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ARTICLE INFO ABSTRACT

Keywords: Earthworms are keystone organisms that influence both soil function and community assembly of other soil
Earthworm ecology organisms. However, soils are increasingly threatened by global change, so there is an urgent need to consider
Monitoring

earthworms in conservation strategies. Earthworm monitoring has been promoted in numerous European and
) country research programs, and the global interest in earthworm conservation is rising, resulting in a rapid
Functional ecology . . atits -
Spatial scales increase in the availability of earthworm data. However, most research focuses on a limited number of local-scale
Annelid indicators, mainly based on abundance, biomass, and species richness of assemblages along with Bouché’s
ecological categories. We argue that these metrics are insufficient to effectively address earthworm conservation
issues. We suggest four ecological characteristics which may be more informative for the development of con-
servation plans. Measurement of how much a species is (i) rare or common, (ii) native/nonnative, endemic and
invasive, (iii) a specialist or generalist, and (iv) a winner or loser in the Anthropocene are all promising tools to
support earthworm diversity conservation. These metrics could also be applied to functional traits, but better
definition of these traits is fundamental. Finally, we emphasize the need to broaden spatial scales in earthworm
studies by analyzing alpha, beta and gamma components of diversity, as local diversity alone can be misleading.

Metrics
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1. Earthworms and conservation
1.1. Measures of global change imprints on earthworm are lacking

Soils are facing many threats from ongoing human activities (FAO
et al., 2020). This is a major concern given that soils are home to 59 % of
species on Earth (Anthony et al., 2023), which are essential for main-
tenance of key ecological processes, the function and stability of
terrestrial ecosystems (Briones, 2018; Yang et al., 2018), in addition to
provision of numerous ecosystem services (Pereira et al., 2018; Wall
et al., 2012). Addressing soil biodiversity conservation should therefore
be considered a top priority for policies and research. However, despite
some noteworthy initiatives such as the EU Soil Strategy for 2030
(Panagos et al., 2022), soil organisms hardly capture attention and
funding from policymakers (Zeiss et al., 2022), and are generally far less
considered in conservation by comparison with aboveground biodiver-
sity (Mammola et al., 2020; Phillips et al., 2022). This has led to insuf-
ficient protection of soil organisms and insufficient identification of soil
biodiversity hotspots (Guerra et al., 2022).

Among soil animals, earthworms are probably the taxon that has
received the most attention. Decades of research have shown their
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ecosystem engineering importance on soil functions (Blouin et al., 2013;
Eisenhauer, 2010; Lavelle et al., 2006; Le Bayon et al., 2021; Vidal et al.,
2023), and simultaneously as relevant indicators of soil quality (Al-
Maliki et al., 2021; de Lima e Silva and Pelosi, 2024; Friind et al., 2011).
Earthworms are unique in that there is abundant information and
recognition about their contribution to soil quality and their role as
ecological indicators of it and providers of ecosystem services, but very
little has been produced on their conservation, compared to other taxa
(Fig. 1). This may be due to an overabundance of publications focusing
on agricultural environments for this taxon (Fig. 1). Earthworm studies
have inherited the tradition in soil biology to focus on functionality due
to an overwhelming ‘provider-perspective’ (i.e., how soils provide
benefits to human) (Phillips et al., 2020). They also suffer from being
“non charismatic” taxa, for which it is more difficult to find intrinsic
values or interest, and to express compassion or empathy (Miralles et al.,
2019). Therefore, despite being under threat as part of soil biota, with
documented human-induced extinctions, such as Hypolimnus pedderensis
(Jamieson, 1974), which area has been flooded in 1972 for a hydro-
electric power scheme (Blakemore, 2003), there is a critical lack of ev-
idence on how they are responding to ongoing global change. This
highlights a need to shift our focus on earthworms more towards a
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Fig. 1. Results of bibliometric analysis conducted on Web of Science for selected taxa and topics: Number of publications related to each taxon and (A) Conservation,
(B) Indicator, (C) Ecosystem services, (D) Agriculture, divided by total number of publications related to each taxon. Details provided in Supplementary material.
Data included herein are derived from Clarivate™ (Web of Science™). © Clarivate 2024. All rights reserved.
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‘nature for nature’ perspective rather than a ‘nature to society’ approach
(Pereira et al., 2020), and put this basic taxon in the foreground of
conservation biology.

