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ABSTRACT

Peatland grasslands are ecologically valuable ecosystems that support biodiversity and provide key functions,
such as carbon storage and water regulation. However, agricultural intensification can degrade these ecosystems
by altering soil conditions and belowground communities. Earthworms, as important ecosystem engineers and
prey for meadow birds, play a central role in soil processes and trophic interactions, yet their responses to land-
use intensity in peat soils remain poorly understood. In this study, we examined how land management, soil
physicochemical properties, and vegetation characteristics influence earthworm communities in 19 Dutch peat
meadows. We assessed abundance, biomass, species richness, body size and species community composition in
relation to land management variables and remote sensing indicators of land-use intensity (S2REP). Earthworm
abundance and biomass increased with grass yield and S2REP, suggesting that more productive meadows sup-
port larger populations. Species richness, however, did not vary with land-use intensity. Average individual body
size declined significantly under more intensive management, independent of juvenile proportions, indicating
potential constraints on growth or condition. Communities were overall dominated by generalist, disturbance-
tolerant species, while variation in species composition was more strongly linked to soil salinity than land-use
intensity. Our findings show that land-use intensity primarily affects earthworm abundance and functional
traits, particularly body size, rather than taxonomic diversity. These shifts may impact soil functioning and
reduce the energetic value or accessibility of earthworms for meadow birds. Incorporating trait-based approaches
alongside taxonomic assessments offers a more mechanistic understanding of how agricultural practices influ-
ence belowground biodiversity and ecosystem function in peatland grasslands.

1. Introduction

high amounts of manure and artificial fertilizers alters soil chemistry,
increases nutrient runoff to surface water, and, along with excessive

Peatlands are biodiversity hotspots, supporting specialized species
communities adapted to their unique hydrological and nutrient condi-
tions. Beyond their ecological distinctiveness, peatlands provide vital
ecosystem services, including carbon sequestration, water regulation,
and food production (Fluet-Chouinard et al., 2023; Lamers et al., 2015).
Peatland ecosystems face mounting pressures from human activity and
climate change. Their degradation, driven by land-use changes, agri-
cultural intensification and urban expansion, poses severe environ-
mental and ecological challenges (Fluet-Chouinard et al., 2023; UNEP,
2022). A major driver of peatland degradation is the drainage of peat
soils, which accelerates peat oxidation, greenhouse gas emissions, and
soil subsidence (Erkens et al., 2016). Furthermore, the widespread use of
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land use by heavy machinery, contributes to soil compaction (Batey,
2009; Luna Juncal et al., 2023; Rayne and Aula, 2020). The combination
of these factors has resulted in a strong decline in biodiversity in peat-
lands, further diminishing the ecological integrity of peat meadows
(Lamers et al., 2015).

Recognizing the challenges of maintaining peat grassland integrity, a
range of restoration and regenerative agricultural practices are
increasingly being adopted to reconcile conservation and land-use de-
mands. These practices such as raising water tables, reducing livestock
density, limiting nutrient inputs by applying manure, and modifying
mowing regimes not only aim to reduce soil subsidence and greenhouse
gas emissions, but also to shape favourable conditions for both

Received 19 June 2025; Received in revised form 22 December 2025; Accepted 24 December 2025

Available online 30 December 2025

0929-1393/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:l.c.woudstra@vu.nl
www.sciencedirect.com/science/journal/09291393
https://www.elsevier.com/locate/apsoil
https://doi.org/10.1016/j.apsoil.2025.106763
https://doi.org/10.1016/j.apsoil.2025.106763
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsoil.2025.106763&domain=pdf
http://creativecommons.org/licenses/by/4.0/

L.C. Woudstra et al.

aboveground and belowground biodiversity (Andersen et al., 2017;
Girkin et al., 2023; Zak and McInnes, 2022). In Northwestern Europe,
many peat meadows are managed extensively to support breeding
populations of meadow birds, with policies that prioritize high water
tables, low-input management, resulting in flower-rich meadows (Kleijn
et al.,, 2004). While primarily designed to benefit bird species, such
measures also affect soil conditions and belowground communities,
particularly key invertebrates such as earthworms.

Earthworms (Lumbricidae) are key ecosystem engineers in soils,
driving nutrient cycling, organic matter decomposition, and the for-
mation of soil structure, which affects soil life via the creation of pores
and the aeration of soils (Blouin et al., 2013; Pulleman et al., 2012).
Through these processes, they also strongly influence plant production
(van Groenigen et al., 2014). Simultaneously, earthworms serve as
important bioindicators due to their sensitivity to land-use intensity and
environmental change (Bartz et al., 2013; Pulleman et al., 2012). This
dual role, as both biobuilders and bioindicators, places them at the
centre in soil ecosystems. Moreover, as a major prey item for many
meadow bird species, they form a crucial link between belowground
biodiversity and aboveground higher trophic levels (Vickery et al.,
2001).

