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• We investigated protistan communities
and microbial biomass across pedogenesis.
• The diversity of predatory protists increased throughout pedogenesis.
• The diversity of predatory protists was
strongly determined by microbial biomass.
• Predator-prey association was stronger in
young and medium soils than in older
soils.
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A B S T R A C T

Pedogenesis determines soil physicochemical properties and many biodiversity facets, including belowground microbial bacteria and fungi. At the local scale, top-down predation by microbial protists regulates the soil microbiome,
while the microbiome also affects protistan communities. However, it remains unknown how pedogenesis affects protistan communities and the potential protist-microbiome predator-prey relationships. With 435 soil samples representing different stages of pedogenesis ranging in soil age from centuries to millennia, we examined the inﬂuence of
pedogenesis on the main protistan groups, and the interrelationships between protistan predators and microbial
prey biomass. We revealed an enrichment in the diversity of total protists across pedogenesis and increasing richness
of phototrophic protists in the medium compared with the early stages of pedogenesis. The richness of predatory protists accumulated throughout pedogenesis, which was more strongly determined by microbial biomass than environmental factors. Predator-prey associations were stronger in the young and the medium soils than in the older soils,
likely because prey biomass accumulated in the latter and might be no longer limit predators. Together, our work provides evidence that pedogenesis shapes predatory protists differently than their prey, leading to shifts in predator-prey
relationships. This knowledge is critical to better understand how soil food webs develop across soil development
which might lead to changes in ecosystem functions.
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1. Introduction

from 87 sites ranging in soil age from centuries to millennia and across contrasting climate zones. Age (years) of soil samples throughout pedogenesis
were provided in Delgado-Baquerizo et al. (2019). In short, we assigned soil
samples into three stages during pedogenesis (Young: centuries to thousands of years, Medium: hundreds of thousands years, and Old: millions
of years). For each soil sample, ﬁve composite soil cores (0–10 cm depth)
were mixed and sieved (2 mm), one portion of soil was air-dried for biochemical analyses and the other portion was then immediately frozen at
−20 °C for molecular analyses. Soil DNA was extracted using the
Powersoil® DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA) according to the manufacturer's instructions. Bacterial biomass and fungal
biomass were measured through phospholipid-derived fatty acids (PLFAs)
according to the method used in the previous publication (DelgadoBaquerizo et al., 2020). Eukaryotic communities were identiﬁed by
Illumina MiSeq sequencing of the V9 region of the 18S rRNA gene with
the Euk1391f/EukBr primer sets (Zahedi et al., 2019). We analyzed raw sequencing data of 18S rRNA gene using previously established protocols
(Xiong et al., 2021). Pair-end reads were merged with USEARCH v11
(Edgar, 2010) and merged sequences with expected errors >1.0 or a length
<100 bp were removed. We identiﬁed amplicon sequence variant (ASV)
with the UNOISE3 algorithm (Edgar, 2016), which simultaneously removed chimeras. Representative eukaryotic ASVs were taxonomically classiﬁed against the PR2 database (Guillou et al., 2013). Total reads
distributions for whole eukaryotic and protistan communities are provided
in Table S1. To focus on protistan communities, we removed sequencing
reads of Fungi, Rhodophyta, Streptophyta and Metazoan. We further
assigned the protistan ASVs into different functional groups according to
their nutrient-uptake mode (Bjorbækmo et al., 2020; Dumack et al., 2020;
Xiong et al., 2021), including mixotrophs, parasites, phagotrophs (predators), phototrophs, plant pathogens and saprotrophs (Table S2). Here we
mainly focused on those protists that feed on microorganisms (therefore
the logical link with microbial biomass) and deﬁned those as microbiome
predators (Thakur and Geisen, 2019).
In this study, we kept samples with over 800 protistan reads, in which
365 samples were retained from the total 435 composite soil samples
(Delgado-Baquerizo et al., 2019) (Tables S1 and S2). We further rareﬁed
protistan ASV table to 800 reads as previously (Delgado-Baquerizo et al.,
2019), and we selected richness (number of observed ASVs) as a commonly
used biodiversity metric to evaluate the diversity of protistan communities.
We also calculate the richness of protistan predators after extracting predators from the rareﬁed protistan ASV table, with the same analysis for the
richness of parasites, phototrophs and plant pathogens. We kept the unrareﬁed protistan ASV table to calculate the relative abundance for the
main (relative abundance >1%) protistan functional/taxon group. The
community structure of protistan predator communities was calculated
based on Bray–Curtis distance metrics (Hellinger transformed) and visualized by principal coordinate analysis (PCoA) in R (version 4.0.5). Analysis
of similarities (ANOSIM) was applied to assess the statistical signiﬁcance
of chronosequences sites and soil age on the community structure of protistan predator communities. To test our hypothesis that pedogenesis alter the
interrelationships between the predatory protists and microbial biomass,
we selected the richness of protistan predators (as community structure
and relative abundance of protistan predators did not signiﬁcantly alter
with soil age), and we examined the linear correlations between microbial
biomass (bacterial and fungal biomass) and the richness of protistan predators in different soil stages by the “lm” function in R. We also examined the
response of the main (relative abundance >1%) protistan taxonomic groups
and functional groups with soil age by the “lm” function in R. Environmental factors included the aboveground (plant cover) and belowground (soil
total organic carbon and available P) resource availability, nutrient stoichiometry (soil C:N and N:P ratios) and soil abiotic factors (texture, pH and salinity), which were selected based on previous study (Delgado-Baquerizo
et al., 2019). We calculated the relative importance of microbial biomass
(bacterial and fungal biomass) and environment factors on the richness, relative abundance and community structure (PC1) of predatory protists
through the “relaimpo” package (Groemping, 2006) in R (all data was

