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Abstract 
Background and aims  Alley cropping agroforestry, 
which is the integration of tree strips into arable land, is 
known to enhance soil biodiversity as compared to open 
cropland. Earthworms, a key group of soil fauna, are 
strongly promoted through trees in agroforestry. Although 
tree leaf litter is often assumed to play an integral role in 
the promotion of earthworms, experimental data is lack-
ing. This study aims to shed light on the effect of tree leaf 
litter on earthworm communities in agroforestry.
Methods  Our study was conducted in a 17-year-old 
poplar alley cropping system in Germany. Earthworms 
were collected using chemical extraction along point 
transects at multiple distances from the tree strip into 
the windward and leeward section of its adjacent crop 
alleys. Additionally, leaf litter was manually collected 

from the soil surface and soil samples for general soil 
properties were taken at 0—30 cm soil depth.
Results  Overall distribution of earthworms mirrored 
the spatially heterogeneous distribution of tree leaf 
litter with greater population density and biomass in 
the tree strip and in the leeward crop alley as com-
pared to the windward crop alley. However, earth-
worm distribution patterns were species-specific. 
While anecic and epigeic earthworms were positively 
associated with tree leaf litter, endogeic earthworms 
showed no observable response.
Conclusion  Our results confirm tree leaf litter inputs as 
a major driver of earthworm communities in mature agro-
forestry systems. Furthermore, species-specific responses 
of earthworms to tree leaf litter are likely attributed to dis-
tinct feeding behavior and habitat requirements.
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Introduction

Silvoarable agroforestry, the establishment of woody 
perennials on arable land, is a land-use practice that 
can provide multiple environmental benefits over 
open croplands. Alley cropping systems that alter-
nate strips of trees with alleys of crops are gaining 
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increasing popularity as the width of the crop alleys 
can be matched to the working widths of the agricul-
tural machinery, which facilitates crop management 
and enhances scalability. Benefits of alley cropping 
cover the effective reduction of wind speeds and 
subsequently the risk of soil erosion (van Ramshorst 
et al. 2022) as well as the promotion of biodiversity 
(Kletty et al. 2023) including its beneficial ecosystem 
functions such as natural pest control (Staton et  al. 
2019; Matevski et  al. 2024) and pollination services 
(Varah et al. 2013, 2020). Furthermore, there is evi-
dence that alley cropping systems can effectively 
reduce leaching of nutrients through a “safety-net” 
of deep-rooting trees (Allen et al. 2004; Wang et al. 
2011) taking up excess nutrients that are leached 
below the main rooting zone of the crops. In addi-
tion to improved nutrient cycling, alley cropping sys-
tems have shown to sequester significant amounts of 
soil organic C (SOC) (e.g. Mayer et al. 2022), mak-
ing them not only a land-use practice for the adaption 
to climate change but also for its mitigation. As the 
ecosystem functions provided by alley cropping sys-
tems are manifold, several authors labeled them as a 
multifunctional land-use practice. In 2023, Veldkamp 
et al. validated this claim by publishing a comprehen-
sive field-based study showing that multifunctionality 
of alley cropping outperforms open cropland. Their 
work demonstrated that temperate alley cropping 
enhances soil biological activity by improving habitat 
conditions, which is congruent with the vast major-
ity of studies that carried out assessments on soil 
organisms in these systems. The promotion of soil 
organisms through alley cropping ranges from soil 
microorganisms like bacteria and fungi (Bainard et al. 
2011; Beule et al. 2020; Beule and Karlovsky 2021; 
D’Hervilly et al. 2020) to soil macrofauna like earth-
worms (Cardinael et al. 2019; D’Hervilly et al. 2022; 
Vaupel et al. 2023). Based on their morphology and 
behavior, earthworms can be classified into ecologi-
cal groups of which three generalized main groups 
have become widely established: anecic, endogeic, 
and epigeic earthworms (Bottinelli et al. 2020; Bou-
ché 1972). Anecic species live in predominantly ver-
tical, deep, and permanent burrows that extend from 
the soil surface to mineral soil horizons and mainly 
feed on aboveground organic material such as litter 
which they pull into their burrows. Endogeic species 

primarily inhabit the topsoil, where they create rather 
horizontal, non-permanent burrows, ingesting large 
amounts of mineral soil, whereas epigeic species 
dwell in and feed on aboveground litter.

In order to capture the spatial heterogeneity intro-
duced by the establishment of tree strips on arable 
land, spatial sampling designs within alley cropping 
systems often require sampling along transects span-
ning from the tree into the crop component of the sys-
tem (i.e. transect sampling; see Minarsch et al. 2025). 
The few studies that assessed earthworm communi-
ties along point transects in alley cropping systems 
revealed that the promotion of earthworms through 
agroforestry is mainly restricted to the tree strips and 
the extension into the crop alleys is limited to short 
distances and differs among earthworm species (Car-
dinael et  al. 2019; D’Hervilly et  al. 2022; Price and 
Gordon 1998; Vaupel et  al. 2023). Aside from tree 
strips offering an undisturbed habitat in croplands 
(Cardinael et al. 2019), tree leaf litter input has been 
assumed to be a promoting factor for the abundance 
and diversity of soil organisms in agroforestry sys-
tems (Beule et  al. 2022; Marsden et  al. 2020). For 
instance, in 2023, we found a gradual decline in the 
population density of endogeic earthworms with 
increasing distance from the trees into the crop alleys 
of an alley cropping system (Vaupel et al. 2023). We 
attributed the promotion of endogeic earthworms in 
close vicinity to the trees to the exponential decline 
of tree leaf litter with increasing distance from the 
trees, as reported by Oelbermann et  al. (2004). It is 
self-evident that the spatial distribution of tree leaf 
litter within alley cropping systems not just depends 
on the distance to the trees but also on the orientation 
of the tree strips to the wind direction during litter 
fall. Indeed, Swieter et al. (2019, 2022) showed that 
the amount of leaf litter deposited in crop alleys is 
larger at the leeward than the windward side. Despite 
these differences in litter deposition, assessments of 
soil organisms in temperate alley cropping systems i) 
rarely consider or determine the spatial distribution 
of tree leaf litter or ii) differentiate between the wind-
ward and leeward section of the crop alleys. To our 
knowledge, no study attempted to assess the influence 
of the spatially heterogeneous distribution of tree leaf 
litter within temperate agroforestry systems on key 
representatives of the soil fauna: earthworms.
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Here, we investigated earthworm populations, 
soil properties, and the amount of leaf litter in a 
tree strip as well as the windward and leeward sec-
tion of the bordering crop alleys of a mature temper-
ate alley cropping system in which poplar leaf litter 
was deposited for almost two decades. As tree leaf 
litter can serve as habitat and food source for earth-
worms and is unevenly distributed within alley crop-
ping systems, we hypothesized that i) overall earth-
worm population density corresponds to the spatially 
heterogenous distribution of tree leaf litter. However, 
since different earthworm species have different habi-
tat requirements and are dependent on different food 
sources, we expected ii) species-specific promotion of 
earthworms through tree leaf litter.

