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A B S T R A C T

While there is an emerging body of research showing the consequences of land use intensity on soil biodiversity, 
most studies focus on biodiversity responses to a single or a limited number of agricultural practices in controlled 
settings or at a single field site, neglecting that multiple practices are simultaneously applied by farmers in real 
agroecosystems. The combined effects of various agricultural practices have, until now, been largely overlooked 
in agroecosystems.

Here, we conducted a field soil sampling campaign on 87 farms with two land use types (39 arable fields and 
48 grasslands) to investigate the relationship between land use intensity, determined by various agricultural 
practices, and multiple soil communities (bacteria, fungi, protists and invertebrates) at regional scales.

We found that land use intensity influenced the diversity and community composition of various soil taxa 
differently, and these impacts strongly depended on land use type. Soil fungi were most susceptible to land use 
intensity in both arable fields and grasslands. Specifically, irrigation and pest control were the main practices 
shaping soil communities in arable fields, while phosphorus and nitrogen fertilization were the main practices 
structuring soil communities in grasslands. Furthermore, an increase in land use intensity led to greater soil 
network complexity in arable fields.

Our findings reveal regional on-farm patterns of land use intensity effects on various soil communities and 
identified key agricultural practices that structure soil communities. A key strength of this study is that these 
patterns can be generalized because the samples were collected from 87 farmlands where multiple agricultural 
practices were implemented simultaneously. Overall, this work provides a comprehensive perspective on the 
different responses of multiple soil communities and their associations to land use intensity in agroecosystems.

1. Introduction

Soil, where our food begins, represents one of the largest reservoirs 
of biodiversity in terrestrial ecosystems and contain various taxonomic 
groups, such as bacteria, fungi, protists, and invertebrates (Anthony 
et al., 2023; Delgado-Baquerizo et al., 2020; Orgiazzi et al., 2016). Land 

use intensity, including soil tillage, intensive fertilization and applica
tion of pesticides, has been shown to improve crop yields and boost 
agricultural production to support a continuously growing world pop
ulation (Hartman et al., 2018), but it also has detrimental impacts, 
notably on soil health by inducing soil biodiversity loss (Geisen et al., 
2019b; Le Provost et al., 2021; Peng et al., 2024). Since soil biodiversity 
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is fundamental in supporting multiple ecosystem functions and services 
(Delgado-Baquerizo et al., 2020; Soliveres et al., 2016; Wagg et al., 
2014), understanding the effects of land use intensity on soil commu
nities is crucial for preserving and restoring biodiversity in agricultural 
soils and enhancing their role in agroecosystem functioning (de Vries 
et al., 2013; Labouyrie et al., 2023; Postma-Blaauw et al., 2012).

Land use intensity is often accompanied with soil compaction, sali
nization, acidification, organic matter loss and nutrient imbalance 
(Hartmann and Six, 2022). These unfavorable changes consequently 
influence the diversity, community composition and structure of soil 
communities (Peng et al., 2024; Tsiafouli et al., 2015). An emerging 
body of studies has indicated that an increase in land use intensity can 
lead to a decline in soil community diversity and that it can significantly 
alter their community structure and composition (Jia et al., 2022; 
Sünnemann et al., 2021). For instance, it has been shown that intensive 
use of pesticide can lead to a decline in community diversity of arbus
cular mycorrhizal fungi (Edlinger et al., 2022) and nitrogen-fixing 
bacteria (Walder et al., 2022). Inorganic fertilization (Betancur-Corre
dor et al., 2022; Lian et al., 2022; Sabir et al., 2021; Zhao et al., 2020) 
and conventional tillage (Tsiafouli et al., 2015; van Capelle et al., 2012) 
can significantly alter soil community structure and composition. In 
addition, it has been demonstrated that responses to land use intensity 
can differ greatly among soil organisms (Allan et al., 2014; Guo et al., 
2023). Soil bacteria and fungi have been found to respond differently to 
crop rotation (Ai et al., 2018; Zhang et al., 2014). Fungi are more sen
sitive to crop management than bacteria in arable fields. Larger organ
isms are also expected to be affected more strongly by environmental 
changes than small-sized microbial taxa (Postma-Blaauw et al., 2012).

Although there is an emerging body of research showing the conse
quences of land use intensity on soil biodiversity, most studies focus on 
their response to a single or limited number of agricultural practices in 
controlled experiments or at a single field site (Guo et al., 2020; Legrand 
et al., 2018), neglecting that multiple practices are simultaneously 
applied by farmers in commercial agroecosystems. The interaction effect 
of various agricultural practices has, until now, been largely overlooked. 
Moreover, given that responses of the belowground biodiversity depend 
on the prevailing environmental conditions (Feng et al., 2022; Hueso 
et al., 2012), results examining the impacts of land use intensity at a 
single site with specific agricultural practices cannot be generalized to a 
larger scale. This limitation prevents a systematic assessment of the 
relationship between land use intensity and soil biodiversity across real 
agroecosystems.

