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Abstract
1.	 Soil organic matter (SOM) transformation processes are regulated by the activi-

ties of plants, microbes, and fauna. Compared with plants and microbes, effects of 
soil fauna are less understood because of their high taxonomic and functional di-
versity, and mix of direct and indirect effect mechanisms. Trait-based approaches 
offer a generic perspective to quantify mechanistic relationships between soil 
fauna and SOM transformations, including decomposition, translocation, and 
stabilisation of organic carbon. Yet, at present, we lack a consensus concerning 
relevant key effect traits of soil fauna (i.e. those affecting ecosystem functioning).

2.	 Here, we address this knowledge gap by focusing on relationships between soil 
fauna effect traits and SOM transformations. Based on existing literature, we 
identify key processes linked to SOM transformations, and fauna effect traits uni-
versally applicable across taxa and soil types, and discuss the process-trait links.

3.	 We define eight SOM transformation processes that are directly affected by soil 
fauna: (i) litter mass loss, (ii) litter fragmentation, (iii) SOM aggregation in faeces, 
(iv) SOM aggregation in soil mineral particles, (v) decomposition of faeces, (vi) 
SOM and mineral translocation, (vii) pore space creation and maintenance and 
(viii) SOM stabilisation. We link these processes to general effect traits classified 
into four categories: (a) food selection and ingestion, (b), digestion and excretion, 
(c) mobility, and (d) body mass and metabolic rate. We also propose proxies when 
effect trait measurements are laborious.
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1  |  INTRODUC TION

1.1  |  Soil organic matter and soil biota

Photosynthesis and decomposition are the two main processes deter-
mining most terrestrial life. Approximately, 90% of primary produc-
tion enters the soil organic matter (SOM) pool in the form of plant 
litter (Cebrian, 1999). Further transformation of SOM is determined 
by an interplay between organic matter physico-chemical properties, 
decomposer and detritivore community, and local environmental con-
ditions (Hättenschwiler et al., 2005; Joly et al., 2023). A large part of 
SOM is decomposed by an array of soil organisms, that is, microbes 
and soil fauna, which transform organically bound carbon and nutri-
ents to inorganic compounds, thereby making them available for plant 
uptake, released to the atmosphere, or sequestered in soil. This makes 
SOM transformation one of the key soil functions in terrestrial eco-
systems, which is linked to several supporting and regulating ecosys-
tem services, and underpinned by multiple interrelated soil processes 
(Greiner et al., 2017). Land use change and management intensifica-
tion, in combination with an increase in the frequency, duration, and 
amplitude of extreme climatic events put pressure on organisms in-
habiting soils and the ecosystem functions they perform. As soil fauna 
(from nematodes to earthworms) is involved in many soil processes 
related to SOM transformation (Angst et al., 2024; Frouz, 2018), such 
as the production of faeces, grazing on microbes, or mixing of organic 
matter and mineral soil, a shift in their community composition due 
to fluctuating environmental factors will impact many of these func-
tions. However, our ability to predict the consequences of a shift in 
soil fauna species composition for ecosystem processes is very lim-
ited. We therefore urgently need an integrated predictive framework 
that allows us to study how changes in the composition of soil fauna 
communities impact the transformation of SOM.

1.2  |  The Raunkiærian shortfall in soil fauna 
ecology

One basic premise of ecology is to provide predictions on what will 
happen to communities and ecosystems when environmental con-
ditions are changing. We have made great progress in mapping 
the distribution of soil fauna across spatial scales (e.g. Delgado-
Baquerizo et  al.,  2020; Phillips et  al.,  2019; Potapov et  al.,  2023; 

Van Den Hoogen et al., 2019), predicting their vulnerability to environ-
mental change, and changes over space (Calderón-Sanou et al., 2024) 
and time (Zeiss et al., 2024). Currently, most of these mappings are 
based on taxonomic approaches, limiting our understanding of the 
mechanisms behind the observed patterns. There is an increasing 
body of evidence showing that the use of trait-based approaches pro-
vides not only a mechanistic understanding of community change but 
also enhances our ability to predict which type of species will respond 
positively or negatively to altered stress levels (McGill et al., 2006). 
Traits are here defined as morphological, physiological, phenologi-
cal, and behavioural features measurable in an individual (sensu Pey, 
Nahmani, et al., 2014; Violle et al., 2007). Examples are predictable 
shifts in terrestrial isopod community composition across rural–urban 
land use gradients (Dias et  al.,  2013) or across soil moisture levels 
(Ooms et  al.,  2020) based on species-specific water loss rates. Our 
knowledge about traits in soil organisms has been rapidly growing over 
the last decades (Brousseau et al., 2018a, 2018b; Wong et al., 2018), 
and the construction of trait databases dedicated to soil fauna follow-
ing standardised trait measurement protocols has been strengthening 
this research line (deCastro-Arrazola et al., 2023; Moretti et al., 2017; 
Pey, Laporte, et al., 2014). However, our limited knowledge on how 
and how strong traits of soil fauna affect soil processes – compared 
with for example, plants or vertebrates (Gonçalves-Souza et al., 2023) 
– evidences the so-called Raunkiærian shortfall regarding the lack of 
trait knowledge in soil fauna ecology (Hortal et al., 2015). Although 
several works study the impacts of single or multiple species on soil 
processes related to SOM transformation (e.g. Coulis et  al.,  2015; 
Hedde et al., 2007; Heděnec et al., 2022; Heemsbergen et al., 2004; 
Lavelle, 1996), our knowledge on how a shift in community-level trait 
composition affects SOM transformation remains rudimentary.

