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Abstract

The trait-based approach is increasingly used for soil invertebrates. Complementary to the taxonomy based approach,
the trait-based approach can provide a more mechanistic understanding of the responses of organisms to environmental
disturbances and of their effects on soil functioning. However, the application of the trait-based approach across
studies is limited by the lack of conceptual consensus among researchers due to the historical development of the
idea. There is a large ambiguity and variability in using the term ‘functional traits’ by zoologists and ecologists
working on soil invertebrates. In this study, we used a questionnaire and literature scanning to review the practical
use of functional traits concept in soil ecology over the last decade. We clarified and expanded the functional trait
definition as ‘A functional trait is a measurable characteristic of an individual organism or its colony that has a link
to the organism‘s fitness and/or its effect on other organisms and/or the environment’. We also reviewed existing

© 2024 Senckenberg Museum of Natural History Gorlitz. This Open Access article is OQ

licensed under a Creative Commons Attribution 4.0 International License (CC BY).
BY

ISSN 1864-6417 - elSSN 2509-9523

open access



152

Sophie Joimel & et al.

trait databases showing a high amount, but also high heterogeneity and low accessibility of data on the functional
traits of soil invertebrates. We suggest synthesising existing trait data and databases, using the functional trait-based
approach consistently and reproducibly, and disseminating it to facilitate research in soil ecology.

Keywords Functional traits | soil invertebrates | functional ecology | community ecology | terminology

1. Introduction

Soil organisms regulate nutrient cycling, dynamics
of soil organic matter, greenhouse gas emissions, soil
physical structure and water regimes, contributing thus
to numerous ecosystem services (Kibblewhite et al. 2008,
Wardle et al. 2004). To understand how soil communities
assemble, protect them from threats, and manage their
interactions to provide ecosystem services, we need
better knowledge of soil biology and ecology, as well
as a mechanistic understanding of the links between the
diversity of soil communities and soil processes. Soil
invertebrates present a vast diversity of sizes, shapes, life
history strategies, and diets, each differently impacting
soil functioning from the matrix scale (composition
of mineral and organic matter) to the structural scale
(arrangement of organic and mineral matter) and the
soil profile scale (organisation of aggregates, pores and
horizons) (Lavelle et al. 2006). While rapidly developing
molecular tools fuel the progress in soil functional and
community ecology, quantifying the role of invertebrates
in soil functioning or understanding community assembly
requires a description of their functional diversity.

Soil invertebrates have been grouped by ecologists
according to several criteria to a number of ecological
groups, such as guilds or functional groups, to embrace
their tremendous biological diversity (Briones 2014,
Hedde et al. 2022). Such an approach postulates that a
group is represented by species sharing similar roles in
a given ecological function and/or responding similarly
to environmental gradients. While being generally
satisfactory, the approach has several methodological and
conceptual drawbacks. For example, such groups do not
consider within-group variation and often consider adults
and not juveniles (Hedde et al. 2022). Many misuses
of concepts behind classifications are also noticed
(Hedde et al. 2022).

The concept of functional traits was expanded from
plants (Violle et al. 2007) to soil invertebrates to
overcome these problems (Pey et al. 2014b). According
to the conventional definition, functional traits are
any morphological, physiological, phenological or
behavioural features that can be measured in individuals
and affect their fitness (Pey et al. 2014b). Over the last
decade, a growing body of literature on traits appeared

in soil invertebrate ecology. Many studies focused on
providing additional insights into understanding the
responses of soil biodiversity to environmental pressures
(the ‘response’ aspect of functional traits, Lavorel and
Garnier, 2002). It was shown that traits may better explain
soil biodiversity patterns in response to environmental
changes including soil contamination (Hedde et al. 2013a,
2013b, Santorufo et al. 2014), land-use (Joimel et al. 2021,
Marliac et al. 2016, Pelosi et al. 2016, 2014, Santorufo et
al. 2014, Susanti et al. 2021), or climate change (Bonfanti
et al. 2022). Other studies attempted to mechanistically
link soil organisms with soil processes or functions
(Hedde et al. 2022): the ‘effect’ aspect of functional
traits. For example, the long-standing consensus on the
relationship between functional groups and processes in
termites (Jouquet et al. 2022) or earthworms (Capowiez
et al. 2024) was revised. The trait approach could also
be used in evolutionary ecology to predict biodiversity
responses to environmental changes of various organisms
(Kearney et al. 2021) or in the feeding ecology of
springtails (Chen et al. 2017). However, eco-evolutionary
approaches are still rarely used in soil invertebrate research
(Dalos et al. 2022).

Due to the growing interest in functional traits, which
is by far not limited to soil organisms, several papers
discussing the concept of traits have appeared in recent
years (e.g. Dawson et al. 2021, Kearney et al. 2021,
Streit & Bellwood 2023, Weiss & Ray 2019). However,
trait-based ecology is sometimes considered to be biased
because research tends to focus on the same ecosystems,
sometimes poor in species, on the same taxonomic groups,
mainly plants (e.g. Diaz et al. 2013), with approaches that
are rarely multi-group (Schleuning et al. 2023). As aresult,
trait-based ecology needs to integrate more animal taxa
and a diversity of ecosystems in their approach. Reviews
that focus on terrestrial arthropods (Brousseau et al. 2018,
Wong et al. 2019) do not include other important groups
of soil invertebrates, such as earthworms, springtails or
potworms. Currently, the term ‘functional traits’ is used
by zoologists and ecologists working on soil invertebrates
ambiguously and with different meanings. The confusion
in the understanding the trait concept seems particularly
pronounced in arthropod studies (Wong et al. 2019) but
is also present in other groups (Dawson et al. 2021).
Adopting common definitions within the trait concept
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is the basis for semantic integration in trait ecology. By
defining the terms and logical relationships between
them and linking them to data, we can avoid confusion in
science and improve the management of trait data to allow
studies and cross-taxa comparisons, as advocated by
Weiss et Ray (2019). Strong theoretical concepts, rarely
mentioned in trait data collection, could help interpret and
prioritise trait acquisition (Kearney et al. 2021). Thus, a
unification of functional trait semantics is urgently needed
to synthesise trait-based research on soil invertebrate taxa
and facilitate the methodology of this research field with,
for example, future Al-based semantic solutions.

Increasing trait data availability also requires semantic
homogenisation. Over the last years, the development
of trait-based approaches has resulted in the creation of
several databases of soil invertebrates traits. As for the
centralised TRY database on plant traits (Kattge et al.
2011), most of the trait data on soil invertebrates are
dispersed among taxon-specific databases (e.g. Formicidae
or Carabidae) (Homburg et al. 2014, Carabids, Parr et al.
2017, GlobalAnts). Recently, several database initiatives
emerged (e.g. BETSI, Ecotaxonomy), gathering traits of
soil invertebrates in general rather than for specific taxa
(Pey et al. 2014a, Potapov et al. 2019). However, until
today, there has been no single initiative that aims to link
the existing databases on soil invertebrate traits into a
single accessible and interoperable platform for cross-
taxa ecological and eco-evolutionary research. The large
amount of missing data is still a limit to their current use
(Auclerc et al. 2022).

As the first crucial step, there is an urgent need to review
the existing trait databases, traits used, trait data available,
and the understanding of the trait concept among soil
ecologists. Very few papers have been published on
soil invertebrate trait databases (but see Homburg et al.
2014, Parr et al. 2017, Potapov et al. 2019) and many
uncertainties about available data and animal groups they
cover remain. To fill these knowledge gaps, here we (i)
refine the existing functional trait concepts used by soil
ecologists to avoid scientific misunderstandings and
improve trait data interoperability and use and (ii) list
trait data sources, traits and their use in soil invertebrate
research to improve the accessibility of this information
and facilitate the development of integrative cross-taxa
and cross-database tools and projects based on trait-based
approaches.

2. Materials and methods

We used a questionnaire addressed to zoologists and
ecologists working on soil invertebrates, who were

familiar with the functional trait approach to identify
the existing concepts and the cognitive representations
about functional traits, the use of functional traits and
trait databases.

The questionnaire included 14 questions (online
S1). The questions included information about (i)
participants (career stage, experience in trait approaches
and specific taxa), (ii) their definition and classification
of the ‘functional traits’, (iii) examples of traits used,
as well as information about available trait datasets
and databases. The questionnaire was distributed
electronically on the 10th January 2021 among
participants of the EUdaphobase COST Action (https://
www.eudaphobase.eu) and Global Soil Biodiversity
Initiative (GSBI; https://www.globalsoilbiodiversity.
org). We encouraged colleagues to distribute the
questionnaire among their colleagues. Although these
networks are biased towards the European and North
American research communities, we believe they are
informative and represent current trends in soil ecology.

