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While the pollination services provided by wild bees are now well recognized, their importance as soil ecosystem
engineers has been largely overlooked, despite the fact that most species nest in the soil in self-excavated bur-
rows. Here we provide an overview of the many direct and indirect effects of ground-nesting wild bees on the

S\;ﬁ?gitsmn physical, chemical and biological properties of soil, soil functions, and ecosystem services. In particular, we
Soil engineers discuss how ground-nesting bees move and mix substantial amounts of soil during nest construction, thereby
Biopores altering soil physical properties (e.g., soil pore architecture, soil porosity, density) and soil functions (e.g., water
Soil erosion and gas exchange), and act as geomorphic agents at larger scales (affecting, e.g., surface runoff and soil erosion).
Infiltration We also review how ground-nesting bees affect soil chemical and biological properties through their nesting
Aeration activity, leading to the redistribution and accumulation of organic carbon and nutrients in the soil, providing
Melittosphere hotspots for microbial activity, and introducing a range of organisms into the soil. Furthermore, we discuss the
large-scale indirect effects on soils through their pollination functions, which shape plant communities and soil
functions modulated by plants. Lastly, we highlight the role of ground-nesting bees as soil ecosystem engineers
that complement the activity of other bioturbators in both space and time by occupying biogeographical niches
where other bioturbators are largely absent, and by complementary activity peaks during the season. We
emphasize the distinctive position of ground-nesting bees among soil fauna, acting as both pollinators and soil
bioturbators, and conclude that ground-nesting bees deserve greater attention and recognition in future research
and conservation policy as part of soil biodiversity and for their role as soil ecosystem engineers.
Introduction global economic value of crop pollination (Kleijn et al., 2015).

Animal pollination is critical for the functioning of natural and
managed ecosystems. Approximately 88 % of all flowering plant species
(Ollerton et al., 2011) and three-quarters of the world’s food crops
(Klein et al., 2017) depend on or benefit from animal-mediated pollen
transfer. Animal pollination accounts for 5-8 % of global crop produc-
tion (Aizen et al., 2009), corresponding to an annual market value of US
$235-577 billion in 2015 (IPBES, 2016; Lautenbach et al., 2012).
Additionally, pollinator-dependent crops play a particularly important
role in global micronutrient supply and thus human health
(Chaplin-Kramer et al., 2014). In most ecosystems, bees — both managed
and wild - are the most important pollinators (Garibaldi et al., 2013;
IPBES, 2016; Michener, 2007). Wild bees contribute about half of the

* Corresponding author.
E-mail address: philippe.tschanz@protonmail.com (P. Tschanz).
! These authors contributed equally.

https://doi.org/10.1016/j.baae.2025.02.003
Received 24 September 2024; Accepted 12 February 2025
Available online 14 February 2025

While the pollination services provided by wild bees are now well
recognized, the ecosystem services they provide beyond pollination are
undervalued (Christmann, 2019, 2022). The vast majority of wild bees
are ground-nesting species, i.e., they nest below ground in
self-excavated burrows (Cane & Neff, 2011; Danforth et al., 2019;
Harmon-Threatt, 2020; Michener, 2007), thereby significantly influ-
encing soil structure and functioning. Most ground-nesting bee species
create vertical macropores similar to those formed by anecic earth-
worms that can persist for many months (Danforth et al., 2019; Tschanz
et al., 2023), thereby improving water flow and gas transport in soil.
Ground-nesting bees can move soil to the surface at higher rates (Cane,
2003; Watanabe, 1998) than many other soil-dwelling organisms
recognized as soil ecosystem engineers (Bétard, 2021; Paton et al., 1995;
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Wilkinson et al., 2009). Moreover, through their pollination functions,
bees shape local communities of pollinator-dependent plants, which
play a fundamental role in providing soil ecosystem services
(Christmann, 2019). It is therefore surprising that ground-nesting bees
have been largely overlooked in reviews of the impact of soil fauna on
soil ecosystem services (e.g., Bottinelli et al., 2015; Gabet et al., 2003;
Lavelle et al., 1997, 2006; Prather et al., 2013; Wilkinson et al., 2009),
though some authors mention them briefly (e.g., Butler, 1995; Hole,
1981; Paton et al., 1995). Moreover, despite most ground-nesting bee
species spend the vast majority of their lives in the soil (Danforth et al.,
2019; Harmon-Threatt, 2020), ground-nesting bees are rarely consid-
ered as part of soil biodiversity and are not included in relevant soil
biodiversity policies (e.g., FAO et al., 2020). As a consequence, bee
conservation policies have primarily targeted the life history stages and
requirements of bees outside the soil (e.g., floral resource needs) rather
than those during their life stages in the soil (Christmann, 2022;
Orgiazzi, 2022). Therefore, the importance of ground-nesting bees and
the consequences of their decline for ecosystem services beyond polli-
nation are greatly underestimated (Christmann, 2019, 2022).

Here, we describe the multiple effects of ground-nesting bees on soil
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and define the soil volume directly influenced by ground-nesting bee
activity as the 'melittosphere’. We discuss the implications of their ac-
tivity for soil functions and soil ecosystem services, identify key
knowledge gaps, and highlight the role of ground-nesting bees as bio-
turbators that are spatiotemporally complementary to other soil
ecosystem engineers. Our analysis raises awareness of the largely
neglected contribution of ground-nesting bees to soil health and high-
lights the role of ground-nesting bees as soil ecosystem engineers.

The melittosphere - How ground-nesting bees affect soils

Ground-nesting bees modify soil physical, chemical, and biological
properties, thereby affecting soil functions and ecosystem services (see
Fig. 1 for an overview). Ground-nesting bees affect soils directly through
their nesting activity, similar to the burrowing activity of earthworms,
ants, termites, and other bioturbators. Unlike most other bioturbators,
all pollinating bees also affect soils indirectly by providing pollination
functions, which shape plant communities and thus soils. While the
functional domains, i.e., the volume of soil under the influence of an
organism, have been defined for earthworms (drilosphere), ants
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Fig. 1. Schematic illustration of the melittosphere — the volume of soil directly influenced by the activity of ground-nesting bees. Ground-nesting bees
directly affect physical (P), chemical (C) and biological (B) properties of soil, with implications (I) for soil functions, and ecosystem services. Physical effects include:
(P1) movement and mixing of soil, e.g., by (P1a) depositing excavated soil material at the surface (mounding) and (P1b) excavation and refilling of burrows; (P2)
altering soil pore architecture by excavating (P2a) simple to (P2b) complex burrow systems. These effects have implications for soil functions and properties, e.g., (Ia)
soil textural profiles through soil mixing, (Ib) water and gas exchange between soil and the atmosphere, (Ic) local soil density profile through wall compaction, (Id)
soil decompaction through soil mounding, and (Ie) soil erosion and soil creep. Chemical effects include: (C1) enhancement of soil organic carbon and nutrients, e.g.,
by bringing (C1a) leaves for nest construction or (C1b) pollen and nectar as food resources for offspring, or by (Clc) excretion of endogenous biochemical compounds
for brood cell lining. Biological effects include: (B1) stimulation of microbial activity through excretions of endogenous substances, (B2) introducing and attracting
organisms into the soil, and (B3) providing channels for plant roots. Effects may be particularly high where they nest in dense aggregations (A). Other, indirect effects
on soils are provided by (O) bee pollination functions shaping plant communities and soil functions modulated by plants. Note that the drawing is not to scale and
does not represent the exact behavior/nest structure of any particular species, but rather integrates aspects of several species for illustrative purposes. Illustration
created by Noélle Klein.
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Fig. 2. Examples illustrating the effects of ground-nesting bees on soils. A) A mound of excavated soil material (so-called ‘tumulus’) formed by the social sweat
bee, Lasioglossum malachurum. B) A nesting aggregation of an unidentified Lasioglossum species. C) X-ray image of a soil column containing a brood cell, presumably
of Andrena vaga with an overwintering adult bee, showing (1) compacted soil around brood cell walls; and (2) the bee body (a: head, b: thorax, c: abdomen). Color
scale in Hounsfield Unit (i.e., linear scale of radiodensity, where —1000 represents air and 0 represents distilled water at standard temperature and pressure). (D) An
opened brood cell of L. malachurum showing (1) the smoothed brood cell wall; (2) the larvae; and (3) pollen and nectar supply. (E-F) 3D reconstructed X-ray
computed tomography images of soil columns containing nests of ground-nesting bees. Shown are the air-filled pores (red, green, and orange) created by (E) the
solitary spring-mining bee, Colletes cunicularius and (F) the social L. malachurum. Grid lines represent 20 mm. Figures E-F adapted from Tschanz et al. (2023).

(myrmecosphere), termites (termitosphere), plant roots (rhizosphere)
and others (Brown et al., 2000), an equivalent terminology is lacking for
bees. Here, we propose to name the volume of soil directly influenced by
the activity of ground-nesting bees the ‘melittosphere’ (from the Greek
word péMrtta, melitta, meaning ‘bee’).

Physical engineering

Female ground-nesting bees are prolific diggers. They excavate a
subterranean burrow system that contains brood cell chambers and food
supplies for their offspring (Danforth et al., 2019; Michener, 2007).
During this burrow construction process, they move and mix significant
amounts of soil in a short period of time, thereby altering the local soil
pore network architecture and soil density and texture profiles. Partic-
ularly where populations occur in dense aggregations (i.e., groupings of
individual nests; Fig. 2B), bee nesting activity can greatly modify soil
physical properties and associated soil functions and ecosystem services.

