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Abstract
1.	 Soil communities in agricultural fields are shaped by both farm management and 

surrounding landscape structure. However, their relative contribution and poten-
tial interactions remain unclear. Understanding these relationships is essential 
for conserving soil biodiversity, which underpins key ecosystem functions and 
services.

2.	 To address this knowledge gap, we conducted a field soil sampling campaign 
across 87 farms in the Netherlands to assess how field-scale management and 
landscape structure in combination determine multiple soil communities, includ-
ing bacteria, fungi, protists and invertebrates, in agroecosystems.

3.	 Landscape structure significantly influenced the diversity and composition of 
soil organisms in addition to the strong influence of field-scale management. 
In particular, the compositional landscape heterogeneity played a stronger role 
than configurational heterogeneity in shaping soil community composition. 
Importantly, the influence of landscape structure on soil diversity was independ-
ent of land use intensity at the field scale, with the exception of soil invertebrates.

4.	 Synthesis and applications. These findings highlight the need for conservation 
strategies that integrate both field-scale and landscape-scale planning. The pro-
motion of diverse land use types might offer a practical pathway to maximize 
the effectiveness of soil biodiversity conservation within an intensively managed 
agricultural matrix.
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agricultural management, compositional landscape heterogeneity, configurational landscape 
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1  |  INTRODUC TION

Agricultural intensification occurs at both field and landscape scales 
(Gámez-Virués et al., 2015; Le Provost et al., 2021). Intensive field-
scale practices like fertilization and pesticide use have been shown 
to function as ecological filters, exerting significant effects on 
biodiversity (Delgado-Baquerizo et  al.,  2020; Guerra et  al.,  2021; 
Osburn et  al.,  2023). Agricultural intensification also affects 
the landscape beyond the farmed fields through the creation of 
monotonous landscapes with reduced non-crop areas (Landis, 2017; 
Sánchez-Bayo & Wyckhuys,  2019; Tscharntke et  al.,  2005). Such 
changes in landscape structure have been indicated to strongly 
influence biodiversity by reducing the dispersal of many organisms 
(Le Provost et al., 2021; Mennicken et al., 2020; Vahter et al., 2022), 
and the availability of favourable habitat patches which can act as 
a species pool from which species may recolonize other patches 
(Flohre et al., 2011; Priyadarshana et al., 2024). However, most of 
these insights derive from studies of above-ground communities 
(Barbaro et al., 2021; Carbonne et al., 2022; Tscharntke et al., 2012). 
The relationship between landscape structure and below-ground 
biodiversity has received far less attention than its above-ground 
equivalent. Given the fundamental role of soil biodiversity in 
supporting various ecosystem functions, understanding how both 
field and landscape-scale management affect soil communities is 
essential for conserving soil biodiversity in agricultural soils and 
optimizing their contribution to agroecosystem functioning.

The response of soil communities to landscape structure might, 
however, be fundamentally different from that of above-ground 
communities due to key differences in biological and ecological 
traits (Mony et al., 2022). Soil organisms are generally smaller, ex-
hibit higher propagule production and have shorter generation 
times compared to many above-ground taxa, which may influence 
their dispersal and establishment patterns (Hanson et  al.,  2012; 
Martiny et al., 2006). While habitat fragmentation at the landscape 
scale can strongly constrain the movement of many above-ground 
organisms (e.g. beetles, leafhopper) due to increased isolation and 
reduced connectivity (Deppe & Fischer, 2023; Krauss et al., 2003; 
Rösch et al., 2013), the dispersal of soil biota often occurs passively 
via wind, water, animals or anthropogenic activities, with varying 
degrees of efficiency (Choudoir et  al.,  2018; Martiny et  al.,  2006; 
Walters et al., 2022). Furthermore, these dispersal patterns are not 
consistent across soil taxa and distinct soil biota exhibit distinct dis-
persal patterns due to differences in their genomic attributes and 
phenotypic traits (Le Provost et  al.,  2021; Mony et  al.,  2020; Su 
et  al., 2022). Bacteria, for instance, may disperse widely via wind, 
water or animal vectors (Schmidt et al., 2014), other soil organisms 
such as fungi and invertebrates often have limited dispersal capabili-
ties and may rely on nearby non-crop habitats as sources of colonists 
or refugia (Su et al., 2022; Vacher et al., 2016). These trait-based dif-
ferences imply that landscape structure may have a more nuanced 
and taxon-specific impact on soil biodiversity.

