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ABSTRACT

Soil nutrients are commonly heterogeneously distributed and earthworms are one of the most common soil
organisms. While effects of both soil nutrient heterogeneity and earthworms have been well studied, their inter-
active effect on plant community productivity has rarely been tested. In a greenhouse experiment, we constructed
experimental plant communities by sowing seed mixtures of four grasses, two legumes and two forbs in either a
heterogeneous soil consisting of low and high nutrient soil patches or a homogeneous soil where the low and high
nutrient soil patches were evenly mixed. The earthworm Eisenia fetida was either added to these soils or not.
Aboveground biomass of the whole communities, grasses and legumes did not differ between the homogeneous
and heterogeneous soils or between the soils with and without earthworms. However, soil nutrient heterogeneity
reduced aboveground biomass of forbs, and such an effect did not interact with earthworms. In response to soil
heterogeneity and earthworms, biomass ratio of the three functional groups showed similar patterns as that of
their biomass. At the patch level, aboveground biomass of the whole community, grasses and legumes were great-
er in the high than in the low nutrient soil patches within the heterogeneous soil. A similar pattern was found for
the forbs, but this was only true in the absence of earthworms. Our results suggest that soil nutrient heterogeneity
and earthworms may not influence aboveground biomass of plant communities, despite the fact that they may
modify the growth of certain plant functional groups within the community.
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1 Introduction

Soil heterogeneity is one of the inherent characteristics of natural habitats [1-3]. Theoretical models
have shown that soil heterogeneity can greatly influence plant performance [4,5], and this view was
supported by many empirical studies [6—9]. Plants, especially those capable of rapid clonal growth, can
benefit from the heterogeneous distribution of soil resources [10—13], as they can efficiently utilize these
resources from microsites of high concentrations (i.e., high resource patches) [14,15]. In a heterogeneous
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soil, plant species differing in growth strategies may tend to occupy different soil patches, allowing more
species to coexist and consequently a more complementary resource utilization [16,17]. Therefore, soil
resource heterogeneity may enhance the productivity of plant communities [18-20].

As ecosystem engineers, earthworms have substantial contributions to the formation and modification of
the soil where plants can grow [21]. They may accelerate the degradation of soil organic matter [22,23],
change soil nutrient availability [22,24], and alter soil water holding capacity [25,26]. These earthworm-
induced changes of the soil may thus indirectly influence plant performance [27]. Earthworms can also
influence plant performance directly; for example, they may reduce plant growth through consumption of
plant seedlings and burying of plant seeds [28-30]. However, they may promote plant growth through
releasing of hormone-like chemicals that can increase the plant resistance ability to diseases [31,32].

The presence of earthworms may change the effects of soil nutrient heterogeneity on plant communities.
The effectiveness of soil nutrient heterogeneity experienced by a plant community may be reduced as the
earthworms may homogenize the heterogeneous soil by either ingesting or excreting it on high or low
nutrient patches, respectively [33,34]. Earthworms may also increase the effectiveness of soil nutrient
heterogeneity experienced by plant communities. This is because they can stabilize the organic matter in
the soil and form soil aggregates through bioturbation [35-37]. Liu et al. [38] found that the presence of
earthworms can reduce the positive effects of soil nutrient heterogeneity on the growth of grasses, but
this effect varied between plant species. Therefore, we expect that earthworms and soil nutrient
heterogeneity may also interact to influence the performance of plant communities consisting of many
species of contrasting growth strategies.

To investigate how soil nutrient heterogeneity and earthworms may influence plant community
performance, we created a plant community in a greenhouse experiment. This was made by sowing a
seed mixture of four grasses, two legumes and two forbs in an either heterogeneous soil consisting of low
and high nutrient soil patches or homogeneous soil where the low and high nutrient soil patches were
evenly mixed. Each soil was added either with or without earthworms. Specifically, we tested the
following hypotheses: (1) plant communities produce more biomass in heterogeneous than homogeneous
soils; (2) plant communities produce more biomass in the soil with than without earthworms; (3) the
presence of earthworms reduces the positive effects of soil nutrient heterogeneity on plant communities.

