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Abstract: Miscanthus is one of the most promising perennial herbaceous industrial crops worldwide
mainly due to its high resource-use efficiency and biomass yield. However, the extent of miscanthus
cultivation across Europe is still lagging far behind its real potential. Major limiting factors are
high initial costs and low biomass yields in the crop establishment period, especially the first year.
This study explores the possibility of establishing miscanthus under maize to generate yields from
the first year of cultivation onwards. A field trial with mono-cropped maize and two miscanthus
establishment procedures, ‘under maize’ (MUM) and ‘standard’ (REF), was established in southwest
Germany in 2016. Annual aboveground biomass was harvested in autumn (2016–2018). In 2016 and
2017, the miscanthus dry matter yield (DMY) was significantly lower in MUM than REF. However,
the accumulated DMY of miscanthus and maize was as high in MUM as in maize cultivation alone.
In 2018, there was no significant difference between the miscanthus DMY of REF (7.86 ± 0.77 Mg
ha−1) and MUM (6.21 ± 0.77 Mg ha−1). The accumulated DMY over the three years was 31.7 Mg
ha−1 for MUM, of which 10.1 Mg ha−1 were miscanthus-based, compared to 17.7 Mg ha−1 for REF.
These results indicate that miscanthus establishment under maize could compensate for its lack of
yield in the first year.

Keywords: Miscanthus; Maize; Biomass; Biogas; Cropping system; Cultivation; Establishment;
Intercropping

1. Introduction

Miscanthus × giganteus (Greef et Deuter) is a high-yielding perennial, rhizomatous C4 grass
with a productive lifetime of more than 20 years, if harvested brown after winter [1–5]. As a
perennial crop, it requires less fertilizer and herbicide inputs than annual crops [6–8]. A study
by McCalmont et al. (2017) [9] showed that perennial crops such as miscanthus can sequester up
to 2.2 Mg ha−1 y−1 carbon over a 20-years period. Additionally, miscanthus can be cultivated on
marginal lands due to its high resource-use efficiency and tolerance of various abiotic stresses [10–15].
Galatsidas et al. (2018) [11] estimated the total area of marginal land suitable for miscanthus cultivation
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in Europe to be as high as 11.11 million ha. Consequently, miscanthus can be considered a promising
industrial crop, both in terms of climate change adaptation and mitigation, and also for the provision
of a more environmentally benign biomass supply for a growing bioeconomy [6,15–18].

Miscanthus utilization options include combustion, anaerobic digestion, bioethanol production,
building material and animal bedding [1,19–21]. Harvesting times should be adjusted according to
utilization pathway chosen. For example, if the biomass is to be used for anaerobic digestion, a green
harvest before winter should be performed; for combustion and bioethanol production, a brown harvest
after winter is appropriate. This is due to both the increase in lignin and decrease in moisture content,
which accompany a delayed harvest [22,23]. A green cut is necessary when using the miscanthus
biomass as biogas substrate, since high lignin contents lower its biodegradability, and yield losses over
winter reduce the dry matter yield potential by more than 30% [23,24]. A green harvest in October
allows for a high methane yield of up to 6000 m3 methane ha−1 [20,23].

The miscanthus cultivation area in Europe is however currently only 19,000 ha—quite low
compared to other agricultural crops [25]. The main reasons for this are the high establishment
costs and the lack of sales markets for the biomass [16,26–30]. Xue et al. (2015) [30] calculated the
establishment costs for different propagation methods. They found the cheapest method would be
direct seed sowing (1509 € ha−1), provided it becomes feasible in future, and the most expensive to
be micropropagation (6321 € ha−1). The most common procedure, rhizome planting, entails costs
of 1904–3375 € [30]. Although future improvements in seed-based establishment could reduce the
costs of this method [16,31], it will only be practicable for fertile genotypes. As the most common and
commercially available genotype Miscanthus x giganteus is triploid [30], it does not produce fertile seeds.
For this reason, clone propagation is performed via rhizomes or plantlets derived from in vitro culture.