A growing body of research has shown that above-ground 
biodiversity is shaped by interactive effects between local 

field-scale management and the surrounding landscape context 
(Barbaro et  al.,  2021; Batáry et  al.,  2011; Diekötter et  al.,  2010; 
Gámez-Virués et al., 2015; Jonsson et al., 2015; Winqvist et al., 2012). 
Structurally complex landscapes with non-crop habitats (e.g. grassland, 
forest) can contain a larger species pool (in particular of rare species) 
with organisms spilling over to nearby fields (D'Acunto et al., 2016). 
This, in turn, may counteract detrimental effects of field-scale land use 
intensification and enhance the above-ground biodiversity and eco-
system functioning of agricultural fields (Karp et al., 2018; Peng, Yang, 
et al., 2024; Tscharntke et al., 2005). This is known as ‘the intermedi-
ate landscape-complexity hypothesis’ which highlights that the effec-
tiveness of field management on improving biodiversity depends on 
landscape structure (Concepción et al., 2012; Tscharntke et al., 2012; 
Tscharntke et al., 2005). Consequently, maintaining or enhancing land-
scape complexity, particularly through the conservation of non-crop 
habitats, offers a practical pathway for mitigating the ecological costs 
of agricultural intensification and promoting sustainable farming prac-
tices (Le Provost et al., 2021; Priyadarshana et al., 2024; Tscharntke 
et  al.,  2021). However, despite these insights, most research exam-
ining soil biodiversity focuses primarily on field-scale management 
(e.g. tillage, fertilization, pesticide use) (Hartman et  al.,  2018; Peng, 
Qian, et al., 2024; Tsiafouli et al., 2015), neglecting the fact that below-
ground communities are shaped by a wide range of factors operating 
simultaneously at both field and landscape scales. The relative role of 
local versus landscape-scale drivers, and the extent to which these 
factors interact to shape soil biodiversity, remains largely unknown. 
This knowledge gap limits our ability to fully comprehend the mech-
anisms underpinning soil biodiversity patterns and constrains the de-
velopment of integrated strategies for conserving soil biodiversity and 
sustaining ecosystem functions in agroecosystems.

The objective of this study was to assess the impacts of surround-
ing landscape structures on soil biodiversity and to further investi-
gate the relative importance of land use management across field and 
landscape scales. We conducted a field study that spans a gradient 
of field land use intensities in a large-scale evaluation of four typical 
soil organism groups (bacteria, fungi, protists and invertebrates) on 87 
commercial farms in the Netherlands (Figure S1). The landscape struc-
ture around each sampling site was calculated based on the land use 
classes derived from LGN2022 (the National Land Use Database of the 
Netherlands 2022). Landscape structure metrics of each sampling site 
were quantified based on nine main landscape types considered in the 
current study, including arable fields, agricultural grasslands, natural 
grasslands, heather and moorlands, swamps and dunes, forest areas, 
water areas and built-up areas (Table S1). We hypothesized that: (1) 
shifts in landscape would have a significant impact on the diversity 
and community composition of soil organisms, and the effect of land-
scape structure on soil communities would be taxa-specific. (2) We 
also hypothesized that field-scale land use intensity (LUI) would exert 
a stronger influence on soil communities than landscape-scale vari-
ables, as it directly alters soil abiotic and biotic characteristics (Almasia 
et al., 2016; Boeraeve et al., 2019). In addition, we expected that there 
would be interactive effects of the landscape structure and field-
scale LUI on soil biodiversity. The impact of LUI on the diversity of soil 
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communities would be mitigated in more complex landscapes, which 
may contain reservoirs of rare or specialist species (Boinot et al., 2019).

2  |  MATERIAL S AND METHODS

2.1  |  Study sites and soil sampling

We conducted a regional field survey on 87 commercial farms span-
ning a gradient of land use intensity in the east of the Netherlands in 
the summer of 2022 (Figure 1; Table S1). Farms were selected a priori 
to represent the whole diversity of management practices and man-
agement system practices within a relatively restricted geographical 
area to minimize pedoclimatic variation (Moinet et al., 2025). Farmers 
granted access to their fields. Interviews were conducted with farm-
ers to document the management practices implemented at each site 
(Table S2). Farmers were contacted in advance and informed about 
the objectives of the study and the field sampling procedures. Verbal 
informed consent was obtained from all participating farmers prior 

to sampling and interviews. Written consent was not collected as 
the study involved minimal risk and did not collect sensitive personal 
identifiers. All soil samples were collected from May to June in 2022. 
A 10 × 10 m plot was chosen for soil sampling with a minimum buffer 
zone of 20 m from the field edges of each farm. Within each plot, 
three 1 × 1 m subplots were randomly selected, and four soil cores 
(0–20 cm depth) were collected from each subplot. Soil samples were 
transported on ice to the laboratory. Soils from the same plot were 
then homogenized and sieved to remove plant residues and rocks, re-
sulting in a total of 87 soil samples. One portion of the sieved sample 
was stored at −20°C for molecular analysis, one portion was air-dried 
for measuring soil chemical properties and the other was stored at 
4°C for soil physical analysis.

