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Abstract

Soil protists are increasingly studied due to a release from previous methodological
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constraints and the acknowledgement of their immense diversity and functional im-
portance in ecosystems. However, these studies often lack sufficient depth in knowl-
edge, which is visible in the form of falsely used terms and false- or over-interpreted
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data with conclusions that cannot be drawn from the data obtained. As we welcome
that also non-experts include protists in their still mostly bacterial and/or fungal-
focused studies, our aim here is to help avoid some common errors. We provide sug-
Handling Editor: Simon Creer gestions for current terms to use when working on soil protists, like protist instead of
protozoa, predator instead of grazer, microorganisms rather than microflora and other
terms to be used to describe the prey spectrum of protists. We then highlight some
dos and don'ts in soil protist ecology including challenges related to interpreting 18S
rRNA gene amplicon sequencing data. We caution against the use of standard bioin-
formatic settings optimized for bacteria and the uncritical reliance on incomplete and
partly erroneous reference databases. We also show why causal inferences cannot be
drawn from sequence-based correlation analyses or any sampling/monitoring, study
in the field without thorough experimental confirmation and sound understanding
of the biology of taxa. Together, we envision this work to help non-experts to more
easily include protists in their soil ecology analyses and obtain more reliable inter-
pretations from their protist data and other biodiversity data that, in the end, will

contribute to a better understanding of soil ecology.
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1 | INTRODUCTION

Studying soil protist diversity is becoming a routine element in soil
ecological research due to their importance as key microbiome pred-
ators (Thakur & Geisen, 2019). Protists influence the composition
of microbial communities and their functioning (Gao et al., 2019;
Jousset, 2017), and determine changes in plant performance
(Jousset, 2017) and carbon cycling (Geisen et al., 2018, 2021; Jassey
et al., 2015). Protists compose a major part of soil biodiversity,

including potentially millions of species (Geisen et al., 2019), with
soil protist species richness being more variable and higher than
in freshwater or marine ecosystems (Singer et al., 2021). Beyond
their interactions with bacteria, protists feed on other soil biotas
like other protists, fungi and small Metazoans (Geisen et al., 2015),
while being plant and animal symbionts that ranging from mutualists
(e.g. lichens) to parasites (e.g. larger animals (Geisen et al., 2020)).
Therefore, protists play key roles in all terrestrial systems as drivers
of major ecosystem functions and services (Geisen et al., 2020).
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The last decade has substantially increased insights on protists
in soils and beyond, especially due to developments in molecular
approaches. Molecular studies have confirmed the huge diversity
of protists both in terms of deep phylogenetic diversity (protists
represent the vast majority of eukaryotic lineages) and taxonomic
richness allowing clarification of the classification (Adl et al., 2019;
Keeling & Burki, 2019) and improvements in reference databases
(Glockner et al., 2017; Guillou et al., 2013). Global community ef-
forts such as UniEuk (Berney et al., 2017) are further contributing
to increasing the knowledge of protists and its visibility in the sci-
entific community. All these efforts were made possible to a large
extent thanks to the development of high-throughput sequencing
techniques that now allow easy exploration of protist communities
in soils (Geisen et al., 2018). Biogeographic and macroecological
studies up to the global scale have revealed protist diversity patterns
at the level of communities (Aslani et al., 2022; Oliverio et al., 2020;
Singer, Metz, et al., 2019), genus or species (Lara et al., 2016) and
intraspecific taxa or cryptic species (Janik et al., 2020; Pinseel
et al., 2020; Singer, Mitchell, et al., 2019). In addition, manipulative
experiments and subsequent sequencing analyses have revealed po-
tential protist keystone species and communities linked to changes
in plant performance and ecosystem functions (Guo et al., 2022;
Jiang et al., 2020). Also, many studies have appeared on responses
of protists to changes in land management or other anthropogenic
factors (Reczuga et al., 2020; Wu et al., 2022) and ecological gra-
dients at the regional to local scale (Fernandez et al., 2022; Mazel
et al., 2022; Singer et al., 2018).