Overall, answers from 78 respondents were collected
by the 30th of June 2021. Most respondents already used
a functional trait approach for soil invertebrates in their
research (79 %), while others planned to do this approach
and were familiar with the concept. Mid- to late-
career researchers were better represented (73 % were
professors or associate professors) compared to early-
career researchers (23 % were PhD students or postdocs).
Other respondents were students or non-academic
people (4%). Respondents had experience mostly with
earthworms (55 %) and springtails (52 %). Other studied
taxa were mites (35 %), beetles (27 %), nematodes (27 %)
and myriapods (23 %).

The results of the questionnaire were complemented
with a literature search on the Web of Science and
Google Scholar platforms with the keywords: ‘traits’
AND ‘database*” AND ‘soil invertebrates’ or ‘soil fauna’
and personal literature libraries of the paper authors.

3. Concepts and applications of
functional traits in soil ecology

3.1 What is a functional trait?

Pey et al. (2014a) proposed the following definition of
functional traits for soil invertebrates: ‘Functional traits
are any morphological, physiological, phenological or
behavioural feature that can be measured at individual
level and that affect its fitness’. This definition seems
to be well accepted by the respondents. In the survey,
96% agreed with this definition, considering that it
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fits a broader functional ecology set of concepts and
is nicely balanced. This common definition is based
on the widely accepted concept of functional traits
developed for plants by Violle et al. (2007), who made
many efforts to unify and standardise the terminology
of ‘morphology, performance and fitness’ traits from
Arnold (1983). This general definition is globaly used
with flexibility by scientists across taxa as, for example,
for the notion of invidual level, which can be extended
to several individuals in the case of bacteria or corals
(Dawson et al. 2021). Pey et al. (2014) added also the
category of ‘behaviour’ to the definition of traits for
soil invertebrates. As mentioned by Wong et al. (2019),
if technical applications of trait-based approaches vary
among fields, researchers specialising in plants and
animals agree on the general properties of traits, defining
them as phenotypic features that are strictly measurable
in individual organisms. However, several suggestions
for the modification of this definition were submitted
by the respondents. Some respondents (38 %) suggested
modifying the definition by including: (i) reference to
ecological functions or (ii) new trait categories. The next
sections will detail the discussion around the functional
trait definition.

3.2 ‘Trait’ or ‘functional trait’?

The main disagreement pointed out by respondents was
that this definition does not take the trait ‘functionality’
into account. These researchers argue that the functional
trait definition should clearly identify the link between
the function of a trait and associated ecosystem functions
or services for human well-being. Although many
researchers agree that traits need to be ‘functional’
(Wong et al. 2019), there is no consensus in the current
literature and the survey on understanding of what the
‘functional’ term in the trait definition means. Frequent
inconsistencies in the literature led to recent suggestions
to abandon the adjective ‘functional’ completely, as it
became redundant to the ‘trait’ itself (Streit & Bellwood
2023). The semantic complexity of the term ‘functional
trait’ could lead to misunderstandings in ecological
research (Mlambo 2014). Indeed, a function presents
multiple semantic facets in ecology (Glenk et al. 2012).
The term ‘function’ is used as a synonym for processes,
referring to object state changes in time (e.g. organic
matter decomposition), as a term describing a sum of
processes of the entire system (e.g. nutrient cycling),
to describe the roles of objects (e.g. the function of
earthworms), or as a synonym to ecosystem services.
In ecotoxicology, functional traits are used to infer soil
functions being affected by chemicals (Beaumelle et

al. 2014). In the definition of functional trait by Violle
et al. (2007), the term ‘functional’ refers to the link of
this trait to the growth, reproduction and survival of an
individual (Arnold 1983, Violle et al. 2007) and not to
the impact of this trait on a specific ecosystem function.
This eco-evolutionary perspective of function refers
to Darwinian fitness, i.e. the organismal reproductive
success. Dispersal could also be listed here (Bonte &
Dahirel 2017) but is not directly or systematically related
to the fitness.

To take these different definitions into account, several
overlapping or complementary concepts have emerged
around the concept of functional traits. For example, Pey
et al. (2014) specifically distinguished performance traits
(i.e., growth, reproduction and survival, following Violle
et al. 2007) and ecological preferences (e.g. microhabitat
or moisture preference) for soil invertebrates. Lavorel &
Garnier (2002) separated two types of traits: ‘response
traits’, which reflect the influence of the environment
on organisms (similar to the eco-evolutionary
understanding of trait functions), and ‘effect traits’,
which give information about the role of organisms in
ecosystem functioning (similar to the ‘ecosystem effect’
understanding of trait functions). 1% of the respondents
suggested integrating response traits as ‘traits’, and
effect traits as the ‘functional traits’. However, for most
respondents (85 %), the definition of functional trait does
not exclude the response trait aspect, as the majority
accept the vision of the definition by Violle et al. (2007)
around organism fitness.

The widespread ecosystem-focused point of view
contrasts the original ‘fitness-centred’ functional
trait definition and may be explained by the general
focus on the ecosystem functioning research in soil
ecology. Notably, the same trait is often linked to both
environmental response and ecosystem affect aspects
of organism’s ecology (e.g. body mass, mandible shape,
reproduction rate). Wong et al. (2019) highlighted the
ability of response traits to influence the resilience of
an ecosystem (Lavorel & Garnier 2002, Violle et al.
2007, Wright et al. 2016), and there are numerous other
examples of linkages between response and effect traits
in plants and animals, making it difficult to strictly
assign traits to these categories. That is why, although
the distinction between traits and functional traits, or
effect and response traits, seems to be clearly defined, it is
seldom used in the literature. Parr et al. (2017) mentioned
this difficulty and did not include trait categories (e.g.
effect traits or response traits) in their database on ants
because often this distinction depends on the scientific
question asked (Petchey & Gaston 2006). There is also
little empirical evidence on the links between ecosystem
functioning and effect traits, and there are traits that are
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considered functional by definition (e.g. ‘trophic’ traits,
see 5.4) due to their links with ecosystem functioning.
The traits used in research are almost always directly or
indirectly related to fitness, and there are hardly any traits
that do not affect fitness at all. Therefore, virtually any
trait has the potential to influence at least one ecosystem
function and related service, as well as to react to some
environmental changes.

To avoid divergence with general trait-based research,
we call for consistent use of the eco-evolutionary view
on ‘functional traits’ as proposed by Violle et al. (2007)
for plants or by Wong et al. (2018) and Pey et al. (2013)
for animals. It means that traits are functional because
they influence the fitness of organisms but not because
they influence soil processes, functions or services. It is
important to admit that functional traits remain a fuzzy
concept, as all traits could be functional to some degree
(Dawson et al. 2021). Nevertheless, we recommend
further use of the term functional traits (contrary to
Dawson et al. 2021) due to the very generic meaning of
the word ‘trait’ in English.

The main task for soil ecologists working on trait
approaches is to propose and validate links among
specific environmental factors, functional traits and soil
processes. These processes can further be connected to
ecosystem services and soil functions using measurable
indicators (Morgado et al. 2018). This task seems more
complex for soil invertebrates than plants because of
the many indirect links between soil invertebrates
and ecosystem functioning (Weiss & Ray 2019).
However, the operability of such a scheme should not
be underestimated. Plant ecology has established core
lists of traits that are routinely measured (e.g. leaf area,
leaf dry matter content, height, seed mass) and used to
explain biodiversity-ecosystem functioning relationships.
Studies proposing mechanistic environment-trait-process
links, and experiments validating them, are the key to
developing a more functional trait-based approach for soil
invertebrates. Until now, very few studies or databases
link traits and associated ecosystems functions, but
first attempts have been made (Brousseau et al. 2018,
CRITTER; Parr et al. 2017, GlobalAnt). Trait-based
trophic ecology (fluxes of carbon and energy) is a way
to connect community ecology (responses) to functional
ecology (Gravel et al. 2016, Schleuning et al. 2023, 2015).

3.3 Morphological, physiological,
phenological and behavioural traits

As described above, the definition of a functional trait
is evolving. From the definition of Violle et al. (2007),
several adjustments were made to adapt this definition to

different taxonomic groups. We can thus note the addition
of categories, such as behaviour, proposed by Pey et al.
(2014b). Also, some respondents propose to add new
categories, such as chemical, physical or by emphasing
life history. These proposed additions are also found in
Dawson et al. (2021) with behavioural and cultural traits.
In this line, Moretti et al. (2016) used five categories of
traits for terrestrial invertebrates: morphology (e.g. body
size, number of eyes), feeding (e.g. ingestion rate, biting
force), life history (e.g. ontogeny, clutch size), physiology
(e.g. resting metabolic rate, relative growth rate), and
behaviour (e.g. activity time, sociality). According to Pey
et al. (2014b), life history is rather a population parameter
that can serve as responses/indicators of the underlying
trait-based processes and reflect the success of an
organism in a specific environment. Finding a universally
accepted categorisation is probably impossible for all
biota (Dawson et al. 2021) and it seems complex even for
soil invertebrates only. Categories proposed by Pey et al.
(2014), i.e. morphological, physiological, phenological
or behavioural, are often used in publications and seem
generic enough to fit most needs. However, different
categorisations are not exclusive and depend on the
context of how traits are applied. The response-effect
categorisation can be used to link specific environmental
factors and ecosystem functions to traits. According to
their associated function, traits can also be categorised
into, e.g., feeding, mobility or engineering traits. While
emphasising the flexibility of such categorisations, we
also call for using standard categories whenever possible
and clearly justifying the use of alternative categorisations
and stating the differences.