Another drawback of the miscanthus production system is the fact that the biomass yield in the first
year is too low to make harvesting economically viable and thus no income can be generated [1,26,32].
For this reason, it is usually mulched in early spring instead, as the mulch layer also helps to suppress
weed growth. Therefore, miscanthus farmers have high costs for establishment, but no yield and
thus, no income to compensate those costs in the first year [27,29]. This effect may be intensified
(i) in areas with a high land lease, and (ii) on marginal lands with low long-term yield potential [33].
Consequently, there is a need for a miscanthus establishment method that generates yield from the
first year of cultivation onwards. One option could be intercropping with a high-yielding ‘nurse crop’
such as maize (Zea mays L.). This could potentially facilitate the practical large-scale implementation of
miscanthus cultivation in the future, because the establishment procedure would entail less economic
risk for the farmers. Additionally, the intercropping of miscanthus and maize is expected to have
socio-ecological benefits such as soil protection (reduced tillage intensity over time, because maize
and miscanthus ‘share’ soil preparation in the same year), groundwater protection (less herbicide
application) and protection of ground-breeding birds (less ground predator activity) [34]. Although
miscanthus has been found to be suitable for establishment in grassland systems [35], it remains unclear
whether this is also true of establishment under maize or whether the competitive pressure from maize
is too high for a successful miscanthus establishment [36].

The aim of this study was to investigate the feasibility of intercropping miscanthus with a second
crop during the establishment year. Maize was chosen here as second crop because it has a similar
physiology to miscanthus (both C4 grasses), a range of herbicides can be applied to both crops and
the miscanthus-maize mix can be ensiled for use as biogas substrate [23]. In addition, maize has been
proven to be a suitable intercropping species, for example with legumes [37–41] or perennial wild plant
mixtures [42–45]. Biogas production [46] was chosen as the utilization option, as it has recently been
found to be a both economically and environmentally promising utilization pathway for miscanthus
and other perennial industrial crops [18,47,48]. We hypothesized that the establishment of miscanthus
under maize would lead to higher accumulated biomass yields over a three-year cultivation period
than for the miscanthus mono-cultivation reference.
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2. Materials and Methods

2.1. Weather Conditions and Soil Characteristics

A field trial was conducted on a site near the University of Hohenheim in southwest Germany
(48◦42′56.9” N, 9◦12′53.2” E, 407 m above sea level). The overall weather conditions during the
field trial are presented in Figure 1. Some specific weather observations worthy of mention are:
(i) in winter 2016–2017, the lowest soil temperature (5 cm depth) was only −1.84 ◦C, (ii) in summer 2018,
drought conditions prevailed from mid-April to mid-May and from mid-June to the end of August,
and (iii) negative climatic water balances (precipitation minus potential evaporation) were recorded
in 2016 (−107.9 mm a−1) and 2018 (−159.1 mm a−1). The annual precipitation was 595.4 mm (2016),
830.9 mm (2017) and 649.7 mm (2018). The soil is characterized by clayey loam (Luvisol). The topsoil
pH averaged 6.3 in spring 2014. Therefore, 1.5 Mg quicklime (77% CaO) ha−1 were applied in spring
2014. In March 2015, the following amounts of macronutrients were applied: 88 kg phosphorous
ha−1,176 kg potassium ha−1, 32 kg magnesium ha−1, 48 kg sulphur ha−1.
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Figure 1. Monthly precipitation totals (bars) and average monthly air temperatures 2 m above surface
(line) at field trial site (Hohenheim, southwest Germany) during cultivation period 2011–2015 (data
provided by LTZ Augustenberg, Karlsruhe, Germany). Key agronomic measures (planting and harvest
dates) are also indicated.

The plots with miscanthus under maize (MUM), miscanthus as control (REF) and mono-cropped
maize (mono-maize) presented in this study were integrated into an existing field trial in 2016.
The existing field trial was initiated in 2014 and contained 15 treatments allocated to plots in a completely
randomized design with 2 to 5 replicates. Plots of 36 m2 were arranged in six rows, each with nine
plots. Of these 54 plots, eight were used for the current study: five plots were originally cultivated with
monocropped maize and three plots with monocropped amaranth (Amaranthus hypochondriacus L.).
Two of the five maize plots were randomly selected to be used as maize reference in 2016. The remaining
six plots were used for the miscanthus establishment treatments (MUM and REF); the three replicates
of each were randomized taking the previous crop into account.

