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Abstract: Agricultural land in Europe is affected by low rooting depth (LRD) on 27.9 Mha. This
marginal agricultural land can potentially be used to grow industrial crops without directly threaten-
ing food security or biodiversity conservation. However, little is known about the yield performance
of industrial crops at LRD conditions. This study therefore compiles and discusses the meaningful
data available in scientific literature. Twelve relevant industrial crops were identified for Europe.
Currently, robust information on good growth suitability for LRD conditions is available for only one
industrial crop, namely reed canary grass (RCG). Because this information was taken from field trial
results from a single site, it remains unclear what role other growing conditions such as soil quality
and climate play on both the yield level and the biomass quality of RCG under LRD conditions. These
uncertainties about the quantitative as well as qualitative performance of industrial crop cultivation
on marginal agricultural land characterized by LRD represent a major agronomic knowledge gap.
Here, more knowledge needs to be compiled through both expanded crop science activities and

‘C’l;e;g‘fgsr improved international information exchange to make more optimal use of the large LRD areas
Citation: Reinhardt, J.; Hilgert, P; available for the transition to a bioeconomy.
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1. Introduction

Academic Editor: H.Ch . . . . .
cademic Editor: Jerome ey More than 47% of agricultural land in Europe is characterized by low rooting depth

(LRD) [1]. This so called marginal agricultural land is deemed available for the cultiva-
tion of herbaceous and woody industrial crops for various biomass utilization pathways.
Availability is based on the assumption that the cultivation of herbaceous and woody
industrial crops on marginal agricultural land does not conflict with food production or
nature conservation and can thus potentially contribute to a social-ecologically more sus-
tainable utilization of these areas [2,3]. However, methods for regional assessment of the
actual utilization status of European marginal land affected by LRD and other constraints
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{ations. are still under development [4]. This is necessary because not all of this land is actually
abandoned and not used for agricultural production. In exceptional cases, such unproduc-
tive agricultural areas are in fact used for the cultivation of food crops through irrigation,

which can be determined, for example, through satellite imagery [4]. On such land, there

would therefore be a certain conflict of use between the cultivation of industrial and food
crops, which must be taken into account when determining the actual available area of
marginal agricultural land with LRD conditions. Nevertheless, the utilization of marginal
distributed under the terms and  agricultural land affected by LRD represents a tremendous potential for the production of
conditions of the Creative Commons  Piomass [5] that is urgently required to successfully and promptly manage the transition to

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.

This article is an open access article

Attribution (CC BY) license (https:// @ bioeconomy [6,7].
creativecommons.org/licenses /by / A well-developed and deep root system, however, is a key factor for crops, including
40/). herbaceous and woody industrial crops, to adapt to environmental conditions and for good

Agronomy 2021, 11, 1296. https:/ /doi.org/10.3390/agronomy11071296 https:/ /www.mdpi.com/journal /agronomy


https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0002-1132-3281
https://doi.org/10.3390/agronomy11071296
https://doi.org/10.3390/agronomy11071296
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/agronomy11071296
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy11071296?type=check_update&version=1

Agronomy 2021, 11, 1296

20f16

growth and high yield levels [8]. It facilitates access to nutrients and water and increases
the ability of the plant to compete with other species [9]. Roots in the upper soil layers, in
particular, serve for the efficient use of mineral nutrients. Deep roots, on the other hand,
contribute to a better water supply, especially under drought stress [10]. Where there are no
barriers to root growth, most crop roots extend to depths of 60 to 120 cm [11]. The maximum
root depth of winter wheat in a trial in Austria was 150-160 cm [10]. The maximum root
depth of wheat is generally between 80-180 cm [12]. Therefore, a LRD means a limited
availability of nutrients and water and thus an impairment of plant growth [8,13]. This
also restricts soil cultivation [13]. Under LRD conditions, the rooting depth is generally
limited by coherent hard rock or a dense soil layer. Following Rossiter et al. [11], sites are
described as marginal due to their low LRD with a soil depth of <35 cm. This limit value is
chosen very low, because a rooting depth of 35 cm means a very strong restriction of plant
growth [11]. Hence, for this work the limit value of Mueller et al. [14] will be used; it gives
a limit of <50 cm for flat and very flat soils. If a site is described as having shallow soil, it
can also be classified as marginal due to LRD.

Consequently, among many socioeconomic challenges [15-19], the success of cultivat-
ing herbaceous and woody industrial crops on marginal agricultural land with LRD condi-
tions is critical, with biomass yield being one of the most important components [20,21]
that is currently being investigated, for example, at University of Hohenheim (Figure 1).