1.2. A rising interest and opportunities for earthworm conservation

There has been a recent and growing interest in understanding
earthworm ecology and distribution in space and time. An increasing
number of initiatives are underway to aggregate datasets of earthworm
occurrences and species assemblages (species assemblage sensu Fauth
et al. (1996)), reflecting a growing recognition of these organisms’ key
role in ecosystems (Table 1). In addition to data gathering initiatives,
several projects aim to create new data to better understand the spatial
and temporal distributions of earthworms. A number of citizen science
programs have been launched, along with national soil monitoring
programs (Table 1). However, these actions might lack historical data,
underestimating the impacts of long-standing anthropic pressures
(Mihoub et al., 2017). In France, the #Vers2022 program (Gérard et al.,
submitted for publication) has taken a unique opportunity to characterize
long-term changes in earthworm assemblages and distribution, with a
re-survey (after 50 years) of the seminal work of Marcel Bouché
(Bouché, 1972).

The leverage of these existing or developing databases is promising
for earthworm conservation. Recent studies have mapped present and
future earthworm taxonomic and functional diversity (Fourcade and
Vercauteren, 2022; Phillips et al., 2019; Salako et al., 2023; Zeiss et al.,
2024), and have stressed the lack of protection status in areas with high
local diversity (Zeiss et al., 2024). A strong emphasis has also been
placed on earthworm invasions, especially in North America, high-
lighting the threat they pose to native soil communities (Mathieu et al.,
2024). However, there is still substantial work to be undertaken. Only
6.7 % of earthworm species are assessed by the International Union for
Conservation of Nature (IUCN) Red List (3612 out of a total of 5418
earthworm species (Brown et al., 2023)), including more than half (199)
categorized as “Data Deficient” (Phillips et al., 2024). Earthworm data
are limited in spatial and temporal coverage, and further affected by
methodological variations that hamper comparability in space and time.
Additionally, earthworms fall under heterogeneous taxonomic reference
systems, which makes the task of integration and comparison particu-
larly complex. This underlines the need for collaborative, standardized
and comprehensive protocols (Ganault et al., 2024) to better assess
earthworm conservation.

2. Commonly used assemblage indices are insufficient for
earthworm protection

To date, the response of earthworm assemblages to environmental
changes has been predominantly assessed through a limited number of
indicators mostly based on total abundance, total biomass, species
richness of communities and the relative abundance of ecological cate-
gories, as described by Bouché (1977). While the value of these in-
dicators for informing the structure of assemblages has been largely
documented, their relevance from a conservation perspective is
questionable.

2.1. Abundance and biomass

Abundance (i.e., number of individuals) and biomass (i.e., total mass
of individuals) are metrics that are easy to compute, as they require only
simple identification, counting and weighing. Abundance is often used
as a proxy for the state of a population and has therefore been frequently
used in conservation (Callaghan et al., 2024; Dornelas et al., 2023). Yet,
in the case of earthworms, abundance, despite sometimes used to detect
changes at a species level (Szlavecz and Csuzdi, 2007), is generally
applied, along with biomass, at the assemblage level (Bai et al., 2018;
Barnes et al., 2023), and as an indicator of soil quality. However,
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Table 1
Recent initiatives to improve accessible data on earthworm.
Type Database name Area Description
Data Edaphobase Germany Data warehouse on soil
gathering organisms with data on

taxonomy, zoogeography,
and ecology (Burkhardt

et al., 2014)