Soil movement, mixing and alteration of soil texture profiles
Ground-nesting female bees bring larger amounts of soil per unit area
to the surface each year than many other mound-building animals
(Bétard, 2021; Paton et al., 1995). The few available estimates show that
soil excavation by ground-nesting bees nesting together in local aggre-
gations can bring to the surface the equivalent of several tonnes of soil
per hectare and year, with reported values of 5.5 Mg (Nomia melanderi;
Cane, 2003) up to 27 Mg (Andrena prostimias; Watanabe, 1998). These
annual bee mounding rates exceed those of many other mound-building
animals, including most of the reported rates for ants and termites.
Termite mounding rates are typically <1 Mg ha~! yr~! and rarely exceed
5 Mg ha! yr! (Bétard, 2021; Lobry de Bruyn & Conacher, 1990; Paton
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etal., 1995; Wilkinson et al., 2009). Ant mounding rates are typically in
the range of 1-5 Mg ha! yr™!, although mounding rates exceeding 50
Mg ha™! yr’1 have been reported (Bétard, 2021; Paton et al., 1995; Viles
et al., 2021; Wilkinson et al., 2009). While bee mounding rates are in a
similar range to typical earthworm casting rates in temperate habitats of
10-50 Mg ha™! yr~!, earthworms casting rates can exceed 100 Mg ha™!
yr‘1 in tropical regions (Edwards & Arancon, 2022; Paton et al., 1995;
Wilkinson et al., 2009). However, it is remarkable that the reported
annual bee mounding rates were achieved within just a few days during
the brief nest excavation period of the univoltine species (Cane, 2003;
Watanabe, 1998), whereas mounding by, e.g., earthworms and ants,
occurs over most of the year (e.g., Humphreys, 1981; Roy, 1957). Thus,
the daily mounding rate of a dense ground-nesting bee aggregation
during the nest-building period may even exceed the daily mounding
rates of earthworm populations in productive habitats. Furthermore,
annual mounding rates for nesting aggregations of multivoltine bee
species may even exceed those of univoltine species.

By bringing soil material from deeper soil horizons to the soil surface
(Fig. 2A), but also by refilling parts of their burrow system with exca-
vated soil material, as reported for some bee species (e.g., Batra, 1964,
1968), ground-nesting bees mix soil material from different soil depths
and thereby alter local soil textural profiles (Paton et al., 1995). While
we are not aware of quantitative estimates of soil mixing rates or mea-
surements of soil texture changes by ground-nesting bees, their effects
on soil texture are evident from their soil mounds (so-called tumuli),
which sometimes look conspicuously different in color and particle size
from the soil surface (Danforth et al., 2019). In addition, erosion of bee
tumuli may change soil texture by leaving larger particles behind while
fine material is carried away by wind or water, as suggested for the soil
mounds created by other species (Cammeraat & Risch, 2008; Reichman
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& Seabloom, 2002). Unlike other bioturbators, however, ground-nesting
bees appear to change soil texture rather inadvertently. The digestion
and regurgitation of soil (e.g., earthworms, some termites) or the
transport of soil particles with the mandibles (e.g., termites, ants) has
been shown to result in the preferential movement of soil particles of
certain size ranges in earthworms, ants, and termites, which can lead to
the formation of entire soil horizons of specific particle sizes
(Cammeraat & Risch, 2008; Hole, 1981; Paton et al., 1995). In contrast,
soil excavation by bees is unlikely to result in particle size-dependent
sorting of soil, because bees generally use their legs and body parts
(head, thorax, abdomen) to push loose soil out of nests to the soil surface
(e.g., Batra, 1968; Martins & Antonini, 1994).

Soil pore architecture, porosity, and soil density

Ground-nesting bees alter the local pore network architecture
through their burrowing activity for nest construction, leaving behind a
fascinatingly high diversity of pore network architectures (Fig. 2E-F).
They create pores ranging from 2 to 10 mm in diameter (Rozen, 2016;
Sarzetti et al., 2013; Westrich, 2018). Pores created by nesting bees can
be several meters deep (up to 530 cm; Cane & Neff, 2011; Danforth et al.,
2019), although the depth at which most ground-nesting bee species
typically construct brood cells ranges from about 10 cm (upper median)
to about 20 cm (lower median) (Cane & Neff, 2011; Harmon-Threatt,
2020). The architecture of bee burrows varies widely among species
(Malyshev, 1936; Sakagami & Michener, 1962; Stephen et al., 1969).
Nests of solitary species (which make up about 77 % of wild bee species;
Danforth et al., 2019) typically consist of a main vertical burrow with
lateral branches leading to brood cells (Antoine & Forrest, 2021; Dan-
forth et al., 2019; Ullmann et al., 2020), resembling vertical burrows
made by anecic earthworm species (Edwards & Arancon, 2022; Lee &
Foster, 1991) (Fig. 2E). However, some species excavate only a main
vertical burrow with no lateral branches ending directly in a single
brood cell chamber (e.g., Perdita maculigera; Michener & Ordway, 1963),
while others, especially social bee species, form an intricate network of
branching horizontal and vertical burrows, sometimes with brood cells
clustered in chamber-like structures (e.g., Lasioglossum malachurum;
Sakagami & Michener, 1962) (Fig. 2F).

The lifespan of these burrow networks can be highly variable. Soli-
tary species typically do not maintain their nests once the brood cells
have been provided with food and oviposition, whereas social species
can engage in nest-building for multiple generations over several
months, gradually expanding their burrow network (e.g., Tschanz et al.,
2023). Also, while some species leave their main burrow largely open (e.
g., Colletes cunicularius; Malyshev, 1927), others refill their burrow
system with soil material (e.g., Lasioglossum versatum; Batra, 1968) or
form a solid soil plug to close the nest entrance at the soil surface (e.g.,
Diadasia rinconis; Neff & Simpson, 1992) after nests construction.
However, even when burrows are no longer maintained after nest
completion, burrows can persist largely intact for many months
(Tschanz et al., 2023). Many ground-nesting bees coat burrow walls
with a hydrophobic film of glandular secretions (e.g., Cane, 1981;
Lybrand et al., 2020), or they compact walls by tamping excavated soil
material into burrows walls (e.g., Nomia melanderi; Batra, 1970), which
likely increases the stability of bee burrows. Biopores created by ants
and earthworms have been shown to be more stable than pores formed
by abiotic processes (Cheik et al., 2021; Pelisek, 2018), and this
increased stability is thought to be partly related to organic substances
secreted by the organisms (e.g., plant root mucilage and earthworm
mucus) (Czarnes et al., 2000, 2000; Gray & Lissmann, 1938; Leue et al.,
2015) and wall compaction (Cheik et al., 2021; Ruiz et al., 2017). Hence,
it can be expected that bee burrows will be more stable than abiotically
formed soil pores.

By relocating soil material, the burrowing and soil mounding activity
of ground-nesting bees alters the local bulk density profile (Fig. 2C) and
can also change the overall porosity and bulk density of the soil. Ground-
nesting bees generally act as soil ‘decompactors’ (Keller et al., 2021), i.
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e., they reduce the average soil bulk density by depositing excavated soil
material on the soil surface (Danforth et al., 2019; Westrich, 2018)
(Fig. 2A), thereby increasing the total soil pore volume. The magnitude
of the decompaction effect varies between species, e.g., due to differ-
ences in excavated burrow volume or the extent to which the nest is
refilled after completion (e.g., Batra, 1968) or excavated soil material is
tamped into burrow walls rather than disposed at the surface (e.g.,
Batra, 1970). Unlike some earthworm species, which can also reduce
overall soil porosity and increase soil compaction by accumulating
compact aggregates (Blanchart et al., 1999; Lavelle et al., 2004), such
consequences are generally not expected for bees, apart from minimal
local compaction effects along burrow walls or within brood cells
(Fig. 2C), leading to the formation of biopores with compacted walls
similar to those shown in earthworms (e.g., Rogasik et al., 2014).
Because some ground-nesting bees nest within crop fields and some-
times form dense aggregations (Tschanz et al., 2024; Ullmann et al.,
2020), ground-nesting bees could play a role in the decompaction of
agricultural fields. Decompaction through biotic activity could be
particularly relevant in continuous no-till fields that often suffer from
compacted topsoil (e.g., Nunes et al., 2015), but the contribution of
ground-nesting bees to soil recovery remains to be quantified.

Water and gas exchange between soil and atmosphere

Macropores formed by ground-nesting bees are likely to have sig-
nificant effects on water and gas transport between the soil and the at-
mosphere. To our knowledge, these effects have not yet been quantified,
but Colloff et al. (2010) found that invertebrate macropore density
enhanced soil infiltration rates. While the contribution of each inverte-
brate taxonomic group was not quantified, ground-nesting bees nested
at high densities (>50 holes m~2) in some of the measured sites and were
likely a major contributor to the increased infiltration rate.

The typical vertical and continuous main burrows created by most
ground-nesting bee species (Antoine & Forrest, 2021; Danforth et al.,
2019) (Fig. 2E) connect the soil surface to the subsoil, similar to burrows
created by anecic earthworms (Edwards & Arancon, 2022; Lee & Foster,
1991). Such macropores are particularly efficient at enhancing water
infiltration and soil aeration (extending oxic conditions deeper into the
soil) by creating preferential pathways for water and gas flow (Jarvis,
2007; Lee & Foster, 1991; Ruiz et al., 2023; Stepniewski et al., 1994).
However, the effects of bee nesting activity on gas and water dynamics,
as well as their duration, may be highly variable between species due to
species-specific differences related to life history traits (sociality, vol-
tinism), burrowing behavior, and nest architecture (cf. Fig. 2E and
Fig. 2F). For example, hydraulic conductivity in earthworm burrows is
influenced by earthworm behavior, such as burrow refilling behavior
(Capowiez et al., 2014), and by burrow morphological characteristics,
such as their length, surface area, diameter, inter-connectivity, tortu-
osity, and branching rate (Blouin et al., 2013; Bouché & Al-Addan,
1997). Thus, while the nesting activity of ground-nesting bees is likely
to have generally positive effects on soil water and gas exchange dy-
namics, these effects may vary considerably among species.