2.2  |  Assessment of soil characteristics

Soil physical and chemical parameters were measured, including soil 
gravimetric water content, soil texture, pH, soil nitrate, soil ammonium, 

F I G U R E  1 Location of study sites in the Netherlands, NW Europe. Arable sites (n = 39) are shown as circles, and grassland sites (n = 48) as 
triangles. The colour scale indicates land-use intensity, with dark blue representing the lowest and dark yellow the highest values.
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available phosphorus, soil total carbon and total nitrogen. Soil gravimet-
ric water content was calculated by subtracting the oven dry soil mass 
from the field moist soil mass after drying in an oven (105°C, 24 h). Soil 
pH was assayed after the soil samples were shaken in distilled water (2 
soil:5 water mass/volume). Soil nitrate (NO3-N) and ammonium (NH4-
N) were determined by a continuous flow analyzer (AutoAnalyzer-AA3, 
Seal Analytical, Norderstedt, Germany) following extraction with 
2 mol/L KCl (Qiu et al., 2022). The soil available phosphorus was meas-
ured using a colorimetric procedure (Zheng et al., 2018). Soil total ni-
trogen and carbon were measured by combustion using a CN analyzer 
(model TruMAc; Leco Corporation, USA). Detailed soil physical and 
chemical properties can be found in Table S3.

2.3  |  Assessment of soil microbial communities

Soil bacterial, fungal, protist and invertebrate diversity was assessed 
via amplicon sequencing on the Illumina NovaSeq platform (BaseClear, 
Leiden). Genomic DNA was extracted using the QIAGEN DNeasy 
PowerSoil Pro Kit following homogenization in phosphate buffer. 
Bacterial 16S rRNA (515F/806R), fungal ITS (ITS3/ITS4) and eukary-
otic 18S rRNA (IDT_V4f/IDT_TAReukREV3) genes were amplified, 
indexed, purified and pooled before sequencing (Apprill et al., 2015; 
Bass et al., 2016; Caporaso et al., 2011; Geisen et al., 2019; Parada 
et al., 2016; Tedersoo et al., 2014, 2015; White et al., 1990). Raw reads 
were processed using a custom pipeline in the OpenStack environ-
ment of Naturalis Biodiversity Center (Afgan et  al.,  2018). Merging 
(FLASH v1.2.11), primer trimming (Cutadapt v1.16) and ASV cluster-
ing (UNOISE2) were performed, followed by taxonomic annotation 
against local database: ITS data were matched against UNITE, while 
16S and 18S were compared against local NCBI GenBank databases 
(Abarenkov et al., 2022; Benson et al., 2005). To ensure even sampling 
depth, ASV tables were rarefied at 91,987 (bacteria), 10,415 (fungi), 
14,044 (protists), and 1961 (invertebrates) sequences per sample. 
Prior to rarefaction, samples with exceptionally low total read counts 
that were substantially lower than the typical sequencing depth were 
removed to ensure comparable data quality across samples. Final 
datasets included 86 bacterial, 84 fungal and protist and 83 inverte-
brate samples. Richness (ASV count) and Shannon diversity were cal-
culated to quantify soil community diversity. In addition, we assessed 
sampling completeness using incidence-based sample coverage calcu-
lated from presence–absence data across sampling sites. Field-scale 
coverage values ranged from 0.81 to 0.89 across soil communities 
(bacteria: 0.89; fungi: 0.87; protists: 0.85; invertebrates: 0.81). These 
results indicate that the sampling design captured the majority of soil 
taxa within fields, supporting the overall representativeness of our 
sampling at the whole-field scale.

2.4  |  Land use intensity index

Details of assessing land use intensity (LUI) can be found in the 
Supporting Information: supplementary methods. Briefly, the 

LUI index was derived from comprehensive field data, including 
universal management practices such as the amount of fertilizer 
use of nitrogen and phosphorus, liming, tillage, irrigation and 
pest control. Furthermore, field-specific data included grazing 
intensity, mowing intensity and plant community richness for 
grasslands, and crop diversity for arable fields. This information 
was collected through interviews with local farmers during the 
2022 field survey. Responses from the questionnaires were 
quantified, with each management practice translated into a 
numerical value ranging from 0 (lowest intensity) to 1 (highest 
intensity) (Table S2). The final LUI index was obtained by summing 
the scores for all individual practices and normalizing the total 
relative to the maximum possible score, as described in the 
supplementary methods.