Conventional agricultural practices, such as conventional tillage and
monoculture cropping, typically reduce earthworm abundance and di-
versity (Briones and Schmidt, 2017). In clay soils, decline of earthworm
communities are often associated with soil compaction and disruption of
soil structure, whereas in sandy soils, reduced moisture retention and
lower organic matter inputs make earthworm communities susceptible
to land-use intensification (Bartz et al., 2013; Betancur-Corredor et al.,
2024; Mamabolo et al., 2024). The effects of manure application on
earthworm communities are variable. While manure can increase
organic matter availability and serve as a food resource, positive effects
on earthworm biomass and abundance appear to be species-specific and
potentially favouring a limited number of responsive species (Curry
et al., 2008; Murchie et al., 2015). The subsequent changes in commu-
nity composition and trait expression may alter earthworm contribu-
tions to soil structure and nutrient cycling.

While responses of earthworms to land-use intensity are well docu-
mented in mineral soils (Didden, 2001; Hoeffner et al., 2024; Timmer-
man et al., 2006; Van Vliet and de Goede, 2006), it remains unclear
whether the same patterns translate to peat soils, where high organic
matter content and distinct hydrological conditions may alter key
ecological drivers. In this study, we address this gap by examining how
management of peat grasslands shapes soil properties and vegetation
characteristics and how these factors jointly structure earthworm com-
munities. Specifically, we assessed how key biodiversity metrics (species
richness, abundance, biomass and functional traits) relate to variation in
land management, soil conditions, and vegetation attributes, with a
particular focus on body size as a functional trait linked to both soil
structuring activity and trophic interactions. We hypothesise that low
intensity management will be associated with higher earthworm abun-
dance and species richness, particularly through improvements in soil
moisture, physiochemical properties, and vegetation diversity. Although
peat grassland soils in general contain high organic matter stocks
(Schothorst, 1977), much of this material is poorly decomposed and of
low nutritional quality for earthworms, which preferentially exploit
microbially conditioned, nutrient-rich organic resources rather than
bulk soil organic matter (Curry and Schmidt, 2007). Increased manure
inputs under intensive management may therefore increase average
earthworm body size via intraspecific growth responses to enhanced
nutrient accessibility and/or interspecific turnover toward larger, more
opportunistic and stress-tolerant taxa. By combining biodiversity met-
rics with trait-based responses, our study aims to provide a more
nuanced understanding of how land-use practices shape belowground
communities in peatland grasslands.
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2. Methods
2.1. Study area

This study was conducted in the Vereenigde Binnenpolder near
Spaarnwoude, the Netherlands (52.415° N, 4.711° E). The area is a
lowland peat polder, characterized by grassland that is managed
through an extensive system of ditches and dikes, where meadows
within the polder were subject to water-level management by drainage
(van der Aar, 1984). The Vereenigde Binnenpolder is typical of lowland
peat areas used primarily for grassland-based agriculture, including
dairy farming. The polder is located within a predominantly urbanized
landscape (Atlas Leefomgeving, 2023). This peatland is classified as a
minerotrophic (fen) peat (sedge-peat with reed) polder (Bodemdata, n.
d.; van ‘t Veer, 2022).

A total of 19 fields were selected for sampling (supplementary fig.
S1), distributed across the study area (7.6 km?). The selected fields
represented a gradient of land-use intensity, ranging from regenerative
managed grasslands with no input of manure to regenerative fields only
using farmyard manure, which contains a lower amount of nitrogen per
unit, to more conventional managed fields using slurry manure and
artificial fertilizer. Field selection was based on management informa-
tion provided by farmers organised in a local agricultural nature
collective.

2.2. Earthworm sampling

Earthworm collection took place on March 20, 2024. In each selected
meadow, eight soil blocks measuring 20 x 20 x 20 cm were excavated
using a stratified sampling approach (Jiménez et al., 2006; van der Laan
et al., 2025). We did not applied additional sampling techniques (e.g.
mustard solution) to collect specific groups of deeper-burrowing earth-
worms (Singh et al., 2016) as they are rare in our wet meadow
ecosystem (Onrust and Piersma, 2017). The soil blocks were collected at
a minimum of 10 m distance from each other and kept at least 10 m
away from any water bodies, such as ditches, to ensure consistency
between the replicate sample blocks. Each collected soil block was
placed in a separate plastic bag and transported to a central place, where
they were taken apart and all earthworms could be collected. Soil blocks
that could not be processed the same day were transported to the Vrije
Universiteit, Amsterdam, and stored in a dark cooling cell at 5 °C to
prevent decomposition and mortality of earthworms prior to processing.
All soil blocks were processed within one week of collection to maintain
sample integrity. After extraction, collected earthworms were preserved
in tubes containing 96 % ethanol to ensure proper preservation for
subsequent identification and body measurements. The eight samples
were combined into a single composite sample per field for data anal-
ysis. This approach was taken to account for spatial heterogeneity within
the fields, while ensuring consistent sample sizes across sites.