Materials & methods

Study site and sampling design

To test the impact of the windward and leeward 
section of the crop alleys (hereafter referred to as 
windward and leeward crop alley, respectively) of a 
temperate agroforestry system on earthworm commu-
nities, we selected a mature poplar-based alley crop-
ping system near Dornburg, Germany (51°00′40″ N, 
11°38′46″ E; m.a.m.s.l.: 289; mean annual air tem-
perature: 10.3 °C; mean annual precipitation: 595.6 
mm (Jena climate station (ID: 2444); German Mete-
orological Service n.d.)). The alley cropping system 
was established in 2007 on a Calcaric Phaeozem soil 
by manually planting 12-m wide strips of poplar trees 
(clone Max 1: Populus nigra × P. maximowiczii) that 
were alternated by 48-m wide crop alleys. Tree strips 
were planted in North–South orientation perpendicu-
lar to the main wind direction of 218.8° (west-to-
east), as determined by Callejas-Rodelas et al. (2026). 
Since their establishment, the tree strips did not 
receive fertilizer and plant protection products, were 
not tilled, and were harvested for biomass produc-
tion in January 2015. The crop alleys were managed 
conventionally (i.e. application of mineral fertilizer 
and plant protection products, and soil management). 
During our year of sampling (2024), winter wheat 
was cultivated at the study site (pre crops were winter 
oilseed rape (2023), winter barley (2022), and winter 
wheat (2021)). Last soil management prior to earth-
worm sampling was conducted on October 7, 2023, 

followed by seeding of winter wheat on October 11, 
2023.

To capture spatial heterogeneity across the wind-
ward and leeward side within the agroforestry system, 
we established eight point transects spanning 18 m 
distance from the trees into the crop alleys on both 
the windward and leeward side (transect sampling; 
Fig.  1). The transects were established orthogonal 
to the orientation of the tree strips and samples were 
collected at different sampling locations across the 
gradient from the windward to the leeward side. We 
sampled in the crop alley at the windward side at 1, 
3, 6, and 18 m distance to the trees, in the center of 
the tree strip, and at 1, 3, 6, and 18 m distance to the 
trees in the crop alley at the leeward side (Fig. 1). In 
total, we collected samples at 72 sampling locations 
(9 sampling positions per transect (i.e. 1, 3, 6, and 
18 m windward crop alley, tree strip, and 1, 3, 6, and 
18 m leeward crop alley) × 8 transects = 72 sampling 
locations). At each sampling location, we determined 
general soil properties, collected earthworms and leaf 
litter. Sampling for soil properties and earthworms 
was performed in April 2024, while leaf litter was 
collected in December 2024. Therefore, the agrofor-
estry system was 17 years old during our sampling 
and the first and last harvest of the poplar trees was 
nine years ago, allowing for long-term deposition of 
tree leaf litter.

General soil properties

Samples for general soil properties were collected 
at 0–30 cm soil depth using a stainless-steel auger 
(Ø 3.5 cm). At each sampling location, we collected 
three soil cores that were thoroughly homogenized 
in a sterile polyethylene bag in the field and an ali-
quot of approximately 300 g of fresh soil was trans-
ported to the laboratory. Upon arrival at the labora-
tory, soil samples were air-dried at room temperature, 
sieved to < 2 mm, and plant material was thoroughly 
removed. Soil pH was determined from 10 g sieved 
soil in deionized H2O at a ratio of 1:2.5 (soil/water 
(w/v)). Soil organic C (SOC) and total N were deter-
mined following acid fumigation to remove inor-
ganic C from the samples prior to measurement. For 
this, sieved soil samples were finely ground using a 
swing mill and fumigated with 12 M HCl in a des-
iccator as described by Harris et  al. (2001). Follow-
ing acid fumigation, samples were dried at  60 °C and 
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concentrations of SOC and total N were determined 
using a CN elemental analyzer (Vario EL Cube, Ele-
mentar, Germany).

Earthworm communities

Earthworms were collected using chemical extrac-
tion as per Vaupel et  al. (2023). Briefly, 5 L of a 
freshly prepared 0.01% (w/v) allyl isothiocyanate 
(AITC) solution were poured onto an area of 0.25 m2 
limited by a 50 × 50 cm open metal frame to guide 
infiltration. In order to improve spotting of surfacing 

earthworms, plant material was carefully removed 
prior to the application of the AITC solution. Fol-
lowing the application of the AITC solution, the soil 
surface was continuously monitored for 30 min and 
surfacing earthworms were collected, washed with 
tap water and subsequently stored in tap water at  
5 °C in the dark until morphological identification in 
the laboratory. Earthworms were counted, weighed 
(fresh biomass including gut content), and identified 
on species level based on their morphological and 
behavioral traits as per Krück (2018) and released 
alive within 48 h after sampling. Individuals that 

Fig. 1   Study site location and study design. Location of the 
study site near Dornburg, Thuringia, Germany (a). Schematic 
illustration of the locations of the eight point transects and the 
nine sampling positions per transect including the measured 
main wind direction of 218.8° (Callejas-Rodelas et  al. 2026) 

(b). Orthophoto of the study site with a scale of 1:4.500 (© 
GDI-Th, edited in QGIS 3.44.0) (c). Schematic illustration of 
the distances between the sampling positions within each point 
transect (d) (created in https://​BioRe​nder.​com)

https://BioRender.com
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were not identifiable based on their morphology 
and behavior were subjected to molecular identifi-
cation using Sanger sequencing of the COI region 
as described by Vaupel et al. (2022). In total, seven 
species of earthworms were found during the study 
and were classified into the three ecological groups 
originally introduced by Bouché (1972) as follows: 
anecic (Lumbricus terrestris), endogeic (Allolobo-
phora chlorotica, Aporrectodea caliginosa, Apor-
rectodea rosea, and Octolasion tyrtaeum) and epi-
geic (Lumbricus castaneus and Lumbricus rubellus). 
Additionally, developmental stage (juvenile or adult) 
of each individual earthworm was determined. To 
compare the whole windward and leeward crop 
alleys and the tree strip, sampling positions within 
the crop alleys were weighted by their areal cover-
ages (i.e. area-weighted average) as previously done 
by Beule et al. (2019), Shao et al. (2023), and Veld-
kamp et  al. (2023) in temperate agroforestry sys-
tems. The area-weighted average (x ̄weighted) for each 
windward and leeward sampling transect was calcu-
lated using the following equation

where Xi represents the value of the respective vari-
able at the sampling position i and wi is the corre-
sponding weighting factor as assigned below. Weight-
ing factors of the windward and leeward crop alley 
(1/2 width of the 48-m wide crop alleys: 24 m), were 
determined as follows: the sampling position at 1 m 
distance to the tree strip was assigned a weighting 
factor of 2, 3 m distance of 2.5, 6 m distance of 7.5, 
and 18 m distance of 12.

