SOIL ORGANISMS 92 (3) - December 2020 pp. 161-188

Towards a global synthesis of Collembola knowledge — challenges
and potential solutions

Anton Potapov’-2*, Bruno C. Bellini®, Steven L. Chown?*, Louis Deharveng®,
Frans Janssens®, Lubomir Kovaé¢’, Natalia Kuznetsova®, Jean-Francois Ponge®,
Mikhail Potapov®, Pascal Querner'®, David Russell'’, Xin Sun'?, Feng Zhang'3,
Matty P. Berg'*'®

' A.N. Severtsov Institute of Ecology and Evolution, Russian Academy of Sciences, Leninsky prospekt 33, 119071 Moscow, Russia
2 J.F. Blumenbach Institute of Zoology and Anthropology, University of Gottingen, Untere Karspuele 2, 37073 Gottingen, Germany
3 Department of Botany and Zoology, Biosciences Center, Federal University of Rio Grande do Norte, Natal, Brazil

Securing Antarctica’s Environmental Future, School of Biological Sciences, Monash University, Victoria 3800, Australia

Institut de Systématique, Evolution, Biodiversite (ISYEB), UMR7205, CNRS, Muséum national d'Histoire naturelle, Sorbonne
Université, EPHE, 45 rue Buffon, 75005 Paris, France

5 Department of Biology, University of Antwerp, Prinsstraat 13, 2000 Antwerpen, Belgium

7 Institute of Biology and Ecology, Faculty of Science, P.J. Safarik University, Srobarova 2, 041 54 Kosice, Slovakia

8 Moscow State Pedagogical University, Institute of Biology and Chemistry, Kibalchicha str. 6k3 129164 Moscow, Russia
9 Muséum National d'Histoire Naturelle, CNRS UMR 7179, 4 avenue du Petit-Chateau, 91800 Brunoy, France

19 University of Natural Resources and Life Sciences, Department of Integrated Biology and Biodiversity Research,
Institute of Zoology, Gregor-Mendel-Straflse 33, A-1180 Vienna, Austria

" Senckenberg Museum of Natural History, Soil Zoology Division, Postfach 300 154, 02806 Gorlitz, Germany

12 Key Laboratory of Urban Environment and Health, Institute of Urban Environment, Chinese Academy of Sciences,
Xiamen 361021, China.

'3 Department of Entomology, College of Plant Protection, Nanjing Agricultural University, Nanjing 210095 China

4 Vrije Universiteit Amsterdam, Department of Ecological Science, De Boelelaan 1085, 1081 HV, Amsterdam, The Netherlands
5 Groningen University, Conservation and Community Ecology Group, Nijenborgh 7, 9747 AG, Groningen, The Netherlands

* Corresponding author: potapov.msu@gmail.com

~

o

Received 15 October 2020 | Accepted 22 November 2020
Published online at www.soil-organisms.de 1 December 2020 | Printed version 15 December 2020
DOI 10.25674/s092iss3pp161

Abstract

Collembola are among the most abundant and diverse soil microarthropods, which are found in almost all (semi)terrestrial
environments and often serve as model organisms in empirical studies. Diverse data collected on the biology and ecology of
Collembola over the last century are waiting for synthesis studies, while developing technologies may facilitate generation of
new knowledge. Collembola research in 2020 is entering the stage of global synthesis and in this opinion paper we address
the main challenges that the community of collembologists is facing on this avenue. We first discuss the present status and so-
cial context of Collembola taxonomy and the potential use of novel technologies to describe new species. We then focus on
aspects of community ecology, reviewing the processes of dispersal, environmental and biotic filtering, from the spatial scale
of microhabitat to the globe. We also discuss the involvement of Collembola in ecosystem processes and which proxies, such
as functional traits, can be used to predict the functional roles of species. Finally, we provide recommendations on how we can
improve community data collection by using standard methods and better data handling practices. We call for (1) integrating
morphological descriptions with high-resolution photographs and genetic barcodes for species descriptions and developing of
user friendly software and machine learning approaches to facilitate deposition of structured taxonomic knowledge on web plat-
forms; (2) multiscale studies on biodiversity distribution and community processes, especially including dispersal mechanisms;
(3) recording and sharing functional, not only morphological, trait data in controlled experiments and field surveys; (4) knowledge
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synthesis and meta-analysis studies on the topics of ecosystem roles of Collembola, conservation of its diversity, feeding
behaviour, protection mechanisms and dispersal of different Collembola species, and effects of land use and climate change on
collembolan communities; (5) joint efforts in covering the gaps in Collembola knowledge, especially in underexplored regions
(predominantly tropics and subtropics) using standard methodologies; (6) data sharing and its integration in open structured

databases. We believe that Collembola studies could make use of new technologies and ongoing changes in society. To facilitate
the progress across these research topics by 2040, we have established #GlobalCollembola, a distributed-effort community-
driven initiative that aims to provide open and global data on Collembola taxonomic and genetic diversity, abundance, traits and

literature and to coordinate global efforts in covering the key knowledge gaps.

Keywords springtails | taxonomy | macroecology | functional traits | #GlobalCollembola

1. General introduction

Collembola, or springtails, are among the most
abundant and diverse soil microarthropods. With a true
global distribution, these animals are found from the
high Arctic to Antarctica, on mountain tops over 5000
m high and in caves as deep as 1760 m. They typically
live in soils of forests, meadows, arable fields, (salt)
marshes, tundra and deserts, but also in tree canopies,
on buildings in cities and some even on the surface of
standing water. Springtails graze on litter, fungi, pollen,
algae, leaves and roots; they produce faeces that are
important in soil formation; they disperse propagules
of microorganisms and plants; they interact with other
soil fauna, and are food for many soil predators (Hopkin
1997, Rusek 1998). As such they play a central role in
soils and soil food webs.

Collembola are an ancient group of animals. The
first records date back to over 400 MY (Whalley &
Jarzembowski 1981). The history of Collembola research
is much younger and goes back to Christian Frommann,
who in 1684 published an observation of a group of
jumping ‘insects’ on snow, and to Carl de Geer, when
he described the first four species of ‘Podurae’ in 1740
(http://www.collembola.org/publicat/unavaila.htm).
Since then nearly 9000 species of Collembola have been
described to date (Bellinger et al. 1996-2020), which
likely represents not more than 20 % of the expected
existing species (see discussion below). With the current
rate of taxonomic descriptions, documenting most of the
diversity of Collembola seems hardly feasible within the
next decades. On the other hand, technological advances
and developing social interactions (e.g. social media,
citizen science) may allow us to streamline the taxonomic
work across the globe and more closely link it to ecological
and evolutionary studies, if applied correctly.

Many species have yet to be described, but even more
remains to be learned about their biology and ecology.
Environmental factors alone have only limited explanatory
power when predicting Collembola abundance and

community composition (Saraeva et al. 2015, Widenfalk
et al. 2016), while biotic interactions and dispersal
are difficult to study in the opaque soil environment.
Moreover, these factors interact on different spatial and
temporal scales (Berg 2012, Heiniger et al. 2014). The
small size of most species further complicates ecological
studies. Recent experiments and proliferation of genetic
and other molecular approaches allowed us to open this
black box and advance our understanding of the assembly
and functioning of Collembola communities (Auclerc et
al. 2009, Chauvat et al. 2014, Chen et al. 2017, Potapov et
al. 2016, Zhang et al. 2019). Functional trait approaches,
rapidly developing in invertebrate ecology, offer much
promise to provide a mechanistic understanding of
species occurrences and their ecosystem roles (Krab et
al. 2010, Vandewalle et al. 2010, Makkonen et al. 2011,
Bokhorst et al. 2012, Salmon & Ponge 2012, Dooremalen
et al. 2012, Joimel et al. 2017), but the question remains
— which key traits should we measure to understand
assembly and functioning of Collembola diversity from
a microhabitat to a global scale?

Most of the Collembola expertise, both taxonomically
as well as ecologically is concentrated in Europe, and the
Palaearctic is by far the most well studied biogeographic
realm globally for this group of soil fauna. The gap in our
knowledge on other zoogeographic regions is likely to
bias our perception of the macroecology and evolution of
Collembola. Moreover, data on community composition
that have already been collected varies greatly according
to collection methods, identification quality and are often
not available in a structured format. It is clear that we
need to agree on better practices of data collection and
sharing in the future (White et al. 2020) if we wish to
understand the distribution of Collembola on Earth and
its fate under global change.

Here we reflect on how we can improve our science
using past experience, new methods and knowledge
we have at our disposal, as well as on where we would
like to see Collembola research in 2040. This opinion
paper brings together perspectives from classical
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taxonomists, molecular biologists, community and
ecosystem ecologists, and addresses some of the key
challenges that Collembola research faces. We build our
reflection around four general problems: (1) To obtain
a full understanding of springtail diversity, how can
we enhance the rate of species descriptions? (2) Which
key processes determine Collembola diversity across
a hierarchy of spatial scales? (3) How significant is the
contribution of Collembola to ecosystem functioning?
(4) How to improve data collection and data sharing to
efficiently cover the major gaps in the global knowledge
on Collembola? These questions are put in context and
addressed in the following sections.

