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Abstract Soil invertebrates are members of terrestrial ecosystems, contributing to the processing of organic
matter, resulting in carbon and nutrient cycling that is essential for continuous productivity. By linking species
delineations, morphological traits and measured or inferred functional roles, we demonstrate a method for func-
tional identification of soil faunal assemblages based on molecular information. Here we align the genetic inter-
relatedness and functional trait expression in nematodes and springtails. Nematodes were assigned feeding guild,
plant parasitic feeding type and coloniser-persister (c-p) value, with springtail sequences assigned to soil vertical
stratification level, soil moisture preference and a selection of morphological traits.
We found that both nematode and springtail feeding preferences show significant phylogenetic clustering. In
contrast, greater dispersal was found amongst nematode coloniser-persister (c-p) values and springtail soil vertical
stratification level and moisture preferences. Minimum patristic (p) distances between species supported the
clustering amongst nematode feeding guilds, with plant feeders being separated from all other guilds by at least
p = 0.99. Distances between endoparasitic, ectoparasitic and sedentary plant parasitic nematodes were also dis-
tinct with minimal distances of p = 0.35–0.72 between parasitic types. Springtail stratification level and soil
moisture preferences showed greater dispersion across phylogenies, with negligible between-group minimum
patristic distances. However, nematode c-p values and springtail moisture preference alignments indicate some
genetic conservation at the genus level.
These results indicate how ecosystems can direct trait conservation beyond that of environmental stimuli. Being
able to assign functional traits to novel sequences will allow individual species’ likely contribution to ecosystem
functioning to be inferred without the need for exact taxonomic identification. More broadly, such information
can advance our understanding of the evolution of soil faunal traits and the contribution of diverse soil assem-
blages to functional soil systems, particularly those with a high proportion of undescribed species.
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INTRODUCTION

Soil invertebrates are renowned for their diversity and
contribution to ecosystem processes (Hunt et al. 1987;
Brussaard, 1998). They are very abundant in the litter
layer and upper soil horizons, with particularly high
biological diversity and activity in the organic slough
that comprises the rhizosphere (Rovira, 1956). The
high densities of organisms in soils foster complex
trophic interactions among bacteria, fungi, proto-
zoans, nematodes and larger invertebrates (Wall and
Moore, 1999; Nielsen, 2019). The contributions of
soil fauna to ecosystem functioning are substantial as

a result of their routine living, feeding and reproduc-
tion in soils. A range of processes are influenced
including soil organic matter (SOM) decomposition,
nutrient and moisture retention, and primary produc-
tivity. Soil fauna work alongside other organisms
across the trophic web in the act of comminution, or
litter breakdown, that increases litter and SOM
surface area upon which microbial-driven decomposi-
tion mineralizes nitrogen (N) and phosphorus (P)
(Petersen, 1994; Brussaard, 1998). Moreover, soil
invertebrates can suppress pathogens and pests,
moderate microbial respiration and influence soil
aggregation and formation, also known as pedogene-
sis, through their interaction with soil microbes
(Daily, 1997; Nielsen, 2019; Table 1).Corresponding author.
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Springtails and nematodes enhance ecosystem
functioning through their actions of nutrient turnover
and productivity (Wall and Moore, 1999), that is
partly due to feeding and altering bacterial and fungal
communities. This imparts an indirect effect on
decomposition, nutrient cycling and organic matter
turnover rates (Table 1). Altering belowground faunal
densities and diversity has been shown to have measur-
able impacts to nutrient turnover (Ineson et al., 1982),
moisture retention, soil turnover (Rusek, 1998), and
carbon cycling (Nielsen et al., 2011). These direct and
indirect actions have significant ecosystem-wide
implications, yet the inclusion of soil fauna in
ecosystem-level studies has been held back by the
challenges to their identification and a lack of taxo-
nomic expertise. This has limited our knowledge
of the correspondence between taxonomic delin-
eations and contributions to ecosystem processes in
soil invertebrates (Guerra et al., 2020). Therefore,
integrating trait-based and phylogenetic approaches
can provide a high-resolution framework linking soil

biodiversity and ecosystem functioning (Pey
et al. 2014).
The link between traits and ecosystem processes is

based on the assumption that the actions of soil fauna
are a product of their trophic web position, environ-
ment and other factors (sensu Violle et al., 2007).
Functional traits can be considered either response or
effect traits, although some traits can be considered
both response and effect traits depending on the cir-
cumstances. Traits such as springtail body size and
stratification level are linked to a given organisms’
response to, for example, environmental conditions.
By contrast, traits such as mouthparts provide insight
into the potential effect of a given individual on
ecosystem processes based on previously quantified
relationships (Berg et al., 2004). Similarly, springtail
soil moisture preferences that are based on ecological
measures (e.g. micro-habitat) can be considered an
ecological rather than functional trait. Yet, further
tests linking functional traits and their contribution to
ecological processes can confirm their status.

Table 1. Main nematode and springtail functional and morphological traits that are indicative of involvement in ecosystem
processes

Nematode feeding
guild Identifying traits Direct and indirect actions

Main ecosystem
processes

Herbivore Stylet of various thickness,
oesophageal knobs

Root sap feeding
N-fixer grazing
Excess nutrient excretion

Primary productivity
Nutrient cycling

Bacterivore Funnel or tubular shaped stoma,
no teeth or spear, large basal bulb

Microbial grazing
Excess nutrient excretion

Pathogen control
Decomposition
Mineralisation of
nutrients

Fungivore Thin spear, small basal bulb Fungal grazing
Excess nutrient excretion

Decomposition
Nutrient turnover

Predator Large tooth, muscular body Nematode predation
Excess nutrient excretion

Biological pest control
Nutrient cycling

Omnivore Hollow stylet, no knobs Microbial grazing and
nematode predation

Excess nutrient excretion

Decomposition
Community
multifunctionality

Entomopathogenic
Nematodes (EPN)

6 hexaradiate lips—protruding into
probolae, parallel basal bulb and
excretory pole

Insect parasitism
Excess nutrient excretion

Pathogen control
Primary productivity

Springtail soil vertical
stratification level
Epigeic
Plant/Soil surface

Well-developed legs, ocelli and furcula,
pigmented, varied body forms.