Tree leaf litter distribution

Tree leaf litter was collected on 10 December 2024, 
following complete leaf abscission. Leaf litter was 
collected after earthworm sampling to avoid interfer-
ing with earthworm population density or biomass. 
At each sampling location, litter was manually col-
lected on a surface area of one square meter (50 × 200 
cm; with the 200 cm side parallel to the North–South 
orientation of the tree strip). Fresh litter was dried at 
60 °C for 48 h and the dry litter mass was determined.

xweighted =

∑n

i=1
Xiwi

∑n

i=1
wi

Statistical analyses

To analyze differences in soil pH, leaf litter biomass, 
SOC and total N among the nine different sampling 
positions, we used linear mixed-effect (LME) models 
with sampling position as fixed term and sampling 
transect (eight different sampling transects) as ran-
dom term utilizing the ‘nlme’ package (v. 3.1–168) in 
R. If the addition of a random term did not improve 
the model fit, generalized least squares fitted (GLS) 
models were used with sampling position as explana-
tory variable using the ‘nlme’ package. All models 
were fitted by maximizing the restricted log-like-
lihood and visually inspected for normal distribu-
tion of the residues and homogeneity of variances. 
In cases of heteroscedasticity, a ‘VarIdent’ variance 
structure was fitted using sampling position (i.e. tree 
strip and four different distances in the crop alley 
into each sampling direction) and/or sampling direc-
tion (i.e. windward and leeward side of the crop alley) 
as variance covariates. If adding a variance structure 
did not resolve heteroscedasticity, data was log(x + 1) 
(leaf litter biomass) transformed to meet the criteria. 
Model selection was performed based on the Akaike 
information criterion (AIC) and all models were visu-
ally inspected for linearity and independence. To ana-
lyze the effect of sampling direction, a subset of the 
data without data points from the tree strip was ana-
lyzed as described above but with sampling distance, 
sampling direction, and their interaction as fixed term.

Differences in ecological count data (earthworm 
population densities) between different sampling 
positions were analyzed using generalized linear 
mixed models (GLMMs) utilizing the ‘glmmTMB’ 
R-package (v. 1.1.13). Negative binomial distribution 
(Nbinom1) was found to be the most fitting distribu-
tion for all ecological groups of earthworms and zero 
inflation was accounted for using ziformula =  ~ 1, 
whenever present. Model selection was performed 
based on the AIC and likelihood ratio tests. All final 
models were visually inspected using QQ-Plots of 
residuals as well as checked for overdispersion and 
homoscedasticity using the ‘performance’ R-package 
(v.0.15.2). The influence of sampling direction was 
analyzed using a subset of the data without data points 
from the tree strip. For this, GLMMs were used as 
described above but with sampling distance, sampling 
direction, and their interaction as fixed term.
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For all models that returned statistically signifi-
cant differences among groups using ANOVA, sub-
sequent Tukey’s honestly significant difference test 
was performed. Relationships between the amount 
of tree leaf litter and earthworm population density 
were assessed using Pearson Correlation. Pearson 
Correlation was calculated using data from individual 
sampling locations. For all statistical tests, statistical 
significance was considered at p < 0.05. All statistical 
analyses were performed in R (version 4.3.3).

Results

General soil properties

General soil properties at 0–30 cm soil depth showed 
only minor differences between the tree strip and crop 
alleys of the 17-years-old agroforestry system (Supple-
mentary Table 1 in Online Resource 1). Soil pH ranged 
from 6.5 ± 0.1 to 6.9 ± 0.4, with slight differences among 
individual sampling locations without a discernible 
effect between windward and leeward crop alley or dis-
tance to the tree strip. Soil organic carbon (SOC) con-
tent was greatest in the tree strip (16.9 ± 1.3 g kg−1), but 
values barely differed between windward and leeward 
crop alleys ranging from 14.7 ± 0.7 (6 m leeward) and 
16.0 ± 0.7 (1 m windward). Total soil N did not differ 
among sampling positions, while the C/N ratio ranged 
from 8.5 ± 0.3 to 8.9 ± 0.4 with slightly greater values in 
the leeward than in the windward crop alley (p > 0.05, 
Supplementary Table 1 in Online Resource 1).

Earthworm communities

Earthworm population density

In total, 3,716 individuals belonging to seven different 
earthworm species were collected (anecic: Lumbricus 
terrestris; endogeic: Allolobophora chlorotica, Apor-
rectodea caliginosa, Aporrectodea rosea, Octolasion 
tyrtaeum; epigeic: Lumbricus castaneus, Lumbricus 
rubellus). Across all sampling locations, our study site 
was numerically dominated by L. castaneus (1,576 
individuals, 42.4%) and L. terrestris (992 individuals, 
26.7%), followed by A. rosea (608 individuals, 16.4%), 
A. caliginosa (368 individuals, 9.9%), L. rubellus (72 
individuals, 1.9%), O. tyrtaeum (60 individuals, 1.6%), 
and A. chlorotica (40 individuals, 1.1%).

Within the agroforestry system, total earthworm 
population density peaked in the tree strip (169.5 ± 65.0 
individuals m−2). Leeward, population density ranged 
between 24.0 ± 16.1 and 93.5 ± 27.3 individuals m−2, 
whereas it varied between 5.0 ± 8.2 and 12.0 ± 14.0 indi-
viduals m−2 in the windward crop alley (Fig. 2a). Differ-
ences between the tree strip and the windward crop alley 
(area-weighted average: 9.5 ± 4.3 individuals m−2) were 
particularly large, with almost 18 times more earth-
worms underneath the trees than the crops (p < 0.001) 
(Supplementary Table 2 in Online Resource 1). In con-
trast, only three times more earthworms were found 
in the tree strip than in the leeward crop alley (area-
weighted average: 51.2 ± 9.9 individuals m−2) (p < 0.05). 
Furthermore, earthworm population density was greater 
at 1 m, 3 m and 6 m into the leeward crop alley than at 
every sampling position of the windward crop alley.

The examination of developmental stages revealed 
that the majority of earthworms were juvenile (59.85%) 
(Fig.  2b, Supplementary Table  2 in Online Resource 
1). Juvenile earthworms showed a similar trend as all 
earthworms with greatest population density in the tree 
strip (127.0 ± 45.0 individuals m−2), counting almost 
24 times more individuals than in the windward crop 
alley (area-weighted average: 5.3 ± 2.3 individuals m−2; 
p < 0.0001). The leeward crop alley harbored close to 
five times more juvenile individuals (area-weighted 
average: 26.0 ± 5.4 individuals m−2) than its windward 
counterpart. A slightly different spatial distribution pat-
tern was observed for adult earthworm population densi-
ties (Fig. 2c). As for juvenile earthworms, the windward 
crop alley (area-weighted average: 4.2 ± 2.1 individuals 
m−2) harbored less adults than the tree strip (42.5 ± 21.7 
individuals m−2) (p < 0.0001). Contrary to juveniles, 
up to 6 m into the leeward crop alley, adults were pro-
moted to a similar degree than in the tree strip (p > 0.05). 
Therefore, we did not observe an abrupt decline in popu-
lation density from the tree strip into the leeward crop 
alley as found for juveniles (cf. Figure 2 b, c).

Spatial distribution patterns within the agroforestry 
system differed strongly among ecological groups of 
earthworms. Anecic L. terrestris was the most recovered 
species at each sampling position in the windward crop 
alley (Fig. 2d). Although the population density of L. ter-
restris peaked in the tree strip (28.0 ± 18.1 individuals 
m−2, 87.5% juveniles), statistically significant differences 
among sampling positions were scarce (Fig. 2d), except 
for a lower population density at 3 m windward compared 
to the tree strip (p = 0.020) and 3 m leeward (p = 0.032).
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Endogeic earthworms were strongly promoted by the 
tree strip (88.0 ± 35.0 individuals m−2) (Fig. 2e, Supple-
mentary Table 2, 3 in Online Resource 1), counting 156 
times more endogeics than in the windward and 11 times 
more than in the leeward crop alley (p < 0.0001). The tree 
strip was numerically dominated by A. rosea (57.0 ± 40.0 
individuals m−2) of which 82.5% were juveniles (Fig. 2e). 
Population densities at 1 m, 3 m, and 6 m distance from 
the trees were greater in the leeward than windward crop 
alley (p < 0.05). Furthermore, endogeic earthworms 
were absent at 18 m windward. Overall, the prevalence 
of endogeic species in the windward crop alley was low. 
This trend was observed for all endogeic species despite 
small fluctuations in their population density; no species-
specific distribution patterns were observed.