To better understand the changes in soil biodiversity across a 
gradient of land use intensity, more detailed studies across different land 
use types in agricultural fields are required that reflect the changes 
taking place across a variety of landscapes. In that context, it is impor
tant to distinguish among land use types (e.g., arable fields or grass
lands) that can vary greatly in how diversity and community 
composition of soil communities are structured due to great differences 
in the agricultural management, environmental conditions and social- 
economic factors (Aslani et al., 2024; Labouyrie et al., 2023; Peng 
et al., 2024; Romdhane et al., 2022). For instance, Szoboszlay et al. 
(2017) indicated that across Europe, croplands exhibit higher bacterial 
diversity than grasslands. Studies have also shown that conversion be
tween arable fields and grassland can lead to significant change in the 
composition and activity of soil community (French et al., 2017; Turley 
et al., 2020; van Eekeren et al., 2008). Therefore, examining the extent 
and nature of how land use intensity influence the soil community across 
different land use types at regional scales can help us to accurately 
quantify its impacts and adjust sustainable agricultural management 
tailored to each land use type, thereby mitigating the adverse effects of 
land use intensity on soil biodiversity.

In addition to its well-known impacts on the diversity and structure 
of soil communities, land use intensity can also affect the in
terrelationships among soil organisms and change their associations 
(Banerjee et al., 2019; Morriën et al., 2017). For instance, long-term 

organic fertilization influences soil microbial networks by increasing 
the diversity of keystone species and network complexity (Ji et al., 2020; 
Zhao et al., 2023). Importantly, impacts of land use intensity on a spe
cific taxon can initiate cascading effects throughout the entire meta
community, facilitated by species co-variation within these multitrophic 
associations. More associations are assumed to lead to greater ecosystem 
functionality because of a more efficient flow of energy and materials 
through the entire soil community (Chen et al., 2024; de Vries and 
Wallenstein, 2017). Understanding these multitrophic associations is 
therefore prerequisite for revealing community assembly and nutrient 
cycling within the belowground metacommunity. However, most 
studies have focused on the networks of specific biotic groups (e.g., 
bacteria), neglecting potential interrelationships among co-evolved do
mains, such as protists and invertebrates, potentially resulting in 
incomplete characterizations of belowground community patterns in 
response to land use intensity and their implications in agroecosystems 
functionality.

In this study, our aim was to investigate the relationship between 
land use intensity and soil biodiversity (bacteria, fungi, protists and 
invertebrates) across different land use types and geographic locations. 
For this purpose, we examined 39 arable sites and 48 grassland sites 
embedded in a landscape with various agricultural practices in the east 
of the Netherlands. Land use intensity was assessed using an integrated 
land use intensity index (LUI) to quantify the intensity of multiple 
agricultural practices which were applied by farmers simultaneously. 
We assessed: (1) how do different soil groups respond to land use in
tensity in arable fields and grasslands? (2) how does land use intensity 
influence the network complexity of the soil metacommunity? Our main 
hypothesis is that different soil taxa will show distinct response patterns 
to land use intensity, and specifically that land use intensity may exert 
stronger impacts on higher trophic-level soil organisms (such as in
vertebrates and protists) (Chassain et al., 2024) compared to bacteria 
and fungi which have highly flexible metabolism (Liang et al., 2024). 
Second, we hypothesize that the responses of different soil taxa to land 
use intensity are not consistent in arable fields and grasslands due to 
their differences in agricultural practices. We also expect that land use 
intensity will may inhibit multitrophic interactions (Banerjee et al., 
2019; Bloor et al., 2021) and thus reduce the network complexity of soil 
communities.

2. Materials and methods

2.1. Study design and soil sampling

A total of 87 farms was selected, including 39 arable sites and 48 
managed grasslands, in the east of the Netherlands (Fig. S1). At each 
farm, one site was selected for soil sampling during a 5-week period in 
May and June 2022. At each site, a sampling area of 10 × 10 m was 
identified for soil sampling. Each sampling area was located in the field 
with a buffer zone of at least 20 m from the field edges. The 10 × 10 m 
square was divided into 100 1 × 1 m plots which were numbered from 1 
to 100. Three plots were randomly selected for soil sampling in each 
sampling area. In each plot, four soil cores were collected (0–25 cm 
depth), resulting in 12 cores per site which were homogenized and 
stored together on ice for transport to the laboratory. The soil cores were 
homogenized again in the laboratory and sieved to 2 mm to remove 
large roots and stones. Then each soil sample was divided into three 
parts: one subsample was stored at − 20 ◦C for soil DNA extraction, one 
subsample was used for measuring soil physical parameters, and another 
subsample was air-dried for soil chemical analysis (more details in 
Supplementary methods and Table S1). The results of soil nutrients 
indicated that the nutrient differences observed are likely linked to 
differences in fertilization practices rather than intrinsic site character
istics (Table S1).
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2.2. Land use intensity index

A detailed outline for determining the land use intensity index was 
provided in our previous publication (Gao et al., 2024). Briefly, the land 
use intensity index (LUI) was assessed for each site by means of ques
tionnaires about land management practices at each site. These ques
tionnaires were used to conduct farmers interviews during the field 
sampling campaign and collect information about specific management 
practices including the amount of mineral and organic fertilizer use of 
nitrogen and phosphorus, liming, tillage, irrigation, and pest control for 
both arable fields and grasslands (Supplementary methods). These 
practices were common to grasslands and arable fields and were 
recorded as categories: mineral and organic N application in 2022 (for 
both: 0; 1–25; 26–75; 76–125; 176; 225; >225 kgN/ha), mineral and 
organic P fertilization in 2022 (for both: 0; 1–30; 31–60; >60 kgP2O5/ 
ha), tillage frequency in 2022 (0; 1; 2; 3; 4; >4 times/season), irrigation 
(0; 1–40; 41–80; >80 mm/season), pest control (yes; no) and liming 
(yes; no) in 2022. The variables were converted into normalized indices 
by assigning numerical values ranging from 0 to 1, where 0 corre
sponded to the lowest ordinal category and 1 to the highest. In addition, 
information were collected about crop diversity for arable fields, and 
about grazing intensity, mowing intensity and plant community biodi
versity for grasslands (see more details in Supplementary methods). 
The land use intensity index was calculated as the sum of individual 
indices of different practices normalized to the maximum of the sum as 
detailed in Supplementary methods. The relationships between different 
variable practices were analyzed (Tables S2-S3). Furthermore, the full 
variation in LUI values for arable fields and grasslands is presented in 
Fig. S2.