Algae, plant and pollen
feeding

Plant exudate feeding
Excess nutrient excretion

Primary productivity
Decomposition
Nutrient immobilization
Soil respiration

Hemiedaphic
Soil sub-surface

Round, fewer ocelli, limited leg
development, dispersed pigmentation

Litter and root feeding
Microbial grazing
Excess nutrient excretion

Primary productivity
Decomposition
Nutrient turnover
Soil respiration

Euedaphic
Soil

Elongated, colourless, Lacking furcula,
ocelli, possess pseudocelli, PAO.
Common globular body form

Soil organic matter
feeding

Root feeding
Microbial grazing
Excess nutrient excretion

Primary productivity
Decomposition
Soil turnover
Soil respiration

Derived from: Yeates et al. (1993); Hopkin (1997); Ponge and Salmon (2013); Nielsen (2019)
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The increasing availability of DNA sequences pro-
vides a robust framework to assess the level of trait
conservation within soil invertebrates. These mea-
sures of genetic distance can be aligned with previ-
ously described species with documented roles in
ecosystem functioning based on morphological trait
and ecological information. Functionally important
traits of soil invertebrates are expected to mirror
principles outlined in the niche conservatism theory
(Wiens, 2004; Losos, 2008), also observed in insects
and other closely related invertebrates (Potapov
et al., 2016). This proposes that closely related spe-
cies have a greater share of commonalities due to
environmental or resource factors.
Our aim was to assess whether molecular tools can

assist in evaluating the degree to which functional
attributes influence clustering of springtails and
nematode species across trophic levels. These two
groups are ideal study organisms for this purpose,
with broad functionality and influence across a range
of ecosystem processes, with indirect control of
microbial populations. Additionally, detailed trait-
based descriptions exist for a number of species. Suf-
ficient genetic data are also available to perform the
bioinformatic approach linking the phylogenetic sig-
nal with functional traits (Bird et al., 2015; Potapov
et al., 2020). Being able to infer functionality from
(meta-)barcoding of unknown specimens based on
phylogenetic clustering of morphologically important
traits can assist in evaluating overall ecosystem func-
tionality from a snapshot of assemblage biodiversity,
assisting monitoring and conservation efforts. Having
a firm understanding how soil fauna have evolved to
adapt to past episodes of environmental change can
also inform how they may functionally respond to
future changes to habitat or niche. Next, we intro-
duce these two soil invertebrate groups as model
organisms before aligning their phylogenies with
established traits.

Nematodes

Nematodes, or roundworms, are semi-aquatic micro-
fauna that make up a substantial proportion of the soil
faunal community. They are ubiquitous to most ter-
restrial ecosystems, with an estimated million species
globally (Lambshead, 2004). Nematode communities
can have a profound impact on ecosystems, particu-
larly as plant parasites and microbial grazers (Brus-
saard, 1998; Wall and Moore, 1999; Nielsen, 2019).
These activities result in a number of trophic interac-
tions, thereby connecting nematodes with several
ecosystem processes (Bongers, 1990). The nematode
feeding guild is indicative of its trophic position with
assumptions of related processes (Ferris et al., 2001).
Differences in diet between species within the same

guild can be minimal, with challenges discerning
some species that have multiple, undefined or overlap-
ping trophic positions. Their contribution to ecosys-
tem processes are mediated by directly feeding on
their preferred substrate combined with indirect
impacts to microbes and plant communities more
broadly (van den Hoogen et al., 2019). Clear links
have been established between morphological traits
(Griffiths et al., 2006) and their contribution to plant–
soil feedbacks via their direct influence on root exu-
dates (Gebremikael et al., 2016; Ku�t�akov�a
et al., 2018).
Nematode feeding guilds are well characterised as:

(i) herbivorous root feeders or plant parasites; (ii)
fungal feeders; (iii) bacterial feeders; (iv) predators;
(v) omnivores; and, (vi) entomopathogenic nema-
todes, EPN (Yeates et al., 1993; Table 1). The hol-
low stylet or spear (odontostyle) is a prominent
feature by which plant and fungal feeders are identi-
fied. Herbivorous nematodes are also classified as
plant parasites and indirectly influence biogeochemi-
cal properties via their excreta that contains valuable
bioavailable amino acids, NH4