1.3  |  Response and effect traits

If the taxonomic, and correspondingly, trait composition of the soil 
community is modified due to a change in land use management or 
climate, how do we quantify the associated change in the rate of 
key soil ecosystem functions? What are the most promising tools 
to measure it? One theoretical concept connecting the response of 
communities to environmental change with their impact on ecosys-
tem functions is the so-called response-to-effect (R-to-E) trait frame-
work, which was first proposed by Lavorel and Garnier (2002). The 

4.	 The proposed links between effect traits and SOM transformation processes 
need to be validated in targeted experiments. We urge researchers to obtain 
quantitative experimental data, together with metabolic approaches, to integra-
tively quantify soil fauna contributions to soil functioning.

K E Y W O R D S
bioturbation, decomposition, ecosystem functioning, faeces, functional traits, litter 
fragmentation, metabolic rate, stabilisation
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basic premises of the framework are that: (i) if an ecosystem process 
of interest is selected, (ii) if the group of organisms that delivers this 
process is identified, and (iii) if the stressor at play to which this group 
of organisms has to respond is known, then (iv) the consequences of 
fluctuations in environmental factors on ecosystem functions can be 
linked via species-specific traits (Lavorel et al., 2013). Response traits 
of organisms relate directly to the environmental drivers of their oc-
currence and can inform us of the response of biotic assemblages to 
changes in these drivers through shifts in the species trait composi-
tion. Effect traits provide insight into how changes in species compo-
sition alter the ecosystem processes the community drives. When a 
linkage exists between response and effect traits, that is, if both are 
correlated or if they show a trade-off, the reaction of the ecosys-
tem to a change in species composition (based on effect traits) due 
to environmental filtering (based on response traits) can be deduced 
(Lavorel et  al.,  2013). Multiple studies have used trait approaches 
across soil fauna taxa to study their responses to the environment 
(Luza et al., 2023; McGill et al., 2006; Schleuning et al., 2023; Warnke 
et  al.,  2023; Winemiller et  al.,  2015). Fewer studies, however, tar-
geted general effect traits linked to ecosystem processes that soil 
fauna drive (see e.g. Hedde et al., 2022). Here, we follow the ‘effect 
trait’ facet of the framework to link specific soil fauna traits to distinct 
soil processes with the long-term goal of quantifying the contribu-
tion of soil fauna to SOM transformation processes. For this purpose, 
we here particularly focus on soil micro-, meso-, and macro- fauna, 
spanning several phyla that mainly belong to ‘soil invertebrates’, that 
is, nematodes, arthropods, annelids, and molluscs (Decaëns, 2010).

1.4  |  Identifying fauna effect traits that link to soil 
processes

First, we identify key candidate traits based on the four biological pro-
cesses that influence the main activities (see Winemiller et al., 2015) 

performed by soil fauna during consumption, translocation, and 
transformation of plant-derived dead organic matter (i.e. saprophagy/
detritivory in a broad sense; Le Guillarme et al., 2023): (1) food prefer-
ences, (2) internal food processing, (3) animal movement and (4) meta-
bolic rate. Each of these categories results from the interactions of 
several traits that we aim to list in an integrated manner among soil 
fauna taxa involved in SOM transformation. Since ‘hard’ mechanisti-
cally specific traits are often difficult and laborious to measure, we 
identify proxies that are commonly measured as a substitute for some 
traits in ecological research (e.g. body mass as a proxy for consump-
tion rate; Figure 1). Second, we distinguish the main ecological pro-
cesses of SOM transformation possibly mediated by soil fauna traits: 
(1) litter mass loss, (2) subsequent litter chemical and physical trans-
formation, and (3) translocation and stabilisation in the soil matrix. For 
each individual process, we list the associated traits of soil fauna. Our 
goal is to identify effect traits that allow us to predict how changes 
in species composition and abundance (community structure) affect 
ecosystem processes. Finally, we briefly describe perspectives in 
quantitative integration of the effect trait facet of the framework into 
the modelling of soil ecosystem functioning and highlight remaining 
gaps and frontiers on this path.

2  |  KE Y TR AITS OF SOIL INVERTEBR ATES 
REL ATED TO SOM TR ANSFORMATION

Many soil invertebrates are microbivores, detritivores, or sap-
rophages in a broad sense, feeding on microorganisms and dead 
plant material or soil organic matter (SOM; Le Guillarme et al., 2023; 
Potapov et al., 2022). Through their feeding and burrowing activi-
ties, soil invertebrates transform and translocate organic matter, af-
fecting its physical and chemical characteristics and its interactions 
with microorganisms (Griffiths et al., 2021; Lavelle et al., 2006). The 
traits that are linked to these activities include food consumption 

F I G U R E  1  Conceptual link between effect traits of soil invertebrates and soil processes. In this example, decomposition (litter mass 
loss) is the process of interest and the unit of expression is the mass loss rate, which can be measured. Mass loss is affected by the litter 
consumption rate of a species (the key effect trait). Litter consumption rate, that is, the amount of litter consumed per unit of time, 
is causally related to the species' body size, as large organisms consume more litter than small organisms. As litter consumption rate 
measurements are time-consuming, body size can be used as a proxy for consumption rate.
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(‘What and how much is consumed?’), digestion (‘What is assimi-
lated?’) and excretion (‘What is discarded?’; Figure 2). Next to the 
amount of SOM that is processed, characteristics of SOM that are 
left behind as faeces also affect soil processes (Coq et al., 2022) (‘en-
vironment’ and ‘extended phenotype’; Figure 2). Furthermore, soil 
fauna can actively move across the soil and along the soil profile, 
carrying SOM inside and outside their bodies, and mixing different 
organic and mineral matter pools in the soil (‘mobility’). Finally, we 
consider metabolic rate, body mass, and phenology of organisms as 
overarching scaling coefficients (‘quantifiers’) of invertebrate effects 
on soil processes—because the activity of organisms, and thus the 
amount of organic matter they can transform or carry, is directly re-
lated to these quantifiers. Below, we describe these main universal 
(i.e. applicable across taxa) soil invertebrate traits, grouped into four 
effect trait categories.

