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Abstract: Miscanthus is a promising high-yielding and low-input perennial biomass crop.
However, as miscanthus does not produce nectar, it provides less support for pollinators than
other perennial biomass crops, such as cup plant, Virginia mallow, or wild plant mixtures. This study
discusses whether miscanthus could be intercropped with flower-rich biennial wild plants to further
enhance its ecological functioning. In 2017, a demonstration plot was established in southwest
Germany with two miscanthus intercropping regimes: woad (WAM) and yellow melilot (YAM).
Both woad and melilot reached full bloom in 2018, the second year of cultivation. The flowering period
of woad started and ended earlier than that of melilot. Woad remained harvestable until spring 2019,
whereas the aboveground melilot was destroyed by brown hare in autumn 2018. However, the shed
seeds of melilot reemerged homogeneously in 2019. The miscanthus developed better in YAM than
WAM. This was most likely due to (i) stronger competition for water, nutrients, and light in WAM and
(i) nitrogen fixation advantage in melilot. These results indicate that the ecological performance of
miscanthus could be improved by intercropping with melilot. Thus, we propose to further investigate
the effects of intercropping on both the productivity and quality of miscanthus biomass.

Keywords: biennial crop; bioeconomy; biodiversity; bioenergy cropping system; biomass production;
diversification; legume; perennial crop; wild plant

1. Introduction

The supply of sustainably produced biomass is currently one of the major challenges for the
developing bioeconomy in Europe [1-3]. While the demand for biomass from industrial crops is
expected to further increase in the future [4], agrobiodiversity has already started to decrease at alarming
rates over the past two centuries [5-7]. For this reason, farmers need to adapt their agricultural practices
in order to improve ecosystem services, such as food and shelter for open-land animals and pollinators.
Another requirement is that biomass production for bioenergy or bio-based materials should not
compete with food crop production, e.g., through competition for land or resources [8-10]. For this
purpose, there has been a research focus on industrial crops, which can provide ecosystem services and
are suitable for low-input cultivation on marginal agricultural land [11,12]. Compared with external
input intensive crop cultivation on good agricultural land, these enable more social-ecologically
benign biomass production with (i) less negative environmental externalities [13] and (ii) less land
use competition with food crop cultivation, because they can grow on marginal agricultural land,
such as erosion-prone sites, contaminated sites, or sandy soil [14-16]. In addition to bioenergy crop
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rotational systems [17] and the diversification of cropping systems through intercropping [18,19],
the cultivation of C4 perennial energy grasses has been proven to be highly effective in terms of
nutrient use efficiency [20-23] and environmental benefits, such as soil erosion mitigation, soil fertility
improvement, and the provision of shelter for open-land animals during autumn and winter [16,24-27].

Miscanthus (Miscanthus x giganteus (Greef et Deuter)) is a C4 perennial energy grass with
the potential to grow under low-input conditions on several types of marginal agricultural land,
such as sandy soil, erosion-prone sites, and contaminated sites [11,25,28-30]. It is multifunctional
and can be used for a number of utilization pathways, including combustion, biogas production,
isobutanol production, and bedding material [27,31-34]. If good agricultural practices are adhered
to [16,35], the cultivation of miscanthus can provide the opportunity to halt the land degradation
process and even restore degraded land by reducing soil erosion and improving long-term soil
fertility, respectively [36-39]. This is becoming ever more relevant in the face of a changing climate,
e.g., an increase of temperature and precipitation patterns [40-44], because it helps maintain
agroecosystem resilience [45,46]. This means that by maintaining or improving the resilience level,
agroecosystems will be more able to cope with extreme weather events, such as heavy rain and
droughts. Such extreme weather events are expected to increase in frequency and severity in the
future [43-45].