2. Integrative taxonomy to facilitate
species description

The central objective of taxonomy is to name, describe
and order taxa, providing base data essential for ecology,
biogeography, evolutionary biology, conservation biology
and other biological disciplines. About two centuries of
taxonomic work have resulted in the documentation of
nearly 9000 species of springtails (Fig. 1A). The most
complete global checklist of springtails is available now
at http://collembola.org (Bellinger et al. 1996-2020), while
a comprehensive checklist of European springtail species
was compiled in the framework of Fauna Europaea (de
Jong et al. 2014).

The approximately 9000 described species to date
are believed to be a small fraction of the total number
of springtail species on earth. A rough total of at least
50,000 existing species was expected by Hopkin (1998).
This number is remarkably close to the extrapolation
of the number of molecular ‘species’ (as compared to
morphological species) from Canadato global scale, which
resulted in the estimation of ca. 65,000 species (Porco et
al. 2014, Turnbull & Stebaeva 2019). However, these are
very rough calculations based on limited evidence. After
exploring genetic diversity of Lepidocyrtus-species in
Panama, Cicconardi et al. (2013) advanced the number
of 500,000 species of Collembola on Earth. However,
in the absence of any ecological or biological character
differentiating molecular lineages, assigning them to
species is at best premature. This discussion reflects that
we still need to understand a lot about the factors driving
genetic variability and speciation in Collembola (Porco
et al. 2014).

Our knowledge on springtail diversity is unevenly
distributed across the world, which also affects the
estimation of global species numbers. Traditionally, a
high number of Collembola studies has been conducted in

Europe, and to a lesser extent in North America and Asia.
This may explain the high number of described species in
these zoogeographic regions. The documentation of the
Palaearctic fauna, consequently, is much more complete
than that of other regions (Fig. 1B), with a number of
synopses on taxonomic groups of springtails published
(Bretfeld 1999, Dunger & Schlitt 2011, Jordana 2012,
Potapov 2001, Thibaud et al. 2004) or in preparation. The
taxonomic impediment is especially evident in tropical
regions, where only few taxonomical studies take place,
but where most of the undescribed species are probably to
be found. For instance, about 50% or more of unknown
species is commonly observed in the fauna surveys
coming from Africa (Thibaud 2013), southeast Asia
(Shveenkova 2011) and Latin America (Culik & Filho
2003, Ferreiraetal. 2018). It is primarily understudied taxa
and understudied regions that control the speed of species
description. Description rate remained stable over the last
70 years (about 100-120 new species described annually;
Fig. 1C) and has relied on a limited number of productive
taxonomists (Fig. 1D), only few of which are still active.
Thus, Collembola taxonomists would need at least another
400-500 years to cover the estimated unknown global
diversity of this group. It can be anticipated that in this time
frame many species will go extinct due to environmental
change before being described. The question arises — how
can we facilitate the description of the remaining majority
of unknown Collembola, especially in the regions where
our knowledge is poor?

2.1 Integration of the novel tools in
traditional taxonomy

Traditional taxonomic methods have been the main
approach to delimit taxa and describe species based on
specific morphological characters. This is a very time-
consuming task that requires well-skilled experts. The
development of Collembola taxonomy in the foreseeable
future has to be considered in a global scientific context,
which is marked on the one hand by the dissemination
of molecular approaches and high-resolution imaging
in taxonomic work, developing of machine learning,
and on the other hand by the fast development of
associated scientific activities (conservation, citizen
science, ecosystem management), which rely largely
on more simplified taxonomic approaches. This poses
methodological challenges, since most of Collembola are
minute and fragile animals. with complex morphological
features, yielding little DNA, and requiring expensive
devices to be imaged.

The main morphological feature used for precise
delineation of collembolan species is chaetotaxy, which
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is the comparative study of the number, shape and
arrangement of body chaetac. Many complex systems
aim at labelling and comparing the body and appendages
chaetae of different groups of Collembola (e.g. Betsch &
Waller 1994, Cassagnau 1974, Deharveng 1983, Fjellberg
1999, Jordana & Baquero-Martin 2005, Potapov 2001,
Szeptycki 1979, Yosii 1960) It is possible to track the
homologies of such structures among different instars,
species, genera, families and to some extent even orders.
However, understanding of chaetotaxic patterns and
application of chaectotaxy to describe species requires
years of training. The challenge here is not only to attract
and train students in this field, but also to provide them
job perspectives and academic recognition, with proper
funding and commitment to biological collections (de
Carvalho et al. 2005, Ebach et al. 2011). Even so, the
boundary between species is sometimes difficult to

define by morphological features, for instance when
available morphological characters are limited or vary
within species (Sun et al. 2017). Especially in such cases,
molecular tools come at hand.

In recent years combining evidence from morphology
and DNA sequencing has been promoted as a more
integrative approach to resolve species delineation
(DeSalle et al. 2005, Schlick-Steiner et al. 2010, Sun et
al. 2017). The replacement of traditional taxonomy by
DNA ‘barcoding’, of the mitochondrial gene cytochrome
¢ oxidase I (COI) gene or another genetic markers, has
often been presented as an ineluctable evolution. Indeed,
a 658-base fragment of COI has proven to be effective in
species boundary determination and is used to calculate
inter- or intra-specific genetic distances (Hebert et al.
2003). Many COI sequences are openly available from
the Barcode of Life (BOLD) platform that provides
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Figure 1. Trends in Collembola taxonomy. New species description accumulated up till the 1960°s but stays linear afterwards (A); Most
of species were recorded from Asia, Europe and North America (B); While the rate of species description stays unchanged for the last
70 years, the number of described taxa per taxonomist (first authorship) declines (C); The number of species described is driven by a
low number of productive taxonomists, with the first 23 highly productive taxonomists (5.6 % of all first authors of species descriptions)
being responsible for ca. 50 % of total known Collembola species (D). All estimations for the panels A, B and C were calculated in 5-year
intervals. For the panel D only persons listed in the authorship of the species were included in the analysis. The figure is produced based
on the data from September, 2020 available from http://collembola.org (Bellinger et al. 1996-2020).
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education, hosting, identification and analysis services for
COI data (https://www.boldsystems.org/). At present, COIL
is the most recorded fragment of the Collembola genome
with over 150,000 sequences representing ca. 6000 BINs
(molecular taxonomic units) publicly available on the
BOLD data portal. Among other sequences, the most data
are available for 28S rRNA (ca. 3500 sequences of 660
taxonomic units) and 18S rRNA (ca. 1000 springtails of
450 taxonomic units), with 16 whole genomes reported
on the NCBI (https://www.ncbi.nlm.nih.gov/nucleotide/).
DNA barcoding, in association with morphology, has
been applied to delimit species in a number of Collembola
genera, including among others Deutonura (Porco et
al. 2010), Entomobrya (Katz et al. 2015), Heteromurus
(Luki¢ et al. 2015), Homidia (Pan 2015), Lepidocyrtus
(Soto-Adames 2002), Protaphorura (Sun et al. 2017), and
Dicranocentrus (Zhang et al. 2018). However, in many
cases, COI has also confirmed the power of morphological
characters. For example, Yoshii’s colour pattern species
concept was validated in the study of 17 species of the
genera Lepidocyrtus and Pseudosinella in Puerto Rico
(Soto-Adames 2002). Parapseudocelli, a long-neglected
structure in Onychiuridae, is proven to be of great
taxonomic value in species discrimination based on results
from 17 populations of the genus Protaphorura in northeast
China (Sun et al. 2017). The use of COI to describe new
species is not without problems as well. Reported values of
divergence in COI sequences between congeneric species
of Collembola commonly range between 16 and 25 %, but
striking exceptions exist (Sun et al. 2018). Due to a high
geographical variation observed in COI in Collembola,
28S rRNA and 18S rRNA, or gene combinations are more
commonly used to reconstruct Collembola phylogeny
(Schneider et al. 2011, Xiong et al. 2008, Zhang et al.
2014). Considering that the data on these fragments are
much more limited than that on COI, one of the important
missions in the next decades is to expand 28S rRNA,
18S rRNA and other reference libraries.

The strength of molecular taxonomy as a single
method to describe species is, however, cast into doubt,
due to numerous cases of high genetic variation among
populations of the same morphological species of
Collembola (Porco etal. 2012, Zhang et al. 2018). Matches
between species and barcodes need to be drawn from large
reference libraries that would include morphologically-
described species and their corresponding barcodes. Such
libraries do not exist for Collembola, except for some
regions. Barcodes will also not provide information on
morphological, anatomical, physiological and biological
traits, leaving large room for traditional approaches and
image analysis to solve ecological problems. Therefore,
morphological approaches cannotbereplaced by molecular
methods, and vice versa, but both are the ingredients of

integrative taxonomy. Molecular approaches can help
to discover new valuable morphological characters and
look for evidence of integrated taxonomy from more
aspects (such as geography, biology, physiology, etc.),
resulting in increased accuracy of species classification
and deeper understanding of biological diversity and
its evolution. High quality reference libraries, linking
DNA and morphology are also the necessary basis for
metabarcoding biodiversity assessments (Liu et al. 2019,
Oliverio et al. 2018).