2.5  |  Landscape variables

The landscape variables were calculated based on the land use 
classes derived from LGN2022 (the National Land Use Database of 
the Netherlands 2022, https://​data.​4tu.​nl/​datas​ets/​68836​3cc-​8c79-​
439f-​bb0e-​fe5d0​deb3161). Land use was classified into eight broad 
categories: arable crops, agricultural grassland, natural grassland, 
heather and moorland, swamps and dunes, forest areas, water areas 
and built-up areas (Table S4). For landscape variables, we first calcu-
lated the proportion of non-arable areas. The other variables, includ-
ing patch density (PD), edge density (ED), mean nearest-neighbour 
distance (MNN), Shannon diversity index (SHDI) (Table 1), were cal-
culated using the function ‘calculate_lsm’ in landscapemetrics R pack-
age (Hesselbarth et al., 2019). All these variables were classified into 
two groups representing the landscape compositional heterogene-
ity (the diversity and proportion of different cover types) and land-
scape configurational heterogeneity (the spatial arrangement of 
cover types) (Table 1). These variables have been widely used in land-
scape ecology and shown to significantly influence soil biodiversity 
(Frazão et al., 2017; Grilli et al., 2017; Martin et al., 2019; Mennicken 
et al., 2020; Raimbault et al., 2024; Seppey et al., 2023).

2.6  |  Data analysis

Ecological processes and mechanisms often vary across landscape 
scales, and different species respond to landscape changes at distinct 
spatial scales (Tscharntke et al., 2005). To identify the landscape scale 
at which landscape structure most effectively predicts response of 
soil organisms, we conducted a multi-scale analysis using the ‘multi-
fit’ function. We calculated landscape variables by considering circu-
lar areas of varying radius, ranging from 100 to 1000 m, centred on 
each sampling site. The optimal scale was selected based on the small-
sample Akaike information criteria (AIC) from 100 to 1000 m using 
‘multifit’ function (Huais, 2018). The lowest AIC scores for the rela-
tionship between soil bacteria, fungi, protist and invertebrate richness 
and landscape structure variables occurred at the 200, 100, 500 and 
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1000 m buffer zone, respectively (Figure S1). Therefore, the optimal 
landscape scale for examining the influence of landscape structure on 
soil bacteria, fungi, protist and invertebrate communities was chosen 
to be 200, 100, 500 and 1000 m.

At the optimal spatial scales identified above, we fitted Generalized 
Additive Models for Location, Scale and Shape (GAMLSS) to quan-
tify the relative contributions of landscape structure and field-level 
factors (soil properties and land use intensity) to soil community di-
versity, using the ‘gamlss’ package. GAMLSS models provide flexible 
regression and smoothing frameworks by relaxing the assumption 
that the response variable follows an exponential-family distribution, 
allowing instead a wide range of general distribution families (Barceló 
et al., 2019). The full GAMLSS models included only non-correlated 
landscape and field predictors. To avoid multicollinearity, variables 
with Pearson correlation coefficients ≥0.6 or variance inflation fac-
tors (VIF) ≥ 3 were excluded. Spatial autocorrelation in the multivari-
able model residuals was assessed using Moran's I test implemented 
in the ‘ape’ package with ‘moran.I’ function. Significant spatial auto-
correlation was detected in the residuals of the soil protist models (ob-
served = 0.105; expected = −0.012; p = 0.05) and invertebrate models 
(observed = 0.169; expected = −0.012; p < 0.01). To account for this, we 
incorporated spatial coordinates as a two-dimensional smooth surface 
in the GAMLSS models, which effectively removed spatial dependence 
(protists: observed = 0.060; expected = −0.012; p = 0.15; invertebrates: 
observed = −0.016; expected = −0.012; p = 0.52). Distance-based re-
dundancy analysis (db-RDA) was used to identify landscape structure, 
field land use intensity and soil properties influencing soil commu-
nity structure with Bray–Curtis dissimilarities in the ‘vegan’ package 
(Oksanen et  al.,  2013). Each variable's significance was evaluated 
through ANOVA by margins with 999 permutations, and only variables 
showing significant effects (p < 0.05) were visualized in the ordination 
plot. The effects of both landscape- and field-scale variables on the 
composition of soil communities were examined using the ‘rdacca.hp’ 
package (Lai et al., 2022).