Epigeic earthworms were promoted by the tree strip 
(53.50 ± 49.87 individuals m−2) but unlike endogeics, 
also similarly abundant in the leeward crop alley up 

to 6 m distance. Leeward, population densities ranged 
between 36.0 ± 13.7 and 55.5 ± 24.1 individuals m−2, 
which was markedly greater than in the windward crop 
alley (p < 0.01) (Fig. 2f). Among epigeic earthworms, 
L. castaneus occurred at every sampling position 
(57.6% adults), whereas L. rubellus was only found 
sporadically at 3 m into the leeward crop alley (94.4% 
adults) (Supplementary Table 3 in Online Resource 1).

Earthworm biomass

Due to the strong correlation between earthworm bio-
mass and population density (Supplementary Fig.  1 
in Online Resource 1), results for biomass mirrored 
those for population density (cf. Figure 2).

Total biomass in the tree strip (63.8 ± 37.5 g m−2) 
(Fig. 2g, Supplementary Table 2 in Online Resource 1) 
was 22% (p > 0.05) greater than in the leeward crop alley 

Fig. 2   Earthworm population density and biomass of different 
species and developmental stages. Mean earthworm population 
density (individuals m−2), and biomass (fresh weight g m−2 
including gut content) with standard deviation (n = 8) for all (a, 
g), juvenile (b, h), and adult (c, i) allyl isothiocyanate (AITC)-
extractable earthworms as well as different ecological groups 
(d, e, f, j, k, l) are shown. Different colors represent different 
earthworm species (anecic: Lumbricus terrestris; endogeic: 

Allolobophora chlorotica, Aporrectodea caliginosa, Apor-
rectodea rosea, and Octolasion tyrtaeum; epigeic: Lumbricus 
castaneus and Lumbricus rubellus). Different letters indicate 
statistically significant differences (p ≤ 0.05) among the nine 
sampling positions (i.e. 1, 3, 6, and 18 m windward crop alley, 
tree strip, and 1, 3, 6, and 18 m leeward crop alley) (created in 
https://​BioRe​nder.​com)

https://BioRender.com
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and approx. 215% greater than in the windward crop 
alley if considering the area-weighted average (with sta-
tistically significant differences of p < 0.01 up to 6 m). A 
gradual decrease in juvenile biomass was observed from 
the tree strip (26.2 ± 11.2 g m−2) up to 18 m distance into 
the leeward crop alley (7.5 ± 6.8 g m−2) (Fig. 2h). Area-
weighted biomass of juveniles in the leeward crop alley 
(10.6 ± 2.2 g m−2) was approx. 11 times greater than 
windward, whereas biomass in the windward crop alley 
did not differ among sampling positions. Among adults, 
biomass barely differed between the tree strip and lee-
ward crop alley (Fig. 2i).

An examination of ecological groups revealed that the 
anecic species L. terrestris had the greatest biomass at all 
sampling positions (Fig. 2j). At distances up to 6 m into 

the crop alleys, biomass was greater in the leeward than 
the windward side (p < 0.01). Biomass of endogeic spe-
cies in the tree strip (21.6 ± 16.5 g m−2) exceeded those of 
the area-weighted windward (0.2 ± 0.2 g m−2; p < 0.0001) 
and leeward crop alleys (1.6 ± 0.5 g m−2; p < 0.01) (Fig. 2k, 
Supplementary Table 2 in Online Resource 1). Biomass of 
epigeic earthworms was greatest in the tree strip (10.2 ± 9.8 
g m−2) as well as up to 6 m in the leeward crop alleys rang-
ing between 7.5 ± 3.9 g m−2 and 12.9 ± 6.7 g m−2 (Fig. 2l).

Impact of tree leaf litter distribution on earthworms

Poplar dry leaf litter biomass gradually declined 
with increasing distance to the tree strip into both 
the windward and leeward crop alley (Fig.  3a). With 

Fig. 3   Leaf litter biomass and correlations with earthworm 
population density. Mean leaf litter biomass (g dry weight 
m−2) with standard deviation (n = 8) is shown. Different letters 
indicate statistically significant differences (p ≤ 0.05) among 
the nine sampling positions (i.e. 1, 3, 6, and 18 m windward 
crop alley, tree strip, and 1, 3, 6, and 18 m leeward crop alley). 
Squares represent individual sampling locations (a). Correla-
tion of mean leaf litter biomass with population density of all 

allyl isothiocyanate (AITC)-extractable earthworms (b) and 
different ecological groups (c, d, e) are indicated. Pearson Cor-
relation coefficient R calculated using data from individual 
sampling locations, p-values and sample sizes are given for 
the entire agroforestry system (solid line) as well as crop alleys 
only (dashed line). Size of dots represents earthworm biomass 
(fresh weight g m−2 including gut content) at individual sam-
pling locations (created in https://​BioRe​nder.​com)

https://BioRender.com
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408.4 ± 56.1 g m−2 leaf litter biomass, the tree strip 
accumulated 10.6 times more leaf litter than the lee-
ward crop alley (area-weighted average: 38.5 ± 6.9 g 
m−2) and 51.7 times more than the windward crop alley 
(area-weighted average: 7.9 ± 1.8 g m−2).

Leaf litter biomass and total earthworm popu-
lation density showed a strong positive correla-
tion (Fig.  3b). The correlation’s strength slightly 
decreased if the tree strip was excluded from 
analysis to account for other confounding factors 
such as the absence of soil management under 
the trees. Likewise, population densities of epi-
geic and anecic earthworms positively correlated 
with the amount of leaf litter, both across all sam-
pling positions as well as only in the crop alley 
(i.e. exclusion of the tree strip) (Fig.  3c, e). For 
endogeic earthworms, a strong positive relation-
ship between population density and leaf litter 
was found across all sampling locations; however, 
if the tree strip was excluded from the analysis, 
no relationship was detected (Fig.  3d). Neverthe-
less, distance to the trees (p < 0.0001) as well as 
the effect of windward versus leeward crop alleys 
(p < 0.0001) remained statistically significant for 
endogeic earthworms if the tree strip was excluded 
from the model (Supplementary Table 4 in Online 
Resource 1).

Discussion

Our study was able to demonstrate for the first 
time that earthworm population density and bio-
mass in alley cropping systems are not just affected 
by the distance to the trees but also show distinct 
responses to the leeward and windward side of the 
crop alley. Population density and biomass closely 
resembled the spatially heterogenous distribution 
of poplar leaf litter, which was characterized by the 
accumulation of litter in the tree strip and a steady 
decrease into the crop alleys with the leeward crop 
alley harboring significantly larger amounts of leaf 
litter than the windward crop alley. Specifically, our 
findings suggest that the accumulation of leaf litter 
on the soil surface promotes epigeic and anecic but 
not endogeic earthworms, which can be explained 
by differences in their lifestyle, especially feeding 
behavior.