We applaud the recent boost in soil protist research, especially
studies that include protist community analyses in addition to those
targeting bacteria and fungi. This development had indeed long been
called for and we hope it continues. However, this fast development

is not without risks as knowledge of protists lags behind that of
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plants, animals, bacteria and fungi. Indeed, many studies that include
protists clearly lack the required depth in knowledge on protists
leading to obvious errors in reported data and their interpretation.
To avoid these caveats and help advance the field, we aim to reach
out to soil ecologists starting or considering working on soil protists.
We approach this by first giving an overview of the terms to be used
when working on protists, followed by a guide on methods and ap-
proaches to allow addressing certain ecological questions involving
protists and finally, outline some ideas for future studies that may
help disentangle some poorly known aspects of soil protist diversity
and ecology. We hope this will help us gain deeper insights into soil
protists, their ecology and to better understand soil functioning by

fully integrating soil protists in soil ecological research.

2 | TERMS TO BE USED IN PROTIST
ECOLOGY

We here provide an overview of terms that we believe should be
used in soil protist studies with reasons why. First of all, the term
protist* (including all eukaryotes that do not evolve multicellu-
larity through embryonic development, therefore excluding ani-
mals, plants and fungi (sometimes also included as protists) (Adl
et al., 2005; Taylor, 2003)) should consistently be used rather than
protozoa* (best referred to as heterotrophic protists). Arguably being
a semantic discussion, the term protist is less problematic than pro-
tozoa as often discussed by experts, but still having missed the en-
tire field of scientists who shifted towards or included protists in
their research (Figure 1). In short, single-celled eukaryotes include
also many other functional units like phototrophic taxa, which are
highly common and abundant in soils (Jassey et al., 2022; Oliverio
et al.,, 2020; Seppey et al., 2017). These could be called algae to split
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FIGURE 1 Overview of the terms used for soil protists as an average of yearly studies per 5years. Left: use of the term protists, protozoa
or both, showing an increase in the use of protist which should be continued (search terms used for the Web of Science topic search were
(soil* AND protist* NOT protozoa) or (soil* AND protozoa* NOT protist) or (soil* AND protozoa* AND protist)). Right: Terms used to denote feeding
of soil protist, showing not only increased use of the terms predator and consumer but also that the term grazer is still used. We propose

to generally avoid calling protists grazers and use the terms predator or even general comment (search was similar as above, using the topic
search that excluded other terms and also nematodes as created many false-positive results. For example, for the term predators we used
the search ‘soil* AND (protist* OR protozoa*) AND predat* NOT graz* NOT consum* NOT nematod*'. The search was limited to studies
published by 31 December 2022 and was conducted on 21 February 2023.
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the animal-like heterotrophic protozoans from the plant-like photo-
synthetic protists. Yet, many taxonomic clades contain both photo-
trophic and heterotrophic taxa that often cannot be differentiated
based on amplicon sequencing data. In soil chrysophyceae, and es-
pecially in Ochromonadales, the photosynthetic function has been
lost many times independently among closely related lineages (Bock
et al., 2022). Furthermore, in soil, most phototrophic protists also
consume other organisms or organic molecules. These organisms
are coined constitutive mixotrophs when using vertically inherited
plastids, or endosymbiotic non-constitutive mixotrophs when they
rely on green photobionts for photosynthesis (Mitra et al., 2016). In
both cases, these mixotrophs often favour one or the other strategy
depending on the availability of nutrients (Selosse et al., 2017).