2.3. Assessment of microbial community composition and diversity

The diversity of soil bacteria, fungi, protists and invertebrates was 
determined via amplicon sequencing using the Illumina NovaSeq plat
form (BaseClear, Leiden). As this study aims to analyze macrofauna next 
to meso- and microfauna, a large soil sample of 15 g was used for 
extracting genomic DNA. This 15 g soil sample was homogenized with 
15 ml of saturated phosphate buffer (Donald et al., 2021; Zinger et al., 
2016). A 2 ml sample was taken from this mixture and centrifuged. 0,5 
ml of the sample’s supernatant was taken to use in the further extraction 
steps of the QIAGEN DNeasy PowerSoil Pro Kit (Qiagen, Venlo, 
Netherlands) following the manufacturer’s instructions.

The bacterial 16S rRNA and fungal ITS genes were amplified with 
primer 515F/806R with the updated sequences for the 515-forward 
primer (Parada) (Apprill et al., 2015; Caporaso et al., 2011; Parada 
et al., 2016) and ITS3/ITS4 (Tedersoo et al., 2015, 2014; White et al., 
1990), respectively. Eukaryotic 18S rRNA were amplified for protists 
and invertebrates using forward primer IDT_V4f and reverse primer 
IDT_TAReukREV3 (Bass et al., 2016). 18S was selected as a marker for 
eukaryotes, since it captures relatively more diversity especially when 
using the phosphate buffer extraction method (Kirse et al., 2021; Tab
erlet et al., 2012). The V4-region of 18S is nowadays most commonly 
used for eukaryotes (Geisen et al., 2019a). PCR products were attached 
with IDT indexes, followed by beads cleaning and pooling into equi
molarity. The end pool was sequenced with an Illumina NovaSeq plat
form (BaseClear, Leiden) producing 250-bp paired-end sequences. Three 
extraction blanks and one amplification blank were taken along.

Quality filtering and clustering of raw sequences was performed in a 
custom pipeline on the OpenStack environment of Naturalis Biodiversity 
Center through a Galaxy instance (Afgan et al., 2018). First, raw se
quences were merged using FLASH v1.2.11 (Magoč and Salzberg, 2011) 
(minimum overlap 10, mismatch ratio 0.25); non-merged reads were 
discarded for further analyses. Next, primers were trimmed from both 
ends of the merged reads using Cutadapt v1.16 (Martin, 2011) (mini
mum match 5, mismatch ratio 0.2). Then, sequences were dereplicated 
and clustered into Amplicon Sequence Variants (ASVs) using UNOISE2 

(Edgar, 2016), with α = 2 and a minimal accepted abundance before 
clustering of 8 reads.

For taxonomic annotation, ASV sequences were blasted against a 
custom reference database using an extended BLAST + script (Beentjes 
et al., 2019) (query coverage cutoff 85 %, identity percentage cutoff 85 
%), and processed in a custom lowest common ancestor (LCA) script to 
identify ASVs to genus level (Beentjes et al., 2019). The LCA script was 
performed on the top 100 hits, with bit-score > 170, a minimum identity 
of 85 % and a minimum coverage of 85 %. ITS data was blasted against a 
local UNITE dataset (Abarenkov et al., 2022). 16S and 18S were 
compared against local copies of the respective NCBI GenBank (Benson 
et al., 2005) datasets (downloaded 16–03-2022). Protists are defined as 
all eukaryotic taxa, except for fungi, invertebrates (Metazoa) and 
vascular plants (Stretophyta). All ASVs that contributed less than 0.05 % 
to the total reads of the sample were removed for each sample for 
downstream analyses. ASVs only occurring in arable fields or grasslands 
were identified as unique species.

2.4. Statistical analysis

All statistical analyses were conducted using packages in R (v.4.2.3). 
We selected ASV richness (observed ASV numbers per sample) and 
Shannon diversity index to investigate changes in alpha diversity of soil 
organisms. For the overall soil biodiversity, a quantitative index for each 
site was calculated. Following an approach outlined elsewhere 
(Delgado-Baquerizo et al., 2019), the diversity of bacteria, fungi, pro
tists, and invertebrates was standardized using the equation: ((raw
Diversity − min(rawDiversity) / (max(rawDiversity)- min 
(rawDiversity)), where min = minimum diversity value and max =
maximum diversity (richness) value across all samples. The standard
ized samples were averaged across organism groups.

We used generalized linear models to analyze the relationship be
tween LUI and the Shannon diversity in arable fields and grasslands. 
Generalized linear models with negative binomial residuals (glmer.nb) 
were used to analyze the relationship between LUI and the richness of 
soil organisms because richness values exhibited overdispersion. The 
relative abundance of each phylum in the different soil groups was 
calculated based on the total reads of ASVs. The relative abundance data 
of soil biota were Hellinger pre-transformed to avoid overemphasizing 
the impacts of rare species (Legendre and Gallagher, 2001). Soil com
munity differences were represented on a two-dimensional ordination 
plot following NMDS analysis, using the metaMDS function in the 
“vegan” package (Oksanen et al., 2013). The effects of LUI on the 
composition of the soil community in arable fields and grasslands were 
compared using PERMANOVA (function “adonis”) based on a Bray- 
Curtis dissimilarity matrix (999 permutations) in the “vegan” package. 
In order to examine the response of soil biotic composition to individual 
agricultural practices, distance-based redundancy analysis (db-RDA) 
was performed with Bray-Curtis dissimilarities in the “vegan” package 
(Oksanen et al., 2013). To statistically evaluate the effects of individual 
agricultural practices in real farming systems, hierarchical and variation 
partitioning analysis was applied using “rdacca.hp” package (Lai et al., 
2022).