Two methods were used to assess the possible interaction 
between landscape structure and field land use intensity on soil 
diversity (richness of ASVs). We first examined the interactive ef-
fects of landscape structure and field land use intensity on the 
diversity of soil communities using a generalized linear model with 

negative binomial residuals (glmer.nb) because richness values ex-
hibited overdispersion. A principal component analysis (PCA) was 
performed to create a multivariate index representing landscape 
structure. We then illustrated the responses of soil communities 
to landscape structure under low and high land use intensity. This 
was done by categorizing the land use intensity into low (Land use 
intensity index ≤0.6) and high land use intensity (Land use inten-
sity index >0.6). The threshold of 0.6 for LUI index was chosen as 
a cutoff based on its distribution and ecological relevance in the 
dataset, representing a meaningful distinction between low and 
high levels of land use intensity and capturing critical differences 
in LUI impacts on soil communities. Similar analyses were con-
ducted for individual landscape metrics to examine the interaction 
effects of LUI and landscape structure on soil communities. All 
analyses were performed using R (v.4.2.3).

3  |  RESULTS

3.1  |  The relationship between landscape 
structure, field land use intensity and the richness of 
soil communities

The relationship between landscape structure and soil diversity 
varied greatly among soil organism groups. There were significantly 
positive relationships between bacterial diversity (richness and 
Shannon diversity of Amplicon Sequence Variants [ASV]) and patch 
density (Pearson's r = 0.25, p = 0.03) and the proportion of non-
arable areas (Pearson's r = 0.30, p < 0.01) (Figure 2; Figure S2). Fungal 
and protist diversity were mainly related to landscape compositional 
heterogeneity (the diversity and proportion of different cover types) 
rather than landscape configurational heterogeneity (the spatial 
arrangement of cover types) (Figure 2; Figure S2). Fungal richness 
decreased with the Shannon diversity of the landscape (Pearson's 
r = −0.22, p = 0.049), but increased with an increase in the proportion 
of non-arable areas (Pearson's r = 0.29, p < 0.01) and declined with 
the proportion of arable land (Figure S3). In contrast to fungi, pro-
tist richness increased with landscape Shannon diversity (Pearson's 
r = 0.34, p < 0.01) but decreased the proportion of non-arable fields 

TA B L E  1 List of the selected metrics of landscape structure.

Abbreviation Descriptor Types Explanation

PD Patch density Landscape 
configuration

The number of patches in the landscape, divided by total landscape area. It 
indicates the overall heterogeneity and habitat fragmentation

ED Edge density Landscape 
configuration

The sum of the lengths (m) of all edge segments, divided by the total landscape 
area. It represents the complexity of the edge shape of the habitat

SHDI Shannon diversity 
index

Landscape 
composition

Descriptor increasing according to the number of landscape classes and 
evenness of these classes. It also indicates the overall heterogeneity and habitat 
fragmentation

MNN Mean nearest-
neighbour distance

Landscape 
configuration

Calculate the connectivity of patches in the habitat

Non_Ara % of non-arable 
areas

Landscape 
composition

% of non-arable areas, including grasslands, forest, water bodies and build-up 
areas
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(Pearson's r = −0.23, p < 0.01), a pattern largely driven by negative 
associations with agricultural grasslands (Figure  S3). Invertebrates 
diversity was strongly negatively related to the landscape con-
figurational heterogeneity, both for patch (Pearson's r = −0.22, 
p = 0.02) and edge (Pearson's r = −0.26, p = 0.01) density (Figure  1; 
Figure S2). These negative relations were primarily driven by the re-
sponse of Nematoda and Arthropoda, whereas Annelida and other 
invertebrate groups appeared less affected by landscape structure 
(Figure S4). At the field scale, fungal richness was negatively associ-
ated with land use intensity (Pearson's r = −0.32, p < 0.01), whereas 
protist richness showed a positive relationship (Pearson's r = 0.26, 
p = 0.01). In contrast, no significant associations were detected be-
tween land use intensity and either bacterial or invertebrate rich-
ness (Figure 2).

3.2  |  Effects of landscape structure, field land 
use intensity and soil properties on the diversity and 
community composition of soil organisms

The relative importance of landscape structure, soil properties and 
field land use intensity on the richness of soil organisms varied, with 
field land use intensity and soil properties being the strongest explana-
tory factors, except for invertebrates for which the most important 

predictor was the landscape patch density (Figure 3), in line with the 
observed negative relationship between invertebrate diversity and 
landscape structural heterogeneity (Figure 2). Bacterial richness was 
primarily influenced by soil pH and patch density. Specifically, richness 
was negatively associated with soil pH but positively associated with 
patch density. Soil fungal and protist richness were predominantly 
shaped by soil properties, including pH, nitrate concentration and am-
monium nitrogen. Fungal richness declined with increasing soil pH and 
nitrate availability, while protist richness showed a positive association 
with the nitrate concentration, pH and LUI (Figure S5).