2 Materials and Methods

2.1 Experimental Mesocosms

Grassland species are generally classified into three functional groups (i.e., grasses, legumes and forbs)
based on their traits associated with the response variables (e.g., biomass production, resource use strategy,
N-fixation ability). The species of the three functional groups are widely distributed in grasslands [39]. We
constructed experimental communities using eight plant species from the three functional groups [i.e., four
grasses (Bromus inermis Leyss., Lolium perenne L., Elymus dahuricus Turcz. and Festuca elata Keng ex
E. Alexeev), two legumes (Trifolium repens L. and Medicago sativa L.) and two forbs (Plantago asiatica L.
and Oxalis corniculata L.)]. All these species are perennial and commonly found in grasslands [40]. Seeds
of the eight species were purchased from the Agricultural Institute of Jiangsu Province, China, and stored at
4°C before use.

Eisenia fetida Savigny (Lumbricidae, epigeic redworm) is a common earthworm species worldwide
[41,42]. Tt is generally 6 to 8 cm long and active mainly in the upper soil from the soil surface. This
species is originally from Europe, but it was introduced into other continents. In China, E. fetidais widely
distributed in commercial composting areas, semi-natural grasslands and farmlands [43]. The earthworms
used in this experiment were purchased from the earthworm breeding base in Zhenjiang, Jiangsu
Province, China.
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2.2 Experimental Design

The experiment used a factorial design with two soil treatments (homogeneous and heterogeneous)
crossed with two earthworm treatments (with and without). Each of the four combinations of treatments
was replicated 10 times. The communities were each constructed in a container of 45 cm long % 45 cm
wide % 35 cm deep. Each container was divided into 16 equal quadrants of 11 cm x 11 cm (Fig. 1). In
the heterogeneous soil treatment, eight quadrants in the container were filled with a high nutrient soil and
the other eight in that container with a low nutrient soil to a depth of 30 cm. In the homogeneous
treatment, each quadrant was filled with an even mixture of the high and low nutrient soils to the same
depth. The high nutrient soil was an 1:1 (v:v) mixture of local soil and peat with 4 g L' slow release
fertilizer (14N: 14P: 14K; Osmocote, Scotts, USA), and the low-nutrient soil was an 1:1 (v:v) mixture of
local soil and peat without slow release fertilizer. In this way, the homogeneous and heterogeneous soils
had a distinct spatial configuration but an equivalent initial total amount of nutrients. Each homogeneous
and heterogeneous treatment had 20 replicates (containers).

Homogeneous Heterogeneous
B

Without / /
Earthworms ///// %
e P L.

Figure 1: Schematic diagram of the experimental design. The experiment consisted of two soil treatments
(homogeneous vs. heterogeneous) crossed with two earthworm treatments (with vs. without). Seeds of eight
grassland species were sown in containers that were each divided into 16 patches of equal size. In the
heterogeneous treatment, eight patches were filled with a high nutrient soil, and the other eight with a low
nutrient soil. In the homogeneous treatment, each of the 16 patches in the container was filled with an
1:1 mixture of the high and low nutrient soils. For both homogeneous and heterogeneous treatments, half
of the containers were each added with 30 earthworms (Eisenia fetida) while the other half received no
earthworms

On 06 July 2018, we sowed two seeds of each of the eight species on the soil surface of each quadrant in
each container and covered them with a layer of soil. We thus sowed a total of 256 seeds in each container.
The initial composition of the community was visibly identical (personal observation), and approximately
50-60 seedlings were established in each pot. Three weeks later (on 28 July 2018), in each soil treatment,
we randomly selected half (10) of the containers and added 30 individuals of E. fetida (earthworm) of
similar size in each of them. This provided a density of about 150 earthworms m 2, slightly higher than
the range of common densities in arable soils, but lower than that in some coniferous forests [44]. The
remaining ten containers in each soil treatment were not added with any earthworms.

