this question fully as the mosaic of conditions
created by ant communities cannot be properly captured
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by the synthesis of distinct population-level studies, the
primary source for this article. One good example of ant
community engineering that results in provisioning ser-
vice comes from ZHONG & al. (2021). In this article, they
demonstrate how ants’ improvement of soil bulk density,
together with grazers’ improvement of soil N levels, fa-
cilitate plant biomass accumulation that offsets negative
grazing effects. This system provides carbon uptake and
primary production (regulating), meat production in agro-
ecosystems (provisioning), and other grassland-related
services (DAUBER & al. 2006, DE ALMEIDA & al. 2020a,b).

Finally, ant engineering promotes habitat creation and
maintenance for a variety of organisms that use nests or
ant gardens in some way (myrmecophiles) (HOLLDOBLER
& KwaPicH 2022, CAMPBELL & al. 2023), but they also pro-
mote biodiversity and maintenance of options with their
capacity to diversify conditions (e.g., microhabitats) and
modulate resources to other organisms (JONES & al. 1994,
ROMERO & al. 2015). Maintenance of options is a fourth
category of services recently identified by the IPBES that
is important for human well-being as we walk towards a
future with greater consequences of anthropogenic climate
change (IPBES 2019).

Disservices provided by

engineering ants

Ant engineering can also contribute in negative ways to
an ecosystem process, production of goods (plants and
agriculture crops), or even human infrastructure; all of
which are termed ecosystem disservices to humans. Many
of these disservices, however, typically involve invasive ant
species or ant populations that become a problem by being
overabundant (HoLwAy & al. 2002). Leafcutter ants, which
have been extensively studied, are known for the potential
disservices they provide by building immense nests. The
first concern comes from their disturbances to the soil
structure, altering soil aeration and temperature, thus
affecting microbial and organic matter decomposition in
the soil (SWANSON & al. 2019). These changes may reduce
soil fertility and water retention, which can affect vege-
tation growth and promote the establishment of invasive
plants, and the invasive plants may further affect the soil
environment (FARJI-BRENER & al. 2010, Xu & al. 2022). In
another aspect, leafcutter ants can promote soil subsidence
due to the sheer volumes of soil they move, causing poten-
tial accidents by weakening the structures that support
buildings (MoNTOYA-LERMA & al. 2012). Another ant that
can damage human-made structures is Solenopsis invicta,
their excavation and removal of soil can damage roads,
walkways, farming machinery, electrical equipment, and
other public facilities (VinsoN 2013). Ants can also become
pathogen vectors in foraged plants, which lead to increased
pathogen and infection load and impacts on plant health
and agricultural productivity (EL-HAMALAWI & MENGE
1996, Moyo & al. 2014, BiSSELEUA & al. 2017). This can be
the case of Phillidris sp. that has been reported to transmit
the spores of Phytophthora palmivora in tropical agroe-
cosystems (WIELGOSS & al. 2014).
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Soil-nesting invasive ants, such as Pheidole megaceph-
ala (FABRICIUS, 1793), can negatively affect the surround-
ing plants by constructing underground nests near plant
roots. This activity can directly reduce carbon fixation
and storage in screenhouse-reared Acacia drepanolobium
saplings (MILLIGAN & al. 2022). Moreover, many invasive
ants can harm agricultural crops through excavation
around their roots (HoLwAY & al. 2002). The yellow crazy
ant, Anoplolepis gracilipes, has been documented to un-
dermine the roots of several agricultural plants (HAINES
& HAINES 1978, LEE & YANG 2022), and this can weaken
the plants’ root systems and thus, ultimately reduce crop
yield. The disservices promoted by invasive species in
most cases underscore the importance of managing and
controlling them to reduce potential long-term impacts of
their presence on human well-being.

Other aspects of ants’ disservices were not included
in this review because they are not directly linked to ant
engineering, like native species displacement, “Invasional
meltdown”, and distress caused by home invasions, to
name a few. These can be found, for example, in DEL TOrRO
& al. (2012).