Microflora, a term still seen in soil ecological literature and mostly
includes bacteria, archaea and fungi, as well as Microfauna which
includes protists, should be abandoned. Microflora means ‘minute
plants’ and, therefore, does not match the mostly heterotrophic bac-
teria, archaea and fungi. Microfauna means ‘minute animals’ that do
not make sense for the phylogenetically diverse protists (and also
protozoa) that cover the entire eukaryotic tree, but not a single one
belonging to the group of animals (Metazoa). Even functionally, the
term microfauna is misleading as many protists are often not (only)
predators as they play many functional roles (see below for the defi-
nition and details on other functional groups). As such, protists are
microorganisms (Caron et al., 2009), which also represent the fact
that protists are mostly invisible to the naked eye (with some ex-
ceptions, such as macroscopic brown algae). Of course, it can be de-
bated if this term is appropriate for organisms that are at one point
of their life cycle visible with the naked eye like many myxomycetes,
but this discussion would span many non-protists like fungi with
their sometimes-massive fruiting body and multi-meter-long myce-
lia. Therefore, currently, all microbial groups should be called by their
more precise taxonomic affiliation (e.g. bacteria, archaea, microbial
eukaryotes or groups included within each domain), and the term
microorganisms can often simply be avoided.

Protists should generally not be called grazers. The term grazer
would imply that protists eat part of their prey that then can re-
grow, like a cow eating upper parts of grasses that can then re-grow
from lower parts of shoots and roots. Most soil protists, in compar-
ison, kill entire prey organisms after engulfment through phagocy-
tosis (the feeding behaviour of some ciliates has even been referred
to as ‘raptorial’ (Verni & Gualtieri, 1997)) and more rarely by suck-
ing the cell content using specialized organs (e.g. ‘suctorian’ ciliates,
Viridiraptoridae) (Hess & Melkonian, 2013). Only for some groups,
the term grazer might still hold, such as for those protists that do not
kill the entire organism including few specialized fungal feeders (see
below) (Petz et al., 1986). Only when treating bacterial or algal colo-
nies or biofilms as superorganisms, this definition could be extended
to most phagotrophic protists. Then, however, nearly all predators in
aboveground or marine systems that prey on swarms, herds or packs
should be considered grazer. Therefore, the term predator should be
used for free-living, heterotrophic protists, or consumer that equally
captures grazers and predators, a proposal that also follows the
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trend seen in the use of feeding terminology (Figure 1). Finally, the
rarely used term ‘carnivore’ (Figure 1) should not be applied to pro-
tists, as it implies the action of eating meat (i.e. tissues from a verte-
brate; in contrast with an insectivore, for instance). Likely very few
protists feed on small metazoans, but even these cannot be assigned
to meat. We rather recommend using terms like second-order pred-

ator or, again, conservatively integrating all as consumers.