Miscanthus originates from China, where it grows naturally and does not require management
practices [47,48]. In Europe, however, miscanthus cultivation is still quite challenging, in particular
with regard to the establishment procedure, for example, the high establishment costs and poor
biomass yield during the establishment period [49]. Several options to maximize economic benefits
have been explored, including intercropping with maize during the first cultivation year [49] and
intercropping within forestry systems [50]. In addition to economic benefits, ecological benefits could
potentially be gained by intercropping miscanthus with other crops that complement the existing
cropping system, especially during the establishment period. For example, miscanthus can store
carbon [51] and has positive effects on biodiversity, such as supporting earthworm communities and
functioning as a habitat for open-land animals [52,53], but it does not produce nectar or pollen. This is
a clear disadvantage in comparison with cup plant (Silphium perfoliatum L.) [54], Virginia mallow (Sida
hermaphrodita L.) [55-57], and perennial wild plant species [58,59], all of which produce nectar and
pollen and thus support pollinators more effectively. For example, Kohli et al. (1999) found that wild
flowers increase the abundance of earthworms more than miscanthus does [60]. These disadvantages
indicate that there are some critical missing links in the ecological performance of miscanthus that need
improving, particularly facing the challenge of rapid biodiversity loss [6]. Pollinator populations have
been rapidly decreasing for decades [5,6] and this require as much support as possible from agricultural
systems [3,61-63]. In January 2018, both cup plant and miscanthus were approved as greening
measures, but since then, a rapid expansion in cultivation area in Germany has only been observed
for cup plant [64,65]. Miscanthus has the advantage that it can be used for a number of conversion
pathways such as combustions, biogas production, and bedding material [31,66], whereas cup plant
can so far only be used for biogas production [54,59]. If miscanthus is harvested brown in March, it
provides habitat functions during the winter [31], whereas cup plant does not, because it is harvested
in autumn. These comparisons lead to the question of how the ecosystem values of miscanthus could
be increased. One option to enhance the overall benefits of miscanthus cultivation for pollinators
could be intercropping with biennial wild plant species. Potential candidates include yellow melilot
(Melilotus officinalis L.) and woad (Isatis tinctoria L.).

Yellow melilot is a biennial legume species originating from Central Europe. It grows up to 60 cm
high in the first year and up to 2.5 m in the second year (Figure 1). The flowering period is from
June to September, with the blossoms providing large quantities of nectar—an ideal food source for
pollinators [67,68].
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Figure 1. Yellow melilot plant height (50 cm per stick section) in the second year of cultivation (a);
an inflorescence being visited by a honeybee (b) (Source: this study).

Woad is a traditional crop, which was used in the Middle Ages for textile dyeing. It develops a
rosette in the first year and a main stem up to 1.5 m high with a yellow inflorescence in the second year
(Figure 2a). Woad flowers from April to May, after which the seeds ripen and the color of the siliques
changes from light green to brown (later almost black) (Figure 2b,c). The stem dries completely by
autumn but remains above ground.

Figure 2. Woad plant morphology in the second year of cultivation (a); changing color of ripening
siliques from light green (b) to dark brown (c) (Source: this study).

The aims of this study are (i) to communicate the idea of intercropping miscanthus with biennial
flower-rich wild plant species woad and yellow melilot and (ii) to provide first recommendations for
future investigations on intercropping miscanthus with biennial flower-rich wild plant species based
on both the available literature and preliminary results from the field.
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2. Materials and Methods

For this study, a demo plot (6 m X 6 m) (Figure 3) with miscanthus (Miscanthus X giganteus
Greef et Deuter) was established on 15 May 2017. The plantlets originated from rhizome propagation,
and the shoots were on average 30 cm high at planting (Figure 4a). The plot was split into two parts.
One part was used for intercropping miscanthus and yellow melilot, and the other for intercropping
miscanthus and woad (Figure 3). Two rows of either yellow melilot or woad were sown by hand one
week after the miscanthus was planted. The sowing densities were 3.8 kg ha™! (yellow melilot) and
30 kg ha™! (woad). The miscanthus was planted at a density of 1 plant m~2.

0.5m

e

~1.0m

~0.5m

Figure 3. Schematic overview of the demonstration plot. The grey boxes represent miscanthus plantlets.
The dotted lines represent undersown biennial species yellow melilot (green) and woad (yellow).
The highlighted areas show sampling areas for yellow melilot (green) and woad (yellow).

Figure 4. The demonstration plot at field trial near the University of Hohenheim in southwest Germany
one day after planting (15 May 2017) (a), and during the third vegetation period (29 June 2019) (b).

Weed was removed by hand on 4 July 2017. The main weed species were creeping thistle (Cirsium
arvense (L.) Scop.) and compass lettuce (Lactuca serriola L.). The aboveground biomass was evaluated
in spring 2018 on a sample area of 4 m? (Figure 3). For the evaluation, the aboveground biomass was
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harvested at a cutting height of approximately 10 cm using handheld garden shears. The biomass was
dried at 60 °C until constant weight to determine the dry matter content (DMC) and to calculate the
dry matter yield (DMY). Furthermore, pictures of the plant stands were taken during the 2018 and
2019 vegetation periods.

3. Results and Discussion

Both miscanthus and the undersown biennial wild plant species yellow melilot and woad were
established well (Figures 5 and 6). Miscanthus was harvested in spring 2018 (5 April 2018) and
showed aboveground DMYs of 1.7 (YAM) and 2.2 Mg ha~! (WAM) (Table 1), which is in line with the
literature [33]. While the DMC was similar between YAM and WAM, miscanthus grew taller in YAM
but the shoot density was higher in WAM (Table 1). The following subsections describe and discuss
the observations of the treatments of WAM and YAM in the context of the available literature.