Geomorphic effects at the landscape scale

Ground-nesting bees act as geomorphic agents through their nesting
activity, with effects that extend far beyond the immediate vicinity of
their nests. Similar to earthworms, ants, and termites, bees have both
direct and indirect effects on geomorphology: directly through the for-
mation of soil mounds that create micro-landforms, and indirectly
through their effects on soil processes such as infiltration, surface runoff,
soil erosion, and soil creep (Bétard, 2021; Butler, 1995).

The soil mounds formed by many ground-nesting bee species are
mostly loose accumulations of excavated soil material (Danforth et al.,
2019) (Fig. 2A). These are easily eroded by wind and rain (e.g., Cane,
2003; Watanabe, 1998), similar to the ephemeral mounds (type-I sensu
Humphreys & Mitchell, 1983) formed by earthworms (casts) and some
ant species (Bétard, 2021). Soil loss from eroded bee mounds may be
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particularly high in sparsely vegetated areas, as shown for ants (Cerda
et al., 2009; Li et al., 2019), or on sloping terrain, and may contribute to
soil creep, as known for earthworms (Nooren et al., 1995). On the other
hand, biopores formed by ground-nesting bees likely increase water
infiltration rates, which reduce surface runoff, and thus soil erosion
rates, similar to the macropores created by earthworms, ants, termites,
and other soil-dwelling species (Edwards & Arancon, 2022; Jouquet
et al., 2014; Viles et al., 2021). In addition, some ground-nesting bee
species build more stable mounds by lining/cementing parts of their
mounds to form turrets (Antoine & Forrest, 2021; Danforth et al., 2019).
Although still relatively ephemeral compared to the highly persistent
mounds (type-II sensu Humphreys & Mitchell, 1983) produced by some
ants and termites (termitaria) (Bétard, 2021; Paton et al., 1995; Wil-
kinson et al., 2009), these reinforced bee mounds may help slow down
surface runoff and soil erosion by increasing surface roughness (Lavelle,
1997). Ultimately, whether ground-nesting bees are net mitigators or
contributors to soil erosion is not clear and may depend on several
factors, including species-specific behaviors (e.g., biopore refill-
ing/closing and soil mounding behavior) and environmental conditions,
as has been shown for ants (Cerda & Jurgensen, 2011; Viles et al., 2021).

Chemical engineering

To build their nests, ground-nesting bees move and mix the soil, and
enrich it with various endogenous and exogenous biochemical com-
pounds, thereby redistributing and accumulating organic carbon and
nutrients in the soil. Most ground-nesting bees line their brood cells (and
some also line the burrow walls) with exocrine gland secretions con-
taining a wide range of biochemical compounds (Albans et al., 1980;
Cane, 1991; Fellendorf et al., 2004; Lybrand et al., 2020). Some
ground-nesting bees also incorporate external organic and inorganic
substances into their nests, such as collected plant materials (including
leaves, flower petals, leaf trichomes, resins, floral oils) and abiotic ele-
ments (mud, stones, or soil) (Danforth et al., 2019; Michener, 2007).
After nest construction, ground-nesting bees introduce primarily pollen
and nectar (Fig. 2D), and sometimes floral oils, into the soil as food
resources for their offspring (Danforth et al., 2019; Michener, 2007).
These food supplies are often only partially consumed or remain un-
consumed, e.g., due to larval mortality (Danforth et al., 2019), thereby
contributing to the spatial redistribution of substantial amounts of
organic carbon and nutrients from above-ground vegetation into the soil
across potentially large distances (up to >1 km; Gathmann &
Tscharntke, 2002; Greenleaf et al., 2007; Zurbuchen et al., 2010).
Finally, organic matter and nutrients can also be incorporated into the
soil via adult bee mortality and feces. To our knowledge, these contri-
butions of ground-nesting bees to soil biochemical properties and
cycling have not been quantified, although they could be substantial in
dense nesting aggregations with far-reaching implications given the key
role of soil organic matter in soil health. Soil organic matter plays an
important role in maintaining and enhancing soil physical (e.g., water
retention, soil structure, aggregate stability), chemical (e.g., soil
fertility, nutrient release), and biological (e.g., soil microbial pop-
ulations, soil enzymes) properties, with beneficial consequences for the
various functions and services provided by soils, including crop pro-
ductivity, erosion control, and climate resilience (reviewed in Bashir
et al., 2021; Blouin et al., 2013; Lavelle et al., 1997).

Biological engineering

Nesting and foraging activities of ground-nesting bees can also affect
other soil organisms and plants (i.e., biological engineering: Lavelle
et al., 2006), with potentially substantial consequences for soil functions
and ecosystem services locally, but also over larger spatial scales within
their foraging ranges. By moving significant amounts of soil during their
extensive burrowing activity, soil invertebrates can help microorgan-
isms to reach new substrates (Lavelle et al., 1997). Endogenous
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substances excreted by ground-nesting bees may stimulate microbial
activity, similar to root exudates, earthworm mucus, and termite saliva
(Lavelle et al., 2006). This can lead to local hotspots of microbial activity
where microbes may release substances that can have beneficial or
detrimental effects on other organisms (Lavelle et al., 2006).

Ground-nesting bees introduce a range of organisms into the soil
through various routes (reviewed in Danforth et al., 2019). For example,
viruses, bacteria, and fungi enter the brood cell chambers through pollen
and nectar, nematodes through the reproductive tract and glandular
secretions, and mites by hitchhiking on the bee’s body. Because of the
remarkable diversity of (sometimes interacting) organisms found in
brood cells of ground-nesting bees, they have been referred to as ‘mi-
crocosms’ or miniature ecosystems (Biani et al., 2009; Danforth et al.,
2019). However, research to date has largely focused on the impact of
these organisms on bee health, but little is known about the conse-
quences for soil processes.

Plants benefit from the burrowing activity of ground-nesting bees.
Biopores, including bee burrows, can serve as paths of least mechanical
resistance for plant roots, allowing them to access nutrient and water
resources in deeper soil layers, improving plant growth and productivity
(Colombi et al., 2017; Wendel et al., 2022). Perhaps even more impor-
tant, however, are the effects on plants through the pollination functions
of all pollinating bee species, with large-scale consequences for soils
(Christmann, 2019, 2022). Plants play a crucial role in providing soil
functions and ecosystem services (Faucon et al., 2017), such as stabi-
lizing soils and reducing soil erosion (Gyssels et al., 2005), enhancing
nutrient availability and soil fertility (Dotaniya & Meena, 2015), carbon
sequestration (Kumar et al., 2006), and maintaining soil structure with
implications for soil water retention and aeration (Bronick & Lal, 2005).
Thus, by shaping plant communities within their foraging range through
their pollination functions, bees have profound indirect effects on soils
(Christmann, 2019, 2022).

Ground-nesting bees complement the bioturbation activity of
earthworms both spatially and temporally

In this section, we highlight how bees complement the activity of
other bioturbators in both space and time by occupying biogeographical
niches where other bioturbators are largely absent, and by comple-
mentary activity peaks during the season. Because earthworms are the
dominant bioturbators in most climatic regions (Paton et al., 1995), the
focus is primarily on comparing activity patterns of bees with those of
earthworms, but other faunal groups (especially ants, termites, and
small burrowing mammals) can be more important bioturbators than
earthworms in some environments (Paton et al., 1995).

Spatial complementarity — from global biogeographic patterns to local
habitat preferences

Although the tropics are known as biodiversity hotspots (Hillebrand,
2004; Rosenzweig, 1995) and are particularly rich in insect species
(Stork, 2018), including ants (Economo et al., 2018; Kass et al., 2022),
termites (Eggleton, 2000; Eggleton et al., 1994), and pollinators
(Ollerton, 2017), this is not the case with bees and earthworms. Bee
species diversity follows a bimodal latitudinal distribution, peaking at
mid-latitudes, particularly in the Northern Hemisphere (~30°-40°) and
to a lesser extent in the Southern Hemisphere (~30°), with lower species
diversity in the tropics (Bystriakova et al., 2018; Danforth et al., 2019;
Michener, 1979, 2007; Ollerton, 2017; Ollerton et al., 2006; Orr et al.,
2021). This distribution pattern is even more pronounced for solitary
and ground-nesting bee species, which are underrepresented in the
tropics compared to other groups of bees (Cheng & Ashton, 2021;
Danforth et al., 2019; Michener, 1979, 2007). Similar to bees, earth-
worm diversity peaks at mid-latitudes in the Northern Hemisphere
(~35°-45°), but unlike bees, a less pronounced secondary peak occurs in
the tropics (Phillips et al., 2019; Ruiz et al., 2021). The relative
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abundance of earthworm functional groups changes along a
thermo-latitudinal gradient, shifting from detritivorous (epigeic in the
northernmost latitudes to anecic in temperate regions) to soil-feeding
endogeic earthworms in the tropics (Lavelle, 1983; Lavelle et al.,
1997). Thus, in terms of latitudinal patterns of species diversity, the
functional groups most relevant for the formation of vertical biopores, i.
e., solitary ground-nesting bees and anecic earthworms, complement the
tropical peaks of ant and termite diversity and share the mid-latitude
peak, particularly in the Northern Hemisphere.

