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Abstract: Industrial crop cultivation on marginal agricultural land limits indirect land-use change
effects that pose a threat to food security. This review compiles results from 91 published crop-specific
field trial datasets spanning 12 relevant industrial crops and discusses their suitability for cultivation
on unfavorable soil types (USTs). It was shown that the perennial species Miscanthus (Miscanthus
Andersson) and reed canary grass (Phalaris arundinacea L.) performed well on USTs with both high
clay and/or high sand contents. Information on stoniness (particles sizes > 2 mm), where mentioned,
was limited. It was found to have only a small impact on biological yield potential, though it was
not possible to assess the impact on mechanization as would be used at a commercial scale. For
soils with extreme clay or sand contents, half of the crops showed moderate suitability. The large
yield variations within and between crops revealed large knowledge gaps in the combined effects
of crop type and agronomy on USTs. Therefore, more field trials are needed on diverse USTs in
different climates with better equipment and more consistent measurements to improve the accuracy
of potential yield predictions spatially and temporally. Additionally, larger trials are needed to
optimize cultivation and harvesting.

Keywords: camelina; cardoon; crambe; cup plant; giant reed; hemp; sorghum; switchgrass; poplar; willow

1. Introduction

A large proportion of marginal farmlands in Europe are characterized by unfavorable
soil types (USTs). However, there are no precise estimates of UST land areas in the literature,
as USTs and stoniness are often mentioned in connection with other limiting site factors,
such as low rooting depth (LRD) [1,2]. However, LRD and USTs account for nearly half of
marginal farmland [1]. This is of great agricultural relevance because the soil type directly
influences basic agronomic factors, such as water storage capacity and the plant nutrient
availability of the soil. Moreover, the soil type affects the infiltration, runoff, and movement
of water in the soil [3]. The grain size fractions of the soil are divided into coarse soil (with
equivalent diameters of > 2 mm) and fine soil (equivalent diameter of ≤ 2 mm) [3,4].

Sandy and loamy-sandy soils have a low water storage capacity [5] and, therefore,
reduced soil fertility [3]. For these reasons, there is a loss of yield on sandy soils for food
crops. For example, at a site near Jyndevad (Denmark), where the sand content is 88%,
maize achieved a 4-year average biomass yield of 10.9 Mg DM ha−1 [6]. This is considerably
lower than yields that can be achieved on non-sandy soils of 20 Mg ha−1 and more [6].

The tiny particles in clay soils both bind water tightly and hinder root penetration,
making it harder for plants to establish rapidly [3]. In this study, sites are classified as
marginal if they contain soils with the soil type clay (UST-CL) or sand (UST-S) according to
the definition of [7] (if soils consist of either ≥ 40% of the grain size fraction clay (silty clay,
loamy clay, clay) or ≥ 70% of the grain size fraction sand (loamy sand)).

High proportions of coarse fragments or stones > 2 mm in the soil can also have
negative effects on plant growth. A share of more than 15% coarse soil reduces the water
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holding capacity of soil by at least 40% and aggravates seasonal droughts in most European
climate zones. In addition, a high proportion of coarse fragments, such as stones, can
severely restrict the space available for root development, which in turn reduces the
absorption of water and nutrients. Moreover, coarse fragments larger than 10 cm damage
tillage equipment, and boulders could be a barrier to tillage in general [3]. For this reason,
a site is classified as a marginally unfavorable soil type and stoniness-stones (UST-St) if its
soil has a share of ≥ 15% of coarse soil.

The relevance of agricultural marginality constraints can be expressed by the area of
agricultural land affected. The assumed total area of available European marginal cropland
that is characterized solely by UST is < 1 Mha [1], but the actual area is likely much
larger, as already noted above. However, this would correspond to tremendous potential
for the production of non-food biomass [8], which is urgently required to successfully
and promptly manage the transition to a bioeconomy [9,10]. Therefore, among many
socio-economic challenges [11–15], the success of cultivating industrial crops under UST
conditions is critical, with biomass yield being one of the most important components [16,
17]. Furthermore, there is still much uncertainty about the link between USTs and both
biomass yield and quality of industrial crops [1,18]. Hence, Gerwin et al. [1] call for this
to be investigated more thoroughly in the future, which is also currently being done in
projects such as MAGIC [2]. Therefore, this study focuses on the following main research
question: How do industrial crops perform in terms of biomass yield on European marginal
farmland characterized by UST?

2. Material and Methods

In this study, the biomass yield of industrial crops on farmland that is not marginal
(e.g., favorable climate and fertile soils) [19,20] was used as a reference for the industrial
crops’ yield performance on marginal farmland. This was intended to enable a first relevant
insight into the future potential of biomass production on marginal farmland. The selection
and evaluation of industrial crops were performed as explained in the following sections
(Figure 1).
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Figure 1. Schematic overview of the methodological approach of this study (a [21], b [22], c [8]), d [2]).

2.1. Identification of Most Relevant Industrial Crops in Europe

For identifying the most relevant industrial crops in Europe, only those 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) [21], 24 EU projects were found
and considered for this purpose. In this way, twelve industrial crops were found relevant
(Table A1), which is mostly in line with the crop selections in other studies [2,23].
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2.2. Literature Search on the Performance of Industrial Crops under UST Conditions

An extensive literature search was conducted in the Scopus® database (Elsevier B.V.,
Amsterdam, The Netherlands) to obtain robust information on the yield performance of the
selected industrial crops under both UST and favorable conditions. For this purpose, the
advanced search function was used in Scopus® using a complex search sequence including
Boolean operators [23]. After documents were identified in which the plant name occurred
in the title, abstract, or keywords. For each plant species, both the English trivial name and
the botanical name were used in this process. Subsequently, articles containing terms such
as “model”, “gis”, or “gene” were identified and excluded to reduce the search results to
original articles with field trial results. In the remaining search results, articles with the
marginality factor UST were searched for using common synonyms (adverse soil texture,
sandy soil, stoniness, etc.). The studies found were then further selected to determine
the location of the trial, any agronomic information, and harvest time and type (whole
crop biomass or just seed). Soil properties and weather conditions had to be sufficiently
specified to exclude, for example, sites with high salinity, heavy metal contamination, steep
slope, or acidic soils. This is because if UST occurs in combination with drought, the effect
of drought on yield performance might overshadow the effect of USTs. Therefore, the yield-
UST combination has been placed in a broader perspective here and is discussed in more
detail when interpreting anomalies in the yield performances of the crops. Non-European
sites were excluded only if their climatic conditions were not comparable to any of the
European agro-ecological zones.

2.3. Suitability Ranking

Based on the yield data for each industrial crop trial and further meta-data in the
literature, a classification of the cultivation suitability according to a classification of
Ramirez-Almeyda et al. [8] was conducted. If no sites were found that met the criteria
described above, the classification was estimated from indirectly related literature. This
information is then given in brackets. The classifications are denoted as follows: 4 = very
good, a much higher yield than on favored sites; 3 = good, the yields of the sites were
approximately equivalent to the average yields on favored sites; 2 = average, a lower yield
was shown compared to the average yields on favored sites; 1 = low, much lower yields
observed compared to yields on favorable sites. If the plant is classified as 0, it means that
it is considered unsuitable, i.e., it cannot grow on sites with UST [2,8].

3. Results and Discussion

According to the methodology described above, 91 crop-specific field trial datasets
were found that comply with the threshold values (Table A1). However, since only EU
projects were searched for relevant industrial crops in this study (in order to narrow the
focus of the study somewhat), it cannot be ruled out that other industrial crops not taken
into account might also be relevant for European growing conditions, but have not yet
been considered in EU projects. High variations in dry matter yield performances were
revealed for most of the crops and each of the three major USTs, sandy, clayey, and stony
soil (Figure 2).

Some sites and the respective tests on them, which also meet the criteria of this paper,
could not be identified using the methodology described. The reason for this is that in order
to classify a site into marginal, certain information about the site is required. However,
this information is often missing in papers. The selected sites per plant with the respective
yields and information on agricultural marginality constraints can be found in Table A1. In
the following Sections 3.1–3.12, the yield performances of the selected industrial crops are
presented and discussed as yield per year (biomass, stalk, oil, grain, and ethanol yields).
Only the aboveground biomass of the crops is considered.
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Figure 2. Overview of annual average dry matter yield performances (minimum and maximum values) of the selected
industrial crops grown in field trials under unfavorable soil types sandy (Sand), clayey (Clay), and stony soil (Stoniness),
finding 3–13 studies per crop (total 91 studies from 16 countries worldwide). The bars show the ranges between the
minimum, median, and maximum values per culture, and "n" is the number of values used for the calculation. For Camelina
and Crambe, grain yields are shown, for hemp, stem yields are shown, for all other crops, it’s the whole aboveground
dry matter.

3.1. Camelina (Camelina sativa L. Crantz)

On favorable sites, Camelina has an average grain yield of about 1.5 Mg ha−1, usually
ranging from 0.9 to 2.2 Mg ha−1 [24]. Under very favorable conditions, the grain yield can
be up to 3 Mg ha−1 [25]. The average oil content of the grains is 42% [26], usually ranging
from 35–45% [24]. The thousand-grain mass is between 0.8 and 1.8 g [27]. At a favorable
location in Austria, an average oil yield of 807 kg ha−1, a grain yield of 1.9 Mg ha−1, and a
thousand grain mass of 1.4 g was achieved [28]. The results of a trial in Poland on a fertile
site showed a grain yield of 1.7 Mg ha−1 to 2.2 Mg ha−1, oil content of 39.3–42.2%, and
an oil yield of 690–930 kg ha−1 [29]. The amount of the yield is mainly influenced by the
environment and, to a lesser extent, by the genotype [30].