2.2. Miscanthus Planting Procedures and Maize Sowing

Miscanthus was either established under maize (MUM) (Figure 2a) or on its own (REF).
Both treatments used pre-grown (greenhouse) plantlets (Figure 2b) with a relatively uniform plant
height of approx. 30 cm. Prior to planting, the leaves of the largest plantlets were trimmed (Figure 2b)
to reduce drought stress. After planting, all plantlets were irrigated manually. In total, 2 m3 water
(equivalent to 9.3 mm irrigation or 9.52 l plant−1) were applied to the six miscanthus plots together
during the first week after planting (Figure 2a,b).
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Figure 2. A manually irrigated miscanthus under maize plot one day after planting on 18.5.2016
(a) and a close-up of a representative miscanthus plantlet showing the intensity of leaf trimming (b).
In both (a) and (b), the rows with maize sown are recognizable.

The planting geometry of REF and MUM was similar as described in the following text: both,
planting density and row distances (within and between the rows) of miscanthus were oriented in the
center of the inter-row of commonly sown silage maize in MUM (9 kernels m−2, 75 cm row distance).
Thus, miscanthus was planted with 75 cm row distance (Figures 3 and A1). The distance between
miscanthus plantlets within the rows was adjusted accordingly (120 cm) to provide a planting density
of 1.1 plants m−2. An offset of 0.4 m was arranged between the plants in side-by-side miscanthus rows
(Figure 3) both to optimize area exploitation and to reduce growth competition between the miscanthus
plants. This resulted in seven rows per plot each including five miscanthus plantlets (Figures 2a and 3).
In MUM, these seven rows were inter-sown by eight rows of silage maize. For both REF and MUM,
only nine plants of the inner core of the plot were considered for harvest to avoid boundary effects.
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Figure 3. Overview of the planting geometry from the two miscanthus establishment treatments:
(a) single establishment (REF), and (b) under maize (MUM). The numbers represent the arrangement
of the 35 miscanthus plants per plot. The green box emphasizes all miscanthus plants belonging to the
inner core of each plot in both treatments. The dotted green lines in (b) indicate the rows of maize sown.
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For both maize treatments, mono-cropping (mono-maize) and MUM (in 2016 only), the variety
Mikado (Zea mays L. cv Mikado, KWS Saat SE, Germany), a variety commonly used as biogas substrate,
was sown with 9.5 kernels m−2 and a row distance of 75 cm, using a single seed planter. For MUM,
maize was sown before miscanthus was planted. In 2018, maize was cultivated on another field trial
next to the field trial described above. Therefore, the results of mono-maize from the year 2018 were
not considered for the statistical analyses. Only in 2016, the results of mono-maize were used for
statistical analysis.

All treatments including maize (mono-maize and MUM) were fertilized with 90 kg N
(via ENTEC®26N, BASF) one day before sowing of maize (16.05.2016). On the same day, REF
received 50 kg N ha−1. One month after the establishment procedures, herbicides were applied as
follows: 1,137.5 g ha−1 Pendimethalin (as 2.5 l ha−1 Stomp Aqua®, BASF Ludwigshafen, Germany)
in combination with 50 g ha−1 Tritosulfuron + 100 g ha−1 Dicamba (as 0.2 g ha−1 Arrat®, BASF
Ludwigshafen, Germany) and 345 g ha−1 fatty acid methyl ester + 205 g ha−1 fatty alcohol alkoxylates
+ 46 g ha−1 oleic acid (as 1 l ha−1 Dash®, BASF Ludwigshafen, Germany). In subsequent years,
mechanical weeding was conducted in July in all plots. From 2017 onwards, all treatments including
miscanthus (MUM and REF) were fertilized with 50 kg N ha−1 y−1, whereas mono-maize received
90 kg N ha−1 y−1.