2.3. Earthworm identification, biomass and body volume

Each earthworm was individually identified using the Dutch earth-
worm identification key of Krediet and Kimpel (2024). Specimens were
examined under a stereomicroscope (30x magnification) to reliably
determine the presence or absence of a clitellum. Adult earthworms
(with a clitellum) were identified to species level, while individuals
lacking a clitellum were classified as juveniles. Although juveniles could
not be identified to species level, they were included in analyses of total
abundance, total biomass, and body size to ensure comprehensive data
coverage. Fragmented earthworms were identified to the species level if
the body remained intact from the head to the end of the clitellum as this
allowed reliable identification. These individuals were also included in
the total abundance analyses. In contrast, body fragments that could not
be used to reconstruct individuals, which were mainly tail ends, were
excluded from the total abundance analyses. However, these body
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fragments were included in total biomass calculations to account for
their contribution to total biomass.

After identification, earthworm body width and length were
measured with a precision of 1 mm with a hand ruler. To determine the
body size of each identified individual, we calculated body volume using
the following formula, where width and length were measured in cm:

Volume (Cm3 ) — Width®*Length*n

This formula assumes a cylindrical body shape, providing an estimate of
the earthworm's volume based on its body width and length.

Earthworm biomass was determined by measuring the dry weight of
each individual. Prior to drying, each earthworm was patted dry with a
paper towel to remove any excess ethanol. The individuals were then
frozen at —21 °C for a minimum of 24 h. After freezing, the earthworms
were freeze-dried for at least 48 h (Edwards Modulyo freeze dryer) to
ensure all remaining moisture was removed. The dried individuals were
then weighed using a Sartorius R160P Analytical Balance with a precision
of 0.1 mg.

Body volume was used as the primary indicator of body size in
subsequent analyses, as it is less affected by variation in the amount of
organic content in the gut, that can make up to 20 % of the weight of an
earthworm (Edwards et al., 1996). To assess comparability with previ-
ous studies that use weight, we also tested the correlation between the
two metrics using a Pearson correlation test.

2.4. Soil and vegetation variables

Soil samples were collected using a stratified sampling approach to
ensure representativeness. At each field, soil was taken from the topsoil
layer (0-20 cm) using a stainless-steel auger to avoid contamination.
Between 15 and 25 cores were randomly collected and homogenized to
form a composite sample per field. Samples were placed in clean plastic
bags, labelled, and stored in cool conditions before being sent to the
laboratory for analysis. Plant-available nutrients were extracted using
the Mehlich 3 method. Concentrations of extractable phosphorus (P),
potassium (K), calcium (Ca), magnesium (Mg), ammonium (NH4+),
nitrate (NO3), sodium (Na), sulphur (S) and aluminium (followed
Mehlich (1984)). Soil organic matter content (SOM%) was measured by
loss-on-ignition at 550 °C for 4 h. Soil pH was measured in a 1:1 soil-to-
demiwater slurry using a profiline pH set and WTW pH electrode. Cation
exchange capacity (CEC) was calculated as the sum of extractable base
cations (Ca®", Mg?*, K*, and Na™*) from the Mehlich 3 extract (M3-CEC),
reflecting the effective nutrient-holding capacity under field conditions.
Total exchangeable capacity (TEC) was determined using the BaCly
method (Schwertfeger and Hendershot, 2009). (Supplementary table
S1).

Vegetation structure and plant diversity were assessed in each field
using a single 10 x 10 m plot, located at least 10 m from adjacent water
bodies. Within this plot, vegetation height was measured at ten
randomly chosen points where a ruler was placed against the stem or
leaf of the plant measuring the maximum plant height. The average of
ten measurements was calculated to represent mean vegetation height
for the field. In the same plot, plant species richness was determined by
identifying and counting all vascular plant species present. Each plot
was considered representative of the overall vegetation structure and
composition of the field and used as a field-level covariate in subsequent
analyses.