The experiment ended on 28 August 2018. During the experiment, the mean temperature and relative
humidity in the greenhouse were 28°C and 65%, respectively (iButtons; DS1923, Maxim Integrated
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Products, Sunnyvale, CA, USA). Each pot was watered every two days. After the release of earthworms,
each pot was watered twice a week and the soil moisture content was kept around 20%. Weeds from the
soil seed bank were removed by hands during the experiment.

2.3 Harvest and Measurement

In the heterogeneous treatments, the aboveground part of the plants in the low and high nutrient soil
patches (quadrants) in each container was harvested separately and sorted into functional groups (grasses,
legumes and forbs). In the homogeneous treatments, the aboveground part of plants was harvested in a
similar way (i.e., separately in the patches located in the high and low nutrient patches in the
heterogeneous soil), and these patches were referred to as “imagined high nutrient patches” and
“imagined low nutrient patches”, respectively. This was done to generate a comparison between the
rooting responses [i.e., the extent to which the plants could place their roots/shoots in the either high or
imagined high nutrient soil patches] of the plant community in the heterogeneous and homogeneous soils.
Plant parts were dried at 75°C for 48 h and weighed. Two replicates of the heterogeneous treatment with
earthworms were destroyed due to carelessness, and were thus excluded from data analysis.

2.4 Statistical Analysis

Total aboveground biomass of a community in a container was the sum of biomass of the three
functional groups in the container. We calculated functional group biomass ratio as aboveground biomass
of a functional group (i.e., grasses, legumes or forbs) divided by total aboveground biomass of the
community.

At the whole container level, we used two-way ANOVAS to test the effects of soil nutrient heterogeneity
(homogeneous or heterogeneous) and earthworms (with or without) on total aboveground biomass of the
whole community, and aboveground biomass and biomass ratio of each functional group. At the patch
level, we used three-way ANOVAs with repeated measures to test the effects of soil heterogeneity,
earthworms and patch quality (high or “imagined high nutrient quadrants” vs. low or “imagined low
nutrient quadrants”) on total aboveground biomass of the community, and aboveground biomass and
biomass ratio of each functional group. In these models, patch quality was treated as a repeated measure
because plant performance in the (imagined) low and (imagined) high nutrient soil patches within a
container was not independent. Analyses were conducted using SPSS 22.0 (IBM Corp., Armonk, NY,
USA). All data were checked for normality and homogeneity of variance.

3 Results

At the whole container level, total aboveground biomass of the whole community, or aboveground
biomass of grasses or legumes was not significantly different between the homogeneous and
heterogeneous soils (Figs. 2A-2C; Tab. 1). However, aboveground biomass of forbs was significantly
lower in the heterogeneous than in the homogeneous soils (Fig. 2D; Tab. 1). Earthworms or their
interaction with soil nutrient heterogeneity influenced neither aboveground biomass of the community nor
that of each functional group (Fig. 2; Tab. 1). Biomass ratio of each of the three functional groups
showed a similar pattern as that of its biomass (Fig. 3; Tab. 1).

At the patch level, total biomass and legume biomass were overall greater, and grass biomass tended to
be greater in the high than in the low nutrient soil patches (Figs. 4A—4C; Tab. 2). Without earthworms, forbs
tended to produce greater biomass in the high than in the low nutrient soil patches, but the reverse was true in
the presence of earthworms (Fig. 4D; Tab. 2: a marginally significant effect of patch quality x earthworms).
Patch quality or its interaction with soil nutrient heterogeneity and/or earthworms did not influence grass or
legume biomass ratios (Figs. SA and 5B; Tab. 2). Averaged across the two soil nutrient treatments, forb
biomass ratio was greater in the high than in the low nutrient soil patches without earthworms, but tended
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to be smaller with earthworms, as indicated by the significant interaction effect of patch quality x earthworms
(Fig. 5C; Tab. 2).
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Figure 2: (A) Total aboveground biomass of the communities and (B—D) aboveground biomass of the three
functional groups. Means + 1 SE are shown. Symbols (*p < 0.05 and “p < 0.1) indicate significant differences