3.4 Level of organisation of traits

Another frequent debate is the measurement at the
‘individual’ level ‘without reference to any other level of
organisation’. This disagreement predominantly stems
from the superorganism or colony-level traits in social
insects, for which several individuals act as a single
unit (e.g. ant colony, Holldobler & Wilson 2009) or for
microorganisms, where individuals are difficult to define
(fungi, Dawson et al. 2021). Parr et al. (2017) argue that
natural selection can operate at the individual and colony
levels for ants (Keller 1995), so ant functional traits may
be quantified at both levels: an individual worker and the
colony. Examples of such traits are the nesting or foraging
type of a colony (Kreider et al. 2021). Such traits can help
predict the occurrence of a species in the environment
(e.g. due to the presence of suitable microhabitats) and
the effect of this species on the ecosystem functions
(e.g. resource acquisition). Thus, a broad trait definition
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should include colony-level traits if a common approach
is extended to social insects (e.g. ants) or other soil
organisms beyond invertebrates such as microorganisms
(De almeida et al. 2024, Elizalde et al. 2020).

3.5 Suggestion for a clear definition of
functional traits

Due to these misunderstandings in the trait concept, some
authors do not restrict themselves to any specific definition
of traits and integrate all possible species characteristics,
letting users select traits according to their study needs
(Jeliazkov et al. 2020). Since the trait concept is unclear,
many researchers do not use it. Several authors have,
thus, called for simplifying and clarifying the definition
of traits to facilitate their use and comparability among
different groups of organisms (Dawson et al. 2021). We
can only agree and propose to clarify the definition
by Pey et al. (2014b) as follows: 4 functional trait is a
measurable characteristic of an individual organism or
its colony that has a link to the organism’s fitness and/
or its effect on other organisms and/or the environment’.
This definition sensu lato is sufficiently broad to include
all groups of soil invertebrates (Figure 1).

Measurable in this definition should be considered
as the expression of traits on different mathematical

measurement scales (e.g. ordinal or nominal). In the
case of a colour, for example, colour measurement is
the quantitative expression of colour and there are a
number of methods to quantify color (i.e. colorimetry
and spectrophotometry). Also, nominal (or categorial)
variables such as body shape or coloration are
simplifications of more complex measurements involving
ratios (body shape) or characterization tools that are not
yet used in soil ecology (color).

4. List of traits

A total of 202 ‘traits’ were listed by respondents in our
questionnaire, illustrating the large current application
of the functional trait concept and diversity in its
interpretations. Some terms were quoted several times
while some have only appeared once. After screening
through the list, we merged records with a similar
meaning (e.g. body size and body length) and classified
all traits into ecological niches traits, morphological,
physiological, and phenological traits. An additional
category of elemental and molecular composition traits
was suggested to categorise e.g. isotopic and biochemical
composition of organisms (Table 1). The full unedited list
of responses is given in the online S2.

a) What is a trait?

Community indices
e  Speciesrichness
e  Shannon index

Ecological groups
e  Trophic guilds
. Ecomorphological groups

Organism interactions
e  Predator-prey
. Plant-pollinator

A 4

Ecological niche traits

e  Tolerance to one specific
factor (temperature, water,
pollutants)

Colony traits

(social insects)
. Nest size
e  Foraging strategy

Trait sensu stricto

(‘functional trait’)
. Body dimensions
. Body mass
o  Metabolic rate

b) Trait categories

Response traits
Effect traits
A trait can be both,

depending on the
function

Categories
Physiological
Behavioral
Morphological
Biochemical
Stoichiometric

Figure 1. Clarification of functional trait definition; The figure shows the different terminologies used to define a ‘functional trait’. Part
a) shows the primary terminology used, emphasising what is included in our sensu lato definition and what terms are excluded from it (in
red). Part b) specifies trait categories that may be used in this definition.
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4.1 Morphological, physiological,

phenological and behavioural traits

In line with the data available in databases, the vast
majority of the traits cited belong to the category of
morphological traits. Among the most frequent, the ‘body
size’ trait were mentioned 59 times, mostly expressing the
‘body size’ or ‘size’ (n=30) and ‘body length’ or ‘length’
(n=21) (Table 1). In the databases, it is found almost every
time and there is even a database focused solely on this
trait (Egrowth). In the same vein, the size of the different
parts of the body (e.g. legs, antennae), body shape,
colouration, body mass and mouthpart morphology
are also frequent. We also noted the citation of many
dichotomous traits linked to the presence or absence of
organs (e.g. furca, wings, glands). Among traits related
to life history, reproduction mode (i.e. sexual versus
parthenogenetic) was frequently named. However, other
traits, such as reproductive output, were rarely mentioned
despite being fundamental intrinsic components of
organism fitness. Physiological traits were mentioned
even less frequently despite their potential importance
for digestion and environmental responses. Among
behavioural traits, mobility and feeding behaviour were
the most common.

4.2 Ecological preferences and
tolerances: ecological niche traits

Many respondents listed traits beginning with ‘preference
for’ humus, carbon content, habitat type (n=14) or with
‘tolerance to’, for example, temperature (n=14). Here,
tolerance refers to the niche width (limits), whereas
preference refers to the niche optimum. As highlighted
by some authors (Middleton-Welling et al. 2020, Pey et al.
2014b, Wong et al. 2019), these characteristics, present in
several publications, are not always considered as ‘traits’
and might be termed as ‘ecological preferences’ (Pey et
al. 2014b). To fit better with the niche theory (Chase &
Leibold 2003), we propose to rename this group of traits
as ‘ecological niche’ that includes the parameters of the
distribution of individuals on an ecological gradient:
the position (max, min, mode, etc) and the dispersion
(range, variance, etc). Position and dispersion parameters
reflect eco-evolutionary adaptations through different,
often undetermined, trait syndromes. Among those,
respondents often mentioned temperature, (micro)habitat
preferences and desiccation/water regime preferences.
These characteristics are present in several databases
such as GlobTherm, which is dedicated to cold or heat
tolerance, and are crucial to predict species responses to
environmental changes. For instance, tolerance may be

defined as the quantile of the distribution in which the
species is still present while its fitness is not optimal.

Ecotoxicological responses can be considered
among traits related to the tolerance of organisms to
environmental factors or physiological traits related to
biomarkers of exposition (e.g. the expression of stress-
related proteins). Individual tolerance to toxic chemicals,
such as, pesticides, define the fitness of an organism
and, in consequence, the probability of a population to
persist in a polluted environment (e.g. Geiger et al. 2010,
Sanchez-Bayo & Wyckhuys 2019). Presently, tolerance
is described separately for each pollutant that organisms
may encounter and finding general patterns/traits should
be addressed in the future.

4.3 Elemental and molecular traits

In a few cases (n=5), the respondents mentioned stable
isotope, elemental, or molecular composition of organism
as traits. These characteristics can be measured at an
individual level, are often taxon-specific (Potapov et al.
2019a), and are informative to predict both responses and
impacts of soil invertebrates (Potapov et al. 2019b). Some
example studies include stable isotope and fatty acid
compositions in trait-type analyses to understand the
evolution and ecological responses of soil invertebrates
(Chen et al. 2017, Zhou et al. 2022). These traits such as
stable isotope composition is relation to fitness of soil
invertebrates because they clarified clarified basal food
resources and allow a more comprehensive understanding
of the structure and functioning of soil food webs
(Potapov et al. 2019b). We thus propose to include these
characteristics in the commonly used functional traits.

4.4 Functional groups and trait syndrome

Trophic guilds, feeding groups, or other ecological or
morphology-based categories were mentioned 20 times
by the respondents. Can they be considered functional
traits? Brousseau et al. (2018) argue that they cannot
because they typically describe a combination of traits
rather than a functional attribute per se. It is therefore
more of a trait syndrome than a trait as such. Rarely
defined (but see Meyer et al. 2022), this notion appears
several times in the literature (e.g. Chin et al. 2023) to
illustrate a simultaneous response of functional traits to
a disturbance. A trait syndrome is also a combination
of species traits in a community. The widespread
‘functional group’ approach (Wong et al. 2019) assigns
species to different functional groups a priori, based
on observed or assumed characteristics or functions
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Table 1. Traits sensu lato listed by the questionnaire respondents. The responses out of the definition (e.g. ecological groups and community
parameters) are removed and listed in the text (raw traits contains 202 terms of “traits”, some terms were quoted several times) .

