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ARTICLE INFO ABSTRACT

Keywords: Anthropogenic activities such as long-term fertilizer application are known to lead to losses in above and
Soil biodiversity belowground biodiversity, thereby negatively impacting ecosystem function. However, our understanding of the
Protists

relative sensitivity of different soil organisms groups to increasing fertilizer application levels remains largely
unknown. To address this knowledge gap, we investigated the impacts of different long-term fertilization re-
gimes, and the associated changes in plant communities, on a broad range of soil organisms, including bacteria,
fungi, protists, and nematodes, in the alpine meadow ecosystem of the Qinghai-Xizang Plateau. Results showed
that the community composition of protists was the most sensitive to different fertilization regimes as compared
to those of bacteria, fungi, and nematodes. Changes in the protist community were also most strongly linked to
changes in plant richness and biomass under prolonged fertilization. Nitrogen fertilizer addition leads to more
deterministic community assembly processes for protist communities, while phosphorus fertilizer application
leads to more stochastic assembly processes. Together, our results suggest that protists may be among the most
susceptible soil organisms concerning the impact of human disturbances like fertilizer application, highlighting
their potential importance as sensitive ecological indicators of human-induced disturbances in terrestrial
ecosystems.

Nutrient enrichment
Above- and below-ground biodiversity
Qinghai-Xizang Plateau

1. Introduction 2018). Soil biodiversity loss generally has negative effects on ecosystem

stability (Loreau and de Mazancourt, 2013) and soil functioning

Although fertilizer application has played an important role in
increased global food production, it also can have large negative impacts
on terrestrial ecosystems (Chen et al., 2017; Zhang et al., 2016). For
example, long-term overuse of chemical fertilizers has led to decreases
in both above and belowground biodiversity across a range of terrestrial
ecosystems (Chalcraft et al., 2008; Storkey et al., 2015; Wang et al.,

(Bardgett and van der Putten, 2014; Wagg et al., 2014). Soil functions
are to a large degree driven by the activities of below-ground microor-
ganisms (Banerjee and van der Heijden, 2023), and changes in
soil-borne community structure and function upon disturbance have
often been linked to declines in soil functionality (Bissett et al., 2013;
Mouillot et al., 2013). Perturbation-induced changes in soil-borne
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communities can also have important feedback effects on plant species
composition, diversity and productivity (Saleem et al., 2019; Wang
et al., 2019). Thus, holistic perspectives of soil health should adopt a
biological perspective that includes multiple aspects of the
below-ground communities (Lehmann et al., 2020), as well as potential
links between above- and belowground soil biodiversity (Cappelli et al.,
2022; Porazinska et al., 2003).

Responses of soil biodiversity to anthropogenic activities of fertil-
ization have often been centered on changes in bacterial or fungal
communities, with less attention given to higher trophic level organisms
such as protists and nematodes (Geisen et al., 2018). Such microbial
predators can assume a broad range of functional roles within soil food
webs (Geisen et al., 2018), and have been shown to be sensitive in-
dicators of ecosystem stability (Geisen et al., 2017; Gong et al., 2024;
Xiong et al., 2018). Microbial predators can regulate the diversity and
functionality of soil microbiomes, thereby playing important roles in
sustaining soil functionality (Gao et al., 2019; Geisen et al., 2018; Hu
et al.,, 2023). For example, phagotrophic protists can promote soil
nutrient cycling by preying on bacteria and releasing nutrients (Gao
etal., 2019), making them available to plants. Therefore, to advance our
understanding of the anthropogenic impacts of fertilization regimes on
natural and agroecosystems, it is important to adopt a more holistic
approach to include multiple groups of soil organisms and explore their
potential links with associated changes in aboveground species richness.
However, few studies to date have examined these relationships in the
light of different fertilization gradient experiments, especially in alpine
meadow ecosystems.