Two locations, each meeting the criteria UST-clay (El centro and West Side) and
UST-sand (Güterfelde and Wilmersdorf), were found (Tables 1 and A1).

Table 1. Grain yields per year of Camelina (Camelina sativa L. Crantz) under unfavorable soil types (USTs) conditions
(S = sand, Cl = clay).

Marginality Factor Grain Yield [Mg ha−1] Place Country Source

Summer-annual Camelina
UST-S 0.91 Güterfelde Germany [31]
UST-S 1.01 Wilmersdorf Germany [32]

Winter-annual Camelina
UST-Cl 0.73 El centro USA [33]
UST-Cl 1.02 West Side USA [33]

Summer Camelina was grown on the Güterfelde and Wilmersdorf sites and winter
Camelina on the El centro and West Side sites. The grain yields on all four sites are lower



Agronomy 2021, 11, 2382 5 of 31

(Table 1) compared to the stated average grain yield of 1.5 Mg ha−1; however, the yields
of West Side, Güterfelde, and Wilmersdorf are in the yield range on favorable sites [24].
The oil content in Güterfelde was 40%, which corresponds to the figures in Panacea [26].
The oil yield of 364 kg ha−1 at this site is lower than the oil yield of 807 kg ha−1 found
by Vollmann et al. [28]. In Güterfelde and Wilmersdorf, the soil type is loamy sand. The
grain yield on the site Güterfelde comes from a trial with different fertilization variants.
The stated yield was achieved without fertilization. It was found that the variant without
fertilization leads to a nitrogen deficiency on this site, which is why the leaves become
small, pale yellow-green, and ripen prematurely [31]. A higher fertilization (120 N kg ha−1)
level led to a higher grain yield of 1.8 Mg ha−1. The oil content decreased significantly
with the increase of the nitrogen fertilizer to 38% [31]. In the trial, years 2003 and 2004,
Wilmersdorf was affected by a severe drought in spring, and in 2005, heavy rainfall occurred
in May [32]. The yield was probably, therefore, lower compared to the average yield on
favored sites [24]. According to the classification in Von Cossel et al. [2,34], Camelina is well
suited for cultivation on sandy soils. This is also confirmed by the results found under
sufficient nitrogen and water supply.

In El centro, the grain yield of 0.73 Mg ha−1 was lower than the grain yield on the
West Side with 1.02 Mg ha−1. This difference in grain yield can be explained by the fact
that the clay content of 57.5% at El centro is higher than that of 45.4% at West Side.

Consequently, Camelina can be cultivated on a wide variety of soils, with the exception
of heavy clay soils [27,29,35,36]. With 57.5% clay content, the El centro soil is still clay soil
according to the FAO classification of soil types but close to the border with heavy clay soil,
which may explain the lower yield. According to the classification in Von Cossel et al. [2,34],
Camelina has a good cultivation tendency for clay soils and a medium cultivation tendency
on heavy clay soils. However, in view of the above results, the suitability of Camelina on
UST-CL is moderate to good.

3.2. Cardoon (Cynara cardunculus L.)

In Europe, cardoon achieves an above-ground biomass yield of 10–30 Mg ha−1 DM and
a grain yield of 0.6–4.3 Mg ha−1 under different irrigation and fertilization options [37–41].
On favorable sites, cardoon achieves an average aboveground DM yield of 20 Mg ha−1

DM [42]. This is also shown by Fernández et al. [38], who indicate that cardoon produced
a DM yield of 24.2 Mg ha−1, averaged over four different favored sites in Europe. A
field trial over three years in Catania, Italy, on a favored site, investigated the yield of
different genotypes. A maximum yield of 36.2 Mg ha−1 aboveground DM biomass and
2.8 Mg ha−1 grain yield was achieved. On average, over all of the test years and genotypes,
20.6 Mg ha−1 above-ground DM biomass, 1.37 Mg ha−1 grain yield, and a thousand-grain
mass of 29.3 g were determined [43]. In an experiment by Angelini et al. [44], cardoon
was grown for eleven years on a favored site without irrigation. An average yield of
12.6 Mg ha−1 DM was achieved over all of the eleven growing years. The yield results
under UST conditions are only from trials determined from the 1st to 3rd year of cultivation.
In comparison, Angelini et al. [44] reported an average above-ground DM yield of cardoon
of 19.4 Mg ha−1 in the 2nd to 4th year.

Three different locations were found for this agricultural marginality constraint
(Tables 2 and A1).

Table 2. Grain and biomass yields per year of cardoon (Cynara cardunculus L.) under varying unfavorable soil types (USTs)
(DR = drought, S = sand, CL = clay, SSL = steep slope, DM = dry matter).

Marginality Factor DM Yield
[Mg ha−1] Grain Yield [Mg ha−1] Place Country Source

DR; UST-S 15.1 Enna Italy [45]
UST-S 19.3 Enna Italy [45]

UST-CL 20.3 1.2 Catania Italy [46]
SSL, UST-CL 4.6 Daganzo Spain [47]
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The Enna site was classified as marginal due to its sandy soil. The Catania site is
marginal due to a clay content of 45% in the soil, and the Daganzo site is also marginal due
to its clay soil. The Enna site achieved an average yield of 19.3 Mg ha−1 DM in the first three
years of cultivation (first year 26.1, second year 22.5, and third year 9.2 Mg ha−1) [38,43].
The Catania location also produced a yield comparable to a favorable location with
20.3 Mg ha−1 DM and 1.2 Mg ha−1 grain yield. Five different genotypes were grown
on fields in Catania, with globe artichoke × wild cardoon in the second year with a DM
yield of 27.6 Mg ha−1 and globe artichoke × cultivated cardoon in the third year with
27.7 Mg ha−1. Only the Daganzo site had a much lower DM yield of 4.6 Mg ha−1. This was
probably due to the negative effects of the combination of steep slope (SSL) and UST-CL.
UST-CL soils have a low water infiltration capacity. On sloping terrain, low infiltration
leads to rainwater run-off, which in turn leads to reduced soil moisture and thus increases
the risk of drought [5].

After a classification in Von Cossel et al. [2,34], cardoon has: medium cultivation
suitability for sandy soils as well as for clay soils, very good cultivation suitability for silt
soils, and is unsuitable for heavy clay soils. Ţîţei [48] reports that the cultivation of cardoon
on clay and heavy clay soils is not recommended. In contrast, the yield on the Catania site
indicates that cardoon is relatively well-suited for cultivation on clay soils. The yield of
cardoon on the Enna site additionally contradicts the assessment in Von Cossel et al. [2,34]
and shows a good suitability for cultivation on sandy soils.

3.3. Crambe (Crambe abyssinica Hochst. Ex R.E.Fr.)

Only two sites were found for the plant Crambe, and these were found for the agricul-
tural marginality constraint UST-CL (Tables 3 and A1). The grain yield of Crambe can range
from 0.2–3.2 Mg ha−1, depending on soil, climate conditions, and crop management [49].

At favorable locations in Poland, Crambe achieved a grain yield of 1.2–3.2 Mg ha−1 [50].
In Legnaro in northern Italy, Crambe achieved a grain yield of 2.7 Mg ha−1, an oil yield
of 837 kg ha−1, and a thousand-grain mass of 6.12 g [51]. In Europe, Crambe achieved
an average grain yield of 2.4 Mg ha−1 and an average oil yield of 846 kg ha−1 [52]. The
average oil content of the grains was 38% [53] and the thousand-grain mass was 6–10 g [52].

Table 3. Grain and oil yields per year of Crambe (Crambe abyssinica Hochst. Ex R.E.Fr.) on marginal agricultural lands with
unfavorable soil types (UST) (CL = clay).

Marginality Factor Grain Yield [Mg ha−1] Oil Yield
[kg ha−1] Place Country Source

UST-CL 0.49 104 Cascavel-Paraná Brazil [54]
UST-CL 1.7 Cascavel-Paraná Brazil [55]

The site in Rosa et al. [54] was classified as marginal, as it is an Oxisol soil with a high
clay content. In Viana et al. [55], the soil was described as Red Latosol with a high clay
content. The clay content in Rosa et al. [54] was much lower than in Viana et al. [55] and
on favored sites [52,56,57]. The oil yield was also significantly lower than the oil yield on
favored sites [51,52]. The grain yield in Viana et al. [55] was within the grain yield range of
favored locations in Poland [57] but was almost 1 Mg ha−1 lower compared to the average
European grain yield of 2.4 Mg ha−1 [52]. In Zanetti et al. [51], a field trial in Pozzallo Italy
with winter-annual Crambe was described. With a clay content of 38%, this site does not
meet the described criteria of a marginal agricultural land, but has a high clay content.
With a grain yield of 1.9 Mg ha−1, it is comparable with favorable sites in Poland [50].
However, it is below the average grain yield of Crambe in Europe [52]. The thousand-grain
weight of 5.8 g is below that of favored sites (even if only slightly), as is the oil yield of
500 kg ha−1 [51,52]. According to Zhu [49], Crambe needs fertile soils with a moderately
coarse to fine texture to achieve high yields. According to Von Cossel et al. [2,34], Crambe
is very suitable for clay and sandy soils. In contrast, the results described above show
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a rather mediocre suitability of Crambe for cultivation on UST-CL, most likely due to a
combination of limitations in the field trials. Furthermore, Crambe can only grow poorly on
stony soils [52], with the main limitation being low fertility, and higher susceptibility to
drought events may further reduce the suitability of stony soils for Crambe.