Given that an image says more than a thousand
words, ‘pictorial descriptions’ are one of the promising
directions to describe Collembola species. Imagery
techniques are developing at a fast pace, with a positive
impact on taxonomic work, which is likely to increase
in the future. More high-quality photos are becoming
available and published on websites. Relying on reference
libraries, image analysis technology can be applied for
trait extraction and Collembola specimen recognition,
orienting on the progress achieved in other groups of
organisms (e.g. self-learning applications https://www.
inaturalist.org/ or ‘Obsidenitify’). The technology is
particularly suitable for epigaeic Collembola with
patterned coloration, making it possible to identify living
specimens of Collembola in the near future. This will
promote qualitative field research, including that based on
citizen science. However, the approach can also facilitate
quantitative ecological studies, if a large reference library
of ethanol-based Collembola pictures is compiled. The
approach is not new (e.g. Janssens & Dazzo 2004), but has
much more potential with new technological advances in
photography and machine learning. For instance, image
analysis of community photographs could serve as a tool
for rapid assessment of community-level, or individual,
morphological diversity. There is an important role for
classical skilled Collembola taxonomists to make sure
the pictorial libraries are of high quality. Developing of
these approaches can build bridges between taxonomy
and ecology, two disciplines were developing partly
independent over last decades.

The technological development of genetic, imaging
and machine learning tools is fast and now within reach
of many laboratories and this trend will magnify in the
future (Riedel et al. 2013, Strobel et al. 2018). Integrative
taxonomy needs to make use of these developing
technologies. Traditional textual descriptions need to be
supplemented with machine-readable information such
as high-resolution pictures and genetic sequences (e.g.
COI,; Fig. 2). Progress in usage of taxonomic knowledge
in ecology and related disciplines will be possible only if
communication of taxonomic knowledge in the form of
peer-reviewed publications is complemented with openly
accessible online resources, where pictures, taxonomic
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descriptions, morphological characters, drawings and
sequences can be searched for across studies (Fig. 2).

It would be misleading to advertise the use of new
technologies as a tool that can help immediately facilitate the
speed of species descriptions, since establishing and using
such technologies require time, money and skills. And this
mission should not be suggested only for taxonomists to
pursue, but rather considered as a community challenge. To
make this realistic and really improve the description rate,
efficient digital tools need to be developed to communicate
taxonomic descriptions in a structured format without
creating additional work for taxonomists, but rather saving
their time. Those could include user-friendly writing
assistants for taxonomic descriptions that will make
them machine-readable (some basic prototypes exist, e.g
https://www.morphdbase.de/; Meid et al. 2017); naming
assistants which will test new names; structured databases
which will allow search and summarisation of taxonomic
diagnoses and traits across taxa (http://plazi.org/, https://
portail.betsi.cnrs.fr/, http://ecotaxonomy.org); publishing
tools which will automatically deliver pictures, traits and
diagnoses to such databases; machine learning tools that
will create differential diagnoses and identification keys
and other. All tools should be made openly available for
any researcher, especially those in developing countries.
Something can be done already by each taxonomist — we
encourage to send all new species descriptions to Frans
Janssens, who is voluntarily supporting the global checklist

https://www.collembola.org. The checklist will be included
in the next release of the Catalogue of Life (https:/www.
catalogueoflife.org) and will serve as a basis for global
resources such as https://gbif.org. Long-term maintenance
of a global checklist can only be done jointly and will
be beneficial for researchers both within and outside the
collembologist community.

2.2 The public face of taxonomy

The development of taxonomy as a discipline depends
largely on funding and recruitment. Traditional
Collembola taxonomists will still exist in 2040, a situation
not so different from that described 16 years ago by
Deharveng (2004). Zoological museums must maintain
expertise in traditional morphological taxonomy and
develop further modern approaches, but they have
limited recruitment capabilities. ‘Pure’ taxonomy is
often not recognized by authorities as a legitimate
research field, resulting in under-funding. Thus, for
future ‘taxonomists’ a ‘double formation’ in taxonomy
in combination with another research field (e.g. ecology,
evolution, conservation biology) might be necessary. It
may provide better job perspectives and this has to be
considered while training young specialists.

A promising socio-economic aspect of taxonomy
development could be the building of taxonomic expertise
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in developing tropical countries, where the majority of
undescribed biodiversity is present. Considering the
existing inequality in incomes between the developing
and developed countries, well-organised allocation of
funding on an international basis (several international
programs exist already and could be expanded) and
systematic taxonomic training have the potential to
considerably increase the number of taxonomists in
regions with poorly described fauna. Such taxonomists
need to be supported with open knowledge, checklists,
literature, and digital tools.

Published species descriptions and revisions are
scattered across a huge number of rather low impact,
small journals. Reorganizing taxonomic publications in
journals with a wider audience is on course and has been
relatively successful now for two decades. This has taken
place largely outside the large publishing companies,
contrary to journals of most other scientific fields,
making it a praiseworthy achievement (e.g. Zootaxa
https:/www.mapress.com/j/zt/, ZooKeys https://zookeys.
pensoft.net, Zoosystema http:/sciencepress.mnhn.fr/en/
periodiques/zoosystema). Development of taxonomic
press in the coming years will depend on the number of
active taxonomists, hence on recruitment and funding.
Recruitment and funding, in turn, will depend on
recognition of taxonomy as the base of other biological
disciplines which can be facilitated by developing e.g.
appropriate impact metrics for taxonomic literature
(Zeppelini et al. 2020).

Some large international programmes on biodiversity
during the last two decades were for a large part
designed around taxonomic expertise and approaches:
Fauna Europaea https:/fauna-eu.org/, EDIT (https:/
cordis.ecuropa.cu/project/id/18340/fr), AFBA (https:/
antarcticbiogeography.org/the-afba-project/)
among others. Such opportunities are likely to emerge
again, bringing substantial funding. However, most of
the funds allocated to large biodiversity programmes
go to molecular and ecological oriented laboratories.
Developing technologies and demand for ecological
monitoring and conservation allow a branch of efficient
commercial ‘taxonomic services’ to be further developed.
Such services could be integrated in routine ecological
surveys, conservation surveys (especially in the realm
of government-run monitoring or biodiversity survey
programmes) and molecular-oriented projects, providing
services of species description and/or identification and thus
concentrating the power of molecular methodologies and
expert taxonomists. These services must naturally be paid
for by the projects or programmes across various biological
and conservation disciplines, in part providing funds for
basic taxonomic tasks usually not financed directly via
institutional scientific research funding programmes.

One of the main problems is doublespeak. Even if
taxonomy is the driving force, it is usually hidden behind
more fancy topics, such as climatic changes, ecological or
evolutionary themes for reasons of fundability and high-
impact publications. However, while the prestige of pure
taxonomy is often low at academic and political levels,
it is paradoxically high at public level. A number of
initiatives, organizations and foundations are emerging
during the last two decades on the web, which also
involve Collembola. They represent the ‘bottom-up’
citizen science. Initiatives such as Taxon Expeditions
https:/taxonexpeditions.com/) are emblematic in this
respect and may attract public attention to the role of
traditional taxonomy in understanding the richness
and complexity of nature. In the future, the taxonomy
community needs to learn how to direct such initiatives,
expand and efficiently integrate them in the biodiversity
description workflow. Once achieved, it would allow not
only to directly facilitate the taxonomic progress, but
also to recruit future generations of taxonomists and
to increase the public, and thus political recognition of
the field. Overall, potential for development of a new
generation of taxonomists is higher than ever. However,
its realisation heavily depends on the evolution of
politico-socio-economic situation at the national and
international levels, which is difficult to predict.

3. Collembola diversity, from
individual to global scale

Collembola form multispecies communities in various
biomes, widely ranging in species composition, total
diversity and abundance. In a given regional context,
the local biodiversity of Collembola is often far from
its full potential not only because of environmental
filtering and human pressure, but also due to dispersal
limitation (Heiniger et al. 2014) and species saturation
(Winkler & Kampichler 2000). A large part of variation
in species composition always remains unexplained
(Ingimarsdottir et al. 2012, Salmon et al. 2014). The low
explanatory power in local statistical analyses often are
driven by (1) only one process of community assembly
considered (dispersal limitation, environmental filtering
or biotic interactions); and/or (2) only one spatial scale
is considered (Martins da Silva et al. 2012). At the local
community scale, species interactions may prevail
over environmental selection (Widenfalk et al. 2016),
while the explanatory power of environmental drivers
increases to a large extent at medium scales (Ponge &
Salmon 2013) and dispersal limitation plays a major role
at regional (metacommunity) and global scales (Collins

SOIL ORGANISMS 92 (3) 2020



168

Anton Potapov et al.

et al. 2019, Martins da Silva et al. 2012). All processes
and patterns in ecological communities are scale-
dependent and abiotic, biotic and spatial controls act at
each of the scales, varying in their relative importance.
Thus, a comprehensive understanding of biodiversity
drivers can be derived only from multiscale analysis
(Table 1; Berg 2012, Ettema & Wardle 2002). So how
do we describe interrelationships among the main
processes in Collembola community assembly across
different scales?