+, and PO4
� (Ingham

& Detling 1984; Zwart 1994). Their effects are
focussed in the rhizosphere where root feeding has
been found to increase root exudates (Yeates, 1998;
Poll et al., 2007), whilst also reducing exudates in
other settings (van der Putten, 2003; Maboreke
et al., 2017). Plant parasites can be further classified
by feeding strategy: (i) sedentary endoparasites, enter
around the root tip and remain protected by a hard
cyst composed of the female’s necromass, e.g. Hetero-
dera and Globodera, and the cyst-less “root-knot”
Meloidogyne nematodes that have a broader host
range; (ii) migratory endoparasites, traverse the rhizo-
sphere consuming plant sap through root walls, e.g.
Pratylenchus and Rotylenchus; and, (iii) ectoparasites,
feed on the broadest host range of external plant
matter, e.g. Xiphinema and Helicotylenchus sequence
(Yeates et al., 1993; Lambert and Bekal, 2002).
Fungal feeders (or fungivores) consume hyphal fil-

aments of mycorrhizal forming fungi, saprophytic
free-living fungi and plant pathogens. Bacterial feed-
ers, or bacterivores, have direct impacts on bacterial
communities, that in turn increase N and P cycling
(Trap et al., 2016). They feed on bacteria through
tubular mouth openings, which can be aided by
external appendages. Omnivores are often larger spe-
cies with slower reproductive cycles (Ferris
et al., 2001), feeding mainly on algal filaments, pro-
tists and other nematodes using a cuticular extension
of the oesophageal spear (odontophore). Omnivores,
by definition, contribute to processes at multiple
trophic levels (Brussaard, 1998) which complicates
linking their actions to an appropriate ecosystem pro-
cesses. The entomopathogenic nematodes (EPN)
spend the majority of their lives inside host larvae but
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are found in soil as free-living infective juveniles
(Kaya and Gaugler, 1993). Their net inputs to
ecosystem systems via necromass and excreta have
yet to be quantified (Stuart et al., 2015). Finally, the
less abundant predatory nematodes consume other
nematodes as well as other soil faunal groups, and
are generally distinguished by a large mouth cavity
with one or more large teeth (onchium) and well
developed oesophageal muscles. As predators con-
sume nematodes and other invertebrates, they have a
significant indirect influence on the size of bacterial
and fungal populations, ultimately effecting rates of
decomposition, nutrient cycling and pathogen control
(Bongers et al., 1997; Wall and Moore, 1999; van
den Hoogen et al., 2019).
Nematode community composition also provides a

useful ecological indicator of ecosystem functioning.
Nematodes are assigned coloniser-persister (c-p) val-
ues used as a proxy for differences in life strategies
(from fast to slow) accounting for population carry-
ing capacity, reproductive rates, generation time and
associations with resource availability. Communities
with many species of high c-p values indicate stable
ecosystems with complex food webs. Contrastingly,
communities dominated by rapidly reproducing ‘r-
selected’ (low c-p values) species reflect colonisers of
nutrient enriched, disturbed soils (Bongers 1990;
Bongers et al., 1997). Nematode feeding guilds and
c-p values are therefore useful traits for assessing
whether functionally important traits are phylogeneti-
cally clustered.

Springtails

Up to 9000 springtail species have been identified
globally, constituting around 28 families of four main
orders: (i) Entomobryomorpha; (ii) Symphypleona;
(iii) Poduromorpha; and, (iv) Neelipleona (Bellinger
et al. 1996-2021; Hopkin, 1997; Leo et al., 2019).
These represent less than a fifth of the fifty thousand
species that are expected to exist globally (Potapov
et al., 2020). While springtails show approximately
the same breadth in feeding guilds as nematodes, e.g.
from herbivores to microbial grazers to predators
(Berg et al., 2004; Holterman et al., 2006), most are
generalist consumers of fungi, roots and decompos-
ing plant material (Malcicka et al., 2017). However,
some springtails do show feeding preferences
(Jørgensen et al., 2005). It is clear that differences in
feeding preference and life-strategy influences their
involvement in ecosystem processes (Larink, 1997;
Wall and Moore, 1999). As fungal feeders, spring-
tails impact fungal-fungal, plant-mycorrhizal and
plant-fungal interactions (Ngosong et al., 2011), with
knock-on effects to decomposition, nutrient cycling
and plant growth (Addison et al., 2003; De Vries

et al., 2013). Fungal grazing springtails have been
shown to disrupt carbon flows via reductions in
saprophytic fungi and arbuscular mycorrhizal respira-
tion (Johnson et al., 2005), whilst reducing gross lit-
ter decomposition (Kampichler and Bruckner, 2009)
and fungal regrowth following intensive grazing (Stei-
naker and Wilson, 2008). However, low-to-moderate
grazing has been shown to increase plant growth
(Kaneda and Kaneko, 2004), as well as plant bio-
mass and productivity (Wall and Moore, 1999).
Hence, springtails have multiple direct and indirect
effects on ecosystem processes, reflecting their
diverse life strategies, similar to nematodes.
Springtail soil vertical stratification level is defined

as the vertical position in soil at which an adult
springtail is found for the majority of its life, and
ranges from the upper tree canopy to true organo-
mineral soil living species (Bellinger et al. 1996-
2021). Springtail stratification levels can be divided
into three main classes: (i) epigeic, living above or on
the litter and soil surface, including aboveground
species often living on vegetation, 0.5–10 mm in
length; (ii) hemiedaphic springtails from 0.5–3 mm
in length, living in the litter and upper soil horizons
(1–2 cm in depth); and, (iii) euedaphic, living below-
ground throughout all adult stages, 0.5–2 mm in
length (Larsen et al., 2004). A shift in species com-
position with soil depth related to decreases in SOM
quality and altered soil microclimate, indicate that
springtail species have different roles in ecosystem
processes dependent on their position within the soil
horizon (Faber, 1991; Berg et al. 1998). For exam-
ple, upper litter layers will primarily involve early-
stage decomposition and physical breakdown of com-
plex C-containing compounds such as tannins (gallic
and elagic acids) and polyphenolic flavonoids (Coulis
et al. 2009). Latter-stage decomposition generally
takes place in the deeper litter layers and the soil
itself, involving chemical degradation in concert with
bacterial and fungal microbes. These interactions
influence soil respiration and nutrient turnover, in
addition to the nutrient-immobilization during
early decomposition where soil fauna break down lar-
ger organic particles before shifting to the mobilisa-
tion of nutrients by microbes in the latter stages
of decomposition (Faber, 1991; Faber and Ver-
hoef, 1991).
Springtail moisture preferences can be classified