Data warehouse on soil
organisms with data on
taxonomy, zoogeography,
and ecology (Russell et al.,
2024)

Soil fauna diversity linked
to ecosystem services (
Brown et al., 2024)
Database of native and
alien earthworm species
occurrences and
introduction pathways of
alien earthworm species (
Mathieu et al., 2024)
Earthworm distribution,
traits, and spatiotemporal
diversity (Ganault et al.,
2024)

Assessing the drivers of
soil macrofauna
communities and soil
functioning (Mathieu

et al., 2022)

Data on earthworm
abundance, biomass,
diversity and
corresponding
environmental properties (
Phillips et al., 2021a)
Compiling regional level
data for large-scale
distributions of native and
non-native species (
Phillips and Cameron,
2023)

Trait database for soil

Edaphobase 2.0 Europe

FaunaServices South
America

EWINA North
(EarthWorms In America
North America)

Soil BON World
Earthworm

sOilFauna World

sWORM World

GloWorm World

BETSI World
organisms (Joimel et al.,
2021)

Better understanding of
earthworm distribution
and diversity through
citizen science (Ashwood
et al., 2024)

Better understanding of
earthworm distribution
and diversity through
citizen science (Baker

et al., 1997)

Better understanding of
earthworm distribution
and diversity through
citizen science (Burton
et al., 2024)

Better understanding of
earthworm distribution
and diversity through
citizen science (Guernion
et al., 2017)

National monitoring
program for monitoring
earthworms (Imbert et al.,
2023)

National monitoring

National Earthworm UK
Recording Scheme

Monitoring
scheme

Earthworm Australia

Downunder

Earthworm Watch UK

OPVT (Participatory ~ France
Earthworm

Observatory)

RMQS-Biodiv
(Network for Soil
Quality Monitoring)

France

NSMN (Netherlands The

Soil Quality Netherlands program for monitoring
Monitoring earthworms (Rutgers
Network) et al., 2009)
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comparing abundances and biomasses is possible only if individuals
exhibit similar probabilities of detectability across species, space, and
time (Callaghan et al., 2024). Species detectability can vary between
habitats (soils vs. microhabitats like deadwood (Zuo et al., 2023) and
epiphytic soils (Dupont et al., 2023), or between soil layers (Capowiez
et al., 2024)), or temporally (species surviving the dry season as a
cocoon or in a resting state). Moreover, as earthworm ecological studies
have shown (Dash and Senapati, 1980; Singh et al., 2021), abundance
and biomass dynamics within assemblages can be driven by dominant
species alone and be highly dependent on reproductive peaks or sea-
sonal dynamics (Santini et al., 2017). Finally, as declines of one species
can lead to increases in another (e.g., competitive release) and vice versa
(e.g., invasive species), there may be no net decrease in assemblage-level
abundance and biomass even though the assemblage composition
changes (Santini et al., 2017).

2.2. Species richness

Species — or taxonomic — richness (i.e., the number of species — or
taxa — in a given assemblage) is one of the most commonly used metrics
in conservation as it brings useful information to help understand as-
sembly rules in assemblages and is an indicator of conservation value
(Meir et al., 2004). Species richness can be compared across locations,
for similar sampling effort and within a clade, and has a strong value in
assessing long-term diversity changes against historical data, typically
local checklists (Blowes et al., 2024). However, this metric is not suffi-
cient to evaluate many conservation issues. First, species richness does
not inform turnover: species may be completely replaced, and richness
would remain unaltered. Second, responding only to taxon colonization
or extirpation, it does not allow detection of early warning signals which
might anticipate changes at the assemblage level (Santini et al., 2017;
Dornelas et al., 2023; Hillebrand et al., 2018). Third, species richness is a
taxon-neutral metric, treating all species equivalently, hence hindering
information about taxon proximity (functional, phylogenetic, and con-
servation values of species). Finally, taxonomic richness is highly
dependent on a sampler’s knowledge and how well the diversity is
described. Earthworm species are still largely unknown, especially in
tropical regions, but also within countries with an admitted well-known
fauna such as France, where many species are still being described
(Marchan et al., 2023a, 2023b). As taxonomic systems evolve regularly,
even comparisons of historical taxonomic richness can become a chal-
lenging task (Carrasco, 2013), requiring particular care.