2.1  |  Food preference and selection

Soil fauna exhibits a wide variability in feeding preferences, ranging 
from detritivores, microbivores, and herbivores to omnivores and 
carnivores. Based on previous research, we can roughly assign the 
feeding preferences of different invertebrate taxa to single or multi-
ple organic substrates, such as microorganisms, living and decaying 
plant material, SOM, and other invertebrates (Potapov et al., 2022). 
Universal feeding preferences can be assigned across different inver-
tebrate groups and can be linked to organic matter transformation 
processes. For example, invertebrates feeding on leaf litter affect 
litter mass loss (Patoine et al., 2017; Zhou et al., 2020). However, a 
high number of species can feed on different trophic levels (Digel 
et al., 2014) and the overall ability to feed selectivity could depend 
on the mode of ingestion (e.g. earthworms presumably ingest less 
selectively than springtails which can choose particular fungi on a 
substrate). Moreover, food selection depends on the availability of 
food sources, which may result in potential flexibility, that is., vary-
ing proportions of different resources in the diet when the most 
preferred food is limited (Briones, 2018; Briones et al., 2010). Thus, 
feeding preferences are the main universal effect trait to consider in 
this respect, and as a proxy for these preferences, classifying organ-
isms into broad feeding guilds can be proposed (Hedde et al., 2022).

2.2  |  Food ingestion, digestion, assimilation, and 
excretion

Ingested food is digested, partly assimilated, and partly excreted. 
Detritivores have a relatively low assimilation efficiency, typically 
ranging from 10% to 30% (Jochum et  al.,  2017; Winsome,  2005). 
Assimilation efficiencies that exceed 50% are very rare (e.g. for some 
termite species with complex microbial gut communities Wood & 
Sands, 1978). The low assimilation efficiencies of many soil inverte-
brates are assumed to be the result of the lack of the ability to pro-
duce endogenous cellulases (van der Drift, 1951). However, recently, 

cellulase-encoding genes have been isolated in various soil inverte-
brates (Griffiths et al., 2021; Muelbaier et al., 2024; Nozaki et al., 2009; 
Sade et al., 2018) and the explanation for low assimilation efficiencies 
may lay in the ratio between carbon and nitrogen in the consumed 
detritus (Jochum et al., 2017). Irrespective of specific causalities, re-
peatedly observed low assimilation efficiencies of detritivores have 
two important consequences: (1) most organic matter consumed by 
animals is not assimilated/respired, but is returned to the system in the 
form of faeces and (2) invertebrates need to ingest disproportionally 
high amounts of food to meet their metabolic demands. The physi-
cal and chemical properties of detritivore faeces are distinctly differ-
ent from those of the substrate ingested especially when the organic 
matter ingested was initially of poor quality (Joly et al., 2020). In most 
cases, we observe a higher lability of organic matter in faeces (lower 
C:N ratio, increased dissolved organic carbon) that links directly to 
litter mass loss through leaching and microbial biomass production 
(Joly et al., 2020) and SOM aggregation (Bossuyt et al., 2005). Overall, 
invertebrate communities process relatively large quantities of de-
tritus, changing its chemical and physical properties. In this context, 
digestive and assimilation capabilities (e.g. gut enzymatic activities 
and absorptive capacities) and substrate-to-faeces change in physical 
and chemical properties are important universal effect traits that are 
linked to organic matter dynamics in soil.

2.3  |  Mobility

Soil invertebrates, especially large-sized ones, can actively move 
through the soil profile in the search for shelter or food, egg depo-
sition, or avoiding predators or unfavourable environmental con-
ditions. For example, detritivores can consume litter on the soil 
surface, but then move down the soil profile and deposit faeces in 
lower soil layers, redistributing organic matter across different hori-
zons (Frouz, 2018). A remarkable example is anecic earthworms that 
live in semi-permanent rather deep vertical burrows and feed on leaf 
litter from the soil surface and drag it down in their burrow while in-
gesting soil from deeper layer before depositing casts on the surface 
which enhances SOM vertical redistribution. Invertebrate mobility 
may result in the translocation of microorganisms, thus modulating 
the activity of the latter on SOM dynamics (Lavelle et al., 2005). The 
vertical distribution of soil invertebrates could also be an indication 
of their association with different stages of decomposition (from 
fresh plant litter to SOM), hence different food qualities (Berg & 
Bengtsson,  2007). However, several manipulation studies demon-
strated that environmental conditions (i.e. temperature and mois-
ture) can exert a stronger influence than the substrate quality and 
drive downward movements that are related to ecomorphological 
traits of fauna (Briones et al., 2020; Juan-Ovejero et al., 2019; Krab 
et al., 2010). These vertical movements in response to environmen-
tal stress can be rapid, even for small animals such as meso- and 
micro-fauna (Briones et al., 1997; Whitford et al., 1981).