The "trophic sensitivity hypothesis" suggests that predators are less
tolerant to increasing environmental stress as compared to their prey
(Vasseur and McCann, 2005; Voigt et al., 2003), but we are generally
lacking data to examine the validity of this hypothesis as related to
belowground microbial communities (Petchey et al., 1999; Thakur et al.,
2021). Evidence from large spatial scales suggests that the community
assembly of smaller microorganisms, such as bacteria, are governed
mainly by stochastic processes, primarily due to the plasticity of their
metabolic pathway, making them less sensitive to environmental
changes (Farjalla et al., 2012; Wu et al., 2018). Compared to microbial
prey, relatively larger organisms, such as protists and nematodes seem to
be driven to a greater extent by deterministic, selection-based processes,
potentially making them more susceptible to environmental influences
(Luan et al., 2020). In this study, we hypothesized that higher trophic
level organisms within the soil biota, e.g. protists and nematodes, would
be more sensitive to anthropogenic fertilization regimes as compared to
bacteria and fungi. To examine this hypothesis, we conducted a
seven-year-long field experiment in the Qinghai-Xizang Plateau to
evaluate the influence of a range of fertilization practices across the
breadth of the soil organisms, including bacteria, fungi, protists and
nematodes, as well as their potential feedback on plant diversity and
biomass. We also examined the community assembly processes pre-
dominating across the different groups of soil organisms based upon
normalized stochasticity ratio (NST) analysis (Jiao et al., 2020; Ning
et al., 2019) high-throughput amplicon sequencing, in order to relate
community assembly to relative sensitivity to fertilization disturbance.

2. Materials and methods
2.1. Site description and experimental procedures

The long-term experiment was performed at the Gansu Gannan
Grassland Ecosystem National Observation and Research Station (Azi
Substation) of Lanzhou University (101°51'E, 33°40'N), as previously
described (Liu et al., 2024; Zhang et al., 2015). The experimental site,
situated on the eastern Qinghai-Xizang Plateau at an average altitude of
3,500 m, experiences an average annual temperature of 1.2°C and re-
ceives approximately 2,580 hours of cloud-free solar radiation annually
(Lietal, 2011; Ma et al., 2011; Ren et al., 2010). Dominant vegetation
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includes Kobresia spp. (Cyperaceae), Agrostis spp., Festuca ovina, Anem-
one rivularis (Ranunculaceae), and Saussurea spp. (Asteraceae) (Luo
et al., 2006).

A total of sixty 200 m? plots were initially established in 2011. Three
fertilizer treatments (N-nitrogen, P-phosphorous, and N-+P) were
applied to six plots, accompanied by six control plots. Each plot was
separated by a 1 m walkway, and the entire experimental area was
enclosed with wire mesh to minimize potential external disturbances,
such as grazing by herbivores. The three fertilizer treatments represent
varying levels of nutrient addition: N addition (N5, N10, N15 corre-
sponding to 5 g, 10 g, and 15 g N m™ year’, respectively); P addition
(P2, P4, P8 corresponding to 2 g, 4 g, and 8 g P m2 year ), respectively);
and N+P addition (NP2, NP4, NP8 corresponding to 2 g, 4 g, and 8 gP m”
2 year'!, with 10 g N m™ year™). The experiment employed a random-
ized complete block design. Plot were established in areas that did not
differ in above-ground observed species diversity, community biomass,
and community composition before the start of the experiment (Zhang
et al., 2015; Zhou et al., 2019). Nitrogen, in the form of ammonium
nitrate (NH4NO3), and phosphorus, as calcium dihydrogen phosphate
(Ca(HoPO4)2), were applied annually in May. After 7 years of experi-
mental treatments, soil (0-15 cm) and plant samples were collected from
each plot in August 2017. Vegetation harvest was conducted from a
0.5x0.5 m plot, with quadrat locations selected randomly. Upon
collection, plants were sorted by species and weighed after drying at
80°C for 48 hours. Species were identified and recorded. The soil was
sieved through a 2 mm mesh to remove plant roots. Soil samples were
transported to the laboratory on dry ice and stored at -80 degrees Celsius
for DNA extraction. Total soil DNA was extracted using the DNeasy
PowerMax Soil Kit (Qiagen, Germany), following the manufacturer’s
instructions using 10 g soils.