Co-occurrence networks have been increasingly used to unravel re
lationships between soil organisms (Barberán et al., 2012; Morriën et al., 
2017). Although co-occurrence networks might not reflect the true 
complexity of microbial interactions (Blanchet et al., 2020), this inte
grative approach can provide complementary insights into the conse
quences of land use on soil community structure (Banerjee et al., 2019; 
Hu et al., 2021) and their related functions (Chen et al., 2024; Jiao et al., 
2021). Intra- and inter-kingdom co-occurrence networks were con
structed using ASVs from bacteria, fungi, protists and invertebrates 
under different LUI in arable fields and grasslands. To construct the co- 
occurrence networks with the same number of samples, 39 samples were 
randomly selected from samples in grasslands (in total 48 samples). A 
moving average approach was used to ensure robustness, selecting ten 
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samples each time after ranking all samples by LUI values for network 
analysis. Only ASVs that summed to a relative abundance > 0.5 % in all 
samples were retained for network analysis. ASVs numbers present in 
more than 5 sites were retained and all soil invertebrates given their 
limited number of ASVs. Co-occurrence networks were established 
based on Spearman’s correlation matrices using the “igraph” package. 
We focused on ASVs that strongly co-occurred in the network with 
adjusted cutoffs of P < 0.05 and r > 0.6. The networks were visualized 
using a Fruchterman-Reingold layout with Gephi software. The topo
logical properties of each network under two land use types were 
calculated in Gephi. A highly complex network has a great number of 
nodes, edges, average degree, clustering coefficient and graph density, 
and lower values of average path length and betweenness centrality 
(Jiao et al., 2022). The linear model was applied to evaluate the re
lationships between land use intensity and the topological properties of 
network complexity.

3. Results

3.1. Land use type and intensity, and overall soil biodiversity

Alpha diversity of the overall soil community did not vary signifi
cantly in response to LUI in both arable fields and grasslands (Fig. S3, 
Table S4). Among the soil samples collected on the 87 sites, most of the 
sequences were found to belong to bacteria (50 %), followed by soil 
fungi (25 %) and soil protists (23 %). Invertebrates (3 %) had the lowest 
richness across all samples (Fig. S4a). These soil groups showed 
different occurrences across different land use types. In general, arable 
soils harbored relatively fewer bacteria and fungi than grasslands, 
whereas there were more protists in arable fields (Fig. S4b). In addition, 
29 % of these ASVs were shared among the two land use types, with the 
grasslands harboring a higher number of unique species (39 % ASVs) 

than arable fields (32 % ASVs). When separated between the soil taxa, 
grassland soils contained more unique species of bacteria, fungi and 
invertebrates, except for protists which had more unique species in 
arable fields (Fig. S4c).

3.2. LUI and the diversity and composition of soil communities

Relationships between the belowground diversity and LUI were not 
consistent across distinct soil groups and were dependent on land use 
type (Fig. 1 and Fig. S5). Alpha diversity of soil bacteria and protists 
communities did not vary significantly in response to changes in LUI in 
both arable fields and grasslands (Table 1 & Table S5). In contrast, 
significant effects of LUI were observed for the alpha diversity of the 
fungi and invertebrates in both arable fields and grasslands, even though 
the associated R2 values were relatively low. An increase in LUI signif
icantly reduced the diversity of soil fungi, especially in arable fields. The 
response of invertebrates diversity to LUI depended on land use type 
(Fig. 1 & Fig. S5). A significant increase with LUI was shown in the 
richness of invertebrates in arable fields, whereas increasing LUI led to a 
reduction in the richness of invertebrates in grasslands (Fig. 1).

In both arable fields and grasslands, multivariate tests using Bray- 
Curtis dissimilarity matrices revealed that soil bacterial, fungal, protis
tan and invertebrate community composition differed significantly 
along LUI gradients in arable fields and grasslands (Table 2 & Fig. S6). 
In general, soil communities clustered according to land use types and 
LUI values (Fig. S6). Grassland bacterial, fungal and protistan commu
nities were more divergent compared to arable communities, whereas 
arable invertebrate communities were more distinct than grassland 
communities (Fig. S6).