Category Traits Number of citations

Behaviour

mobility (vertical or horizontal)
feeding behaviour

hunting strategy/type

nesting behaviour

burrowing behaviour
avoidance behaviour
orientation behaviour

feeding habits/preferences

R | == [N |W|wn |

Ecological niche traits

=

habitat, microhabitat, soil layer preference
water regime preference (hygrophily, tolerance to water logging or flooding)
drought/desiccation resistance/tolerance
vertical distribution

temperature tolerance/preference
sensitivity (e.g. to chemicals)

acidity tolerance/preference

halotolerancy

preference for given C/N ratios

frost tolerance

light sensitivity

—= = = (N W R ||

Morphology

body length/size/width 59

body colour/pigmentation/patten 19
body weight/mass 18

body shape/form/modification 11
leg/appendages length 10

mouthpart morphology/type/strength 10
eye type/size/development/number
wing presence/morphology
postantennal organ

scales

presence of defensive structures/chemical defence
dispersal ability/mode

furca length

pseudocelli

leg morphology

other

O (N[N |[WwW|w w ||

Phenology

time to maturity
reproduction type/mode
reproduction speed
longevity

reproductive season
life time

— = = = = O =

fecundity

Physiology

respiration type
metabolic rate
assimilation efficiency
metal detoxication
Mt-gene expression

—_ =N NN

Elemental and molecular traits

stable isotope composition 2
fatty acid composition 2
stoichiometry 1
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of interest. However, in reality, many assumptions
behind such groupings have no real measurements in
the background (Hedde et al. 2022). For example, for
earthworms or springtails, classifications can be based
on morphological criteria (e.g. ecomorphological groups,
figure 1) to determine spatial distribution in the soil,
without the values limits or links between these values
and their vertical distribution being clearly established.
If functional groups could be seen as trait syndromes,
they need to be better defined first. Traits can help define
these groups, as has been demonstrated for the revised
system of the ecological groups of earthworms defined by
using several traits (Bottinelli & Capowiez 2021). In the
meantime, functional group and trait approaches should
be considered in parallel, being conceptually different.

4.5 Taxonomic composition and structure

More surprising was the presence in the list of traits
of community indicators such as the Shannon index,
biodiversity, or composition (mentioned 5 times). Indices
of taxonomic diversity are not functional traits since they
refer to the distribution of individuals across taxonomic
groups. Therefore, we recommend that taxa-based indices
should not be included in the functional trait approach,
as this can cause serious confusion between taxonomic-
based and trait-based approaches. Taxonomic-based
approaches need to complement trait-based approaches,
but conceptually they are different.

5. List of databases

The second aim of this study was to list trait data
sources, traits and their use by soil ecologists.
Currently, most trait data are distributed among private
datasets/spreadsheets and online data portals with
different access levels. Here we refer to ‘database’ as
an overarching term, referred to any management
of ecological data (Jones et al. 2006). This includes:
(i) single-user databases such as spreadsheets (e.g. in
Open Office, Microsoft Excel) or desktop relational
database systems (e.g. in Microsoft Access, Filemaker
Pro). Ecologists frequently use these formats (e.g.
SoilBioStore) because they are relatively easy to set up.
However, they do not allow for easy data sharing for
several reasons: they are often built for a specific project
which limits data standardisation, and sometimes they
are built with software tools that become obsolete with
time. Multiuser databases also have different levels of
data standardisation. (ii) Databases published in data

repositories, such as Figshare or Dryad, that integrate
multiple project-specific databases. Despite being open
for use, they have similar data integration drawbacks
like spreadsheets or desktop databases because they
do not force data standardisation and often have too
generic metadata to search for specific traits or taxa. (iii)
Structured databases where detailed information about
the data of interest is present (metadata) (Michener
2006, Michener et al. 2007) and data are structured
according to a certain format. They improve scientific
data understanding and management (e.g. information
on context, protocols, semantics, data structure) and
can facilitate data use beyond the original goals of their
collection. Metadata can be used for a specific-project
database or to connect them favouring data integration
and interoperability. In ecology, sets of metadata have
been adopted by the community of ecologists (e.g. EML,
Ecological Metadata Language) but there are many
other metadata standards, which are not automatically
compatible and that trait data standardisation requires
additional efforts by data providers.

In total 12 databases were mentioned in the
questionnaire and many are single-user databases. The
most used databases cited in the questionnaire were:
BETSI (20 times), Ecotaxonomy and Nempaplex (5 times
each). Through literature search and expert consultations,
we identified 15 other databases, resulting in 27 databases
that include data on soil invertebrates traits (Table 2).
Note that some databases are not displayed as trait
databases but are used as such (e.g. Tardigrada Register).

The availability of databases varies greatly. Access to
single-user databases (e.g. Microsoft Excel spreadsheets
or Microsoft Access databases) is often at the author’s
discretion. However, some authors provide data openly
via a website or in R (e.g. Egrowth, SoilBioStore), or as
an article supplement (e.g. Ellers et al. 2018, Hishi et al.
2019, Makkonen et al. 2011). Notably, however, most
of trait databases used in publications are not provided
in any format. This is of concern because of poor data
standardisation across studies as each author formats
data and defines traits in his/her own way. Moreover,
this hampers reproducibility of the study, violating
foundations of scientific research publication. We thus
call for open sharing of trait data (Gallagher et al. 2020)
via, e.g., a data paper format, which is now offered by
many journals and provides benefits for the data author
regarding of publication and citations.

Most multi-user databases have open data but require
registration before these data can be accessed. Only a
few databases provide the definitions associated with
the traits, although some are based on an editable
thesaurus (e.g. Myriatrix, MilliBase and Ecotaxonomy).
There were also difficulties with access due to offline
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Table 2. Information on the 27 databases (including single-user spreadsheets, spreadsheets published in data repositories, and structured
databases) hosting data on functional traits of soil invertebrates. References list includes database papers if existing or examples of

database use.

Taxonomic e £ it
Database name T References Open data  traits/taxa if Example of traits
group known
Multitaxa databases
BETSI - Biological and . : Up to 300
Ecological Traits for Soil multlplg soil Pey et al. 2014a 2014b Open data  traits (up to body length, aéiult_
Invertebrates mvertebrate taxa 1300 taxa) activity, reproduction type
CESTES - metaCommunity . : Access . o1
Ecology: Species, Traits, multlﬂolg S(tnlt Jeliazkov et al. 2020  upon special 14 traits (72 ab111tybt0 dbulrr O“i’hb()dy
Environment and Space 1nvertebraie taxa request taxa) mass, body feng
CRITTER - Canadian Open
Repository of Invertebrate multiple soil Brousseau et al. 2018, da]ia after 50 traits (400 mouthpart type, Body
Traits and Trait-like Ecological invertebrate taxa ~ Handa et al. 2017 - - taxa) shape, Diet Activity
Records registration
multiple soil Potapov et al. 2019, D13C bulk, feeding
Ecotaxonomy invertebrate taxa ~ Sandmann et al. 2019 Open data  Over 500 mechanism, furca shape
. - Access single chemical
ECOTOX Knowledgebase ?Ssletl}ggrz(t)eﬂtaxa Olker et al. 2022 upon special - environmental toxicity
request data
. . Open
Edaphobase gsgrlggr:(t)éltaxa Burkhardt et al. 2014 data after - morphometric data
registration
GlobTherm - a global Access
database on thermal tolerances  multiple soil .1 Upto2000  heat tolerance, cold
: . . Bennett et al. 2018 upon special i
for aquatic and terrestrial invertebrate taxa request taxa tolerance, acclimatisation
organisms
Bokhorstetal. 2012, ¢ 6 body length, drought
M.P. Berg (VU University Isopoda & Ellers et al. 2018, f:w gatasets 10-20 traits resig/tancg r;lacr(l)l-%labitat
Amsterdam, unpublished data) Collembola Makkonen et al. 2011, blished Wdih
Widenfalk et al. 2016 P! W
with papers
. . . . Access ;
NEON - National Ecological multiple soil Stachewicz et al. 2021 upon special Upto 2700  body length, head width,
Observatory Network invertebrate taxa request taxa antennae length
Single-taxon databases
maximum body length,
Dataset Oribatida Acari (mites) Minor et al. 2017 Closed 3 traits feeding guilds, and
reproduction modes
. . . . . . body length, vertical
%I; lti:g Functional Trait Araneae (spiders) g/llaé:bazsdHernandez et Open data tIaZX;r)alts (506 stratification, foraging
: strategy
Open
Carabids.org - a dynamic online Carabid f:g?s?rtzfiron ‘ body size, hind wing
ggéi?::irgiffr(%iﬁggﬁzgf arabt datf le) Homburg et al. 2014 (but ?()t(r;gt;)(:;})) to development, hibernation,
Carabidac) ’ (ground beetle unavailable reproduction time
) for several
years)
COLTRAIT Collembola Salmon et al. 2014 Closed 25 traits body size, reproduction
(springtails) type, body shape
SoilBioStore Collﬁ:mbqla D’Annibale et al. 2017 Open data 18 traits (132 colguratlon, mouthpart,
(springtails) taxa) moisture preference
Taxonomy, Distribution, and
Trait Data Sets of Japanese Col[embqll a Hishi et al. 2019 Open data 13 traits bOdly length, furca length,
Collembola (springtails) anal spine
Open
data after
Ant Prpﬁler - A data]aa_s e of .. Bertelsmeier et al. registration . habitat, diet, body size,
ecological characteristics of Formicidae 2013 b 24 traits 1
ants (but colony
unavailable

in 11/2021)
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Table 2 continued.

