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Abstract: Abundant and functionally diverse earthworm communities in perennials deliver ecosys-
tem services like increasing nutrient availability by incorporating organic matter. This study aimed to
analyse the decomposition of annual and perennial energy crop residues, and the subsequent nutrient
release, depending on earthworm functional diversity. In a laboratory experiment, two ecological
earthworm groups—anecics (detritivorous Lumbricus terrestris (L.)) and endogeics (geophagous Apor-
rectodea caliginosa and A. rosea)—were incubated with wilted cup plant (Silphium perfoliatum) and
maize (Zea mays) litter for 4 or 8 weeks. Decomposition and consumption rates were calculated. The
C, N and P in litter and casts were analysed. Mineralisation was a function of earthworm biomass
and the number of individuals. Functional diversity had no beneficial effect. Decomposition was
found to be highest in treatments with detritivorous earthworms, i.e., higher earthworm biomass, yet
consumption and nutrient turnover in relation to earthworm biomass were higher in treatments with
geophages indicating enhanced competition. N limitation became apparent in both litter treatments
and was predominant with cup plant litter. N limitation and recalcitrant cell wall compounds affected
consumption rates and the egestion of total C and P. While N in casts was lower than expected, P was
increased. We observed that the effects manifested at different stages of decomposition of maize and
cup plant, highlighting differences in temporal development of decomposition and nutrient turnover
between litter types. Our results indicate that earthworms promote decomposition of recalcitrant
litter and nutrient turnover, but N limitation may hamper nutrient release. Cup plant systems offer a
suitable habitat for soil-dwelling organisms, but management approaches must consider the adequate
input of organic matter as an energy and nutrient source to enhance ecosystem service provision.

Keywords: decomposition; nutrient turnover; ecosystem services; functional groups; residue quality;
N immobilisation

1. Introduction

Biogas production is a much-debated topic when it comes to sustainable energy gen-
eration. While it represents a valuable alternative to fossil fuels, the used substrate is a
crucial factor regarding sustainability [1–3]. The most common substrate is annual maize
(Zea mays), due to its high methane yield of up to 10,200 m3N ha−1 [4]. However, the
sustainability of annuals like maize for biogas production is often questioned because
of high external inputs of fertilizer, fossil fuels and pesticides [1,2]. Second-generation
energy crops open up new possibilities for sustainable biogas production as they may
be managed as low-input systems reducing resource input. While this management ap-
proach may impact the overall yield in comparison to maize, there are valuable assets to
second-generation energy crops, which increase their competitiveness and act as important
incentives for farmers. Perennial energy crops are particularly beneficial for soil health
and the subsequent crop [5] and, in contrast to maize, may counteract soil erosion [6]. In
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this context, the cup plant (Silphium perfoliatum) has shown great potential, as it combines
relatively high yields [7] with an array of positive effects on soil and biodiversity. Its yellow
flowers provide a valuable food source for pollinators in a prolonged blooming period
from July to late September [8–10]. In the first year after establishment, weed control is
crucial, but in the following years, the need for pesticide input is typically low [8,11]. The
omission of tillage and the extensive root system of the cup plant protect the soil against
erosion [12]. Additionally, cup plant cultivation provides favourable habitat conditions
for soil-dwelling organisms like earthworms [13,14]. Earthworms generally benefit from
no-till regimes [15].

The cup plant, for example, may have some notable disadvantages compared to maize,
like lower water use efficiency and lower yield [10,16]. Yet, the development of larger
earthworm populations under cup plant cultivation potentially grants access to numerous
ecosystem services compensating for its disadvantages. For example, earthworms mitigate
soil erosion, counteract soil compaction by improving water infiltration as well as gas
exchange and thus, improve plant growth [17–19]. Bertrand et al. [20] and Blouin et al. [21]
report on the role of earthworms in decomposition of organic matter, nutrient cycling
and soil organic carbon stabilisation. The processes underlying earthworm-controlled
mineralisation and C sequestration are complex and depend on the local and temporal
context, as well as on organic matter input and earthworm community structure. For
instance, earthworms may cause a decline in soil C stocks [20–22]. In perennial cropping
systems, a higher potential to increase C sequestration can be assumed and in the presence
of earthworms, a distribution of protected C into the subsoil is likely [23–25]. As a matter
of fact, both mineralisation and sequestration of soil C, occur simultaneously; yet several
factors, such as the provision of organic matter, C incorporation into aggregates and
eventually plant growth will affect the balance of those two processes [22]. However,
with respect to energy cropping systems, it is fundamental to assess whether earthworm
communities and above-ground organic residue production synchronise to promote C
sequestration or trigger SOM mineralisation. Taken together, the abovementioned examples
show that it is important to be aware of the complex relationships, which drive earthworm-
controlled processes towards ecosystem service and which circumstances will shift them
towards disservices.

The anecic species Lumbricus terrestris L., and the endogeic species Aporrectodea caligi-
nosa and Aporrectodea rosea, are of particular interest because they are commonly found in
arable soils and represent two different feeding strategies. Detritivorous anecics feed on
fresh surface residues that they drag into their burrows for consumption, while geophagous
endogeics feed on already decayed organic matter within the soil [26]. Detritivorous
earthworms are subsequently called primary decomposers and geophagous earthworms
are called secondary decomposers. The combination of both guilds can lead to posi-
tive complementary effects on mineralisation and nutrient turnover, as demonstrated
by Ernst et al. [27], who observed in a microcosm study with winter rape, maize, miscant-
hus and oat litter that L. terrestris increased easily available soil organic matter and positively
affected endogeics, i.e., secondary decomposers. A study by Postma-Blaauw et al. [28]
showed that a combination of decomposer guilds, similar to those in our study, enhanced
bacterial growth. A complex interaction of A. caliginosa and L. terrestris was reported
by Laossi et al. [29], who found beneficial effects on plant biomass depending on the
plant species.

Furthermore, earthworms are broadly known to accumulate nutrients in their casts [21,26].
A recent meta-analysis by Van Groenigen et al. [30] found that earthworms increase the total
organic C, total N, and P by 40–48% in casts compared to the bulk soil. In a grassland study
by Decaëns et al. [31], earthworm casts contained 40–60% more total N and 40–90% more
total C than the surrounding bulk soil. Another grassland study by Graff [32] revealed about
50% more N and a fivefold increase in plant-available P in casts compared to soil. Even
when not provided with any external food source, earthworm casts contained slightly higher
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nutrient levels then the soil, but differences were mainly insignificant [33,34]. This implies that
earthworms may play a crucial role for nutrient cycling in low-input systems like perennials.