However, while earthworms and bees share their biogeographic
distribution peaks in the temperate zone, they have largely opposite
preferences for temperature and soil moisture conditions, leading to
significant spatial niche differentiation. In general, bees prefer warmer
and drier soil conditions (Antoine & Forrest, 2021; Danforth et al.,
2019), and thus, hotspots of bee species diversity occur in warm and dry
climates (Danforth et al., 2019; Michener, 1979, 2007; Orr et al., 2021).
In contrast, earthworms require adequate soil moisture levels and
generally prefer wetter and cooler soil conditions (Edwards & Arancon,
2022; Ruiz et al., 2023). These contrasting preferences result in partially
complementary geographic distribution patterns within the mid-latitude
peaks of the Northern Hemisphere. For example, bee species richness is
particularly high in the arid region of southern Europe (Orr et al., 2021),
whereas earthworm species diversity and abundance are particularly
high in northern Europe (Phillips et al., 2019). In North America,
earthworm species diversity and abundance are generally rather low
and concentrated in the humid northeastern United States (Phillips
et al., 2019), while North America, especially the arid southwestern
United States, is a major hotspot for bee species diversity (Orr et al.,
2021).

In conclusion, ground-nesting bees partially occupy regions and
habitats around the world, particularly in water-limited environments,
where their burrowing and soil mounding activity complements the
reduced earthworm activity. In these environments, the effects of
ground-nesting bees on soils, together with other soil-dwelling insects
(Betard, 2021), may play an important and underappreciated role in
providing soil functions and services.

Temporal complementary — how bees fill in periods of low earthworm
activity

Even where ground-nesting bees coexist with other soil bioturbators,
their burrowing and mounding activity may be temporally comple-
mentary to that of other coexisting bioturbators. For example, bees and
earthworms have largely opposite preferences for temperature and soil
moisture conditions (Antoine & Forrest, 2021; Danforth et al., 2019;
Edwards & Arancon, 2022; Ruiz et al., 2023), resulting in seasonally
complementary mounding and casting activity patterns similar to the
seasonally complementary casting and mounding activity patterns of
ants and earthworms (Humphreys, 1981).

Adequate soil moisture is critical for earthworm activity because
their thin skin offers little protection against fluctuating soil conditions
(Edwards & Arancon, 2022), and dry soils can become too hard for
earthworms to penetrate (Ruiz et al., 2023; Ruiz & Or, 2018). Earth-
worm casting and mounding activity is generally characterized by a
maximum during cool and wet seasons (Edwards & Arancon, 2022).
During periods of adverse soil conditions, particularly during the hot
and dry summer months in temperate climates, earthworm bioturbation
and soil mounding activity is reduced or even absent due to diapause
(Edwards & Arancon, 2022). In contrast, bees, like all arthropods,
possess an exoskeleton with a hard outer layer (cuticle) covered by a
waxy layer composed of hydrophobic lipids that help them limit water
loss and prevent desiccation (Blomquist & Bagneres, 2010). Bee activity
in temperate climates, similar to that of other insects (e.g., Shi et al.,
2021; van Dijk et al., 2024), is concentrated around the warmer months
from early spring to late fall, including the hot and dry summer months,
when floral food resources are abundant and air temperatures are high
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enough for bees to fly (Danforth et al., 2019; Westrich, 2018; Willmer &
Stone, 2004). Some bees actively moisten and soften the soil under dry
conditions by regurgitating liquids from their crop (collected water or
nectar) or by salivating (Malyshev, 1936; Rau, 1929; Rozen et al., 2019;
Rust, 1980). This behavioral capacity to actively modify soil conditions
may extend the soil hydromechanical limits under which bees can
burrow compared to other soil-dwelling insects that use a similar
excavation process (e.g., ants and termites; Espinoza & Santamarina,
2010; Ruiz et al., 2023) or bioturbators that burrow through the soil
using a penetration-cavity expansion process (e.g., earthworms; Ruiz
et al., 2017) (Ruiz et al., 2023).

In conclusion, ground-nesting bees in temperate climates comple-
ment earthworm biopore formation and soil mounding activity during
periods of hot, dry weather when soils can become dry and hard. During
such periods, ground-nesting bees, along with other soil-dwelling insects
(Bétard, 2021), may make a particularly relevant contribution to
improving soil functions and soil-related ecosystem services.

Conclusions and perspectives

We highlight how ground-nesting bees contribute to soil functions
and ecosystem services through their manifold direct and indirect in-
fluences on the physical, chemical, and biological properties of soils that
extend well beyond the immediate vicinity of their nesting sites.
Ground-nesting bees not only enhance the bioturbation and soil
mounding activity of other soil organisms with which they co-occur, but
also complement them in space and time due to specific aspects of their
biology and ecology, allowing them to occupy distinct spatio-temporal
niches. Ground-nesting bees have not traditionally been considered as
soil ecosystem engineers or regarded as part of soil biodiversity, and
their role in supporting soil functions has been largely neglected.
Consequently, we have very little quantitative data on the impacts of
ground-nesting bees on soil functions and ecosystem services. As a
further consequence, bees are currently not considered in relevant soil
biodiversity conservation policies, nor are the protection and conser-
vation needs of ground-nesting bees during their life stage in the soil
adequately integrated into bee pollinator conservation polices.

We call for more attention of the role of ground-nesting bees as soil
ecosystem engineers, and a better recognition of the protection needs of
ground-nesting bees as part of soil biodiversity in national and global
policies and management action plans. Future research could focus on
quantifying the effects of ground-nesting bees on soils across a range of
natural and human-modified habitats, and comparing them to those of
other coexisting bioturbators. This will help to identify the spatiotem-
poral niches in which ground-nesting bees play a particularly dominant
role in shaping soil functions and services, and to determine the po-
tential consequences of the ongoing pollinator decline beyond pollina-
tion functions.

CRediT authorship contribution statement

Philippe Tschanz: Conceptualization, Writing — original draft,
Visualization, Writing — review & editing. Matthias Albrecht: Writing —
review & editing, Supervision, Funding acquisition, Conceptualization.
Thomas Keller: Writing — review & editing, Supervision, Project
administration, Funding acquisition, Conceptualization.
Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We thank Noélle Klein for creating the illustration shown in Fig. 1.



P. Tschanz et al.

We also thank two anonymous reviewers for their valuable suggestions
that helped improve this article. This study was funded by the Swiss
National Science Foundation (SNSF, grant number 185273).

References

Aizen, M. A., Garibaldi, L. A., Cunningham, S. A., & Klein, A. M. (2009). How much does
agriculture depend on pollinators? Lessons from long-term trends in crop
production. Annals of Botany, 103(9), 1579-1588. https://doi.org/10.1093/aob/
mcp076

Albans, K. R., Aplin, R. T., Brehcist, J., Moore, J. F., & O’toole, C. (1980). Dufour’s gland
and its role in secretion of nest cell lining in bees of the genus Colletes (Hymenoptera:
Colletidae). Journal of Chemical Ecology, 6(3), 549-564. https://doi.org/10.1007/
BF00987667

Antoine, C. M., & Forrest, J. R. K. (2021). Nesting habitat of ground-nesting bees: A
review. Ecological Entomology, 46(2), 143-159. https://doi.org/10.1111/een.12986

Bashir, O., Ali, T., Baba, Z. A,, Rather, G. H., Bangroo, S. A., Mukhtar, S. D., Naik, N.,
Mohiuddin, R., Bharati, V., & Bhat, R. A. (2021). Soil organic matter and its impact
on soil properties and nutrient status. In G. H. Dar, R. A. Bhat, M. A. Mehmood, &
K. R. Hakeem (Eds.), Microbiota and biofertilizers, vol 2 (pp. 129-159). Springer
International Publishing. https://doi.org/10.1007/978-3-030-61010-4 7.

Batra, S. W. T. (1964). Behavior of the social bee Lasioglossum Zephyrum within the nest
(Hymenoptera: Halictidae). Insectes Sociaux, 11(2), 159-186.

Batra, S. W. T. (1968). Behavior of some social and solitary halictine bees within their
nests. A comparative study (Hymenoptera: Halictidae). Journal of the Kansas
Entomological Society, 41(1), 120-133.

Batra, S. W. T. (1970). Behavior of the alkali bee, Nomia melanderi, within the nest
(Hymenoptera: Halictidae). Annals of the Entomological Society of America, 63(2),
400-406. https://doi.org/10.1093/aesa/63.2.400

Bétard, F. (2021). Insects as zoogeomorphic agents: An extended review. Earth Surface
Processes and Landforms, 46(1), 89-109. https://doi.org/10.1002/esp.4944

Biani, N. B., Mueller, U. G., & Wcislo, W. T. (2009). Cleaner mites: Sanitary mutualism in
the miniature ecosystem of neotropical bee nests. The American Naturalist, 173(6),
841-847. https://doi.org/10.1086,/598497

Blanchart, E., Albrecht, A., Alegre, J., Duboisset, A., Gilot, C., & Pashanasi, B. (1999).
Effects of earthworms on soil structure and physical properties. In P. Lavelle & L.
Brussaard (Eds.), Earthworm management in tropical agroecosystems.

Blomgquist, G. J., & Bagneres, A.-G. (2010). Insect hydrocarbons: Biology, biochemistry, and
chemical ecology. Cambridge University Press.