Figure 5. Plant stand of treatment yellow melilot and miscanthus (YAM) during the vegetation period
in 2018. Picture taken on 8 June 2018.

Figure 6. Plant stand of treatment woad and miscanthus (WAM) during the vegetation period in 2018.
Picture taken on 8 June 2018.

Table 1. Overview of yield and morphological parameters of WAM and YAM at harvest on 5 April 2018.

Dry Matter Yield  Dry Matter Content
(Mg ha™1) (% of Fresh Matter)

WAM 22 85.0 253+7.0 091
YAM 1.7 87.9 20.8 +£2.9 0.98

Treatment Number of Shoots per Plant  Plant Height (cm)
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3.1. Woad and Miscanthus (WAM)

The woad emerged well in 2017 (Figure 7) and was in good condition at the miscanthus harvest in
spring 2018. Here, “good condition” means that some of the young woad plants had already established
a shoot, while others had only developed a leaf rosette (Figure 7a). The woad was homogeneously
distributed between and within the miscanthus rows (Figure 7). After the first harvest (spring 2018),
the woad flowered during May and the first half of June. It would seem that the woad sowing density
was too high and the woad rows were too close to the miscanthus for the miscanthus to cope with
woad as an intercropping partner. The miscanthus plantlets in between the woad rows appeared to
establish poorly compared with the miscanthus plantlets in the middle of the plot (Figure 4b), where no
wild plant species were sown (Figure 3). These observations are in line with recent findings on the
suitability of miscanthus established under maize [49].

Figure 7. Morphology of woad after the vegetation period in 2017 (view from above (a), and from the
side (b). The pictures were taken on 31 October 2017.

Another aspect that needs to be considered is the suitability of intercropping with woad for
the subsequent cultivation years, because miscanthus has a productive lifespan of approximately
20 years [31,33]. As woad belongs to the Brassicaceae family, subsequent cultivation on the same site
may increase the risk of clubroot (Plasmodiophora brassicae Woronin, 1877) infection, as is known for
oilseed rape (B. napus subsp. Napus) and cauliflower (Brassica oleracea var. botrytis L.) [69,70]. This could
become problematic if woad emerges successfully year after year, depending on the resistance level of
the wild woad genotype against clubroot.

3.2. Yellow Melilot and Miscanthus (YAM)

For yellow melilot, no aboveground biomass was harvestable in spring 2018. This was because
the aboveground parts were almost completely rotten, with only a few dry shoots still remaining.
Most of the aboveground matter was destroyed by brown hare (Lepus europaeus Pallas, 1778) during
late summer and autumn 2017, whereas the miscanthus was not damaged at all. This indicates an
important additional benefit of YAM (compared with WAM) for open-land animals: the miscanthus
provides shelter and the yellow melilot provides food, whereas woad does not seem to provide any
nutritive value for open-land animals during winter. This is in line with the experiences of farmers
who have cultivated wild plant mixtures for many years [67]. However, this aspect needs further
investigation on a large scale.

During the 2018 vegetation period, the yellow melilot almost reached the same height as the
miscanthus. This indicates that the yellow melilot could cope with the interaction with miscanthus
and grow efficiently. In addition, successful intercropping of miscanthus with yellow melilot could
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improve the biodiversity conservation effects and landscape appearance of miscanthus compared with
miscanthus cultivated alone and miscanthus intercropped with WAM. Furthermore, it is expected that
yellow melilot contributes to soil fertility and provides additional nitrogen (N) fixation, as has been
reported for intercropping Virginia mallow (Sida hermaphrodita L. Rusby) and white melilot (Melilotus
albus L.) [71].

3.3. Positive Ecological Effects of Miscanthus Intercropping with Biennial Wild Plant Species

Both woad and yellow melilot showed great potential for increasing the ecosystem values of
miscanthus cropping systems, as both developed flowers providing nectar and attracting various bee
and butterfly species. We assume that the woad and yellow melilot also improved the living conditions
for earthworms. While miscanthus has often been proven beneficial for earthworm communities [37,38],
its intercropping with wild plants, such as woad and yellow melilot may enhance this positive effect.
We base this assumption on a study by Kohli et al. (1999) [60]. They found that wild flowers had
a more positive effect on the abundance of earthworms than miscanthus [60].