2.5. Meadow management

Information on land management practices of each sampled meadow
was collected directly from the farmers by the local agricultural nature
collective. This included data on fertilizer application, as well as early
season grass yield (expressed in kg dry matter ha-!). Fertilizer and
manure application rates were expressed as kg N ha™!, since many fields
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received a mixture of slurry, rough manure, and artificial fertilizer
rather than a single consistent type. To account for variation in soil
moisture content between fields, the relative land height above the
water height in the surrounding ditches was calculated based on the
georeferenced locations where earthworm sampling took place and
averaged per field. The coordinates of these sampling points were used
to extract elevation data from the Actueel Hoogtebestand Nederland
(AHN, 2020) a high-resolution national digital elevation model. The
mean surface elevation per field was then calculated from eight points in
each field. Surface water level date of surrounding ditches, indicating
the target water table height, were obtained from the regional water
board Rijnland and were subtracted from average land height to
calculate land height above surface water level.

2.6. Land-use intensity (S2REP)

In the Netherlands, large-scale grass mowing generally begins in late
April, when swards reach a height of around 20 cm. Fields with high pre-
mowing biomass typically reflect conventional management and are
dominated by perennial ryegrass (Lolium perenne). In contrast, fields
with lower biomass are often situated on nutrient-poor soils or are
managed under regenerative regimes, supporting a more diverse mix of
grasses, herbs, and other plant species.

To assess grassland production in our study area, we used the
Sentinel-2 Red Edge Position Index (S2REP) (Frampton et al., 2013), a
remote sensing-based vegetation index. Imagery was acquired, pro-
cessed, and analysed using Google Earth Engine (GEE) (Gorelick et al.,
2017) for the spring seasons of 2024, covering the period from April 4 to
May 1, depending on cloud conditions. Due to persistent cloud cover
over the study area, additional preprocessing steps were required. No
single date provided cloud-free coverage, so we constructed a mosaic
using images from April 4, April 14, April 24, April 29, and May 1.

A key spectral feature in vegetation monitoring is the “red edge,”
spanning the 680-780 nm region of the electromagnetic spectrum,
where reflectance increases sharply due to chlorophyll presence.
Sentinel-2 includes three dedicated red edge bands: Band 5 (705 nm),
Band 6 (740 nm), and Band 7 (783 nm). Chlorophyll absorbs strongly in
the blue (~450 nm) and red (~670 nm) regions, while reflecting green
(~550 nm) and NIR light (above 700 nm), creating a distinct red edge
signal in dense, photosynthetically active vegetation. We computed
S2REP for each pixel using the following formula:

705 + 35*((B4 + B7) /2 — B5)/(B6 — B5)

where B4 is the reflectance at 665 nm, B5 at 705 nm, B6 at 740 nm, and
B7 at 783 nm. Higher S2REP values are associated with areas of dense,
actively growing vegetation and typically reflect higher management
intensity (Bekkema and Eleveld, 2018).

We extracted S2REP values for each sampling field using the co-
ordinates of the eight sample points per field. This was done in RStudio
using the terra package (Hijmans et al., 2023) S2REP values were
extracted from the pre-processed mosaic image by overlaying the point
coordinates onto the raster data. For each field, we calculated the
average S2REP value across the eight sample points, yielding a single
representative value per field; importantly, none of the fields had been
mown prior to image acquisition. To facilitate model interpretability,
these average S2REP values were then rescaled to a 0-1 range prior to
subsequential analysis.

2.7. Statistical analysis

All statistical analyses were conducted in RStudio (Posit team, 2025),
using generalized linear models (GLMs) and linear models to assess the
relationships between earthworm community metrics (species richness,
total abundance, proportion of juveniles, biomass, and individual
average body volume), land management variables and soil and
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vegetation characteristics. Prior to model construction, we checked that
model assumptions were met and screened explanatory variables for
multicollinearity using Variance Inflation Factors (VIF < 3).

To mitigate issues of multicollinearity among soil and vegetation
variables and to facilitate dimension reduction a Principal Component
Analysis (PCA) was performed on collected soil and vegetation variables
using the vegan package (Oksanen et al., 2013). Variables included in the
PCA analysis were: vegetation height, plant species richness, pH, Ca, Mg,
CEC, total exchangeable cations (TEC), SOM%, NHa"-N, phosphorus (P),
potassium (K), sodium (Na), nitrate-N (NOs -N), sulphur (S), and
aluminium (Al). The data was standardized by centring and scaling to
unit variance prior to analysis to ensure comparability across variables
with different units. PCA was conducted using standardized values, and
the first two principal components were extracted to represent the main
variance in the data.

To investigate differences in earthworm species composition among
fields, we conducted a non-metric multidimensional scaling (NMDS)
analysis, based on Bray-Curtis dissimilarities of relative species abun-
dances. Juvenile and unidentified individuals were excluded from the
analysis. Species counts per field were converted to relative abundances
by dividing the number of individuals of each species by the total
number of identified individuals per plot. NMDS was performed using
the metaMDS() function in the vegan package (Oksanen et al., 2022),
with two dimensions (k = 2), Bray-Curtis distance, and 100 random
starts to ensure convergence on a stable solution. We tested for signifi-
cant shifts in community composition using permutational multivariate
analysis of variance (PERMANOVA) with the adonis2() function. Sig-
nificance was assessed using 9999 permutations, and effect sizes were
evaluated using R? values.