Links between ant ecosystem
engineering and ecosystem services

The rapid growth of population and urban centers based
on an economical and technological model of predatory
exploration of ecosystems has taken us to a point of ac-
celerated environmental degradation (IPBES 2019, WAG-

NER & al. 2021). However, it has also led to raised global
awareness of our impacts and the intrinsic importance of
nature to all processes responsible for sustaining life and
human well-being (IPBES 2019). Therefore, considering
the importance of ecological processes to life and human
well-being, and the important contribution of ants to those
processes, we believed it was time to review and compare
their roles to answer the following questions: Can these
two different roles of ants in ecosystems be interchange-
ably studied, meaning they are the same phenomenon of
a system? Or only by combining both approaches we can
reach a better understanding of these organisms’ roles in
the environment, meaning they are complementary or
contrasting within a system? Throughout this review, we
highlighted the nature and aspects of ants as ecosystem
engineers and providers of ES through engineering, and
now we lay our conclusions.

Conceptually, a connection between fields exists be-
cause the provisioning of ES is derived from ecosystem
processes, of which engineering is a part of (see Box1
for definitions of the relevant concepts above). From the
definition itself it is possible, however, to separate what
is the process (engineering), the material results of the
process (in most cases the nest), and its outputs to humans
(services). While logically, all engineering processes and
their material results are potential services, not all poten-
tial services are derived from engineering processes and
not all potential services will turn into realized services
(Fig. 3).
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Furthermore, both phenomena can be described by
their actors, recipients, processes, measurable properties,
and results. In the case of ants, ecosystem engineering
and the potential service “Regulation of environmental
processes” are directly linked by the same actor — ants,
through the same processes and measurable properties,
therefore, they can be considered the same phenomenon.
Further, the result of engineering, the nest or nest space, is
directly linked to potential “Material” and “Non-material”
services. However, not being derived from the engineer-
ing process itself, provision of potential “Material” and
“Non-material” services has an indirect link with ant
engineering and cannot be described as the same phe-
nomenon, as they do not share the same actor, processes,
and measurable properties.

Now, in terms of the study of both phenomena, they were
and still are often studied separately because of their con-
ceptual and methodological differences, a consequence of
the historical construction of both fields and of their focus
(BERKE 2010, PESCHE & al. 2013). Historically, ES is a con-
cept that slowly grew in importance and acceptance since
the 70s in science and economy circles, reaching common
acceptance in the late 90s. Its roots come from the need to
bring the attention of policy makers to the threats posed to
ecosystems by humans (PESCHE & al. 2013). The “ecosys-
tem engineering” concept, however, was coined by JONEs
& al. (1994), although the idea is present for many years in
ecological studies. Since then, it is a topic of debate between
ecologists, evolutionists, and philosophers on its validity
and breadth (see BERKE 2010 for a review on the topic).

From this historical construction, we observe the use
of two distinct methodologies. While studies of ecosystem
engineering use ecological methods to understand ecosys-
tem processes, studies of ES utilize both ecological and
socio-economical approaches to understand the supply,
demand, and flow of services (see Box1) (METZGER & al.
2021). The latter is also a field with extensive synthesis and
a “distributed research, assessment, and decision support
system” (PESCHE & al. 2013) that bridges the developments
of the field with policy makers and stakeholders. Finally,
these two concepts have different perspectives on the same
process. Engineering is concerned with the organismic /
ecosystem-centric measure and output of processes, while
ESis concerned with the human / society-centric measure
and output and the bridge between function and service,
the demand and flow. To sum up, while engineering may
support a variety of services directly or indirectly, it is
not a one-to-one comparison, and for services to be met,
there must be human demand and input (SPANGENBERG
& al. 2014; Fig. 3).