2.3. Bouché’s ecological categories

Various attempts have been made to classify soil taxa according to
how they affect, and are affected by, soil ecosystem functioning (Hedde
et al., 2022). Such an accomplishment could help develop better con-
servation strategies for earthworms, as it would allow us to understand
how soils are impacted by earthworm biodiversity changes. To date,
Marcel Bouché’s triangle classification (Bouché, 1977), has been used by
an overwhelming majority of researchers. Relying on morpho-
anatomical traits, he described three extreme types of evolutionary
strategies (endogeic, epigeic and anecic; similar to Grime (1974) clas-
sification). Given that earthworm species appear relatively easy to
categorize and these categories are reliable indicators of soil quality and
functionality (Blouin et al., 2013), this classification seems relevant for
conservation. Earthworm researchers frequently use this categorization
for monitoring, focusing on the presence of a certain category or the
relative abundance of each category in an assemblage. However, despite
these advantages, Bouché’s classification has some flaws in both its
creation process and its applications. It was developed using a limited
pool of species, without clear assignment rules and lacks experimental
research support (Bottinelli and Capowiez, 2021). As a result, this
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classification has often been inappropriately used, such as through non-
steady assignments or assignation to a distinct category instead of a
position within a triangle or referring to “functional group” when they
are not (Bottinelli et al., 2020; Bottinelli and Capowiez, 2021).

Commonly used assemblage metrics in earthworm research are
simple ones and complement each other, but they lack subtlety in the
understanding of biodiversity change mechanisms, and in particular,
they neglect taxa identity. We argue that earthworm researchers should
put a greater emphasis on earthworm conservation and use more
conservation-related indices.

3. Proposal for a more informative and integrative set of indices
for earthworm conservation monitoring

Here, we present four conservation aspects that we believe deserve
greater emphasis, highlighted by advancements in existing earthworm
research. Additionally, we describe metrics that can be applied in
earthworm ecological studies.

3.1. Rarity and commonness

Rarity has always been an important topic in conservation ecology
(Peters, 1987; Rabinowitz, 1981). Rare species, except for very
emblematic ones (such as Rhinoceros sondaicus Desmarest, 1822), are
less known but are of prime interest in conservation: they make up the
majority of the world’s species (Callaghan et al., 2023), they are more
likely to be disrupted after a perturbation (Dopheide et al., 2020) and
they are overall more endangered (Bland et al., 2015; Isik, 2011; Sykes
et al., 2020). Rarity is dependent on population size, distribution extent
and habitat specialization (Rabinowitz, 1981). In this way, rarity was
assessed with categorical classification (Rabinowitz, 1981) and contin-
uous metrics: Violle et al. (2017) at regional (restrictedness, based on
geographical extent) or assemblage level (scarcity, based on abundance
in the community) or Rose et al. (2023) with “rarity traits”. The IUCN’s
“area of occupancy” (IUCN, 2024) could also be repurposed to measure
rarity. Rarity assessment should also depend on the spatial scale under
study, as species are not necessarily rare in every region they inhabit,
just as species at global risk may not be locally prone to extinction (e.g.,
Lynx lynx Linnaeus, 1758 in Russia and Scandinavia, Loxodonta africana
(Blumenbach, 1797) in Botswana). Finally, conserving rare and unique
functional traits, as well as old, species-poor clades, should be of prime
interest for conservation. This approach broadens the concept of rarity
to include “functional rarity” and “phylogenetic rarity”. These types of
rarity are defined by a combination of taxonomic rarity and, respec-
tively, functional, and phylogenetic originality (Pavoine et al., 2017;
Violle et al., 2017).