3.1 Microscale - movement, adaptations
and reproduction

A single individual and its home range defines
the microscale. To increase its fitness, an individual
should effectively feed, avoid environmental hazards
and predators via movement or other morphological
or physiological adaptations (Ponge 2020). The actual
movement and spatial scale where an individual operates
is largely unknown, especially for euedaphic species.
It was shown that olfaction helps Collembola find the
right food may direct their movement at a distance of
1-40 centimetres (Erktan et al. 2020a; Salmon et al.
2019, Salmon & Ponge 2001). Other studies have shown
that during certain periods of the year some species,
especially in the family Hypogastruridae can migrate
over larger distances, up to several hundred meters
(Hagvar 2000). The average home range of species will

probably range between these minimum and maximum
values, but currently we do not know average home
ranges nor the factors that determine them.

Food selection and feeding generalism impact
survival, which varies among different populations
and species. Reproduction and development also
depend on their diet (Scheu & Folger 2004). Feeding
interactions in soil often cannot be observed directly
but can be disentangled with gut content, stable isotope,
fatty acid and gut DNA analyses (King et al. 2008,
Pollierer et al. 2019, Ponge 2000, Potapov et al. 2019,
Ruess and Chamberlain 2010). Most Collembola have
a wide spectrum of digestive enzymes and thus are
likely to be able to feed on various food items (Berg et
al. 2004). Despite that, the feeding preference optima
of Collembola species differ substantially (Potapov et
al. 2016) also in correlation with mouthpart structure
(Malcicka et al. 2017, Raymond-Léonard et al. 2019).
Despite the availability of several methods to explore
feeding generalism (Potapov et al. 2020), comprehensive
species-specific data are still lacking, and systematic
reviews or experiments on this topic have not been
made.

Adaptation to environmental extremes favours
survival of certain individuals and differs between
species (Chown et al. 2007, Holmstrup 2018, Phillips
et al. 2020), or populations (Bahrndorff et al. 2006, van
Straalen et al. 1987), which can be explained or even
predicted by species tolerance traits (Bokhorst et al.
2012, Makkonen et al. 2011).

Table 1. Processes in Collembola communities at different spatial and temporal scales. At each scale some processes predominate but all

processes act across scales.

Scale \ Process Genetic changes

dispersal

Movement and

Environmental filtering Biotic interactions

Fine/micro

Individual

Microsite (centimeters)
Daily variations

Epigenetic changes

Active movement,
vertical migration

Adaptation / tolerance
to fine scale physical
and chemical habitat
characteristics

Feeding preferences,
protection against
predation, other biotic
interactions

Small/meso

Community . .
E tic ch

Site (meters) pigenetic changes

Weeks, seasons

Active movement,
horizontal migration

Reproduction efficiency,
interspecific competition,
top-down control, other
biotic interactions

Adaptation/ tolerance to
local environment, land-
use effects

Large/meta
Metacommunity

Landscape, region Local genetic changes

Passive dispersal

Regional climatic

conditions, landscape Regional diversity

(species pool)

(kilometers) configuration
Decades
Global/macro
Biome, climatic zone, .
continent O, - Global climate, Global diversity
(countries) Speciation, extinction Passive dispersal geological zone and land- distribution

180 .

use gradients

Hundreds of years and
longer
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Finally, survival of an individual largely depends on
its ability to avoid predation. The presence of characters,
such as furca and protective metabolites suggests
that top-down control drove some adaptations during
Collembola evolution. Several metabolites were shown
as an alarm or protective mechanism in a number of
Collembola species from various families (Salmon et al.
2019). However, systematic research on the effectiveness
of different protective mechanisms is clearly needed to
understand the effect of top-down control on Collembola
communities.

Collembola lifespan in the laboratory ranges from a
few months to several years (Hopkin 1997), but nothing
is assuredly known under field conditions, given the high
rate of predation on eggs and individuals, in particular
juveniles. Many Collembola are parthenogenetic, in
particular those living belowground where movement
and perception of pheromones are limited. Individual
traits such as reproduction mode, growth rate and clutch
size vary greatly among species (Chahartaghi et al.
2006, Malmstrom 2012) and even within species (Tully &
Ferriere 2008) depending on the environmental stressors
(Posthuma et al. 1993, Witteveen & Joosse 1987), but
the data on these traits are limited and scattered across

different publications.
Movement speed, olfaction, feeding flexibility and
efficiency, reproduction efficiency, environmental

tolerance and protection against predation jointly define
the survival of individuals and populations of Collembola
at microscale. To measure, predict and analyse these
characteristics, functional trait approaches have been
suggested (Pey et al. 2014, Violle et al. 2007). Functional
traits are morphological, physiological, phenological
or behavioural features which are associated with
the performance of an individual. Many functional
traits need to be measured on living individuals and
are available for only a limited number of species (e.g.
tolerance to frost, drought, clutch size, growth rate,
life duration). Morphological features such as furcular
development, number of ocelli, presence of pigmentation
may act as proxies for ecophysiological functional
traits. At present, the most comprehensive collection
of morphological trait definitions and trait values for
Collembola could be requested from the BETSI database
(https://t-sita.betsi.cnrs.fr/ and https://portail.betsi.cnrs.
fr/). A number of morphological traits are traditionally
summarised as ‘life form’ that is linked to above or
below ground way of life (Ellers et al. 2018, Gisin 1943,
Rusek 2007). Noteworthy, the real vertical distribution
of Collembola may considerably deviate from the one
predicted from life form composition (Berg, unpublished
data). Moreover, some morphological traits such as
leg length and furca development, are not necessarily

related to a higher dispersal ability of individuals and
species (Auclerc et al. 2009). This poses a challenge for
measuring and summarising the ‘real’ functional traits in
laboratory experiments on living specimens, in order to
test the usability of morphological proxies for predicting
functional responses of Collembola.

3.2 Mesoscale — environmental filtering,
biotic interactions and spatial structures

The mesoscale is the scale of communities, composed of
populations of species that co-occur and interact locally.
Community assembly processes are usually envisioned
as species from a regional species pool that have to ‘pass’
a set of assembly filters that allows them to live in a local
community (HilleRisLambers et al. 2012). These filters
are often defined as a dispersal, environmental and biotic
(e.g. limiting similarity) filter. A large body of literature
is dedicated to the effects of environmental factors on
community composition of Collembola, such as e.g.
moisture (Kuznetsova 2003, Ponge 1993), pH (Ponge
1993, Salmon et al. 2014), litter layer thickness (Takeda
& Abe 2001), root biomass (Fujii et al. 2013, Potapov et
al. 2017). Environmental factors define available food,
risk of desiccation and other environmental extremes
for Collembola and thus were naturally in research focus
for many years. However, evidence is accumulating that
on mesoscale, in the absence of strong environmental
gradients, environmental drivers have a limited
explanatory power on Collembola distribution in space
(Gao et al. 2018, Liu et al. 2019, Saraeva et al. 2015,
Widenfalk et al. 2016).

Biotic filter of community assembly is often attributed
to competitive interactions. Inferring the importance of
competition can be made by analysing trait clustering
in a community. Trait over-dispersion (or co-occurring
species diverging in trait values) is a sign of strong
competition, while trait under-dispersion (co-occurring
species converging in trait values) suggest a strong
environmental assembly filter. If Collembola that have
similar niche requirements co-occur in samples more
often than is expected by chance, strong environmental
filtering is likely to drive local community assembly, such
as e.g. in salt marshes (Widenfalk et al. 2015). By contrast,
if similar Collembola species co-occur in samples more
rarely than expected by chance, competition can play an
important role, such as e.g. in pine forests (Widenfalk
et al. 2016). Species ‘similarity’ in this case could be
defined by a set of functional traits (morphology, feeding
habits, environmental tolerance) or associated proxies,
e.g. phylogenetic relatedness. Exploring the mechanisms
of niche differentiation and/or partitioning and the
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degree of flexibility, (e.g. trophic generalism) in different
species could potentially explain much of the community
composition and its variation in space and time.

Collembola are also well recognised as a prey for
a range of soil, litter and surface-dwelling predators
(Eitzinger et al. 2019, McNabb et al. 2001, Zuev et al.
2020). There is experimental evidence that top-down
control affects density and community composition
of Collembola (Schneider & Maraun 2009). Predation
may represent another biotic filter, but generalisations
about this mechanism are waiting for more detailed
data on protective mechanisms of different Collembola
species and their effectiveness versus different groups
of predators.

Collembolacommunities often exhibit spatial structures
and aggregate, not only because of environmental
gradients, but also due to intrinsic population processes,
e.g. reproduction and random drift (Vellend 2010).
Collembola aggregations result from local reproduction,
hotspots of food and/or structures that protect them
against environmental hazards (Joosse 1969, Saraecva
et al. 2015, Verhoef & Nagelkerke 1977). Aggregative
behaviour is conditioned by pheromones (Salmon et al.
2019) and the patterns of spatial distribution are shown to
be species-, or life form-specific and repeatable in time
and space (Saraeva et al. 2015, Widenfalk et al. 2015).
However, we still do not know whether multi-species
aggregations exist, as claimed by Shaw and Usher (1996)
since correlations among different species are rarely
repeatable across samples from different sites.