Figure 1. Impression of an ongoing field trial with herbaceous industrial crops hemp, camelina,
and calendula in comparison with common food/feed crops maize and winter wheat under low
rooting depth conditions (0.2-0.4 m rootable top soil above hard rock) at an experimental station of
University of Hohenheim in southwest Germany. The photo was taken in summer 2020.

As little as is known about the performance of herbaceous and woody industrial crops
on marginal agricultural land characterized by LRD [1,22], it can already be seen that there
are very different specialists among the known herbaceous and woody industrial crops [23],
which means that suitable biomass production systems could be developed for almost any
type of marginal agricultural land [2]. The relevance of agricultural marginality constraints
can be expressed by the size of agricultural land affected. The total area of available
European marginal agricultural land with shallow soil accounts for about 27.9 Mha [1].
Since there is still much uncertainty about the link between LRD on marginal agricultural
land and biomass yield of herbaceous and woody industrial crops [1,24], Gerwin et al. [1]
claim that this must be investigated more in detail in the future. Therefore, this study
focuses on the following main research question: How do herbaceous and woody industrial
crops perform in terms of biomass yield on marginal agricultural land with shallow soil?

2. Material and Methods

In this study, the biomass yield of herbaceous and woody industrial crops on favorable
agricultural land (favorable climate and fertile soils) across the northern hemisphere [25,26]
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was used as reference for the herbaceous and woody industrial crops’ yield performance on
marginal agricultural land characterized by LRD. This was intended to enable first insights into
the future potential of biomass production on that specific type of marginal agricultural land.

2.1. Identification of Most Relevant Herbaceous and Woody Industrial Crops in Europe

Only those herbaceous and woody industrial crops were selected that were involved at
least four times in one of the EU projects that started or ended in the period 1 January 2014
to 6 December 2019. Using the Community Research and Development Information Service
(CORDIS) [27], 24 EU projects were found and considered for this purpose: Becool, BIO4A,
COMETHA, COSMOS, DENDROMASS 4EUROPE, EUPOBIOREF, FIBRA, FIRST2RUN,
FORBIO, GRACE, GRASSMARGINS, LIBBIO, AGIC, Mediopuntia, MULTIBIOPRO, Mul-
tihemp, OPTIMA, OPTIMISC, PANACEA, PHYSIO-POP, SEEMLA, SUNLIBB, SWEET
fuel, and WATBIO (Table A1). In this way, twelve herbaceous and woody industrial crops
were found relevant (Table A2), which is mostly in line with the crop selections in other
studies [2,23]. These crops were examined in more detail in the remainder of this study, i.e.,
the literature review described in the following sections.

2.2. Literature Search

To obtain information about the yigeld performance of the most relevant herbaceous
and woody industrial crops in Europe under LRD conditions, an extensive literature search in
the database Scopus® (Elsevier BV, Amsterdam, The Netherlands) was carried out. To make
the search queries in Scopus® as precise as possible, the advanced search function was used
which enables a complex search order by means of field codes and Boolean operators [28].

First, the database was searched for papers in which the plant name appears in the
title, abstract, or keywords. Keywords were selected for each plant as follows:

camelina: Camelina,

cardoon: Cynara cardunculus, artichoke thistle,
cardoon; crambe: crambe;

cup plant: Silphium perfoliatum, cup plant;
giant reed: Arundo donax, giant reed;

hemp: Cannabis sativa, hemp;

Miscanthus: Miscanthus;

poplar: Populus, poplar;

reed canary grass: Phalaris arundinacea, reed canary grass;
sorghum: Sorghum bicolor;

switchgrass: Panicum virgatum, switchgrass;
willow: Salix, willow.

Then, articles with terms such as “model”, “gis”, or “gene” were removed as they
would most likely not be original articles with field trial results. Afterward, the results
were screened for the marginality constraint LRD. The results were then further selected
for those articles including terms such as “biomass”, “yield”, or “harvest”. Of the studies
found, those that met certain requirements were then selected, such as the existence of field
trials, and information on yield, time, and location of the experiment. Weather conditions
and soil properties also had to be adequately specified. Studies were excluded if their
sites had high salinity, heavy metal contamination, or acidic soils. The climate of the sites
found in the studies needed to be similar to one of the main European agroecological zones
(Mediterranean, Atlantic, Continental /Boreal) and located in the northern hemisphere,
if the study was not from Europe. Special selection criteria were also chosen for willow
and sorghum—only field trials with short rotation coppice for willow and no grain use
varieties for sorghum were taken into account.