Considering the relevance of ants to the environment
as extensively shown in the previous sections and their
widespread presence and abundance (SCHULTHEISS & al.
2022), it is time to combine the study of these roles and
directly quantify ants’ importance to the sustenance of
humans’ well-being on Earth. The extensive literature
and literature synthesis on ant engineering should fa-
cilitate research development on ant-mediated ES, from
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identification, to mapping and quantification (ROMERO &
al. 2015, FARJi-BRENER & WERENKRAUT 2017), because
these studies have mapped important engineering guilds
and ecosystems affected that can be a starting point for
research on the demand and flow of service provision.
Additionally, ant engineering researchers could garner
valuable attention to their research if clearer connections
and quantifications were done regarding the impacts of
ant engineering to human well-being. Adding humans to
the equation better captures the reality of today’s ecosys-
tems. It could potentially bring important investments for
conservation and management of areas and populations
of ants, either native or exotic, especially those that have
stronger impacts on ecological processes or services.

Scale

Beyond the differences already presented, it is also
worth mentioning the relevant scales concerning each con-
cept. For studies on ant-mediated services, relevant spatio-
temporal scales range from the size or duration of a single
nest to a whole landscape and its existence through time,
dealing with individual colonies, to populations and com-
munities (LAVELLE & al. 2006). The scope for engineering
is slightly smaller; as ecological studies require replication,
a single nest does not typically serve as the sole research
source. This often leads to investigations at larger spatio-
temporal scales. The study of both roles of ants is limited,
though, by the capacity of researchers to collect relevant
data, especially at larger scales. Furthermore, there is a
lack of cross-scale studies in these disciplines that hinders
predictions on the impacts of processes in other scales,
referred to as scalability (WHEATLEY & JOHNSON 2009).
This is important because fine-scale local processes have
impacts on larger spatiotemporal scales (LAVELLE & al.
2006, CAMMERAAT & RiscH 2008). For instance, most
soil-based ES are perceived at the landscape scale, yet the
structures that affect these services’ delivery are built by
individual engineer units, so that modifying soil structure
in alocal scale can influence services such as water supply
or erosion prevention (detailed in LAVELLE & al. 2016).

Ant engineering studies typically focus on describing
the impacts of species, the engineers, at the population
level (FARJi-BRENER & WERENKRAUT 2017); however,
we already stressed the importance of community-level
studies to understand these processes in other scales. The
scale at which an ecosystem service is relevant depends on
the scale that an ecosystem process operates and on the
demand size. Whether it is ant colonies in a hillslope or
colonies in a garden, it is important to know that for each
specific service different supplier units of interest are rel-
evant (ANDERSSON & al. 2015, MALINGA & al. 2015). Thus,
the scales at which “ecosystem services” can be analyzed
are broader than for ecosystem engineering, in a similar
fashion to Figure 3. WHEATLEY & JOHNSON (2009) provide
a good review of the common pitfalls and solutions to
design multi- and cross-scalar studies in ecology, the key
being to vary the grain or extent in the study while keeping
the other factors fixed.



Future Directions

The study of ants as ecosystem engineers and mediators
/ providers of ES is a prolific field of myrmecological re-
search. From the time that DEL Toro and collaborators
(2012) wrote their review on the topic, ecosystem service
research has continued to grow in importance (Tab. 1 for
a list on the topic). Here, we delineate a few topics that
have great potential to bridge the topics approached in
this review, further contributing to understand ants and
their contribution to ecosystem processes and human
well-being worldwide.

Ant communities

Larger ants, or ant species with big colonies, are re-
sponsible for big engineering impacts on the ecosystem,
and consequently, service provision. However, to fully
understand how service provision happens in different
contexts, it is important to study not only key species, but
whole ant communities. For instance, if the engineering
effect of a single species does not promote plant diversity
(FARJI-BRENER & WERENKRAUT 2017), the accumulation
of many species may promote overall nutrient hetero-
geneity (or homogeneity) across the landscape, shaping
community structure (JOUQUET & al. 2007). Furthermore,
the significance of complementarity becomes more evident
when viewed through the lens of multifunctionality (VAN
DER PrAS & al. 2016), where different members of the
myrmecofauna contribute asymmetrically to different
ecosystem processes (JOUQUET & al. 2007, Lu & al. 2019).