Spatial population structures should be considered
together with dispersal ability of species, their biotic
interactions and small-scale environmental filtering
processes if we want to understand Collembola diversity
in communities. For instance, it has been shown in
habitats with fluctuating environmental conditions, such
as riparian forests, that adaptations to environmental
conditions combined with small-scale (tens of meters)
active and passive dispersal drive dynamic of the local
community composition (Russell 2008). Disentangling
biotic, abiotic and spatial factors driving community
composition can be done with e.g. partial redundancy
analysis, which suggests that within one habitat stochastic
and spatial processes in Collembola communities
are often more important than the distribution of
environmental factors, although all factors can never be
measured (Martins da Silva et al. 2015, Gao et al. 2018,
Liu et al. 2019). The main challenge remains to reveal
what drives the relative contribution of environmental,
biotic and intrinsic spatial processes in community
assembly of Collembola at mesoscale across different
ecosystem types.

3.3 Metascale - dispersal

Local communities are connected with each other
via dispersal of species, resulting in a stable meta-
community while local communities can differ
substantially in viability over time. The spatial scale
of these interactions between local communities
defines the meta-scale. Several studies show that the
landscape configuration has an effect on Collembola
found in a specific site, which is likely related to the
landscape history and passive dispersal (Chust et al.
2003, Martins da Silva et al. 2012, Ponge et al. 2000,
Querner et al. 2013, Russell & Gergocs 2019). At such
large spatial scales (dozens of kilometres and more),
movement by passive transport via wind, birds, water
or human activities is probably the dominant method
of exchange between communities. There are some
studies suggesting that passive dispersal of Collembola
and other microarthropods by wind is common (Dunger
et al. 2002, Hawes & Greenslade 2013, Lehmitz et al.
2011). Collembola have been trapped behind airplanes
(Gressitt et al. 1960) and found on green roofs (Joimel et
al. 2018). Often it seems to involve epedaphic species that
are resistant to drought as they are easily picked-up by
wind or birds and can survive better the transportation.
However, currently we lack experimental evidence of
the movement distances of species and in case of wind
dispersal the rate of survival of different Collembola
life forms - whether it is adults or eggs attached to soil
particles, and in which conditions they can establish a
new population.

The same holds for rafting via water surfaces. A
number of Collembola species are hydrophobic and thus
may raft on the water. It is assumed that Collembola
that live in the intertidal zone are able to survive on
the surface of seawater, which potentially could mean
trans-oceanic dispersal, aided by sea and wind currents
(Coulson et al. 2002, Lindo 2020). For instance, it was
shown that similarity in species composition between
sites across maritime and coastal continental Antarctica
is not related to distance between these sites (Baird et al.
2019), suggesting a very efficient way of long-distance
wind, water, bird and/or human dispersal in this region.
The importance of dispersal processes in the regional
distribution of Collembola diversity can also be
illustrated with a positive relationship between species
diversity and the age of post-glacial landscapes (Hagvar
2010, Zaitsev et al. 2013). Insight in the mechanisms of
passive dispersal, actual distances covered, and drivers
controlling the population establishment is key in our
understanding of metascale community dynamics.
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3.4 Macroscale - climate, regional history
and soil biotic homogenisation

The macroscale is the scale of large countries,
continents and the whole globe, where exchange between
different regions can occur, or not, and where global
changes in the biosphere should be considered. Naturally,
Collembola communities at the global scale are driven by
climate gradients and regional history. Human activities
further induce global environmental changes, typically
involving landscape modification, spread of invasive
alien species, climate change, pollution, overexploitation,
and interactions between them (Chown & Gaston 2008,
IPBES 2019). These changes modify distribution of
Collembola diversity across the globe and the rate of this
process is likely higher than ever.

Regional history such as landscape age is often
overlooked when the diversity assessments are made.
However, it may be very important on an evolutionary
time scale. For example, Eurasia experienced several
glaciation events during the Pleistocene (Grosswald &
Hughes 2002). Extensive biodiversity surveys showed
that the number of collembolan species at a local scale is
about two times lower in forests of the post-glacial Eastern
European Plain than in forests of the Caucasus region,
where refugia persisted during the last glaciation, and is
about 3-4 times lower than in forests of the Primorsky
Krai of Russia, where no glaciers occurred during the
Pleistocene (Fig. 3). Thus, rarely considered evolutionary-
geological factors together with mechanisms of species
dispersal may be the key for explaining differences in
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Figure 3. Local species richness depends on landscape age? Data
from three forested regions in Russia with similar vegetation but
different glaciation history: Primorsky Krai (no glaciation in the
Pleistocene, solid lines), Caucasus (partial glaciation, dashed lines)
and East European Plain (post-glacial landscape, dotted lines). Each
line represents a distinct sampling locality with 81 cores of 8 cm?
collected from an area of 100 m? Data from (Kuznetsova et al.
2019a, 2019b).

regional species richness patterns, at least in the regions
with succession dynamics.

Climate is expected to play a large role in the global
distribution of Collembola since the majority of species
exhibit preferences for moist habitats and inhabit soils with
developed organic horizons (see above), that formed under
specific climatic conditions (Hengl et al. 2017). However,
global, e.g. latitudinal distribution of Collembola was not
assessed. Preliminary data show pronounced effects of
different climate parameters on Collembola communities
with the highest density of Collembola observed in
the Arctic but no clear latitudinal trends in diversity
(#GlobalCollembola unpublished data).

In keeping with expectations for the soil fauna and
more generally small ectotherms (Chown et al. 2011,
Coyle et al. 2017, Dillon et al. 2010), climate change is
supposed to have a significant impact on Collembola, both
through changes in temperature and water availability
(especially drought). What form these impacts will take
is not straightforward to predict, however; they may
be relatively direct and in the direction expected from
Collembola physiological sensitivity (Kardol et al. 2011,
Makkonen et al. 2011, Raschmanova et al. 2018). Yet they
are also likely to be influenced by differential effects
of habitat, resource availability, and predation, and by
trait variation associated with vertical stratification and
dispersal ability (see sections above). Responses may
also be indirect as a consequence of other ecosystem
responses to changing climates, such as vegetation
dynamics (Krab et al. 2019) or plant physiological
responses (Sticht et al. 2008). Complex changes are also
induced by the globally ongoing land-use change, now
especially intensive in the tropics (Newbold et al. 2015).
Agricultural landscapes alter environmental conditions
and are usually characterised by strong changes in
community composition of Collembola (Chauvat et al.
2007, Sousa et al. 2006, Yin et al. 2019).

Collembola are both influenced by invasive alien
species and constitute such species themselves. Diversity,
abundance and/or community composition of Collembola
may be impacted by plant invasions, depending on
circumstances (Liu et al. 2012, Rusterholz et al. 2014,
Sterzynska et al. 2017). Human activities, in particular,
are causing appearance of alien species of Collembola
in local faunas across the globe. With increased human
activities, alien species have been recorded from many
different remote environments, including polar regions
(Baird et al. 2019, Coulson et al. 2013, Greenslade 2018,
Janion-Scheepers et al. 2016, Porco et al. 2014). Alien
Collembola may make up a significant proportion in local
fauna, especially on islands, and many of these species
are so widespread and abundant that they are rightly
considered invasive (Cicconardi et al. 2017, Greenslade
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2018, Terauds et al. 2011). For example, a study has found
that about 30% of soil-dwelling Collembola species are
genetically very similar across several remote oceanic
islands around the globe (Cicconardi et al. 2017).

Biotic homogenisation and environmental changes
are likely changing global distribution of Collembola at
a high rate. However, even a rough assessment of the
current global distribution of Collembola is lacking. As
is the case with so many features of impacts on the soil
fauna (Coyle et al. 2017), studies on land-use change are
not distributed globally, with much remaining unknown
especially in subtropical and tropical environments.
To be able to predict the future of Collembola diversity
and related changes in ecosystem functioning, a global
assessment of abundance and diversity distribution is also
urgently needed (see below the ‘integrative data’ section).

3.5 Multiscale diversity

Diversity of Collembola at each scale, from micro to
macro is driven by processes that operate across scales.
Although competition and predation are the main
structuring factors at the meso scale (Berg 2012, Ettema
& Wardle 2002), they do play a role at the micro and meta
scale as well. The same holds for passive movement,
which dominates meta-community processes but also
plays at smaller and larger scales. For instance, global
climate change (especially warming, but also drought)
may benefit invasive over indigenous Collembola
because of greater tolerance or phenotypic plasticity of
invasive species at the individual level (Chown et al.
2007, Janion-Scheepers et al. 2018, Phillips et al. 2020).
Also, the estimated difference in diversity between two
communities or regions is likely to be scale-dependent
(Chase & Knight 2013).