Distinct differences in the relative abundance of the phyla within the 
four soil groups were observed. Bacterial phyla Proteobacteria, Actino
bacteria and Planctomycetes were the most abundant phyla in both 

Fig. 1. Effects of land use intensity (LUI) and land use type (LT) on the richness of soil communities. Orange and green dots denote sites in arable fields and 
grasslands, respectively. “*” and “+”indicate a significant correlation at p < 0.05 and p < 0.10, respectively.
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arable and grassland soils (Fig. 2). Higher LUI values coincided with a 
significantly lower relative abundance of Verrucomicrobia at both 
arable fields (p < 0.01) and grasslands (p < 0.10) (Fig. 3). A total of 8 
fungal phyla was detected in all samples and Ascomycota, Basidiomy
cota and Mortierellomycota were the most abundant phyla (Fig. 2). The 
abundance of Basidiomycota (p < 0.05) and Glomeromycota (p < 0.01) 
were significantly negatively correlated with LUI, whereas the abun
dance of Mortierellomycota (p < 0.01) was significantly positively 
correlated with LUI in arable fields. In grasslands, the abundance of 
Moriterellomycota (p < 0.05) and Chytridiomycota (p < 0.05) was 
significantly positively correlated with LUI, whereas Glomeromycota (p 
< 0.05) were significantly negatively correlated with LUI (Fig. 3). 
Regarding soil protists, Cercozoa, Ciliphora and Apicomplexa were the 
dominant phyla in all samples (Fig. 2). There was a significant negative 
relationship between the relative abundance of Apicomplexa and LUI (p 
< 0.05), and a positive relationship between Tubulinea and LUI (p <
0.05) at arable fields. Increasing LUI values coincided with decreased 
relative abundances of Ciliphora (p < 0.05) and Perkinsozoa (p < 0.05), 
but an increased abundance of Endomyxa (p < 0.05) (Fig. 3). For the 
invertebrate phyla, Annelida, Nematoda and Arthropoda were most 
abundant invertebrate phyla in all samples (Fig. 2). There was no sig
nificant correlation between the relative abundance of different phyla of 
invertebrates and LUI in arable fields. In grasslands, the abundance of 
Nematoda (p < 0.01) was significantly positively correlated with LUI 
while the abundance of Arthropoda (p < 0.05) was significantly nega
tively correlated with LUI (Fig. 3).

3.3. Individual agricultural practices and the composition of soil 
communities

A redundancy analysis and variation partitioning analysis showed 
the major agricultural management practices determining the commu
nity composition of soil biota (Fig. 4, Fig. S7). Irrigation and pest control 
practices were two most important agricultural practices determining 
the composition of bacterial, fungal and protistan communities in arable 
soils (Fig. 4, Fig. S7). For invertebrate communities, crop diversity was 
another practice driving their composition in addition to irrigation. In 
grasslands, different soil communities were shaped by different prac
tices (Fig. 4, Fig. S7). Phosphorus fertilization intensity (PFI) and liming 
were the most important practices in shaping the soil bacterial com
munity. The composition of the fungal community was mainly affected 
by PFI and Nitrogen fertilization intensity (NFI) and grassland diversity. 
PFI and NFI played a major role in shaping the soil protistan community 
composition. Soil invertebrates were primarily structured by liming, PFI 
and NFI in grassland soils.

3.4. Associations across soil organism groups differ among land use type 
and intensity

The co-occurrence network analysis showed how land use intensity 
affects the associations within and among different soil groups in arable 
and grassland soils. We found that an increase in LUI leads to an increase 
in the network complexity in arable fields but decline at grasslands 
(Fig. 5). There was no relationship between bacterial network 
complexity and LUI at arable fields, but a negative relationship at 
grasslands (Fig. S8, S9). We found negative relationships between LUI 
and fungal network complexity at both arable fields and grasslands 
(Fig. S8, S9), similar to the responses of their diversity to LUI. In 
contrast, an increase in LUI increased the network complexity of in
vertebrates community in arable fields, but reduced their complexity in 
grasslands (Fig. S8, S9). In general, the soil organisms that participated 
in network constructions were noticeably different at arable fields and 
grasslands (Fig. 6, Table S6). Furthermore, we found that higher 
complexity of interkingdom networks in grasslands with more nodes (p 
< 0.01) and links (p < 0.01) than in arable fields, and most associations 
were positive. This pattern is similar to the networks within individual 
soil groups, except for soil protists which had more complex networks in 
arable soils (Fig. 7, Table S7).

4. Discussion

Our regional on-farm study showed the response of soil bacteria, 
fungi, protist and invertebrate communities to land use intensity based 
on multiple agricultural practices at 39 arable fields and 48 grasslands. 
The diversity, composition and interactions of bacteria, fungi, protists 
and invertebrates varied in response to land use intensity, with a strong 

Table 1 
Effects of land use intensity (LUI index, 0–1) and land use type (LT) on the richness of the soil community.

Soil community Land use intensity (LUI) Land use type (LT) LUI × LT

Est. z p Est. z p Est. z p

Bacteria − 0.09 − 0.75 0.456 ​ 0.04 0.44 0.661 ​ − 0.10 − 0.71 0.481
Fungi ¡0.89 ¡2.33 0.020 ​ ¡0.49 ¡1.67 0.095 ​ 0.83 1.91 0.057
Protists 0.68 1.21 0.227 ​ − 0.12 − 0.28 0.779 ​ − 0.25 − 0.38 0.701
Invertebrates 0.92 1.68 0.094 ​ 0.92 2.18 0.030 ​ ¡1.33 ¡2.13 0.033

Note: Values in bold denote (marginally) significant correlations at p < 0.10.

Table 2 
Summary statistics of a PERMANOVA testing the effects of land use intensity 
(LUI), land use type (LT) and their interactions on the community composition of 
soil bacteria, fungi, protists and invertebrates.