2.3. Suitability Ranking of the Identified Crops

Based on the yield data and discussion in further literature, a classification of the culti-
vation suitability according to a classification of Ramirez-Almeyda et al. [5] was conducted.
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If no sites were found that met (or properly describe) the threshold for LRD (soil depth of
<50 cm), the classification was based only on further literature. The suitability values are then
given in brackets. The suitability values denote as follows: 4 = “very good”, much higher
yields than average yields on favored sites; 3 = “good”, yields approximately equivalent to
the average yields on favored sites; 2 = “average”, lower yield compared to average yields on
favored sites; and 1 = “low” much lower yields than average yields on favorable sites. If the
plant is classified as “0 = unsuitable”, it cannot grow on sites with LRD.

3. Results and Discussion

According to the methodology described above, seven sites were found in seven
papers that comply with the threshold values for LRD as defined by Rossiter et al. [11]
(Figure 2, Table 1). Further details on the field trials of the identified references are provided
in the annex (Tables A3 and A4). Some sites and their respective tests, which also meet the
criteria for LRD, could not be identified using the methodology described. The reason for
this was that in order to classify a site into marginal, certain information about the site was
required. However, this information is often missing in papers.
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Figure 2. Overview of the field trial locations of the studies identified in the literature review. Colors
indicate the respective industrial crops investigated in the field trials. The numbers (1-7) denote for
the site numbers as presented in Table 1. Map created using GPSvisualizer (www.gpsvisualizer.com).

Table 1. Overview of studies and locations identified in the literature search.

Constraints Other Than LRD

Site Number Crop Country City m a.s.l. UST Steep Slope  Reference
1 Poplar Germany Gottingen 206 [29]
2 Poplar Czech Republic Domaninek 578 1 [30]
3 Miscanthus Germany Durmersheim 118 1S [31]
4 Miscanthus Great Britain Aberystwyth 39 15t [32]
5 Hemp Italy Udine 109 [33]
6 Giant reed Turkey Sakarya 244 [34]
7 Reed canary grass Ireland Carlow 15 1S St [35]
LRD = low rooting depth, UST = unfavorable soil type (S = coarse sand, St = stoniness).
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3.1. Field Trial Observations

In the following sections, the cultivation suitability of the twelve identified herba-
ceous and woody industrial crops under LRD conditions is discussed. Each crop is only
considered individually, which means that no further statements can yet be made on
their implementability in existing agricultural systems. As already mentioned in the in-
troduction, this is an overview of crop-specific suitability for LRD conditions. This is an
important first step for the extensive effort needed to implement a bio-based economy
that requires further follow-up research, such as the integration to existing agricultural
systems, which is justified in more detail at the end of the discussion. Here, all yield figures
are listed as yield per year (biomass, stalk, oil, grain, and ethanol yields, respectively),
and only the aboveground biomass of the crops is considered. All crops for which field
trial data were found in the literature were cultivated in single cropping. This means
that no intercropping approaches were considered here, which is not to say that this is
fundamentally irrelevant. Intercropping often helps to make better use of limited nutrient
supply of cultivation-limited sites, such as LRD dominated marginal agricultural land [36].
However, so far only information on food and forage crops can be found, not on industrial
herbaceous and woody crops.

3.1.1. Giant Reed

About 50% of all dry matter (DM) yield data of giant reed are in the range of
25-40 Mg ha~! [37]. Under favorable growing conditions, giant reed shows very high
DM vyields of 33.8 Mg ha~! [38] to 37.7 Mg ha~! [39]. This is in line with Pilu et al. [40]
who report DM yields of 36-55 Mg ha 1.

One experiment was found for giant reed cultivation on marginal agricultural land
with LRD (Table 2). This experiment was carried out on a site that is marginal due
to its eroded flat soil profile. It is located in Sakarya, Turkey. In Ozdemir et al. [34],
unfortunately, no information is given on the exact rooting depth of the Sakarya site.
However, the experiment shows that giant reed produces a yield of 8.3 Mg ha~! DM on
marginal agricultural land with this factor without fertilization and irrigation. Compared to
favorable sites, this is much lower [39,40]. In a further test variant on this site, fertilization
with poultry slaughter sludge was applied, which led to a higher yield (16.5 Mg ha~! DM
in the second-third year of cultivation at the highest fertilization level 200 N kg ha™!).
In comparison to a fertile location, however, this yield is also lower. To develop a good
rhizome system a deep soil is required. On a soil with a low root depth the establishment
of giant reed is therefore limited, as is the agricultural cultivation of giant reed [13]. A
location with a root depth of <35 cm is challenging and according to Parenti et al. [13]
unsuitable for the cultivation of giant reed, while Von Cossel et al. [23] consider this kind
of location slightly suitable for cultivation. A location with a root depth of 35-80 cm has a
medium suitability for cultivation [23]. The test results of Ozdemir et al. [34] confirm the
low suitability of giant reed for cultivation on sites with LRD.