To effectively analyze the impact of ant engineering
communities on ecosystem function and service provi-
sion, it is crucial to know their community composition,
nesting habits, and nest density (CAMMERAAT & RiscH
2008, VILEs & al. 2021). Despite being hard to quantify
those variables, studies like DE ALMEIDA & al. (2020a)
and WU & al. (2013) had success; both quantified ant nest
density and different biotic and abiotic variables to explore
the influence of ant engineering on diverse ecosystem
processes and their ability for restoration. The difficulties
can be partially solved by doing experiments in amena-
ble conditions where more variables are controlled (e.g.,
total diversity, and more desirably, the total density), and
then interesting metrics can be assessed with more ease.
This is achievable in human-made environments, like
orchards, agroecosystems, and greenhouses, but also in
certain simple biomes like deserts, characterized by lower
structural complexity and diversity. To give an example
of a service outside of engineering scope, BISSELEUA & al.
(2017) opted for a cocoa agroforestry system to examine
the impact of ant communities and individual dominant
ant species (Crematogaster sp. and Oecophylla longinoda)
on cocoa tree yield. In their design, they measured the
net outcome between pest predation and disease spread
(by walking on the leaves), thus accounting not only for
individual and community effects but also for the balance
between services and disservices, concluding that ant di-
versity had a net positive effect on cocoa yield. Similarly,
the incorporation of individual and community effects into

ant engineering and ecosystem service provision is likely
to yield fresh insights in both fields.

Understudied biomes and locations

The supply of services by ants may be more prom-
inent in certain landscapes, biomes, or regions due to
pedological / geological (landscape structure, type of
soil, elevation, rugosity, slope), evolutionary (coevolution),
ecological (density, interactions, community composition),
and anthropogenic (demand, coupling, flow, disturbances)
variables. For example, leafcutter ants and their effects
are restricted to the southern Nearctic and Neotropical
regions. Moreover, myrmecochory is more important in
Mediterranean biomes (LENGYEL & al. 2010, Luo & al.
2023), and finally, soil nutrition in consequence of ant
engineering seems to be more important in arid and semi-
arid regions, because their baseline is lower than in other
regions (FARJI-BRENER & WERENKRAUT 2017). Thus, ana-
lyzing FARJI-BRENER & WERENKRAUTS (2017) meta-anal-
ysis according to countries and biomes included, we found
that studies on Temperate Broadleaf & Mixed Forests
and Temperate Grasslands, Savannas & Shrublands were
the most abundant, with 19 and 15 studies, respectively,
mainly from Europe and the Americas (Fig. S1, as digital
supplementary material to this article, at the journal's
web pages). However, there were no studies or only a few
in other grassland biomes of the world (Montane, Flooded
Grasslands, Tropical Grasslands) which could also have
ants contributing significantly to ecosystem functions
and services (Tab. S1, Supplementary Material). Consid-
ering the high abundance of ants in tropical forests and
savannah (SCHULTHEISS & al. 2022), future focus on these
biomes may be particularly promising. Overall, this high-
lights the uneven distribution of studies on ant engineering
and service provision in different biomes and provides
guidance for future research locations.

Invasive ants: aiding or disrupting services?