Spatially distinct accumulation patterns of tree leaf 
litter in windward and leeward crop alleys

The main wind direction determined the spatial dis-
tribution pattern of tree leaf litter with greater leaf 
litter accumulation in the leeward than in the wind-
ward crop alley. Consistent with previous observa-
tions (Oelbermann et  al. 2004; Swieter et  al. 2022), 
leaf litter declined exponentially with increasing dis-
tance to the tree strip in both crop alleys (Fig.  3a). 
Previous investigations that studied poplar leaf lit-
ter distribution in alley cropping systems used litter 
traps (Schmidt et al. 2021; Swieter et al. 2022; The-
vathasan and Gordon 1997). Assuming that leaf litter 
is not substantially redistributed by wind in Decem-
ber, we decided to collect leaf litter from the soil sur-
face, thereby representing the amount of leaf litter 
available to earthworms at a given sampling position.

The considerable accumulation of leaf litter in the 
tree strip and the exponential decline into the crop 
alleys was not reflected in the assessed soil properties 
at 0–30 cm soil depth, except for a slightly elevated 
SOC content underneath the trees. Other soil chemical 
properties that can be affected by litter input (i.e., pH, 
total N, and C/N ratio) remained unaffected (Supple-
mentary Table 1 in Online Resource 1). The elevated 
SOC content in the tree strip is congruent with previous 
results obtained for temperate alley cropping systems 
(Mayer et al. 2022) as well as our study site in particu-
lar (Schmidt et al. 2021). In line with previous research, 
C inputs through tree litter and rhizodeposition likely 
contributed to the accumulation of SOC under the trees.

Tree leaf litter distribution impacts earthworm 
communities

In this study, we chemically extracted earthworms 
from the soil using AITC. Generally, chemical extrac-
tion has proven to be an effective method for the 
expulsion of anecic and epigeic species (Bouché and 
Gardner 1984; Zaborski 2003); however, endogeic 
species are likely to be underestimated (Bartlett et al. 
2006; Gutiérrez-López et al. 2016; Pelosi et al. 2009). 
Although combining AITC extraction with hand sort-
ing (as stated in ISO 23611–1 2018) can increase effi-
ciency, it is, however, highly labor-intensive, there-
fore hardly implementable in large-scale studies, and 
destructive to the topsoil (Čoja et al. 2008; Pelosi et al. 



	 Plant Soil

Vol:. (1234567890)

2009). For this reason, it was not applicable in our 
study. In agreement with previous studies, total earth-
worm population density and biomass were greater in 
the tree strip than in the crop alleys (Cardinael et al. 
2019; Vaupel et al. 2023). As previously hypothesized 
by others, the absence of soil management as well as 
the accumulation of tree litter likely accounted for the 
promotion of earthworms under the trees (Cardinael 
et al. 2019; Vaupel et al. 2023). As shown above, tree 
leaf litter accumulated unevenly within our agrofor-
estry system – not just between the tree strip and the 
crop alleys but also within the crop alleys depending 
on the distance from and orientation to the trees (i.e. 
leeward and windward side of crop alley).

Species‑specific responses of earthworms to tree leaf 
litter distribution

Ecological groups showed varying spatial distribution 
patterns that were in the majority of cases linked to 
leaf litter accumulation. Among ecological groups, 
litter-dwelling earthworms (i.e. epigeics), particu-
larly the abundant L. castaneus (Fig. 2f), showed the 
strongest response to leaf litter and were promoted 
up to a distance of 6 m from the tree strip leeward 
(Fig. 3d, e, f), confirming our hypothesis of species-
specific promotion of earthworms through leaf litter. 
Presumably, the leeward crop alley provides a suit-
able habitat for epigeic earthworms due to the pres-
ence of sufficient amounts of leaf litter in combina-
tion with favorable microclimatic conditions (Jacobs 
et  al. 2022). Their great mobility, in turn, enables 
them to potentially utilize this habitat (Mathieu et al. 
2010).

Population density and biomass of anecic L. ter-
restris in the tree strip and leeward crop alley nota-
bly exceeded that of the windward crop alley (Fig. 2d, 
j). These results partly agree with D’Hervilly et  al. 
(2020) and Vaupel et  al. (2023), who observed a 
promotion of anecic earthworms in the tree strips in 
contrast to the crop alleys but did not differentiate 
between windward and leeward sections of the crop 
alley in their sampling design. Surprisingly, the pro-
motion of anecics in the tree strip in our study was 
mainly driven by juveniles. We propose that the abun-
dant root system of the densely planted poplar trees in 
our mature agroforestry system could have impeded 
the formation of vertical burrows of adult L. ter-
restris, whereas juveniles with a lifestyle resembling 

epigeics likely found a suitable habitat (Supplemen-
tary Table 2, 3 in Online Resource 1). This may also 
explain the comparatively low L. terrestris biomass in 
the tree strip and at  1 m leeward, as adults with great 
biomass were scarce and juveniles predominated. The 
tree strip, as a habitat not directly affect by agricul-
tural management, may have promoted reproduction 
and served as a refuge for juveniles. In contrast to 
epigeic species, anecic earthworms do not depend on 
the constant availability of surface litter as a habitat, 
hence differences between the windward and leeward 
crop alley are probably attributable to leaf litter as 
an additional food source or favorable microclimatic 
conditions.

Unlike anecic and epigeic earthworms, endogeic 
species primarily feed on mineral soil as well as 
soil organic matter that underwent greater microbial 
decomposition and, hence, may utilize rather recal-
citrant carbon sources (Ferlian et  al. 2014; Potapov 
et  al. 2022). Instead of mainly feeding on above-
ground litter, endogeic earthworms in the tree strip 
may access a substantial amount of belowground litter 
from trees and understory vegetation as food source 
(e.g. rhizodeposits and root litter) (D’Hervilly et  al. 
2020). The belowground inputs under the trees, com-
bined with the omission of soil management, likely 
led to the strong increase in both juvenile and adult 
endogeic earthworms in the tree strip. Nevertheless, 
the potential underestimation of individuals resulting 
from AITC extraction should be considered. Above-
ground leaf litter presumably played a negligible role 
as a food source for endogeics as increased leaf litter 
biomass was not associated with greater population 
density in the crop alleys (Fig. 3d).

Still, the incorporation of aboveground leaf litter 
into the soil of the crop alleys through soil manage-
ment will make it available for endogeic species, 
whereas belowground tree root litter inputs in the 
crop alley are limited, as only a small amount of tree 
roots was found in the topsoil of the crop alley at our 
study site (Schmidt et al. 2021). In an earlier study at 
a different study site, we observed a gradual decline 
in endogeic earthworm abundance with increasing 
distance to the tree strip and proposed that tree leaf 
litter exerts a positive influence on endogeics in the 
crop alley (Vaupel et  al. 2023). While no gradual 
decline in endogeic earthworm population density 
was observed in the present study, we still found a 
considerable increase of endogeic earthworms up 
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to 6 m into the leeward crop alley as compared to 
its windward counterpart that we cannot attribute to 
the availability of aboveground leaf litter (Fig.  2e, 
3d). Therefore, future studies should investigate 
effects of tree leaf litter on earthworm communi-
ties after incorporation through soil management as 
well as litter preferences of earthworms in agrofor-
estry systems featuring multiple tree species. Fur-
thermore, environmental factors (e.g. microclimatic 
conditions), temporal migration patterns, as well as 
their combination should also be investigated, as 
they likely accounted for the observed increase in 
endogeic earthworms in the leeward section of the 
crop alley.