Blouin, M., Hodson, M. E., Delgado, E. A., Baker, G., Brussaard, L., Butt, K. R., Dai, J.,
Dendooven, L., Peres, G., Tondoh, J. E., Cluzeau, D., & Brun, J.-J. (2013). A review of
earthworm impact on soil function and ecosystem services. European Journal of Soil
Science, 64(2), 161-182. https://doi.org/10.1111/ejss. 12025

Bottinelli, N., Jouquet, P., Capowiez, Y., Podwojewski, P., Grimaldi, M., & Peng, X.
(2015). Why is the influence of soil macrofauna on soil structure only considered by
soil ecologists? Soil and Tillage Research, 146, 118-124. https://doi.org/10.1016/j.
still.2014.01.007

Bouché, M. B., & Al-Addan, F. (1997). Earthworms, water infiltration and soil stability:
Some new assessments. Soil Biology and Biochemistry, 29(3), 441-452. https://doi.
org/10.1016/50038-0717(96)00272-6

Bronick, C. J., & Lal, R. (2005). Soil structure and management: A review. Geoderma, 124
(1), 3-22. https://doi.org/10.1016/j.geoderma.2004.03.005

Brown, G. G., Barois, L., & Lavelle, P. (2000). Regulation of soil organic matter dynamics
and microbial activity in the drilosphere and the role of interactions with other
edaphic functional. European Journal of Soil Biology, 36(3), 177-198. https://doi.
org/10.1016/51164-5563(00)01062-1

Butler, D. R. (1995). Zoogeomorphology: Animals as geomorphic agents. Cambridge
University Press.

Bystriakova, N., Griswold, T., Ascher, J. S., & Kuhlmann, M. (2018). Key environmental
determinants of global and regional richness and endemism patterns for a wild bee
subfamily. Biodiversity and Conservation, 27(2), 287-309. https://doi.org/10.1007/
s10531-017-1432-7

Cammeraat, E. L. H., & Risch, A. C. (2008). The impact of ants on mineral soil properties
and processes at different spatial scales. Journal of Applied Entomology, 132(4),
285-294. https://doi.org/10.1111/j.1439-0418.2008.01281.x

Cane, J. H. (1981). Dufour’s gland secretion in the cell linings of bees (Hymenoptera:
Apoidea). Journal of Chemical Ecology, 7(2), 403-410. https://doi.org/10.1007/
BF00995762

Cane, J. H. (1991). Soils of ground-nesting bees (Hymenoptera: Apoidea): Texture,
moisture, cell depth and climate. Journal of the Kansas Entomological Society, 64(4),
406-413.

Cane, J. H. (2003). Annual displacement of soil in nest tumuli of alkali bees (Nomia
melanderi) (Hymenoptera: Apiformes: Halictidae) across an agricultural landscape.
Journal of the Kansas Entomological Society, 76(2), 172-176.

Cane, J. H., & Neff, J. L. (2011). Predicted fates of ground-nesting bees in soil heated by
wildfire: Thermal tolerances of life stages and a survey of nesting depths. Biological
Conservation, 144(11), 2631-2636. https://doi.org/10.1016/j.biocon.2011.07.019

Capowiez, Y., Bottinelli, N., & Jouquet, P. (2014). Quantitative estimates of burrow
construction and destruction, by anecic and endogeic earthworms in repacked soil
cores. Applied Soil Ecology, 74, 46-50. https://doi.org/10.1016/j.apsoil.2013.09.009

Cerda, A., & Jurgensen, M. F. (2011). Ant mounds as a source of sediment on citrus
orchard plantations in eastern Spain. A three-scale rainfall simulation approach.
CATENA, 85(3), 231-236. https://doi.org/10.1016/j.catena.2011.01.008

98

Basic and Applied Ecology 84 (2025) 92-100

Cerda, A., Morera, A. G., & Bodi, M. B. (2009). Soil and water losses from new citrus
orchards growing on sloped soils in the western Mediterranean basin. Earth Surface
Processes and Landforms, 34(13), 1822-1830. https://doi.org/10.1002/esp.1889

Chaplin-Kramer, R., Dombeck, E., Gerber, J., Knuth, K. A., Mueller, N. D., Mueller, M.,
Ziv, G., & Klein, A.-M. (2014). Global malnutrition overlaps with pollinator-
dependent micronutrient production. Proceedings of the Royal Society B: Biological
Sciences, 281(1794), Article 20141799. https://doi.org/10.1098/rspb.2014.1799

Cheik, S., Jouquet, P., Maeght, J., Capowiez, Y., Tran, T. M., & Bottinelli, N. (2021). X-
ray tomography analysis of soil biopores structure under wetting and drying cycles.
European Journal of Soil Science, 72(5), 2128-2132. https://doi.org/10.1111/
ejss.13119

Cheng, W., & Ashton, L. (2021). Ecology: What affects the distribution of global bee
diversity. Current Biology, 31(3), R127-R128. https://doi.org/10.1016/j.
cub.2020.11.044

Christmann, S. (2019). Do we realize the full impact of pollinator loss on other ecosystem
services and the challenges for any restoration in terrestrial areas? Restoration
Ecology, 27(4), 720-725. https://doi.org/10.1111/rec.12950

Christmann, S. (2022). Regard and protect ground-nesting pollinators as part of soil
biodiversity. Ecological Applications, 32(3), €2564. https://doi.org/10.1002/
eap.2564

Colloff, M. J., Pullen, K. R., & Cunningham, S. A. (2010). Restoration of an ecosystem
function to revegetation communities: The role of invertebrate macropores in
enhancing soil water infiltration. Restoration Ecology, 18, 65-72. https://doi.org/
10.1111/j.1526-100X.2010.00667.x

Colombi, T., Braun, S., Keller, T., & Walter, A. (2017). Artificial macropores attract crop
roots and enhance plant productivity on compacted soils. Science of The Total
Environment, 574, 1283-1293. https://doi.org/10.1016/j.scitotenv.2016.07.194

Czarnes, S., Hallett, P. D., Bengough, A. G., & Young, I. M. (2000). Root- and microbial-
derived mucilages affect soil structure and water transport. European Journal of Soil
Science, 51(3), 435-443. https://doi.org/10.1046/j.1365-2389.2000.00327 .x

Danforth, B. N., Minckley, R. L., Neff, J. L., & Fawcett, F. (2019). The solitary bees: Biology,
evolution, conservation. Princeton University Press. https://doi.org/10.1515/
9780691189321

Dotaniya, M. L., & Meena, V. D. (2015). Rhizosphere effect on nutrient availability in soil
and its uptake by plants: A review. Proceedings of the National Academy of Sciences,
India Section B: Biological Sciences, 85(1), 1-12. https://doi.org/10.1007/s40011-
013-0297-0

Economo, E. P., Narula, N., Friedman, N. R., Weiser, M. D., & Guénard, B. (2018).
Macroecology and macroevolution of the latitudinal diversity gradient in ants.
Nature Communications, 9(1), 1778. https://doi.org/10.1038/541467-018-04218-4

Edwards, C. A., & Arancon, N. Q. (2022). Biology and ecology of earthworms. Springer US.
https://doi.org/10.1007/978-0-387-74943-3

Eggleton, P. (2000). Global patterns of termite diversity. In T. Abe, D. E. Bignell, &

M. Higashi (Eds.), Termites: Evolution, sociality, symbioses, ecology (pp. 25-51).
Netherlands: Springer. https://doi.org/10.1007/978-94-017-3223-9 2.

Eggleton, P., Williams, P. H., & Gaston, K. J. (1994). Explaining global termite diversity:
Productivity or history? Biodiversity & Conservation, 3(4), 318-330. https://doi.org/
10.1007/BF00056505

Espinoza, D. N., & Santamarina, J. C. (2010). Ant tunneling—A granular media
perspective. Granular Matter, 12(6), 607-616. https://doi.org/10.1007/s10035-010-
0202-y

FAO, L. T. P. S., GSBI, C. B. D., & EC. (2020). State of knowledge of soil biodiversity—Status,
challenges and potentialities. FAO. https://doi.org/10.4060/cb1928en

Faucon, M.-P., Houben, D., & Lambers, H. (2017). Plant functional traits: Soil and
ecosystem services. Trends in Plant Science, 22(5), 385-394. https://doi.org/
10.1016/j.tplants.2017.01.005

Fellendorf, M., Mohra, C., & Paxton, R. J. (2004). Devasting effects of river flooding to
the ground-nesting bee, Andrena vaga (Hymenoptera: Andrenidae), and its associated
fauna. Journal of Insect Conservation, 8(4), 311-312. https://doi.org/10.1007/
510841-004-0514-5

Gabet, E. J., Reichman, O. J., & Seabloom, E. W. (2003). The effects of bioturbation on
soil processes and sediment transport. Annual Review of Earth and Planetary Sciences,
31(1), 249-273. https://doi.org/10.1146/annurev.earth.31.100901.141314

Garibaldi, L. A., Steffan-Dewenter, L., Winfree, R., Aizen, M. A., Bommarco, R.,
Cunningham, S. A., Kremen, C., Carvalheiro, L. G., Harder, L. D., Afik, O.,
Bartomeus, I., Benjamin, F., Boreux, V., Cariveau, D., Chacoff, N. P.,

Dudenhoffer, J. H., Freitas, B. M., Ghazoul, J., Greenleaf, S., ... Klein, A. M. (2013).
Wild pollinators enhance fruit set of crops regardless of honey bee abundance.
Science, 339(6127), 1608-1611. https://doi.org/10.1126/science.1230200

Gathmann, A., & Tscharntke, T. (2002). Foraging ranges of solitary bees. Journal of
Animal Ecology, 71(5), 757-764. https://doi.org/10.1046/j.1365-2656.2002.00641.
X

Gray, J., & Lissmann, H. W. (1938). An apparatus for measuring the propulsive forces of
the locomotory muscles of the earthworm and other animals. Journal of Experimental
Biology, 15(4), 518-521. https://doi.org/10.1242/jeb.15.4.518

Greenleaf, S. S., Williams, N. M., Winfree, R., & Kremen, C. (2007). Bee foraging ranges
and their relationship to body size. Oecologia, 153(3), 589-596. https://doi.org/
10.1007/500442-007-0752-9