We used distance-based redundancy analysis (dbRDA) to assess 
the effects of landscape structure, field land use intensity and soil 
properties on soil community composition. According to both the 
redundancy analysis and variation partitioning analysis, soil pH was 
the most important factor in shaping the community composition 
of soil organisms, and this was especially so for bacteria, fungi and 
invertebrates (Figure 4; Figure S6). Soil nutrients, including total car-
bon and nitrate, played key roles in structuring the composition of 
bacteria, fungi and protists, respectively. Field-scale LUI also signifi-
cantly influenced invertebrates' community composition. Notably, 
landscape compositional heterogeneity, measured by landscape 
Shannon diversity and the percentage of non-arable area, was a 
significant predictor of community composition across all soil taxa 
(Figure 4; Figure S6).

F I G U R E  2 Relationship between landscape metrics and the richness (number of Amplicon Sequence Variants) of soil bacterial, fungal, 
protist and invertebrate communities; n = 87 study sites. Solid lines are fitted by ordinary least-squares regressions, and the shadow areas 
correspond to 95% confidence intervals. Asterisks represent the statistical significance (*p < 0.05; **p < 0.01).
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3.3  |  Interactive effects of landscape 
structure and field land use intensity on the 
diversity of soil organisms

We found no significant interactive effects of landscape struc-
ture and field LUI on the richness of the soil community (Table 2). 
Changes in landscape structure led to a similar response of soil 
community richness except for invertebrates independent of the 
LUI (Figure 5). For example, increases in landscape structure were 
consistently associated with higher microbial diversity, regardless of 
field scale LUI (Figure 5). This pattern was further supported by the 
lack of significant LUI-dependent responses to individual landscape 
variables for these groups (Figure S7). In contrast, invertebrate rich-
ness exhibited clear interactive effects between field LUI and spe-
cific landscape metrics. In particular, landscape Shannon diversity 

and mean nearest-neighbour distance interacted significantly with 
LUI to shape invertebrate diversity. Specifically, invertebrate rich-
ness increased with landscape Shannon diversity under low LUI but 
declined under high LUI. Conversely, greater nearest-neighbour dis-
tance reduced invertebrate richness under low LUI but enhanced it 
under high LUI (Figure S7).

4  |  DISCUSSION

Understanding how soil communities respond to land use drivers 
at multiple spatial scales is crucial for optimizing agroecosystem 
management and sustaining ecosystem functions. Based on an ex-
tensive field sampling campaign, our study shows that landscape 
structure significantly influenced the diversity and composition of 

F I G U R E  3 Main predictors of soil bacterial, fungal, protist and invertebrate diversity; n = 87 study sites. Shown are the Pseudo-R2 values 
attributed to each variable included in the final models. Details of the final models are provided in Tables S5–S8. Solid bars represent local 
factors (local land use intensity and soil properties), while dashed bars represent landscape structure. NH-N, ammonium nitrogen; NO-N, 
nitrate nitrogen.
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soil organisms in addition to the stronger impact of field-scale land 
use intensity. Soil community composition was more associated 
with compositional landscape heterogeneity than configurational 

landscape heterogeneity. Notably, the effects of landscape struc-
ture on soil diversity, especially for soil bacteria, fungi and protists, 
were independent of field-scale land use intensity.

F I G U R E  4 Distance-based redundancy Analysis (db-RDA) results of soil bacterial, fungal, protist and invertebrates composition as 
explained by soil properties, land use intensity and landscape structure; n = 87 study sites. Only significant explain variables are shown in 
the figure. AP, available phosphorus; ED, edge density; LUI, land use intensity; MNN, mean nearest-neighbour distance; NH-N, Ammonium 
nitrogen; NO-N, nitrate nitrogen; NonAra, % of non-arable areas; PD, patch density; SHDI, Shannon diversity index of landscape 
composition; TC, total carbon; TN, total nitrogen; WC, water content.

TA B L E  2 Effects of land use intensity (LUI index, 0–1) and landscape structure (LS, the first axis of the principal component analysis 
based on the proportion of non-arable areas, patch density, edge density, mean of nearest-neighbour distance and Shannon diversity index) 
on the richness of the soil community.

Soil community

LUI LS LUI × LS

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

Bacteria −0.15 −2.87 0.004 0.02 0.741 0.459 −0.01 −0.11 0.910

Fungi −0.23 −1.60 0.109 −0.01 −0.03 0.980 −0.06 −0.57 0.569

Protists 0.82 3.71 <0.001 0.09 0.93 0.353 −0.04 −0.24 0.811

Invertebrates −0.16 −0.78 0.434 −0.10 −1.02 0.308 0.04 0.285 0.776

Note: Significant effects (p < 0.05) are presented in bold.
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4.1  |  Distinct responses of multiple soil organisms 
to landscape structure