3.1.2. Hemp

On favorable sites, fiber hemp achieves a stem yield of 10 Mg ha~! DM [41]. Struik
et al. [42] investigated five different varieties of hemp grown for fiber on three favored
sites in Europe (Italy, United Kingdom, and the Netherlands) over three years with dif-
ferent fertilization and plant density variants. A maximum aboveground biomass yield
of 22.5 Mg ha~! DM and a stalk yield of 18.5 Mg ha~! DM were achieved. The average
aboveground biomass DM yield over all locations, years, varieties, and trial variants was
14 Mg ha~! and the stem DM yield 11 Mg ha~! [42]. In addition, on a sandy loamy soil in
Foulum, Denmark, an aboveground biomass DM yield of 13-15 Mg ha~! was achieved [43].

One site was found that meets the criteria for this agricultural marginality constraint
(Tables 1 and 2). The site in Udine (Italy) has a rooting depth of 50 cm and achieved a grain
yield of 0.55 Mg ha~! and an oil yield of 0.11 Mg ha~! [33]. Eight different monoecious
varieties were grown there. The average yield of 6.1 Mg ha~! DM (Table 2) was lower than
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the average yield of 11 Mg ha~! DM on sites described by Struik et al. [42]. The highest
stalk yield in Udine was achieved with the Futura variety; it was 8.3 Mg ha~! DM. This was
also below the yield of Futura reported by Struik et al. [42]. In addition, the thousand-grain
mass on Udine was 7.6 g, which is significantly less than the stated thousand-grain mass
on favored sites (17-23 g) [41]. The plants reached an average height of 208 cm, which is in
the optimal range for industrial processing of the fibers [41]. In a field test of Amaducci
et al. [44] in Cadriano, Italy, 50% of the root biomass was found in the upper 50 cm in
a deep soil. The root length density was highest in the upper 10 cm of the soil. Hemp
can root to a depth of 2-2.5 m, especially when it grows in dry environments [41,44]. It is
likely that hemp yields are reduced on flat soils because it has a poorly developed root
system compared to other economically important plants [41]. This is in line with Von
Cossel et al. [23], who found that hemp has a low suitability for cultivation in soils with a
depth of 35-80 cm and is unsuitable for soils with a depth less than 35 cm. However, the
observations from Udine indicate that hemp is moderately suitable for cultivation when
the soil depth is 50 cm, but the choice of the most suitable variety is crucial for this.

Table 2. Annual stalk and biomass yields of monoecious giant reed (Arundo donax L.), hemp (Cannabis sativa L.), Miscanthus

(Miscanthus x giganteus Greef et Deuter), poplar (Populus L.), and reed canary grass (Phalaris arundinacea L.) on marginal

agricultural land characterized by low rooting depth (LRD).

Year of Cultivation (Poplar: Age  Dry Matter Stem Dry Matter Yield

Site Number Crop of Trunk) Yield [Mg ha~1] [Mg ha-1] Source
1 Poplar 3 0.1 [29]
2 Poplar 7 11.7 [30]
3 Miscanthus 4 8.9 [31]
4 Miscanthus 4 16 [32]
5 Hemp 6.1 [33]
6 Giant reed 2-3 8.3 [34]
7 Reed canary grass 2-3 13 [35]

3.1.3. Miscanthus

It was found that 50% of all yield data of Miscanthus on favored sites are in the range of
13-28 Mg ha~! DM [37]. With irrigation, yields of over 30 Mg ha~! DM can be achieved on
sites in Southern Europe (average temperatures of 15.4 °C) [45]. In Central and Northern
Europe (from Austria to Denmark), where global irradiation and average temperatures
are lower (7.3-8.0 °C), yields without irrigation are typically 10-25 Mg ha~! DM [45].
In a long-term test of Angelini et al. [39] without irrigation on a favored site near Pisa,
the average yield over the 2nd-12th year of cultivation was 28.7 Mg ha~! DM. As with
Amaducci et al. [46], the yield of the first year of cultivation of this experiment was much
lower than in the following years. From the first to the second year the yield increases,
in the 3rd-8th year the highest yields are achieved and from the 9th—12th year the yield
decreases [39]. The complete establishment of a Miscanthus population takes three to five
years [45]. Under optimal location conditions, the full yield potential is achieved after three
years, under suboptimal conditions only after five years [47].