2.3. Harvest Management

Each plot with a miscanthus treatment (MUM, REF) was harvested each year in autumn.
The sampling area covered nine plants per plot. For autumn harvest in 2016 (13th October), the optimal
maturity stage of maize for whole crop silage (BBCH 77: lactic ripeness) was used to identify the
harvesting time. In 2017 and 2018, the autumn harvest for miscanthus was also conducted in
mid-October (18th and 10th October, respectively). This was chosen because mid-October is the
recommended harvesting time for miscanthus utilization through anaerobic digestion [20,49].

At each harvest, both the average height and number of shoots per (miscanthus) plantlet were
measured. Then they were cut by hand at a cutting height of about 10 cm. After that, the fresh matter
yield (FMY) of nine plants of the core of the plots (Figure 2a) was determined. For 10 randomly chosen
representative shoots of these plants, the dry matter content of the fresh biomass (DMC) was analyzed.
In years 2016 to 2018, mono-maize was harvested by hand on 1.5 m2 per plot. In 2016, this was also
conducted for maize in MUM. Based on FMY and DMC, the dry matter yield (DMY) of both maize
and miscanthus was calculated.

2.4. Statistical Analyses

Data were analyzed using a mixed model approach. Depending on the trait, either plots with
maize or plots with miscanthus were considered in the analysis. In both cases the model was as follows:

yi jk = µ+ bk + (bϕ) jk + τi + ϕ j + (τϕ)i j + ei jk (1)

where µ is the intercept and bk and (bϕ) jk are the fixed across year and year-specific effect of the kth

the pre-treatment. τi, ϕ j, and (τϕ)i j are the fixed effects for the ith establishment method, the jth year
and their interaction effects, respectively. ei jk is the error of observation yi jk with propagation method
specific variance. Note that two establishment methods are used in the analysis of all traits. For data
measured from miscanthus these are REF and MUM, for data measured in maize these are maize in
MUM and mono-cropped maize (mono-maize). As repeated measures were taken from each plot
across years, different error variance structures (compound symmetry, first order autoregressive both
with homogeneous and heterogeneous variances as well as unstructured) were fitted to account for
temporal correlation. The best model was selected via the Akaike information criterion (AIC) [50].
The assumptions of normality and homogeneous error variance were checked graphically. If required,
a logarithmic transformation was used to reach assumptions. The influence of factors was tested via a
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global F test. If differences were found, a multiple t-test was performed to create a letter display [51].
All analysis run using the PROC MIXED procedure of the SAS ® Proprietary Software 9.4 TS level 1M5
(SAS Institute Inc., Cary, NC, USA). Both degrees of freedom and standard errors were approximated
using the Kenward-Roger method [52].

3. Results

3.1. Dry Matter Yield and Dry Matter Content of Maize

In 2016, there was no significant difference of maize dry matter yield (DMY) between MUM
(21.64 ± 1.7 Mg ha−1) and mono-maize (19.83 ± 1.7 Mg ha−1). The dry matter content (DMC) of maize
also did not differ significantly between MUM (34.5%) and mono-maize (35.6%). The estimated average
annual DMY of mono-maize over the three years of observation accounted for 22.4 ± 2.1 Mg ha−1 with
an estimated average DMC of 33.3 ± 2.2%.

3.2. Dry Matter Yield and Dry Matter Content of Miscanthus

For autumn harvest, dry matter yield (DMY) of miscanthus in both, MUM and REF, increased
from 2016 to 2018 (Figure 4). In years 2016 and 2017, the miscanthus biomass DMY of MUM was
significantly lower than REF (Figure 4). However, the yield of MUM in 2017 (first standalone year of
miscanthus within MUM) was three times higher than the yield of REF in its first year (2016). In year
2018, there was no significant difference between the DMY of REF (7.86 ± 0.77 Mg ha−1) and MUM
(6.21 ± 0.77 Mg ha−1). The DMC was similar between the both variants ranging from 32.3% (REF in
year 2016) to 49.7% (REF in year 2018) (Figure 4).
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Figure 4. Dry matter yield (DMY) and dry matter content (DMC) of miscanthus cultivated alone (REF)
and under maize (MUM). DMY is shown by bars, DMC by dots. The error bars show the standard
errors. Different letters indicate significant (p < 0.05) differences between the treatments (MUM and
REF) within years. Upper case letters refer to the dry matter yield and lower-case letters to the dry
matter content.
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3.3. Accumulated Per Hectare Yield over Three Years