3.4. Cup Plant (Silphium perfoliatum L.)

Under good growing conditions, cup plant DM yields from the 2nd year of cultivation
onwards are 11–22 Mg ha−1 [58–60]. Usually, the DM yield is about 15 Mg ha−1 [59]. In a
study by the Chamber of Agriculture of Lower Saxony, a DM yield of 15.8 Mg ha−1 was
determined for cup plants in the 3rd year of harvest (average over three trial locations) [61].

Five locations were found for the agricultural marginality constraint UST-S
(Tables 4 and A1).

Table 4. Annual biomass yields of cup plant (Silphium perfoliatum L.) grown under unfavorable soil
type (UST) conditions (S = sand, DM = dry matter).

Marginality Constraint DM Yield
[Mg ha−1] Place Country Source

UST-S 14.6 Werlte Germany [62]

UST-S 13.0 Danube-
Gravel plain Germany [60]

UST-S 13.0 Altitude
Bavarian Forest Germany [60]

UST-S 14.6 Lipnik Poland [63]
UST-S 16.1 Brunswick Germany [64]

The determined yields were between 13 and 16.1 Mg DM ha−1 for the 2nd year of
cultivation. This corresponds to the yields on favorable sites [59]. At the Lipnik site, a
high yield of 19.8 Mg DM ha−1 was achieved in the 3rd year of cultivation. The review of
Gansberger et al. [59] concludes that the soil type has no clear influence on the yield. The
cup plant is tolerant to different soil types and has, therefore, a good cultivation suitability
for sites with UST-S. However, maximum yields can only be achieved on nutrient-rich soils
with good water availability [58–60].

3.5. Giant Reed (Arundo donax L.)

It was reported that 50% of all DM yield data of giant reed are in the range of
25–40 Mg ha−1 [65] (Figure 2). Under favorable growing conditions, giant reed shows very
high yields of 33.8 Mg ha−1 [66] to 37.7 Mg ha−1 [67]. This is in line with Pilu et al. [68],
who report DM yields of 36–55 Mg ha−1. Four marginal agricultural lands with the factor
UST-S were found for giant reed (Tables 5 and A1).

Table 5. Annual biomass yields of giant reed (Arundo donax L.) on marginal agricultural lands prone
to unfavorable soil types (USTs) (DR = drought, S = sand, DM = dry matter).

Marginality
Constraint

Year of
Cultivation

DM Yield
[Mg ha−1] Place Country Source

UST-S;
DR 2.-3. 26.8 Enna Italy [45]

UST-S 2.–3. 36.5 Enna Italy [45]
UST-S 2. 29.1 Citra USA [69]
UST-S 2.–3. 17.0 San Piero a Grado Italy [70]
UST-S 1.–8. 11.0 Casale Monferrato Italy [71]

Compared to the other sites with this factor, the DM yield was lowest in Casale
Monterrato with 11 Mg ha−1. This site was the only one not fertilized. Furthermore, the
sand content of this soil is very high at 90% [71]. This is probably why the yield was lower.



Agronomy 2021, 11, 2382 8 of 31

At the San Piero a Grade site, the sand content is 77.8%, and the conditions in summer 2011
were extremely dry. Giant reed was not irrigated in this trial, unlike the other sites with
this factor. The high sand content of the soil reduces its ability to retain water, which has
an effect on plant development, especially in dry summers when precipitation is low [70].
Probably for this reason, the DM yield of giant reed was lower with 17 Mg ha−1 compared
to the Citra and Enna sites and compared to favorable sites [67,68]. At 29.1 Mg ha−1

DM and 26.8 Mg ha−1 DM, respectively, the yield at the Citra and Enna sites was only
slightly below that of favored sites [66–68]. At the Enna site, the DM yield with sufficient
irrigation was 36.5 Mg ha−1, which is very similar to the yield of Angelini et al. [67] with
37.7 Mg ha−1 on a clay soil, i.e., a favored site. With higher fertilization and sufficient
irrigation, a significantly higher DM yield of 42 Mg ha−1 can be achieved on the Enna site
compared to the experimental variant with low fertilization and little irrigation [45].

Giant reed can grow in all soil types, from clay to sandy, and also on soils with a
high stone content [72]. However, the best conditions are sandy and peaty soils with a
sufficiently high groundwater level [73]. According to the division made by von Cossel
et al. [2,34], giant reed is well suited for clay soils, medium for sand, and very well-suited
to clay soils. Parenti et al. [74] classify the suitability for cultivation as follows: very good
for a sandy or loamy sandy soil, medium for a soil with more than 50% clay content, and
good for a stony soil. The results confirm that giant reed is well suited for cultivation on
sandy soils, provided that sufficient precipitation falls or that irrigation is applied.

3.6. Hemp (Cannabis sativa L.)

On favorable sites, fiber hemp achieves an average stalk yield of 10 Mg ha−1 DM [75].
Struik et al. [76] investigated five different varieties of hemp grown for fiber on three
favored sites in Europe (Italy, The United Kingdom, and The Netherlands) over three years
with different fertilization and plant density variants. A maximum above-ground biomass
yield of 22.5 Mg ha−1 DM and a stalk yield of 18.5 Mg ha−1 DM were achieved. The
average aboveground DM biomass yield over all of the locations, years, varieties, and trial
variants was 14 Mg ha−1 with a stalk DM yield of 11 Mg ha−1. Furthermore, on a sandy
loamy soil in Foulum, Denmark, an above-ground biomass yield of 13–15 Mg ha−1 DM
was achieved [6]. For industrial processing of the fibers, the optimum stem length was
200–250 cm [75]. Six different locations were found for UST (Tables 6 and A1).

Table 6. Annual stalk and whole above-ground biomass yields of hemp (Cannabis sativa L.) on various types of unfavorable
soil types (USTs) (S = sand, ST = stoniness, CL = clay, DM = dry matter).

Marginality Factor DM Stem Yield [Mg ha−1] DM Yield
[Mg ha−1]

Plant Height
[cm] Place Country Source

UST-S 5 Jyndevad Denmark [6]
Monoecious

UST-CL 7.1 182 Jokioinen
(Tu) Finland [77]

UST-CL 5.4 130 Jokioinen
(Tt) Finland [78]

UST-ST 8.3 Michamps Belgium [79]

UST-S 9.4 Potsdam-
Bornim Germany [80]

Dioecious
UST-CL 8.0 208 Jokioinen (Tu) Finland [77]
UST-CL 7.4 183 Jokioinen (Tt) Finland [78]
UST-CL 15.2 17.8 277 Randwijk Netherlands [81]

The Michamps site was classified as marginal, as it has very stony soil. Five different
monoecious varieties were cultivated on it, which had an average yield of 8.3 Mg ha−1

DM and a grain yield of 0.26 Mg ha−1 over one year. The variety Epsilon 68 achieved
the highest yield on this site with 10.5 Mg ha−1 DM [79]. The stem yield was somewhat
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lower compared to yields on favored sites, although for the variety Epsilon 68, only very
little [76]. The suitability of growing hemp on stony soil is therefore good.

For the unfavorable soil type sand, the sites Potsdam-Bormin (loamy sand) and Jynde-
vad (sandy soil) were found. The soil of Jyndevad has a very high sand content (88%) and
achieved an above-ground biomass yield of 5 Mg ha−1 DM. This is very bad in compar-
ison to the favored site Foulum, which was also investigated by Manevski et al. [6] and
achieved an above-ground biomass yield of 13–15 Mg ha−1 DM. Jyndevad was described
in Manevski et al. [6] and classified as unsuitable for hemp cultivation, as only a low
yield was achieved. The monoecious varieties Fedora 19 and Fedrina 74 were grown at the
Potsdam-Bornim site. Under the fertilization variant 0 N kg ha−1, an average above-ground
biomass yield of 9.4 Mg ha−1 DM was achieved [80]. This is also lower than on a favored
site [6,76]. With a fertilization of 150 N kg ha−1, the yield increased to 11.8 Mg ha−1 DM.
Overall, the yields on sites with UST-S show a medium suitability for cultivation, but hemp
is only slightly suitable for cultivation on soils with very high sand content.

The Randwijk and Jokioninen sites were classified as marginal agricultural lands due
to the heavy clay soil, and the Jokioninen site due to its silty clay soil. In addition to this
agricultural marginality constraint, Jokioinen and Jokioinen met the criteria of location
factor low temperature (LT) [2,34]. With 15.2 Mg ha−1 DM stalk yield and 17.8 Mg ha−1 DM
above-ground biomass yield, the Randwijk site yield was approximately twice as high as
Jokioinen and Jokioinen and also higher than the average yield on favorable sites [76]. Three
different dioecious varieties were grown on the Randwijk site and various monoecious
and dioecious varieties on the Jokioinen and Jokioinen sites. These two locations probably
yielded lower yields compared to Randwijk, as the location factors LT and UST-CL have a
negative synergy [5]. Hemp thrives best on medium-heavy soils, especially on silty loam,
clay loam, and sandy loam [82]. Furthermore, Bócsa et al. [75] list the following soils as
suitable for hemp cultivation: loamy sand, highly loamy sand, sandy loam, loam, and
heavy loam. This is somewhat in line with Von Cossel et al. [2,34], especially in the early
growth phases, hemp reacts sensitively to poor soil structures [76]. Even though Von Cossel
et al. [2,34] classify heavy clay soils as having low suitability for cultivation, Randwijk’s
yield shows that soil with heavy clay can also achieve high yields. Hemp is therefore well
suited for cultivation in UST-CL locations.