Soil biota Treatments df1,df2 F-value R2 p-value

Bacteria LUI 1,83 6.23 0.07 0.001
LT 1,83 2.07 0.02 0.006
LUI × LT 1,83 1.70 0.02 0.018

​ ​ ​ ​ ​ ​
Fungi LUI 1,83 5.23 0.06 0.001

LT 1,83 3.44 0.04 0.001
LUI × LT 1,83 2.08 0.02 0.002

​ ​ ​ ​ ​ ​
Protists LUI 1,83 3.69 0.04 0.001

LT 1,83 2.16 0.02 0.002
LUI × LT 1,83 1.95 0.02 0.003

​ ​ ​ ​ ​ ​
Invertebrates LUI 1,81 4.37 0.05 0.001

LT 1,81 3.08 0.03 0.001
LUI × LT 1,81 1.76 0.02 0.032

Note: Presented are degrees of freedom, variance explained (R2), F-values and p- 
values. Significant effects (p < 0.05) are presented in bold.
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dependence on land use types. Uniquely, this study details the response 
of multiple soil communities to various agricultural practices across a 
range of field sites in real agroecosystems consisting of both grasslands 
and arable fields. These findings improve our understanding of anthro
pogenic management impacts on soil biodiversity and will help identify 
measures to conserve their diversity for agricultural sustainability.

4.1. Differential responses to land use intensity in arable fields and 
grasslands

We observed that soil organisms were differentially influenced by 
LUI (Fig. 1), which is in agreement with our first hypothesis. LUI had no 
impacts on the diversity and composition of soil bacteria in both arable 
fields and grasslands. Compared to other soil organisms (e.g., fungi), the 
rapid growth rates (Allison and Martiny, 2008), and flexible metabolism 
(Chen et al., 2022; Jiao et al., 2020) of soil bacteria can increase their 
rate of adaptation and evolution. This allows bacteria to have greater 
environmental tolerance and adapt to the disturbance induced by LUI, 

which consequently also leads to their dominance among soil organisms 
in frequently disturbed ecosystems (Chen et al., 2021; Liang et al., 
2024). Consistent with recent studies (Clocchiatti et al., 2020; de Vries 
and Bardgett, 2012; Põlme et al., 2020), our results showed that in
creases in LUI lead to decline in the diversity of soil fungi. Moreover, we 
noticed a stronger reduction of fungal diversity in arable fields, high
lighting that fungal communities at arable sites were more susceptible to 
LUI than fungal communities in grasslands (Fig. 1). This could be 
explained by the greater frequency of applied agricultural practices in 
arable soils, such as intensive tillage which can damage fungal mycelial 
networks directly and reduced fungal abundance (Bowles et al., 2017; 
Frey et al., 1999). Contrasting to our first expectation that higher- 
trophic-level soil groups are more sensitive to land use intensity, we 
did not find a significant response of soil protists to differences in LUI at 
both arable fields and grasslands. This could be explained by the vari
able responses of the distinct protist phyla to LUI (Fig. 3), resulting from 
niche differentiation, resource competition, and cross-kingdom in
teractions (Aslani et al., 2024). The decrease in the relative abundance 

Fig. 2. Differences in community structure of soil bacteria (relative abundance > 0.1 %), fungi (relative abundance > 0.1 %), protists (relative abundance > 0.1 %), 
and invertebrates at phylum level in arable fields and grasslands.
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of some phyla was complemented by the increase in other phyla. For 
instance, we observed that increasing LUI led to an increase in the 
relative abundance of Tubulinea, but decreases in the relative abun
dance of Apicomplexa and Imbricatea at arable fields. In addition, the 
non-significant response of soil protists may be attributed to their 
adaptability. Like bacteria, soil protist can rapidly adjust their activity 
and abundance in response to changes in environmental factors, such as 
soil moisture and nutrient availability (Foissner, 1997; Geisen et al., 
2018).

An increase in LUI led to an increase in the diversity of invertebrates 
in arable soils, whereas it reduced their diversity in grasslands. This can 
be explained by the greater nutrient availability in arable fields with 
more frequent application of fertilizers (Pothula et al., 2019). After 
addition of nutrients, soil invertebrates, such as nematodes, respond 
immediately and flourish due to the newly available nutrients. More
over, intensive agricultural practices may erase environmental con
straints (such as temperature and resources availability) on arthropoda 
communities (Li et al., 2022; van den Hoogen et al., 2019; Vazquez et al., 

2019). However, it is important to note that our results were based on 
DNA sequencing data. While sequencing data is widely used and pro
vided valuable insights into soil communities, such as community 
composition, it has limitations in capturing actual biomass or the ab
solute abundance of soil communities. To better understand the re
sponses of soil communities to LUI, integrating sequencing data with 
absolute abundance measures (e.g., phospholipid fatty acids, direct cell 
counts) and employing advanced techniques such as quantitative 
sequencing and ddPCR (droplet digital polymerase chain reaction) is 
recommended to achieve a more comprehensive understanding of 
complex soil communities (Barlow et al., 2020; Wang et al., 2024). 
Taken together, these results highlights the variable responses of 
different soil groups to LUI in arable fields and grasslands. It is essential 
to survey multiple soil groups to draw holistic conclusions on the effects 
of land use on soil communities, and to allow regulating soil functioning 
for sustainable management in agroecosystems (Allan et al., 2014; 
Chauvat et al., 2007; Cozim-Melges et al., 2025).