Gyssels, G., Poesen, J., Bochet, E., & Li, Y. (2005). Impact of plant roots on the resistance
of soils to erosion by water: A review. Progress in Physical Geography: Earth and
Environment, 29(2), 189-217. https://doi.org/10.1191/0309133305pp443ra

Harmon-Threatt, A. N. (2020). Influence of nesting characteristics on health of wild bee
communities. Annual Review of Entomology, 65(1), 39-56. https://doi.org/10.1146/
annurev-ento-011019-024955

Hillebrand, H. (2004). On the generality of the latitudinal diversity gradient. The
American Naturalist, 163(2), 192-211. https://doi.org/10.1086/381004


https://doi.org/10.1093/aob/mcp076
https://doi.org/10.1093/aob/mcp076
https://doi.org/10.1007/BF00987667
https://doi.org/10.1007/BF00987667
https://doi.org/10.1111/een.12986
https://doi.org/10.1007/978-3-030-61010-4_7
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0005
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0005
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0006
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0006
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0006
https://doi.org/10.1093/aesa/63.2.400
https://doi.org/10.1002/esp.4944
https://doi.org/10.1086/598497
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0011
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0011
https://doi.org/10.1111/ejss.12025
https://doi.org/10.1016/j.still.2014.01.007
https://doi.org/10.1016/j.still.2014.01.007
https://doi.org/10.1016/S0038-0717(96)00272-6
https://doi.org/10.1016/S0038-0717(96)00272-6
https://doi.org/10.1016/j.geoderma.2004.03.005
https://doi.org/10.1016/S1164-5563(00)01062-1
https://doi.org/10.1016/S1164-5563(00)01062-1
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0017
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0017
https://doi.org/10.1007/s10531-017-1432-7
https://doi.org/10.1007/s10531-017-1432-7
https://doi.org/10.1111/j.1439-0418.2008.01281.x
https://doi.org/10.1007/BF00995762
https://doi.org/10.1007/BF00995762
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0021
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0021
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0021
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0022
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0022
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0022
https://doi.org/10.1016/j.biocon.2011.07.019
https://doi.org/10.1016/j.apsoil.2013.09.009
https://doi.org/10.1016/j.catena.2011.01.008
https://doi.org/10.1002/esp.1889
https://doi.org/10.1098/rspb.2014.1799
https://doi.org/10.1111/ejss.13119
https://doi.org/10.1111/ejss.13119
https://doi.org/10.1016/j.cub.2020.11.044
https://doi.org/10.1016/j.cub.2020.11.044
https://doi.org/10.1111/rec.12950
https://doi.org/10.1002/eap.2564
https://doi.org/10.1002/eap.2564
https://doi.org/10.1111/j.1526-100X.2010.00667.x
https://doi.org/10.1111/j.1526-100X.2010.00667.x
https://doi.org/10.1016/j.scitotenv.2016.07.194
https://doi.org/10.1046/j.1365-2389.2000.00327.x
https://doi.org/10.1515/9780691189321
https://doi.org/10.1515/9780691189321
https://doi.org/10.1007/s40011-013-0297-0
https://doi.org/10.1007/s40011-013-0297-0
https://doi.org/10.1038/s41467-018-04218-4
https://doi.org/10.1007/978-0-387-74943-3
https://doi.org/10.1007/978-94-017-3223-9_2
https://doi.org/10.1007/BF00056505
https://doi.org/10.1007/BF00056505
https://doi.org/10.1007/s10035-010-0202-y
https://doi.org/10.1007/s10035-010-0202-y
https://doi.org/10.4060/cb1928en
https://doi.org/10.1016/j.tplants.2017.01.005
https://doi.org/10.1016/j.tplants.2017.01.005
https://doi.org/10.1007/s10841-004-0514-5
https://doi.org/10.1007/s10841-004-0514-5
https://doi.org/10.1146/annurev.earth.31.100901.141314
https://doi.org/10.1126/science.1230200
https://doi.org/10.1046/j.1365-2656.2002.00641.x
https://doi.org/10.1046/j.1365-2656.2002.00641.x
https://doi.org/10.1242/jeb.15.4.518
https://doi.org/10.1007/s00442-007-0752-9
https://doi.org/10.1007/s00442-007-0752-9
https://doi.org/10.1191/0309133305pp443ra
https://doi.org/10.1146/annurev-ento-011019-024955
https://doi.org/10.1146/annurev-ento-011019-024955
https://doi.org/10.1086/381004

P. Tschanz et al.

Hole, F. D. (1981). Effects of animals on soil. Geoderma, 25(1), 75-112. https://doi.org/
10.1016/0016-7061(81)90008-2

Humphreys, G. S. (1981). The rate of ant mounding and earthworm casting near Sydney,
New-South-Wales. Search, 12(5), 129-131.

Humphreys, G. S., & Mitchell, P. B. (1983). A preliminary assessment of the role of
bioturbation and rainwash on sandstone hillslopes in the Sydney Basin. Aspects of
australian sandstone landscapes (pp. 66-80). Australian and New Zealand
Geomorphology Group Wollongong. Vol. 1.

IPBES. (2016). The assessment report of the intergovernmental science-policy platform on
biodiversity and ecosystem services on pollinators, pollination and food production.
Secretariat of the Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services. https://doi.org/10.5281/zenodo.3402857 (S. G. Potts, V. L.
Imperatriz-Fonseca, & H. T. Ngo, Eds.).

Jarvis, N. J. (2007). A review of non-equilibrium water flow and solute transport in soil
macropores: Principles, controlling factors and consequences for water quality.
European Journal of Soil Science, 58(3), 523-546. https://doi.org/10.1111/§.1365-
2389.2007.00915.x

Jouquet, P., Blanchart, E., & Capowiez, Y. (2014). Utilization of earthworms and termites
for the restoration of ecosystem functioning. Applied Soil Ecology, 73, 34-40. https://
doi.org/10.1016/j.aps0il.2013.08.004

Kass, J. M., Guénard, B., Dudley, K. L., Jenkins, C. N., Azuma, F., Fisher, B. L., Parr, C. L.,
Gibb, H., Longino, J. T., Ward, P. S., Chao, A., Lubertazzi, D., Weiser, M., Jetz, W.,
Guralnick, R., Blatrix, R., Lauriers, J. D., Donoso, D. A., Georgiadis, C., ...
Economo, E. P. (2022). The global distribution of known and undiscovered ant
biodiversity. Science Advances, 8(31), eabp9908. https://doi.org/10.1126/sciadv.
abp9908

Keller, T., Colombi, T., Ruiz, S., Schymanski, S. J., Weisskopf, P., Koestel, J., Sommer, M.,
Stadelmann, V., Breitenstein, D., Kirchgessner, N., Walter, A., & Or, D. (2021). Soil
structure recovery following compaction: Short-term evolution of soil physical
properties in a loamy soil. Soil Science Society of America Journal, 85(4), 1002-1020.
https://doi.org/10.1002/5aj2.20240

Kleijn, D., Winfree, R., Bartomeus, 1., Carvalheiro, L. G., Henry, M., Isaacs, R., Klein, A.-
M., Kremen, C., M’Gonigle, L. K., Rader, R., Ricketts, T. H., Williams, N. M.,
Adamson, N. L., Ascher, J. S., Baldi, A., Batary, P., Benjamin, F., Biesmeijer, J. C.,
Blitzer, E. J., ... Potts, S. G. (2015). Delivery of crop pollination services is an
insufficient argument for wild pollinator conservation. Nature Communications, 6(1),
1-9. https://doi.org/10.1038/ncomms8414

Klein, A.-M., Vaissiere, B. E., Cane, J. H., Steffan-Dewenter, I., Cunningham, S. A.,
Kremen, C., & Tscharntke, T. (2007). Importance of pollinators in changing
landscapes for world crops. Proceedings of the Royal Society B: Biological Sciences, 274
(1608), 303-313. https://doi.org/10.1098/rspb.2006.3721

Kumar, R., Pandey, S., & Pandey, A. (2006). Plant roots and carbon sequestration. Current
Science, 91(7), 885-890.

Lautenbach, S., Seppelt, R., Liebscher, J., & Dormann, C. F. (2012). Spatial and temporal
trends of global pollination benefit. PLOS ONE, 7(4), €35954. https://doi.org/
10.1371/journal.pone.0035954

Lavelle, P. (1983). The structure of earthworm communities. In J. E. Satchell (Ed.),
Earthworm ecology: From darwin to vermiculture (pp. 449-466). Netherlands: Springer.
https://doi.org/10.1007/978-94-009-5965-1_39.

Lavelle, P. (1997). Faunal activities and soil processes: Adaptive strategies that
determine ecosystem function. In M. Begon, & A. H. Fitter (Eds.), Advances in
ecological research (pp. 93-132). Academic Press. https://doi.org/10.1016/50065-
2504(08)60007-0. Vol. 27.

Lavelle, P., Bignell, D., Wolters, V., Roger, P., Ineson, P., Heal, O., & Dhillion, S. P.
(1997). Soil function in a changing world: The role of invertebrate ecosystem
engineers. European Journal of Soil Science, 33, 159-193.

Lavelle, P., Charpentier, F., Villenave, C., Rossi, J.-P., Derouard, L., Pashanasi, B.,
André, J., Ponge, J.-F., & Bernier, N. (2004). Effects of earthworms on soil organic
matter and nutrient dynamics at a landscape scale over decades. Earthworm Ecology,
2, 145-160.