Pedogenesis, the process of soil formation, takes hundreds to millions of
years to develop, which is largely determined by climate and plant vegetation
(Haynes, 2014). As such, soil formation is associated with critical changes in
aboveground plant communities (Laliberté et al., 2013). Also soil fertility is
substantially inﬂuenced by pedogenesis, as reﬂected by the dynamic changes
of soil nutrients and other physicochemical properties over time (Enang et al.,
2020; Gaiser and Stahr, 2013; Walker and Syers, 1976).
Belowground microbial communities including bacteria (SánchezMarañón et al., 2017) and fungi (Dickie et al., 2013) have also been reported
to show dramatic shifts throughout pedogenesis. These changes in soil microorganisms during pedogenesis have been linked to prominent shifts in terrestrial ecosystem functions such as biogeochemical cycling and plant
productivity (Haynes, 2014; Laliberté et al., 2017). Yet, most studies on belowground microorganisms during pedogenesis mainly focused on single microbial components, despite the fact that the entity of soil microorganisms is
tightly intermingled (Fierer, 2017). This soil microbiome includes bacteria,
fungi and protists that interact through competition and predation (Deveau
et al., 2018; Faust and Raes, 2012; Nguyen et al., 2020).
Among the soil microbiome, protists are representing the phylogenetically most diverse eukaryotes (Geisen et al., 2018). Protistan communities
have peculiar properties that differentiate them from other microbial communities. For example, soil moisture is the major determinant of protistan
communities (Bates et al., 2013; Oliverio et al., 2020), whereas pH is
more important contrasts with the major determinants of bacterial communities (Lauber et al., 2009). The vast taxonomic diversity of protists translates to a wide functional diversity including predators, phototrophs and
parasites (Geisen et al., 2018). The numerically dominant protists in most
systems are predatory protists (Oliverio et al., 2020), which consume
other organisms, mostly bacteria and fungi (Geisen, 2016; Geisen et al.,
2018). Through their feeding, predatory protists regulate the taxonomic
and functional composition of the soil microbiome (Thakur and Geisen,
2019), which leads to increased nutrient cycling and improved soil fertility
(Bonkowski, 2004; Guo et al., 2021). In turn, the soil microbiome can reshape the communities of protists such as through secondary metabolite
compounds (Gao et al., 2019; Jousset and Bonkowski, 2010). The microbial
interrelationships between protists and the microbiome are often documented under controlled laboratory experiments in the same soil (Jousset
et al., 2009; Saleem et al., 2013). Previous studies revealed that higher trophic level protists are more sensitive than their bacterial prey to heat stress
(Thakur et al., 2021) and agricultural management (Zhao et al., 2019). However, little is known about the relative importance of environmental versus
microbial factors inﬂuencing protistan communities. The inﬂuences of pedogenesis on the protistan communities especially the protistan predators, and
the relationships between predators and prey are still largely unknown.
In order to investigate the role of pedogenesis on protists, this study examined to what extent prey microbes can predict protistan predators, and
also track the interrelationships between the predators and the microbiome
prey across pedogenesis. We used a dataset obtained from a global ﬁeld survey including 435 soil samples across different stages of pedogenesis that
we divided into young (centuries to thousands of years), medium (hundreds of thousands years) and old (millions of years) soils. We hypothesized
that 1) soil ecosystem development will alter the main protistan richness
and community composition. Furthermore, we hypothesized that 2) environmental factors are the major determinants of protistan communities
with microbiome prey biomass being of minor importance. We also hypothesized that 3) the interrelationships between predators and prey biomass
will become stronger throughout pedogenesis due to an increased environmental stability that supports stable predator-prey links.
2. Materials and methods
The ﬁeld data was collected between 2016 and 2017 from 16 soil
chronosequences located in nine countries from six continents (DelgadoBaquerizo et al., 2019). In short, this dataset includes 435 soil samples
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standardized by “scale” function). In turn, we calculated the relative importance of predatory protists (at richness, relative abundance and community
structure levels) and environment factors on microbial biomass (bacterial
and fungal biomass). Structural equation model were used to calculate
the direct and indirect pathways of soil chronosequence stage on soil total
organic carbon (that is known to affect microbial biomass) and further inﬂuence belowground soil food webs (bacteria, fungi and protistan predators) by AMOS 22.0. The SEM ﬁtness was examined based on previous
publication (Delgado-Baquerizo et al., 2016), in which χ2 ≤ 2 with P
value ≥ 0.05 (χ2-test), RMSEA ≤ 0.05 with p value ≥ 0.05 (the root
MSE of approximation), and P value ≥ 0.10 under Bollen-Stine bootstrap
test. To relax the non-homogeneously distributed data, we used “Welch
one-way test” for multiple comparisons, followed by “pairwise.t.test” with
P values being adjusted by the false discovery rate method. For homogeneously distributed data, we used one-way analyses of variance (ANOVA)
with Tukey's HSD multiple range test for multiple comparisons.