Therefore, this study aims to focus on earthworm decomposition services in annual
and perennial energy crops (maize versus cup plant) and its effects on mineralisation and
nutrient turnover, which are two of the most important ecosystem services in agriculture.
We hypothesize that (i) a higher functional earthworm diversity of primary and secondary
decomposers enhances mineralisation of organic residues (litter) and nutrient release;
(ii) the quality of the applied litter controls earthworm activity and therefore, the extent
of the mineralisation and nutrient release. A laboratory experiment was conducted, in
which soil was amended with wilted cup plant and maize litter and to which either
anecics or endogeics or a mix of both ecological groups were added. The experiment was
conducted with two different incubation periods (4 and 8 weeks). Decomposition and
consumption rates were calculated and the C, N and P in casts and litter were evaluated to
test our hypotheses.

2. Material and Methods
2.1. Soil

The soil was obtained from the Ap horizon of a commercially cultivated maize field
near St. Wendel (49.45◦ N, 7.13◦ E) in southwest Germany. The soil was identified as a
Hypereutric Mollic Stagnosol [35] and categorised as silt loam (SiL; 17.7% sand, 59.3% silt,
23.0% clay). Determination of particle size distribution was conducted with air-dried soil
using the Köhn method with a Sedimat 4–12 (Umweltgerätetechnik UGT, Müncheberg,
Germany) [36]. Soil was defaunated by a threefold 24 h cycle of freezing (−18◦C) and thaw-
ing (room temperature). Afterwards, the soil was dried, sieved (2 mm) and rewetted. The
soil was mixed thoroughly the next day and stored for one week to ensure even moisture
distribution. The gravimetric water content was set to 33.0 ± 0.7%, which was close to
field capacity, as advised by Fründ et al. [37], to ensure suitable moisture conditions for
earthworms. Plant-available phosphate P [mg kg−1] in soil material was extracted with a
calcium-acetate-lactate (CAL) solution and measured spectrometrically via ICP-OES iCAP
7400 (Thermo Fisher Scientific, Waltham, MA, USA), according to VDLUFA [38]. Total
phosphate Ptotal [mg kg−1] in plant material was extracted by aqua regia digestion and
measured via Agilent 725 ICP-OES (Agilent Technologies, Santa Clara, CA, USA), according
to ISO 11885 [39]. For measurements of C and N see the litter section below. Soil pH was
measured in a CaCl2 solution with a SI Analytics Lab 850 pH-meter (Thermo Fisher Scien-
tific, Waltham, MA, USA), in accordance with ISO 10,390 [40]. Before incubation the soil
contained 19.84 ± 0.76 g kg−1 total C, 2.09 ± 0.04 g kg−1 total N, and 56.99 ± 0.36 mg kg−1

plant-available CAL-P at pH 6.6. Pre-incubation C/N ratio of the experimental soil was 9.5.

2.2. Litter

Litter of cup plant (Silphium perfoliatum) and maize (Zea mays) was collected from
commercially cultivated fields near St. Wendel (49.51◦ N, 7.07◦ E) in late summer. Cup
plant litter was collected from the ground. Maize litter was collected as wilting senescent
leaves from the bottom part of the maize plants. Both, cup plant and maize litter were
dried in an oven at 60 ◦C and chopped into 2 cm fragments. Stems were excluded. The
chemical composition, i.e., total C [g kg−1], N [g kg−1] and P [g kg−1] as well as cellulose
[%], hemicellulose [%] and lignin [%] are listed in Table 1. Fibre composition of maize
and cup plant litter was measured using a Fibretherm FT12 system (C. Gerhardt GmbH,
Königswinter, Germany). Single plant composites, such as cellulose, hemicellulose and
lignin, were analysed according to VDLUFA [41–43]. Total carbon and nitrogen C and N
in the initial litter as well as in the remaining litter, soil and casts were measured by dry
combustion with a TruMac CN Analysator (LECO, St. Joseph, MO, USA).
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Table 1. Initial total C and N content [g kg−1] and total P [g kg−1] and plant structural substances
hemicellulose, cellulose and lignin [%] of dried maize and cup plant litter (mean ± SE).

Total C
[g kg−1]

Total N
[g kg−1]

C/N
Ratio

Total P
[g kg−1]

Hemi-Cellulose
[%]

Cellulose
[%]

Lignin
[%]

Cup plant 408.60 ± 0.90 7.57 ± 0.11 53.97 1.70 ± 0.42 5.51 ± 0.03 11.97 ± 0.15 15.11 ± 0.12
Maize 411.18 ± 2.52 14.92 ± 0.28 27.55 1.69 ± 0.00 31.79 ± 0.19 14.08 ± 0.30 7.40 ± 0.46

2.3. Earthworms

Primary decomposer earthworms, Lumbricus terrestris L., were purchased from a
commercial supplier (Herrmann & Herrmann GbR, Braunschweig, Germany). Secondary
decomposer earthworms, Aporrectodea caliginosa (Savigny, 1826) and Aporrectodea rosea
(Savigny, 1826), were collected from grassland at the Thünen campus in Braunschweig
(Germany). Adult and subadult individuals were washed in tap water and adapted to
the experimental conditions by keeping them in the experimental soil and providing
experimental plant material ad libitum at least one week prior to the experiment. During
adaptation, the earthworms were kept in darkness at 15 ◦C (±1 ◦C), which is the optimum
temperature for earthworm activity.

2.4. Experimental Design

The experiment was set up with the following treatments with five replicates each
resulting in a total of 80 units: four earthworm treatments (primary decomposer, secondary
decomposer, mixed primary and secondary decomposer, non-earthworm control), two
litter treatments (cup plant, maize), and two incubation periods (4 weeks, 8 weeks). The
experimental set up as well as the mean raw earthworm biomass before incubation are
shown in Table 2; the non-earthworm control is not listed in Table 2. In the following
sections, earthworm biomass is given as raw weight [g]. Earthworm density equalled
105 individuals per m2 (primary decomposers), 263 individuals per m2 (mix of primary
and secondary decomposers) and 421 individuals per m2 (secondary decomposers).

Table 2. Initial raw earthworm biomass [g] (means ± SE, n = 5) and individuals per replicate
for cup plant and maize treatments for incubations of 4 and 8 weeks. Earthworm treatments:
primary = primary decomposer L. terrestris; secondary = secondary decomposers A. caliginosa and
A. rosea; mix = primary and secondary decomposers.