3 | FUNCTIONAL ROLES OF SOIL
PROTISTS: FREQUENT CONFUSIONS

Documenting the taxonomic composition of communities and di-
versity patterns at different scales is valuable for ecological studies.
However, the functional role of organisms is often ecologically more
relevant than the taxonomic composition. We, therefore, encour-
age including functional roles (inferred from taxonomic assignation)
in any ecological study. Yet, some considerations need to be made
when assigning protist communities to functional groups. Protist
consumers are not only general bacterivores, but each taxon has its
specific prey spectrum. Most protists phagocytose their prey (en-
gulf prey items as a whole) and therefore size (or aperture size in
the case of testate amoebae or the buccal apparatus of ciliates) can
determine what protists can feed upon (Jassey et al., 2016; Meyer
et al., 2013). Thus, smaller flagellated species can be expected to
feed mostly on bacteria. However, ample examples exist that op-
pose this simple view. Many traditionally considered bacterivorous
protists are, in fact, feeding on a diverse range of organisms includ-
ing bacteria, fungi, algae and nematodes (Geisen et al., 2016; Seppey
etal.,, 2017). As comprehensive feeding tests including multiple prey
organisms are needed, but not done, the precise feeding range of
distinct protist species cannot be inferred. Some soil species have
been shown to have highly specialized food regimes, like gross-
glockneriid ciliates, whose specialized buccal apparatus can only
suck fungal hyphae (Foissner, 1999a; Petz et al., 1986). Also, the tes-
tate amoeba Phryganella paradoxa needs the frustules of its diatom
prey to build its test (Dumack et al., 2019). Many protists, especially
larger ciliates and amoeboid protists prey partly or even exclusively
on other eukaryotes like fungi and other protists (Foissner, 1998;
Gilbert et al., 2000; Hess & Suthaus, 2022; Jassey et al., 2012, 2013).
Fungivorous protists are even more diverse as only some larger pro-
tist species were previously tested for fungivory, while many protists
that were considered exclusively bacterivorous have been shown to
also feed on yeasts and fungal spores (Geisen et al., 2016). Other
organisms have even been documented eating organisms larger than
themselves; examples include protists being able to feed on much
larger filamentous algae (Hess & Suthaus, 2022), suctorian ciliates
preying on large protists that they do not need to engulf, or small
testate amoebae that prey in groups (pack hunting) on larger nema-
todes (Geisen et al., 2015). Such findings are often made by chance,
but typically require direct observation under the microscope, some-
thing that is typically not done in most contemporary molecular
studies (Ekelund, 1998; Heger et al., 2014; Mitchell, 2015). Together,
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we propose to classify free-living heterotrophic protists as preda-
tors or consumers rather than aiming at more closely specifying their
feeding range to, for example, bacterivorous or fungivorous, as we
hardly have reliable data to draw these conclusions. When inferring
more precise feeding modes, the obtained information should be
treated with care.

While most soil protists tend to act as consumers in soil food
webs (Singer et al., 2021), protists occupy many other functional
levels. Parasites can be extremely abundant in certain ecosystems,
especially Apicomplexa (Mahe et al., 2017). These organisms live
associated with animals and particularly aberrantly infect arthro-
pods and annelids (Del Campo et al., 2019). When referring to
Apicomplexa, the first example that comes to mind is Plasmodium,
the malaria agent, which causes 600,000 human deaths per year
(WHO, 2021). However, while some apicomplexans do act as para-
sites (i.e. taking resources from the host and possibly killing it), there
are many instances, where Apicomplexans behave as mere com-
mensals (Rueckert et al., 2019), and sometimes even as mutualists
(Bollatti & Ceballos, 2014). Although their effect on soil ecosystems
still needs to be assessed, Apicomplexans currently cannot be con-
sidered regulators of metazoan populations. Another common group
of protists generally tagged as parasitic is Peronosporomycetes
(=oomycetes). While many of these fungal-like protists have the
capacity to infect plants, animals, fungi and other protists, only a
few are obligate biotrophs (Lara & Belbahri, 2011) and some are
even probably not symbiotic at all (Bennett et al., 2018; Blackwell
et al., 2015). In summary, most symbiotic soil protists are not strictly
speaking parasites; we recommend using the word ‘symbiont’, which
does not imply any negative interaction with host's fitness.

The next functional group of protists ubiquitous in soil are pho-
totrophs. These organisms play an important role as carbon sinks
in the global carbon cycle (Jassey et al., 2022). While these organ-
isms have been relatively well studied in arid soils as biocrust com-
ponents (Maier et al., 2018), phototrophs are even more abundant
in vegetated, wet and acidic soils (Jassey et al., 2022). Phototrophic
protists have specific adaptations to soils, such as synthesizing pho-
toprotectants and osmoprotectants (Gustavs et al.,, 2010, 2011);
even protist predators of phototrophic protists exist (Seppey
et al., 2017) showing that phototrophic protists are genuine members

of soil communities.

4 | DOS AND DON'TS IN METHODS AND
CLAIMS ON SOIL PROTISTS

Almost all current studies on soil protists are molecular, by far most
applying 18S rRNA gene amplicon sequencing. High-throughput se-
quencing of environmental DNA has clearly advanced soil protist
ecology and microbiology in general by allowing the simultane-
ous analysis of numerous samples after a routine DNA extraction
procedure. Such analyses typically reveal a high diversity (tens to
hundreds of thousands) of protist taxa, including many previously
unknown taxa (Geisen & Bonkowski, 2018; Santos et al., 2015).