3.7. Miscanthus (Miscanthus Andersson)

Under favorable conditions, 50% of all Miscanthus (Miscanthus Andersson) DM yields
are in the range of 13–28 Mg ha−1 DM (Figure 2) [65]. With irrigation, yields of over
30 Mg ha−1 DM can be achieved on sites in Southern Europe (average temperatures of
15.4 ◦C) [83]. 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−1 DM [83]. In a long-term test of Angelini et al. [67] without
irrigation on a favored site near Pisa, the average yield over the 2nd–12th year of cultivation
was 28.7 Mg ha−1 DM. As with Amaducci et al. [71], the yield of the first year of cultivation
of this experiment was much lower than in the following years. From the first to second
year, their yield increased; in the 3rd–8th year, the highest yields were achieved; and from
the 9th–12th year, the yield decreased [67]. The complete establishment of a Miscanthus
population took three to five years [83,84].

For Miscanthus, 14 locations were found where field trials were conducted under UST
conditions (Tables 7 and A1). Of these, seven locations meet the criteria of a UST-S, three
locations meet the criteria of a UST-ST, and five locations meet the criteria of a UST-CL.
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Table 7. Annual biomass yields of Miscanthus (Miscanthus Andersson) on various unfavorable soil types (USTs)
(DR = drought, S = sand, CL = clay, ST = stoniness, DM = dry matter, LRD = low rooting depth).

Marginal Factor Year of
Cultivation

DM Yield
[Mg ha−1] Place Country Source

DR;
UST-S 2.–3. 17.8 Enna Italy [45]

UST-S 2.–3. 24.4 Enna Italy [45]

UST-S 1.–8. 12.5 Casale
Monferrato Italy [71]

UST-S 4.–19. 9.7 Foulum Denmark [85]
UST-S 2.–3. 0.0 Sweden [86]
UST-S 2.–3. 32.1 Portugal [86]

UST-S; LRD 4. 8.9 Durmersheim Germany [87]
UST-S 2. 14.4 Gutenzell Germany [87]

UST-ST; 1. 10.8 Near Leak Kill USA [88]
UST-ST; LRD 4. 16 Aberystwyth Great Britain [89]

UST-CL;
UST-ST 1.–2. 19.9 Hohenheim “Unterer Lindenhof” Germany [90]

UST-CL 6.–8. 7.4 Gütersleben Germany [91]
UST-CL 3. 25.5 Germany [86]

UST-CL 3. 24.3 Stuttgart,
Ihingen court Germany [87]

UST-CL 2.–3 0.02 Rainton Bridge Great Britain [92]

The Hohenheim site fulfills the criteria of UST-CL and UST-ST; it has a high clay
and stone content. Coarse fragments lead to high wear of tillage equipment, and clay
also contributes to poorer tillage. On the other hand, the poor soil quality of clay can
be positively influenced by a high stone content, since better aeration and better water
infiltration is possible. In addition, the high stone content can accelerate the warming of
the soil in spring, depending on the local conditions [5]. With a DM yield of 19.9 Mg ha−1,
the Hohenheim site is in the upper half of the yield range of Miscanthus on favored sites
in northern and central Europe [83]. It should be noted that this yield was determined in
the first two years of cultivation. Therefore, it can be assumed that in the following years,
higher or lower yields can be achieved at this location. This suggests that Miscanthus is
well suited for cultivation on sites that meet the two factors UST-CL and UST-ST. The Near
Leck Kill site has a soil with 31.7% rock content. The Aberystwyth site also has a high stone
content of 35% and has a depth of only 50 cm [89]. In addition, the Aberystwyth site meets
the criteria of LRD (Reinhardt, Hilgert, and Von Cossel, 2021), while the Near Leck Kill
site also has SSL. Despite this, Miscanthus achieved a yield of 10.8 Mg ha−1 in Near Leck
Kill and 16 Mg ha−1 DM in Aberystwyth. However, this is a scientific yield from a small
quadrat in a favorable year.

Two locations in Germany, examined by Clifton-Brown et al. [86] and Lewandowski et al. [87]
(Table 7), achieved very similar yields of 25.5 and 24.3 Mg ha−1 DM (both in the 3rd year of
cultivation). Both locations are characterized by soils with UST-CL. These are in accordance
with the upper-end yield range for Central Europe mentioned by Lewandowski et al. [83].
At 7.4 Mg ha−1 DM, the yield at Gütersleben (also UST-CL) was significantly below
that of the two locations mentioned above. This was probably due to the lower annual
precipitation of 603 mm. At the German location of Clifton-Brown et al. [86] (Table 7), the
annual PR was 687 mm and 779 mm at the Stuttgart site. At the Rainton Bridge site, an
extremely low yield of 0.02 Mg ha−1 DM was achieved due to the presence of not only
the UST-CL factor, but also low soil drainage (LSD) conditions. This was due to poor
establishment caused by the UST at this site. With developments in agronomy (e.g., a stone
burier), it may well be possible to establish crops on such a site.

The yields determined on the UST-S sites vary widely, ranging from 0 to 32.1 Mg ha−1

DM. The Swedish site in Clifton-Brown et al. [86] did not produce any yields, as Miscanthus
did not survive the first winter after planting. The reasons for this were probably (i) the low
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soil temperature which fell below the plant’s required minimum, and (ii) that the in vitro
plants may not grow sufficient rhizomes for the plant to overwinter well. On the site in
Portugal, which also meets the factor UST-S, high average yields of 32.1 Mg ha−1 DM were
achieved in the second and third years of cultivation. This site was irrigated. In the 3rd
year of cultivation, the yield was 36.4 Mg ha−1 DM, which is comparable to the data of
Lewandowski et al. [83] for a site in Southern Europe with irrigation, and higher compared
to an unirrigated site in Southern Europe [67]. Compared to the location in Portugal, the
yield in Denmark was much lower, with 9.7 Mg ha−1 DM. With 657 mm annual rainfall and
no irrigation, the water supply of Miscanthus in Denmark was lower compared to Portugal,
and in addition, the annual average temperature was only 8 ◦C in Denmark, compared
to 15.4 ◦C in Portugal. Furthermore, the sand content in Portugal was lower with 76.2%
compared to Denmark with 84.4%. The Casale Monferrato site (in Italy) achieved a lower
yield than Portugal with 12.5 Mg ha−1 DM due to rainfed conditions. This could also be
due to a high sand content of 90% in Casale Monferrato. Another site with sandy soil is
Gutenzell. On this site, Miscanthus achieved a yield of 14.4 Mg ha−1 DM, which is lower
than in Portugal, but within the yield range of sites in Central Europe [83]. The Enna site,
along with Portugal, achieved the highest yield of all UST-S sites found, with 24.4 Mg ha−1

DM, under an irrigation of 75% ET (Table A1).
Following Von Cossel et al. [2,34], Miscanthus showed low suitability for cultivation

on sandy soils (depending on precipitation and irrigation conditions), good suitability
for cultivation on clay soils, and medium suitability for cultivation on heavy clay soils.
Ramirez-Almeyda et al. [8] indicate that Miscanthus is moderately suitable for cultivation
on sandy and clay soils (provided they make it through the first few months after planting)
and poorly suitable for cultivation on heavy clay soils. The most important requirement
that Miscanthus places on the soil is its water holding capacity [93]. Although it is easier
to establish on light soils, it produces higher yields on heavy soils over several years [83].
Even though Panacea [94] indicates that Miscanthus can only grow poorly on stony soils, the
published plot trials show this is not always the case. These sites each meet the criteria for
another marginal factor and still achieved mediocre yields. This suggests that Miscanthus
is well suited for cultivation on sites with only UST-ST. In addition, the sites found indicate
that this plant is very suitable for cultivation on UST-CL sites in Central Europe with a
good water supply. For UST-S sites in Southern Europe, Miscanthus shows good suitability
for cultivation, provided sufficient irrigation is provided. A very high sand content (>75%)
in the soil results in lower and more variable annual yields than a site with a reduced sand
fraction.

3.8. Poplar (Populus L.)

The yield results from the systematic literature search with the corresponding indica-
tion of the respective agricultural marginality constraints are listed in Table 8. In order to
better assess the suitability of poplar cultivation on marginal agricultural lands, the yield
figures determined are compared with those on favored sites. In a systematic literature
search and meta-analysis of Laurent et al. [65] on poplar yields, it was found that 50% of all
yield data are in the range of 7–10 Mg ha−1 DM (Figure 2). Berendonk et al. [61] indicate
that a yield of 8–12 Mg ha−1 DM can be expected for short rotation plantations. On a favor-
able location in Mira in Northern Italy, a yield of 20 Mg ha−1 DM in the second rotation
and 15 Mg ha−1 DM in the first rotation was achieved [95]. Seven sites with UST were
found for poplar, five of which are UST-S and two of which are UST-CL (Tables 8 and A1).
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Table 8. Annual biomass yields of poplar (Populus L.) under unfavorable soil type (USTs) conditions
(DR = drought, S = sand, CL = clay, LSD = low soil drainage, DM = dry matter).