2.2. Profiling soil belowground communities, bioinformatics and
statistical analyses

Bacterial communities were profiled by targeting the V4 region of
the 16 S rRNA gene using the primer set 520 F (5-AYTGGGYD-
TAAAGNG-3) and 802 R (5-TACNVGGGTATCTAATCC-3) (Claesson
etal., 2009). Fungal analyses focused on the ITS1 region with the primer
set ITSIF (5- GGAAGTAAAAGTCGTAACAAGG-3) and ITS2 (5-
GCTGCGTTCTTCATCGATGC-3) (White et al., 1990). For protists and
nematodes, the V4 region of the 18 S rRNA gene was targeted using the
primer set V4_1f (5-CCAGCASCYGCGGTAATWCC-3) and TAReukREV3
(5- ACTTTCGTTCTTGATYRA-3) (Bass et al., 2016). The obtained raw
sequence data for each of these amplicons were analyzed following
previous protocols (Xiong et al., 2020). Briefly, sequences were paired,
and those with expected errors greater than 1.0 were removed.
High-quality sequences were then clustered into operational taxonomic
units (OTUs) at a 97 % nucleotide similarity threshold. Chimeric se-
quences were removed using UCHIME (Edgar et al., 2011). OTUs with
less than two sequences were also eliminated, and one representative
sequence from each OTU was used for taxonomic assignments. Bacterial
sequences were taxonomically assigned using the RDP database (version
18) (Cole et al., 2009; Wang et al., 2007); for fungal sequences, we used
the UNITE database (Koljalg et al., 2013), and eukaryotic sequences
using the PR2 database (Protists Ribosomal Reference Database) (Guil-
lou et al., 2013). Protistan operational taxonomic units (OTUs) were
classified into distinct functional groups based on their anticipated
feeding modes, encompassing phagotrophs, parasites, phototrophs,
plant pathogens, and saprotrophs, following established protocols (Adl
et al., 2019; Dumack et al., 2020; Xiong et al., 2019). All our analyses
were based on relative abundances, including taxonomy data and pro-
tistan functional groups.

We evaluated the impact of distinct fertilization regimes on the
community composition of soil organisms (including bacteria, fungi,
protists, and nematodes) using the Bray-Curtis dissimilarity metric be-
tween the treatment and control groups, following methods outlined in a
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previous study (Zhang et al., 2011). Additionally, we performed Wil-
coxon tests to assess the impacts of distinct fertilization treatments on
the composition of specific soil organisms (Gehan, 1965). Furthermore,
we used Random Forest (RF) analysis to examine the explanatory power
of different groups of soil organisms at the phylum or supergroup levels
in relation to plant richness and biomass (Archer, 2022). To gauge the
significance of characteristic variables, we calculated the percentage
increases in Mean Squared Error (MSE), which reflects the extent of
decline in the predictive performance of the random forest model
(Archer, 2022). The statistical significance of the model was evaluated
using the "A3" package in R, employing 1,000 permutations of the
response variable (Fortmann-Roe, 2015). Data handling, visualization,
and statistical analyses were carried out using the R platform. We
evaluated microbial community assembly processes by using the ‘NST”
package in R to calculate the taxonomic normalized stochasticity ratio
(tNST) using default settings to investigate the relative contributions of
deterministic versus stochastic processes to microbiome community
assembly (Ning et al., 2019). We used values of tNST > 0.5 to denote a
dominance of the deterministic process (e.g., selection), while values of
tNST < 0.5 denotes stochastic processes (e.g., random dispersal,
ecological drift) (Zhu et al., 2024).

3. Results and discussion

Here, we reported protist communities represent the most sensitive
group of below-ground organisms to long-term fertilizer application as
compared to other soil-borne organisms in grassland ecosystems.
Therefore, we highlight the potential use of protists as bioindicators of
human-induced disturbances such as the application of chemical fertil-
izers in terrestrial ecosystems. Our results presented that the dissimi-
larity within protist communities notably increased (p < 0.001) at a
median nitrogen concentration (10 g m2 year™!) compared to the control
treatment (Fig. 1a), while the dissimilarity of bacterial (p < 0.001) and
fungal (p < 0.05) communities only revealed significant variations at the
highest level of nitrogen addition (15 g m™? year!). Additionally, the
dissimilarity within the protist community exhibited significant differ-
ences upon the introduction of higher phosphorus levels (p< 0.001)
compared to other soil organisms (Fig. 1b). Moreover, the protist com-
munities exhibited distinct dissimilarities (p < 0.001) even at the lowest
phosphorus concentrations in the context of phosphorus gradient ex-
periments conducted alongside high nitrogen treatment (Fig. 1c). In
contrast, the bacterial, fungal, and nematode communities did not
display significant changes. However, we did not observe a significant
change in nematode community structure across various gradient
fertilization regimes. Previous research has indicated significant differ-
ences in nematode community diversity at higher levels of fertilizer
addition (Wang et al., 2022). The distinct results may be attributed to
the modest intensity of fertilization in our study, which did not reach the
necessary threshold for eliciting changes in the nematode community.