between the homogeneous and heterogeneous soils within each earthworm treatment

Table 1: ANOVA results for the effects of soil nutrient heterogeneity and earthworms on total aboveground
biomass of the community, and aboveground biomass and aboveground biomass ratio of each functional group

Variable Heterogeneity (H) Earthworms (E) HxE
F1, 34 p Fi, 34 p Fi, 34 p

Total mass 0.41 0.525 0.49 0.489 0.82 0.372
Grass mass 1.87 0.180 0.39 0.537 0.30 0.590
Legume mass 2.10 0.157 0.03 0.857 0.01 0.925
Forb mass 6.21 0.018 0.02 0.886 0.02 0.905
Grass mass ratio 2.86 0.100 0.32 0.575 0.01 0.905
Legume mass ratio 1.46 0.236 0.40 0.530 0.02 0.894
Forb mass ratio 7.04 0.012 <0.01 0.986 <0.01 0.999

Note: Degree of freedom, F' and p values are given.
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Figure 3: Aboveground biomass ratio of the (A) grasses, (B) legumes and (C) forbs. Means + 1 SE are
shown. Symbols (*p < 0.05 and “p < 0.1) indicate significant differences between the homogeneous and
heterogeneous soils within each earthworm treatment

4 Discussion

The niche-based theory indicates that soil heterogeneity can promote plant species coexistence and thus
enhance community productivity due to a more complementary utilization of the soil resources [45—47]. Our
results did not support this view as we found that the plant community performed equally well in the
homogeneous and heterogeneous soils. This indicated that soil nutrient heterogeneity did not necessarily
support a greater growth of the plant community. The failure of soil nutrient heterogeneity in promoting
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plant community growth has generally been attributed to a smaller size of plant rooting systems than the size
of soil resource patches [7,48—51]. In this later case, plants may not sense soil heterogeneity and thus fail to
show any response. Even though we did not measure the growth of each component plant species, thus
failing to evaluate the pair-wise plant interaction, we found that the three studied functional groups
differed in their responses to soil heterogeneity. The growth of forbs was largely reduced in
heterogeneous soils, but it played a limited role in the growth of the whole community due to its
extremely low productivity. By contrast, we found that the two predominant functional groups
(i.e., grasses and legumes: biomass ratios >90%) produced more biomass in the high than in the low
nutrient soil patches within the heterogeneous soil. This indicated that these two plant groups responded
to soil nutrient heterogeneity in our study. These differences were caused by the reduced growth of
legumes in the low nutrient soil patches, and the increased growth of grasses in the high nutrient soil
patches. Therefore, the overall growth was not promoted in the heterogeneous soils compared with that in
the homogeneous soils. These results indicate that soil nutrient heterogeneity can influence growth of the
studied plant functional groups within a community through changing their localized responses to the
quality of soil patches within the heterogeneous soil [7,48,49]. These responses, however, may not have a
cascade effect on the community-level productivity due to the counteraction of positive and negative
effects [52].
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Figure 4: (A) Total aboveground biomass of the communities and (B—D) aboveground biomass of the three
functional groups. Means + 1 SE are shown. Symbols (**p <0.01, *p <0.05 and “p < 0.1) indicate significant
differences between the low and high nutrient soil patches within homogeneous and heterogeneous soils
within each earthworm treatment
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Table 2: Results of repeated-measures ANOVAs for the effects of soil nutrient heterogeneity, earthworms and
patch quality on total aboveground biomass of the community, and aboveground biomass and aboveground
biomass ratio of each functional group