Marginal
Factor

Age of Tree
(Trunk)

DM Yield
[Mg ha−1] Place Country Source

DR;
UST-CL 2 1.8 Rutigliano Italy [96]

UST-CL 2 6.1 Bigarello Italy [95]

UST-S 2 7.2 Casale
Monferrato Italy [71]

UST-S 3 7.3 Soria Spain [97]
UST-S 2 7.7 Potsdam-Bornim Germany [80]
UST-S 4 5.5 Olsztyn Poland [98,99]

LSD; UST-S 2 8.1 Lochristi Belgium [100,101]

The Lochchristi site also shows low soil drainage (LSD), while the Rutigliano site
meets the criteria for DR. The Casale Monferrato site has a very high sand content of over
90%. Here, poplar achieved a yield of 7.2 Mg ha−1 DM. At the Soria site, a very similar
yield of 7.3 Mg ha−1 DM was obtained over three rotations (9 Mg ha−1 DM in the first and
second rotation and 4 Mg ha−1 DM in the third) [97]. At the Potsdam-Bornim site, a yield
of 7.7 Mg ha−1 DM was achieved. The yield of the genotype Japan 105 was over 9 Mg ha−1

DM [80]. The Olsztyn site achieved the lowest yield of 5.5 Mg ha−1 DM of all UST-S sites
investigated with poplar. It also has a very high sand content of 90% of the soil. On this
site, however, a yield of 10.6 Mg ha−1 DM could be achieved with lignin and mineral
fertilization [98,99]. The Lochchristi site achieved the highest yield of all UST-S sites at
8.1 Mg ha−1 DM. The yields of four of the five sites found are slightly below the yield in
Berendonk et al. [61]. An exception is Lochchristi; the yield achieved on this corresponds
to the yield on favored sites [61].

Eight different genotypes were grown on the Bigarello site. These yielded an average
of 6.1 Mg ha−1 DM over two rotations, which was slightly below the yield of Beren-
donk et al. [61] for poplar. The highest yield in the second rotation was achieved by the
genotype 83,148,041 (P. x canadensis) with 11.1 Mg ha−1. The Rutigliano site achieved a
yield of 1.8 Mg ha−1 DM, which is much lower than the yield stated in Berendonk et al. [61].
Optimum conditions for poplar are soils with a maximum clay content of 30% [95].

According to Von Cossel et al. [2,34], poplar has a low suitability for cultivation in
sandy soils, very good to medium suitability for clay soils and, low suitability for heavy
clay soils. Ramirez-Almeyda et al. [8] also classify the suitability for cultivation in this
way. Only heavy clay soils are classified as unsuitable for poplar cultivation. For soils with
UST-CL, this information can be confirmed with the yields of the identified sites. They
show a medium suitability for cultivation. The yields of the locations found for UST-S do
not match the classifications of Ramirez-Almeyda et al. [8] and Von Cossel et al. [34]. It
can be assumed that poplar also has medium suitability for cultivation in soils with UST-S,
provided it has a high water table or high precipitation.

3.9. Reed Canary Grass (Phalaris arundinacea L.)

Reed canary grass achieves biomass yields of 5–13 Mg ha−1 DM under favorable
conditions [93,102,103]. For example, reed canary grass achieved an average yield of
8 Mg ha−1 DM (yields of 3.9–13.8 Mg ha−1 DM were measured) on four different favored
sites in the Czech Republic from the 2nd–6th year of cultivation [104]. Eight locations were
found that meet the criteria for UST (Tables 9 and A1).
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Table 9. Annual biomass yields of reed canary grass (Phalaris arundinacea L.) under unfavorable soil types (USTs) conditions
(S = sand, CL = clay, ST = stoniness, DM = dry matter, LRD = low rooting depth).

Marginal Factor Year of
Cultivation

DM Yield
[Mg ha−1] Place Country Source

UST-S 3.–7. 3 Willsboro (lS) USA [105]
UST-CL 3.–7. 5 Willsboro (SCL) USA [105]
UST-S 2.–4. 14.3 Jyndevad Denmark [6]
UST-S 2.–4. 16 Foulum Denmark [6]

UST-CL 2.–3. 14 Carlow (Farrell’s Field) Ireland [106]
UST-S;

UST-ST;
LRD

2.–3. 13 Carlow (Far Avenue Meadow) Ireland [106]

UST-CL 2.–3. 5.5 Rainton Bridge Great Britain [92]
UST-CL 1.–2. 5.6 Burlington USA [107]

Of these, three are UST-S, four are UST-CL, and one is UST-ST. The Carlow site (Far
Avenue Meadow) also meets the criteria for the LRD factor. The Willsboro (SCL), Rainton
Bridge, and Burlington sites also have low soil drainage. Willsboro (lS) also has the factor
UST-S. Furthermore, Willsboro (lS) and Willsboro (SCL) fulfill the criteria of factor LT. The
soil at the Jyndevad site has a sand content of 88% and a yield of 14.3 Mg ha−1. The Foulum
site has a slightly lower sand content of 78% and achieved a higher yield of 16 Mg ha−1.
Both yields are higher than the yield on favored sites [93]. At the Willsboro (lS) site, a low
yield of 3 Mg ha−1 DM was achieved. With NPK fertilization, however, the yield could
be increased to 9 Mg ha−1. The Carlow site (Far Avenue Meadow) achieved a yield of
13 Mg ha−1 DM, which corresponds to the yield on favored sites [93].

The soil at the Carlow site (Farrels field) has a clay content of over 45% and yielded
14 Mg ha−1 DM [106]. This yield is higher than the yield on favored sites [17]. On Willsboro
(SCL), a yield of 5 Mg ha−1 DM could be achieved without fertilization and 11 Mg ha−1

with N-fertilization [105]. Furthermore, in Burlington, a higher fertilization level with
253 kg N ha−1 resulted in a higher crop yield of 10.5 Mg ha−1 DM [107].

The assessments of the suitability for the cultivation of reed canary grass in Ramirez-
Almeyda et al. [8] and in Von Cossel et al. [2,34] agree. They state that this crop’s suitability
for cultivation on sand is low, on loam very good, on clay moderate, and on heavy clay
low. The results of this work partly contradict these statements. They rather indicate
good suitability for cultivation on soils with high sand content and also on soils with high
clay content. That the soil type influences the yield and that soil with less than 15% clay
has higher yields than clay soil [108] could not be confirmed with the yield results of the
locations found. A greenhouse trial in Freiberg showed that reed canary grass could also
grow in pots with 100% sand and be fertilized with an NPK solution [109,110]. Reed canary
grass can grow in a variety of soils [104] and shows good suitability for cultivation on sites
with UST-S, UST-CL, and UST-ST, as long as enough water and nutrients are available.

3.10. Sorghum (Sorghum bicolor L. Moench)

Under favorable conditions, Sorghum reaches above-ground DM yields of 15–20 Mg
DM ha−1 [111]. For example, on a favored site in Cadriano, Italy, fiber and sweet Sorghum
yielded an average of 20.8 Mg DM ha−1 [112]. Three sites were found, which meet the
criteria of a UST-S and one site, which meets the criteria of a UST-CL (Tables 10 and A1).
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Table 10. Annual stalk and biomass yields of Sorghum (Sorghum bicolor L. Moench) on marginal
sites characterized by unfavorable soil types (USTs) (LT = low temperature; DR = drought, S = sand,
DM = dry matter, tE = theoretical ethanol).

Marginality
Constraints

DM Yield
[Mg ha−1]

Stem DM
Yield

[Mg ha−1]

tE Yield
[L ha−1] Place Country Source

LT; DR; UST-S 6.7 4.5 2135 Wushen China [113]
DR;

UST-S 13.9 11.8 2491 Ganquika China [114]

DR;
UST-S 17.0 2150 Big Spring USA [115]

UST-S 23.0 3000 Big Spring USA [115]
UST-S 16.2 4212 El Centro USA [116]

Ganquika, like the Wushen site, also meets the criteria of a DR site. The Big Spring
site achieved a yield of 23 Mg ha−1 DM in the trial version with irrigation. This yield is
comparable to the yield on favored sites [111] and is slightly higher than the yield achieved
in Cadriano, Italy (favored location) [112]. The theoretical ethanol yield at Big Spring was
3000 L ha−1. This is comparable to a favorable location on a silty clayey loamy soil with
3209 L ha−1 [117]. Compared to the favored site in Weslaco, USA, with a clayey loamy
soil, on which a theoretical ethanol yield of 2601 L ha−1 was achieved [118], the amount
of ethanol produced at Big Spring is higher. The biomass yield at Ganquika was lower
compared to Big Spring and also compared to favored sites [111]. The theoretical ethanol
yield (2491 L ha−1) was also lower in Ganquika compared to Big Spring. Presumably, the
yield on Ganquika is lower because the location factors DR and UST-S show a negative
synergy [5]. For this reason, and because the Wushen site also has the factor LT, the
yield at this site is much lower than at the favored sites [111]. The ethanol content of
Wushen, at 2135 L ha−1, is also below that of Big Spring. At the El Centro site, Sorghum
was grown in one year over three growing seasons, with a yield of 16.2 Mg ha−1 DM in the
second growing season [116]. This yield is more or less equal to that obtained in favored
locations [111,112].

As shown, Sorghum can grow in a wide variety of soils, including clay and sandy
soils [119]. Clay soils are ideal for the cultivation of Sorghum [119–121]. According to the
division elaborated by Von Cossel et al. [2,34], Sorghum is unsuitable for cultivation on
sandy soils and is very suitable for cultivation on clay and heavy clay soils. The yield
results at the sites with UST-S contradict this classification, whereas it is confirmed by the
results at the sites with UST-CL. Sorghum has good suitability for cultivation on sites with
UST-S and very good suitability for cultivation on sites with UST-CL.

3.11. Switchgrass (Panicum virgatum L.)

For switchgrass grown under favorable conditions, 50% of all DM yields are in the
range of 7–12 Mg ha−1 (Figure 2) [65]. In Europe, switchgrass DM yields range from
5–23 Mg ha−1 [93]. According to Parrish et al. [122], switchgrass produces DM yields of
about 15 Mg ha−1 on favored sites over a longer period of time. Panacea [123] reported
switchgrass DM yields of 10–25 Mg ha−1 on favorable sites. Nine locations were found for
the agricultural marginality constraint UST (Tables 11 and A1).
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Table 11. Annual biomass yields of switchgrass (Panicum virgatum L.) on different types of marginal agricultural land
characterized inter alia by unfavorable soil types (USTs) (DR = drought, S = sand, CL = clay, ST = stoniness, DM = dry
matter).