Figure 5 gives an overview over the accumulated DMY from the three systems REF, MUM and
maize-monoculture over the three considered years (2016–2018). MUM had a DMY of 31.7 Mg ha−1,
from which 10.1 Mg ha−1 stem from miscanthus (=33.7% of total harvested biomass). REF had a yield
of 17.6 Mg ha−1 over the three years, which is less than the total harvested biomass of MUM, but more
than the miscanthus biomass in MUM. Mono-cropped maize reached the highest accumulated yield
(67.2 Mg ha−1) of all three systems (Figure 5). However, the DMY of maize in 2018 was not used for
statistical analysis but was still comparable in terms of soil and management practices.
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Figure 5. Accumulated dry matter yields (DMY) of single establishment of miscanthus reference
(REF), miscanthus under maize (MUM) and mono-cropped maize (Mono-Maize) over three years
(2016 to 2018). Each year, the crops were harvested in autumn (green harvest for biogas production).
For MUM, maize and miscanthus were harvested and analyzed separately in 2016. Maize DMYs are
shaded. Maize DMY in 2018 was taken from another field trial nearby the field trial of this study due to
technical reasons.

3.4. Plant Performance of Miscanthus

As shown in Figure 6, the miscanthus plants of REF (Figure 6a) resprouted much earlier and with
a higher number of shoots than MUM (Figure 6b) in spring 2017. Moreover, the REF (Figure 6d) had a
higher stand density than MUM (Figure 6c) in the third year after planting. Concerning weed pressure,
high presence of dandelion (Taraxacum officinale F.H. Wigg.) and creeping thistle (Cirsium arvense L.
Scop.) and other weeds were observed in MUM in spring 2017. Therefore, mechanical weeding was
conducted. In October 2018, the weed species were harvested species-specifically by hand. Their above
surface DMY accounted for 0.55 Mg ha−1 in MUM and 0.09 Mg ha−1 in REF (Table A1).
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Figure 6. Resprouting of miscanthus cultivated solely (REF) (a) and under maize (MUM) (b) in April 2017.
Pictures (c + d) show the plant stands of MUM (c) and REF (d) in June 2018.

Figure 7 shows the number and dry matter weight of shoots for REF and MUM in the years
2016–2018. In each year, REF had higher shoot numbers than MUM. The average number of shoots
in the years 2016 to 2018 of REF (average: 28.8) was twice as high compared to MUM (average: 14.6)
(see Figure 7). The shoot dry matter weight was (significantly) higher for REF compared to MUM
in year 2016, in year 2018 it was vice versa (significant) and in year 2017 there was no difference.
The average shoot dry matter weight over the three years was for REF 17.6 g and for MUM 19.1 g.
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Figure 7. Number of shoots and single shoot dry matter weight (g) of miscanthus cultivated solely
(REF) and under maize (MUM). Shoot dry matter weight is shown by bars, number of shoots by dots.
The error bars show the standard deviations. Different letters indicate significant (p < 0.05) differences
between the treatments (MUM and REF) within years, whereas upper case letters refer to shoot dry
matter weight and lower-case letters to the number of shoots per plant.

4. Discussion

This study revealed that an establishment of miscanthus under maize is possible and can increase
the accumulated three-year dry matter yield compared to sole establishment. Against this, MUM
still yielded considerably lower than mono-cropped maize over a period of 3 years (Figure 5). In this
context, it must be recognized that during this 3-year period miscanthus may not yet have reached peak
yield [16]. In the longer term, miscanthus may therefore compete better with mono-cropped maize.
Also, the trial has been performed on a rather fertile soil on which miscanthus is less competitive with
maize than under marginal conditions [23,53]. However, the comparison of miscanthus cultivation
and mono-cropped maize was not considered in this study. Instead, we want to discuss i) the first
findings on the establishment of miscanthus under maize of this study, and ii) the required technical
adaptations for improving this novel miscanthus establishment procedure.