Number of Individuals
Initial Raw Earthworm Biomass [g]

Cup Plant Maize

4 weeks
Primary 2 primary decomposers 12.95 ± 0.11 12.68 ± 0.23

Mix 1 primary decomposer + 4 secondary decomposers 7.99 ± 0.16 8.04 ± 0.05
Secondary 8 secondary decomposers 3.76 ± 0.02 4.04 ± 0.01

8 weeks
Primary 2 primary decomposers 12.48 ± 0.09 12.11 ± 0.02

Mix 1 primary decomposer + 4 secondary decomposers 8.33 ± 0.05 8.33 ± 0.10
Secondary 8 secondary decomposers 3.69 ± 0.01 3.94 ± 0.02

2.5. Incubation Experiment and Sampling of Soil, Casts and Litter

Plastic boxes (length: 20 cm, width: 9.5 cm, height: 8.5 cm) were filled with 1 kg of
moist soil to a bulk density of 0.9 g cm−3, which corresponded to a water filled pore space
of about 45.0%. Earthworms were added to the boxes according to Table 2. Earthworm
biomasses were set to be similar among the different litter treatments and duration periods:
primary ca. 13 g; mix ca. 8 g; secondary ca. 4 g (Table 2). To encourage earthworms
to burrow into the soil, small holes of 1 cm depth were pushed into the soil surface and
earthworms were inserted headfirst. Afterwards, 12 g of dried litter was evenly distributed
on the soil surface and gently sprayed with tap water. The boxes were closed with a
lid and kept in the dark at 15 ◦C (±1 ◦C) for 4 and 8 weeks, respectively. During the
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incubation, the boxes were controlled three times a week to check for moisture levels and
mould development. After the incubation, the total remaining litter was removed from
the boxes, and the surface casts were carefully collected and manually separated from
any adherent residual litter. The earthworms were carefully removed from the soil and
transferred into tap water to remove adherent soil, organic material and mucus. After
briefly putting the earthworms on dry tissue, their biomass was determined by weighing
(±0.01 g). Before and after the experiment, gut emptying was avoided in order to maintain
earthworm vitality. Further, clearly identifiable casts as well as bulk soil was sampled.
Collected cast material was combined per sample without further differentiation. Bulk soil
and cast samples were dried at 105 ◦C for 24 h, weighed, sieved (2 mm) and subsequently
ground for measurements of total C and N and plant-available P. The remaining litter was
cautiously rinsed in tap water if necessary to remove soil and dried at 60 ◦C, weighed
and ground for analysis of total C and N and total P afterwards. Since remaining plant
material was scarce after incubation, the five replicates were pooled so that after incubation,
three measurements of total Clitter [mg], total Nlitter [mg] and total Plitter [mg] per treatment
were possible.

2.6. Calculations
2.6.1. Decomposition and Consumption

To calculate the decomposition rate k, we applied a transposed version of Olson’s
model for a system with decay without production [44] (Equation (1)).

k =
ln
(

X
X0

)
(−t)

(1)

For the calculation of k, the ln of the quotient of the remaining litter fraction X [g] and
the initial litter quantity X0 [g] is divided by the duration of the incubation t [d]. To connect
the decomposition to earthworm biomass, we further calculated the weekly consumption
rate C [g g−1] by modifying the method postulated by Daniel [45] (Equation (2)).

C =
X0 − X(1 + L)

W d
(2)

The consumption rate C is determined using X and X0 again and by considering
the mean of the initial and final fresh earthworm biomass, i.e., raw earthworm weight
W [g], the duration d in weeks and a fraction of the loss L by microbial activity without
earthworms. To determine the fraction of the loss L, we differed from Daniel [45] and used
the final litter biomass Xnone from the respective control treatments (litter control without
earthworms) (Equation (3)).

L = 1 −
(

Xnone

X0

)
(3)

For better assessment of nutrient turnover in relation earthworm activity, the cast
nutrient contents Ccast, Ncast and CAL-Pcast were divided by the mean of the initial and
final fresh earthworm biomass i.e., raw earthworm weight W [g], similarly to the consump-
tion rate.

2.6.2. Litter-Derived Total C, N and P

For the quantification of nutrient release, litter-derived amounts Ylitter of the total Clitter
[g], total Nlitter [mg] and total Plitter [mg] were calculated using the initial litter quantity X0
[g] and the remaining litter fraction X [g] as well as the initial contents yinitial of the total
Cinitial [%], total Ninitial [%] and total Pintital [mg kg−1] of the litter and the final contents
yfinal of the total Cfinal [%], total Nfinal [%] and total Pfinal [mg kg−1] of the remaining litter
(Equation (4)).

Ylitter = (X0 ∗ yinitial)−
(

X∗ y f inal

)
(4)
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Since samples were pooled, maximum standard errors for Clitter, Nlitter and Plitter
were calculated and combined, according to Higgins et al. [46], before standard errors
were calculated.

2.7. Statistical Evaluation

For each of the dependent variables, k, C as well as cast C, N and CAL-P, we built linear
models using the R function “lm” in R version 4.0.3 [47] and tested the significance of the
treatment effects with type III ANOVA using the “car” package [48]. Earthworm treatment,
duration and litter treatment were explanatory variables for all models. Subsequently,
the significance of the explanatory variables is indicated by the ratio of variance within
groups (F) and the respective p-value (Pr > F). Furthermore, nutrient turnover was more
thoroughly assessed by dividing cast C, N and CAL-P by the mean earthworm raw weight,
i.e., the mean of the initial and final raw earthworm biomass. The resulting quotients were
used as dependent variables, with earthworm treatment, duration and litter treatment as
explanatory variables in a type III ANOVA. Litter-derived C, N and P were evaluated via a
generalised linear mixed model using the “glmmTMB” function [49] combined with a type
III ANOVA. Explanatory variables were the same as in the linear models, but the group that
describes the specific combination of treatments (earthworm treatment + litter treatment +
duration) was added as a random factor to account for the pooling and subsequent drawing
of samples for measurement, as described in Section 2.5. The significance of the explanatory
variables is indicated by the difference between the variables (Chisq) and the respective p-
value (Pr > Chisq). To assess earthworm biomass and number, we created separate models
for the dependent variables decomposition rate and consumption rate with the following
predictors: litter and duration treatment, and either the combination of mean earthworm
biomass + (mean earthworm biomass)2 or earthworm number + (earthworm number)2.
The dependent variables were log-transformed where necessary. The normal distribution
and homogeneity of the variance of the model residuals were checked via the Shapiro–
Wilk test and visual inspection. Post hoc testing was conducted with Tukey’s HSD using
“emmeans” [50]. The compact letter display in figures was generated with the package
“agricolae” using the R function “HSD.test” [51]. Further, the package “multcomp” [52]
was used. To contrast the final litter biomasses as well as the nutrients in the soil and
cast, a two-sided two-sample Wilcoxon rank-sum test was applied, using the R function
“wilcox.test” from the package “stats” [47]. Scatterplots were created using the packages
“ggplot2” [53] and “ggpubr” [54]. For comparison of the initial and final earthworm
biomass, a paired, two-sided two-sample Wilcoxon rank-sum test was used. Possible
correlations were examined with the Spearman’s rank correlation.