into: (i) hygrophilic; (ii) meso-hygrophilic; (iii)
mesophilic; (iv) xero-mesophilic; and, (v) xerophilic
species (Fig. 5). Preference classes are inferred
from the soil moisture content at which the species
is most commonly associated (Hopkin, 1997;
Kuznetsova, 2003). As soil moisture class assignment
is primarily based on micro-habitat data, it is defined
as an ecological trait because it is based on popula-
tion or ecologically-based species data.
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Additionally, springtail morphological features
that have important functional implications are
selected based on their known links and previous
use to infer ecosystem functionality: i) mean body
length, three classes: <1 mm; 1 to 2 mm; and,
>2 mm; (ii) body shape, three classes – spherical,
stocky and cylindrical; (iii) number of ocelli, three
classes — 0, 1 to 7 and 8 ocelli; and the presence/
absence of (iv) pigmentation; (v) furcula; (vi); tri-
chobothrium; and, (vii) postantennal organ, PAO
(Fig. 6).
An additional well-described morphological feature

of springtails are their mouthparts. It can be posited
that differences in mouthpart structure reflect their
diet and therefore the ecosystem processes in which
the springtail is involved (Berg et al., 2004). Spring-
tail mouthparts consist of mandibles and maxillae
that can grasp, shear, grind and filter organic matter,
with modifications reflecting their principal resource
use. The mandibles are a symmetrical pair of incisal
parts (teeth), that can be moved and rotated along
both axes to perform a range of feeding actions.
These can be accompanied with a molar plate that
acts as a grinding surface assisting comminution of
recalcitrant particles (Malcicka et al., 2017). Morpho-
logical traits have been previously used to relate
springtails with their adaptation to environmental
conditions (Potapov et al., 2016; Steibl and
Laforsch, 2021), including insights into soil habitat
vertical stratification level (Salmon et al., 2014;
Widenfalk et al., 2016; Raymond-L�eonard et al.,
2019) and with habitat type being found to shape
certain springtail taxonomic structures (Ponge and
Salmon, 2013).
Our main objective was to determine the level of

trait conservation across springtail and nematode
phylogenies and establish the correspondence
between clustering and functional traits. By doing so
we hope to address whether springtails and nema-
todes conform to the niche conservation theory
(Wiens, 2004; Losos, 2008) whereby species sepa-
rated by less genetic distance are more likely to share
similar trait values. We expect to find traits to be rel-
atively well conserved for both nematode and spring-
tail feeding guilds and mouthparts, owing to their
proximity to trophic positioning and ecosystem func-
tionality. Alignments for nematode c-p values, spring-
tail moisture and functional traits are expected to
also align within their taxonomic orders but with
greater variability across the phylogenies as species
have adapted to local environments. Having a clear
determination of functional traits and genetic dis-
tance can assist in evaluation of ecosystem function-
ality from a species and assemblage perspective,
assisting biodiversity monitoring and conservation
efforts that must consider the adaptability of species
to environmental change.

METHODS

Molecular taxonomy can be used to assess phylogenetic
clustering in invertebrates but requires the robust recon-
struction of phylogenetic trees (Emerson et al., 2011). Mul-
tiloci alignments of nuclear (e.g. 28S rRNA marker) and
mitochondrial DNA (mtDNA, e.g. cytochrome oxidase
subunit I, COI) markers can distinguish between both
ancient and recent phylogenetic relationships. Partial frag-
ments of the nuclear 28S rRNA genes are a commonly
used marker for invertebrate phylogenies, and benefit from
a regular rate of slowly evolving domains (Subbotin
et al., 2008). The COI gene of ~650 basepairs (bp) in
length, has a relatively high nucleotide substitution rate,
undergoing recombination only rarely, making it ideal for
intra- and inter-species sequence comparisons (Hebert
et al. 2003, Yu et al., 2012), and has been shown as a
robust identifier of nematodes and springtails (Emerson
et al., 2011; Porco et al., 2012).

Sequence alignments

Target gene sequences were downloaded from the National
Centre for Biotechnology Information (NCBI) GenBank�
nucleotide sequence database (National Institute for
Health, USA; Benson et al., 2012; www.ncbi.nlm.nih.gov/
genbank/). The reliability of the data and search functional-
ity have been shown as statistically rigorous for lower taxo-
nomic ranks (Leray et al., 2019). The GenBank nucleotide
BLASTn (non-redundant) general search terms of
“Collembola”, “Nematoda”, “COI”, “28S rRNA”, manu-
ally selecting sequences available from both markers for
each species, excluding non-terrestrial or animal parasites.
All sequences were imported as FASTA files into the Gen-
eious 11.1.4 software (https://www.geneious.com, Kearse
et al., 2012) before being checked for labelling errors and
aligned using the ClustalW (Thompson et al., 1994) with
IUB cost matrix at 15-point gap open cost, and 6.66-point
gap extension cost, before 8 iterations of a Muscle align-
ment (Edgar, 2004). All sequences were then combined
into concatenations with Eosentomidae sp. as the outgroup, a
Protura that are evolutionary close to Collembola and
Nematoda.