However, at the present state of methodological development, it is
practically impossible to account for the full microeukaryotic diver-
sity in a soil sample based on an environmental DNA survey, given
the immense variability of sizes, genomes and cellular properties
(Lara et al., 2022). For this reason, many claims that are commonly
made are unfortunately not correct and cannot be concluded using
solely sequencing data due to several caveats:

(1) Many studies rely on primer-based PCR. Yet, even the most
broadly targeting (‘universal’) primer pair can never fully cover all
protist taxa. Indeed, parts or entire groups of common soil protists
like Amoebozoa and Heterolobosea (Geisen et al., 2014) are typi-
cally under-represented or altogether lacking due to mismatches and
amplicon lengths variations (e.g. long introns are common in many
protists) as shown in Vaulot et al. (2022).

(2) In addition to primer-related issues, DNA extraction is never
complete as some protist taxa have hard cysts or shells, which reduce
the efficiency of DNA extraction, while others have highly break-
able cell membranes. Issues arise even before extraction, as rough
treatments such as sample sieving disrupt fragile organisms, such as
large-network-forming Amoebozoa (Berney et al., 2015). This makes
nucleic acid extraction complicated as DNA from easy-to-break pro-
tists may be sheared when harsh procedures are performed, while
DNA from those with hard cell walls might not be obtained at all.
This extraction bias impacts diversity estimates and species abun-
dance (i.e. taxa perceived as rare could be more common than be-
lieved) and thereby results in distorted protist community profiles
(Santos et al., 2017).

(3) The use of different settings when applying bioinformat-
ics pipelines may also artificially alter richness estimations, which
precludes direct comparisons between studies (Caron & Hu, 2019;
Xiong et al., 2019).

(4) A critical problem is related to non-specialists interpreting
protist sequencing data (arguably impossible to do for all taxa, but
even present for the most abundant or taxa mentioned in the paper)
due to errors in automated sequence annotation they fail to identify.

(5) Finally, inference of causality frequently is not supported by
the data due to an erroneous understanding of basic population
ecology principles.

These different causes of errors need to be understood and are
addressed hereafter.

Taxonomic richness is often the first detail reported in sequence-
based studies, yet this information on the y-diversity in a given study
is often ecologically meaningless. A reliable richness of informa-
tion would imply a rather complete investigation of the community
present. Despite the fact that often thousands of protist taxa are
covered in a sample, this number is far from complete. In fact, it is
impossible to sample the total species richness of protists in a sam-
ple with current and likely near-future sequencing techniques due
to above-mentioned DNA- and PCR-based issues. The sheer abun-
dance and diversity of protists in a soil sample with co-amplification
of fungi, plants and animals, as common for broadly targeted 18S
rRNA gene sequencing, neglects the possibility of deciphering the
entire diversity of protists in a sample. This bias is introduced by
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the fact that rarer ones, those with long amplicon reads and those
with non-conserved primer-binding sites, will hardly ever be se-
quenced (Lara et al., 2022). Therefore, cross-study comparisons of
y-diversity should only be used to compare richness between sites
or treatments with the same sampling, extraction and sequencing
protocols, and not among studies where such factors usually differ
to various degrees.

Furthermore, the true biological meaning of rare sequences still
escapes understanding. It has been hypothesized that the rare bio-
sphere corresponds to rare species or single propagules of inactive
organisms awaiting the right conditions to build populations (Lynch &
Neufeld, 2015), and it is assumed that rare species can drive import-
ant functions (Bahram et al., 2022; Jousset et al., 2017). However,
currently, it is difficult to accurately depict which less abundant se-
quences represent true rare species as many errors prevail in bioin-
formatic analyses that inflate the real diversity and create artificial
rare species (Reeder & Knight, 2009; Xiong et al., 2019) that often
do not follow ecological expectable patterns of known dominant
species (Schiaffino et al., 2016). We propose to carefully interpret
rare sequences by conservative sequences curation and that can
be assigned taxonomically in ecological studies. Disregarding this
word of caution, larger ecological community patterns are mostly
not affected by rare species (Xiong et al., 2019). Therefore, it should
be possible to address the main ecological questions independently
from including or excluding rare species.