Taxonomic N it
Database name References Open data  traits/taxa if Example of traits
groups known
Open 26 traits colony type, worker
t(}}llobalAnts - anew database " Formicidae Parr et al. 2017 data after (up to 1913 number, pilosity,
e geography of ant traits - - - -
registration  species) mandible length
Paying CD/ At Jeast 9
Shelled Gastropods of Western ~ Gastropoda Falkner et al. 2001, book except  yrajts shell shape, age at
Europe (snails) Astor et al. 2017 datasets 270 maturity, humidity
P ’ published  (up to preference
with papers ~ taXa)
Egrowth -A global database . .
on intraspecific body growth égﬁﬁrlgﬁis) Mathieu 2018 Open data Sl tég:::s()S ! body mass
variability in earthworm w P
Dataset Chilopoda Myriapoda Bonato et al. 2018 Open data 6 traits maximum body length,
number of ocelli
APHIA et MilliBase Myriapoda Open data - stage, body size,
functional group
NINJA Nematoda g(l)elr‘l‘ebrlenmkov etal. Open data - feeding types
5 traits (up body length, width,
Mulder & Vonk (2011) Nematoda Mulder and Vonk 2011 Closed to 30000 and estimated mass of
individuals)  nematodes
NEMAguilds Nematoda - Open data - trophic functional traits
4 traits (up to .
NEMAPLEX Nematoda - Open data 8500 taxa) body mass, feeding type
. . Fiore Donno et al . feeding mode,
Dataset protists Protists 2019 ; Opendata 3 traits morphology, and
locomotion mode
Tardigrada Register Tardigrada - Open data - cuticle, buccal, legs

&claws

time of consultation (e.g. carabids.org, Nov. 2021) or
even disappearing access interfaces from the web (Ant
Profiler, Nov. 2021). Existing multi-user databases are
not always interoperable with e.g. DarwinCore or other
informatic language standards (Wieczorek et al. 2012).
Although we should note the efforts made in the user
interface Ecotaxonomy or the assistance programmes
for the coding of functional traits in BETSI, we have
to admit that the general interoperability and other open
science principles (Wilkinson et al. 2016) are still in their
infancy in trait-based research on soil invertebrates.
Many databases focus on a single taxonomic group.
Although several databases aimed at covering multiple
taxonomic groups (e.g. BETSI), they usually still
focus on a few groups or even a single group. Among
the groups covered the best in the existing multi-taxa
databases we find springtails, earthworms and carabid
beetles, which are also well represented in the single-
group databases. On the other hand, four databases are
available for nematodes but this group is not included
in multi-taxa databases. The number of traits defined in
the databases varies from just one (e.g. Egrowth) to over
300 (e.g. BETSI, Ecotaxonomy). However only a few
most common traits are well informed in the latter.

Very few databases have addressed the issue of intra-
specific or even intra-individual variability (but see
Egrowth for body length). The reason is undoubtedly
very prosaic: taking individual measurements takes
time. To compensate for this, some databases, such as
BETSI, integrate data from different literature sources,
making it possible to concatenate trait data from different
countries, at least on the European continental scale.
It has been shown that this intra-specific variability,
particularly in body length, can play a role in diversity/
function links, both from measurements taken from
the literature (Bonfanti et al. 2018) and experimental
measurements (Chassain et al. 2023). However, there is
still a long way going to analyse trait data on continental
or global scales, and even more so with an intraspecific
analytical approach.

While we consider databases on microorganisms
(see Cébron et al. 2022) which is out of our scope here,
an integrative approach across microorganisms and
invertebrates can be proposed in the future (Romillac &
Santorufo 2021). Overall, we conclude that trait data on
soil invertebrates are currently very heterogeneous and
dispersed over a multitude of sources, varying in the level
of purpose, standardisation, and access level. This situation
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is unfortunate and we call for integration of the databases
in the future to aid cross-taxon and cross-continental
studies on functional traits in soil animal ecology.

6. Conclusions

This review reflects on the development of trait
approaches in soil ecology over the last decade. A
wide diversity in the understanding of the concept has
led to a diversification in the research field, but also to
poor integration and standardisation across studies.
We advocate that additional effort should be made by
researchers to clearly define the traits that they use and
the concepts that they apply. Based on recent publications,
the questionnaire among specialists and our own
experience, we propose a broad definition of functional
traits for soil invertebrates and outline what should not or
must not be considered a trait (e.g. ecological groups or
community parameters). We suggested including colony-
level traits for social insects to make the functional trait
approach more universal across taxa. We also identified
a new category of ‘elemental and molecular’ traits
derived from the body composition but measured at the
organismic level and informing on the processes at the
organismic level. The ecotoxicological characteristics
of species are currently neglected in ecological trait
databases even if they are crucial for understanding and
predicting the responses of populations and communities
in an ever more contaminated world. Plenty of data on
the functional traits of soil invertebrates exist. However,
most data are not easily accessible and distributed across
multiple databases with different interoperability and
access levels. Better integration across databases and
acceptance of open science principles among researchers
will promote standardisation, dissemination and
development of trait-based approaches in soil ecology.

7. Acknowledgements

The authors would like to thank all the members of COST
Eudaphobase and especially the third working group. A.P.
was funded by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) — Projektnummer
493345801 and FZT 118, 202548816. S.L. was supported
by national funds (O.E.), through FCT/MCTES, as
well as for financial support to CESAM by FCT/
MCTES (UIDP/50017/2020 + UIDB/50017/2020 +
LA/P/0094/2020), through national funds. Sara Di
Lonardo was supported by the National Recovery

and Resilience Plan (NRRP), Mission 4 Component 2
Investment 1.4 - Call for tender No. 3138 of 16 December
2021, rectified by Decree n.3175 of 18 December 2021
of Italian Ministry of University and Research funded
by the European Union — NextGenerationEU (Project
code CN_00000033, Concession Decree No. 1034 of 17
June 2022 adopted by the Italian Ministry of University
and Research, CUP B83C22002930006, Project title
‘National Biodiversity Future Center - NBFC’.

7.1 Funding

This work was supported by the COST Action
EUdaphobase ‘CA18237: European Soil-Biology Data
Warehouse for Soil Protection’.

8. References

Arnold, S.J. (1983): Morphology, Performance and Fitness.
American Zoologist 23: 347-361. https://doi.org/10.1093/
icb/23.2.347.

Auclerc, A., Beaumelle, L., Barantal, S., Chauvat, M., Cortet, J.,
De Almeida, T., Dulaurent, A.-M., Dutoit, T., Joimel, S., Séré,
G. & Blight, O. (2022): Fostering the use of soil invertebrate
traits to restore ecosystem functioning. Geoderma 424:
116019. https://doi.org/10.1016/j.geoderma.2022.116019.

Beaumelle, L., Lamy, 1., Cheviron, N. & Hedde, M. (2014):
Is there a relationship between earthworm energy reserves
and metal availability after exposure to field-contaminated
soils? Environmental Pollution 191: 182-189. https://doi.
org/10.1016/j.envpol.2014.04.021.

Bennett, J.M., Calosi, P., Clusella-Trullas, S., Martinez, B.,
Sunday, J., Algar, A.C., Aragjo, M.B., Hawkins, B.A.,
Keith, S., Kiihn, 1. & et al. (2018): GlobTherm, a global
database on thermal tolerances for aquatic and terrestrial
organisms. Scientific Data 5: 180022. https://doi.org/10.1038/
sdata.2018.22.

Bokhorst, S., Phoenix, G.K., Bjerke, JW., Callaghan, T.V.,
Huyer-Brugman, F., Berg & M.P. (2012): Extreme winter
warming events more negatively impact small rather than
large soil invertebrates: shift in community composition
explained by traits not taxa. Global Change Biology 18:
1152-1162. https://doi.org/10.1111/j.1365-2486.2011.02565.x.

Bonfanti, J., Hedde, M., Cortet, J., Krogh, P.H., Larsen, K.S.
& Holmstrup, M. (2022): Communities of Collembola
show functional resilience in a long-term field experiment
simulating climate change. Pedobiologia 90: 150789. https://
doi.org/10.1016/j.pedobi.2022.150789.