Marginal
Factor

Year of
Cultivation

DM Yield
[Mg ha−1] Ecotype Place Country Source

UST-CL 3.–5. 0 Upland Rainton Bridge Great Britain [92]
UST-CL 3.–7. 12.5 Upland Willsboro (SCL) USA [105]
UST-S 3.–7. 10 Upland Willsboro (lS) USA [105]
UST-S;

DR 5., 6., 8., 9. 9.8 Upland Ganqika China [114,124]

UST-S 1.–3. 4.5 Upland Becker USA [125]
UST-S 1.–3. 3.5 Lowland Becker USA [125]
UST-S 1.–8. 7.5 Lowland Casale Monferrato Italy [71]

UST-ST 2. 15 Lowland Mason USA [126]
UST-ST 1. 11 Near Leak Kill USA [88]

Of these, two fulfill the marginality thresholds of UST-CL, five of UST-S, and two of
UST-ST. The Near Leak Kill site has a stone content of 31.7% in the soil and additionally
an SSL. Switchgrass achieved a yield of 11 Mg ha−1 DM in the first year of cultivation.
This corresponds to the yields on favored sites [123]. Switchgrass grown on sites with only
UST-ST could achieve even higher yields in further growing years than in the first growing
year on the Near Leck Kill site. On the Mason site, the lowland variety Nebraska 29 yielded
15 Mg ha−1 DM. This corresponds to the yield on favored sites [122]. The described results
confirm the statement of Parenti et al. [74] that switchgrass has a good cultivation suitability
for sites with UST-ST.

On the Willsboro (SCL) with UST-CL and Willsboro (lS) with UST-S sites, the Cave-
in-Rock (Upland) variety was cultivated. The yield on Willsoboro (lS) was 10 Mg ha−1

DM, which is slightly below the yield of 12.5 Mg ha−1 DM on Willsboro (SCL). Higher
yields were produced on both sites with NPK fertilization: Willsboro (lS) 12.5 Mg ha−1 DM
and Willsoboro (SCL) 14.5 Mg ha−1 DM [105]. The Ganquika site has UST-S and DR. At
this site, the Blackwell upland variety achieved a yield of 9.8 Mg ha−1 DM. This is slightly
lower than the yields on favored sites [123]. At the Becker site, the Shawnee and Sunburst
upland varieties and the Liberty lowland variety were cultivated. In the first three years
of cultivation, Liberty achieved a mediocre yield of 3.5 Mg ha−1 DM without fertilization,
while Shawnee and Sunburst yielded 4.5 Mg ha−1 DM. With a fertilization of 112 kg ha−1

N, the yield of Liberty at 7 Mg ha−1 and of Sunburst and Shawnee at 11 Mg ha−1 DM
was significantly higher than without fertilization. The marginal agricultural land Becker
also has low soil moisture. Lowland varieties like Liberty are sensitive to water stress,
whereas upland varieties are better adapted to dry conditions [125]. The soil of the Casale
Monferrato site has a 90% sand content. The Lowland variety Alamo produced a yield
of 7.5 Mg ha−1 DM on this site. This yield is slightly lower than the yield on the other
site [123].

According to Parenti et al. [74], switchgrass is very suitable for sandy soils and only
slightly suitable for clay soils. Von Cossel et al. [34] and Ramirez-Almeyda et al. [8] indicate
that switchgrass has medium cultivation suitability for sandy soils, very good suitability
for clay soils, and medium suitability for clay soils. Switchgrass is declared unsuitable for
cultivation on heavy clay soils Ramirez-Almeyda et al. [8]. In general, the ecotype Upland
is suitable for sandy soils, and the Lowland ecotype is only moderately suitable for clay
soils. Upland varieties are moderately suitable for cultivation on clay soils.

3.12. Willow (Salix L.)

For willow, 50% of all DM yield data are in the range of 8–13 Mg ha−1 [65]. According
to [61], a DM yield of 8–12 Mg ha−1 is expected for short rotation plantations. Under
optimal conditions, willow can achieve DM yields of 20–30 Mg ha−1 DM [42]. On a favored
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site in Poland, willow produced an average yield of 13.7 Mg ha−1 DM and a maximum
yield of 16 Mg ha−1 DM [127].

For willow grown under UST conditions, 19 locations were found (Tables 12 and A1).

Table 12. Annual biomass yields of willow (Salix L.) on marginal sites prone to unfavorable soil types (USTs) (S = sand,
CL = clay, ST = stoniness, DM = dry matter).

Marginality
Factor

Age of Tree
(Trunk)

DM Yield
[Mg ha−1] Place Country Source

UST-S 3 6.7 St. Lawrence (sL) Canada [128]
UST-CL 3 3.1 Saskatoon Canada [129,130]
UST-CL 3 12.8 St. Lawrence (SCL) Canada [128]
UST-CL 3 13.0 Alma Canada [131]
UST-CL 2 2.5 La Morandiere Canada [131]
UST-CL 3 11.5 Beloeil Canada [131]
UST-CL 3 11.5 La Pocatiere Canada [131]
UST-S 2 4.8 Casale Monferrato Italy [71]
UST-S 2 6.0 Potsdam-Bornim Germany [80]
UST-S 4 5.1 Olsztyn Poland [98,99]
UST-S 3 2.9 Lezany Poland [127]
UST-S 3 4.0 Hojmark Denmark [132]
UST-S 2 4.0 Odum Denmark [132]
UST-S 3 8.2 Foulum Denmark [132]
UST-S 3 5.3 Jyndevad Denmark [132]
UST-S 2 2.0 Saint-Roch-de-l Achigan, Sandy field Canada [133]

UST-ST 2 1.0 Saint-Roch-de-l Achigan, Rocky field Canada [133]
UST-CL 2 0.0 Rainton Bridge Great Britain [92]
UST-S 3 4.2 Foersom Denmark [132]

Of these, eleven have a UST-S, seven a UST-CL, and one a UST-ST. The yields on sites
with UST-S are in the range of 2 to 8.2 Mg DM ha−1. With the exception of the Foulum site
with a yield of 8.2 Mg ha−1 DM, all yields of the sites with UST-S are lower than those on
favorable sites [61]. At the Saint Roch (Sandy) site, the unfertilized trial variant achieved
2 Mg DM ha−1, while the other variant with a fertilization of 75 kg N ha−1 produced a
significantly higher yield of 3 Mg DM ha−1 [133]. This site has the third-highest sand
content of all sites found, at 89%. The Foersom site has the highest sand content (95%)
and achieved a DM yield of 4.2 Mg ha−1. The results of all sites with UST-S show that a
high sand content leads to yield losses in comparison to favored sites. It can therefore be
assumed that willow is suitable for medium cultivation at sites with UST-S.

The yields on sites with UST-CL range from 0 to 13 Mg DM ha−1. The Rainton
Bridge site has LSD in addition to UST-CL. The Tora (SW910007) and Torhild (SW930725)
genotypes of Salix schwerinii x Salix viminalis cultivated on it grew very poorly. For this
reason, a very low DM yield of 0.04 Mg ha−1 was achieved [92]. The Beloeil and La
Pocatiere sites both have a UST-CL only and achieved a DM yield of 11.5 Mg ha−1 each,
which is comparable to the yield in Berendonk et al. [61] and corresponds to the yield
mentioned above. At the Alma site, willow achieved a yield of 13 Mg DM ha−1 despite
UST-CL and additional LSD. These results show that willow is well suited for cultivation
on sites with UST-CL.

The soil of the Saint Roch (Rocky) site contains 30% stones (1–5 cm in size). Salix
miyabeana Seeman SX64 and SX61 were grown on it, and a DM yield of 1 Mg ha−1 (without
fertilization) was achieved. With a fertilization of 75 kg N ha−1, a significantly higher yield
of 1.5 Mg DM ha−1 was achieved on this site [133]. Both yield values are far below those on
favored sites [61]. On Saint Roch (Rocky), willow produced little biomass because the soil
was too difficult for the roots of this plant to penetrate due to its high stone content [133].
Sites with a UST-ST are only slightly suitable for the cultivation of willow.

According to the division into the categories established by Von Cossel et al. [2,34],
willow is suitable for growing on sandy soils, very well suited on clay soils, moderately
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suited on clay soils, and poorly suited on heavy clay soils. The categorization reported by
Ramirez-Almeyda et al. [8] is in accordance with Von Cossel et al. [2,34], except for heavy
clay soil, which is considered unsuitable for willow cultivation.

4. Suitability Ranking of Industrial Crops for Cultivation on USTs

Based on the results from the literature review, some contrasting objective cultivation
suitability values were derived for the selected industrial crops on unfavorable soil types
sandy, clayey, and stony soil (Table 13).

Table 13. Classification of cultivation suitability per crop and soil type: 4 = very good suitability for cultivation (dark green),
3 = good suitability for cultivation (light green), 2 = moderate suitability for cultivation (orange), 1 = poor suitability for
cultivation (red). Suitability values in brackets were derived from other literature because no references were found that
provide the exact combination of the crop and soil type (UST = unfavorable soil type, S = sand, CL = clay, ST = stones,
Lo = lowland, Up = upland). Where no alternative literature was found either, the field was left blank as no conclusions
about suitability could be made.