The escalating proliferation of invasive ant species has
persistently posed risks to both ecosystem and human
well-being (ANGULO & al. 2022, WoNG & al. 2023). Exotic
species have the capacity to modify ecosystem processes
through their trophic and non-trophic interactions, which
can subsequently propagate through other processes
(CAMERON & al. 2016, RiLov & al. 2024). Alternatively,
through engineering activity, they may influence the size
and accessibility of specific resource pools (EHRENFELD
2010), altering community structure and service provision.
An example of this is their effects on soil structure and
chemical composition. Linepithema humile (MAYR, 1868),
the Argentine ant, have short-lived, shallower nests than
native species, with a lower contribution to soil turnover
and accumulation of nutrients and organic matter in in-
vaded plots (SUAREZ & al. 1998, Horway & al. 2002). This
can affect the accessibility to resources for plants and
microfauna in invasion fronts. However, more research
is needed on this topic to ascertain their contribution
compared with native ants (LACH & HOOPER-BUT 2010).
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Apart from posing a significant threat to human health
through antagonistic interactions, invasive engineering
activity near humans can cause significant damage to crit-
ical infrastructure (Luo 2005, ZHAO & al. 2008, SIDDIQUI
& al. 2021). Conversely, evidence suggests that invasive
species provide certain services by themselves, including
increasing the soil nitrogen (RiLov & al. 2024), fertility
(LAFLEUR & al. 2005), or promoting biological control
(EuBanks 2001). Because the knowledge about these
positive impacts on processes is still shy compared with
their negative impacts, and because of the increasing risk
of invasions globally, it is important to explore the role of
invasive ecosystem engineers to the services or disservices
they provide, in order to develop effective management
strategies to mitigate disservices and promote the services
offered by them.

Ants as ecological engineers

Using biological means to assist in habitat restora-
tion, such as planting nitrogen-fixing plants to improve
soil nutrient levels (MACEDO & al. 2008) or inoculating
earthworms to modify soil physical properties (BLoUIN
& al. 2013), has a long history in restoration ecology. As
reviewed in this paper, ants play a crucial role in reg-
ulating soil bio-physicochemical properties and act as
soil engineers. However, harnessing their services and
applying them in restoration programs is still in its early
stages, despite their potential to actively participate in
and promote soil restoration processes (DE ALMEIDA & al.
2023). For instance, a study by DE ALMEIDA & al. (2020a)
highlights the role of Messor barbarus in accelerating the
restoration of Mediterranean grasslands through its soil
modification capacities.

Nevertheless, to harness the soil modification services
provided by ants, a key question arises: How can we intro-
duce the “right” species and the appropriate number of in-
dividuals or nests that will effectively perform the desired
service? Furthermore, when considering the introduction
of ants, restoration managers must also decide on the ap-
proach to be used. This could involve direct inoculation,
where ant species with the desired traits are stocked into
the degraded area, or indirect methods, where the area is
modified to facilitate colonization by suitable ant species
from nearby areas, thus achieving the goal of soil modi-
fication (e.g., DE ALMEIDA & al. 2020a). Both approaches
present challenges and gaps that need to be overcome.
This is the case for species of the Formica rufa group,
intentionally introduced previously for biological control
purposes in Italy (Apennines in the 1950s) and Canada
(Valcartier, Quebec in the 1970s) (STORER & al. 2008,
SEIFERT 2016, FrR1zz1 & al. 2018). The consequences of
these introductions to local soil processes or their capacity
to be used in restoration programs are unknown to this
point. Furthermore, the continuous surveillance of these
ants, which did not happen, is an example of what should
not be done in any attempted restoration. Unpredictable
consequences can arise from introducing any new species
to an ecosystem, even if closely related to some of the ants
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already found locally, which was the case in these two
regions (STORER & al. 2008, Frizzi & al. 2018).

The direct approach may face challenges related to
the availability of local ant species that are suitable for
the intended purpose, as they may not be commercially
available. Additionally, for indirect methods, the degraded
habitat may not initially be suitable for the target ant spe-
cies to establish a presence, requiring further habitat mod-
ification. Moreover, this method also does not provide full
control over the species and the extent of the engineering
function they can perform. Implementing either approach
necessitates a comprehensive understanding of ant ecology
and the ability to determine the appropriate number of
colonies or fertilized queens needed for a particular area
to achieve the desired restoration outcome. However, com-
pared with plants, earthworms, and termites, which have
long been recognized as ecological engineers (JOUQUET &
al. 2014), information on ant species engineering proper-
ties and function may not be readily available.