The general importance and changes in abundance of distinct
protist taxa should be reflected upon as sequencing data are never
quantitative, but at best semi-quantitative and qualitative. As for the
rare biosphere issue discussed, the real meaning of diversity can be
questioned as a difference in diversity in the order of hundreds to
thousands for soil protists might not be as relevant as other bio-
diversity facets such as biomass or activity (Schuldt et al., 2018;
Shade, 2017). And here again, natural history approaches such as
direct observation and experiments are essential to determine feed-
ing habits as well as simply characterizing the biomass of taxa which
can quite considerably vary within a group of closely related spe-
cies (Kosakyan et al., 2015). This perception is hardly used in soil
microbial ecology and not at all for protists due to the current lack
of methods to reliably estimate biomass of entire protist communi-
ties. Therefore, claims based on metabarcoding data alone should
be more cautious; alternatively, groups that can be quantified,
such as ciliates and testate amoebae (Foissner, 1999b; Kosakyan
et al., 2015), can be added as a proxy for whole-community bio-
mass. Such approaches have proven useful to address current and
past ecosystem functioning questions (Jassey et al., 2016; Koenig
et al., 2018; Reczuga et al., 2018). We agree that these morphologi-
cal quantification efforts cannot be done in high throughput, but the
caveats of relative data should not be forgotten.

The obtained community composition is always a representation
of the approach taken such as the PCR setup. Therefore, any claims
on the true composition of protists in a sample should not be made.
Of course, community comparison within a study should be made,
as issues mentioned above are study specific if samples are treated
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equally. In contrast, in-depth comparisons among studies are diffi-
cult in nearly all cases when sampling and analysis protocols vary
(Ramirez, Knight, et al., 2018). We currently miss any reliable infor-
mation on the community composition of protists in soils, something
that can only accurately be obtained with intense and thorough cal-
ibration studies that we would call for in some targeted studies that
will make cross-study comparisons more reliable.

Sequence annotation is often problematic. Errors of wrongly bar-
coded organisms are largely reduced in curated reference databases
like PR2 (Guillou et al., 2013), Silva (Pruesse et al., 2007) and soon
UniEuk (Berney et al., 2017). However, other issues in sequence an-
notation prevail, many originating from the need to work with OTUs
(Operational Taxonomic Units, or Molecular OTUs, MOTUs) or ASVs
(Amplicon Sequence Variants) in amplicon sequence data that do
not equate species (Callahan et al., 2017). OTUs that group ampl-
icon reads into single OTUs with mostly a similarity of 97% were
used almost since the onset of high-throughput sequencing studies
to remove erroneous sequences produced by sequencing machines
(Edgar, 2010). Consequently, OTUs are conglomerates of mostly
many species which often might have different niches, functions
and geographical distributions. Therefore, most amplicon studies
now use ASVs that use a more stringent sequence curation to keep
largely correct sequences independent of their similarity to differ-
ent sequences. This increases the chance that closely related spe-
cies with very similar sequences be differentiated, especially when
dealing with standard short-read amplicon sequences. Alternatively,
SWARNMs are built by clustering together sequence reads that clus-
ter together in distinct networks (Mahe et al., 2014, 2021). The is-
sues with ASVs (and SWARMs), however, are that errors can remain
after sequence curation and that species with intragenomic diversity
in the barcoding region are treated as separate ASVs, and therefore
species, inflating biodiversity estimates (Caron & Hu, 2019). These
issues have implications not only for richness information and as-
sessing the rarity of species but also for ecological questions, such as
assessing true biogeographic patterns. In general, taxonomic assign-
ments of OTUs/ASVs to fine taxonomic resolution (i.e. species level
and below) should be avoided as 185 rRNA amplicon sequencing of
short barcoding regions is almost always unable to differentiate be-
tween species, often even genera due to the slow evolutionary rate
of this highly conserved gene (Lara et al., 2022). We also suggest
manually investigating the most abundant sequences and those re-
ported in the main text of the study for their correct assignment,
such as with Blast searches or phylogenetic placements. Also in-
creasing efforts need to be taken to fill databases with correctly
annotated sequences to eventually enable identification of strain,
species or genus information of a given (amplicon) sequence.