Crop
UST

S CL ST
Camelina (Camelina sativa L. Crantz) 3 2–3
Cardoon (Cynara cardunculus L.) 3 3
Crambe (Crambe abyssinica Hochst. Ex R.E.Fr.) (3) 2 (1)
Cup plant (Silphium perfoliatum L.) 3
Giant reed (Arundo donax L.) 3 2 (3)
Hemp (Cannabis sativa L.) 2 3 3
Miscanthus (Miscanthus Andersson) 3 4 3
Poplar (Populus L.) 2 2
Reed canary grass (Phalaris arundinacea L.) 3 3 3
Sorghum (Sorghum bicolor L. Moench) 3 3

Switchgrass (Panicum virgatum L.) Lo 2 (2) 3
Up 3 2 3

Willow (Salix L.) 2 3 1

Industrial 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 yields comparable to favorable locations can be
achieved on marginal sites. The expected yields are listed below.

The following plants are well suited for cultivation on sites with a marginality due
to UST-S: Camelina, cardoon, giant reed, Miscanthus, upland switchgrass, reed canary
grass, cup plant, and Sorghum showed well suitability for sites characterized by sandy soil
(UST-S) (Table 13). The highest yields can be expected with the cultivation of giant reed,
cardoon, and Sorghum under UST-S conditions. Other cultivation parameters, such as the
temperature and the sunshine duration, are also important. Considering these, the best
recommendation would be to grow cardoon and giant reed in southern Europe, Sorghum
in southern and central Europe, reed canary grass in central and northern Europe, whereas
Miscanthus, camelina, and switchgrass could grow on UST-S sites throughout Europe [134].
UST-S conditions, however, can place great demands on agricultural practices, depending
on the location, as already mentioned to some extent in the previous sections. For example,
great importance must be placed on site-specific fertilization and water supply, as sandy
soils tend to be low in nutrients and have low field capacity. Depending on other site
conditions, such as steep slopes or close proximity to groundwater protection areas, the
requirement of fertilization or irrigation may preclude the cultivation of the industrial
crops mentioned above, even if they are suitable in principle.

On marginal agricultural land characterized by UST-CL (clayey soil), the following
industrial crops show good suitability for cultivation: hemp, cardoon, Sorghum, reed canary
grass, and willow (Table 13). For the industrial crop Miscanthus, a very good suitability
for cultivation was revealed. But again, other growth conditions than the soil type are, of
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course, important as well. Thus, high yields of Miscanthus on sites with UST-CL can only
be expected under warm climatic conditions with a long growing season and sufficient
water supply. Hemp is suitable for cultivation throughout Europe, but care must be taken
to select only varieties approved in the EU [135] in order to meet not only the growing
conditions but also the respective legal requirements. Cardoon is suitable for cultivation in
southern Europe, Sorghum in southern and central Europe, reed canary grass and willow
in central and northern Europe, and Miscanthus throughout Europe [134].

For UST-ST, based on the results of the literature review, the selection of suitable
industrial crops is much lower compared to UST-S and UST-CL (Table 13). Only the
industrial crops hemp, Miscanthus, switchgrass, and reed canary grass are considered
suitable, with the lowest DM yield level expected for hemp (Figure 2).

5. Outlook

The sparse data on UST-ST (Table 13, Figure 2) is a good example of how much
information is still lacking on the adaptive capabilities and resulting performance spectra
of the known industrial crops on marginal agricultural land. In order to avoid data
patchworks, such as those uncovered in this review, in the future, research institutions
should be better networked and coordinated with each other. This applies to research
networks that serve food security, for example, the European Consortium for Open Field
Experimentation (ECOFE), and those that serve biomass security. Biomass security here
refers to the long-term availability of biomass types other than those used for food and feed
supply. Even though biomass security does not have the same priority as food security, a
sustainable transition to a bioeconomy may only be possible if long-term planning research
networks that deal with industrial crops are created. A carefully thought-out and well-
coordinated network of field trial stations such as ECOFE [136] may be necessary to provide
a clearer picture of where which industrial crops are performing well, especially considering
the currently accelerating dynamics of climate change [137,138] and the growing conflicts of
interest over the use of available land [139]. Therefore, it should be thoroughly investigated
whether such networks should become part of a permanent state-funded infrastructure
in order to run as successfully as possible. It is true that there are already a large number
of long-term field trials with industrial crops in the EU [140,141], some of which could be
passed on from one project to the next. However, this is not the rule, with the consequence
that many field trials cannot be monitored continuously over several years or, in the worst
case, have to be abandoned despite their great potential for use as long-term studies. In
addition, the number of participating institutions that can conduct representative field
trials is severely limited in such short-term projects (duration of up to five years). This
is because, in addition to crop-related tasks, there are always a variety of other areas
of work that must be included in the proposal (e.g., sustainability assessment, value
chain development, dissemination, etc.) without which an acceptance of the proposals
is not realistic. As already mentioned, it is important to cover as broadly as possible
the marginality constraints to identify relevant combined effects and to develop possible
agronomic solutions, including, for example, the site-specific selection of the most suitable
crop or crop rotation. An important first approach could be to establish a good database of
all trial sites (at EU and global level) with accurate information on the crops and genotypes
used, the soil and climatic characteristics of the sites, the exact yields per year, and the
exact management measures. This will allow better comparisons and informed decisions
on where to grow which crops, or where there are synergies in field trials and possible
networks that could be formed to start joint long-term planning.

The present study should thus be considered as only one part of the necessary basis
to enable sustainable biomass production from industrial cropping systems on marginal
agricultural land characterized by UST conditions in the future. The development of
site-specific industrial cropping systems must always take into account the overall site
conditions, including environmental conditions (especially other marginality constraints)
and socio-economic requirements.
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Appendix A

Table A1. Overview of growing season and meteorological conditions data from the field trial datasets used in this study.

Crop Reference
Field
Trial
Start

Field
Trial
End

Sowing Harvest

Length of
Vegetation

Period
(Days)

Annual
Average

Temperature
(◦C)

Vegetation
Period

Average
Temperature

(◦C)

Annual
Precipitation

(mm)

Precipitation
within

Vegetation
Period (mm)

Vegetation
Period

Annual
Irrigation

(mm)

Giant reed [45] 2002 2007 10 April 2002 February/March x x x 463.64 March–January 137
Giant reed [45] 2002 2007 10 April 2002 February/March x x x 463.64 March–January 443
Giant reed [69] 2008 2010 November 2008 End of November x 24 1228 741 April–November 417.5
Giant reed [70] 2009 2011 7 May 2009 3 July 2011 x x 626.4 315.3 April–November 0
Giant reed [71] 2007 2014 April 2007 End of winter 13.6 18.2 818 519 x 70

Camelina [31] 1993 1995
22 March 1993, 11

March 1994, 13
March 1995

30 July 1993,
19 July 1994,
27 July 1995

8.6 x 595 x x 0

Camelina [32] 2003 2005 Spring x x x x x x 0

Camelina [33] 2013 2015 2 October 2013,
13 November 2014

12 March 2014,
14 April 2015 x x x 30 x 465

Camelina [33] 2012 2015
28 November 2012,

28 October 2013,
28 October 2014

06 May 2013,
01 May 2014,
13 May 2015

x x x 105 x 133

Hemp [6] 2013 2013 May September x x x 800.0 x x 175
Hemp [77] 2003 2004 23 and 17 May October x x 11.7 x 454.6 May–October 0
Hemp [78] 1995 1995 31 May Sept x x 13.2 x 370.1 May–September 0

Hemp [79] 2008 2008 23 April to 16 July 3 October to 12
November x x x x 675.3 April–November 0

Hemp [80] 1994 1999 x x x x 9.3 x 523.0 x 0

Hemp [81] 1991 1992 20 April 1991, 24
April 1992

16 September 91,
14 September 92 x x x x x x 0

Crambe [54] 2011 x August 2011 x x 19 x 1600 x x 0
Crambe [55] 2012 x April 2012 x x 17.91 x 1800 445 April–August 0

Crambe [51] 2006 2008 End November
2006 and 2007 May 2007 and 2008 x x 16.4 x 397 November–May 0

Cardoon [45] 2002 2007 30 May2002 August/September x x x x 541.45 August–July 53
Cardoon [45] 2002 2007 30 May2002 August/September x x x x 541.45 August–July 155

Cardoon [46] 1998 2002 25 September 1998 End of July/early
August x x x x x x 50

Cardoon [47] 2009 2012 December 2009 September x x 14.1 x 485.6 September
10–August 11 0

Miscanthus [45] 2002 2007 10 April 2002 February/March x x x x 489.0 March–January 148
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Table A1. Cont.

Crop Reference
Field
Trial
Start

Field
Trial
End

Sowing Harvest

Length of
Vegetation

Period
(Days)

Annual
Average

Temperature
(◦C)

Vegetation
Period

Average
Temperature

(◦C)

Annual
Precipitation

(mm)

Precipitation
within

Vegetation
Period (mm)

Vegetation
Period

Annual
Irrigation

(mm)

Miscanthus [71] 2007 2014 April 2007 End of winter x 13.6 18.2 818.0 519.0 x 70
Miscanthus [85] 1993 2012 May 1993 x x 8.0 x 657.0 x x 0

Miscanthus [86] 1997 1999 17 June
12 November,
24 November,

18 October
x 7.9 13.0 696.0 359.0 April–September 0

Miscanthus [86] 1997 1999 21 March
27 October,
15 October,
6 October

x 15.4 19.6 665.0 156.0 April–September 396

Miscanthus [87] 1991 1995 May 1991 February 1995 x 10.5 x 801.0 576.0 March–October First two
years

Miscanthus [87] 1993 1995 May 1993 February 1995 x 8.3 x 988.0 687.0 March–October 0
Miscanthus [88] 2012 2013 Spring 2012 Early November 2013 x 9.2 x 1060.0 x x x

Miscanthus [89] 2012 2015 18 May 2012 February–April x 9.7 12.6 1038.0 475.0

April–September
2012–2015,

(Lewandowski
et al. 2016:

annual temp. and
annual

precipitation)

0

Miscanthus [90] 2016 2017 x
Mid–September to

mid-October 2016 and
2017

x 10.0 x 830.0 x x 0

Miscanthus [91] 1994 1997 x x x 9.5 x 603.0 x x 0

Miscanthus [86] 1997 1999 21 May
11 November,
23 November,
21 November

x 7.9 13.3 687.0 425.0 April–September 0

Miscanthus [87] 1992 1995 May 1992 February 1995 x 9.7 x 779.0 599.0 March–October In first Year

Miscanthus [92] 2007 2010 Spring 2007, 20 cm February–March 2009;
February 2010 x 9.3 x 630.0 x x 0

Switchgrass [92] 2007 2010 Spring 2007, 20 cm February–March 2009;
February 2010 x 9.3 x 630 x x 0

Switchgrass [105] 2009 2012 2006 Early October

150 days
freeze-free
growing
season

x x x 699 March–October 0
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Table A1. Cont.