Therefore, further research is needed to investigate
which ant species would be suitable candidates for resto-
ration efforts and to determine their contribution during
this process. A functional trait-based approach would be
effective for development in this regard (AUCLERC & al.
2022, MERCHANT & al. 2023). It is important to note that
ant species composition is influenced not only by habitat
types but also by geographic regions. Understanding which
species possess the potential to act as ecological engineers
in one location may have limited application in restoration
programs elsewhere. Therefore, by identifying functional
traits that are linked to specific modifications in soil prop-
erties, we can generalize the findings and apply them more
broadly. With the rapid development of trait-based ecology
and the application of nature-based solutions, we believe
this will foster more studies and experiments involving
the use of ants as ecological engineers in the field of res-
toration ecology.

Valuation of engineering services

Human society demands the valuation (monetarily)
of goods and services to raise interest (VILLAMAGNA & al.
2013). However, ES were not included in this valuation
for most of our modern history; and to make matters
worse, they have been quantified without consensus on the
method, going from market-based to science-based ones
(SAGoFF 2011, TALLIS & al. 2012). In addition, ES demand
is, in many studies, lacking in numerical values (SCHAGNER
& al. 2013). In contrast, disservices are better evaluated
and quantified. For example, major invasive species data
related to direct and indirect (i.e., administrative, agricul-
tural, health-related, etc.) costs are available through In-
vaCost database (DIAGNE & al. 2020). This database is not
exhaustive, yet it is the most complete to date (ANGULO &
al. 2022, HULME & al. 2024). Most of ants’ engineering-re-
lated services are harder to assess in terms of financial
benefits to humans considering their uncoupled, complex
nature. Therefore, to better valuate these uncoupled ser-
vices, at least the supply offered by ant communities must



be quantified. The demand and flow should be considered
together and in context, and the progress in the field can
be observed with new methods and their proposed metrics
(SERNA-CHAVEZ & al. 2014, WoOLFF & al. 2015). Moreover,
non-material services are usually difficult to value, yet
there are studies available, such as PLIENINGER & al.
(2013), which combined land cover and structured surveys
to assess and quantify different non-material services to
the land use type, of which myrmecologists could base
their assessments of ant non-material services on.

In recent years, ES valuation is expanding in the num-
ber of studies, geographical extension, and methodology
of analysis (DE GROOT & al. 2012, BRANDER & al. 2024).
BRANDER & al. (2024) created the Ecosystem Services
Valuation Database (ESVD), analyzing 1300 studies world-
wide. During their review, they acknowledged some of the
gaps and limitations, such as the importance to increase
data collection in underrepresented biomes, as well as to
account for unbalanced region representation, which is
also valid for ants. Further, some ES might have trade-off
effects among them that should be accounted for to obtain
trustable values. Like for other taxa, we need to develop
valuation methods that embrace the particularities of
services derived from ant engineering, especially regu-
latory services, which originate mainly from soil-based
processes and are usually physically disconnected from
the regions that seek and benefit from such services (i.e.,
human populated regions).

Conclusions

As important ecological engineers in nature, ants have
far-reaching impacts on the physical properties, chemical
composition, and biodiversity of soils through the con-
struction of complex nest structures from the soil to the
canopy, extensive food collection and distribution, and
multiple symbiotic relationships with other organisms.
All these activities contribute to the well-being of human
societies in direct or indirect ways. Only by studying
them together we can improve our understanding of the
connection between their activities and our life quality. In
sum, enhancing our comprehension of ants as ecosystem
engineers and service providers requires a comprehensive
research approach that joins empirical studies, theoret-
ical modeling, and applied conservation efforts, paving
the way for biodiversity promotion, ecosystem resilience
enhancement, sustainable natural resource management,
and promotion of healthy ecosystems and human societies.
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