The rarity of earthworm species has been poorly assessed, with few
estimates (Maggia et al., 2021; Péres et al., 2011). We do have in-
dications that some species are rare, such as Gatesona serninensis
(Bouche, 1972), which is known from only a single locality despite being
in a well-sampled region, such as European France, and that some are
common, such as Pontoscolex corethrurus (Miiller, 1857), with a
pantropical distribution (Fig. 2). However, earthworm species face a
lack of data due to living in soils, an opaque environment, added to the
difficulty of identification without costly magnifying instruments, which
hinder the collection of additional data by citizens that could assist with
rare species (Wilson et al., 2020). More data is therefore needed espe-
cially in less sampled regions, such as the tropics (Ganault et al., 2024),
or in under sampled microenvironments, such as deadwood (Zuo et al.,
2023), leading to species appearing rarer than they are (Ashwood et al.,
2024). A significant effort to describe species new to science is also
necessary, with the estimated number of species expected to be much
higher than previously estimated (Decaéns et al., 2006; Goulpeau et al.,
2024; Anthony et al., 2023).
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Fig. 2. Earthworm species illustrating conservation characteristics discussed in this work. A and B: Endemic species with the potential to become flagship species (A:
“Fried Eggs Worm” Archipheretima middletoni James, 2009, endemic of the Philippines, B: Avelona ligra (Bouché, 1969), a bioluminescent species endemic to the Loire
basin in France); C: Octolasion cyaneum (Savigny and Cuvier, 1826), a common species in temperate regions of the world; D: Boucheona tenebrae Marchan & Novo,
2023, a rare species known only from one locality in Southern France; E: Octodrilus complanatus (Duges, 1828), a “winner” European species with an expanding range,
notably on the island of Corsica (personal information); F: (Cocoon case of) Megascolides australis McCoy, 1878, a “loser” endemic species from Australia that is
threatened and listed as “Endangered” in the IUCN Red List; G: Pontoscolex corethrurus (Miiller, 1857), a species originating from Northern Amazonia invasive in
many tropical regions; H: Dichogaster sp. Beddard, 1888, a “habitat-specialist” species living only in epiphytic soils of Bromeliads on the island of Martinique
(“Dichogaster sp6” in Dupont et al., 2023). Red color on inserted maps: species distribution from Drilobase. Photographic credits: Forest Botial-Jarvis (A); corre-
sponding author (B, C, D, E); iNaturalist user “gem_ash” (F); Mathieu Coulis (G, H). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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3.2. Nativeness, endemicity, invasiveness

The hypothesis that co-evolved communities are more stable because
species are better adapted to one another makes the question of
nativeness of particular interest in conservation ecology (Berthon et al.,
2021). Endemic species, occurring only in a restricted area in their
native region (lannone et al., 2020), often bear significant heritage value
due to their emblematic or symbolic nature for local people and society
(e.g., “flagship” species), and their higher susceptibility to extinction
(Isik, 2011). Integrated measures developed around nativeness and non-
nativeness or endemism have mainly focused on evaluating how many
native/nonnative/endemic taxa are present in a given region or
assemblage (Hobohm and Tucker, 2014; Shipley and McGuire, 2022).
However, the accuracy of these metrics depends on the amount of in-
formation available about each species to prevent misclassification of
poorly sampled species as endemic. Additionally, these metrics are
influenced by the varying definitions of nativeness (Lemoine and
Svenning, 2022) and that endemism is highly scale- and time-dependent
(Daru et al., 2020), and is a relative concept: one species may be
considered endemic to a specific region or to an entire continent.
Invasive species are also of prime interest for conservation ecologists
because they can cause environmental harm (lannone et al., 2020; Roy
et al., 2023), and are listed as one of the five major threats to biodi-
versity (Roy et al., 2023). Invasiveness assessment is also complex, and
often relies on expert opinion (Colautti et al., 2014), as one must know if
the species is established (i.e., it is self-sustaining and able to reproduce
without human intervention (Iannone et al., 2020)) and if it causes harm
to native biota. Indeed, only a small proportion of nonnative species
become invasive (Colautti et al., 2014; Williamson and Fitter, 1996),
and invasiveness is variable within a species (Haubrock et al., 2024).
Blackburn et al. (2011) developed a 10-category scheme spanning im-
ported to invasive. Functional ecology has had a particular role with
research aiming to identify the functional traits leading to invasiveness
(Kaushik et al., 2022). However, care should be taken not to oppose
endemism and invasiveness, as an endemic species in its native region
can be invasive outside of it.