Movement and bioturbation behaviour of invertebrates—that 
are realised notably within the home range of the organism—also 
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450  |    BONFANTI et al.

represent universal traits linked to redistribution of SOM and in-
fluencing its dynamics. The spatial home range, that is, its spatio-
temporal habitat use, will determine the spatial direction and 
amount of material translocated, as well as the quality and type of 
the translocated resource (Auclerc et  al.,  2022). The home range 
can be approximated via descriptors of moving behaviour, such as 
the vertical and horizontal distribution (sometimes mentioned as an 
ecological preference, i.e., ‘vertical stratification’), or moving speed 
and burrowing capacity (e.g. the body diameter and the appendages 
morphology).

2.4  |  Body size, mass, and metabolic rate

Feeding and mobility-related traits can be assigned across various 
soil invertebrate taxa, but the final functional impact of an individual 
organism on ecosystem processes will depend on how much food it 
will consume/assimilate/excrete, how much material gets mixed, and 
how far and how much organic material it can carry to other places. 
All of those are closely linked to the metabolic rate and body mass 
of this organism. These two traits are interconnected and are often 
seen as key traits since they are related to most of the responses and 
the ecosystem effects of an organism (Moretti et al., 2017). Since 
soil invertebrates span over eight orders of magnitude in body mass, 
from less than a microgram to dozens of grams (Potapov, Rozanova, 
et al., 2021), body mass is a very informative effect trait in cross-taxa 
studies. Metabolic rate is the amount of energy needed to sustain an 
organism per unit of time and it scales closely with body mass and 
environmental temperature (Brown et al., 2004). Meta-analyses of 
metabolic rate estimates derived from numerous laboratory meas-
urements showed taxon-dependent variation in metabolic rates 
across the biologically relevant temperature ranges (−2 to 40°C; 

Ehnes et al., 2011; Meehan, 2006). Metabolic rate (that depends on 
the body size and mass of the organism) influences the overall con-
sumption rate (Hendriks & Mulder, 2008; Petersen & Luxton, 1982), 
as well as the rate and temporal dynamics of several activities of an 
organism (Ulrich et al., 2015), which make it among the most impor-
tant effect traits to consider in SOM transformations.

The feeding preferences of soil fauna encompass a broad spec-
trum. Invertebrates feeding on leaf litter, for instance, influence lit-
ter mass loss. However, many species can feed on different sources. 
This flexibility is influenced by the mode of ingestion and the vary-
ing food source availability and leads to different proportions of re-
sources in the diet. Thus, classifying organisms into broad feeding 
guilds (e.g. detritivores, microbivores to carnivores, omnivores) is 
proposed as a proxy for feeding preferences. Ingested food is partly 
digested, assimilated, and excreted with detritivores exhibiting rela-
tively low assimilation efficiencies. This results in the return of most 
organic matter as faeces, impacting SOM aggregation. Mobility in 
soil invertebrates—influenced by environmental conditions—af-
fects the redistribution of organic matter across soil horizons. The 
metabolic rate and body mass of soil invertebrates—linked to each 
other and to environmental temperature—are critical for determin-
ing their functional impact on ecosystem processes, notably SOM 
transformations.

3  |  LINKING INVERTEBR ATE 
TR AITS TO THE PROCESSES OF SOM 
TR ANSFORMATION

In our approach, we focus mainly on the role of invertebrates in SOM 
transformation via the consumption of plant-derived detritus, but it is 
inevitably interlinked with feeding on microbial and animal residues. 

F I G U R E  2  Main categories of effect traits of soil invertebrates potentially influencing SOM transformation and stabilisation. The effect 
trait categories are selected according to the main actions performed by fauna and their impacts on detritus parameters.
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Based on existing reviews (e.g. Frouz, 2018) and literature included in 
the following sections, we identified the following critical processes 
related to SOM transformation that are affected by soil fauna: (i) litter 
mass loss, (ii) litter fragmentation, (iii) mixing of organic and mineral 
materials in invertebrate faeces, (iv) aggregation of particles, (v) micro-
bial decomposition of faeces, (vi) particle translocation, (vii) pore space 
regulation, and (viii) SOM pools stabilisation. Below, we discuss each 
of these processes with specific reference to effect traits of soil in-
vertebrates that play important roles therein and thereby differentiate 
respective proxies for such traits (Figure 3). Taken together, the estab-
lished relationships between effect traits, their proxies, and the related 
soil processes provide a conceptual framework to better understand, 
explore, and predict the role of soil invertebrates in decomposition 
processes and SOM formation.

3.1  |  Litter mass loss

Litter mass loss is one of the most important variables that describe 
the decomposition of dead plant material. Many soil animals use lit-
ter and the associated microorganisms as their main food resource 
(Potapov et al., 2022). Detritivores ingest small litter fragments, which 
are partly assimilated and transformed into biomass or respired. 
Undigested materials are expelled out as faeces (see below) and usu-
ally form a part of the litter fragmentation layer (Frouz, 2018; Prescott 
& Vesterdal, 2021), continuing in soil in the form of aggregates or in 

association with mineral soil. The more an animal consumes, the more 
mass is lost from the litter. Therefore, the effect trait that directly links 
to litter mass loss and that can be used across soil fauna taxonomic 
groups is litter consumption rate. Litter consumption rate is defined 
as the amount of ingested litter per unit of body mass and unit of time 
by animal(s). If multiplied by the biomass, this measure provides the 
absolute amount of litter lost due to ingestion by soil fauna (see e.g. 
cross-ecosystem calculations in Heděnec et al., 2022). This makes lit-
ter consumption rate a key trait in understanding, for example, how 
a change in litter-consuming species composition affects litter de-
composition. However, measurement of this trait for individual spe-
cies requires many laboratory experiments. One way to circumvent 
this time investment is using body mass as a substitute, making body 
mass a potential proxy of consumption rate. Within taxonomic groups, 
inter- as well as intraspecific consumption rate scales allometrically 
with the body size of species, via a log–log relationship. The larger the 
body is, the more litter absolutely speaking usually will be consumed. 
This holds across taxa with different body plans, such as insect lar-
vae, earthworms, millipedes, and isopods. Body size can therefore 
be used as a scalable proxy for litter consumption rate that is more 
easily accessible via databases, literature, or direct measurements. 
Complementary to body mass, metabolic rate can be used as a proxy 
for consumption rate. This measure accounts for the temperature-
related changes in the feeding activity of ectothermic consumers (Rall 
et al., 2012). The higher the temperature, the more substrate per unit 
of time is consumed if no severe limitations in water availability are 