The high susceptibility of protist communities to exogenous nutrient
addition indicates that this often overlooked soil-borne group may serve
as a potential bioindicator of soil perturbation. Numerous studies have
already demonstrated changes in the composition of bacterial and
fungal communities due to alterations in soil abiotic factors resulting
from fertilizer application (Ai et al., 2018; Sun et al., 2015; Zhou et al.,
2016). Our study delves more deeply into the sensitivity of protist
communities, revealing them to be the most responsive group to human
disturbance via fertilizer addition, while bacterial and fungal commu-
nities are only impacted by intensive environmental disturbance. Our
observations also support the idea that protists may have a narrower
ecological niche as compared to other microorganisms, as they show less
tolerance to environmental changes (Payne, 2013). Previous research
has also found that protist communities sensitively respond to nitrogen
fertilizer application in agricultural soils (Zhao et al., 2019), with
microcosm experiments revealing a high sensitivity of protist commu-
nities to organic pollution pressure (Wu et al., 2022). These findings
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collectively suggest that the protist community exhibits reduced resil-
ience to increasing environmental pressures, confirming the nutrient
sensitivity hypothesis (Vasseur and McCann, 2005; Voigt et al., 2003).
We propose that exogenous environmental changes exert top-down ef-
fects on soil-borne organism communities, directly impacting protist
diversity, and subsequently cascading down to affect lower trophic
levels (Hu et al., 2024; Thakur and Geisen, 2019). Our findings
confirmed that long-term fertilizer application can influence the
composition of protist communities, even at extremely low application
levels in natural ecosystems. These changed belowground communities
caused by human activities such as nutrient enrichment, may subse-
quently trigger changes in soil ecosystem function and stability (Ma
et al., 2021). Our results propose to include soil protists to examine the
impacts of global environmental changes and human activity on the
functionality of the soil food web (Bates et al., 2013; Mukherjee et al.,
2018; Stefan et al., 2014).

Protists were the soil-borne organisms that were most associated
with changes in the aboveground plant communities. We used random
forest modeling to explore which belowground soil organisms, including
bacteria, fungi, protists, and nematodes, could be used to predict plant
biomass (Fig. 2a) and richness (Fig. 2c¢) under nutrient enrichment.
Results revealed that plant biomass was best predicted by protist di-
versity (Fig. 2a), with a positive relationship (Fig. 2b). This could be
attributed to the predation function by protists, which can enhance
nutrient turnover by releasing nutrients from bacterial biomass in sup-
port of plant performance (Gao et al., 2019; Gliicksman et al., 2010).
This partly explains the positive correlation between plant biomass and
protist richness, and the negative correlation with bacterial richness
(Fig. 2b) (Krome et al., 2009). Increased protist diversity has been re-
ported to support diverse soil functions (Geisen et al., 2020; Saleem
et al., 2013). For example, photosynthetic protists contribute nutrients
to the soil, while parasitoids lyse their hosts, thereby enriching the
nutrient content (Jassey et al., 2022; Mahe et al., 2017). Additionally,
the random forest model indicated that protist diversity has the highest
explanatory power on plant richness (Fig. 2¢), with a negative correla-
tion (Fig. 2d). We also examined taxonomic compositions of the
different groups of soil organisms in predicting vegetation parameters.
Results identified the top ten most important bioindicators, which
collectively explained 34 % of the variation in observed plant biomass
(Figure S2a). Results showed that Opisthokonta from the protist com-
munity are the most important predictor of plant biomass (Figure S1a),
exhibiting a positive trend with plant biomass (Figure S2b). Addition-
ally, the top ten bioindicators collectively explained 39 % of the
observed variation in plant richness (Figure S2a). A positive linear
relationship was observed between plant richness and Amoebozoa
(Figure S2b), which was in line with previous findings (Romeralo et al.,
2011) supporting a potential role of amoebae in the silica cycle, a crucial
element for enhancing plant resilience (Creevy et al., 2016; Wilkinson
and Mitchell, 2010). However, the specific mechanisms driving this
correlation require further investigation and experimental support. The
observed connections between protists and plant communities support
that soil protists may serve as useful targets for improving plant diversity
and productivity, and contributing to a positive impact on ecosystem
functionality (Gao et al., 2019). In addition to protists, the fungal phyla
Basidiomycota and Mortierellomycota exhibited detectable links to
plant species richness, followed by the influence of Rhizaria
(Figure S2a).