Conclusion

The spatially heterogeneous tree leaf litter distri-
bution within the alley cropping system strongly 
influenced earthworm communities. Here, we pro-
vide initial evidence that total earthworm popula-
tion density and biomass aligned with aboveground 
tree leaf litter accumulation. This was reflected in a 
strong promotion of earthworm communities within 
the tree strip and distinct differences between the 
windward and leeward section of crop alleys, with 
a substantial elevation on the leeward but only few 
earthworms on the windward crop alley. These find-
ings strongly suggest that the exposure to either the 
windward or leeward crop alley is a decisive influ-
encing factor for earthworm population density, in 
addition to the distance to the trees. However, the 
magnitude of influence of aboveground tree leaf 
accumulation on earthworm communities varied 
among ecological groups and developmental stage 
(i.e. juvenile and adult). We observed species-spe-
cific variations with anecic and epigeic earthworms 
benefiting from aboveground leaf litter input, 
whereas no influence on endogeic species was 
apparent, most likely due to their distinct habitat 
requirements and feeding behavior. Altogether, our 
results underline the overall promoting effects of 
aboveground tree leaf litter in agroforestry systems 
on earthworm communities. Future research should 
investigate the effect of tree leaf litter incorporation 
into the soil and include confounding variables such 
as environmental factors and temporal migration 
patterns of earthworms.

Author contributions  AV and LB contributed to the concep-
tion and design of the study. AV, LB, MA, OE and VMT per-
formed the field work. AV, LB, OE and VMT performed the 
laboratory work. AV and VMT performed the data analysis. 
VMT wrote the first draft of the manuscript. AV, LB, MA, NH 
and OE critically revised the manuscript. All authors read and 
approved the manuscript.

Funding  Open Access funding enabled and organized by 
Projekt DEAL. VMT was supported by funds of the Federal 
Ministry of Agriculture, Food and Regional Identity (BMLEH) 
based on a decision of the Parliament of the Federal Republic 
of Germany via Agency for Renewable Resources (FNR) under 
the funding program “Sustainable Renewable Resources” (pro-
ject MODEMA, grant number 2222NR061H). The funders had 
no role in study design, data collection and analysis, decision to 
publish, or preparation of the manuscript.

Data availability  Raw data analyzed during the current study 
is available from the corresponding author on reasonable request.

Declarations 

Competing interests  The authors declare that the research was 
conducted in the absence of any commercial or financial relation-
ships that could be construed as a potential conflict of interest.

Open Access   This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Allen SC, Jose S, Nair P, Brecke BJ, Nkedi-Kizza P, Ramsey 
CL (2004) Safety-net role of tree roots: evidence from a 
pecan (Carya illinoensis K. Koch)–cotton (Gossypium 
hirsutum L.) alley cropping system in the southern United 
States. For Ecol Manage 192:395–407. https://​doi.​org/​10.​
1016/j.​foreco.​2004.​02.​009

Bainard LD, Klironomos JN, Gordon AM (2011) Arbuscular 
mycorrhizal fungi in tree-based intercropping systems: 
A review of their abundance and diversity. Pedobiologia 
54:57–61. https://​doi.​org/​10.​1016/j.​pedobi.​2010.​11.​001

Bartlett M, Harris J, James I, Ritz K (2006) Inefficiency of 
mustard extraction technique for assessing size and 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.foreco.2004.02.009
https://doi.org/10.1016/j.foreco.2004.02.009
https://doi.org/10.1016/j.pedobi.2010.11.001


	 Plant Soil

Vol:. (1234567890)

structure of earthworm communities in UK pasture. Soil 
Biol Biochem 38:2990–2992. https://​doi.​org/​10.​1016/j.​
soilb​io.​2006.​04.​036

Beule L, Karlovsky P (2021) Tree rows in temperate agro-
forestry croplands alter the composition of soil bacterial 
communities. PLoS ONE 16:e0246919. https://​doi.​org/​10.​
1371/​journ​al.​pone.​02469​19

Beule L, Lehtsaar E, Rathgeb A, Karlovsky P (2019) Crop Dis-
eases and Mycotoxin Accumulation in Temperate Agro-
forestry Systems. Sustainability 11:2925. https://​doi.​org/​
10.​3390/​su111​02925

Beule L, Lehtsaar E, Corre MD, Schmidt M, Veldkamp E, Kar-
lovsky P (2020) Poplar Rows in Temperate Agroforestry 
Croplands Promote Bacteria, Fungi, and Denitrification 
Genes in Soils. Front Microbiol 10:3108. https://​doi.​org/​
10.​3389/​fmicb.​2019.​03108

Beule L, Vaupel A, Moran-Rodas VE (2022) Abundance, diver-
sity, and function of soil microorganisms in temperate 
alley-cropping agroforestry systems: a review. Microorgan-
isms 10. https://​doi.​org/​10.​3390/​micro​organ​isms1​00306​16

Bottinelli N, Hedde M, Jouquet P, Capowiez Y (2020) An 
explicit definition of earthworm ecological categories – 
Marcel Bouché’s triangle revisited. Geoderma 372:114361. 
https://​doi.​org/​10.​1016/j.​geode​rma.​2020.​114361

Bouché M (1972) Lombriciens de France. Ecologie et Systé-
matique. Institut national de la recherche agronomique 
(INRA), Paris

Bouché MB, Gardner RH (1984) VIII.-Population estimation 
technique. Rev Ecol Biol Sol 21:37–63

Callejas-Rodelas JÁ, van Ramshorst J, Knohl A, Siebicke 
L, Fellert D, Peksa M, Böttger D, Markwitz C (2026) 
A multiyear eddy covariance and meteorological data-
set from five pairs of agroforestry systems with open 
cropland or grassland in Northern Germany. Earth Sys-
tem Science Data 18:845–874. https://​doi.​org/​10.​5194/​
essd-​18-​845-​2026

Cardinael R, Hoeffner K, Chenu C, Chevallier T, Béral C, 
Dewisme A, Cluzeau D (2019) Spatial variation of earth-
worm communities and soil organic carbon in temperate 
agroforestry. Biol Fertil Soils 55:171–183. https://​doi.​org/​
10.​1007/​s00374-​018-​1332-3

Čoja T, Zehetner K, Bruckner A, Watzinger A, Meyer E (2008) 
Efficacy and side effects of five sampling methods for soil 
earthworms (Annelida, Lumbricidae). Ecotoxicol Environ Saf 
71:552–565. https://​doi.​org/​10.​1016/j.​ecoenv.​2007.​08.​002

D’Hervilly C, Marsden C, Hedde M, Bertrand I (2020) Sown 
understory vegetation strips impact soil chemical fertility, 
associated microorganisms and macro-invertebrates in two 
temperate alley cropping systems. Agrofor Syst 94:1851–
1864. https://​doi.​org/​10.​1007/​s10457-​020-​00501-w

D’Hervilly C, Bertrand I, Capowiez Y, Béral C, Delapré-Cos-
set L, Marsden C (2022) Seasonal variations in macro-
fauna distribution according to the distance from a herba-
ceous strip in a Mediterranean alley cropping plot. Appl 
Soil Ecol 170:104309. https://​doi.​org/​10.​1016/j.​apsoil.​
2021.​104309

Ferlian O, Cesarz S, Marhan S, Scheu S (2014) Carbon food 
resources of earthworms of different ecological groups 
as indicated by 13C compound-specific stable isotope 
analysis. Soil Biol Biochem 77:22–30. https://​doi.​org/​10.​
1016/j.​soilb​io.​2014.​06.​002

German Meteorological Service (DWD) (n.d.) Vieljährige 
Mittelwerte. https://​www.​dwd.​de/​DE/​leist​ungen/​klima​
daten​deuts​chland/​vielj_​mitte​lwerte.​html?​nn=​56036​0&​
lsbId=​343278. Accessed 16 February 2026.