F I G U R E  3  Six effect traits framework, highlighting how soil invertebrates activities affect soil organic matter transformation processes. 
Trait proxies (grey) are examples of functional traits that are considered appropriate candidates to estimate the key effect traits (blue). 
Effect traits (that also include extended phenotype, i.e. faeces) relate to soil fauna activities that influence the sequence of eight key SOM 
transformation processes (pink) through hypothetical trait–processes relationships (see Sections 3.1–3.8).
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present. However, similar-sized species that belong to very different 
taxonomic groups, for example, an earthworm and a large beetle larva, 
can differ substantially in litter consumption rate. This might be due 
to differences in ingestion and/or assimilation rates or in resource use 
efficiency. Differences in ingestion rate between species that differ in 
body plan can be related to their mouthpart and digestive-tract mor-
phology, and therefore, ingestion mode (Figure 3), at least qualitatively. 
Across taxa, different allometric coefficients (Ehnes et al., 2011) and 
feeding preferences (Potapov et al., 2022) should be accounted for.

3.2  |  Litter fragmentation

Litter fragmentation is a major step in the decomposition process 
and is defined as the physical breakdown of leaf litter into smaller 
fragments (Giweta,  2020). Fragmentation increases the surface-
to-volume ratio of the organic matter, which facilitates access to 
this resource by other soil biota, especially microorganisms, and 
thereby enhances decomposition and mineralisation (David,  2014; 
Frouz et  al.,  2015). Litter fragmentation is typically performed by 
soil-detritivorous invertebrates, such as millipedes, isopods, litter-
feeding earthworms, and some insect larvae. The universal, and 
probably most relevant trait of soil invertebrates related to litter 
fragmentation is again litter consumption rate. Consumption rate 
defines the extent of litter fragmentation by assuming that the more 
an animal consumes, the more material it detaches from the leaf, and 
the smaller the litter fragments produced. As described above, body 
size and metabolic rate can be used as proxies of consumption rate, 
and thus are also linked to litter fragmentation. Besides, fragmenta-
tion depends on the ingestion mode of the animal, whether they feed 
selectively on soft plant tissues or also cut and graze on coarse de-
tritus, consequently affecting the type of litter fragments produced. 
Ingestion mode (which can be expressed as a categorical trait) is re-
lated to mouthpart morphology across taxa, for example, the radula 
of gastropods, the chewing structures and gnathochilarium of mil-
lipedes, or the buccal apparatus of nematodes on the microscale. 
Also, within these groups, morphology strongly differs, for exam-
ple, in terms of form and strength. Measurement protocols for ar-
thropod mouthpart morphology such as mandible type (categorical) 
and mandible biting force (continuous) are available for across- and 
within-group comparisons (Ang et al., 2024; Brousseau et al., 2018a, 
2018b; Raymond-Léonard et al., 2019), but such data collection usu-
ally involves extensive dissection and microscopy work. Currently, 
the mouthpart morphology data for soil invertebrates are scarce and 
mainly defined at a coarse taxonomic resolution.

3.3  |  Mixing of organic and mineral materials 
in faeces

Animals consuming plant material and mineral soil particles mix 
both inside their gut. This process can be performed, for example, 
by earthworms or other macro- and mesofauna that feed on partly 

decomposed litter or SOM. This mixing directly affects the physical 
and chemical composition of faeces. For example, if litter is mixed 
with clay during passage through the earthworm gut, this physi-
cally reduces microbial access to organic matter and creates addi-
tional nutrient limitations (Frouz, 2018). To assess this process, the 
consumption rate of organic and mineral particles is probably the 
most informative trait. To estimate the consumption rate of mineral 
particles, proxies such as fraction of mineral particles in the gut or 
faeces can be used. This proportion may be associated with litter 
palatability (i.e. litter traits) that drives the feeding preference of 
detritivores between fresh litter and SOM (Sterner & Elser, 2002). 
Food selection may be important as well since unselective feeding 
may result in more mineral particles being ingested (e.g. some earth-
worms consume large quantities of SOM), which should also vary 
with the overall percentage of mineral particles in the soil. It can be 
expected that invertebrates burrowing deeper in soil ingest more 
mineral particles (because plant inputs to soil commonly decrease 
with depth) and thus the vertical distribution across the soil profile 
can also be used to predict the process of animal-driven mixing of 
organic and mineral materials. However, there is no solid empirical 
evidence supporting this. In fact, studies on springtails show that 
lower-soil-dwelling species do not have more amorphous material/
hemorganic humus in their guts than upper-soil and litter-dwelling 
species (Ponge, 2000; Potapov, Pollierer, et al., 2021). Overall, we 
suggest measuring the fraction of mineral particles in the gut or fae-
ces as the most informative trait and ingestion mode as a potential 
proxy for the organo-mineral mixing process via fauna ingestion.