4.1. First Findings on Establishing Miscanthus under Maize

As shown in the results section, MUM resulted in a higher accumulated DMY of maize and
miscanthus for the years 2016–2018 (31.7 Mg ha−1) compared to REF (17.7 Mg ha−1). The autumn
DMY of REF during the years 2016 and 2017 (1.22 and 8.57 Mg ha−1, respectively) were in line with
findings by Clifton-Brown et al. (2001) [54], who reported average DMYs of 1.9 and 6.2 Mg ha−1 for
the first two years of cultivation in Germany. This indicates that both the planting procedure and the
climatic conditions have met the basic requirements of miscanthus for a good establishment. Thus,
any miscanthus yield depression in MUM could be linked to the presence of maize in the year of
establishment. It needs to be highlighted that 2018 was a rather dry year indicated by drought events in
spring and in summer. Following Ramirez-Almeyda et al. (2017) [13], the overall precipitation of 510.5
mm during January to mid-October was almost unsuitable for miscanthus cultivation. This might have
negatively affected the miscanthus yield in both REF and MUM. Due to the higher shoot number in REF
than in MUM, the effect of the drought conditions might be stronger in REF than MUM. Furthermore,



Agronomy 2019, 9, 237 10 of 17

it needs to be highlighted that due to the low planting density of only 1.1 plants m−2 the maximum
yield in REF is expected to be reached in year 4 or 5.

In 2016, miscanthus competed with maize for light and water, which led to a slower miscanthus
development followed by a lower miscanthus yield in MUM than in REF. The slow miscanthus
development can be explained through (i) a delayed emergence of miscanthus in MUM compared to
REF in spring 2017 (Figure 6a,b), and (ii) a lower shoot density than expected [55]. Similar negative
effects of unfavorable establishment conditions for miscanthus have been discussed in context of
adequate planting date determination, whereas the occurrence of late spring frosts need careful
consideration [56]. In our study however, no late spring frosts occurred after the establishment of
miscanthus in 2016. Therefore, the delayed emergence of miscanthus in MUM in spring 2017 can
only be traced back to the competitive presence of maize during 2016. Furthermore, a significantly
lower shoot number was measured in MUM compared to REF in 2016 and 2017 (Figure 7). Even in
2018 (the third growing season), REF had higher shoot numbers than MUM, which shows that the
competition of maize in the first year still negatively affected miscanthus growth. The lower shoot
numbers have very likely led to the higher weed pressure in MUM compared to REF (Table A1)
indicating that MUM requires an intensified weed management in the second and third year. Generally,
a higher demand for weed control contradicts to the environmental benefits of miscanthus cultivation,
because solely established miscanthus requires no weed control from the second year onwards given a
successful weed management in the first year [57]. In this case however, it needs to be considered that
MUM required less intense weed control than REF during the year of establishment. This is because
miscanthus and maize allow the use of the same herbicides in the first year. Following from this,
an additional weed control in MUM in the second year must not automatically contradict the overall
environmental benefits of miscanthus cultivation. However, this aspect strongly depends on the local
conditions (yield level, weed pressure, etc.) and requires site-/year-specific evaluation.