Gutiérrez-López M, Moreno G, Trigo D, Juárez E, Jesús 
JB, Díaz Cosín DJ (2016) The efficiency of earthworm 
extraction methods is determined by species and soil 
properties in the Mediterranean communities of Central-
Western Spain. Eur J Soil Biol 73:59–68. https://​doi.​org/​
10.​1016/j.​ejsobi.​2016.​01.​005

Harris D, Horwáth WR, van Kessel C (2001) Acid fumiga-
tion of soils to remove carbonates prior to total organic 
carbon or carbon-13 isotopic analysis. Soil Sci Soc Am 
J 65:1853–1856. https://​doi.​org/​10.​2136/​sssaj​2001.​1853

ISO 23611–1 (2018) Soil quality - sampling of soil inverte-
brates. Part 1: hand-sorting and extraction of earthworms

Jacobs SR, Webber H, Niether W, Grahmann K, Lüttschwager 
D, Schwartz C, Breuer L, Bellingrath-Kimura SD (2022) 
Modification of the microclimate and water balance 
through the integration of trees into temperate cropping 
systems. Agric for Meteorol 323:109065. https://​doi.​org/​
10.​1016/j.​agrfo​rmet.​2022.​109065

Kletty F, Rozan A, Habold C (2023) Biodiversity in temper-
ate silvoarable systems: A systematic review. Agr Ecosyst 
Environ 351:108480. https://​doi.​org/​10.​1016/j.​agee.​2023.​
108480

Krück S (2018) Bildatlas zur Regenwurmbestimmung. Mit 
einem Kompendium der Regenwurmfauna des Nordost-
deutschen Tieflands. Natur + Text, Rangsdorf

Marsden C, Martin-Chave A, Cortet J, Hedde M, Capowiez Y 
(2020) How agroforestry systems influence soil fauna and 
their functions - a review. Plant Soil 453:29–44. https://​
doi.​org/​10.​1007/​s11104-​019-​04322-4

Matevski D, Sagolla V, Beule L, Schuldt A (2024) Temperate 
alley‐cropping agroforestry improves pest control poten-
tial by promoting spider abundance and functional diver-
sity. J Appl Ecol 61:3079–3091. https://​doi.​org/​10.​1111/​
1365-​2664.​14797

Mathieu J, Barot S, Blouin M, Caro G, Decaëns T, Dubs F, 
Dupont L, Jouquet P, Nai P (2010) Habitat quality, con-
specific density, and habitat pre-use affect the dispersal 
behaviour of two earthworm species, Aporrectodea icter-
ica and Dendrobaena veneta, in a mesocosm experiment. 
Soil Biol Biochem 42:203–209. https://​doi.​org/​10.​1016/j.​
soilb​io.​2009.​10.​018

Mayer S, Wiesmeier M, Sakamoto E, Hübner R, Cardinael R, 
Kühnel A, Kögel-Knabner I (2022) Soil organic carbon 
sequestration in temperate agroforestry systems – A meta-
analysis. Agr Ecosyst Environ 323:107689. https://​doi.​
org/​10.​1016/j.​agee.​2021.​107689

Minarsch E-ML, Thoss VM, Beule L (2025) Guidance on spa-
tial sampling designs and data reusability in agroforestry 
research. Agroforestry Syst 99. https://​doi.​org/​10.​1007/​
s10457-​025-​01225-5.

Oelbermann M, Paul Voroney R, Gordon AM (2004) Carbon 
sequestration in tropical and temperate agroforestry sys-
tems: a review with examples from Costa Rica and south-
ern Canada. Agr Ecosyst Environ 104:359–377. https://​
doi.​org/​10.​1016/j.​agee.​2004.​04.​001

Pelosi C, Bertrand M, Capowiez Y, Boizard H, Roger-Estrade 
J (2009) Earthworm collection from agricultural fields: 

https://doi.org/10.1016/j.soilbio.2006.04.036
https://doi.org/10.1016/j.soilbio.2006.04.036
https://doi.org/10.1371/journal.pone.0246919
https://doi.org/10.1371/journal.pone.0246919
https://doi.org/10.3390/su11102925
https://doi.org/10.3390/su11102925
https://doi.org/10.3389/fmicb.2019.03108
https://doi.org/10.3389/fmicb.2019.03108
https://doi.org/10.3390/microorganisms10030616
https://doi.org/10.1016/j.geoderma.2020.114361
https://doi.org/10.5194/essd-18-845-2026
https://doi.org/10.5194/essd-18-845-2026
https://doi.org/10.1007/s00374-018-1332-3
https://doi.org/10.1007/s00374-018-1332-3
https://doi.org/10.1016/j.ecoenv.2007.08.002
https://doi.org/10.1007/s10457-020-00501-w
https://doi.org/10.1016/j.apsoil.2021.104309
https://doi.org/10.1016/j.apsoil.2021.104309
https://doi.org/10.1016/j.soilbio.2014.06.002
https://doi.org/10.1016/j.soilbio.2014.06.002
https://www.dwd.de/DE/leistungen/klimadatendeutschland/vielj_mittelwerte.html?nn=560360&lsbId=343278
https://www.dwd.de/DE/leistungen/klimadatendeutschland/vielj_mittelwerte.html?nn=560360&lsbId=343278
https://www.dwd.de/DE/leistungen/klimadatendeutschland/vielj_mittelwerte.html?nn=560360&lsbId=343278
https://doi.org/10.1016/j.ejsobi.2016.01.005
https://doi.org/10.1016/j.ejsobi.2016.01.005
https://doi.org/10.2136/sssaj2001.1853
https://doi.org/10.1016/j.agrformet.2022.109065
https://doi.org/10.1016/j.agrformet.2022.109065
https://doi.org/10.1016/j.agee.2023.108480
https://doi.org/10.1016/j.agee.2023.108480
https://doi.org/10.1007/s11104-019-04322-4
https://doi.org/10.1007/s11104-019-04322-4
https://doi.org/10.1111/1365-2664.14797
https://doi.org/10.1111/1365-2664.14797
https://doi.org/10.1016/j.soilbio.2009.10.018
https://doi.org/10.1016/j.soilbio.2009.10.018
https://doi.org/10.1016/j.agee.2021.107689
https://doi.org/10.1016/j.agee.2021.107689
https://doi.org/10.1007/s10457-025-01225-5
https://doi.org/10.1007/s10457-025-01225-5
https://doi.org/10.1016/j.agee.2004.04.001
https://doi.org/10.1016/j.agee.2004.04.001


Plant Soil	

Vol.: (0123456789)

Comparisons of selected expellants in presence/absence 
of hand-sorting. Eur J Soil Biol 45:176–183. https://​doi.​
org/​10.​1016/j.​ejsobi.​2008.​09.​013