The research question determines the scale of interest,
and to avoid misleading conclusions the scale of interest
should be clearly defined for each study, preferably
accompanied by how observations scale up or down
and effects that propagate from other scales. Various
community assembly processes, should be considered in
the design, or discussed. For a comprehensive comparison
of biodiversity at meso- and metascale, sampling designs
including several spatial scales could be considered
(Ponge & Salmon 2013, Saraeva et al. 2015). Multiscale
diversity can be described in detail by statistical
analyses of data aggregated at multiple scales, using
e.g. extrapolation of species richness with rarefaction
methods (see Chao & Jost 2012) and Hill’s numbers (Hill
1973). Synthesis of the existing knowledge is needed as
a basis for establishing multiscale relationships between
diversity of Collembola and environmental, biotic and

spatial factors. Further studies exploring changes in such
relationships due to land use or climate change would
give a more comprehensive picture of diversity variations
in Collembola communities with further consequences
for ecosystem processes beyond local scales.

4. Role of Collembola in ecosystem
processes

Many activities of Collembola in soil may potentially
have repercussions for ecosystem processes. Collembola
ecosystem function is somewhere in between those
of microfauna, such as Nematoda, ensuring nutrient
cycling and microbial control, and of macrofauna, such
as earthworms having a strong engineering role in the
soil (Coleman et al. 2017, Swift et al. 1979). Although
Collembola can potentially be involved in a number of
ecosystem processes, the real contribution of this group
to rates of ecosystem processes is not often quantified and
may vary considerably across biomes and experimental
settings. It is often stated that Collembola are key
organisms for ecosystem processes rates, but high-
quality data to prove this are scarce. A critical evaluation
on how important Collembola actually are, relatively to
other groups (e.g. mites, nematodes, oligochaetes) for
decomposition, C-storage and nutrient cycling across
ecosystems is needed. With high morphological and
ecological diversity, different groups of Collembola may
play very different ecosystem roles (Potapov et al. 2016).
The main challenge is to quantify the role of Collembola
and soil processes and how we can predict contribution
of different communities to ecosystem functioning with
only a basic knowledge about ecology of species.

4.1 Functions that are potentially affected
by Collembola

The ecosystem processes that Collembola are associated
with may be classified in four (non-exhaustive) classes
(Fig. 4):

Supporting nutrient cycling in rhizosphere and
bulk soil and decomposition of litter, such as leaves,
roots and dead wood. By grazing on microorganisms
and consumption of litter, Collembola release nutrients in
the environment and which support plant growth (Gange
2000, Hassall et al. 2006). The presence of Collembola
affects nutrition and metabolism of plants primarily due
to their feeding activities in the rhizosphere (Endlweber &
Scheu 2007, Grafetal. 2019, Johnson et al. 2005). Feeding
on roots and root-associated microorganisms is suggested
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to be specifically common among lower litter- and soil-
dwelling species, while upper litter- and surface-dwelling
species are feeding primarily on fungi, algae and lichens
(Ponge 2000, Potapov et al. 2018, 2016). The presence
of microarthropods, including Collembola, normally
enhances decomposition in litter bag experiments, but their
effect may also be neutral or negative, depending on the
climate and experimental setting (Kampichler & Bruckner
2009, Wall et al. 2008). Collembola usually contribute less
than 10% to the total soil animal community metabolism,
but in some coniferous woodlands and pastures this value
can increase to about 14 to 37 % (Petersen & Luxton 1982).
Van Straalen (1989) calculated that the consumption of
Collembola can reach about 6% of the total annual litter
fall in a temperate forest, but systematic analyses of
Collembola feeding activity in different biomes across the
globe are yet to be done.

Although the direct contribution of Collembola to
decomposition and nutrient cycling is significantly
less than that of microorganisms, they are believed to
be one of the main regulating agents of the microbial
compartment (Crowther et al. 2011, Thakur & Geisen
2019). By feeding on fungi and bacteria they contribute
to maintain the microbial biomass in an active state
(Kaneda & Kaneko 2008) and decrease competition
among microbial strains by feeding preferentially on
those growing faster (Newell 1984). Although still in

Figure 4. Ecosystem processes that can be affected by different
functional groups of Collembola. Soil-dwelling Collembola such as
Onychiuridae are associated with roots and involved in rhizosphere
processes. Many litter-dwelling Isotomidae and Tomoceridae
are associated with decomposition processes by grazing and
transformation of litter. Most of Hypogastruridae and Neanuridae
and litter-dwelling Entomobryidae are largely microbivores and
impact directly microbial communities in the litter. Surface-dwelling
Symphypleona, Entomobryidae and Paronellidae affect microbial
biofilms aboveground. Collembola, especially large surface-dwelling
species, support various groups of terrestrial invertebrate predators.
Summarised from Potapov et al. (2020, 2016) and Rusek (1998).

need of research, it can be expected that selective grazing
of microbial colonies (Crowther et al. 2011) increases
soil microbial biodiversity locally (A’Bear et al. 2012),
analogous to what has been repetitively shown to occur
within grassland plant communities under moderate
herbivore grazing (reviewed in Metera et al. 2010). An
experimental study showed that life form composition of
Collembola communities considerably changes microbial
communities and their functioning (Coulibaly et al. 2019).
Stable isotope analysis further provided evidence that
Collembola prefer saprotrophic over mycorrhizal fungi
in temperate forest soils (Potapov & Tiunov 2016), which
may have large consequences for carbon cycling in these
ecosystems (Averill et al. 2014). However, quantification
of microbial grazing is needed to estimate the potential
effect of Collembola on ecosystem functioning.

Supporting soil structure via plant detritus shredding
and production of faecal pellets. In this way Collembola
are indirectly linked to soil formation, which may impact
soil processes such as water infiltration, soil erosion and
nutrient leaching. Collembola can be involved in soil
aggregation, both via direct organic matter production
(eggs, pellets, moults), soil organic matter feeding, and
via interactions with microbial communities (Maal}
et al. 2015). Experimental studies in this direction are
scarce. Although it has been shown that microbial soil
aggregation is modulated by Collembola (Erktan et al.
2020b; Siddiky et al. 2012), it has to be seen if their
effect surpasses that of other microbivores (nematodes
and mites) or soil engineers such as enchytraeids and
earthworms (Coleman et al. 2017).

Dispersing microbial and plant propagules attached
to the body and/or inside the digestive system while
foraging and moving. Abundant and diverse fungal and
bacterial propagules are found in the guts of Collembola
(Anslanetal. 2018, Ponge 1991, Tebbe et al. 2006) and thus
these animals are thought to contribute to the dispersal
of microflora in addition to purely trophic relationships.
This dual aspect of faunal-microbial relationships is
fundamental for understanding soil microbial dynamics
and co-evolution of these two groups, similarly to
the relationships between pollinators and plants. This
promising field of research is rarely considered so far
(Hassall et al. 2006). Interestingly, Collembola are
involved in plant dispersal as well, since living soil algae
are readily found in faecal pellets (Buse et al. 2014) and
Collembola specifically ‘pollinate’ mosses (Rosenstiel
et al. 2012). Through their effects on assembly processes
in microbial communities, Collembola may exert an
indirect effect on ecosystem functioning, however it is
not easy to quantify their effect. A better understanding
of these interactions would be possible with more data on
how Collembola move and select their food (see above).

SOIL ORGANISMS 92 (3) 2020



174

Anton Potapov et al.

Supporting biodiversity of predatory arthropods.
There are many soil arthropods that feed on Collembola,
some of them even specialized, such as some carabid
beetles  (Notiophilus, Elaphrus), pseudoscorpions,
spiders (Linyphiidae). Being less protected than many
soil mites, Collembola are the most abundant prey type
in their size class in many ecosystems. Since predator-
prey interactions are commonly size structured (Cohen
et al. 1993, Potapov et al. 2019), Collembola as prey may
support the majority of terrestrial invertebrate predators
of ca. 0.5 to 20 mm long. Thus, supporting Collembola
diversity may have a bottom-up cascading positive effect
on terrestrial invertebrate diversity in general. From
the applied point of view, this ecosystem function has
an ability to improve e.g. pest control by invertebrate
predators in agricultural fields.

Overall, springtails make versatile direct and indirect
contributions to ecosystem functioning, sometimes with
prominent effects. The direction and magnitude of these
effects vary in different ecosystems and the outcome
is often hard to quantify, let alone predict due to the
complexity of interactions and context dependency due
to environmental conditions. Quantitative measurements
and establishment of effect size in experiment where
diversity, abundance and composition of Collembola is
manipulated in presence of the whole food web are very
rare. Experiments directly linking Collembola effects with
that of microbial communities and other mesofauna are
needed (Coulibaly et al. 2019). Experimental approaches
are further hampered by the limited number of species
that are culturable in the laboratory. This underlines
the unrealistic conditions of laboratory settings, where
Folsomia candida (Fountain & Hopkin 2005) dominates,
while this species is uncommon in most natural
ecosystems. These issues potentially could be addressed
with well-designed field experiments, in combination
with stable isotope labelling. Synthesizing laboratory and
field experiments with observed patterns of Collembola
distribution in nature could contribute to understanding
the mosaic of ecosystem processes in the soil.