3. Results
3.1. Earthworm Survival

Total earthworm survival was 99% for maize treatments and 97% for cup plant treat-
ments. On day one of incubation, one individual was found dead in a 4-week replicate
of the cup plant treatment with primary decomposers and in a 4-week replicate of the
cup plant treatment with primary and secondary decomposers, respectively. The dead
earthworms were immediately replaced by individuals of similar biomass. In one 8-week
replicate of the cup plant treatment with primary decomposers, all animals perished during
incubation. This replicate was excluded from the data evaluation. The formation of mould
was observed. In two 8-week replicates of the maize treatment, one without earthworms
and one with primary decomposers, mould was slightly torn down because it filled the
headspace almost entirely. An adverse effect of this procedure on final parameters like litter
biomass or earthworm biomass was not observed. In total, 3% and 10% of all endogeic
earthworms were found to be in aestivation in maize and cup plant treatments, respectively.
The earthworm biomass changed in both treatments. Cup plant treatments induced an
insignificant biomass decrease of <1%. A 7% increase of earthworm biomass in maize treat-
ments was significant (p < 0.001). Stronger biomass decreases were observed in treatments
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with primary decomposers. In treatments with secondary decomposers, the earthworm
biomass was more likely to increase (Supplementary Information, Table S1).

3.2. Mineralisation of Litter Biomass

Table 3 shows the results of the statistical evaluation for k, C as well as litter derived
nutrients and cast nutrients, which are presented in detail in the following sections. The
remaining litter biomass may be found in Table S2 in the Supplementary Information. The
regression coefficients and the respective standard error for each model may be found in
Table S6 of the Supplementary Information.

3.2.1. Decomposition Rate k

Significant differences in the decomposition rate k were found between litter treat-
ments (Figure 1, Table 3; Supplementary Information Table S2). Decomposition rates in cup
plant treatments were up to twice as high as in the respective maize treatment (Figure 1).
Furthermore, the duration of the experiment significantly influenced the decomposition
rates (Table 3; Supplementary Information Table S2). After 8 weeks of incubation, decompo-
sition rates were predominantly higher than after 4 weeks. Changes in the decomposition
rates induced by duration depended on the litter treatment, as can be seen in Figure 1 and
Table 3 (litter:duration). Differences in k caused by the length of the incubation period were
stronger in maize treatments. Here, k was increased by 19.3% in treatments without earth-
worms and by 96.1% in mixed earthworm treatments after 8 weeks. Cup plant treatments
resulted only in slight alterations, apart from a clear decrease in non-earthworm control
treatments (−30.4%).
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Figure 1. Decomposition rate k (means ± SE, n = 5) for cup plant and maize treatments after
4 and 8 weeks of incubation. Control = without earthworms; primary = primary decomposer
L. terrestris; secondary = secondary decomposers A. caliginosa and A. rosea; mix = primary and
secondary decomposers. For statistics see Table 3 and Supplementary Information Table S6; for
further information see Supplementary Information, Tables S1 and S2.
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Table 3. ANOVA significance levels as expressed by F and Pr(>F) for the decomposition rate k, consumption rate C, total C, N and P released from the litter (Clitter,
Nlitter, Plitter) and total C and N and CAL-P of the casts (Ccast, Ncast, CAL-Pcast). Earthworm treatment, litter treatment and duration were used as dependent
variables. F and Pr(>F) values for the decomposition rate k, consumption rate C and the total C and N and CAL-P of the casts (Ccast, Ncast, CAL-Pcast) as well as
Chisq and Pr(>Chisq) values for the total C, N and P released from the litter (Clitter, Nlitter, Plitter) are given for interaction effects of the earthworm treatment and
litter treatment (earthworm:litter), earthworm treatment and duration (earthworm:duration) and litter treatment and duration (litter:duration).

log(k) log(C) Clitter Sqrt(Nlitter) (Plitter)2 Ccast Ncast Log(CAL-Pcast)

earthworm
F/Chsiq 23.5 14.1 1283.5 211.8 112.5 1.7 0.1 0.1

Pr(>F)/Pr(>Chsiq) 1.832 × 10−10 *** 1.465 × 10−5 *** <2.2 × 10−16 *** <2.2 × 10−16 *** <2.2 × 10−16 *** 0.199 0.884 0.380

litter
F/Chsiq 15.7 2.5 82.1 34.6 8.1 2.0 20.2 0.1

Pr(>F)/Pr(>Chsiq) 1.874 × 10−4 *** 0.122 <2.2 × 10−16 *** 4.068 × 10−9 *** 0.004 ** 0.159 4.254 × 10−5 *** 0.816

duration
F/Chsiq 35.0 31.4 1571.4 101.4 151.7 0.0 4.2 1.9

Pr(>F)/Pr(>Chsiq) 1.308 × 10−7 *** 9.486 × 10−7 *** <2.2 × 10−16 *** <2.2 × 10−16 *** <2.2 × 10−16 *** 0.956 0.047 * 0.178

earthworm:litter
F/Chsiq 7.9 4.7 160.7 12.9 36.0 4.2 0.6 4.1

Pr(>F)/Pr(>Chsiq) 1.344 × 10−4 *** 0.013 * <2.2 × 10−16 *** 0.005 ** 7.663 × 10−8 *** 0.021 * 0.536 0.022 *

earthworm:duration
F/Chsiq 7.0 3.1 130.0 24.6 169.0 0.6 3.0 0.6

Pr(>F)/Pr(>Chsiq) 3.619 × 10−4 *** 0.052 (*) <2.2 × 10−16 *** 1.856 × 10−5 *** <2.2 × 10−16 *** 0.566 0.060 (*) 0.565

litter:duration
F/Chsiq 63.9 16.1 413.1 61.5 35.8 10.0 26.2 46.6

Pr(>F)/Pr(>Chsiq) 2.706 × 10−11 *** 2.047 × 10−4 *** <2.2 × 10−16 *** 4.523 × 10−15 *** 2.143 × 10−9 *** 0.002 ** 5.113 × 10−6 *** 1.248 × 10−8 ***