Bonfanti, J., Hedde, M., Joimel, S., Krogh, P.H., Violle,
C., Nahmani, J. & Cortet, J. (2018): Intraspecific body

SOIL ORGANISMS 96 (3) 2024



Trait concepts, categories, and databases in soil invertebrates ecology — ordering the mess

163

size variability in soil organisms at a European scale:
Implications for functional biogeography. Functional
Ecology. https://doi.org/10.1111/1365-2435.13194.

Bonte, D. & Dabhirel, M. (2017): Dispersal: a central and
independent trait in life history. Oikos 126: 472—479. https:/
doi.org/10.1111/0ik.03801.

Bottinelli, N. & Capowiez, Y. (2021): Earthworm ecological
categories are not functional groups. Biology and Fertility
of Soils 57: 329-331. https://doi.org/10.1007/s00374-020-
01517-1.

Briones, M.J.I. (2014): Soil invertebrates and soil functions: a
jigsaw puzzle. Frontiers in Environmental Science 2. https://
doi.org/10.3389/fenvs.2014.00007.

Brousseau, P.-M., Gravel, D. & Handa, L.T. (2018): On the
development of a predictive functional trait approach for
studying terrestrial arthropods. Journal of Animal Ecology
87: 1209-1220. https://doi.org/10.1111/1365-2656.12834.

Burkhardt, U., Russell, D.J., Decker, P., Dohler, M., Hofer,
H., Lesch, S., Rick, S., Rémbke, J., Trog, C., Vorwald, J.,
Wurst, E. & Xylander, W.E.R. (2014): The Edaphobase
project of GBIF-Germany—A new online soil-zoological
data warehouse. Applied Soil Ecology, XVI International
Colloquium on Soil Zoology & XIII International
Colloquium on Apterygota, Coimbra, 2012 — Selected
papers 83: 3—12. https://doi.org/10.1016/j.aps0il.2014.03.021.

Capowiez, Y., Marchan, D., Decaéns, T., Hedde, M., Bottinelli,
N. (2024): Let earthworms be functional - Definition of new
functional groups based on their bioturbation behavior.
Soil Biology and Biochemistry 188: 109209. https:/doi.
org/10.1016/j.50i1b10.2023.1092009.

Cébron, A., Borreca, A., Beguiristain, T., Biache, C., Faure,
P. (2022): Taxonomic and functional trait-based approaches
suggest that aerobic and anaerobic soil microorganisms
allow the natural attenuation of oil from natural seeps.
Scientific Reports 12: 7245. https://doi.org/10.1038/s41598-
022-10850-4.

Chase, JM. & Leibold, M.A. (2003): Ecological Niches:
Linking Classical and Contemporary Approaches.
University of Chicago Press. https:/doi.org/10.7208/
chicago/9780226101811.001.0001.

Chassain, J., Joimel, S. & Vieublé Gonod, L. (2023):
Collembola diversity in
conventional, organic and conservation cropping systems.
European Journal of Soil Biology 118: 103530. https://doi.
org/10.1016/j.ejsobi.2023.103530.

Chen, T., Sandmann, P., Schaefer, I. & Scheu, S. (2017)
Neutral lipid fatty acid composition as trait and constraint in
Collembola evolution. Ecology and Evolution 7: 9624—9638.
https://doi.org/10.1002/ece3.3472.

Chin, A.R.O., Guzman-Delgado, P., Gorlich, A. &
HilleRisLambers, J. (2023): Towards multivariate functional
trait syndromes: Predicting foliar water uptake in trees.
Ecology n/a, e4112. https://doi.org/10.1002/ecy.4112.

taxonomic and functional

Dalos, J., Royauté, R., Hedrick, A.V., Dochtermann & N.A.
(2022): Phylogenetic conservation of behavioural variation
and behavioural syndromes. Journal of Evolutionary
Biology 35: 311-321. https://doi.org/10.1111/jeb.13935.

D’Annibale, A., Sechi, V., Larsen, T., Christensen, S., Krogh,
P.H. & Eriksen, J. (2017): Does introduction of clover in an
agricultural grassland affect the food base and functional
diversity of Collembola? Soil Biology and Biochemistry
112: 165-176. https://doi.org/10.1016/j.s0i1bi0.2017.05.010.

Dawson, S.K., Carmona, C.P., Gonzalez-Suarez, M., J6nsson,
M., Chichorro, F., Mallen-Cooper, M., Melero, Y., Moor,
H., Simaika, J.P. & Duthie, A.B. (2021): The traits of “trait
ecologists”: An analysis of the use of trait and functional
trait terminology. Ecology and Evolution 11: 16434-16445.
https://doi.org/10.1002/ece3.8321.

De Almeida, T., Arnan, X., Capowiez, Y., Hedde, M., Mesléard,
F., Dutoit, T. & Blight, O. (2024): Ants in restoration ecology:
Why, what’s and the way forward. Land Degradation &
Development 35: 1284—1295. https://doi.org/10.1002/1dr.5006.

Diaz, S., Purvis, A., Cornelissen, J.H.C., Mace, G.M., Donoghue,
M.J., Ewers, RM., Jordano, P. & Pearse, W.D. (2013):
Functional traits, the phylogeny of function, and ecosystem
service vulnerability. Ecology and Evolution 3: 2958-2975.
https://doi.org/10.1002/ece3.601.

Elizalde, L., Arbetman, M., Arnan, X., Eggleton, P., Leal, L.R.,
Lescano, M.N., Saez, A., Werenkraut, V. & Pirk, G.I. (2020):
The ecosystem services provided by social insects: traits,
management tools and knowledge gaps. Biological Reviews
95: 1418-1441. https://doi.org/10.1111/brv.12616.

Ellers, J., Berg, M.P., Dias, A.T.C., Fontana, S., Ooms, A. &
Moretti, M. (2018): Diversity in form and function: Vertical
distribution of soil invertebrates mediates multidimensional
trait variation. Journal of Animal Ecology 87: 933-944.
https://doi.org/10.1111/1365-2656.12838.

Gallagher, R.V., Falster, D.S., Maitner, B.S., Salguero-Gémez,
R., Vandvik, V., Pearse, W.D., Schneider, F.D., Kattge,
J., Poelen, J.H., Madin, J.S. & et al. (2020): Open Science
principles for accelerating trait-based science across the Tree
of Life. Nature Ecology & Evolution 4: 294-303. https://doi.
org/10.1038/s41559-020-1109-6.

Geiger, F., Bengtsson, J., Berendse, F., Weisser, W.W., Emmerson,
M., Morales, M.B., Ceryngier, P., Liira, J., Tscharntke, T.,
Wingvist, C. & et al. (2010): Persistent negative effects of
pesticides on biodiversity and biological control potential on
European farmland. Basic and Applied Ecology 11: 97-105.
https://doi.org/10.1016/j.baae.2009.12.001.

Glenk, K., McVittie, A. & Moran, D. (2012): Soil and soil
organic carbon within an ecosystem service approach linking
biophyscial and economic data (No. Deliverable D3.1).
Organization name of lead contractor for this deliverable:
Scottish Agricultural College (SAC).

Gravel, D., Albouy, C. & Thuiller, W. (2016): The meaning
of functional trait composition of food webs for ecosystem

SOIL ORGANISMS 96 (3) 2024



164

Sophie Joimel & et al.

functioning. Philosophical Transactions of the Royal
Society B: Biological Sciences 371: 20150268. https://doi.
org/10.1098/rstb.2015.0268.

Handa, I.T., Raymond-Léonard, L., Boisvert-Marsh, L.,
Dupuch, A. & Aubin, 1. (2017): CRITTER : Canadian
Repository of Invertebrate Traits and Trait-like Ecological
Records. Natural Resources Canada, Canadian Forest
Service, Sault Ste. Marie, Ontario, Canada.

Hedde, M., Blight, O., Briones, M.J.I., Bonfanti, J., Brauman,
A., Brondani, M., Calder6n Sanou, I., Clause, J., Conti, E.,
Cortet, J., Decaéns, T., Erktan, A., Gérard, S., Goulpeau,
A., lannelli, M., Joimel-Boulanger, S., Jouquet, P., Le
Guillarme, N., Marsden, C., Martinez Almoyna, C.,
Mulder, C., Perrin, W., Pétillon, J., Pey, B., Potapov, A.M.,
Si-moussi, S., Thuiller, W., Trap, J., Vergnes, A., Zaitsev, A.,
Capowiez, Y. (2022): A common framework for developing
robust soil invertebrates classifications. Geoderma 426:
116073. https://doi.org/10.1016/j.geoderma.2022.116073.

Hedde, Mickael, van Oort, F., Boudon, E., Abonnel, F. &
Lamy, 1. (2013): Responses of soil macroinvertebrate
communities to Miscanthus cropping in different trace
metal contaminated soils. Biomass and Bioenergy 55: 122—
129. https://doi.org/10.1016/j.biombioe.2013.01.016.