Lavelle, P., Decaéns, T., Aubert, M., Barot, S., Blouin, M., Bureau, F., Margerie, P.,
Mora, P., & Rossi, J.-P. (2006). Soil invertebrates and ecosystem services. European
Journal of Soil Biology, 42, $3-S15. https://doi.org/10.1016/j.ejsobi.2006.10.002

Lee, K. E., & Foster, R. C. (1991). Soil fauna and soil structure. Soil Research, 29(6),
745-775. https://doi.org/10.1071/sr9910745

Leue, M., Gerke, H. H., & Godow, S. C. (2015). Droplet infiltration and organic matter
composition of intact crack and biopore surfaces from clay-illuvial horizons. Journal
of Plant Nutrition and Soil Science, 178(2), 250-260. https://doi.org/10.1002/
ipln.201400209

Li, T., Jia, Y., Shao, M., & Shen, N. (2019). Camponotus japonicus burrowing activities
exacerbate soil erosion on bare slopes. Geoderma, 348, 158-167. https://doi.org/
10.1016/j.geoderma.2019.04.035

Lobry de Bruyn, L., & Conacher, A. J. (1990). The role of termites and ants in soil
modification—A review. Soil Research, 28(1), 55-93. https://doi.org/10.1071/
sr9900055

Lybrand, R. A., Fedenko, J., Tfaily, M., & Rao, S. (2020). Soil properties and biochemical
composition of ground-dwelling bee nests in agricultural settings. Soil Science Society
of America Journal, 84(4), 1139-1152. https://doi.org/10.1002/saj2.20085

Malyshev, S. 1. (1927). Lebensgeschichte des colletes cunicularius L. Zeitschrift fiir
Morphologie und Okologie der Tiere, 9(3), 390-409. https://doi.org/10.1007/
BF00408703

Malyshev, S.I. (1936). The nesting habits of solitary bees: A comparative study. http://arch
ive.org/details/e0s-0013-9440-147457.

Martins, R. P., & Antonini, Y. (1994). The biology of Diadasina distincta (Holmberg, 1903)
(Hymenoptera: Anthophoridae). Proceedings of the Entomological Society of
Washington, 96(3), 553-560.

99

Basic and Applied Ecology 84 (2025) 92-100

Michener, C. D. (1979). Biogeography of the bees. Annals of the Missouri Botanical Garden,
66(3), 277-347. https://doi.org/10.2307/2398833

Michener, C. D. (2007). The bees of the world (2nd ed.). Johns Hopkins University Press.

Michener, C. D., & Ordway, E. (1963). The life history of Perdita maculigera maculipennis
(Hymenoptera: Andrenidae). Journal of the Kansas Entomological Society, 36(1),
34-45.

Neff, J. L., & Simpson, B. B. (1992). Partial bivoltinism in a ground-nesting bee: The
biology of Diadasia rinconis in Texas (Hymenoptera, Anthophoridae). Journal of the
Kansas Entomological Society, 65(4), 377-392.

Nooren, C. A. M., van Breemen, N., Stoorvogel, J. J., & Jongmans, A. G. (1995). The role
of earthworms in the formation of sandy surface soils in a tropical forest in Ivory
Coast. Geoderma, 65(1), 135-148. https://doi.org/10.1016/0016-7061(94)00035-9

Nunes, M. R., Denardin, J. E., Pauletto, E. A., Faganello, A., & Pinto, L. F. S (2015).
Mitigation of clayey soil compaction managed under no-tillage. Soil and Tillage
Research, 148, 119-126. https://doi.org/10.1016/].still.2014.12.007

Ollerton, J. (2017). Pollinator diversity: Distribution, ecological function, and
conservation. Annual Review of Ecology, Evolution, and Systematics, 48(1), 353-376.
https://doi.org/10.1146/annurev-ecolsys-110316-022919

Ollerton, J., Johnson, S. D., Hingston, A., Waser, N., & Ollerton, J. (2006). Geographical
variation in diversity and specificity of pollination systems. Plant-Pollinator
interactions: From specialization to generalization. Chicago, Illinois: University of
Chicago Press.

Ollerton, J., Winfree, R., & Tarrant, S. (2011). How many flowering plants are pollinated
by animals? Oikos (Copenhagen, Denmark), 120(3), 321-326. https://doi.org/
10.1111/j.1600-0706.2010.18644.x

Orgiazzi, A. (2022). What is soil biodiversity? Conservation Letters, 15(1), e12845.
https://doi.org/10.1111/conl.12845

Orr, M. C., Hughes, A. C., Chesters, D., Pickering, J., Zhu, C.-D., & Ascher, J. S. (2021).
Global patterns and drivers of bee distribution. Current Biology, 31(3), 451-458.
https://doi.org/10.1016/j.cub.2020.10.053. e4.

Paton, T. R., Humphreys, G. S., & Mitchell, P. B. (1995). Soils: A new global view. CRC
Press.

Pelisek, I. (2018). Investigation of soil water infiltration at a scale of individual
earthworm channels. Soil and Water Research, 13(1), 1-10. https://doi.org/
10.17221/283/2014-SWR

Phillips, H. R. P., Guerra, C. A., Bartz, M. L. C., Briones, M. J. 1., Brown, G.,

Crowther, T. W., Ferlian, O., Gongalsky, K. B., van den Hoogen, J., Krebs, J.,
Orgiazzi, A., Routh, D., Schwarz, B., Bach, E. M., Bennett, J. M., Brose, U.,
Decaéns, T., Konig-Ries, B., Loreau, M., ... Eisenhauer, N. (2019). Global distribution
of earthworm diversity. Science, 366(6464), 480-485. https://doi.org/10.1126/
science.aax4851

Prather, C. M., Pelini, S. L., Laws, A., Rivest, E., Woltz, M., Bloch, C. P., Del Toro, L.,
Ho, C.-K., Kominoski, J., Newbold, T. A. S., Parsons, S., & Joern, A. (2013).
Invertebrates, ecosystem services and climate change. Biological Reviews, 88(2),
327-348. https://doi.org/10.1111/brv.12002

Rau, P. (1929). The biology and behavior of mining bees, Antophora abrupta and
Entechnia taurea. Psyche: A Journal of Entomology, 36(3), 155-181. https://doi.org/
10.1155/1929/96461

Reichman, O. J., & Seabloom, E. W. (2002). The role of pocket gophers as subterranean
ecosystem engineers. Trends in Ecology & Evolution, 17(1), 44-49. https://doi.org/
10.1016/50169-5347(01)02329-1

Rogasik, H., Schrader, S., Onasch, 1., Kiesel, J., & Gerke, H. H. (2014). Micro-scale dry
bulk density variation around earthworm (Lumbricus terrestris L.) burrows based on
X-ray computed tomography. Geoderma, 213, 471-477. https://doi.org/10.1016/j.
geoderma.2013.08.034

Rosenzweig, M. L. (1995). Species diversity in space and time. Cambridge University Press.
https://doi.org/10.1017/CB09780511623387

Roy, S. K. (1957). Studies on the activities of earthworms. Proceedings of Zoological
Society, Calcutta, 10, 81-98.

Rozen, J. G. (2016). Nesting biology of the solitary bee Epicharis albofasciata (Apoidea:
Apidae: Centridini). American Museum Novitates, 3869(3869), 1-8. https://doi.org/
10.1206/3869.1

Rozen, J. G., Danforth, B. N., Smith, C. S., Decker, B. L., Dorian, N. N., Dority, D., ...
Urban-Mead, K. R. (2019). Early nesting biology of the bee Caupolicana yarrowi
(Cresson) (Colletidae: Diphaglossinae) and its cleptoparasite Triepeolus grandis
(Friese) (Apidae: Nomadinae). American Museum Novitates, 2019(3931), 1-20.
https://doi.org/10.1206/3931.1

Ruiz, S., Bickel, S., & Or, D. (2021). Global earthworm distribution and activity windows
based on soil hydromechanical constraints. Communications Biology, 4(1), 1-9.
https://doi.org/10.1038/542003-021-02139-5

Ruiz, S., Hallett, P. D., & Or, D. (2023). Bioturbation—Physical processes. In M. J. Goss,
& M. Oliver (Eds.), Encyclopedia of soils in the environment (pp. 100-114). Academic
Press. https://doi.org/10.1016/B978-0-12-822974-3.00180-4 (Second Edition).

Ruiz, S., & Or, D. (2018). Biomechanical limits to soil penetration by earthworms: Direct
measurements of hydroskeletal pressures and peristaltic motions. Journal of The
Royal Society Interface, 15(144), Article 20180127. https://doi.org/10.1098/
15if.2018.0127

Ruiz, S., Schymanski, S. J., & Or, D. (2017). Mechanics and energetics of soil penetration
by earthworms and plant roots: Higher rates cost more. Vadose Zone Journal, 16(8).
https://doi.org/10.2136/vzj2017.01.0021

Rust, R. W. (1980). The biology of Ptilothrix bombiformis (Hymenoptera: Anthophoridae).
Journal of the Kansas Entomological Society, 53(2), 427-436.

Sakagami, S. F., & Michener, C. D. (1962). The nest architecture of the sweat bees
(Halictinae): A comparative study of behavior. University of Kansas Press.