Two sites were found that fulfill the criteria of the agricultural marginality constraint
LRD (Table 2). The Durmersheim site also fulfilled the criterion [11] for unfavorably high
soil content of sand (UST_S) and at the Aberystwyth site, the criterion [11] for stoniness
(UST_St) in the topsoil was fulfilled. Miscanthus achieved a yield of 8.9 Mg ha~! DM in the
fourth year of cultivation in Durmersheim. This is less than on favorable sites in Central
and Northern Europe [45]. The summer of the fourth year of cultivation on this site was
exceptionally dry. In addition, the two agricultural marginality constraints, UST-S and
LRD, have a negative influence on each other [48]. Sandy soils are generally characterized
by low fertility, high nutrient leaching, and low water retention capacity. A low soil depth
increases these effects, as the volume of water storage in the soil is limited [48]. This
could explain the positive effect of fertilization on this site; the stated yield is from a trial
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variant with 50 kg N ha~!, another variant with 100 kg N ha~! yielded 13.7 Mg ha~!
DM, which is in the lower stated yield range in Central and Northern Europe [31]. The
Aberystwyth site has a rooting depth of 30-50 cm. In the fourth year of cultivation the
yield of Miscanthus in Aberystwyth was 16 Mg ha~! DM. This yield corresponds to the
yield range in Northern Europe [49]. This site has high rock content (35%) in addition
to the shallow depth. These two agricultural marginality constraints create a negative
synergy, since a high stone content further reduces the effective soil volume for rooting,
water storage, and nutrient supply in a shallow soil [48]. Following Von Cossel et al. [23],
the cultivation of Miscanthus is unsuitable on sites with soil depths below 35 cm, mediocre
on soils that are 35-80 cm deep, and good at 80-120 cm. Findings in Ramirez-Almeyda
et al. [5] slightly deviate from this classification; at a soil depth of 40-80 cm the suitability
for cultivation of Miscanthus is low, at 80-120 cm it is average, and similar to Von Cossel
et al. [23], it is unsuitable for a depth of less than 40 cm. According to Ferrarini et al. [50],
Miscanthus has a deep fine root system on profound soils. Although Miscanthus produces
lower yields on shallow soils than on deep soils [51], these are still comparable with yields
on favored sites (rather lower half of the yield range), provided there is sufficient water
supply and fertilization. For this reason, a medium suitability for cultivation on sites with
LRD can be assumed for Miscanthus.

3.1.4. Poplar

In a systematic literature search and meta-analysis on poplar yields [37], it was found
that 50% of all yield data are in the range 7-10 Mg ha~! DM. Berendonk et al. [52] indicate
that a yield of 8-12 Mg ha~! DM can be expected for short rotation plantations. On a
favorable location in Mira in Northern Italy, a yield of 20 Mg ha~! DM in the second
rotation and 15 Mg ha~! DM in the first rotation was achieved [53].

For poplar cultivation under LRD conditions, two studies from Gottingen and Do-
maninek were found (Table 2). The soil depth of the Gottingen site is 20-50 cm. The
poplar hybrids Max 1 (Populus nigra x P. maximowiczii) and H275 (Populus trichocarpa x
P. maximowiczii) were cultivated on this site, which achieved a very low average yield of
0.1 Mg ha~! DM. Furthermore, a survival rate of 25% for H275 and 60% for Max 1 was
found. The experiment shows that soils with LRD can strongly restrict the growth of
the poplar hybrids studied [29]. At the Domaninek site, Populus nigra x P. maximowiczii
achieved a yield of 11.7 Mg ha~! DM in the second rotation (which lasted seven years),
which is much higher than at the Gottingen site, and also higher than the yields stated in
Berendonk et al. [52]. This site has a soil depth of 30-50 cm and additionally a strongly
sandy loam. A survival rate of 70% was determined [30].

The division into the classification system proposed by Ramirez-Almeyda [5] states
that the cultivation of poplar is unsuitable on sites with soil depths of <40 cm, low at
40-80 cm, and medium at 80-120 cm. Von Cossel et al. [23] also classify soils with a depth
of <35 cm as unsuitable, while soils with a depth of 35-80 cm are classified as medium, and
soils with a depth of 80-120 cm as well suited for cultivation. The experiment in Moffat and
Houston [54] shows that the survival rate of poplar plants is proportional to the soil depth,
with a minimum soil depth of 20 cm. Overall, the suitability for cultivation of poplar on
soils with low rooting depth is expected to be mediocre in comparison to favored locations.