Our research further discovered that the fertilization regime also
affects the assembly patterns of protist communities. The contribution of
the deterministic processes in the assembly of protist communities
increased along the nitrogen fertilizer gradient (Fig. 2e), whereas the
addition of phosphorus fertilizer promoted more stochastic processes in
protist community assembly (Fig. 2f). However, overall, the community
assembly of protists was predominantly determined by stochastic pro-
cesses under fertilization(value of 1-tNST < 0.5), which is consistent
with recent research (Hu et al., 2024; Kang et al., 2022). This may be
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Fig. 1. Effects of nutrient enrichment on dissimilarity in community composition of different soil organisms under nitrogen (a), phosphorus (b), and nitrogen +
phosphorus (c) application. Dissimilarity in soil species composition between nutrient-enriched treatment groups and control groups was assessed through the
utilization of the Bray-Curtis distance metric. P values were indicated by asterisks: *p < 0.05, **p < 0.01, and ***p < 0.001. The three types of fertilizer treatments
correspond to three levels of nutrient addition: N addition (N5 =5 ¢ N m™ year!; N10 = 10 g N m™ year’; N15 = 15 g N m™ year'!); P addition (P2 = 2 g P m™ year’
1. P4 =4 gPm?year’; P8 = 8 g P m? year™); NP addition (N10 & P2 = 2 g Pm year'’; N10 & P4 = 4 g Pm™ year'’; N10 & P8 = 8 g P m™ year™, with 10 g N m
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Fig. 2. The relative importance of soil-borne groups in explaining plant richness and biomass, as well as the assembly processes of protist communities under
different fertilization treatments. Relative importance (% increase in the mean square error, MSE) of different groups of soil organisms (including bacteria, fungi,
protists and nematodes) in explaining plant biomass (a) and plant richness (c) across all the samples. The linear relationships between the species richness of different
soil organisms and plant biomass (b) and richness (d). The taxonomic normalized stochasticity ratio (1-tNST) of protist community under nitrogen (e), phosphorus
(f), nitrogen + phosphorus (g) application. P values are indicated by asterisks as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

attributed to the relatively low fertilizer application levels in our
experiment site. Soil microbial communities on the Qinghai-Xizang
Plateau may predominantly adopt a dormant lifestyle to cope with
environmental stress, consequently, weakening deterministic processes
as they activate under different micro-environmental conditions (Nem-
ergut et al., 2013; Velasco-Gonzalez et al., 2020). These results suggest
that the diverse patterns in soil protist community assembly may be
attributed to distinct selection strategies in response to external nutrient
pressures. The varied response patterns in protist community assembly
may also be related to changes in soil bacterial prey induced by fertilizer
addition. Recent studies have shown the relative importance of deter-
ministic processes of protist communities increased in the plant rhizo-
sphere, possibly due to the plant selection of bacterial communities (Yue
etal., 2023). The addition of nitrogen fertilizer, in particular, often leads
to soil acidification, and soil pH is a predominant factor driving the
structure of bacterial communities (Hu et al., 2024). In addition, we
found that predatory protists positively correlated with nitrogen
enrichment, while phototrophic protists positively linked to phosphorus
addition (Fig. 3). Nitrogen addition promotes plant growth, which can
enrich bacterial density that promotes phagotrophic protists (Gao et al.,
2019; Kowalchuk et al., 2002; Yue et al., 2023). Phototrophic protists
may have a relatively high demand for phosphorus, given the extra
phosphorus required in the energy transfer processes required for
photosynthesis (Neupane et al., 2019).

In summary, our findings highlighted that the protist communities
are more sensitive to anthropogenic fertilizer additions as compared to
bacterial, fungal, and nematode communities in an alpine meadow
ecosystem, and they were highly correlated with plant richness and
biomass. We emphasize that protist communities may serve as impor-
tant bioindicators of ecosystem perturbation and plant biodiversity
under anthropogenic interference in less disturbed natural ecosystems.
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Fig. 3. The relationship between the relative abundance of different protists functional groups and nitrogen (a), phosphorus (b), and nitrogen + phosphorus (c)
application. Colored lines show the regression plots of the different soil organism groups. Variables are categorized into different nutrient addition types. The
numbers on the X-axis represent the annual fertilizer addition rates per square meter. Values are mean effect sizes with bootstrapped 95 % confidence intervals (CI).
Solid lines indicate statistical significance for the relationships, while the dashed lines indicate no statistical significance for the relationships.
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