Sarzetti, L., Genise, J., Sanchez, M. V., Farina, J., & Molina, A. (2013). Nesting behavior
and ecological preferences of five diphaglossinae species (Hymenoptera, Apoidea,


https://doi.org/10.1016/0016-7061(81)90008-2
https://doi.org/10.1016/0016-7061(81)90008-2
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0054
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0054
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0055
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0055
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0055
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0055
https://doi.org/10.5281/zenodo.3402857
https://doi.org/10.1111/j.1365-2389.2007.00915.x
https://doi.org/10.1111/j.1365-2389.2007.00915.x
https://doi.org/10.1016/j.apsoil.2013.08.004
https://doi.org/10.1016/j.apsoil.2013.08.004
https://doi.org/10.1126/sciadv.abp9908
https://doi.org/10.1126/sciadv.abp9908
https://doi.org/10.1002/saj2.20240
https://doi.org/10.1038/ncomms8414
https://doi.org/10.1098/rspb.2006.3721
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0063
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0063
https://doi.org/10.1371/journal.pone.0035954
https://doi.org/10.1371/journal.pone.0035954
https://doi.org/10.1007/978-94-009-5965-1_39
https://doi.org/10.1016/S0065-2504(08)60007-0
https://doi.org/10.1016/S0065-2504(08)60007-0
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0067
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0067
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0067
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0068
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0068
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0068
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0068
https://doi.org/10.1016/j.ejsobi.2006.10.002
https://doi.org/10.1071/sr9910745
https://doi.org/10.1002/jpln.201400209
https://doi.org/10.1002/jpln.201400209
https://doi.org/10.1016/j.geoderma.2019.04.035
https://doi.org/10.1016/j.geoderma.2019.04.035
https://doi.org/10.1071/sr9900055
https://doi.org/10.1071/sr9900055
https://doi.org/10.1002/saj2.20085
https://doi.org/10.1007/BF00408703
https://doi.org/10.1007/BF00408703
http://archive.org/details/eos-0013-9440-147457
http://archive.org/details/eos-0013-9440-147457
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0077
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0077
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0077
https://doi.org/10.2307/2398833
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0079
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0080
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0080
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0080
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0081
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0081
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0081
https://doi.org/10.1016/0016-7061(94)00035-9
https://doi.org/10.1016/j.still.2014.12.007
https://doi.org/10.1146/annurev-ecolsys-110316-022919
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0085
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0085
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0085
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0085
https://doi.org/10.1111/j.1600-0706.2010.18644.x
https://doi.org/10.1111/j.1600-0706.2010.18644.x
https://doi.org/10.1111/conl.12845
https://doi.org/10.1016/j.cub.2020.10.053
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0089
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0089
https://doi.org/10.17221/283/2014-SWR
https://doi.org/10.17221/283/2014-SWR
https://doi.org/10.1126/science.aax4851
https://doi.org/10.1126/science.aax4851
https://doi.org/10.1111/brv.12002
https://doi.org/10.1155/1929/96461
https://doi.org/10.1155/1929/96461
https://doi.org/10.1016/S0169-5347(01)02329-1
https://doi.org/10.1016/S0169-5347(01)02329-1
https://doi.org/10.1016/j.geoderma.2013.08.034
https://doi.org/10.1016/j.geoderma.2013.08.034
https://doi.org/10.1017/CBO9780511623387
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0097
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0097
https://doi.org/10.1206/3869.1
https://doi.org/10.1206/3869.1
https://doi.org/10.1206/3931.1
https://doi.org/10.1038/s42003-021-02139-5
https://doi.org/10.1016/B978-0-12-822974-3.00180-4
https://doi.org/10.1098/rsif.2018.0127
https://doi.org/10.1098/rsif.2018.0127
https://doi.org/10.2136/vzj2017.01.0021
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0104
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0104
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0105
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0105

P. Tschanz et al.

Colletidae) from Argentina and Chile. Journal of Hymenoptera Research, 33, 63-82.
https://doi.org/10.3897/jhr.33.5061

Shi, X., Schmid, B., Tschanz, P., Segelbacher, G., & Liechti, F. (2021). Seasonal trends in
movement patterns of birds and insects aloft simultaneously recorded by radar.
Remote Sensing, 13(9). https://doi.org/10.3390/rs13091839. Article 9.

Stephen, W.P., Bohart, G.E., & Torchio, P.F. (1969). The biology and external morphology
of bees with a synopsis of the genera of north-western America.

Stepniewski, W., Gliriski, J., & Ball, B. C. (1994). Chapter 8—Effects of compaction on
soil aeration properties. In B. D. Soane, & C. van Ouwerkerk (Eds.), Developments in
agricultural engineering (pp. 167-189). Elsevier. https://doi.org/10.1016/B978-0-
444-88286-8.50016-7. Vol. 11.

Stork, N. E. (2018). How many species of insects and other terrestrial arthropods are
there on earth? Annual Review of Entomology, 63(1), 31-45. https://doi.org/
10.1146/annurev-ento-020117-043348

Tschanz, P., Koestel, J., Volpe, V., Albrecht, M., & Keller, T. (2023). Morphology and
temporal evolution of ground-nesting bee burrows created by solitary and social
species quantified through X-ray imaging. Geoderma, 438, Article 116655. https://
doi.org/10.1016/j.geoderma.2023.116655

Tschanz, P., Walter, A., Keller, T., & Albrecht, M. (2024). A review of soil tillage impacts
on ground-nesting wild bees — mechanisms, implications, and future research
perspectives. Agriculture, Ecosystems & Environment, 375, Article 109224. https://doi.
0rg/10.1016/j.agee.2024.109224

Ullmann, K. S., Cane, J. H., Thorp, R. W., & Williams, N. M. (2020). Soil management for
ground-nesting bees. Towards sustainable crop pollination services (pp. 23-44). FAO.
https://doi.org/10.4060/ca8965en

van Dijk, L. J. A,, Fisher, B. L., Miraldo, A., Goodsell, R. M., Iwaszkiewicz-Eggebrecht, E.,
Raharinjanahary, D., Rajoelison, E. T., Lukasik, P., Andersson, A. F., Ronquist, F.,

100

Basic and Applied Ecology 84 (2025) 92-100

Roslin, T., & Tack, A. J. M. (2024). Temperature and water availability drive insect
seasonality across a temperate and a tropical region. Proceedings of the Royal Society
B: Biological Sciences, 291(2025), Article 20240090. https://doi.org/10.1098/
rspb.2024.0090

Viles, H. A., Goudie, A. S., & Goudie, A. M. (2021). Ants as geomorphological agents: A
global assessment. Earth-Science Reviews, 213, Article 103469. https://doi.org/
10.1016/j.earscirev.2020.103469

Watanabe, H. (1998). Soil excavation by the deutzia andrenid bee (Andrena prostimias) in
a temple garden in Hyogo Prefecture, Japan. Applied Soil Ecology, 9(1), 283-287.
https://doi.org/10.1016/50929-1393(97)00054-1

Wendel, A. S., Bauke, S. L., Amelung, W., & Knief, C. (2022). Root-rhizosphere-soil
interactions in biopores. Plant and Soil, 475(1), 253-277. https://doi.org/10.1007/
$11104-022-05406-4

Westrich, P. (2018). Die Wildbienen Deutschlands (2nd ed.). Eugen Ulmer KG.

Wilkinson, M. T., Richards, P. J., & Humphreys, G. S. (2009). Breaking ground:
Pedological, geological, and ecological implications of soil bioturbation. Earth-
Science Reviews, 97(1), 257-272. https://doi.org/10.1016/j.earscirev.2009.09.005

Willmer, P. G., & Stone, G. N. (2004). Behavioral, ecological, and physiological
determinants of the activity patterns of bees. Advances in the study of behavior (pp.
347-466). Academic Press. https://doi.org/10.1016/5S0065-3454(04)34009-X. Vol.
34.

Zurbuchen, A., Landert, L., Klaiber, J., Miiller, A., Hein, S., & Dorn, S. (2010). Maximum
foraging ranges in solitary bees: Only few individuals have the capability to cover
long foraging distances. Biological Conservation, 143(3), 669-676. https://doi.org/
10.1016/j.biocon.2009.12.003


https://doi.org/10.3897/jhr.33.5061
https://doi.org/10.3390/rs13091839
https://doi.org/10.1016/B978-0-444-88286-8.50016-7
https://doi.org/10.1016/B978-0-444-88286-8.50016-7
https://doi.org/10.1146/annurev-ento-020117-043348
https://doi.org/10.1146/annurev-ento-020117-043348
https://doi.org/10.1016/j.geoderma.2023.116655
https://doi.org/10.1016/j.geoderma.2023.116655
https://doi.org/10.1016/j.agee.2024.109224
https://doi.org/10.1016/j.agee.2024.109224
https://doi.org/10.4060/ca8965en
https://doi.org/10.1098/rspb.2024.0090
https://doi.org/10.1098/rspb.2024.0090
https://doi.org/10.1016/j.earscirev.2020.103469
https://doi.org/10.1016/j.earscirev.2020.103469
https://doi.org/10.1016/S0929-1393(97)00054-1
https://doi.org/10.1007/s11104-022-05406-4
https://doi.org/10.1007/s11104-022-05406-4
http://refhub.elsevier.com/S1439-1791(25)00017-9/sbref0118
https://doi.org/10.1016/j.earscirev.2009.09.005
https://doi.org/10.1016/S0065-3454(04)34009-X
https://doi.org/10.1016/j.biocon.2009.12.003
https://doi.org/10.1016/j.biocon.2009.12.003

	Beyond pollination – The neglected contribution of ground-nesting bees to soil functions
	Introduction
	The melittosphere – How ground-nesting bees affect soils
	Physical engineering
	Soil movement, mixing and alteration of soil texture profiles
	Soil pore architecture, porosity, and soil density
	Water and gas exchange between soil and atmosphere
	Geomorphic effects at the landscape scale

	Chemical engineering
	Biological engineering

	Ground-nesting bees complement the bioturbation activity of earthworms both spatially and temporally
	Spatial complementarity – from global biogeographic patterns to local habitat preferences
	Temporal complementary – how bees fill in periods of low earthworm activity

	Conclusions and perspectives
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