Phylogenetic trees

Phylogenies were merged from trees constructed using
Bayesian analysis performed using the Bayesian Evolution-
ary Analysis Sampling Trees program (BEAST v.2.5.2;
Drummond et al., 2012), with best-fit partition model in
PartitionFinder v2.1.1 (Lanfear et al., 2017) and substitu-
tion models using ModelTest-NG (Darriba et al., 2020;
Bouckaert and Drummond, 2017) in MEGA X v.10.1.0
(Kumar et al., 2018) using Bayesian information Criterion
(BIC) scores. These indicated the optimal substitution
model for 28S as the General Time Reversible with
Gamma distributed and invariant sites, GTR + G + I, with
partition model specifying the use of all codon positions.
The most optimal substitution model for COI sequences
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was deemed GTR + G without invariant sites, and with the
third codon excluded in the partition model. A Relaxed
Log Normal molecular clock was used with rates set to
0.0168 (3.54% Ma�1; Papadopoulou et al., 2010) for
springtails, and 2% Ma�1 for nematodes (Denver et al.,
2000; Cutter, 2008). The Yule method was used for con-
struction of tree priors and monophyletic constraint prior
on all in-group taxa. A minimum of four full simultaneous
Markov Chain Monte Carlo (MCMC) sampling runs were
performed for each concatenation with 1.1 M chains per
run, with default heated chain settings and a burn-in of
100 000 iterations. The algorithm outputs were processed
using the Tracer program (Rambaut et al., 2018) to estab-
lish appropriate burn-in value, visualise and check for con-
vergence, effective sample size (>200) or other stress
constraints. All trees were rooted with the Proturan Eosento-
midae sequence. The output was assigned node positions
and tree branch lengths indicating posterior probability,
with a 0.5 minimum probability limit, 10% burn-in, formu-
lating the maximum clade credibility tree formed using
Tree Annotator v2.5.2 (Rambaut and Drummond, 2013).
The tree was then drawn and colourised in Geneious.

The calculation of uncorrected patristic distances (p) are
the sum of the branch lengths separating any two species
within the tree. These distances were calculated and visu-
alised as a heatmap matrix in Geneious. Distances were
given for the minimum distance between representatives of
each major group. This approach provides a more accurate
metric of distance between species due to the incorporation
of tree topology and Bayesian approaches as applied to
springtail phylogenies (Zhang et al., 2019). Our analyses
tried to capture as globally diverse set of springtail species
as possible; however, the northern hemisphere is over-
represented accounting for over 7700 of the almost 9000
species described globally (Deharveng et al., 2007).

Nematode functional traits

Nematode tree outputs were compared and noted for their
similarities to previously published phylogenies that also
displayed some inconsistencies and incomplete clade reso-
lution (Mallatt et al., 2004; Bik et al., 2010; Bird
et al., 2015; Smythe et al., 2019). Nematode species were
classified into primary adult feeding guilds as listed in sec-
tion 1.1. Guild assignations were derived from published
lists (Bongers, 1990; Yeates et al., 1993) and multiple
online sources. Animal parasitic nematodes were omitted
from the study as their primary adult phase occurs above-
ground. A subset of species were aligned with coloniser-
persister c-p classes (Fig. 2). The c-p values range from 1 to
5 with lower values indicating species considered colonisers
with fast life cycles, whilst slower species have higher c-p
values. Uncorrected patristic distance matrices for nema-
todes were based on distances from trees including all feed-
ing guilds (Appendix S1).

Springtail functional traits

Springtail phylogenetic outputs were initially sorted into
taxonomic orders with similarities noted to previous

published trees (D’Haese, 2002; Holterman et al., 2006;
Zhang and Deharveng, 2015; Leo et al., 2019). Springtail
phylogenies were aligned with soil vertical stratification
levels that were divided into three classes (epigeic, hemie-
daphic, euedaphic) as described in Section Springtails.
(Table 1; Fig. 3). Stratification levels and functional traits
were compiled from multiple sources, including the COL-
TRAIT database (http://www.bdd-inee.cnrs.fr/spip.php?
article51&lang=en) that has been used for earlier studies
linking traits and environmental factors (Ponge, 2000; Sal-
mon and Ponge, 2012; Salmon et al., 2014). The classifica-
tion of vertical stratification level, i.e. preferred
microhabitat, was derived from a combination of detailed
field-based measurements of adult position within the soil
profile, alongside corroborating morphological and func-
tional traits (Gisin, 1960; Berg et al., 1998; Ellers
et al., 2018). Datasets were compiled from additional
sources including literature, photographs and illustrations.
Combining datasets constructed using alternate methodolo-
gies minimises climatic or seasonal bias (e.g. higher water
table depth in winter months). Using only adult data
reduces individual variation in level that are found in juve-
niles that are generally found deeper in soils. All springtail
species were also aligned with mouthpart types that were
either absent or present in three forms: (i) scratching, (ii)
piercing, and, (iii) biting mandible forms, either with or
without a molar plate under the tip of the mandible (Fig. 4;
Malcicka et al., 2017).

Potential circularities of using data that has been inferred
from other sources within the same dataset were avoided.
In this case, springtail soil vertical stratification levels based
on functional traits in the absence of field-based measure-
ments were omitted from the alignments. Uncorrected
patristic distance matrices were generated for all springtails
based on tree distances (Appendix S2).