Fig. 3. Heatmaps summarizing Spearman’s correlations of LUI and the relative abundance of soil bacteria, fungi, protist and invertebrate phyla in arable fields and 
grasslands. “**”, “*” and “+”indicate a significant correlation at p < 0.01, p < 0.05 and p < 0.10, respectively.
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Fig. 4. Redundancy analysis of soil bacteria, fungi, protist and invertebrate communities as affected by different agricultural practices. Only significant agricultural 
practices are shown in the figure. The arrow represents different agricultural practices, the angle represents the correlation between the two practices, and the ray 
length of agricultural practices represents the influence degree of the influencing factors. Note: PFI, phosphorus fertilization intensity; NFI, nitrogen fertiliza
tion intensity.
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4.2. Individual agricultural practices underly responses in community 
composition to land use intensity

Compared to the diversity of soil communities, the community 
composition was more susceptible to land use intensity. The significant 
responses of some soil phyla (Fig. 3), probably translate into significant 
differences in the community composition along LUI gradients (Xu et al., 
2021). In line with our second hypothesis, we found that the impacts of 
LUI on the diversity and community composition of multiple soil com
munities strongly depended on the practices applied at the different land 
use types. In arable soils, irrigation was the most important practice 
shaping soil bacterial, fungal, protistan and invertebrates communities. 
Considering the summer drought in 2022 (Fig. S10), mediating water 
stress via irrigation is vital in shaping soil communities in arable soils (Li 
et al., 2021; Morugán-Coronado et al., 2019). Pest control was another 
main practice influencing the community structure of soil communities. 
This supports recent studies demonstrating that the intensive applica
tion of pesticides has deleterious impacts on soil communities and 
reduction of pesticide applications can promote the soil biodiversity 
(Riedo et al., 2021; Vahter et al., 2022; Wołejko et al., 2020). We also 
noted that crop diversity played an important role in structuring soil 
invertebrates composition. This is in line with recent studies showing 
that crop management significantly shapes soil invertebrates commu
nities (e.g., mesofauna, earthworms and nematodes) (Chassain et al., 
2024; Tsiafouli et al., 2015; Yin et al., 2022). Additionally, we noticed 
that there were few correlations between individual practices 
(Table S2), suggesting independent influences of individual practices on 
soil communities in arable fields.

Contrastingly to arable fields, phosphorus and nitrogen fertilization 
were the main practices in driving soil communities composition in 
grasslands. The effects of phosphorus and nitrogen fertilization were 
strongly correlated (Table S3), indicating that it is difficult to decipher 
whether it is phosphorus or nitrogen fertilization that influences the soil 
communities. The generally crucial impact of fertilizer application on 

soil communities is in line with numerous studies (Cruz et al., 2009; Guo 
et al., 2018; Liang et al., 2020; Wang et al., 2021). Besides fertilization 
intensity, we found that liming practice strongly structured bacterial, 
protistan and invertebrate communities. Liming, as a common practices 
in agriculturally managed land, can mediate soil pH against soil acidi
fication and improve nutrient cycling, which consequently affects soil 
communities (Heyburn et al., 2017; Holland et al., 2018). This result 
suggests that there is potential for utilizing liming practices for medi
ating soil biodiversity for sustainable agriculture. Overall, our results 
show that different agricultural practices contribute differently to soil 
communities in arable fields and grasslands and that an increasing in
tensity of these practices enhances the differences among soil commu
nities. Understanding the impacts of specific practices may help 
avoiding adverse effects and inform on sustainable agricultural 
management.

4.3. LUI influences the associations among soil organisms

Interkingdom co-occurrence networks encompassing all four taxa 
provided an integrated and holistic view of the associations between soil 
organisms along the LUI gradient in arable fields and grasslands. In 
contrast to our expectation, we observed that increased LUI coincided 
with an increased network complexity of soil communities in arable soils 
(Fig. 5), which might result from the increased network complexity of 
soil invertebrate communities (Fig. S8). This result contradicts with 
previous observations that microbial network complexity decreases as 
the agricultural practices intensify (Banerjee et al., 2019; Creamer et al., 
2016; Xue et al., 2020). Increased network complexity in arable soils 
may be attributed to the increase in soil nutrient availability (Morriën 
et al., 2017). Intensive agricultural practices, such as nitrogen and 
phosphorus fertilization, may enhance trophic interactions and coop
eration within or between soil communities. Moreover, Zhu et al. found 
that the proportion of potential interkingdom associations increases in 
microcosms with sufficient nutrient supply (Zhu et al., 2023).

Fig. 5. The relationship between the network complexity of soil communities (nodes number and edges number) and land use intensity at arable fields (n = 30) and 
grasslands (n = 39).
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We also noted that relatively more protists with a greater number of 
nodes occurred in the interkingdom network of arable communities than 
of grasslands. This is consistent with our finding that arable soils con
tained a greater number of unique species, suggesting that protists might 
play more important roles in arable soils than grasslands. This is likely to 

be explained by the greater soil moisture with intensive irrigation in 
arable soils (Table S1, Fig. S11). Previous studies have demonstrated 
that soil water availability strongly affect the diversity and community 
composition of soil protists, given that most protistan lineages require 
water to move, feed and reproduce (Clarholm, 1981; Oliverio et al., 

Fig. 6. Interkingdom co-occurrence networks across bacteria, fungi, protist and invertebrate groups in arable fields and grasslands (a). Nodes are colored according 
to their taxonomic affiliation at kingdom levels. The size of nodes is proportional to the number of links per node (i.e. degree) and the thickness of each edges (the 
lines) is proportional to the values of Spearman’s correlation coefficients. The edges (the lines) indicated significant correlations between the corresponding soil 
organisms, with positive interactions in red lines and negative interactions in green lines. Network topological features in arable fields and grasslands (b).
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2020; Stefan et al., 2014). Therefore, intensive irrigation in arable soils 
may widen their habitat niche availability with higher soil moisture 
content and consequently promote their associations with other soil 
communities. Altogether, these results highlight the importance of 
protists as key elements of soil multitrophic networks in arable soils that 
should be considered in future studies (Romdhane et al., 2022).