As shown by Iqbal et al. (2015) [4], miscanthus stands need 3–5 years until they are fully
established, i.e., to reach their peak yield. In 2018, the DMY level of REF was within the range of
3rd-year DMYs of miscanthus reported by Lesur-Dumoulin et al. (2016) [58]. In our study however,
the DMYs were somewhat stagnating in 2018 (Figure 4) due to low precipitation during April, July and
August 2018 (Figure 1). This presumption is based on the fact that sufficient water supply during the
vegetation period is generally relevant for both quantity and quality of miscanthus biomass [3,58,59].
At first glance, it was surprising to find no significant differences in DMY between MUM and REF
given the challenging (water-limited) growth conditions in 2018. One explanation could be that the
better-established REF crop with a higher shoot number also had a higher transpiration and was using
up the available soil water earlier than the weaker established MUM in 2018. This allowed the MUM
crop to catch up in 2018, while the REF crop even showed a yield decline due to drought stress in 2018
compared to 2017. From this we conclude, that REF had a larger physiological DMY gap than MUM in
2018, because the physiological DMY potential of REF was higher than that of MUM. The higher yield
potential was explained by the higher number of shoots of REF than those of MUM (Figure 6c,d and
Figure 7). Nevertheless, the results of this study showed no significant difference in DMY between
MUM and REF in the third year of cultivation. This indicates that the yields of both treatments (MUM
and REF) will adapt over time. A similar effect was found for the establishment of perennial wild
plant mixtures (WPM) under maize: Both annual and biennial wild plant species showed weakened
growth under maize during the first two years of cultivation compared to solely established WPM,
whereas the perennial species were able to establish well and generate high biomass yields from the
third year onwards [42,43]. Therefore, we propose to further investigate the long-term development of
miscanthus established under maize in large-scale field trials in the future.

Based on the above discussion, it can be summarized that a successful establishment of miscanthus
under maize is possible. As illustrated in Figure 5, the accumulated three-year DMY of MUM is
much higher than REF. This makes the intercropping establishment MUM more profitable than REF,
in particular due to the avoidance of a missing yield in the first year of establishment. Consequently,
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MUM combines advantages of both maize and miscanthus: high yields of maize [41] and ecosystem
services of miscanthus [17,60–62] from the second year onwards. Farmers could generate a notable
income to compensate at least some of the high establishment costs arising in the establishment year [30].
As the missing yield in the initial year is one reason for the low cultivation area of miscanthus [29],
the establishment of miscanthus under maize could help to facilitate the implementation of miscanthus
cultivation into practices.

Additionally, the establishment of miscanthus under maize promises a crucial environmental
benefit compared to sole establishment of miscanthus. In fact, miscanthus is not able to use all
the available nutrients, if it is fertilized in the establishment year [9]. However, if miscanthus
is established under maize, the nutrient leaching potential of both crops is expected to be lower
compared to a subsequent cultivation of miscanthus and maize. This deserves a closer look in future
investigations, because a lower N leaching potential would be in line with the overall perception of a
more environmentally benign bioeconomy to keep both resource inputs and negative externalities as
low as possible [6,63].

4.2. Recommendations for Agricultural Practice and Further Research

The accumulated miscanthus yields (2016–2018) of both establishment varieties were compared
and miscanthus in MUM yielded 7.6 Mg DM ha−1 lower than in REF (Figure 5). Therefore, several
potential key measures for improving the establishment procedure of miscanthus under maize will
be discussed in this sub-section. Where possible, recommendations for future investigations will be
derived aiming at a faster implementation of miscanthus cultivation into practice.

4.2.1. Sowing Density of Maize

The sowing density of maize is seen as major determinant for a successful establishment
of miscanthus. Due to low competitiveness of miscanthus during the first two years after
establishment [36], a reduction in maize sowing density to 5 kernels m−2 could likely help to
reduce the light and water deficits of miscanthus and allow an improved miscanthus establishment
in the first year. Similar results were reported for both intercropping maize with common bean
(Phaseolus vulgaris L.) [38,64,65] and the successful establishment of cup plant (Silphium perfoliatum L.)
under maize [66]. We assume that a reduced maize sowing density could improve the establishment
success of miscanthus in terms of both biomass yields and weed pressure from the second year onwards.
However, this probably would go ahead with a yield reduction of maize. Therefore, the optimal
sowing density of maize must be further investigated.

4.2.2. Planting Geometry

The low planting density of miscanthus (1.1 plants m−2) and the row distance of 0.75 m resulted in
a rather large intra-row distance of 1.2 m. An increased planting density (e.g., 1.66 plants m−2) would
reduce the intra-row distance to 80 cm and could improve the performance of miscanthus, especially in
the second year and onwards. This could potentially lead to a better weed suppression in the second
year of cultivation followed by a higher DMY compared to MUM presented in this study.