RESULTS

Nematode feeding guild, parasitic feeding type
and c-p values

There are clear separations between the major nema-
tode trophic groups as indicated by genetic distances
between members of the different guilds (Table 2a).
Herbivores were generally distinct from other guilds
with a minimum patristic distance to fungal feeders
(e.g. Deladenus to Aphelenchoides, p = 0.99). Separa-
tion between the other guilds were less marked with
fungivores separated from bacterivores (Bursaphe-
lenchus to Panagrolaimus, p = 0.7; Appendix S1;
Fig. 1), and the least separation between predators
and bacterivores (Mononchoides to Teratorhabditis,
p = 0.23). Clustering of EPN, omnivores and preda-
tors within bacterial feeders is reflected by lower dis-
tances from the bacterivore Teratorhabditis to EPN
(Steinernema, p = 0.71) than with fungivores (Bur-
saphelenchus, p = 0.9) and herbivores (Deladenus,
p = 0.99). The omnivores formed separate sub-
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clusters, although were distinct from bacterivores (P.
obtusus to Plectus, p = 0.72) and more so from herbi-
vores (P. obtusus to Criconema, p = 1.1).
Distances between plant parasitic feeding types

were generally lower than those between the broader
feeding guilds, with minimal genetic distances
between ectoparasites from endoparasitic types (Heli-
cotylenchus to Hoplolaimus, p = 0.35; Table 2b). The
genetic distances were slightly larger between
endoparasites and sedentary species (Pratylenchus to
Meloidogyne, p = 0.61) and between ectoparasites and
sedentary species (Helicotylenchus to Meloidogyne,
p = 0.72).
Nematode c-p values showed greater separation

when c-p values were further apart. Lower patristic
distances were observed between nematodes with c-p
values of 1 and 2 (Panagrolaimus to Aphelenchoides,
p = 0.7) than between species with c-p values of 1
and 4 (Panagrolaimus to Plectus, p = 0.9; Fig. 2;
Table 2c).

Springtail stratification, moisture preference
and functional traits

The springtail phylogenies also revealed clear separa-
tion by genetic distances of epigeic, hemiedaphic and
euedaphic species (Fig. 3). Patristic distances were
slightly lower between epigeic and hemiedaphic spe-
cies (Entomobrya to Willowsia, p = 0.17) than epigeic

and euedaphic species (Orchesella to Sinella, respec-
tively, p = 0.25) and hemiedaphic and euedaphic
species (Neanura to Onychirus, respectively,
p = 0.18).
Springtail mouthparts were found to be highly con-

served, with strict alignment to taxonomic orders,
with the majority of Entomobryomorpha species pos-
sessing scratching mandibles and a molar plate. All
other species with complex mouthparts were clus-
tered within the Poduromorpha (Fig. 4). Species of
the Brachystomella genus that have no mandible was
separated from species that have greater mouthpart
development, with patristic distances of (i) p = 0.29
for biting species with no plate (e.g. Friesea), (ii)
p = 0.30 for scratching species with no plate (e.g.
Gomphiocephalus), and, (iii) p = 0.33 for scratching
species with plate (e.g. Microgastrura).
Soil moisture preferences of Collembola showed

more dispersion across the phylogenetic tree (Fig. 5).
Patristic distances were larger between the most to
least dry-tolerant species. The xerophilic (Willowsia)
species were separated from the xero-mesophilic
(Entombrya, p = 0.17), the mesophilic (Heteromurus,
p = 0.22) to meso-hygrophilic (F. candida, p = 0.35),
and hygrophilic (Isotomiella, p = 0.45) species. How-
ever, minimal distances between the xerophilic Tetra-
canthella showed less consistency towards each
category (Table 3). The seven morphological traits
showed different levels of alignment. Body shape
showed the strongest phylogenetic clustering, whilst

Table 2. Minimum uncorrected patristic distance between nematode feeding guild species, plant parasitic feeding type and
c-p values

(a)
Nematode feeding guild Herbivore Bacterivore Fungivore Predator Omnivore

Herbivore –
Bacterivore 1.1 –
Fungivore 0.99 0.7 –
Predator 1.0 0.23 0.39 –
Omnivore 1.1 0.65 0.9 0.35 –
EPN 1.0 0.66 0.9 0.82 0.82

(b)
Plant parasitic feeding type Ecto- Endo-

Ectoparasitic –
Endoparasitic 0.35 –
Sedentary 0.72 0.61

(c)
Nematode c-p value 1 2 3 4

1 –
2 0.7 –
3 0.9 0.9 –
4 0.9 0.9 0.35 –
5 1.1 1.1 1.1 0.89
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more dispersion was observed for body length, pig-
mentation and furcula. Trichobothria and PAO had
mixed dispersion across the phylogeny, with the for-
mer being more frequent in the Symphypleona spe-
cies and totally absent from Poduramorpha (Fig. 6).
Furcula was often absent from Poduromorpha and
present in all Symphypleona and Entomobryomor-
pha, except for one species.

DISCUSSION

The objective of this study was to determine the
degree of phylogenetic clustering of functional and
morphological traits in two soil invertebrate groups
known to influence ecosystem functioning. In doing
so, we hoped to establish whether genetic relatedness
can robustly infer functional traits of species or
assemblages via sequencing information alone. This
can aid monitoring and experimental approaches,

particularly where there is a high proportion of
unknown or undescribed species, and by overcoming
shortages of taxonomic expertise.
Our phylogenetic trees show clear clustering of

nematode feeding guilds, including the plant parasitic
feeding types, with some species in separate
clades, as observed in other nematode phylogenies
based on barcodes (Blaxter et al., 1998; Holterman
et al., 2006; van Megen et al., 2009). Deviations
amongst certain nematode clades and taxonomic
inconsistencies has also been found in genomic stud-
ies of terrestrial nematodes (Bird et al., 2015; Smythe
et al., 2019). The plant parasite feeding types showed
clear separation between the three main classes. This
is expected due to the significant evolutionary adap-
tations required for sedentary cyst formation. Cur-
rently, parasitic feeder type are distinguished by
morphological differences in spear shape and life
stages, but our findings suggest phylogenetic posi-
tioning as a reliable alternative. Additionally, the