In agreement with our first hypothesis, the effects of landscape 
structure on soil diversity were taxon-specific, perhaps reflecting 
the distinct ecological requirements of each taxon. We found that 
landscapes characterized by a higher number of patches, as well 
as a greater proportion of non-arable areas, were positively as-
sociated with bacterial diversity. This pattern is consistent with 
previous findings that habitat fragmentation can significantly 
influence bacterial communities by altering local soil conditions, 
potentially creating favourable niches for certain taxa (Labouyrie 
et al., 2023; Su et al., 2022). Fungal and protist diversity were both 
significantly correlated with landscape Shannon diversity and the 
proportion of non-arable areas, but the direction of responses di-
verged. Fungal diversity increased with higher non-arable cover, 
particularly grasslands, aligning with their preference for less 
disturbed habitats (Gao et al., 2024; Sünnemann et al., 2021). In 
contrast, protist diversity was highest in arable-dominated land-
scapes, possibly due to increased niche opportunities in disturbed 

environments (Aslani et  al.,  2024). Surprisingly, we observed a 
negative relationship between landscape Shannon diversity and 
fungal diversity. This contrasts with recent studies reporting posi-
tive associations between landscape diversity and fungal biodi-
versity (Estrada-Carmona et al., 2022; Gámez-Virués et al., 2015; 
Zhang et al., 2024). One potential explanation for this discrepancy 
could be contextual differences in landscape structure or domi-
nant habitat types. Landscapes in the Netherlands are typically 
highly fragmented and intensively managed (Kleijn et  al.,  2001; 
van Apeldoorn et  al.,  2013), which may disrupt fungal commu-
nities or favour generalist taxa at the expense of local diversity 
(Labouyrie et  al., 2023). Alternatively, drivers of fungal diversity 
may operate at broader spatial extents than the 100–1000 m 
range assessed here. Future research incorporating larger radii 
(>1000 m) would therefore be valuable for evaluating whether 
long-distance landscape processes influence fungal diversity pat-
terns. Soil invertebrates, particularly nematodes, responded more 
strongly to configurational heterogeneity (Figure S4). An increase 
in landscape configurational heterogeneity, such as an increase 
in the number of patches, may hinder the dispersal potential of 

F I G U R E  5 The relationship between landscape structure (the first axis of the principal component analysis based proportion of non-
arable areas, patch density, edge density, mean of nearest-neighbour distance and Shannon diversity index) and richness of soil communities 
under low (land use intensity ≤0.6, n = 53 study sites) and high (land use intensity >0.6, n = 34 study sites) land use intensity.
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soil invertebrates by disrupting the connectivity between habitat 
patches and limiting their ability to migrate and colonize new areas, 
thereby affecting their population dynamics and diversity within 
agricultural fields (Dupont et al., 2017; Rantalainen et al., 2008).

4.2  |  Soil community composition was mainly 
driven by landscape composition characteristics, 
rather than configuration

Our study reveals that landscape compositional heterogeneity (the 
diversity and proportion of different cover types) is more important 
than configurational landscape heterogeneity (the spatial arrange-
ment of cover types) in driving the community composition of soil 
organisms. This finding aligns with previous studies on soil protists 
(Seppey et al., 2023) and soil fungi (Mennicken et al., 2020; Zárate 
Martínez et  al.,  2024), reinforcing the idea that the identity and 
amount of land use types play a greater role than their spatial lay-
out. This may be because compositional heterogeneity reflects vari-
ation in land use types that differ markedly in soil conditions, such 
as nutrient availability, organic matter input and vegetation cover, 
all of which directly shape soil microbial communities. In addition, 
a compositionally diverse landscape may host a greater variety of 
source habitats, acting as a reservoir for a wide range of soil organ-
isms in agroecosystems (Vahter et al., 2022). These source habitats 
increase the chances of colonization and establishment in adjacent 
agricultural fields, thus enhancing local diversity and shaping com-
munity composition (D'Acunto et al., 2016; Mennicken et al., 2020). 
In contrast, dispersal processes linked to landscape configuration, 
such as connectivity or patch isolation, appear to have less influence 
on soil community composition despite significant impacts on their 
richness, possibly because many soil organisms have weak dispersal 
limitation or are more strongly shaped by local environmental fil-
ters (Mony et al., 2022; Raimbault et al., 2024). Given the increasing 
biotic homogenization observed in intensively managed agricultural 
systems (Aslani et  al., 2024; Banerjee et  al., 2024; Li et  al., 2024), 
maintaining or restoring landscape compositional diversity may be 
crucial for preserving both functional and taxonomic diversity of soil 
communities.