Numerous earthworm species have been described as endemic
(Drilobase, http://taxo.drilobase.org/). Some endemic species are
already well-highlighted, such as the 3-meter-long “Giant Gippsland
Earthworm” (Megascolides australis McCoy, 1878), while others have the
potential to gain similar attention, such as the “Fried Eggs Worm”
(Archipheretima middletoni James, 2009) or Avelona ligra (Bouche, 1969),
which glows in the dark (Fig. 2). Invasiveness in earthworm ecology has
received stronger attention, but with a focus on Lumbricidae in North
America (Eisenhauer et al., 2019b; Hendrix and James, 2004; Mathieu
et al., 2024). Earthworm ecologists even have their own terminology,
using “peregrine species”, often understood as a synonym for invasive,
but this term lacks clarity. It was first mentioned in the early XX, cen-
tury (Michaelsen, 1903), and Brown et al. (2006) later provided a proper
definition. Thus, “peregrine” refers to species with high colonizing
abilities, but is used for species in both their native or nonnative region.
For the sake of clarity, we advocate the use of “native-peregrine”
(colonizer in its native region) and “nonnative-peregrine” (colonizer in
its nonnative region) instead. However, if nativeness and endemicity of
earthworm have often been assessed, they are rarely considered within
assemblage-scale studies. Despite promising, extensive studies on inva-
siveness, we recommend going further and considering nativeness and
endemicity in earthworm ecology. The distribution of many earthworm
species remains poorly understood; we therefore advocate the devel-
opment of a comprehensive framework to classify species found in re-
gions where they were previously unknown.

3.3. A specialist to generalist continuum

Specialists are defined as species with narrow environmental toler-
ance and resource selection, i.e., with a narrow niche (as opposed to
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generalists), with higher competitive abilities than generalist species
within their optimal conditions (Futuyma and Moreno, 1988). Some
refinements are often proposed, such as habitat specialist or diet
specialist. Whether a species is specialist or generalist is of high con-
servation value because specialists are often more sensitive to distur-
bance (Devictor et al., 2008), and overall, more vulnerable to global
change (Clavel et al., 2011; Morelli et al., 2020). For this reason, glob-
ally generalist species are increasing while specialist species are
declining, leading to an overall biotic homogenization (Clavel et al.,
2011). Specialization of a species can be assessed using its niche breath
through different methods, whether we consider the Grinnellian or the
Eltonian definition of the niche (Devictor et al., 2010). While taxa
specialization can be estimated by quantifying their resource, habitat or
interaction preferences (Devictor et al., 2010; Julliard et al., 2006), it
requires a deep knowledge of their ecology and often relies on expert
opinions. Specialization can be assessed using data of lesser quality, such
as occurrence data, with the species specialization index (SSI) (Julliard
et al.,, 2006) and its generalization to community, the community
specialization index (CSI) (Devictor et al., 2008), or with species co-
occurrence data (specialists co-occur with less species than generalists
(Vimal and Devictor, 2015)). Functional traits can also be used to
evaluate specialization, measuring how functionally distant a species is
to others (Devictor et al., 2010).