3. Results
3.1. General

A total of 4160 earthworm individuals and fragments were collected
across all sampling plots, representing nine different species. The iden-
tified species were Aporrectodea caliginosa, Allolobophora chlorotica,
Lumbricus rubellus, Eiseniella tetraedra, Aporrectodea rosea, Octolasion
lacteum, Lumbricus castaneus, Satchellius mammalis, and Aporrectodea
longa (supplementary fig. S3). A large proportion of the sample consisted
of juveniles (2174 individuals; 52.3 %), while 688 individuals or frag-
ments (16.5 %) could not be identified to species level and were recor-
ded as “Unknown”. Among the 1298 individuals identified to species
level, the most dominant species were A. caliginosa (534 individuals;
41.1 %), A. chlorotica (412 individuals; 31.4 %) and L. rubellus (144
individuals; 11.1 %). These three species represented the majority of the
identified earthworm community. Across sampled plots, there was a
large variation in the number of species, total number of individuals
found, as well as in biomass, and the mean individual volume of
earthworms (Table 1). Across all fields, the overall average per-soil
block abundance was 24.3 + 23.6 individuals, with a corresponding
biomass of 0.85 + 0.80 g and an average species richness of 2.26 + 1.61
species (mean + SD, N = 152 samples). (Supplementary table S2). In-
dividual body volume and dry weight were strongly correlated

Table 1
Summary of earthworm community metrics (0-20 cm soil depth) across all
sampling sites.

Metric Range Median  Mean + SD
Earthworm abundance (ind/m?, 56.25-1444 653.1 606 + 438
0-20 cm)
Earthworm biomass (g/m?, 2.81-55.4 19.9 22.0 £14.3
0-20 cm)
Species richness (no. of species)  3-7 5.0 4.95 +1.18
Mean volume per individual 0.53-1.20 0.74 0.77 + 0.20
(cm®)
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(Pearson's r = 0.85, p < 0.001).

3.2. PCA on vegetation and soil characteristics

The first principal component (DIM1) accounted for 31 % of the total
variance and primarily can be interpreted as a mineralisation and
fertility gradient, with higher values indicating increased nutrient
availability, base saturation, and potential for organic matter turnover,
and lower values associated with more acidic soils, greater plant species
richness, and taller vegetation likely reflecting more regenerative con-
ditions. The second principal component (DIM2) explained 17.7 % of the
variance and represents a gradient of soil salinization, with higher
values reflecting increased concentrations of Na, S, and TEC, consistent
with brackish conditions or salt-affected soils (supplementary fig. S2).

3.3. Relationships between land management and soil and vegetation
characteristics

Overall, there was no clear relationship between vegetation char-
acteristics or soil gradients and the tested land management variables.
For DIM1, the model showed no significant relationships with height
above ditch water level (estimate = —2.67, p = 0.757), manure appli-
cation (estimate = 0.0054, p = 0.367), and grass yield (estimate = 0.22,
p = 0.403) (supplementary fig. S4). Similarly, the model for DIM2
showed no significant relationships for height above ditch water level
(estimate = —5.97, p = 0.366), manure application (estimate = 0.004, p
= 0.372), and grass yield (estimate = —0.1, p = 0.611) (supplementary
fig. S5).

3.4. Relationships between land management, soil and vegetation
characteristics and earthworm community metrics

Total earthworm abundance was associated with early-season grass
yield (negative binomial model: estimate = 0.176, p < 0.05; fig. 1 A) and
manure application (estimate = 0.0032, p < 0.05; fig. 1B), which were
retained as explanatory variables. The model, however, explained only a
small proportion of variation (McFadden's R? = 0.039).

Higher early season grass yield appears to support not only more
worms, but also a higher total biomass of earthworms. The final model
retained a reduced model including grass yield and manure application,
which explained a greater proportion of variation in earthworm biomass
(adjusted R? = 0.39) compared to total abundance. Grass yield had a
significant positive effect on biomass (estimate = 0.176, p < 0.05; fig. 2
A), while manure application had no significant effect (estimate =
0.003, p = 0.077; fig. 2B) on total biomass of earthworms.

In contrast, the proportion of juveniles within the different earth-
worm populations was not associated with any of the directly measured
land management variables, soil nor vegetation characteristics. Stepwise
model selection did not retain any predictors, indicating no clear rela-
tionship between these factors and the proportion of juveniles. Simi-
larly, species richness was not related to either height above ditch water
level and manure application, or soil and vegetation characteristics.
Stepwise model selection resulted in a reduced model including only
grass yield as a predictor. The model explained a small proportion of the
variation in species richness across fields (adjusted R? = 0.0766). The
relationship between grass yield and species richness was not statisti-
cally significant (estimate = 0.19, p = 0.133) (supplementary fig. S6).