protistan groups differed throughout pedogenesis. The richness of
phototrophic protists was higher (Tukey's test, P = 0.016) in the medium
than the young soil (Fig. S2c), but did not differ (Tukey's test, P = 0.997)
between the medium and the old soil. The richness of predatory protists
was enriched in the medium (pairwise t-test, P = 0.008) and the old
(pairwise t-test, P < 0.001) soil when compared with the young soil
(Fig. 2a), but did not differ (pairwise t-test, P = 0.085) between the medium and the old soil. The richness of total protists showed the same pattern
with predatory protists during pedogenesis (Fig. S4a) because of a strong
correlation (R2 = 0.942, P < 0.001; Fig. S4b) that was driven by the large
share of predators among total protists (Fig. 1b).
We found that the biomass of both bacteria and fungi (with explanatory
power of 9% and 12%, respectively) explained more variation of the richness of predatory protists than environmental factors including soil physicochemical properties (Fig. 2b). Indeed, soil pH as the most important
soil physicochemical property only marginally affected (with explanatory
power less than 3%) the relative abundance of predatory protists
(Fig. S5c). The community structure of predatory protists did not signiﬁcantly change throughout pedogenesis (ANOSIM: R = -0.070, P = 9.989;
Fig. S5b), but was determined by chronosequence sites (ANOSIM: R =
0.610, P < 0.001). The community structure (PC1) of predatory protists
was partially predicted by fungal biomass and soil pH, both of which
showed explanatory powers of >10% (Fig. S5d).
The interrelationships between the richness of protistan predators and
microbial biomass differed across soil stages. The richness of protistan predators was signiﬁcantly correlated with bacterial biomass (linear correlation:
R2 = 0.255, P < 0.001 in the young soil; R2 = 0.111, P = 0.003 in the medium soil) as well as fungal biomass (linear correlation: R2 = 0.279, P <
0.001 in the young soil; R2 = 0.196, P < 0.001 in the medium soil) in the
young and the medium soils, but not (linear correlation: R2 = 0.000, P =
0.901 with bacteria; R2 = 0.009, P = 0.570 with fungi) in the old soil
(Fig. 3). Structural equation model analysis showed that soil