3.1.5. Reed Canary Grass

Reed canary grass achieves dry matter biomass yields of 5-13 Mg ha~! under favorable
conditions [49,55,56]. For example, reed canary grass achieved an average dry matter yield
of 8 Mg ha~! (yields of 3.9-13.8 Mg ha~! were measured) on four different favored sites in
the Czech Republic from the second to the sixth year of cultivation [57].

One study from Carlow (Ireland) was found, where reed canary grass was grown
under LRD conditions (Tables 1 and 2). This site has a shallow soil with a high proportion
of gravel and sand with poor water retention capacity and therefore fulfils the requirements
of LRD, UST-S, and UST_ST [35]. The location factors UST-S and UST_ST each have a
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negative synergy with LRD [48]. A high stone content also reduces the effective rooting
volume. Sand increases the effect of the low water storage capacity of a soil with LRD [48].
The yield of the Carlow site is comparable to that of the favored sites [49]. Therefore, reed
canary grass has a good suitability for cultivation on sites with LRD. Due to the negative
synergies described above at this location, it can be assumed that higher yields can be
achieved at locations with good soil and exclusively LRD than at the Carlow site. This
contradicts Von Cossel et al. [23] and Ramirez-Almeyda et al. [5], who indicated a low
suitability of reed canary grass for cultivation on sites with a soil depth of 35-80 cm or
40-80 cm.

3.2. Presumptions on Crops Where No Studies Were Found

For seven of the preselected herbaceous and woody industrial crops, no literature on
biomass yield performance on shallow soil was found. The following sections provide a
brief overview of the expected suitability of these herbaceous and woody industrial crops
for LRD conditions based on topic-related literature.

3.2.1. Camelina

In a field study (winter camelina in Morris, Minnesota, on a clay soil), it was found
that camelina has a rather compact root system: 82% of the root density was located in the
upper 30 cm of the soil, 12% in 30-60 cm, and only about 6% in 60-100 cm soil depth [58].
This supports the statement in Von Cossel et al. [23] that camelina can be grown well on
shallow soil below 35 cm and very well in soil over 35 cm depth. Although camelina roots
are mainly found in the upper soil layers, they can grow in dry areas at depths of up to
140 cm to reach water [59]. However, whether or not camelina can be grown well under
low rooting depth conditions is not yet proven by field trial results.

3.2.2. Cardoon

Following Von Cossel et al. [23], cardoon is unsuitable for cultivation under low
rooting depth conditions and is only slightly suitable for soils with a depth of 35-80 cm.
This matches the specification in Gominho et al. [60] that a soil depth of 50-150 cm is
required for the cultivation of cardoon. Cardoon builds up a deep root system, which can
reach a depth of more than 5 m [61]. This suggests that soil depth is an important factor
influencing the growth and thus the yield of cardoon [62]. Cardoon is therefore deemed
unsuitable for cultivation on sites with LRD.

3.2.3. Crambe

For the agricultural marginality constraint LRD, no literature was found that meets
the threshold values (<50 cm for flat and very flat soils) described. After a classification by
Von Cossel et al. [23], crambe has good suitability for cultivation on sites with a root depth
of less than 35 cm and a very good cultivation suitability on soils with a rooting depth
greater than 35 cm. However, this is not yet proven by field trial results. In a three-year
trial with minirhizotrons, an average depth of 58 cm and a maximum depth of 118 cm of
the crambe roots were determined [63,64].

3.2.4. Cup Plant

Cup plant has a deep and extensive root system [47,65]. At the Braunschweig site, the
maximum root depth was 80240 cm [66,67]. These data suggest that cup plant cannot grow
well on sites with LRD and therefore has a low suitability for cultivation on shallow soils.

3.2.5. Sorghum

After a classification by Von Cossel et al. [23] sorghum is unsuitable for growing in
locations with a root depth of less than 35 cm, medium at a depth of 35-80 cm, and good at
80-120 cm. Sorghum forms a deep root system [68,69], preferably in soils with a depth of
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at least 1 m [68]. This suggests that high yields cannot be achieved on sites with LRD and
that sorghum therefore has a low suitability for cultivation.