3.4  |  SOM aggregation in soil particles

Soil aggregation is the process by which organic and organo-
mineral aggregates of different sizes are joined and sticked to-
gether (Lavelle et al., 2020; Mataix-Solera et al., 2011). Along with 
many other biotic agents, such as bacterial-produced oligosaccha-
rides (Chotte, 2005), plant exudates (Baumert et al., 2018; Habib 
et al., 1990), or fungal mycelium (Lehmann, Leifheit, et al., 2017), 
soil fauna participate in glueing of various soil particles together 
(Lehmann, Zheng, et al., 2017). The aggregates of different sizes, 
shapes, and content contribute to the soil structure, including 
pore space (Statescu et al., 2013; Yudina et al., 2022), and reduce 
the access of decomposers to particulate organic matter occluded 
within aggregates (see also Section  3.8), thus stabilising carbon 
in soils. Overall, high soil aggregation is essential for preserv-
ing a number of core soil parameters, such as productivity, soil 
water and air regimes, resistance to erosion, degradation, and pol-
lution (Mataix-Solera et al., 2011; Rabot et al., 2018). Soil aggre-
gation is notably impacted by the activity of earthworms (Guhra 
et al., 2020; Zhang & Schrader, 1993) and mesofauna (Dos Santos 
Nascimento et al., 2021; Maaß et al., 2015; Siddiky et al., 2012). It 
is driven by faeces production, which can stabilise SOM and forms 
aggregates (Angst et  al.,  2024; Swaby,  1949), joints microaggre-
gates and binds them with organic-enriched gut secretions (Zhang 
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& Schrader, 1993). Additionally, some taxa present building behav-
iours that lead them to bind faeces together to form macrostruc-
tures (e.g. Diplopoda, or Collembola in Poinsot, 1966). We suggest 
focusing on aggregation processes via faeces-driven mechanisms. 
The contribution of soil fauna to soil aggregation may be esti-
mated by calculating the consumption and assimilation rate of de-
tritus (i.e. affecting faeces production), and characterising faeces 
traits (size, stability, mineral fraction). These faeces traits need to 
be quantified in experiments measuring aggregation in the pres-
ence of specific animals during a certain period of time. Such an 
experimental approach would allow one to measure the direct par-
ticipation of soil fauna in aggregate formation, which may include 
many mechanical and biochemical interactions.

In addition, the external excretion and egg-laying of arthropods 
also constitutes an input of SOM which binds microaggregates to 
the soil (Maaß et  al.,  2015). Further indirect effects are expected 
via interaction with plant roots and fungal mycelium (Erktan 
et al., 2020). Another positive effect on soil aggregation is provided 
by the external excretion of various biochemically rich products 
(Danladi & Ohaeri,  2020), which are well-known, for example, for 
earthworms (‘mucus’) (Guhra et al., 2020) and snails/slugs (‘slime’). 
The liquid, enzyme-enriched fraction of excrement should also be 
considered. Via chemical assemblages with mineral compounds of 
soil (McCook, 1884), those excretions bind microaggregates and pri-
mary particles together, forming new meso- and macroaggregates 
(‘repackaging’, Joly et al., 2018). The effect of excreta-driven mech-
anisms on soil aggregation can be quantified via excretion rates, but 
these data are scarce, and future mesocosm experiments are needed 
to test the trait-process links.

3.5  |  Degradation of faeces

Upon litter conversion into faeces by soil invertebrates, numerous 
physical, chemical, and biological transformations occur due to al-
tered microbial activity and/or abundance (Coq et  al.,  2022) and 
to carbon and nutrient leaching (Joly et  al.,  2020). Recent stud-
ies showed that faeces C:N ratio, tannin content, water saturation 
capacity, specific area of the faeces, or of the particles within the 
faeces are important predictors of faeces mass loss and microbial 
activity (Coq et al., 2022; Joly et al., 2015, 2018, 2020). Typically, 
conversion into faeces leads to reduction in C:N ratio of up to 60% 
(Bastow, 2011; Ganault et al., 2022; Joly et al., 2018), improving the 
bioavailability of OM for microbial use. Therefore, we recommend 
the measurement of faeces C:N ratio as an easily measurable char-
acteristic that correlates well with faeces mass, C, and N loss (Joly 
et al., 2020). Faeces characteristics are partially determined by litter's 
initial properties, that is, changes in C:N ratio upon litter conversion 
into faeces are higher for low-quality litter. Hence, we recommend 
to report the change in C:N from leaf litter to faeces by measuring 
both faeces and litter C:N ratio (Coq et al., 2022; Joly et al., 2020). 
Because of the low assimilation rates, faeces still contain many nu-
trients and are re-ingested or ingested by other fauna as a source 

of nutrients (Briones, 2018). This mechanism adds a further trophic 
level to soil–plant–animal interactions (Zimmer & Topp, 2002) and 
makes it challenging to quantify mechanisms driving the net effect 
of litter-to-faeces conversion on microbial decomposition processes.