4.2 Functional traits as proxies

Many effects of Collembola on soil processes are
probably taxon-specific, hence we need to be able to
predict the ecosystem roles of species. Trait based-
approaches have been been suggested as a tool that could
address this question (McGill et al. 2006, Pey et al. 2014,
Violle et al. 2007). Traits that inform about the effect of
an organism on ecosystem processes are termed ‘effect’
traits (Lavorel & Garnier 2002, Violle et al. 2007). A
common set of morphological traits, starting with body

size and life form as a proxy of vertical distribution in
the soil, might be used to infer relationships of species
with litter decomposition, microbial dispersal and
other processes (Coulibaly et al. 2019, Eisenhauer et
al. 2011). However, easily measurable and commonly
used morphological traits are often indirectly linked
to Collembola effects in a given setting. Since most of
the ecosystem effects of Collembola are related to their
feeding activities, ‘trophic traits’, i.e. estimators of
the diet, may provide a more realistic indication of the
ecosystem roles of different individuals, populations and
species. Fine mouthpart morphology could potentially
be informative, but only few ecological studies have
considered this trait complex (Raymond-Léonard et
al. 2019). Even though morphological traits could be
measured on local populations, morphological responses
are very limited due to phylogenetic body architecture
constraints. Biochemical traits were put in the framework
of the trait approach in Collembola by Chen et al.
(2017), who showed that fatty acids can inform on both
phylogenetic constraints and the local microbial food
resources of populations. Multiple biochemical traits
are at the disposal of ecologists and some of them,
like stable isotope composition, are relatively easy to
measure (Potapov et al. 2020). These traits could be used
in combination with morphological traits and phylogeny
to develop a model for predicting the ecosystem roles of
Collembola species. A comprehensive data on such traits
and a robust phylogeny are needed to progress in this
research topic.

5. Towards integrative data on
Collembola abundance and diversity

The historical skewed distribution of Collembola
studies, with a concentration of expertise in Europe
has resulted in a very uneven distribution of data on
Collembolan communities around the globe. This
became especially evident after the launch of the
#GlobalCollembola initiative in July 2019 at the 10th
International Seminar on Apterygota in Paris. The
overall aim of the initiative is to provide open data
on Collembola abundance, diversity, community
composition, regional fauna lists, traits and literature
for the scientific community and beyond, to coordinate
global efforts in covering key existing knowledge
gaps and to popularize Collembola. The data collected
during the first year of the initiative emphasized major
knowledge gaps in certain parts of the world, especially
in tropical and subtropical regions (Fig. 5). More than
50% of global data on Collembola communities comes
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Figure 5. Distribution of sampling sites in the #GlobalCollembola across the world map (in July, 2020). Circles represent locations with
recorded estimations of Collembola area-based density and/or species richness. Circle colour indicates from which habitat type data are
retrieved; circle size indicates the sampling effort (number of samples taken) for each site. Histogram shows the number of sites in each

20-grad latitudinal belt, relative to the total land area in this belt.

from Europe. As relationships between Collembola and
the biotic and abiotic factors described are often context
dependent, and because these factors are qualitatively
and quantitatively different across biomes, filling these
gaps is one of the major challenges of Collembola
research in upcoming decades. It will increase not only
our understanding of the global distribution of abundance
and diversity of this soil invertebrate group, but also will
give further inside in how communities are assembled,
structured and maintained. The accumulation of large
amounts of data will also allow for reassessment of
recurring ecological topics, such as modelling population
dynamics, on a new level.

While working to cover these geographic gaps, we need
to learn some lessons from the past. #GlobalCollembola
data collected so far, coming from ca. 2500 sampling
sites by over a hundred researchers, is often poorly
comparable due to the different collection and extraction
methods used, variation in sampling efforts, and the
identification quality, among others. It took over a year
to standardize and clean the data, with the joint efforts
of data contributors, coordinator and technical assistants
to be able to perform global scale analyses. It is evident
that, to reveal macro-ecological patterns we should
standardize our collection methods and extraction
methods, and apply better practices of data handling and
publishing than has been performed to date.

5.1 Standardizing sampling methods

Collembola live in various microhabitats, such as
soil pores, litter layer and on vegetation, each with its
own challenges when it comes to quantitative sampling.
Therefore, no single sampling method collects all species
appropriately and a comprehensive assessment of a
community is possible only with a combination of methods
(Geisen et al. 2019, White et al. 2020). Numerous methods
are available, including Berlese-Tullgren and Macfadyen
extraction by heat, light and drought, pitfall traps, aspirator
and hand collection, flotation, air suction, malaise traps,
stem eclectors, fogging, vegetation beating, sweep-
netting, bark brushing. These methods target different
groups of Collembola, with some methods providing only
qualitative data, while others give quantitative data. Their
specifics are reviewed elsewhere (e.g. Hopkin 1997).
The eu- and hemiedaphic species are normally extracted
from soil and litter samples, often using Berlese-Tullgren
funnels or high-gradient Macfadyen/Kempson extractors
(Macfadyen 1961, Straalen & Rijninks 1982). Macfadyen
extractors are better standardized, but more laborious
to build (for mesofauna extraction with Macfadyen see
ISO23611-2,  https://www.iso.org/standard/37027.html).
Despite high-gradient extractors reported to have a
lower extraction bias (Macfadyen 1961, Marshall 1972),
Berlese-Tullgren extractors are more widely used, since
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they are easily self-built. Since extraction conditions
depend on the climate and sample conditions, e.g. soil
type, moisture content etc. (Macfadyen 1953, Semenina et
al. 2015), a common extraction protocol is difficult to give
and ecosystem-specific extraction settings may be more
important for the extraction efficiency, than the device
itself. Nevertheless, there are four basic rules one should
follow when using Berlese-Tullgren extraction to avoid
widespread mistakes: (1) do not overheat samples during
sampling and transportation; (2) finish extraction only
after the substrate is completely dry, this may take some
time; (3) a gentle, hence long, extraction is preferred since
it yields more animals than a short and intense extraction;
(4) limit the amount of substrate put on the funnel, leave
empty space to allow animals to move down.

Next to the methods of extraction also the number
of samples determines species richness and abundance
estimates, as well as where the samples are taken. The
number and size of samples depend on the aim of the
sampling and soil specifics (Marsh & Ewers 2013, Potapov
et al. 2017). Usually between 5 and 20 soil cores of 3 to
10 cm in diameter for litter and 5 to 10 cm of underlying
soil are collected per site, each extracted individually.
To estimate diversity, Bruckner et al. (2000) proposed
to collect a large number of soil samples and identify
aliquots after pooling all extracted animals. However,
this approach does not allow species co-occurring in the
same soil core and local beta diversity to be analysed. Most
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Figure 6. Example of a spatially-explicit soil sampling design,
based on five nested triangles. Dots with numbers represent soil core
samples, distributed between thee base poles (A, B, C). Distances
between the samples follow a decimal logarithmic scale. The largest
triangle edge length is 10 meters. Note that some samples are directly
next to each other. A more extensive design based on triangles or
rectangles can be found in Saraeva et al. (2015) or Widenfalk et al.
(2015), respectively.

studies employ some sort of random sampling designs to
account for local variation in Collembola distribution.
However, spatially-explicit sampling designs are highly
valuable as they allow analyses of community structure
and aggregation sizes. If coordinates of each soil core
are known, the spatial structure of communities can be
analysed and potentially related to environmental and
biotic gradients (see ‘mesoscale’ section above) (see
Rossi et al. 1992, Widenfalk et al. 2015). This further
opens perspectives for multiscale diversity analyses and
more comprehensive diversity descriptions if several
sampling distances are considered within a sampling
site (Kuznetsova & Saraeva 2017, Marsh & Ewers 2013,
Fig. 6).

Density, richness and abundances are expressed
by sample surface area (individuals m?), which is
independent of sampling depth, or to volume/mass when
litter thickness is very heterogeneous. Since springtails
also live in the subsoil, area-based sampling of only the
surface layer introduce biases for some ecosystems in
meta analyses, because it overlooks Collembola in the
subsoil (Andre etal. 2002, Potapov et al. 2017). Therefore,
it is advisable to sample deeper in soils with a developed
organic horizon to provide a more realistic estimation
of the total richness and density and avoid errors due
to variation in the humus form. Separate extraction of
litter and soil, or even the subsequent organic horizons
of the litter layer can make the data on specific layers
more comparable across soils and especially give more
mechanistic understanding of the dynamics in species
composition if the litter thickness is recorded (e.g. Berg
et al. 1998).

Surface-active species often escape from soil cores and
are best collected in pitfall traps or with an aspirator. Up
to ten pitfall traps are usually placed per site and exposed
for a few days to a few months. Querner and Bruckner
(2010) found a low species overlap between Berlese-
Tullgren extraction and pitfall trapping and showed that
most epedaphic species were confined to pitfall traps
and euedaphic species to soil cores. Despite being well
complementary for faunal surveys, data produced by pitfall
traps and Berlese-Tullgren extraction cannot be compared
in terms of density or species richness per area since
pitfall catches cannot be extrapolated to a specific area if
pitfall is not placed inside a fenced area. To obtain area-
based estimates of density for surface-dwelling species,
sampling could be done with an air sucking machine on
a given area (Wallace 1972). The method is not often
applied in studies of Collembola, but it likely provides a
more comparable and complete density estimation than
aspirator-based surveys, which are highly affected by
the collector experience. Irrespective of the methods,
sample completeness has to be taken in account using e.g.
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rarefaction analyses (see above ‘multiscale diversity’).