Significance levels: *** p < 0.001; ** p < 0.01; * p < 0.05; (*) p < 0.1.
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Generally, the earthworm activity significantly enhanced k and further supported
higher decomposition rates after 8 weeks of incubation, where treatments without earth-
worms showed declining or stagnant trends (Table 3, earthworm:duration). The highest
decomposition rates were found in litter treatments with primary decomposers (here:
L. terrestris). Secondary decomposers A. caliginosa and A. rosea induced lower decompo-
sition rates, while the mix of both decomposer guilds led to intermediate decomposition
rates. Statistical evaluation verified the significant effect of earthworm treatments (Table 3).
Moreover, a negative Spearman’s rank correlation between litter biomass and earthworm
biomass was found for cup plant treatments (R −0.53; p > 0.01, Supplementary Information
Figure S1). A similar relationship in maize treatments was not significant (Supplementary
Information Figure S1). Our model validated the effect of earthworm weight (mean earth-
worm biomass; F 16.279 Pr(>F) > 0.001). On the other hand, the number of earthworms per
replicate had no significant effect.

3.2.2. Consumption Rate C

Consumption rates C varied particularly among earthworm treatments. The highest
consumption rates were calculated for treatments with the endogeic species A. caliginosa
and A. rosea. The lowest consumption rates were found in treatments with the primary
decomposer L. terrestris (Figure 2). Consumption rates within the earthworm treatments
were significantly influenced by the litter treatment (Table 3, earthworm:litter), which was
most evident in treatments with primary decomposer L. terrestris. The 4-week treatment
with primary decomposers and the mixed treatment both resulted in 47.5% to 49.1% lower
consumption rates, respectively, when treated with maize litter in comparison to the re-
spective cup plant treatment. Corresponding differences in the treatments with secondary
decomposers are less pronounced. Statistical analysis further indicated an additional linear
quadratic effect of the number of individuals per replicate within earthworm treatments on
the consumption rates (earthworm number2; F 5.9 Pr(>F) 0.019). Evaluation of earthworm
biomass per replicate indicated a linear link between lower earthworm biomass and con-
sumption (mean earthworm biomass; F −2.9 Pr(>F) 0.005). The litter treatment in general
showed only insignificant differences in consumption rates, but in context with the dura-
tion, effects were highly significant (Table 3). Maize treatments showed lower consumption
rates compared to cup plant treatments after a short incubation (4 weeks), as illustrated by
Figure 2. After 8 weeks of incubation, consumption rates in both treatments were similar
and only very small differences remained (see also Supplementary Material Table S2). Espe-
cially in maize treatments with secondary decomposers, consumption rates nearly doubled.
In cup plant treatments, a 31.6% increase in replicates with secondary decomposers was
found as well, but in the mixed treatment with both decomposer guilds, consumption rates
did not change after 8 weeks. In the 8-week cup plant treatments with primary decomposer,
consumption rates dropped by 20.7% compared to the 4-week incubation.
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Figure 2. Consumption rate C [g g−1] (means ± SE, n = 5) of primary decomposers L. terrestris
(primary), secondary decomposers A. caliginosa and A. rosea (secondary) and a mix of both decomposer
guilds (mix) in cup plant and maize treatments after 4 and 8 weeks of incubation. For statistics
see Table 3 and Supplementary Information Table S6; for further information see Supplementary
Information, Tables S1 and S2.
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3.3. Nutrient Release
3.3.1. Carbon, Nitrogen and Phosphate from Litter

Up to three times more Nlitter was released from maize litter after 4 and 8 weeks relative
to cup plant (Table S3, Supplementary Material). In the 4-week cup plant treatments with
earthworms, 25.1% to 31.7% more Clitter was released. The litter treatment had significant
effects on the Clitter, Nlitter and Plitter (Table 3). More Clitter, Nlitter and Plitter was found as
mineralisation progressed. The magnitude of the nutrient release was subject to significant
temporal variability depending on the litter type (Table 3). For example, the Clitter in
8-week cup plant treatments was on average 30.6% higher compared to the 4-week cup
plant treatments, while the Clitter in 8-week maize treatments was 87.4% higher. Our data
further show that treatments with primary decomposers led to the highest amounts of
Clitter, Nlitter and Plitter (Table S3, Supplementary Material). The earthworm treatment was
a significant factor for all three litter-derived nutrients (Table 3).

3.3.2. Carbon, Nitrogen and Phosphate in Earthworm Casts

The earthworm effect on the fate of litter-derived total Clitter, Nlitter and Plitter was as-
sessed by analysing the Ccast, Ncast and CAL-Pcast in the casts of each earthworm treatment
and by analysing cast C, N and CAL-P per mean earthworm raw body weight in [g] as a
measurement for nutrient turnover (Table 4, Supplementary Material Figures S4–S6 and
Table S5).

Table 4. Total Ccast, total Ncast [g kg−1] and total CAL-Pcast [10−6 g kg−1] in casts per mean earthworm
biomass [g] (means ± SE, n = 5) in cup plant and maize treatments for 4 and 8 weeks of incubation
for earthworm treatments. Primary = primary decomposer L. terrestris; secondary = secondary
decomposers A. caliginosa and A. rosea; mix = primary and secondary decomposers. For statistics see
Figures S4–S6 and Table S5 of the Supplementary Information.

Total Ccast [g kg−1]/Mean
Earthworm Raw Weight [g]

Total Ncast [g kg−1]/Mean
Earthworm Raw Weight [g]

Total CAL-Pcast
[10-6 g kg−1]/Mean Earthworm

Raw Weight [g]

Cup plant

4 weeks
Primary 2.17 ± 0.20 0.18 ± 0.01 6.42 ± 0.47

Mix 2.63 ± 0.21 0.27 ± 0.01 8.29 ± 0.35
Secondary 5.54 ± 0.11 0.58 ± 0.02 17.87 ± 0.38

8 weeks
Primary 2.57 ± 0.09 0.21 ± 0.00 8.01 ± 0.13

Mix 3.16 ± 0.15 0.28 ± 0.01 10.46 ± 0.67
Secondary 6.56 ± 0.27 0.67 ± 0.02 22.79 ± 1.26

Maize

4 weeks
Primary 1.86 ± 0.13 0.19 ± 0.01 5.24 ± 0.23

Mix 2.70 ± 0.13 0.30 ± 0.01 7.70 ± 0.24
Secondary 4.96 ± 0.08 0.60 ± 0.01 15.14 ± 0.25