3.6  |  SOM and mineral particle translocation

Particle translocation by soil fauna includes the redistribution of or-
ganic (or mineral) components within the soil matrix from one location 
to another (Auclerc et al., 2022; Eisenhauer et al., 2007; Wilkinson 
et al., 2009). It is complementary to physical transport of particles, 
for example, by water or gravity. Particle translocation modifies soil 
physical structure (Blouin et al., 2013; Lehmann, Zheng, et al., 2017), 
redistributes organic matter pools (Kononova,  2013), and changes 
nutrient availability for decomposer biota (Bottinelli et  al.,  2015; 
deCastro-Arrazola et al., 2023; Ferlian et al., 2022; Lavelle, 1996). 
A remarkable example of ecosystem-level consequences of these 
processes is the pronounced effect of invasive earthworms on soil 
properties and functions in previously earthworm-free ecosystems 
(Ferlian et al., 2020). An intuitive trait to assess fauna translocation 
activity is the individual load-carrying capacity that we define here 
as the capacity to transport and distribute matter (similar to that 
estimated for pollinators or leaf-cutting ants). This capacity results 
from a combination of morphological and anatomical (external and 
internal) traits on which we can hypothesise: (i) the animal's body 
shape and size/volume, complemented by the volume of its append-
ages, (ii) the adherence of particles to its cuticle (although some taxa 
like Collembola present strong anti-adhesive properties, see Helbig 
et  al.,  2011) and of its setae, and (iii) its movement behaviour ex-
pressed, for example, with locomotion traits such as the strength of 
its movement muscles or specific burrowing limbs, (iv) gut passage 
time of ingested material. In the perspective of a quantitative esti-
mation of the translocation process, this load-carrying capacity of 
the individual is modulated by the home range of the animal.

3.7  |  Pore space regulation: Creation and 
maintenance

Soil fauna may affect soil physical structure—thus SOM—by creating 
and maintaining pore space. This space causes modification of the 
microhabitat conditions, supports water infiltration, gas exchange 
(Bouché & Al-Addan, 1997; Lee & Foster, 1991), and the activity of 
small-bodied organisms as well as plant roots (Andriuzzi et al., 2016; 
Erktan et al., 2020; Medina-Sauza et al., 2019). These mechanisms 
interact in return with SOM. The traits involved in pore space crea-
tion are in relation with the burrowing and digging activities of soil 
fauna. These activities concern primarily earthworms, ants and ter-
mites, and secondarily dung beetles, insect larvae, springtails and 
spiders, soil-nesting bees and wasps, and mole crickets. The bur-
rowing capacity of the animal (see Section  3.6) is related to mor-
phological traits such as body diameter (even though social insects 
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may build tunnels much larger than themselves), while the burrow-
ing behaviour (Blanchart et  al.,  2009; Meurer et  al.,  2020) varies 
across taxa and within a taxa along with its ontogeny (e.g. between 
a larva and an adult). The traits involved in pore space maintenance 
are related to the movement behaviour of the animal, such as en-
chytraeids that remove pore necks/blockages, thereby maintaining 
the openness and connectivity of macropores (Porre et  al., 2016). 
Quantifying the burrowing behaviour of taxa needs standardised 
laboratory experiments. Although the burrowing rate has previ-
ously been measured for different species or functional groups of 
earthworms (e.g. Capowiez et al., 2015, 2024; Ruiz et al., 2017), the 
information remains scarce for other taxa (but see e.g. Bryson, 1939; 
Mele et al., 2021; Kravchenko, 2022). A first approximation to esti-
mate the importance of this process across soil invertebrate taxa and 
ecosystems could be done by measuring the contributions of differ-
ent taxa to soil porosity using X-ray CT scanning and linking it with 
water infiltration measurements. By doing so, Capowiez et al. (2015) 
showed that water infiltration rates were largely explained by total 
volume of bioturbation which corresponds to macropores totally 
or partially refilled with casts or casts crushed along the burrow 
walls. More recently, Pham et  al.  (2023) were able to relate three 
main traits (body weight, circular and longitudinal muscle thickness) 
to earthworms' influence on soil water infiltration. The use of such 
traits provides a mechanistic understanding of how soil fauna affect 
soil porosity and ecosystem processes.

3.8  |  SOM pool stabilisation

The stability of SOM in soil is of paramount importance for soil 
fertility and climate change mitigation (Angst et al., 2023; Lavallee 
et al., 2020). SOM stability is often determined by separating SOM 
into two functionally different pools, of which the formation can be 
strongly affected by soil fauna (Angst et  al., 2024): particulate or-
ganic matter (POM) and mineral-associated organic matter (MAOM). 
POM is composed of partly decomposed plant fragments and has 
relatively short residence times in soil (up to several years), if not 
occluded within aggregates (see Section  3.4; Mueller & Koegel-
Knabner, 2009). The major process by which POM enters mineral 
soils is via the physical transfer of organic particles from above-
ground litter or organic horizons. This transfer is mostly driven by 
soil fauna (see Section  3.6). Taxa with an intense vertical move-
ment between litter/organic and mineral horizons can be expected 
to increase the amount of POM in soil (e.g. anecic earthworms; Ma 
et  al.,  2014) via mixing of organic particles and mineral soil (see 
Section 3.3). Accumulation of POM could be further fostered if such 
taxa have high excretion rates, as faeces can represent POM them-
selves and/or constitute the nucleus for the formation of aggregates 
(Angst et  al.,  2024), in which POM is protected against microbial 
decay (see Sections  3.4 and 3.5). Correspondingly, traits relevant 
to the accumulation of POM could be inferred from movement be-
haviour, such as temporal changes in the vertical distribution, mov-
ing speed, and burrowing capacity of fauna (see Sections 3.3–3.6) 

combined with measurements of consumption and assimilation rates 
(see Section 3.1).