3. Results
Ciliophora (35.32% in relation to total protists) and Cercozoa (23.81%)
were the most dominant protistan taxonomic groups with approximately
60% of the total protistan communities across all soil samples throughout
pedogenesis (Fig. 1a). We found that the relative abundance of Cercozoa
signiﬁcantly (P = 0.036) increased with soil age. However, the relative
abundance of Lobosa and Discoba groups signiﬁcantly (P < 0.05) decreased
with soil age. The most abundant functional group was predatory protists
(76.29% of total protists; Fig. 1b) followed by phototrophs (6.81%), parasites (6.36%) and plant pathogens (1.42%). The relative abundances of
the four main functional protistan groups did not differ with soil age
(Figs. 1b, S2 and S5a).
Unlike the relative abundance of functional protistan groups, we found
that the richness (number of observed ASVs) of two main functional

Fig. 1. Relative abundance and composition of the main protistan taxonomic (a) and functional (b) groups across pedogenesis and their responses with soil age. In panel a,
“Others” includes Pseudofungi, the low abundance (relative abundance <1%) and unknown taxonomic groups. In panel b, “Others” include the low abundance functional
groups (i.e., mixotroph and saprotroph with relative abundance <1%) and unassigned protists. “↑” and “↓” behind the P-value indicates a positive and negative response
for each protistan taxonomic and functional group with soil age respectively. “—” indicates a none signiﬁcant response.
3
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Fig. 2. The richness (number of observed ASVs) of predatory protists in different soil ages (Young: centuries to thousands of years, Medium: hundreds of thousands years, and
Old: millions of years) (a); the relative importance of microbial biomass (bacteria and fungi) and environment factors in predicting the richness of predatory protists across all
soil samples throughout pedogenesis (b). In panel a, different letters indicate a signiﬁcant difference at P < 0.05 according to “pairwise.t.test” or Tukey's test. In panel b,
environmental factors of aboveground (plant cover) and belowground (soil C and available P) resource availability, nutrient stoichiometry (soil C:N and N:P ratios) and
soil abiotic factors (texture, pH and salinity) were selected. Gray bar indicates non-signiﬁcant factors and blue bar indicates signiﬁcant factors.

predator-prey interactions in microbiome assembly, especially in the early
stages of pedogenesis.
The diversity of total protists, particularly the diversity (richness) of
predatory protists, increased throughout pedogenesis, which supports
hypothesis 1 and is in line with patterns reported on plants (Laliberté
et al., 2013). The increasing richness of phototrophic protists in the
medium than in the young soil suggests that photosynthetic microbes
might be contributing to soil formation early in pedogenesis and paves
the way for the establishment of plant communities (Nemergut et al.,
2007). The increasing trend seen for the richness of predatory
protists during pedogenesis was also present for microbial prey biomass

chronosequence age did not directly affect the richness of protistan predators, but indirectly through changes in both bacterial and fungal biomass
(Fig. 4).
4. Discussion
Our study provides patterns of protistan community distribution along
different stages of pedogenesis. The results support the hypothesis that
the diversity of the protistan predators increased throughout pedogenesis.
Rather than environmental properties, microbial biomass best explained
changes in predatory protists, and highlights the likely importance of

Fig. 3. Linear correlations between the richness of predatory protists with the abundance of bacterial biomass (a) and fungal biomass (b) in different soil ages (Young:
centuries to thousands of years, Medium: hundreds of thousands years, and Old: millions of years). Solid line indicates signiﬁcant correlation and dashed line indicate
non-signiﬁcant correlation.
4
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Fig. 4. Structural equation model showing the direct and indirect pathways of soil chronosequence stage on soil C and further inﬂuence soil food webs (bacteria, fungi and
protistan predators) across pedogenesis. Richness and community structure (PC1) of protistan predators were selected for this model. As soil age showed no signiﬁcant effects
on community structure (PC1) of protistan predators, the link between community structure (PC1) of protistan predators and soil age was not included to perform BollenStine bootstrapping (to make sure degrees of freedom ≥1) in this model.