4.2.3. Planting Material of Miscanthus

In this study, miscanthus plantlets were planted by hand after maize was sown between the maize
rows. In practice, rhizome planting is state of the art and would need to be performed for MUM as well.
For this reason, miscanthus rhizome planting needs to be performed prior to maize sowing. This is
because rhizome planting requires intensive soil disturbance and earlier planting date. After rhizome
planting, maize sowing should ideally be conducted using precision farming technology. However,
more research is required to identify the ideal maize sowing date and to identify whether a delayed
maize sowing could benefit the miscanthus establishment.
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4.2.4. Risk of Winter Frosts and Plant Losses

Competition in the first year followed by a poor establishment can increase the risk of plant losses
caused by winter frosts. For this reason, the main research target of optimizing this system needs
to focus on improving miscanthus growth in the first year (e.g., lower maize planting density, later
maize sowing date) and to find a balance between sufficient miscanthus establishment and maize yield.
Further research is required for the proposed establishment system to identify the risk of plant losses
during winter at different locations, especially for locations with more continental climate, e.g., regular
winter frosts. Strategies to reduce the risk of overwinter plant losses could also include breeding and
selection of varieties with a higher frost tolerance.

4.2.5. Harvest Determination

The harvest date determination is mostly linked to the nurse crop sown with miscanthus. In our
study, maize has been chosen as nurse crop and harvested as biogas substrate. Due to a similar harvest
window of maize and miscanthus, the harvest date determination is simplified in this case. If other
crops are considered to be grown together with miscanthus, one selection-criterion should be that they
are harvested also in autumn. This allows miscanthus to relocate nutrients back to rhizomes for a
resprouting in the following year. Therefore, grain maize could be the better nurse crop than biogas
maize because it is harvested later, which enables a longer nutrient relocation period for miscanthus.
This could be relevant for triggering an earlier emergence of potentially higher numbers of miscanthus
shoots in the second year of cultivation, which have been identified to be the major concerns in the
establishment of miscanthus under maize in this study (Figure 7). Further advantages of the use of
maize for grain instead for whole crop silage could be (i) a soil cover with organic residues could help
reducing the weed pressure in the second year after establishment of miscanthus, and (ii) the harvest
of maize grains could reduce compaction stress for miscanthus plantlets than the harvest of whole
above ground biomass because of a low harvest intensity, i.e., a lower number of driving lanes and a
lower weight being transported across the field.

5. Conclusions

The high dry matter yield (DMY) of maize lead to a significantly higher accumulated three-year
DMY of miscanthus under maize establishment (MUM) than for the solely established miscanthus
(REF). Miscanthus in MUM showed a poor development compared to REF during the first two years,
but it tended to catch up from the third year onwards. Furthermore, the yields of miscanthus in MUM
observed in the second year (first standalone year of MUM) were higher than those of the REF in the
first year. This indicates that MUM could perhaps enable miscanthus cultivation without unproductive
years. However, we suppose that a better adaptation of both maize planting density and miscanthus
planting geometry is required to improve the growth conditions for miscanthus in MUM in the year of
establishment. Once optimized, we assume that the establishment of miscanthus plantlets under maize
could help accelerating the implementation of miscanthus cultivation in Europe and thus, forming a
more solid base for an environmentally benign bioeconomy in the long term.
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Figure A1. Impression of miscanthus intercropping with maize (MUM), end of June 2016. Figure A1. Impression of miscanthus intercropping with maize (MUM), end of June 2016.

Table A1. Dry matter yields (DMY) of weed species at harvest in October 2018.

DMY (kg ha−1)

Species MUM REF

Tanacetum vulgare L. 305 0
Centaurea nigra L. 50 0

Artemisia vulgaris L. 36 70
Cirsium arvense L. Scop. 20 22

Dipsacus fullonum L. 77 0
Melilotus officinalis L. Pall. 33 0

Epilobium L. 27 0

Total 549 92
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