4.3  |  The relationship between landscape 
structure and soil biodiversity was independent of LUI

Consistent with our second hypothesis, we found that field-scale 
soil properties and LUI were stronger predictors of soil community 
composition and diversity than landscape variables, particularly 
for bacteria, fungi and protists. This finding aligns with a recent 
companion study (Gao et al., 2025) and reinforces the central role of 
LUI in structuring soil biodiversity, both through its direct influence 
on the communities and its indirect effects by modification in soil 
properties within agroecosystem (Delgado-Baquerizo et  al., 2020; 
Guerra et  al.,  2021; Osburn et  al.,  2023; Tsiafouli et  al.,  2015). 

The relative importance of field- and landscape-scale factors in 
influencing soil communities in a wide range of agricultural fields 
observed here has not been reported before. Compared to above-
ground communities, the establishment of soil organisms depends 
more on specific habitat requirements and suitable host plants (e.g. 
mycorrhizal fungi) (Boeraeve et al., 2019; Seppey et al., 2023). The 
successful recolonization of soil communities in new habitats will 
further depend upon the availability of host plants and nutrients 
(Delgado-Baquerizo et al., 2019; Jiang et al., 2018). Moreover, the 
distinct life-history attributes of soil microorganisms (e.g. high 
reproductive rates, spore formation) often facilitate rapid population 
recovery following perturbations, thereby reducing their long-term 
reliance on external dispersal or recolonization resources (Hanson 
et  al.,  2012; Martiny et  al.,  2006). Nevertheless, a substantial 
proportion of the variation in soil communities was also explained 
by landscape structure, and importantly, the effects of landscape 
structure were largely independent of LUI. The independent effects 
are likely due to the distinct ecological filter at field and landscape 
scales. Landscape structure and field LUI represent different 
ecological filters shaping soil communities through different 
mechanisms. Field LUI (e.g. fertilization, intensive tillage) exerts direct 
impacts on soil microbial communities by altering soil properties 
such as pH, moisture and nutrient availability at smaller spatial 
scales, leading to immediate shifts in soil communities. Meanwhile, 
landscape compositional heterogeneity and configurational 
heterogeneity (e.g. landscape diversity, patch density) may affect 
dispersal and colonization potential over broader spatial and 
temporal scales (Mennicken et  al.,  2020; Scherreiks et  al.,  2022; 
Zárate Martínez et  al.,  2024). This independence underscores 
the importance of considering both field- and landscape-scale 
strategies in soil biodiversity conservation, as each exerts unique 
and complementary influences on soil community assembly.

Notably, soil invertebrates were more sensitive to joint effects 
of field-scale LUI and landscape structure (Figure S7), possibly due 
to their larger body sizes, limited dispersal ability and stronger de-
pendence on habitat continuity. While landscape heterogeneity 
is often associated with increased biodiversity due to the provi-
sion of diverse habitats and ecological niches (Perović et al., 2015; 
Priyadarshana et  al.,  2024; Sirami et  al.,  2019), our results show 
that this effect is context dependent. Increased landscape het-
erogeneity in low-LUI sites, where soil communities are relatively 
undisturbed, may fragment key habitats and reduce suitability for 
specialists, thereby favouring generalists and ultimately decreasing 
overall biodiversity (Fahrig et al., 2011). Moreover, these results in-
dicate that non-arable areas may serve as refuges in low-intensity 
systems but become less effective or even detrimental under high-
intensity management. High-intensity management imposes strong 
abiotic filters (e.g. soil pH, nutrient availability) that override the 
potential benefits of nearby habitat heterogeneity. These findings 
suggest that landscape-based strategies to promote soil biodiver-
sity, particularly for invertebrate communities, may not be uniformly 
effective across land use contexts. To better inform conservation 
strategies, future studies should explore how specific components 
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    |  11 of 15GAO et al.

of landscape heterogeneity interact with varying levels of land use 
intensity to shape soil biodiversity across different taxa and spatial 
scales (Martin et al., 2016).

5  |  CONCLUSION

Based on an extensive field sampling campaign, our study shows 
that landscape structure significantly affects the diversity and 
community composition of different soil communities. In particular, 
compositional landscape heterogeneity is more strongly associated 
with soil community composition than configurational heterogeneity, 
highlighting the importance of a diverse landscape in supporting 
soil biodiversity in agroecosystems. Remarkably, the effects of 
landscape structure on the diversity of soil organisms, especially for 
soil microorganisms (bacteria, fungi and protist), are independent 
of field-scale LUI. These findings highlight the importance of 
integrating soil biodiversity conservation into landscape planning in 
agroecosystems, complementing the currently more prevalent focus 
on field-scale sustainable agricultural management. To achieve this, 
effective spatial planning engaging all relevant stakeholders at the 
landscape scale (e.g. landlords and managers, local government 
agencies) is equally essential to conserve soil biodiversity and 
sustain a broad range of ecosystem functions.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Appendix S1. Supporting information.
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