8 weeks
Primary 1.95 ± 0.09 0.20 ± 0.01 5.14 ± 0.19

Mix 2.34 ± 0.09 0.25 ± 0.01 6.80 ± 0.15
Secondary 5.69 ± 0.11 0.59 ± 0.02 15.60 ± 0.35

Litter treatment significantly influenced the overall Ncast (Figure 3), but regarding Ncast
per earthworm body weight, no significant differences were found (F 0.01 Pr(>F) 0.928).
Differences regarding the Ccast and CAL-Pcast, which were found in the respective litter
treatment, were not significant (Table 3). However, the differences in C and CAL-P turnover
per earthworm biomass was significant in both cases (FCcast 7.65 Pr(>F)Ccast 0.009; FCAL-Pcast
8.05 Pr(>F)CAL-Pcast 0.007). In general, the cast nutrients per earthworm raw biomass [g]
showed a similar course to that of the consumption rate. Among litter treatments, the Ccast
and CAL-Pcast as well as the Ncast varied over time, as shown in Figures 3–5.
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Figure 3. Total nitrogen Ncast [g kg−1] (means ± SE, n = 5) in casts in treatments with primary
decomposers L. terrestris (‘primary’), secondary decomposers A. caliginosa and A. rosea (‘secondary’)
and a mix of primary and secondary decomposers (‘mix’) in cup plant and maize treatments after
4 and 8 weeks of incubation. Initial total soil nitrogen content is expressed by the dashed red
line. For statistics see Table 3 and Supplementary Information Table S6; for further information see
Supplementary Information, Table S4.
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well (Table S5, Supplementary Material). In 4-week treatments, for instance, earthworm 
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Figure 4. Total carbon Ccast [g kg−1] (means ± SE, n = 5) in casts in treatments with primary
decomposers L. terrestris (‘primary’), secondary decomposers A. caliginosa and A. rosea (‘secondary’)
and a mix of primary and secondary decomposers (‘mix’) in cup plant and maize treatments after
4 and 8 weeks of incubation. Initial total soil carbon content is expressed by the dashed red line.
For statistics see Table 3 and Supplementary Information Table S6; for further information see
Supplementary Information, Table S4.
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Figure 5. Plant-available, i.e., CAL-extractable Pcast [10−3 g kg−1] (means ± SE, n = 5) in casts in
treatments with primary decomposers L. terrestris (‘primary’), secondary decomposers A. caliginosa
and A. rosea (‘secondary’) and a mix of primary and secondary decomposers (‘mix’) in cup plant and
maize treatments after 4 and 8 weeks of incubation. Initial CAL-P content of the soil is expressed by
the dashed red line. For statistics see Table 3 and Supplementary Information Table S6; for further
information see Supplementary Information, Table S4.

The interaction of litter treatment and duration was highly significant for all three
nutrients (Table 3, litter:duration) and for cast nutrient per earthworm raw biomass as well
(Table S5, Supplementary Material). In 4-week treatments, for instance, earthworm casts
in maize treatments showed 10.4% to 13.3% more total N than their respective cup plant
counterparts. After 8 weeks of incubation, however, casts in cup plant treatments contained
more total N. The total C and CAL-P in casts varied less among litter treatments after
4 weeks of incubation. After 8 weeks, casts in cup plant treatments contained 1.6% to 25.6%
more total C and 21.8% to 36.8% more CAL-Pcast than the respective maize treatment. The
Ccast and CAL-Pcast performed similarly and were found to positively correlate (Spearman’s
rank correlation; Rcup plant 0.89, Pcup plant < 0.0001; Rmaize 0.71, Pmaize < 0.0001).

Earthworm treatments had no significant effect on the cast nutrient contents, but the
affected Ccast and CAL-Pcast depended on the litter type (Table 3, earthworm:litter). This
became evident in cup plant treatments, where the highest Ccast as well as the highest
CAL-Pcast were found with primary decomposer L. terrestris (Figures 3 and 5). Less total C
and CAL-P were found in the casts of secondary decomposers A. caliginosa and A. rosea.
Regarding cast nutrient turnover per earthworm raw biomass, the C, N and CAL-P were
two to three times as high in treatments with secondary decomposers as in the treatments
with primary decomposers or in mixed treatments (FC > 155.41 Pr(>FC) < 0.001; FN > 279.36
Pr(>FN) < 0.001; FCAL-P > 235.38 Pr(>FCAL-P) < 0.001) (Table 4; Supplementary Material
Table S5).

After the incubation, especially in 8-week treatments, the bulk soil was heavily tra-
versed by earthworm burrows, which complicated sampling of the virgin bulk soil. As a
result, the measurement results of the nutrient content in post-incubation bulk soil had
to be questioned and were consequently not reported in this study. When compared to
the initial nutrient contents of the soil (Figures 3–5, red dashed lines), the largest Ccast and
CAL-Pcast accumulations with on average 26.5% and 42.0%, respectively, are attributed to
cup plant treatments. In maize treatments, the Ccast and CAL-Pcast increased by an overall
mean of 13.7% and 11.8%, compared to the initial soil. Slightly higher Ncast enrichments
were attributed to maize treatments (avg. 15.9%; cup plant treatments: avg. 11.3%). All
earthworm treatments in all the litter treatments displayed nutrient accumulation to some
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extent, except for maize treatments with mixed decomposer guilds (Mix) after 8 weeks,
which made virtually no difference to the soil’s initial total C, total N or CAL-P content.

4. Discussion
4.1. Earthworm Functional Groups

In our laboratory study, the highest overall decomposition was linked to primary
decomposers and the lowest to secondary decomposers, and vice versa for consumption
rates. The decomposition and consumption of earthworm treatments with both primary
and secondary decomposers (mix) laid in-between. Inter- and intraspecies competition
for space may have played a role, notably we used a soil volume of a little less than
a litre [33,55]. Unlike Eriksen-Hamel & Whalen [56], we did not notice any significant
earthworm biomass loss. Nevertheless, earthworm density expressed as individuals per m2

was higher than it would be in the field. Noting the feeding behaviour of the earthworm
species in our experiment and the territorial behaviour of L. terrestris [57], competition
either has occurred to a limited extent due the short incubation period or would have been
more pronounced during longer incubation. However, we found that a higher earthworm
biomass led to a higher decomposition rate, but not to a higher consumption rate. A higher
number of earthworms, however, was linked to higher consumption rates. This implies that
L. terrestris promotes decomposition to a stronger extent than the secondary decomposers,
although they are linked to a higher consumption per g of their biomass. There are two
underlying reasons for this observation: (i) the biomass of the primary decomposer was
much higher than the secondary decomposer biomass, hence, even though more litter
was decomposed, the consumption by primary decomposers was lower; (ii) consumption
in the treatments with the secondary decomposers may only appear to be higher. Due
to the more intensive burrowing and casting activity that is associated with geophagous
earthworms, it may be assumed that they could have created a larger hot spot area, in which
more microbial decomposition occurred [26]. Hence, consumption by earthworms alone
may not account for the measured litter decay, but earthworms may have stimulated soil
microorganisms depending on the earthworm density and activity. Further investigation
of the detritivorous community and the complex relationship between soil microorganisms
and earthworms is required. Our findings, however, imply that decomposition as well as
consumption may be a function of earthworm abundance, rather than decomposer guild
or functional group [58]. Therefore, our hypothesis that a higher functional earthworm
diversity enhances mineralisation, cannot be verified.