Hedde, Mickaél, van Oort, F., Renouf, E., Thénard, J. &
Lamy, I. (2013): Dynamics of soil invertebrates after
plantation of perennial energy crops on polluted soils.
Applied Soil Ecology 66: 29-39. https://doi.org/10.1016/j.
apsoil.2013.01.012.

Hishi, T., Fujii, S., Saitoh, S., Yoshida, T., Hasegawa &
M. (2019): Taxonomy, distribution and trait data sets of
Japanese Collembola. Ecological Research 34: 444-445.
https://doi.org/10.1111/1440-1703.12022.

Holldobler, B. & Wilson, E.O. (2009); The Superorganism —
The Beauty, Elegance and Strangeness of Insect Societies,
ler édition. ed. W. W. Norton & Company, New York.

Homburg, K., Homburg, N., Schéfer, F., Schuldt, A. &
Assmann, T. (2014): Carabids.org — a dynamic online
database of ground beetle species traits (Coleoptera,
Carabidae). Insect Conservation and Diversity 7: 195-205.
https://doi.org/10.1111/icad.12045.

Jeliazkov, A., Mijatovic, D., Chantepie, S., Andrew, N.,
Arlettaz, R., Barbaro, L., Barsoum, N., Bartonova, A.,
Belskaya, E., Bonada, N. & et al. (2020): A global database
for metacommunity ecology, integrating species, traits,
environment and space. Scientific Data 7: 1-15. https://doi.
org/10.1038/s41597-019-0344-7.

Joimel, S., Schwartz, C., Bonfanti, J., Hedde, M., Krogh, P.H.,
Pérés, G., Pernin, C., Rakoto, A., Salmon, S., Santorufo,
L. & Cortet, J. (2021): Functional and Taxonomic
Diversity of Collembola as Complementary Tools to
Assess Land Use Effects on Soils Biodiversity. Frontiers in
Ecology and Evolution 9: 630919. https://doi.org/10.3389/
fevo.2021.630919.

Jones, M.B., Schildhauer, M.P., Reichman, O.J. & Bowers, S.
(2006): The New Bioinformatics: Integrating Ecological
Data from the Gene to the Biosphere. Annual Review of
Ecology, Evolution, and Systematics 37: 519-544. https://doi.
org/10.1146/annurev.ecolsys.37.091305.110031.

Jouquet, P., Harit, A., Hervé, V., Moger, H., Carrijo, T., Donoso,
D.A., Eldridge, D., Ferreira da Cunha, H., Choosai, C., Janeau,
J.-L. & et al. (2022): The impact of termites on soil sheeting
properties is better explained by environmental factors than by
their feeding and building strategies. Geoderma 412: 115706.
https://doi.org/10.1016/j.geoderma.2022.115706.

Kattge, J., Diaz, S., Lavorel, S., Prentice, 1.C., Leadley, P.,
Bonisch, G., Garnier, E., Westoby, M., Reich, P.B., Wright,
[.J.& et al. (2011): TRY - a global database of plant traits.
Global Change Biology 17: 2905-2935.

Kearney, M.R., Jusup, M., McGeoch, M.A., Kooijman,
S.A.L.M. & Chown, S.L. (2021): Where do functional traits
come from? The role of theory and models. Functional
Ecology 35: 1385-1396. https:/doi.org/10.1111/1365-
2435.13829.

Keller, L.: 1995. Social life: the paradox of multiple-queen
colonies. Trends in Ecology & Evolution 10: 355-360.
https://doi.org/10.1016/S0169-5347(00)89133-8.

Kibblewhite, M.G., Ritz, K. & Swift, M.J. (2008): Soil health
in agricultural systems. Philosophical Transactions of the
Royal Society B: Biological Sciences 363: 685-701. https:/
doi.org/10.1098/rstb.2007.2178.

Kreider, J.J., Chen, T., Hartke, T.R., Buchori, D., Hidayat, P.,
Nazarreta, R., Scheu, S. & Drescher, J. (2021): Rainforest
conversion to monocultures favors generalist ants with large
colonies. Ecosphere 12. https://doi.org/10.1002/ecs2.3717.

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, Supplement 1, S3-S15. https:/doi.
org/10.1016/j.€js0bi.2006.10.002.

Lavorel, S. & Garnier, E. (2002): Predicting changes in
community composition and ecosystem functioning from
plant traits: revisiting the Holy Grail. Functional Ecology
16: 545-556.

Macias-Hernandez, N., Ramos, C., Doménech, M., Febles,
S., Santos, 1., Arnedo, M.A., Borges, P.A.V., Emerson,
B.C. & Cardoso, P. (2020): A database of functional traits
for spiders from native forests of the Iberian Peninsula and
Macaronesia. Biodiversity Data Journal 8, ¢49159. https:/
doi.org/10.3897/BDJ.8.e49159.

Makkonen, M., Berg, M.P., van Hal, J.R., Callaghan,
TV., Press, M.C. & Aerts, R. (2011): Traits explain the
responses of a sub-arctic Collembola community to climate
manipulation. Soil Biology and Biochemistry 43: 377-384.
https://doi.org/10.1016/j.s0ilbi0.2010.11.004.

Marliac, G., Mazzia, C., Pasquet, A., Cornic, J.-F., Hedde,
M. & Capowiez, Y. (2016): Management diversity within

SOIL ORGANISMS 96 (3) 2024



Trait concepts, categories, and databases in soil invertebrates ecology — ordering the mess

165

organic production influences epigeal spider communities
in apple orchards. Agriculture, Ecosystems & Environment
216: 73-81. https://doi.org/10.1016/j.agee.2015.09.026.

Meyer, A., Alric, B., Dézerald, O., Billoir, E., Coulaud,
R., Larras, F., Mondy, C.P. & Usseglio-Polatera, P.
(2022): Linking Micropollutants to Trait Syndromes
across Freshwater Diatom, Macroinvertebrate, and Fish
Assemblages. Water 14: 1184. https://doi.org/10.3390/
w14081184.

Michener, W.K. (2006): Meta-information concepts for
ecological data management. Ecological Informatics 1: 3-7.
https://doi.org/10.1016/j.ecoinf.2005.08.004.

Michener, W.K., Beach, J.H., Jones, M.B., Ludéischer, B.,
Pennington, D.D., Pereira, R.S., Rajasekar, A., Schildhauer
& M. (2007): A knowledge environment for the biodiversity
and ecological sciences. Journal of Intelligent Information
Systems 29: 111-126. https://doi.org/10.1007/s10844-006-
0034-8.

Middleton-Welling, J., Dapporto, E.,
Wiemers, M., Nowicki, P., Plazio, E., Bonelli, S., Zaccagno,

L., Garcia-Barros,

M., Sasié, M., Liparova & et al. (2020): A new comprehensive
trait database of European and Maghreb butterflies,
Papilionoidea. Scientific Data 7: 351. https://doi.org/10.1038/
s41597-020-00697-7.

Minor, M.A., Ermilov, S.G. & Tiunov, A.V. (2017): Taxonomic
resolution and functional traits in the analysis of tropical
oribatid mite assemblages. Experimental and Applied
Acarology 73: 365-381. https://doi.org/10.1007/s10493-017-
0190-2.

Mlambo, M.C. (2014): Not all traits are ‘functional’: insights
from taxonomy and biodiversity-ecosystem functioning
research. Biodiversity and Conservation 23: 781-790. https://
doi.org/10.1007/s10531-014-0618-5.

Moretti, M., Dias, A.T.C., de Bello, F., Altermatt, F., Chown,
S.L., Azcarate, F.M., Bell, J.R., Fournier, B., Hedde, M.,
Hortal, J., Ibanez, S., Ockinger, E., Sousa, J.P., Ellers, J. &
Berg, M.P. (2016): Handbook of protocols for standardized
measurement of terrestrial invertebrate functional traits.
Functional Ecology n/a-n/a. https://doi.org/10.1111/1365-
2435.12776.

Morgado, R.G., Loureiro, S. & Gonzalez-Alcaraz, M.N. (2018):
Chapter 3 - Changes in Soil Ecosystem Structure and Functions
Due to Soil Contamination. In: Duarte, A.C., Cachada, A.,
Rocha-Santos, T. (Eds.), Soil Pollution. Academic Press, pp.
59-87. https://doi.org/10.1016/B978-0-12-849873-6.00003-0.

Mulder, C. & Vonk, J.A. (2011): Trait Variation in Soil
Nematodes. The Bulletin of the Ecological Society of America
92: 383-386. https://doi.org/10.1890/0012-9623-92.4.383.

Olker, J.H., Elonen, C.M., Pilli, A., Anderson, A., Kinziger,
B., Erickson, S., Skopinski, M., Pomplun, A., LalL.one, C.A.,
Russom, C.L. & Hoff, D. (2022): The ECOTOXicology
Knowledgebase: A Curated Database of Ecologically Relevant
Toxicity Tests to Support Environmental Research and Risk

Assessment. Environmental Toxicology and Chemistry 41:
1520-1539. https://doi.org/10.1002/etc.5324.