Potapov AM, Beaulieu F, Birkhofer K, Bluhm SL, Degtyarev 
MI, Devetter M, Goncharov AA, Gongalsky KB, Klarner 
B, Korobushkin DI, Liebke DF, Maraun M, Mc Donnell 
RJ, Pollierer MM, Schaefer I, Shrubovych J, Semenyuk II, 
Sendra A, Tuma J, Tůmová M, Vassilieva AB, Chen T-W, 
Geisen S, Schmidt O, Tiunov AV, Scheu S (2022) Feeding 
habits and multifunctional classification of soil-associated 
consumers from protists to vertebrates. Biol Rev Camb 
Philos Soc 97:1057–1117. https://​doi.​org/​10.​1111/​brv.​12832

Price GW, Gordon AM (1998) Spatial and temporal distribu-
tion of earthworms in a temperate intercropping system 
in southern Ontario, Canada. Agrofor Syst 44:141–149. 
https://​doi.​org/​10.​1023/A:​10062​13603​150

Schmidt M, Corre MD, Kim B, Morley J, Göbel L, Sharma 
ASI, Setriuc S, Veldkamp E (2021) Nutrient saturation of 
crop monocultures and agroforestry indicated by nutrient 
response efficiency. Nutr Cycl Agroecosyst 119:69–82. 
https://​doi.​org/​10.​1007/​s10705-​020-​10113-6

Shao G, Martinson GO, Corre MD, Luo J, Niu D, Bischel X, Veld-
kamp E (2023) Impacts of monoculture cropland to alley crop-
ping agroforestry conversion on soil N 2 O emissions. GCB 
Bioenergy 15:58–71. https://​doi.​org/​10.​1111/​gcbb.​13007

Staton T, Walters RJ, Smith J, Girling RD (2019) Evaluat-
ing the effects of integrating trees into temperate arable 
systems on pest control and pollination. Agric Syst 
176:102676. https://​doi.​org/​10.​1016/j.​agsy.​2019.​102676

Swieter A, Langhof M, Lamerre J, Greef JM (2019) Long-term 
yields of oilseed rape and winter wheat in a short rotation 
alley cropping agroforestry system. Agrofor Syst 93:1853–
1864. https://​doi.​org/​10.​1007/​s10457-​018-​0288-5

Swieter A, Langhof M, Lamerre J (2022) Competition, stress 
and benefits: Trees and crops in the transition zone of a 
temperate short rotation alley cropping agroforestry sys-
tem. J Agron Crop Sci 208:209–224. https://​doi.​org/​10.​
1111/​jac.​12553

Thevathasan NV, Gordon AM (1997) Poplar leaf biomass dis-
tribution and nitrogen dynamics in a poplar-barley inter-
cropped system in southern Ontario, Canada. Agrofor 
Syst 37:79–90. https://​doi.​org/​10.​1023/A:​10058​53811​781

van Ramshorst JGV, Siebicke L, Baumeister M, Moyano FE, Knohl 
A, Markwitz C (2022) Reducing Wind Erosion through Agro-
forestry: A Case Study Using Large Eddy Simulations. Sus-
tainability 14:13372. https://​doi.​org/​10.​3390/​su142​013372

Varah A, Jones H, Smith J, Potts SG (2013) Enhanced biodiver-
sity and pollination in UK agroforestry systems. J Sci Food 
Agric 93:2073–2075. https://​doi.​org/​10.​1002/​jsfa.​6148

Varah A, Jones H, Smith J, Potts SG (2020) Temperate agro-
forestry systems provide greater pollination service than 
monoculture. Agr Ecosyst Environ 301:107031. https://​
doi.​org/​10.​1016/j.​agee.​2020.​107031

Vaupel A, Hommel B, Beule L (2022) High-resolution melt-
ing (HRM) curve analysis as a potential tool for the iden-
tification of earthworm species and haplotypes. PeerJ 
10:e13661. https://​doi.​org/​10.​7717/​peerj.​13661

Vaupel A, Bednar Z, Herwig N, Hommel B, Moran-Rodas VE, 
Beule L (2023) Tree-distance and tree-species effects on 
soil biota in a temperate agroforestry system. Plant Soil 
487:355–372. https://​doi.​org/​10.​1007/​s11104-​023-​05932-9

Veldkamp E, Schmidt M, Markwitz C, Beule L, Beuschel R, 
Biertümpfel A, Bischel X, Duan X, Gerjets R, Göbel L, 
Graß R, Guerra V, Heinlein F, Komainda M, Langhof 
M, Luo J, Potthoff M, van Ramshorst JGV, Rudolf C, 
Seserman D-M, Shao G, Siebicke L, Svoboda N, Swieter 
A, Carminati A, Freese D, Graf T, Greef JM, Isselstein 
J, Jansen M, Karlovsky P, Knohl A, Lamersdorf N, 
Priesack E, Wachendorf C, Wachendorf M, Corre MD 
(2023) Multifunctionality of temperate alley-cropping 
agroforestry outperforms open cropland and grass-
land. Commun Earth Environ. https://​doi.​org/​10.​1038/​
s43247-​023-​00680-1

Wang Y, Zhang B, Lin L, Zepp H (2011) Agroforestry system 
reduces subsurface lateral flow and nitrate loss in Jiangxi 
Province, China. Agric Ecosyst Environ 140:441–453. 
https://​doi.​org/​10.​1016/j.​agee.​2011.​01.​007

Zaborski ER (2003) Allyl isothiocyanate: an alternative chem-
ical expellant for sampling earthworms. Appl Soil Ecol 
1393(02):87–95. https://​doi.​org/​10.​1016/​S0929-​1393(02)​
00106-3

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.ejsobi.2008.09.013
https://doi.org/10.1016/j.ejsobi.2008.09.013
https://doi.org/10.1111/brv.12832
https://doi.org/10.1023/A:1006213603150
https://doi.org/10.1007/s10705-020-10113-6
https://doi.org/10.1111/gcbb.13007
https://doi.org/10.1016/j.agsy.2019.102676
https://doi.org/10.1007/s10457-018-0288-5
https://doi.org/10.1111/jac.12553
https://doi.org/10.1111/jac.12553
https://doi.org/10.1023/A:1005853811781
https://doi.org/10.3390/su142013372
https://doi.org/10.1002/jsfa.6148
https://doi.org/10.1016/j.agee.2020.107031
https://doi.org/10.1016/j.agee.2020.107031
https://doi.org/10.7717/peerj.13661
https://doi.org/10.1007/s11104-023-05932-9
https://doi.org/10.1038/s43247-023-00680-1
https://doi.org/10.1038/s43247-023-00680-1
https://doi.org/10.1016/j.agee.2011.01.007
https://doi.org/10.1016/S0929-1393(02)00106-3
https://doi.org/10.1016/S0929-1393(02)00106-3

	Leaf litter distribution as a key driver of earthworms in a mature temperate agroforestry system
	Abstract 
	Background and aims 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials & methods
	Study site and sampling design
	General soil properties
	Earthworm communities
	Tree leaf litter distribution
	Statistical analyses

	Results
	General soil properties
	Earthworm communities
	Earthworm population density
	Earthworm biomass
	Impact of tree leaf litter distribution on earthworms


	Discussion
	Spatially distinct accumulation patterns of tree leaf litter in windward and leeward crop alleys
	Tree leaf litter distribution impacts earthworm communities
	Species-specific responses of earthworms to tree leaf litter distribution

	Conclusion
	References