The earthworms in general responded differently to the crop type and quality of the
applied litter. Litter decomposition was subject to complex treatment-dependent temporal
dynamics. Cup plant treatments showed much higher rates than maize treatments after
4 weeks, but remained at that level, while rates in maize treatments significantly increased
after 8 weeks. Three reasons may be possible for this effect: (i) cup plant litter was collected
from the soil surface, while maize litter only partially touching the soil was cut off the plant.
Hence, the microbial pre-incubation effect on maize litter was less pronounced diminishing
palatability for earthworms [58–61]. In addition, the litter in our experiment was surface
applied, thus microbial attack and mineralisation was initially limited by contact and finally
determined by earthworm-controlled incorporation and possibly feeding behaviour [59].
(ii) Maize litter contained substantial amounts of fibre and cup plant litter contained more
than 15% lignin. These cell-wall components can hamper accessibility and palatability for
earthworms because they require intricate hydrolytic enzymatic action and the presence
of specific fungi for decomposition [62–65]. Lignin may also immobilise N contributing
to (iii) N limitation [66]. It is broadly acknowledged that earthworms as well as soil mi-
croorganisms prefer N-rich food sources to meet their nutritional demands [27,58,65,67–69].
Litter in our study had wide C/N ratios (cup plant: 53.97; maize: 27.55) unfavourable to
soil biota, which prefer C/N ratios well below 25 [69]. C/N ratios alone are unsuitable
proxies for earthworm-controlled decomposition as studies have shown that the lignin
content, phenolic compounds and parameters like litter toughness also play an important
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role [62,67,70,71]. We postulate that maize litter, even though it contained more N, had to
be inoculated more thoroughly first, due to its fibre content and thickness, causing initially
slower mineralisation. Cup plant litter, on the other hand, was collected from the soil
surface, which implies that cup plant litter was already exposed to a longer, more thorough
inoculation by soil microorganisms in the field. Therefore, cup plant litter exhibited higher
decomposition and consumption rates despite the lower nutritional value. Regarding this
and the duration of our experiment, we assume that the influence of the litter quality over-
laid any beneficial effect of the combination of both decomposer guilds in the short-term,
although long-term effects may not be excluded [57].

The overall low food quality and accessibility, which is known to trigger a shift in
earthworm feeding behaviour and niche overlapping, may have increased inter- and
intraspecies competition [55,57,72]. Behavioural changes became evident in the treatments
with only one decomposer guild. In the 4-week experiment with cup plant litter and
secondary decomposers, A. caliginosa and A. rosea appeared to inhibit decomposition rates,
as decomposition rates in these treatments were even lower than in the control treatment
without earthworms. A. caliginosa and A. rosea are geophages and usually feed on already
decomposed organic matter within the soil [26]. Soil organic carbon levels of the soil,
however, were low, which may have caused a shift to grazing on soil microorganisms,
thereby inhibiting microbial-controlled decomposition [26,73,74]. In the later stages of
incubation, the secondary decomposers started to slowly consume the offered litter on
the surface as also mentioned by Jégou et al. [72] and Felten and Emmerling [75]. This
behaviour is usually attributed to anecic earthworms like L. terrestris.

However, the overall earthworm activity promoted decomposition of the litter and
presumably the recalcitrant residue due to priming effects. Priming effects are strong
short-term changes in the turnover of the soil organic matter and may be caused by for
e.g., the addition of organic C or the mechanical treatment of the soil [76]. Earthworms
promote the comminution and mixing of the litter with the soil and add easily degradable
substances like mucus activating microorganisms and triggering priming effects in hot
spots [20,21,69,76–79]. Other than gradual mineralisation, priming effects are marked
by peaks in microbial activity and decomposition that counteracts N immobilisation by
enhancing the decay of recalcitrant residues via co-metabolism and N and C mining
from soil organic matter [66,69,76,77,80]. Priming effects, however, were found to vary,
depending on the quality and quantity of the added organic substances [79]. Due to the
experimental duration and the addition of litter and earthworms, this study presumably
observed priming effects. L. terrestris and A. caliginosa are both known to trigger this
process [77,81], but effect size in relation to earthworm density, species and functional group
association and substrate, requires further investigation. Apart from that, the rewetting of
the used soil and plant biomass may have further added to the observed priming effects.
Furthermore, it must be mentioned that both the decomposing plant biomass as well as the
earthworms may alter pH levels in the short-term and, thus, affect enzyme activity and
mineralisation [82,83]. These effects may be short-lived and require a more sophisticated
and thorough investigation in further studies.

4.2. Cast Nutrients

Overall, cast nutrient levels after both incubations (4 and 8 weeks) were comparatively
low. Even though substantially more N was introduced by the maize litter, the maximum
total N accumulation in the casts was only 22.6 % higher (4-week treatments with primary
decomposers) than the initial soil total N. The maximum Ncast accumulation in the cup
treatments was 21.5% (8-week treatments with primary decomposers), while the means
of Ccast and CAL-Pcast accumulation were almost twice and quadruple the amount found
in casts in maize treatments, respectively. Small fractions of the introduced N may have
been subject to volatilisation. Earthworms are able to enhance N2O emissions from the soil,
but this process is heavily controlled by the amount of available N [84,85]. Considering
the N limitation in our case, assimilation and competition were recognised as controlling
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factors for nutrient cycling, and we hypothesise that the N-limited system and low-quality
litter led to competition of the earthworms, but also the soil microorganisms, and caused
N-depleted casts and egestion of excess C and P. Hence, the higher Ccast and CAL-Pcast
were found in the more N-limited cup plant treatment [27,69,70,86]. Therefore, our second
hypothesis that the quality of the applied litter controls earthworm activity as well as the
extent of mineralisation and nutrient release, was verified. These findings further imply
that earthworms increase nutrient release only, when the amount of nutrients offered in the
food source exceeds the amount needed for earthworm survival.