A major problem in (soil) protistology and ecology in general
- and perhaps the biggest problem that we highlight here - is to
infer causality from environmental sampling studies or from any,
often sequencing-based, correlative study (Addicott et al., 2022).
More and more studies infer interactions among protists or be-
tween protists and their presumable prey based on amplicon se-
quencing data, despite the fact that inferring specific aspects such
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as predator-prey links is impossible for several reasons. The first
is that predatory protists are never fully specialized in a single
prey species. While it has been widely acknowledged that food
regimes of protists vary between species, all predatory protists
known so far eat diverse bacterial and fungal species (Amacker
et al.,, 2022; Geisen et al., 2016). The genus/family-level resolu-
tion obtained by OTUs/ASVs adds another level of uncertainty
in high-detail assignment of functional groups as distinct protist
2022;
2010). Species within the same genus can even

species can differ in their feeding patterns (Amacker et al.,
Glucksman et al.,
differ in their coarse functional positions like Pythium species that
can range from plant parasitic to animal parasitic (Rai et al., 2020).
Last, predator-prey dynamics, such as known from Lotka-Volterra
or functional response theories (Berryman, 1992), rule out the
possibility that there is always a positive or negative correlation
between predator and prey, both for single predator-prey links
and even more if multiple overlapping predator-prey links co-exist
(Figure 2). In fact, predator-prey correlations can range from posi-
tive to negative depending on the cycle the predator and the prey
are in, as shown in the seminal paper that coined the soil microbial
loop (Clarholm, 1981). The size of protists and bacteria also induces
an important issue: interactions happen at the microscale possi-
bly within aggregates, which is many orders of magnitude smaller
than the volume of soil used for DNA extraction. As a result, in-

teractions perceived based on sequencing data may correspond

2020; Vos

et al., 2013). Together, these aspects render it difficult to uncover

to organisms that do not even co-occur (Erktan et al.,

distinct protist taxa linked to single prey items as suggested by
network links, and, therefore, predator-prey ‘interactions’ should
not be studied with correlative sequencing approaches. Of course,
network or other correlative approaches can provide valuable in-
formation on potential links such as much more specialized host-
parasite interactions (Singer et al., 2020) and symbioses like in
lichens (Nazem-Bokaee et al., 2021), or information on key/hub
taxa as well as inform about systems' structure (Ramirez, Geisen,
et al., 2018). In fact, correlation-based approaches can be highly
valuable as hypotheses generators that provide the basis for more
targeted experiments that should include direct observation and
2018). Until such

targeted experiments are done - which we strongly advocate to

experimental testing (Ramirez, Geisen, et al,,

extend sequence-based work only - the information gained from
correlation analyses should be treated with care.

Together, there are several biases that should be taken care of
such as carefully dealing with diversity and compositional differ-
ences, as well as avoiding any larger claims on correlative data alone.
Yet, metabarcoding is of major value within a given study to com-
pare treatments, which should be the major point in most ecological
studies. We argue that one simply has to know the biases inherent
to specific approaches like those induced by distinct primers. In

Table 1, we provide a short guide that we envision to help conduct
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FIGURE 2 Common issues in protist and microbial sequence-based analyses. (a) Patterns obtained by sequencing efforts are of relative
nature, which might lead to false conclusions. Richness is highest in A but as the absolute abundance of organisms is highest in C, the
functional impact in the ecosystem might be highest; also, differences in taxon abundance appearing in relative terms might not be true
when absolute abundance values were shown. (b) Typical textbook pattern of predator-prey dynamics with one predator and one prey.