Our ﬁndings reject hypothesis 3 as associations between predators and
prey reduced throughout pedogenesis. Therefore, it appears that predatorprey links are already stable in the early phases of pedogenesis. These
microbiome links might be of major importance in shaping microbiome
functioning and therefore continued pedogenesis, a pattern also shown
for links between nematodes and bacterial biomass (Li et al., 2016). In
soils of older age, conditions for soil microbes might be more suitable in
terms of nutrient availability (e.g. soil carbon) deriving from various
plant sources, which will lead to an increased nutrient niche space. Soil
aging likely also increases environmental heterogeneity which adds additional habitat niche space for microbes to be less likely to be preyed upon
(Erktan et al., 2020; Petrenko et al., 2020). The overall increased niche
space likely leads to favorable conditions for microorganisms that reduces
the importance of predation in controlling microbial biomass. This
decoupling of predator-prey links under more optimal conditions was previously suggested at temperature regimes that were more optimal for microbial growth and activity (Geisen et al., 2021).
We have to note that our sequencing approach to study soil protists cannot differentiate between active and inactive (cyst) protists. Some protists
might indeed have been active some time before the sampling. Yet, the likelihood that our sequencing approach, which focuses on the more abundant
taxa, is representative of the protists that are functionally relevant in the
given system is high. Future approaches should use additional methods,
such as RNA-based metatranscriptomics (Geisen et al., 2015), to assess
the more active protistan community at the time of sampling to investigate
deep links of protistan taxa with their microbial prey.

of bacteria and fungi (Fig. S3a and b), a general pattern also
present for the richness of bacteria and fungi (Delgado-Baquerizo
et al., 2019).
Our results contradict hypothesis 2 as microbial biomass was a much
better predictor of richness of protistan predators than environmental factors. Through microbial biomass, particularly the accumulated soil total organic carbon throughout pedogenesis that predominantly determined
microbial biomass (Insam and Domsch, 1988), richness of predators was affected. This result is in stark contrast to ﬁndings obtained at various spatial
scales, such as the global scale, where environmental properties were always considered as major determinants of protistan communities (Bates
et al., 2013; Oliverio et al., 2020). However, former cultivation-based studies focusing on protistan abundance already suggested the fundamental importance of bacterial abundance on protistan abundance in vegetated soils
at the local scale (Clarholm, 1985, 1981). We extend this concept to the
likely importance of microbial biomass, even that of fungi, on the richness
of protistan predators, which we show across chronosequences of pedogenesis at the global scale. As microbial components were not measured in previous studies as determinants of soil protists, we conclude that biotic factors
might at least be of comparable importance in structuring protistan communities than environmental factors. This concept might even be applicable to
other microbial groups and would challenge our current perception in
microbiome determinants (Fierer, 2017), and should be further examined.
This hypothesis was supported by Bahram et al. (2018) who showed the
likely importance of competition between bacteria and fungi in shaping
soil microbiomes.
5
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5. Conclusions
Together, our study uncovered major patterns of how pedogenesis affects protists and protist-microbiome predator-prey links, which is essential
to understand the development of soil food webs throughout pedogenesis
including potential inﬂuences of microbial interactions in shaping pedogenesis. The gained insights in some ways contradicted our expectations,
particularly with the profound inﬂuence of microbial biomass as a major
determinant of protistan communities. This shows the importance to simultaneously study multiple abiotic and biotic parameters to correctly identify
the main contributors to microbiome biodiversity and resulting ecosystem
functions. Future studies should include biotic links in addition to abiotic
parameters as potential determinants of microbial patterns in soils.
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