We see a strong need to standardize sampling
methods for Collembola to compare results across sites,
ecoregions, years and institutions. Currently, a single
recommendation is hard to give since a systematic
review of the different sampling practices, for instance
when applied to sample the same community is rare
but needed. Whenever it is possible, we recommend to
(1) use a spatially-explicit sampling design; (2) define
which microhabitats and which scales are targeted for
the study; (3) combine Berlese-Tullgren or high-gradient
extraction with other methods to obtain a comprehensive
species list (if such is needed); (4) take samples deeper
in the soils with deeper organic horizons; (5) report both
surface area, depth and volume for the samples.

5.2 Standard and open data

Not only collection methods, but also data management
practices need to be standardized and improved.
Any macroecological question, or meta-analysis of
experimental studies demands large amounts of data in a
standard, structured format (Wieczorek et al. 2012). The
common practice of data sharing still remains a report of
summary statistics for density and diversity in a tabular
format in a journal article, which often is delegated to
supplementary material. The raw data is then kept in
a private archive, being inevitably lost with time (‘file
drawer’ phenomenon). This loss of raw data, which has
a high added value compared to summary statistics,
cannot be accepted as a good sustainable practice for
scientific knowledge accumulation.

In recent years, this problem has been repeatedly
emphasized in the framework of the open science
concept (https:/www.go-fair.org/fair-principles/). It has
been proposed that we should aim to make scientific data
FAIR, i.e. findable, accessible, interoperable and reusable
(Wilkinson et al. 2016). A number of biodiversity-
related platforms following these principles have been
established, e.g. Global Biodiversity Information
Facility (GBIF, https:/gbif.org). Sharing the raw data
with the publication is not only a community service that
allow for meta-analyses, but also has individual benefits
of establishing new collaborations, increasing visibility,
findability and credibility of the research (Popkin 2019).

Providing raw data (spreadsheets) in an open
public repository (e.g. https:/figshare.com/, https://
datadryad.org/) should be a minimum requirement
for a scientific publication. This practice is already
accepted in a number of international peer-reviewed
journals and even if not required, we encourage our
community to follow it. However, these repositories do

not integrate data from different studies, nor do they
often capture environmental metadata, so that their use
in overarching macroecological analyses still requires
intensive manual compilation. Therefore, a next step
would be the deposition of data in a standard form to
a structured database (which preferably follows the
TRUST principles; Lin et al. 2020), allowing for the
structured data search and analysis across studies.
Apart from general biodiversity data aggregators, such
as GBIF, specific databases for soil animal biodiversity
have been developed, such as Edaphobase (https://
portal.edaphobase.org;  https://www.eudaphobase.eu).
At present, Edaphobase hosts over 380,000 records of
soil fauna from over 27,000 sites throughout the world
(albeit with a current focus on Europe), from which over
105,000 records pertain to Collembola. Edaphobase
employs quality-control procedures during data upload
and also hosts metadata on species identification. Such
quality-controlled platforms would allow reliable cross-
studies data integration and analysis at different spatial
and temporal scales. Moreover, general data repositories
and structured databases normally provide digital
object identifiers (d.o.i.) for the datasets, which can then
be cited, providing incentives for data upload. One of
our priorities is now to include data collected within
the #GlobalCollembola initiative in an open-access
structured database and maintain the initiative open for
further data submissions.

The key issue hampering the employment of the ‘good’
data handling and sharing practices is infancy of the tools
that will automate the biodiversity data standardization and
quality check process. Only few researchers are ready to
spend additional time specifically to standardize and share
their data due to hard time pressure in academic research
nowadays. One of the suggested solutions are online
databases with ‘virtual research environments’ where the
data collection process already includes standardization
and data publication, which can thus be achieved with a few
clicks. These represent a set of custom forms for data input
and replaces initial data typing in offline spreadsheets within
the scientific data cycle. Existing platforms, e.g. http://
ecotaxonomy.org, https://plutof.ut.ee, https://earthcape.
com, http://taxonworks.org are rapidly developing and are
likely to suggest efficient solutions in the nearest years.

Numerous developing and emerging database
initiatives bring some confusion to the field — which to
use? One important step for the future of biodiversity data
information would be to create ‘metasystems’ that can link
individual databases and provide search tools across them
e.g. by the means of ontologies (Gallagher et al. 2020).
In this light, any long-term supported and open database
that follows common data standards can be viewed as an
appropriate data repository.
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6. The bright 2040s

Inthenear future, we hope thatthe approach ofintegrated
taxonomy will develop fast, enabling the reproducible
description of unknown Collembola species on Earth,
or at least establishing an efficient way to do it by 2060.
We should describe multiscale relationships between
diversity of Collembola and environmental, biotic and
spatial factors. We would like to establish mechanistic
links between biochemical and ecophysiological traits
and morphological traits of Collembola to be able to
understand Collembola diversity, community assembly
and dynamics on the one hand and their effect on
ecosystem processes on the other hand. We would like to
have a reliable estimation of the alpha- beta- and gamma
diversity components of all major ecoregions. Finally,
we need to be able to provide open and easy access to
taxonomic expertise, literature, digital tools and data
produced across different facets of Collembola research.
Below we summarize calls that could help achieving this,
or at least move in the right direction:

* Move towards integrative taxonomy: combine
morphological descriptions with high-resolution
imagery and genetic barcodes, deposit taxonomic
information in structured databases. The major step
forward in reproducibility of taxonomic work could be
achieved with development of digital tools, molecular
approaches and international cooperation efforts that
will facilitate taxonomic workflow. As a community
of Collembola researchers we see high value in the
website https://collembola.org, which gives an up-to-
date overview on the species of Collembola described
so far on earth. We highly recommend taxonomists that
describe new species to deposit a pdf of their papers to
the website, or at least inform the webmaster that new
species have been described.

* Think multiscale: Local communities do not operate
in isolation and factors that shape the distribution of
Collembola are scale-dependent, in space as well as
in time. To really understand biodiversity distribution
patterns and community processes, including factors
such as dispersal, environmental niche and biotic
interactions different temporal and spatial scales
should be used in our studies. A major step forward
in understanding community dynamics and underlying
mechanisms would be the availability of quantitative
measurements of Collembola movement, home range
and dispersal distances, both active and passive.

 Be truly functional: Trait-based approaches have been
shown to be of high value in understanding Collembola
community responses to environmental gradients,
such as drought, habitat fragmentation or the relative

importance of the environmental versus limiting
similarity filters in assembly. However, to improve our
mechanistic understanding we have to measure more
insightful but laborious traits, such as ecophysiological
traits (i.e. drought tolerance, heat tolerance),
performance traits (growth, survival and reproduction)
or at least test if the morphological proxies we use, such
as life form, are truly affecting species performance
and fitness. Too often we infer these links but do not
test them. Also, we should put more emphasize on traits
Collembola exhibit with which they effect ecosystem
processes, such as biochemical traits.

» Synthesize knowledge: a large body of Collembola
research has not been reviewed and synthesized, e.g.
ecosystem functioning aspects, feeding, movement and
dispersal, land-use effects, collection methods, species
protection mechanisms and other. Meta-analyses and
syntheses of this knowledge would be a crucial step in
the progress of community and ecosystem ecology of
Collembola.

* Collaborate: Join efforts in covering the major
geographical gaps in Collembola knowledge,
predominantly on tropical and subtropical ecosystems
(Fig. 5). With common methodological approaches and
improved communication, the task can be approached
in the next years.

* Share the data: provide not only summaries, but also raw
community matrices and other information alongside
with the publications. Send the published data to include
it in the #GlobalCollembola database, or publish it to
Edaphobase (https://portal.edaphobase.org) or gbif
(https://gbif.org). Efficient digital tools facilitating
these processes and establishing connections among
different databases are urgently needed.

* Be open: make use of new technologies and social
changes. If applied correctly, citizen science can
provide a major support to Collembola research and it
is necessary to learn how to use this source. Sharing
the research with students, and the younger generation
in general, using attractive imagery, digital tools and
social networks will build capacity in the field for the
next decades.

As a community of Collembola researchers we should
try to jointly address and target these tasks. The first
global synthesis of Collembola diversity and abundance
has been nearly completed, within one year, thanks to
the joint community efforts and will be published soon.
We wish to encourage future community initiatives
that could include collecting data on pictures, traits,
taxonomic descriptions, genetic data and potentially joint
experimentation. Open community calls are welcome
and can be spread through the network of specialists
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with the help of paper authors, if needed. In establishing
the #GlobalCollembola initiative, we believe it will
be possible to make coordinated progress and more
efficiently cover the gaps mentioned above, to obtain and
share comprehensive knowledge about Collembola.
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