5. Conclusions

Our study reveals distinct responses of various soil communities to 
land use intensity. Fungi and invertebrates responded most strongly to 
land use intensity, in particular in grasslands. A key strength of this 
study is that these reported effects can be generalized because the 
samples were collected from 87 farms where multiple agricultural 
practices were applied simultaneously. Overall, this study provides 
regional-scale evidence of land use intensity impacts on various soil 
communities in real commercial agroecosystems. We showed that irri
gation and pesticide practices have most impact on arable land soil 
biodiversity, while fertilization practices have most impact on grass
lands. These findings provide valuable insights into soil management 
strategies to maintain or improve the diversity of soil organisms, a 
critical component of ecosystem functioning.
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Pérez, C.A., Reed, S.C., Santos, F., Siebe, C., Sullivan, B.W., Weber-Grullon, L., 
Fierer, N., 2019. Changes in belowground biodiversity during ecosystem 
development. Proc. Natl. Acad. Sci. 116, 6891–6896. https://doi.org/10.1073/ 
pnas.1818400116.

Delgado-Baquerizo, M., Reich, P.B., Trivedi, C., Eldridge, D.J., Abades, S., Alfaro, F.D., 
Bastida, F., Berhe, A.A., Cutler, N.A., Gallardo, A., García-Velázquez, L., Hart, S.C., 
Hayes, P.E., He, J.-Z., Hseu, Z.-Y., Hu, H.-W., Kirchmair, M., Neuhauser, S., Pérez, C. 
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Metsoja, M., Ryberg, M., Vasar, M., Murata, M., Nelsen, M.P., Cleary, M., 

C. Gao et al.                                                                                                                                                                                                                                     Geoderma 454 (2025) 117201 

13 

https://doi.org/10.1038/s41559-022-01799-8
https://doi.org/10.1016/j.eng.2021.09.012
https://doi.org/10.1016/S0167-8809(96)01142-5
https://doi.org/10.1016/j.apsoil.2016.10.015
https://doi.org/10.1016/S0038-0717(98)00161-8
https://doi.org/10.1093/femsre/fuy006
https://doi.org/10.1016/j.cub.2019.08.007
https://doi.org/10.1016/j.cub.2019.08.007
https://doi.org/10.1111/nph.16345
https://doi.org/10.1016/j.ejsobi.2018.05.007
https://doi.org/10.1016/j.ejsobi.2018.05.007
https://doi.org/10.1016/j.agee.2022.108314
https://doi.org/10.1016/j.agee.2022.108314
https://doi.org/10.1186/s40168-017-0389-9
https://doi.org/10.1038/s43017-022-00366-w
https://doi.org/10.1002/eap.1585
https://doi.org/10.1016/j.scitotenv.2017.08.020
https://doi.org/10.1016/j.agee.2021.107534
https://doi.org/10.1016/j.soilbio.2012.03.026
https://doi.org/10.1007/s00374-020-01439-y
https://doi.org/10.1007/s11104-022-05853-z
https://doi.org/10.1111/gcb.15917
https://doi.org/10.1038/s41396-019-0522-9
https://doi.org/10.1038/s41598-021-89950-6
https://doi.org/10.1038/s41467-023-37937-4
https://doi.org/10.1111/2041-210X.13800
https://doi.org/10.1111/2041-210X.13800
https://doi.org/10.1038/s41467-021-23931-1
https://doi.org/10.1007/s004420100716
https://doi.org/10.1007/s004420100716
https://doi.org/10.1016/j.apsoil.2018.08.016
https://doi.org/10.1038/s41598-021-96234-6
https://doi.org/10.1111/1365-2656.13744
https://doi.org/10.1016/j.agee.2022.108044
https://doi.org/10.1016/j.agee.2022.108044
https://doi.org/10.1016/j.soilbio.2020.108023
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1038/ncomms14349
https://doi.org/10.1016/j.scitotenv.2018.11.174
http://refhub.elsevier.com/S0016-7061(25)00039-4/h0375
http://refhub.elsevier.com/S0016-7061(25)00039-4/h0375
https://doi.org/10.1126/sciadv.aax8787
http://refhub.elsevier.com/S0016-7061(25)00039-4/h0385
http://refhub.elsevier.com/S0016-7061(25)00039-4/h0385
https://doi.org/10.1111/1462-2920.13023
https://doi.org/10.1111/1462-2920.13023
https://doi.org/10.1038/s41467-024-47348-8
https://doi.org/10.1038/s41467-024-47348-8


Samarakoon, M.C., Doilom, M., Bahram, M., Hagh-Doust, N., Dulya, O., Johnston, P., 
Kohout, P., Chen, Q., Tian, Q., Nandi, R., Amiri, R., Perera, R.H., dos Santos 
Chikowski, R., Mendes-Alvarenga, R.L., Garibay-Orijel, R., Gielen, R., 
Phookamsak, R., Jayawardena, R.S., Rahimlou, S., Karunarathna, S.C., 
Tibpromma, S., Brown, S.P., Sepp, S.-K., Mundra, S., Luo, Z.-H., Bose, T., Vahter, T., 
Netherway, T., Yang, T., May, T., Varga, T., Li, W., Coimbra, V.R.M., de Oliveira, V. 
R.T., de Lima, V.X., Mikryukov, V.S., Lu, Y., Matsuda, Y., Miyamoto, Y., Kõljalg, U., 
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