Earthworm body size (average volume of an individual) was not
affected by any of the directly measured land management variable or
soil and vegetation characteristics. Although DIM1 was maintained in
the final model, it explained only a small proportion of variation in in-
dividual body volume (adjusted R? = 0.08). DIM1 showed no significant
effect (estimate = —0.073, p = 0.122) (supplementary fig. S7).
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Fig. 1. Relationships between total earthworm abundance and (A) grass yield (kg dry matter/ha!) and (B) manure application (N/ha™). Solid lines represent best-fit
models with 95% confidence intervals (shaded area in A). Dotted lines indicate non-significant relationships (B).
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Fig. 2. Relationships between total earthworm biomass and (A) grass yield (kg dry matter/ha™l) and (B) manure application (N/ha™). Solid lines represent best-fit
models with 95% confidence intervals (shaded area in A). Dotted lines indicate non-significant relationships (B).

3.5. Linking remote-sensing data to land management, soil and vegetation
characteristics and earthworm community metrics

Plots with a higher early season grass yield were associated with
higher land use intensity. Grass yield had a significant positive effect on
S2REP (estimate = 0.28, p < 0.05; fig. 3). Stepwise selection resulted in a
model including DIM2, height above ditch water level and grass yield,
which together explained a moderate proportion of the variation in
S2REP across fields (adjusted R? = 0.31, F(3, 15) = 3.643, p < 0.05),
height above ditch water level showed no significant effect (estimate =
7.65, p = 0.1), and neither did DIM2 (estimate = 0.24, p = 0.18).

Total earthworm abundance increased significantly with S2REP
(Negative binomial model, estimate = 0.38, p < 0.001), indicating that
meadows with higher land use intensity supported higher worm den-
sities (fig. 4 A). However, this explained only a small proportion of the
variation in abundance (McFadden's R% = 0.039). Log-transformed total
worm biomass was positively associated with S2REP (estimate = 0.33, p
= 0.012), explaining a moderate proportion of the variation (adjusted
R? = 0.28). This suggests that not only worm numbers were higher in
fields with a higher land use intensity, but their combined biomass was
also greater (fig. 4B). In contrast, worm species richness was not
significantly related to S2REP (estimate = 0.10, p = 0.629), and the

model explained little variation (R? = 0.01), suggesting that land use
intensity affects worm quantity more than diversity (fig. 4C). Finally,
there was a clear and significant negative relationship between S2REP
and average worm volume (estimate = —0.09, p < 0.01), with the model
explaining a substantial portion of the variation (adjusted R? = 0.34).
This indicates that although total abundance and biomass increased
with land use intensity, individual worms tended to be smaller in more
intensively managed plots (fig. 4D).

3.6. Linking management, soil and vegetation variables and remote-
sensing data to species community composition

Species community composition was significantly associated with
variation along DIM2, indicating a change in species community
composition along a gradient of soil salinization. PERMANOVA indi-
cated that DIM2 explained a significant portion of the variation in spe-
cies composition (R? = 0.13, p < 0.05), while any management variables
or S2REP were not significant predictors of change in species composi-
tion (fig. 5).
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4. Discussion

Earthworm communities in these peat grasslands responded to land
management intensity in ways that were partly consistent with our ex-
pectations, but also revealed important deviations. While species rich-
ness remained relatively stable across fields, earthworm abundance and
biomass increased with land-use intensity, particularly in relation to
grass yield and remote sensing indicators (S2REP) of land-use intensity,
suggesting that productive grasslands supported higher worm densities.
Although the direct management variables explained only a small pro-
portion of the variation in abundance and biomass. Contrary to our
expectation that intensive management might favour larger-bodied in-
dividuals due to increased food availability, average body size declined
with land use intensity. Juvenile proportion varied across fields but was
not significantly associated with management variables, suggesting that
observed trait shifts in body size reflect changes intraspecific rather than
through demographic structure. Lack of a relationship between species
composition and land management intensity, and its association instead
with soil salinization (DIM2), underscores the importance of abiotic soil
properties in shaping species community composition.