Earthworm niches have been investigated using gradient analysis
(Gabriac et al., 2023), Ecological Niche Modeling (ENM) and Species
Distribution Modeling (SDM) (Fourcade and Vercauteren, 2022;
Marchan et al., 2016), or isotopic niche assessment (Hsu et al., 2023).
However, whether a single earthworm species is a generalist or specialist
is rarely assessed by modeling. Notably, Hsu et al. (2023) showed that
the jumping worm Amynthas hilgendorfi (Michaelsen, 1892) is a gener-
alist species whereas Lumbricus rubellus (Hoffmeister, 1845) is a
specialist.

3.4. Winners and losers

How species are affected by global change is pivotal for conservation
strategies. McKinney and Lockwood (1999) defined “losers” as species
that decline and “winners” as species that expand, due to human ac-
tivities. These definitions can be applied to populations and be based on
both changes in abundance or occupancy in a given area (Dornelas et al.,
2019; Eichenberg et al., 2021; Criado et al., 2023), and should depend
on the area under study. Interestingly, winners and losers can be native
or nonnative (Tabarelli et al., 2012). Lists of threatened species, such as
the IUCN Red List of Threatened Species (Bland et al., 2017), are perhaps
the most common and easily accessible way of identifying losers for a
species. However, a huge proportion of species are under-represented,
especially invertebrates (Eisenhauer et al., 2019a; Mammola et al.,
2020), and this list put the emphasis on threatened species, which can be
species with very small populations, without necessarily showing
declining trends, whereas species with declining trends may be consid-
ered as not endangered (McKinney and Lockwood, 1999). A more reli-
able way of addressing winners and losers rests on detecting the
direction and the intensity of population or species trends over time
(Wretenberg et al., 2006). Detecting winners and losers thus requires
time-series, which are still mostly lacking for soil invertebrates. Re-
surveys of historical data appear as a good strategy, with specific
methods developed to identify species with significant gain or loss of
abundance (Legendre, 2019). This assessment is based on species’ re-
sponses to the environment and human activities, which means that it
will be valid at a specific time and place. As a result, it is important to
exercise caution when employing this as an indicator.

Currently, whether individual earthworm species are winners or
losers is poorly known. Two extinctions have been doc-
umented—Hypolimnus pedderensis (Jamieson, 1974) and Tokea orthos-
tichon (Schmarda, 1861) are both listed as ‘Extinct’ on the IUCN Red List.
However, to date, too few earthworm species have been assessed for
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their conservation status (see Section 1.2), but recent initiatives could
help address this (Cazalis et al., 2024). Germany recently paved the way
with a Red List of all German species (Gruttke et al., 2016) categorizing
all of their earthworm species into the IUCN categories. Péres et al.
(2011) used vulnerability traits, such as rarity and reproductive strat-
egy, to assign a vulnerability index to species regarding soil pollutants.
Mathieu and Jonathan Davies (2014) showed that Northern France was
recolonized after the last glaciation by a reduced number of species that
we propose could be called winners post-glaciation. In a more functional
perspective, Fourcade and Vercauteren (2022) showed that heavily
weighted earthworm species are predicted to benefit from future climate
change, making heavy weight a “winner trait”.

The protection of earthworms would benefit from these metrics
being more frequently measured at the species level (Fig. 2) and used as
indicators in earthworm ecology. It would also be worthwhile to study
closely the interactions with other species, as earthworms are a vital
resource for many, particularly birds, and potential co-extinctions that
could result from their decline. An important challenge still remains, as
many earthworm species are still undiscovered, notably in tropical re-
gions, and taxonomic inconsistencies persist. This can hinder the effec-
tive use of developed metrics and underscores the need for sustained,
intensive research in this area.