3.2.6. Switchgrass

Switchgrass is unsuitable for cultivation on sites with a soil depth of less than 35 cm,
medium for soils with a depth of 35-80 cm, and good for soils with a depth of 80-120 cm.
Ramirez-Almeyda et al. [5] classify the suitability of switchgrass for cultivation at different
soil depths as follows: unsuitable below 40 cm, 40-80 cm low, and 80-120 cm medium.
Switchgrass has a deep root system that can reach a soil depth of 3 m [70,71]. At the
Mason site, switchgrass rooted to an average depth of 81 cm [72]. The information pro-
vided here indicates that switchgrass cannot be grown on sites with a LRD. In addition,
Parenti et al. [13] assessed sites with these characteristics as unsuitable for the cultivation
of switchgrass.

3.2.7. Willow

The experiments conducted by Moffat and Houston [54] show that more willows
survive at increased soil depths and that none can grow at a soil depth of only 20 cm.
Von Cossel et al. [23] classify the suitability of willow for cultivation as follows: low for
soils with a depth of less than 35 cm, good with 35-80 cm depth, and very suitable with
80-120 cm depth. According to Ramirez-Almeyda [5], soils with a depth of less than 40 cm
are classified as unsuitable for growing willow, soils with a depth of 40-80 cm as shallow,
and soils with a depth of 80-120 cm as moderately suitable. Since willow has a deep
fine root system [50] it probably has only a limited suitability for cultivation in locations
with LRD.

3.3. Recommendations for Cultivation of Herbaceous and Woody Industrial Crops under
LRD Conditions

Following the approach by Ramirez-Almeyda et al. [5], herbaceous and woody indus-
trial crops whose suitability for cultivation on sites with a certain marginality is rated as
good or very good may be recommended for cultivation. Good and very good suitability
for cultivation means that the biomass yields are comparable or even better than under
favorable growth conditions. After a thorough literature search, it was found that this
seems to apply only to a few herbaceous and woody industrial crops, such as reed canary
grass, camelina, and crambe (Figure 3). This assumption could also only be confirmed
for reed canary grass by field trial data, where an expected yield level of 13-15 Mg ha~!
was found. For camelina and crambe, it remains open whether or not the assumptions
derived from the related literature can be confirmed by future field trial data. For all other
herbaceous and woody industrial crops, either no field trial data were available or the
suitability value was less than three (Figure 3).

This review article has thus shown that there are large gaps in knowledge about
the best possible use of regions where agricultural land is marginal for LRD. Much more
research is needed on the suitability of known herbaceous and woody industrial crops
for LRD conditions in order to make the best use of such sites for biomass production
in terms of more social-ecologically sustainable agriculture [73,74]. Certainly, this need
does not exist if a site is allowed to lose arable status, because reforestation with cold-
insensitive woody crops will then be the best solution. If arable status is to remain, however,
there is a need for adapted herbaceous and woody industrial crops and the associated
resource-conserving and environmentally friendly cultivation methods.
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Figure 3. Overview of estimated suitability for cultivation of the preselected herbaceous and woody
industrial crops under low rooting depth conditions (<35 cm soil depth). Green dots denote suitability
values based on field trial data; red dots denote for suitability values based on associated literature
and assumptions by the authors, because no field trial data were available.

Moreover, in light of climate change, regions where drought conditions are expected
to increase, for example, from Spain to Central Europe [74,75], could further expand LRD
limitation due to negative combined effects [48]. These dynamics should also be considered
in field research on the use of LRD sites by herbaceous and woody industrial crops, which
will be a major crop science challenge. A network of experimental stations, such as the
ECOFE network, could be helpful, as they can detect changes in genotype-environment
interaction with a very high breeding efficiency [76]. However, in addition to the further
development of cultivable herbaceous and woody industrial crops, the ongoing adaptation
of logistics and the processing industry is likely to be a far greater challenge if it is not
yet even known which crop species will be grown in a particular region in ten or twenty
years’ time.
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Appendix A

Table Al. Industrial crops investigated in EU projects that were started or finished in the period from 1 January 2014
to 12 June 2019: a = MAGIC, b = PANACEA, ¢ = SEEMLA, d = GRACE, e = Multihemp, f = FIBRA, g = COSMOS, h =
MULTIBIOPRO, i = LIBBIO, j = GRASSMARGINS, k = OPTIMA, I = OPTIMISC, m = Becool, n = WATBIO, o = PHYSIO-POP,
p = COMETHA, q = DENDROMASS 4EUROPE, r = SUNLIBB, s = FIRST2RUN, t = EUPOBIOREEF, u = FORBIO, v = SWEET
fuel, w = BIO4A, x = Mediopuntia.