Crop Reference
Field
Trial
Start

Field
Trial
End

Sowing Harvest

Length of
Vegetation

Period
(Days)

Annual
Average

Temperature
(◦C)

Vegetation
Period

Average
Temperature

(◦C)

Annual
Precipitation

(mm)

Precipitation
within

Vegetation
Period (mm)

Vegetation
Period

Annual
Irrigation

(mm)

Switchgrass [105] 2009 2012 2006 Early October

150 days
freeze-free
growing
season

x x x 698 March–October 0

Switchgrass [114] 2012 2016 2008 7 October x 5.8 x 451.1 x x 0

Switchgrass [125] 2012 2015 May 2012 Post–frost x 5.9 x 704 512 May–October
150 (in

establishment
year)

Switchgrass [125] 2012 2015 May 2012 Post–frost x 5.9 x 704 512 May–October
150 (in

establishment
year)

Switchgrass [71] 2007 2014 April 2007 End of winter x 13.6 18.2 818 519 x 70
Switchgrass [126] 2008 2011 May 2009 September/October 2010 x x x 177 x x 120
Switchgrass [88] 2012 2013 Spring 2012 Early November 2013 x 9.2 x 1060 x x x

Reed canary
grass [105] 2009 2012 2006 Early July and early

October

150 days
freeze-free
growing
season

x x x 698 March–October 0

Reed canary
grass [105] 2009 2012 2006 Early July and early

October

151 days
freeze-free
growing
season

x x x 699 March–October 0

Reed canary
grass [6] 2012 2015 May 2012

2012 (August and
October), 2013 (May,

August, and October),
2014 (May, July, August,

October), 2015 (May,
October)

x x x 1000 x x 20–50

Reed canary
grass [6] 2012 2015 May 2012

2012 (August and
October), 2013 (May,

August, and October),
2014 (May, July, August,

October), 2015 (May,
October)

x x x 800 x x 150–200
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Table A1. Cont.

Crop Reference
Field
Trial
Start

Field
Trial
End

Sowing Harvest

Length of
Vegetation

Period
(Days)

Annual
Average

Temperature
(◦C)

Vegetation
Period

Average
Temperature

(◦C)

Annual
Precipitation

(mm)

Precipitation
within

Vegetation
Period (mm)

Vegetation
Period

Annual
Irrigation

(mm)

Reed canary
grass [106] 2012 2014 24 May 2012

2013 (4–7 June,
29–31 July, 24–23
September), 2014

(27–29 June, 29–31 July,
18 September) (A cut

took place at the end of
the 2012 growth period)

x x 12.2 x 370 March–
September 0

Reed canary
grass [106] 2012 2014 24 May 2012

2013 (4–7 June,
29–31 July,

24–23 September),
2014 (27–29 June,

29–31 July,
18 September)

x x 12.2 x 370 March–
September 0

Reed canary
grass [92] 2007 2009 Spring 2007, 20 cm November–December 08;

Oct 09 x 9.3 x 630 x x 0

Reed canary
grass [107] 1996 1997 x

3 cut (6–9 June,
22–23 July,

13 September/13
October

x x 16 x 494 May–October 0

Poplar [96] 2010 2012
March 2010, 22 cm
long and 1.5–2 cm

diameter
March 2012 x x 530 x x In first Year

175

Poplar [95] 2003 2007 Spring 2003 2005 and 2007 x 13.6 x 639.5 189 May–August 70
Poplar [71] 2007 2014 April 2007 End of years 2, 4, 6 x 13.6 18.2 818 519 May–August 70

Poplar [97] 2006 2014 March 2006,
25 cm long

End of years 2008, 2011
and 2014 x 10.4 x 494 x x

In the dry
months
May to

September

Poplar [80] 1994 1999 x
Two-year rotation cycle

(1995/1996),
(1997/1998), (1999/2000)

x 9.3 x 523 x x 0

Poplar [98] 2010 2013 Early April 2010 December 2013 x 7.7 13.85 694 521 May–October 0
Poplar [101] 2010 2014 7–10 April 2010 February 2012, 2014 x 10 14 730 430 x 0

Willow [128] 1995 2000 Spring 1995 November 1997,
November 2000

182 frost-free
days 6.4 17 954 427 May–September 0
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Table A1. Cont.

Crop Reference
Field
Trial
Start

Field
Trial
End

Sowing Harvest

Length of
Vegetation

Period
(Days)

Annual
Average

Temperature
(◦C)

Vegetation
Period

Average
Temperature

(◦C)

Annual
Precipitation

(mm)

Precipitation
within

Vegetation
Period (mm)

Vegetation
Period

Annual
Irrigation

(mm)

Willow [129] 2007 2013 Spring 2007, 25 cm

Coppiced at the end of
the first growing season,

and first-rotation
biomass was harvested

3 years later

112 2 x 375 x x 0

Willow [128] 1995 2000 Spring 1995 November 1997,
November 2001

182 frost-free
days 6.4 17 954 427 May–September 0

Willow [131] 2012 2014 Spring 2011 2014 (cut back in
fall 2011) x 3.7 15.2 810 465 May–September 0

Willow [131] 2012 2014

Spring 2012 (due to
high mortality at

the first planting in
2011 had to be
planted again)

2014 x 1.5 13.7 714 423 May–September 0

Willow [131] 2012 2014 Spring 2011 2014 (cut back in
fall 2011) x 7.3 17.9 952 468 May–September 0

Willow [131] 2012 2014 Spring 2012 2014 (cut back in
fall 2011) x 5.4 15.7 728 383 May–September 0

Willow [71] 2007 2014 April 2007 End of year 2, 4, 6 x 13.6 18.2 818 519 x 70

Willow [80] 1994 1999 x
Two-year rotation cycle

(1995/1996),
(1997/1998), (1999/2000)

x x 9.3 x 523 x 0

Willow [98] 2010 2013
Early April 2010, at
25 cm length and

0.9–1.1 cm diameter
December 2013 x 7.7 13.85 694 521 May–October 0

Willow [127] 2008 2012 20–21 April 2008

Early January 2012; end
of 2008 vegetation

period was harvested to
increase the number

of shoots

x 7.8 x 650 x x 0

Willow [132] 2010 2012 5 May 2010, 20 cm 13 November 2012 x 8 13.9 896 503 May–September 0

Willow [132] 2010 2012 21 May 2010, 20 cm
19 November 2012
(cut-back after first

growth year)
x 7.8 13.8 596 320 May–September 0

Willow [132] 2010 2012 10–17 May 2010,
20 cm 11 February 2013 x 7.5 13.6 673 341 May–September 0

Willow [132] 2010 2012 10 May 2010, 20 cm 5 February 2013 x 8.1 14.5 858 453 May–September 0
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Table A1. Cont.

Crop Reference
Field
Trial
Start

Field
Trial
End

Sowing Harvest

Length of
Vegetation

Period
(Days)

Annual
Average

Temperature
(◦C)

Vegetation
Period

Average
Temperature

(◦C)

Annual
Precipitation

(mm)

Precipitation
within

Vegetation
Period (mm)

Vegetation
Period

Annual
Irrigation

(mm)

Willow [133] 2010 2011 2010 Early December 2011 x x x x x x 0
Willow [133] 2010 2011 2010 Early December 2011 x x x x x x 0

Willow [92] 2007 2010 Spring 2007 January 2008, December
2009–February 2010 x 9.3 x 630 x x 0

Willow [132] 2010 2012 6 May 2010 13 November 2012 x 8 13.9 896 503 May–September 0
Cup plant [62] 2016 2017 2016 October 2017 x 9 x 768 x x 0

Cup plant [60] 2014 2015 2014 Early September 2015 x x 14.5 x 356 March–
September 0

Cup plant [60] 2014 2015 2014 Early September 2015 x x 13.6 x 383 March–
September 0

Cup plant [63] 2016 2018 May 16 Early October 2017
and 2018 x 8.2 16 536 434 April–October 0

Cup plant [64] 2012 2013 x x x x x x x x 215

Sorghum [113] 2013 2014 7 May 2013,
12 May 2014 September

Frost-free
period

130–160
6.2 x 348.3 x x 156

Sorghum [114] 2012 2013 7 May 7 October x 5.8 x 451.1 x x 0

Sorghum [115] 2009 2010 3 June 2009,
24 May 2010

21 August 2009,
19 August 2010 x 17.1 27 549 255 May–August 0

Sorghum [115] 2009 2010 4 June 2009,
24 May 2010

22 August 2009,
19 August 2010 x 17.1 27 594 255 May–August 219

Sorghum [116] 2012 2012 5 June 14 August x x x 20 x x Yes
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