Even in this system correlations can be negative (dark grey) to positive (light grey) at a given point in time depending on the phase of the
interaction-correlation in the above partillustrated in lower boxes with corresponding colour coding. Considering that predatory protists are
never specialized towards one single prey item and that there are thousands of predators at the local scale in soil, correlation analyses can
never reliably inform about predator-prey interactions. (c) The diversity and composition of protists recovered with any approach is never
complete but is a representation determined by method used, such as primers.
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TABLE 1 Guide for ecological studies on soil protists, which can be transferred to other fields of research. We acknowledge that this
table is not complete but lists the major points that we believe should be considered before, during and after a study on soil protists.

To do
Pre-start Get expertise
- Read papers
- Include experts
Define
- question(s)
- aim(s)
- hypotheses (testable and falsifiable)
Chose approach (methodology including appropriate primers
(Vaulot et al., 2022) and experimental design)
Analyses Perform thorough sequence analyses including bioinformatics (e.g.

clustering, etc.), see (Lentendu et al., 2023) & (Lara et al., 2022)

Richness information is only useful within the same study, remove
cross-study comparisons of diversity information

Why

Information about state-of-the-art knowledge on protist
biology and systematics

To optimize the study setup

To address question(s), aim(s) and hypotheses (QAHSs)

To optimize obtained information, remove speculations
on rare species and avoid inflating diversity estimates

All sampling/analyses steps impact outcome (Figure 2c)

[MOLECULAR ECOLOGY]| ’
MOLECULAR ECOLOGY WILEYJ—

Avoid presence/absence analyses

Interpretation Avoid claims on absolute abundance

Correlations do not equal interactions (e.g. inform about predator-

prey links) and avoid claims on causation
Link back to QAHs

Be open to issues (e.g. primers and gaps in methods)

work on soil protist ecology to reduce issues inherent to most con-

temporary studies.

5 | CONCLUSIONS

Insights into soil ecology, microbiology and protists are rapidly ac-
cumulating, however, at the risk of cutting corners due to overconfi-
dence in methods. We highlight contemporary issues in the scientific
literature on protists. We here show that some of the claims made
in currently widely accepted scientific practices would benefit from
a deeper knowledge of a topic and a more critical view of methods
and their outcomes. We do not vote against molecular methods, as
we strongly believe in their benefits. But we strongly recommend to
thoroughly consider the conclusions that can be drawn from those
tools. We think that partly a misunderstanding of tools and a potential
need for overstatements in the publishing landscape have led to the
imprint of many contemporary issues, such as here shown for work on
soil protists. As such, and because protists are an essential part of soil
biology and functioning, we provide a roadmap for ecological studies
including soil protists. We show how to correctly use soil protist (and
in the end microbiological and ecological) data and standardize terms
used when working on soil protists, which should help authors and
reviewers in analysing, writing and evaluating literature. Most of the

Sequencing-related issues (e.g. primers and sequencing
depth) make information on potential absence
unreliable (Figure 2b)

Data are semi-quantitative and qualitative (Figure 2a)

Organisms often never meet, omnivores distort
any constant pattern and dynamics of prey are
dyssynchronous with predator (Figure 2b)

Stick to those as this helps paper structure and avoids
overstating

No study is perfect - be honest about what you can
claim.
Rejecting a hypothesis can be a major breakthrough!

issues we highlight can be translated to other biodiversity groups in
soil and other environments. As such, we hope to provide a matrix to
bring more natural history into soil protist and microbial ecology in
general, in addition to enhancing nomenclature and terminology for

the benefit of overall scientific clarity.
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