4. A need to enlarge our spatial scales

Local, alpha diversity (i.e., at the assemblage scale) is one of the most
explored facets of diversity in ecology. This allows for a detailed un-
derstanding of ecological mechanisms, but is not necessarily generaliz-
able to larger scales. Data at local scales are often preferred because they
are easier, quicker, and cheaper to analyze and monitor. However,
focusing only on local diversity can be misleading in a conservation
perspective. For example, the observed missing global net loss of local
diversity actually hides a global homogenization of assemblages
(Dornelas et al., 2023; Finderup Nielsen et al., 2019; McKinney and
Lockwood, 1999). Moreover, metrics such as taxonomic richness or
endemicity are highly dependent on the spatial scale (Chase et al., 2019;
Daru et al., 2020; McGill et al., 2015). Local-scale-only results can lead
to counter-intuitive interpretations for policymakers. Whittaker (1960)
proposed breaking diversity down to its alpha (i.e., at the assemblage,
local scale), gamma (i.e., regional) and beta (i.e., compositional change
between assemblages) components. Beta diversity can also measure
temporal change between assemblages, known as “temporal beta di-
versity”. These broadened scales of diversity are also suitable to func-
tional or phylogenetic diversity (Chao et al., 2019, 2016). Further
investigations into the gamma and beta components of earthworm di-
versity appear to be a tremendous untapped tool to assess earthworm
biodiversity change.

Very few ecological earthworm studies have focused on more com-
plex, beta and gamma scales. Mathieu and Jonathan Davies (2014),
Maggia et al. (2021) and Goulpeau et al. (2024) analyzed patterns of
alpha and beta diversity of earthworms, whereas Fourcade and Ver-
cauteren (2022) and Wills and Abbott (2003) studied functional regional
(gamma) diversity. The most encouraging work in this direction is that
of Si-Moussi (2020) who analyzed alpha, beta and gamma components
of taxonomic, functional and phylogenetic diversity of earthworms.
Evidence has also shown that urban earthworm assemblages are un-
dergoing homogenization (T6th et al., 2020). With the increase of large
earthworm data, an increasing number of studies have used continental
or global scale data. However, they solely dealt with patterns of local
diversity. Phillips et al. (2019) showed that temperate biomes have
higher alpha diversity (i.e., local species richness) than those of the
tropics. At a narrower European scale, Rutgers et al. (2016) and Zeiss
et al. (2024) showed higher alpha diversity in Northern, Atlantic re-
gions, despite Mediterranean regions being known for much higher
regional diversity. These patterns can be explained by low alpha but
high beta diversity in regions with high endemicity and regional
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richness in the world (Phillips et al., 2019), but also depend on the
availability of data in these regions, and that they host many low
occurrence taxa which are often excluded from modeling. Still, these
results have sparked discussions (James et al., 2021; Phillips et al.,
2021b) and can be misinterpreted by policymakers when building
conservation strategies such as constantly choosing to protect a locally
rich but regionally poor region over of a regionally rich but locally poor
region. This underscores the need to expand the scales at which earth-
worm diversity is studied and reported.

5. Conclusions

While there have been notable successes in monitoring above-ground
organisms for conservation purposes, soil fauna, particularly earth-
worms, still represent a mostly underexplored frontier. Public policies at
the European level are now aware of the importance of valuing and
protecting earthworms for the functions they perform. However, to date,
existing monitoring initiatives have often failed to capture the dynamic
complexity of these organisms. There is a recognized gap in our un-
derstanding of population dynamics and assemblage structures of
earthworms at a global scale. However, rather than a limitation, this gap
represents a promising avenue for development. The need for effective
monitoring tools for soil fauna, similar to those employed for birds,
plants, and mammals, is increasingly acknowledged. However, as we
witness advancements in data acquisition and methodological ap-
proaches, there is a growing opportunity to transfer successful moni-
toring strategies from above-ground to below-ground organisms. This
presents a significant area for future research in soil ecology, with the
potential to enhance our understanding of earthworm ecology and
contribute to effective soil conservation strategies.
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