The average number of 606 individuals m~2 is notably higher than
values reported for comparable grassland ecosystems on clay or sandy
soils. For instance, Didden (2001) reported an average 384 individuals
m~2 in Dutch lowland grassland meadows, Cluzeau et al. (2012)
recorded 350 individuals m™2 in French lowland grasslands, and
Hoeffner et al. (2024) found on average 214 individuals m 2 in managed
grasslands in central France. These elevated densities may be partly
attributed to drained peat soils, which typically retain more moisture

B °
C
g 2
e
@
£
kel
o
€
5 1
=
s
o
[ ]
0 [ )
0.00 025 050 0.75 1.00
S2REP (scaled)
D12 o
°
=
£
o 1.0
€
=
g
3
2 08
[0
&
2
<06
0.00 025 050 0.75 1.00

S2REP (scaled)

Fig. 4. Relationship between S2REP (scaled), a proxy for land-use intensity and total worm abundance (A), Total worm biomass (log(g) (B), the number of observed
unique species (C), individual average worm volume (mm?) (D). Solid lines represents the best-fit model with 95% confidence intervals (shaded area) and a sig-

nificant relation. Dotted lines indicate non-significant relationships.



L.C. Woudstra et al.

Applied Soil Ecology 218 (2026) 106763

Aporrectodea longa DIM2 Lumbricus castaneus
1
mo o
0.4 Lumbricus rubellus 1 2O 19
O Eiseniella tetrfdra
s Manure gpplication
DIM1
v_\
N
N~ o N
S2REP N 4
2 Allolobophora @lprotica o
o %0 o &
s -5 ‘\ Satchellius mammalis
- 18
Z Aporr,g?ggdea cali@nosb‘
-~ 20 \ e}
preas 0) O 10 5
IAe 8 \
9 ) \
Grass yield \
04 hd Octolasion lacteum
Rel hei%z{;o water ; 30
Aporrectodea rosea
-0.8

-0.5 0.0

0.5 1.0

NMDS1

Fig. 5. NMDS ordination of earthworm community composition based on Bray—Curtis dissimilarity. Each grey dot represents a sampling field. Species are plotted as
weighted averages of their abundances across fields. The orange arrow indicates a significant environmental vector (DIM2), suggesting a gradient associated with
variation in community structure. Grey arrows represent non-significant environmental variables included in the PERMANOVA model, plotted for reference but not
statistically associated with community variation. Species abbreviations: A. longa — Aporrectodea longa, A. rosea — Aporrectodea rosea, A. caliginosa — Aporrectodea
caliginosa, A. chlorotica — Aporrectodea chlorotica, L. rubellus — Lumbricus rubellus, L. castaneus — Lumbricus castaneus, E. fetida — Eisenia fetida, E. tetraedra — Eiseniella

tetraedra, S. mammalis — Satchellius mammalis, O. lacteum — Octolasion lacteum.

and soil organic matter than mineral soils, offering favourable condi-
tions for earthworm activity and reproduction (Torppa et al., 2024). In
addition, regular inputs of manure and the absence of tillage likely
support surface-dwelling and endogeic species by maintaining a stable
food supply and physical structure (Chan, 2001). Although in our study,
it remains difficult to disentangle whether these effects act indirectly
through increased grass productivity or directly through the type of
manure applied, which can either provide an immediate food source
(rough manure containing straw) (Onrust and Piersma, 2019) or cause
stress (slurry application with increased mortality by cutting the soil)
(Van Vliet and de Goede, 2006). Furthermore, our sampling was con-
ducted in early spring, when soil moisture and earthworm activity are
generally high, providing an indication of relative differences among
fields under different management conditions, though seasonal dy-
namics may alter abundances later in the year with changes in soil
moisture content and temperature (Eggleton et al., 2009; Ligrone et al.,
2024).

High earthworm abundance is often regarded as beneficial because
of their roles in soil aeration, structural stability, and organic matter
decomposition (Blouin et al., 2013; Sharma et al., 2017). However, these
contributions vary among functional groups, as different groups of
earthworms influence these processes in distinct ways (Ernst et al.,
2009; Huang et al., 2020). Earthworm communities across the studied
peat meadows were dominated by a number of generalist species,
reflecting patterns commonly observed in agriculturally managed

grasslands (Hoeffner et al., 2021; Onrust and Piersma, 2019). The high
prevalence of generalist taxa suggests that frequent disturbance and
nutrient inputs may favour species with broad ecological tolerances,
resulting in a simplified community structure. A possible explanation for
the absence of functionally distinct groups such as anecic earthworms,
particularly Lumbricus terrestris, is a combination of methodological and
ecological constraints. Earthworms in this study were sampled by
excavating soil blocks to a depth of 20 cm, potentially underrepresenting
deep-burrowing anecic species, which typically inhabit deeper layers
(Pelosi et al., 2009). However, in peat soils, deeper layers are often
saturated or waterlogged, creating conditions that are less favourable to
anecic earthworms (Decaéns et al., 2003; Onrust and Piersma, 2019).
Their apparent absence may therefore reflect both limited sampling
depth and genuinely unsuitable habitat conditions.