Fig. 1. Phylogenetic tree based on posterior output of Bayesian reconstruction of nematode COI and 28S rRNA sequence
alignments, with feeding guilds: (i) Herbivores – green; (ii) Bacterivores – orange; (iii) Fungivores– purple; (iv) Predators -
red; (v) Omnivores – blue; and, (vi) Entomopathogenic nematodes (EPN) – grey. Branch labels indicating substitutions per
site. Scale bar indicates individual branch length. Rooted with Eosentomidae sp. (Protura: Hexapoda). Readers of the black and
white printed version can refer to the online version for colouring for all figures.
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increasing patristic distances between species that
have larger differences in c-p values gives confidence
in using molecular data to estimate c-p value classifi-
cations.
Similarly, springtail mouthparts were found to be a

phylogenetically well-conserved trait, with taxonomic
groupings similar to previous phylogenies
(D’Haese, 2002; Holterman et al., 2006; Zhang and
Deharveng, 2015; Leo et al., 2019). Species that typi-
cally inhabit the lower litter layers and soil include the
majority of Poduromorpha, including Hypogastruri-
dae and Onychiuridae that were clearly separated
from those lacking a molar plate. However, the phylo-
genetic clustering of springtail soil vertical stratifica-
tion levels was less well-defined, and may reflect the
ability of species to occupy and move between stratifi-
cations levels, and the flexibility of hemiedaphic mem-
bers to shift levels in response to limited resource
availability and extreme conditions (Ponge, 2020).

The ecological trait that was recorded as soil mois-
ture preference amongst springtails was also phyloge-
netically dispersed across orders, indicating that
adaptation to water availability may be relatively
recent in most genera. The capacity to accumulate
trehalose sugar and protein secretion (Sjursen
et al., 2001) allows species to persist despite limited
water availability. The lack of clustering for springtail
moisture preferences may also indicate the need for
more accurate reference moisture preference input
data. This may also shed light on the undefined role
of the ventral collophore suspected of being involved
with osmoregulation and excretion (Hopkin, 1997).
The greater phylogenetic dispersion amongst eco-

logical traits such as springtail moisture preferences
compared to functional mouthpart morphology may
reflect a greater role that ecosystems may have in reg-
ulating speciation in soil invertebrates. Adaptability
to variation in moisture may also be a more frequent

Fig. 2. Phylogenetic tree based on posterior output of Bayesian reconstruction of nematode COI and 28S rRNA sequence
alignments, with c-p value classes: 1–5: (1) pink; (2) green; (3), blue; (4) brown; and, (5) beige. Rooted with Eosentomidae sp.
(Protura: Hexapoda).
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necessity rather than changes in feeding resources,
especially when migrating to new habitats. This may
contribute to a mismatch between the geographic
locations from which sequenced specimens and trait
reference specimens are sourced. For example, for
genera that contain species that exist in both tropical
and temperate ecosystems, litter depth and moisture
levels would be dependent on local climate and
ecosystem type. As such, tropical soils with warmer
and wetter conditions have faster litter decomposition
and mineralisation leading to a thin or absent litter
layer and a dominance of species with edaphic

specialisations such as PAO and trichobothria. By
contrast, temperate forests have perennial litter cover
and slower litter decomposition with species more
likely to show aboveground litter-inhabiting traits,
such as number of ocelli and furcular development.
In order to clarify these differences, analyses should
include multiple species of the same genus or family,
as well as incorporating geolocation data. Greater
species coverage would also aid comparison with fac-
tors such as habitat type, which has been shown as a
strongly correlate to springtail taxonomic structure
(Ponge and Salmon, 2013).

Fig. 3. Phylogenetic tree based on posterior output of Bayesian reconstruction of springtail COI and 28S rRNA sequence
alignments, with stratification level: (i) epigeic – blue; (ii) hemiedaphic – green; and, (iii) euedaphic - brown. Springtail spe-
cies taxonomic order indicated in left panel. Rooted with Eosentomidae sp. (Protura: Hexapoda).
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The phylogenetic signal from springtail body shape
corresponded strongly with taxonomic orders as
expected, whilst body length was less uniformly
expressed. The observation that trichobothria and
PAO were not co-occurring in the majority of sam-
pled species, supports the hypothesis raised by Ponge
and Salmon (2013), that PAO could compensate the
absence of trichobothria, especially in euedaphic spe-
cies. Trichobothria and PAO are known to play a
role in thermo-, hygro- or chemosensory functions
(Altner and Thies, 1976; Hopkin, 1997). This sug-
gests the body shape/length may be more indicative

of the species functionality, and to its trophic posi-
tioning. Phylogenetic dispersion was found across
orders for the morphological traits that were less
directly linked with functionality, such as ocelli and
trichobothria. Further investigation of the alignment
with other morphological traits may include scales,
parapseudocelli, setae/bristle arrangements, anal
spines, integumentary granulation, structure and
location of the unguiculus and microsensilla.
The findings from both nematodes and springtail

phylogenies reveals that more defined phylogenetic
clustering was evident in traits most closely