Industrial Crop

(Common Name) Sum a
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Miscanthus
Giant reed
Poplar
Hemp
Switchgrass
Camelina
Cardoon
Sorghum
Willow
Crampe
Reed canary grass
Black locust
Castor
Eucalyptus
Kenaf
Lupin
Safflower
Cup plant
Ethiopian mustard
Flax
Sunflower
Alfa-alfa
Cocksfoot
Columbus grass
Common reed
Cuphea
Festulolium
Giant Knotweed
Guayule
Indian fig opuntia
Jatropha
Jerusalem artichoke
Lavender
Lesquella
Paulownia
Pennycress
Peppermint
Pine
Rapeseed (HEAR)
Rosemary
Russian dandelion
Siberian elm
Sugarbeet
Sugarcane
Tall fescue
Tall wheat grass
Tobacco
Tree of heaven
Triticale
Virginia mallow
Wild sugarcane
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Table A2. Overview of the selected industrial crops, sorted alphabetically by common name (adapted from [2]).

Botanical Name Trivial Name  Life Cycle Ph(;)tosynthetlc Use Projects Frequer}cy of
athway Studies

Arundo donax L. Giant reed Perennial C3 L 9 8
Camelina sativa (L.) Crantz Camelina Annual C3 (@) 5 6
Cannabis sativa L. Hemp Annual C3 L/O 6 10
Crambe abyssinica Hochst ex R.E.Fr. Crambe Annual C3 o 4 3
Cynara cardunculus L. Cardoon Perennial C3 L/O 5 5
Miscanthus Andersson Miscanthus Perennial C4 L 12 13
Panicum virgatum L. Switchgrass Perennial C4 L 6 10
Phalaris arundinacea L. Phalaris Perennial C3 L 4 6
Populus L. Poplar Perennial C3 W 7 11
Salix L. Willow Perennial C3 \ 5 13
Silphium perfoliatum L. 2 Cup plant Perennial C3 L/C 2 4
Sorghum bicolor L. Moench Sorghum Annual C4 L/C 5 7

2 Cup plant was investigated in only two projects, but considered relevant because the European Parliament included it in the list of
ecological priority areas in 2017 [77]; L = lignocellulose, O = oil, C = carbohydrates, W = wood.

Table A3. Overview of key agronomical data of the field trials conducted in the references identified in the literature search.

Field Trial Sowmg or o N Fertlhza-
. Planting Irrigation tion Per
Period .
Density Year
Reference . . . [Seeds or 1
Number Begin End Sowing Harvest Variety Precrop Pants m-2] [mm] [kg ha—1]
Heights and basal
diameter were Max 1 (P. nigra Watered
measured bevor the .
rowing season in 2014; x D just after
March & . ! maximowiczii) unmanaged planting
1 2011 2014 harvest were carried 13,333 X 0
2011 . and H275 (P. grassland and in
out when the terminal .
. trichocarpa x P. August
buds of main shoots of ; o
maximowiczii) 2011
poplars had been
formed
April 2015 (first harvest later ~ Populus nigra x potatoes
2 2009 2015 2001 in autumn 2008) P. maximowiczii  and cereals 9316 0 0
First two
3 1991 1995  May 1991 February 1995 vegetation 0
periods
Miscanthus x grassland
4 2012 2015 May 2012 February to April giganteus Greef (low 1.96 0 60
et Deu. quality)
April 2016:
5 2016 2017 Zglé 8 varieties wheat; 130 45 80
2017: Oat
6 2015 2017 1 0 0
(4-7 June, 29-31 July,
24-23 September) 2013,
(27-29 June, 29-31 July, Bamse long term
7 2012 2014 May 2012 18 September) 2014 Chei fto;1 cereal 30 0 325
(end of 2012 growing cultivation

season pruning took
place).
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Table A4. Overview of yield relevant data from the field trials of the studies identified in the literature search.

Aboveground . Thousand
. Grain Stem Dry 1 vs
Biomass Dry Yield Matter QOil Yield Kernel
Matter Yield Weight
Number of
Vegetation Year of
Reference Periods or Cultiva- Age of the [Mgha—1] [NE% [Mg ha—1] [L ha—1] [g]
Number X Tree ha—1]
Number of tion
Cuts
1 1 3 0.1 0.17
2 1 7 11.7
3 4 8.9
4 4 16.0
5 2 0.55 6.1 110 7.6
6 2-3 8.3
7 2-3 13
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