The C, N and P in casts allow for assumptions regarding the adaption of earthworm
feeding behaviour. The Ccast was mostly higher in treatments with primary decomposer
L. terrestris, since they derive most of their food from the applied litter, while the C in casts
of secondary decomposers like A. caliginosa and A. rosea is typically lower, because they
feed on soil with decayed organic matter, assimilate a portion of the ingested C and egest
C-depleted casts [33,62]. It may be assumed, however, that secondary decomposers had
to turn over more soil in relation to their body size in order to retrieve enough nutrients,
since they could not immediately feed on the litter directly. Hence, the nutrient turnover
per earthworm raw biomass was greater in the treatments with secondary decomposers.
Nutrient limitation and adaption mechanisms like enhanced turnover became evident
in both litter treatments. While N limitation was predominantly evident in cup plant
treatments, in 8-week maize treatments with both decomposer guilds present, the N and
C barely differed from the initial soil contents, thus implying competitive behaviour. In
this case, endogeic secondary decomposers likely fed on the enriched burrow linings of the
primary decomposer L. terrestris as a form of commensalism [75], and also both decomposer
guilds ingest more soil, watering down the C and N contents in the casts [28,57,62,70,72,87].
Low cast nutrient levels and further N limitation may have been impaired by the fibre and
alkaloid content, especially in the case of the lignin-rich cup plant litter [62,66].

The CAL-Pcast and Ccast correlated and higher CAL-P was found in the casts of the
primary decomposers. A similar relationship was found by Van Groenigen et al. [30]. Their
findings suggest that elevated CAL-Pcast was not only caused by litter decomposition and
subsequent transformation of organic P, but also by earthworm-controlled incorporation of
organic matter, which resulted in competition between the newly introduced organic com-
pounds and P for sorption sites [30,88,89]. Inorganic P is rapidly immobilised by sorption
and in microbial biomass, causing initially high contents of P in earthworm casts to decrease
drastically during aging [30,31,34,88]. This makes its availability a crucial factor for plant
growth. In this context, we assume that earthworm-controlled mineralisation and organic
matter incorporation could play a key role by facilitating continuous P remobilisation and
plant availability. Especially in low-input systems, i.e., no-till systems with low pesticide
input, which depend on reliable nutrient cycling due to low external input, earthworms
could help secure the provision of plant residue-derived nutrients [90]. Nevertheless, a
study by Damon et al. [88] found that crop residues would only significantly affect plant-
available P if applied in large amounts. Litter fall and earthworm activity in cup plant is
much higher than in maize [14], but a more thorough investigation is needed to analyse the
scope of this effect in a low-input soil–plant system with perennials.

Moreover, relationships between earthworms and soil microorganisms must be con-
sidered, as the latter competes for the available nutrients as well [27]. Their relationship
and its effect on N and P availability, as well as soil organic matter decomposition, however,
are highly complex [28,91]. The nature of this relationship is likely to be altered by the
aforementioned priming effect that not only affects C and N cycling, but presumably also
P cycling [76,79,80,92]. With this in mind, it must also be assumed that casts contain an
unknown portion of nutrients that was not derived from litter, but from soil organic matter
and microbial biomass [65,79]. While priming effects have to be distinguished from the
process of gradual mineralisation, the C losses they induce from already C-depleted soil are
problematic, because they may reduce the microbial decomposer community and thereby
lead to the inhibition of decomposition [65,66]. In this context, the amplification of 13C
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tracer experiments on energy cropping systems could be a useful tool to examine the fate of
soil organic matter, distinguish C sources and elucidate the role of priming effects contrary
to gradual decomposition.

4.3. Applicability under Field Conditions

In our study, we used earthworm densities that exceeded field conditions to a certain
extent. Emmerling et al. [13] found an average of 43 earthworms per m2 in maize and
90 earthworms per m2 in cup plant, while our earthworm numbers ranged from 105 to
421 earthworms per m2. Schorpp & Schrader [14] have noted that they found far more
than the average 20 to 100 endogenics per m2 in some plots, but that was due to a high
number of juveniles. Furthermore, the earthworms were restricted to limited space, which
was mentioned above. Both of these circumstances imply that the effects of limitation may
be less pronounced in the field. Nevertheless, we argue that limitation still may occur
under field conditions and especially in low-input systems; hence, the implications of
our findings may be transferable. Furthermore, defaunation of the soil may have affected
the soil microorganisms and triggered C and M mineralisation. Even though freezing
and thawing cycles occur in the field as well, temperature changes may be less drastic.
However, the incubation started more than two weeks after defaunation and limitations of
both entities were observed. It may be assumed that the equilibrium in the system may have
been restored by the time of our experiment, hence minor effects of the procedure may be
assumed in this case. Also, we conducted the experiment under the exclusion of plants and,
due to defaunation, other soil fauna. Future studies may elucidate earthworm-controlled
ecosystem services in energy cropping systems with respect to soil faunal diversity and
plant and root growth.

5. Conclusions

While our findings show that the litter type affects the decomposition and nutrient
turnover, functional earthworm diversity had no short-term beneficial effect. Nevertheless,
we found evidence of enhanced nutrient turnover and inter- and intraspecies competition
as a result of nutrient limitation. Furthermore, although earthworm-controlled service de-
livery was observed, ecosystem services depend on the respective framework of boundary
conditions consisting of abiotic factors, such as soil moisture and temperature, but also
on the availability of C and N and interactions with soil microorganisms. Earthworms
may provide valuable ecosystem services and are capable of turning over large amounts
of soil and, thus, nutrients. However, this is only the case when boundary conditions,
such as nutrient levels, are beneficial. If boundary conditions are unsuitable, these services
may turn into disservices. Our study hinted at the potential for earthworms to accelerate
decomposition and nutrient turnover, but also indicated potential short-term C loss under
N limiting conditions. A well-adapted organic fertilisation that allows for nutrient release
and simultaneous C sequestration may aide this circumstance. Perennial energy crops like
cup plant in fact provide advantageous conditions for soil biota due to no-till practices and
early canopy closure [8,13,14], and there is a substantial number of other ecosystem services
and disservices to be assessed in an appropriate setting. For instance, the asymmetrical
organic matter input and C cycling in annual and perennial energy crops, as well as the
response of soil biota, require longer and more thorough field investigation.
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