This limited functional composition may restrict the range of
ecological roles performed by the earthworm community, such as ver-
tical mixing and deep burrowing, which are typically associated with the
presence of anecic species (Andriuzzi et al., 2015; Huang et al., 2020).
However, in peat grassland systems, such functions may not necessarily
benefit the ecological integrity of peatlands (Lubbers et al., 2013; Wu
etal., 2017). Vertical mixing and deep burrowing by earthworms causes
increased oxygenation which can enhance organic matter decomposi-
tion, contributing to higher CO3 emissions (van Groenigen et al., 2014).

In addition to functional simplification, changes in body size
revealed another dimension of community response with potential
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consequences for soil functioning. Average individual body volume
declined significantly with increasing S2REP, a proxy for land-use in-
tensity. Importantly, this decline in size was not driven by a higher
proportion of juveniles in intensive fields, as the proportion of juveniles
was not significantly associated with S2REP or other management var-
iables. This suggests that land use intensity may constrain growth or
body condition, rather than altering demographic structure. To our
knowledge, there is no literature that clearly explains the mechanism
behind decreasing body size under more intensive land management.
One possible explanation is that earthworms exposed to stressful con-
ditions (e.g. nutrient imbalance, disturbance, or soil compaction) may
need to allocate resources toward tolerance and maintenance mecha-
nisms, thereby limiting investment in growth (Aira et al., 2007; Congdon
et al., 2001). Such effects may act indirectly through variation in land
use intensity influencing growth rates; for example, Onrust and Piersma
(2019) demonstrated differences in earthworm growth rate under
different types of manure application. Growth rates are also known to
depend on environmental conditions such as soil temperature and
moisture (Eriksen-Hamel and Whalen, 2006; Whalen and Parmelee,
1999). As earthworm weight and body volume were strongly correlated
in our study, our observed decline in body volume likely reflects a
reduction in growth and body condition under more intensive man-
agement. Soil temperature and moisture can vary with land use practices
(Mayel et al., 2021) that underly in complex management effects likely
captured by S2REP. Such environmental differences may contribute to
variation in earthworm body size.

This reduction in body size may further impact ecological functions
related to soil porosity or nutrient cycling and potentially limiting the
energetic value as food source available to meadow birds. Furthermore,
in more intensively managed fields, drier summer conditions may
reduce the accessibility of earthworms to foraging meadow birds,
despite higher worm densities at the start of the breeding season.
Hardened soils limit prey availability, raising questions about the actual
foraging value of these fields compared to fields with a higher water
table. This aligns with findings by Verhoeven et al. (2022), who found
no evidence for a relationship between earthworm abundance and the
presence of breeding godwits.

Surprisingly, typical land management variables, such as height
above ditch water level, manure application, and grass yield were not
strongly associated with the main ecological gradients in vegetation or
soil physiochemical composition. This disconnection likely reflects the
temporal dynamics of soil processes and nutrient availability, which
arise from fluctuating inputs and outputs as well as legacy effects of past
fertilization and short-term, non-linear responses following manure
application, all of which are strongly modulated by factors such as pH,
moisture, temperature, and organic matter quality (Bouwman et al.,
2017; Rieke et al., 2018). Consequently, it is challenging to identify
which individual soil elements drive nutrient availability, as their effects
are masked by these interacting temporal processes and, in our study,
were also highly correlated in the PCA. This makes it difficult to directly
connect single soil variables to land management and to disentangle
their independent contributions to earthworm community patterns. To
address these issues we integrated a comprehensive remote sensing in-
dicator, that might capture broader or more complex association with
land management intensity. S2REP proved to be a useful proxy of land-
use intensity, correlating strongly with grass yield and was positively
associated with total earthworm abundance and biomass. These findings
support the use of remote sensing to assess belowground responses to
management. However, S2REP did not explain variation in species
richness or community composition, reinforcing the notion that alter-
ation in land management alters earthworm quantity and species traits
more than diversity or species identity.

5. Conclusions

Together, these findings highlight that land management intensity
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influences earthworm communities in peat grasslands primarily through
changes in community structure and functional traits, such as individual
body size, rather than through shifts in species richness or community
composition. The dominance of endogenic and disturbance-tolerant
generalists and the decline in adult body size under more intensive
management suggest a shift toward a functionally simplified commu-
nity. Moreover, reduced body size of earthworms in more intensively
managed fields may lower their energetic value and potentially may be
less accessible to foraging meadow birds later in the season due to drier
soil conditions. These results underscore the importance of interpreting
belowground biodiversity within the specific ecological context of peat
soils. Incorporating trait-based approaches alongside taxonomic data
provides a more nuanced and mechanistic understanding of how land-
use practices affect soil biota, ecosystem processes, and trophic in-
teractions in these agricultural landscapes.
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