MAOM represents intimate associations of SOM with mineral 
surfaces that can persist in soil on centennial to millennial times-
cales (Lehmann et al., 2020). MAOM is considered to form via two 
major pathways: (i) sorption of dissolved OM or depolymerized plant 
compounds to mineral surfaces; and (ii) sorption of microbial resi-
dues or necromass to mineral surfaces after microbial death (Liang 
et al., 2017). These pathways can be directly or indirectly affected 
by certain soil fauna traits. For example, ingestion mode and feeding 
preferences (i.e. when involving the consumption of microbes in min-
eral soil, or direct microbivory) can affect microbial community com-
position, activity, and biomass (Jiang et al., 2018; Niu et al., 2024; 
Rosenberg et al., 2009), and in turn emergent microbial traits such 
as carbon use efficiency, with potentially strong effects on micro-
bial necromass production and MAOM formation (Tao et al., 2023). 
Likewise, biochemical substances excreted by soil fauna or dissolved 
organic matter released from faeces could adsorb on reactive min-
eral surfaces or boost efficient growth of microorganisms and thus 
MAOM formation (see Section  3.4; Angst et  al.,  2022, 2024; Kou 
et  al.,  2023). As the main traits and their proxies to measure, we 
suggest feeding preferences for microbes, consumption rate, the 
proportion of mineral particles in faeces, and movement behaviour.

Research on the effects of soil fauna traits on POM or MAOM 
formation is extremely scarce (Coq et al., 2022; Le Mer et al., 2022). 
We thus see a clear need for mechanistic studies, at both laboratory 
and field scales, that tackle this vast research gap.

4  |  APPLIC ATION AND PERSPEC TIVES

The integration of effect traits and their links to an organism's role 
in a specific SOM transformation process can serve to improve ex-
isting models of soil functioning in terms of (i) generality across soil 
fauna taxa, that is, combined actions of different taxonomic groups, 
and (ii) dimensionality through the use of the six effect traits. For 
example, in a nutrient fluxes model such as the one presented by 
Barot et  al.  (2007), the six effect traits information could inform 
the single information block used for taxa (here, earthworms). Since 
trophic interactions among soil taxa also impact soil processes, the 
proposed effect traits can also be integrated into soil food-web 
modelling, and hence, would help in defining edges (interactions 
and their strength) between different pools of SOM and functional 
groups (see also Fry et al., 2019) via specific soil processes (Figure 4; 
Brousseau et al., 2018a, 2018b; Potapov, 2022). Our approach can, 
for example, bring dimensionality to the ‘detritivores’ compartment 
of the KEYLINK (Flores et al., 2021) or Romul-hum models (Chertov 
et al., 2017). In such models, authors mainly use the quantitative flux 
of matter or energy transferred between compartments per unit of 
time to estimate the processes. The generic six trait information can 
be used to obtain a more accurate estimation of fluxes whatever 
the taxonomic identity of the detrivore is considered. For example, 
the energy flux from litter to litter-feeding invertebrates can be a 
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quantitative proxy of the litter mass loss, litter fragmentation, and 
faeces production (if assimilation efficiency is taken into account; 
Potapov, 2022). Our trait-based approach—which focuses on soil in-
vertebrates—is also theoretically generalisable to all soil fauna taxa 
(Anthony et al., 2023) and could, for example, encompass megafau-
nal vertebrates or the soil-dwelling larval stages of various flying 
insects.

Our framework can also be projected in space and time, that 
is, at small scales to study, for example, the heterogeneity of soil 
properties, and at larger scales informing functional biogeography 
of soil fauna. To this end, the spatio-temporal variability of organism 
communities, their trait values (e.g. changing consumption rates and 
associated efficiencies with litter quality), and universal quantifiers 
(e.g. changing metabolic rate due to variation in environmental tem-
perature with day, season, or climate) need to be taken into account: 
some of the effect traits are also response traits. Temperature 
is a strong modulator of metabolic and feeding rates at different 
time scales, which have important implications for soil functioning 
(Briones, 2018; Thakur et al., 2018). Climatic and seasonal rhythms 
may interfere with individual traits related to ontogeny and phenol-
ogy, which also drive fauna-mediated soil functions such as decom-
position (Sagi & Hawlena,  2024). This implies that both individual 
values and community-level mean values of each trait vary with the 
environment at different time frames. The former also impacts the 
latter through the concept of intraspecific trait variability, on which 
knowledge is still growing in soil fauna studies, but trait databases 
can handle different levels of organisation (see e.g. regional and con-
tinental values in Bonfanti et al., 2018).

Overall, we call for a joint effort to collect effect traits of soil 
invertebrates to create mechanistic soil functioning models. Such 

models would allow us to predict how changes in community com-
position will impact ecological functions and processes in the future 
biosphere. Soil fauna trait-based ecology has emerged in the past 
two decades, yet there have been few attempts for standardised 
trait data collection. Standardised protocols have been developed 
(Moretti et  al.,  2017) and databases mostly filled with literature-
based species-level data across soil taxa have been made available, 
for example, BETSI (Pey, Laporte, et  al.,  2014) or Ecotaxonomy 
(Potapov et  al.,  2019). These collections represent an important 
resource for a first attempt in obtaining data of our proposed six 
effect traits (or for their trait proxies, that are more likely to be avail-
able for a wide array of taxa) when measuring traits in  situ is not 
feasible. Now, we call for more targeted collections of soil fauna 
effect traits that are directly linked to soil processes, as identified 
in our conceptual framework. This should be based on open com-
munication among researchers and by applying standard protocols. 
We also highlight the value of standardised mesocosm experiments 
to validate trait-process links (e.g. KEYSOM Cost Action in Jiménez 
et al., 2020). Ultimately, the exchange between trait databases and 
soil biodiversity occurrence (community) databases will allow for an 
upscaling of the effect of soil communities on ecosystem function-
ing through the present effect trait framework. Initiatives such as 
COST Action EUdaphobase (https://​www.​cost.​eu/​actio​ns/​CA182​
37/​) embraced this dialogue as one of their major goals.
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