3.4. Economic Implications

We assume that both intercropping systems WAM and YAM could potentially have some negative
implications for the economic performance of miscanthus, possibly caused by stronger competition for
both light and resources. The competition for N may be lower in YAM than WAM, because yellow
melilot adds atmospheric N into the cropping system via rhizobacterial fixation. Thus, in WAM, the soil
N balance becomes negative over time if no N fertilizer is applied. This means that YAM would be more
suitable for low-input cultivation on marginal agricultural lands [11] than WAM. However, it should
be tested in field trials on whether the long-term effect on miscanthus performance is comparable
between WAM and YAM. Initial results of this study indicate that this is the case; however, yellow
melilot can grow much taller (and for longer periods) than woad (Figures 1 and 2). Therefore, yellow
melilot may have a much larger impact on the long-term biomass performance of miscanthus.

3.5. Recommendations for Future Investigations

Based on the opportunities and challenges mentioned above, several recommendations for
further investigations can be derived. In general, methods of reducing the competition from woad
and yellow melilot in the first and second year of miscanthus establishment need to be assessed.
This competition is most relevant in the first year when the miscanthus is planted. A reduction in
competition could possibly be achieved by (i) reducing the plant density of woad and yellow melilot
and (ii) delaying the sowing of woad and yellow melilot within the planting year or to the second year
of miscanthus establishment.

A reduction in woad or yellow melilot plant density (e.g., through wider row distances and/or
lower sowing densities) is not expected to provide a long-term solution to the problem, as both species
can produce large amounts of seeds, which are likely to disperse throughout the miscanthus plantation
over time. In the best case, intercropping miscanthus with yellow melilot and woad could perhaps
reduce weed pressure during the establishment period of miscanthus, which can last up to four
years [33,49]. However, it remains unclear how long it would take for miscanthus to fully establish
within these intercropping systems. This should be further investigated in field trials that also contain
the treatment ‘no weeding’.

By comparison, the delayed sowing of woad or yellow melilot appears to be a much more
promising method of reducing their competitiveness. For example, miscanthus could be established as
usual (alone) in the first year [31,33] to improve its establishment success. Then, woad or yellow melilot
could be undersown in the second year immediately after the first harvest (or mulching) of miscanthus
in winter. This would not have any implications for the sowing procedure, because both woad and
yellow melilot can be sown on top of the soil [58,68]. The mulch layer of miscanthus leaves is not
expected to impede the emergence of the woad or yellow melilot seeds. This assumption is based on
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observations from another field trial with wild plant mixtures [59]. The sowing procedure of woad and
yellow melilot would not be a problem for intercropping with miscanthus, because it can be performed
before the miscanthus emerges. In addition, woad and yellow melilot would (i) remain small in the
second year of miscanthus cultivation and (ii) fully establish in the third year of miscanthus cultivation
when the miscanthus is almost completely established [31,72,73]. This would allow the miscanthus a
second year of low competitive pressure and increase the probability of its good establishment.

The research question to be addressed here is the long-term effect of intercropping on the
miscanthus biomass yield. A subsequent question would be how yellow melilot and woad should best
be managed, for instance, through an early cut or mechanical weeding in spring. In any case, it can be
assumed that, from the third year onwards, woad and yellow melilot could significantly improve the
ecosystem services of miscanthus cultivation through the provision of nectar and pollen for insects.
This could also improve the overall sustainability of miscanthus cultivation with comparably low input.
For example, sowing woad or yellow melilot in the second year of miscanthus cultivation without
any seedbed preparation would reduce energy consumption considerably. For YAM, the potential
substitution of synthetic N fertilizer through atmospheric N fixation would greatly depend on the
proportion of yellow melilot in the plant stand. However, this aspect also needs to be investigated at
the field trial scale.

Another question to be addressed is which other legume species would be suitable for intercropping
with miscanthus. According to Nabel et al. (2018) [56,71], who reported on the suitability of Virginia
mallow for legume-intercropping, possibilities include red clover (Trifolium pratense L.), white clover
(Trifolium repens L.), and lucerne (Medicago sativa L.). Other legume species worth investigating are
common bird’s-foot trefoil (Lotus corniculatus L.) and hop clover (Medicago lupulina L.). All these
legumes species do not grow as tall as yellow melilot but could still become very competitive against
miscanthus over the years, because their seeds are expected to spread throughout the miscanthus
plantation. Thus, the miscanthus should already be well established when intercropping starts.
Consequently, further investigations into the delayed sowing of legumes or other intercropping
partners into established miscanthus stands are strongly recommended. Because there is no literature
on this topic, new field trials are required to confirm whether this could be a successful method of
increasing the ecological performance of miscanthus cultivation.
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