Fig. 4. Phylogenetic tree based on posterior output of Bayesian reconstruction of springtail COI and 28S rRNA sequence
alignments, with springtail mouthpart types: (i) scratching with molar plate – green; (ii) piercing/biting with molar plate –
orange; (iii) biting with no molar plate – blue; and, (iv) absent mandible/plate – black. Springtail species taxonomic order
indicated in left panel. Rooted with Eosentomidae sp. (Protura: Hexapoda).
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associated with trophic positioning. This is a strong
signal of resource consumption and feeding type
being intimately related with processes that con-
tribute to rates of ecosystem-wide functioning. This

further indicates that molecular techniques can be
used to robustly classify important functional traits of
both nematodes and springtails where sequences can
be aligned with reliable voucher specimens at high
phylogenetic resolution (i.e. family to genus in most
cases). However, the more pronounced separation
between nematode feeding guilds, as opposed to
other traits such as nematode c-p values and spring-
tail moisture preference, suggests a requirement for
higher taxonomic resolution for parity to a known
delineated sequence in order to assign novel
sequences to a specific class.
Our results indicate that certain soil invertebrate

traits do conform with the niche conservatism theory
(Wiens, 2004; Losos, 2008) that posits closely
related species tending to share similar trait values.
Phylogenetic clustering was linked to trophic

Fig. 5. Phylogenetic tree based on posterior output of Bayesian reconstruction of springtail COI and 28S rRNA sequence
alignments, with springtail soil moisture preference: (i) hygrophilic – purple; (ii) meso-hygrophilic – blue; (iii) mesophilic –
green; (iv) xero-mesophilic – orange; and, (v) xerophilic – beige. Springtail species taxonomic order indicated in left panel.
Rooted with Eosentomidae sp. (Protura: Hexapoda).

Table 3. Minimum uncorrected patristic distances
between species at different soil vertical stratification levels
and soil moisture preference types

Springtail moisture
preference Hygro

Meso-
hygro Meso

Xero-
meso

Hygro –
Meso-hygro 0.29 –
Meso 0.29 0.32 –
Xero-meso 0.33 0.42 0.35
Xero 0.28 0.29 0.19 0.17
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position, as hypothesised. This was more pronounced
in nematodes, indicating that resource type and func-
tionality are intimately linked and are perhaps stron-
ger drivers of speciation compared to habitat,
resource or environmental factors. Other insights that
may be drawn include the convergence of certain
traits such as nematode stylet evolution from simple
tubular mouth openings of bacterivores to the struc-
turally complex hollow stylets adapted for fungal
feeding. Alternatively, it is unclear if the loss of func-
tional traits in springtails, such as ocelli and furcula
when aboveground springtails regressed belowground
can be regained in response to future environmental
change or increased resource competition. As such,
these findings indicate a potential role of ecosystems

and the functional requirements it has in the modera-
tion of speciation in soil invertebrates. For conserva-
tion implications, further insights may inform
consideration of autecological processes of evolution
in individual species and ecophysiological forces that
may influence speciation (Deca€ens et al., 2006). Such
correlation between the traits and function also sup-
port the use of resource type as indicative of ecosys-
tem functionality by proxy. Further analyses on other
soil faunal types are encouraged to determine if the
theoretical underpinnings of trait evolution can be
applied to all soil faunal types.
Rapid and standardized monitoring of soil fauna

using molecular tools will benefit from routine inte-
gration of imaging, barcoding and trait information.

Fig. 6. Phylogenetic tree based on posterior output of Bayesian reconstruction of springtail COI and 28S rRNA sequence
alignments, with springtail morphological traits; (i) body shape: spherical – green, stocky – orange, and, cylindrical – blue; (ii)
mean body length: 0 to 1 mm –green, 1 to 2 mm – blue, > 2 mm – orange; (iii) number of ocelli: 0 – white, 1 to 7 – blue, 8
– green; and presence – red, or absence – white of: (iv) pigmentation; (v) furcula; (vi); trichobothrium; and, (vii) postantennal
organ (PAO). Springtail species taxonomic order indicated in left panel. Rooted with Eosentomidae sp. (Protura: Hexapoda).
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Sharing of taxonomic data without the need for prior
taxonomic identification or exhaustive sampling will
enhance efforts to establish the role of soil faunal bio-
diversity (Potapov et al., 2020), especially the ability
to sequence whole assemblages. Such representa-
tive sequences will still require morphological identi-
fication to avoid blind sequencing (Pey et al. 2014;
Cowart et al., 2015). Longer, more accurate metabar-
coding and genomic readouts will also expand our
knowledge beyond the model organisms of C. elegans
and Pristionchus pacificus, and overcome the potential
under-estimation of genetic distance that is the
potential when based on marker genes. High-
throughput sequencing can illustrate belowground
assemblages in greater resolution (Ross et al., 2020),
with correction factors to quantify sequencing read-
outs (Lamb et al., 2019). These would allow for the
rendering of ecological information directly from
genetic signatures with local reference libraries that
incorporate alternate rates of genetic drift and gener-
ation time (Collins et al., 2019), with small geo-
graphic distributions or factors influencing speciation
rates and genetic drift (Lim et al., 2012).

CONCLUSION

Combining soil invertebrate DNA sequences with
morphological data and life-history traits suggest that
functional traits with ecological roles may be selec-
tively conserved over morphological traits in soil
invertebrates. The findings also demonstrate how
phylogenetic information might be used to imply cer-
tain traits if these are not known for a particular spe-
cies. Greater parity was evident for feeding and
mouthpart traits that are directly linked to trophic
positioning. Limited phylogenetic clustering within
certain traits suggests higher resolution taxonomic
data may improve our ability to assign these traits to
novel sequences. Integrating sequence libraries with
functional traits will assist ecosystem monitoring and
highlight the value of soil biodiversity to ecosystem
functioning. The combined application of molecular
data and trait-based knowledge on soil faunal groups
can highlight their actions that are a vital component
of functional ecosystems.
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