Parr, C.L., Dunn, R.R., Sanders, N.J., Weiser, M.D., Photakis,
M., Bishop, T.R., Fitzpatrick, M.C., Arnan, X., Baccaro, F.,
Brandao, C.R.F. & et al. (2017): GlobalAnts: a new database
on the geography of ant traits (Hymenoptera: Formicidae).
Insect Conservation and Diversity 10: 5-20. https:/doi.
org/10.1111/icad.12211.

Pelosi, C., Pey, B., Caro, G., Cluzeau, D., Peigné, J., Bertrand,
M. & Hedde, M. (2016): Dynamics of earthworm taxonomic
and functional diversity in ploughed and no-tilled cropping
systems. Soil and Tillage Research 156: 25-32. https://doi.
org/10.1016/j.stil1.2015.07.016.

Pelosi, C., Pey, B., Hedde, M., Caro, G., Capowiez, Y.,
Guernion, M., Peigné, J., Piron, D., Bertrand, M. & Cluzeau,
D. (2014): Reducing tillage in cultivated fields increases
earthworm functional diversity. Applied Soil Ecology. https://
doi.org/10.1016/j.aps0il.2013.10.005.

Petchey, O.L. & Gaston, K.J. (2006): Functional diversity: back
to basics and looking forward. Ecology Letters 9: 741-758.
Pey, B., Laporte, M.-A., Nahmani, J., Auclerc, A., Capowiez,
Y., Caro, G., Cluzeau, D., Cortet, J., Decaéns, T., Dubs, F.&
et al. (2014a): A Thesaurus for Soil Invertebrate Trait-Based
Approaches. PLoS ONE 9, ¢108985. https://doi.org/10.1371/

journal.pone.0108985.

Pey, B., Nahmani, J., Auclerc, A., Capowiez, Y., Cluzeau, D.,
Cortet, J., Decaéns, T., Deharveng, L., Dubs, F., Joimel, S.
& et al. (2014b): Current use of and future needs for soil
invertebrate functional traits in community ecology. Basic
and Applied Ecology 15: 194-206. https://doi.org/10.1016/j.
baae.2014.03.007.

Potapov, A., Sandmann, D. & Scheu, S. (2019): Ecotaxonomy:
Linking traits, taxa, individuals and samples in a flexible

environment for studies.
Biodiversity Information Science and Standards 3, e37166.
https://doi.org/10.3897/biss.3.37166.

Potapov, A.M., Scheu, S. & Tiunov, A.V. (2019a): Trophic

of supraspecific in  below-ground
invertebrate communities: Comparison across lineages and
taxonomic ranks. Functional Ecology 33: 1172—1183. https://
doi.org/10.1111/1365-2435.13309.

Potapov, A.M., Tiunov, A.V. & Scheu, S. (2019b): Uncovering
trophic positions and food resources of soil animals using

virtual research ecological

consistency taxa

bulk natural stable isotope composition. Biological Reviews
94: 37-59. https://doi.org/https://doi.org/10.1111/brv.12434.

Romillac, N., Santorufo & L. (2021): Transferring concepts
from plant to microbial ecology: A framework proposal to
identify relevant bacterial functional traits. Soil Biology
and Biochemistry 162: 108415. https://doi.org/10.1016/j.
soilbio.2021.108415.

Salmon, S., Ponge, J.F., Gachet, S., Deharveng, L., Lefebvre, N.
& Delabrosse, F. (2014): Linking species, traits and habitat
characteristics of Collembola at European scale. Soil Biology

SOIL ORGANISMS 96 (3) 2024



166

Sophie Joimel & et al.

and Biochemistry 75: 73-85.
s0ilbio.2014.04.002.

Sanchez-Bayo, F. & Wyckhuys, K.A.G. (2019): Worldwide
decline of the entomofauna: A review of its drivers.
Biological Conservation 232: 8-27. https://doi.org/10.1016/j.
biocon.2019.01.020.

Sandmann, D., Scheu, S. & Potapov, A. (2019): Ecotaxonomy:
Linking taxa with traits and integrating taxonomical and
ecological research. Biodiversity Information Science and
Standards.

Santorufo, L., Cortet, J., Arena, C., Goudon, R., Rakoto,
A., Morel, J.-L. & Maisto, G. (2014): An assessment of
the influence of the urban environment on collembolan
communities in soils using taxonomy- and trait-based
approaches. Applied Soil Ecology 78: 48-56. https://doi.
org/10.1016/j.aps0il.2014.02.008.

Schleuning, M., Friind, J. & Garcia, D. (2015): Predicting
ecosystem functions from biodiversity and mutualistic
networks: an extension of trait-based concepts to plant—animal
interactions. Ecography 38: 380-392. https://doi.org/10.1111/
ecog.00983.

Schleuning, M., Garcia, D. & Tobias, J.A. (2023): Animal
functional traits: Towards a trait-based ecology for whole
ecosystems. Functional Ecology 37: 4-12. https://doi.
org/10.1111/1365-2435.14246.

Sieriebriennikov, B., Ferris, H. & de Goede, R.G.M. (2014):
NINJA: An automated calculation system for nematode-based
biological monitoring. European Journal of Soil Biology 61:
90-93. https://doi.org/10.1016/j.¢jsobi.2014.02.004.

Stachewicz, J.D., Fountain-Jones, N.M., Koontz, A., Woolf,
H., Pearse, W.D. & Gallinat, A.S. (2021): Strong trait
correlation and phylogenetic signal in North American
ground beetle (Carabidae) morphology. https://doi.
org/10.1101/2021.02.12.431029.

Streit, R.P. & Bellwood, D.R. (2023): To harness traits for
ecology, let’s abandon ‘functionality.” Trends in Ecology

38:  402-411. https://doi.org/10.1016/j.

https://doi.org/10.1016/].

&  Evolution
tree.2022.11.009.

Susanti, W.I., Bartels, T., Krashevska, V., Widyastuti, R.,
Deharveng, L., Scheu, S. & Potapov, A. (2021): Conversion
of rainforest into oil palm and rubber plantations affects the
functional composition of litter and soil Collembola. Ecology
and Evolution 11: 10686-10708. https://doi.org/10.1002/
ece3.7881.

Violle, C., Navas, M.-L., Vile, D., Kazakou, E., Fortunel, C.,
Hummel, I. & Garnier, E. (2007): Let the concept of trait be
functional! Oikos 116: 882—892.

Wardle, D.A., Bardgett, R.D., Klironomos, J.N., Setdld, H.,
Putten, W.H. van der & Wall, D.H. (2004): Ecological Linkages
Between Aboveground and Belowground Biota. Science 304:
1629-1633. https://doi.org/10.1126/science.1094875.

Weiss, K.C.B. & Ray, C.A. (2019): Unifying functional trait
approaches to understand the assemblage of ecological

communities: synthesizing taxonomic divides. Ecography 42:
2012-2020. https://doi.org/10.1111/ecog.04387.

Widenfalk, L.A., Malmstrom, A., Berg, M.P. & Bengtsson, J.
(2016): Small-scale Collembola community composition
in a pine forest soil — Overdispersion in functional traits
indicates the importance of species interactions. Soil Biology
and Biochemistry 103: 52-62. https://doi.org/10.1016/j.
s0i1bi0.2016.08.006.

Wieczorek, J., Bloom, D., Guralnick, R., Blum, S., Doring, M.,
Giovanni, R., Robertson, T. & Vieglais, D. (2012): Darwin
Core: An Evolving Community-Developed Biodiversity Data
Standard. PLoS ONE 7, e29715. https://doi.org/10.1371/
journal.pone.0029715.

Wilkinson, M.D., Dumontier, M., Aalbersberg, Ij.J., Appleton,
G., Axton, M., Baak, A., Blomberg, N., Boiten, J.-W.,,
Da Silva Santos, L.B., Bourne, P.E..& et al. (2016): The
FAIR Guiding Principles for scientific data management
and stewardship. Scientific Data 3: 160018. https:/doi.
org/10.1038/sdata.2016.18.

Wong, M.K.L., Guénard, B. & Lewis, O.T. (2019): Trait-based
ecology of terrestrial arthropods. Biological Reviews 94:
999-1022. https://doi.org/10.1111/brv.12488.

Wright, J.P., Ames, G.M. & Mitchell, RM. (2016): The more
things change, the more they stay the same? When is trait
variability important for stability of ecosystem function in
a changing environment. Philosophical Transactions of the
Royal Society B: Biological Sciences 371: 20150272. https://
doi.org/10.1098/rstb.2015.0272.

Zhou, Z., Krashevska, V., Widyastuti, R., Scheu, S. & Potapov,
A. (2022): Tropical land use alters functional diversity of
soil food webs and leads to monopolization of the detrital
energy channel. eLife 11, ¢75428. https://doi.org/10.7554/
eLife.75428.

SOIL ORGANISMS 96 (3) 2024