Effect Total Grass Legume  Forb Grass mass Legume mass Forb mass
mass mass mass mass ratio ratio ratio

Between-subject

Heterogeneity 0.80™  1.74™  2.40™ 9.00° 288" 1.55™ 9.57"
(H)

Earthworm (E) 0.60™  0.54™  0.09™ 0.24™  0.36™ 0.52™ 0.30™
HxE 0.63™  0.19™ 0™ 0.07"  0.03™ 0.08™ 0.06™
Within-subject

Patch quality 9.65°  4.01"  10.61" 147 151 1.59"™ 0.46"™
(P)

P xH 2.54™ 115" 3.40" 0.01™  0.71™ 1.16™ 0.08™
P xE 0.01™ 0.2  0.37™ 3.85%  <0.01™ 1.49" 4.94
PxHxE 0.03™  0.67"  0.41™ 0.11™  1.47™ 1.54™ 0.17™

Note: F and significant level values (***p < 0.001; **p < 0.01; *p < 0.05; *p < 0.1; ™p > 0.1) are shown. Degree of freedom was 1, 34 for all the
effects. Data were root-squaredly transformed.

We did not find evidence that earthworms can promote plant community productivity, despite many
studies have reported positive effects of earthworms on the growth of single plant species [38,53].
Earthworms can increase soil nutrient availability which is essential for plant growth [54]. However, such
positive effects may not be sufficient to promote growth of the plant community [55]. Unfortunately, in
the present study, we did not know exactly whether the presence of earthworms increased soil nutrient
availability, and how this process may relate to growth of the plant community. Alternatively, pot cultures
are generally far from optimal to support life of earthworms, which may lead to their death [26,56,57].
This was likely the case in our study, as we observed only a small number of living earthworms at the
end of the experiment. Moreover, these living earthworms may have rather limited influences on soil
processes and plant growth due to the short experimental duration. Therefore, future studies should test
the relationships between earthworms, soils and plants in long-term experiments under field conditions
where earthworms prevail.

We expected that the presence of earthworms may alter the effectiveness of soil nutrient heterogeneity
on plant community performance. We found that the presence of earthworms changed the response of forbs
to soil patch quality within the heterogeneous soil probably due to their distinct rooting system. However,
their presence did not change the growth response of the two dominant functional groups (grasses and
legumes) to soil heterogeneity. This was indicated by the observation that there was a clear growth
difference in the two dominant groups between the low and high nutrient soil patches within the
heterogeneous soil. However, there was a similar growth between these two (imagined) types of patches
within the homogeneous soil, independently of the presence of earthworms. Therefore, the extremely
weak effects of earthworms on the dominant functional groups in our study may have failed to change
the heterogeneity effects at the plant community level, probably due to a lower survival rate of the
earthworms [26,56,57].
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Figure 5: Aboveground biomass ratio of the (A) grasses, (B) legumes and (C) forbs. Means + 1 SE are
shown

In conclusion, our findings do not support the idea that soil nutrient heterogeneity and earthworms can
promote plant community productivity. However, soil patch quality within the heterogeneous soil influenced
plant community productivity through changing growth of the component plant functional groups.
Moreover, these effects varied depending on the functional group identity and the presence of
earthworms. However, the results of this short-term study were obtained under artificial soil conditions.
Short-term community responses to artificial soil heterogeneity and earthworms in terms of aboveground
biomass, as found in our study, may not be comparable to long-term studies at the field. This might be
because characteristics of both plant communities and earthworm populations may change over time
under different soil conditions due to complex plant-soil-earthworm interactions [58—60]. Despite this,
our results highlight the importance of ecological effects of soil nutrient heterogeneity on plant
community performance. Future studies should unravel the underlying mechanisms of soil nutrient
heterogeneity and their potential interaction with earthworms under more realistic conditions.
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