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Gwiaździńska-Goraj and Mirosław Biczkowski

The Agri-Environment-Climate Measure as an Element of the Bioeconomy in Poland—A Spatial
Study
Reprinted from: Agriculture 2021, 11, 110, doi:10.3390/agriculture11020110 . . . . . . . . . . . . . 319

Małgorzata Kozak and Rafał Pudełko

Impact Assessment of the Long-Term Fallowed Land on Agricultural Soils and the Possibility of
Their Return to Agriculture
Reprinted from: Agriculture 2021, 11, 148, doi:10.3390/agriculture11020148 . . . . . . . . . . . . . 339

Mateusz Ostolski, Marek Adamczak, Bartosz Brzozowski and Mariusz Jerzy Stolarski

Screening of Functional Compounds in Supercritical Carbon Dioxide Extracts from Perennial
Herbaceous Crops
Reprinted from: Agriculture 2021, 11, 488, doi:10.3390/agriculture11060488 . . . . . . . . . . . . . 355

vii





About the Editor

Mariusz Jerzy Stolarski is a professor of agricultural sciences, working as a professor at the

University of Warmia and Mazury in Olsztyn (UWM), conducting research into the following:

bioresources, bioeconomy, renewable energy sources (RES), biomass growing, productivity, quality,

the use of perennial and annual alternative crops for energy and industrial purposes, production

technology and logistics of biofeedstock acquisition and processing to obtain higher added value

bioproducts and conversion to solid, liquid, and gaseous biofuels, the cascaded use of various

agricultural- and forest-origin biofeedstock types, the bioconversion of various types of biomass

residues by insects, the assessment of the economic, energetic, and environmental effectiveness

of cultivation, production, logistics, and processing of biomaterials, And the characterisation and

assessment of the usability of biomass and other RES on individual, local, regional, national, and

international levels.

He is the co-author of over 80 original publications with the IF, and the co-author of 11 Salix

spp. varieties and 1 patent. He has been a member of the Polish Agronomic Association since

2001 and a member of the Association for the Advancement of Industrial Crops since 2014. https:

//orcid.org/0000-0003-0712-9678; https://www.researchgate.net/profile/Mariusz-Stolarski.

ix





agriculture

Editorial

Industrial and Bioenergy Crops for Bioeconomy Development

Mariusz Jerzy Stolarski

Citation: Stolarski, M.J. Industrial

and Bioenergy Crops for Bioeconomy

Development. Agriculture 2021, 11,

852. https://doi.org/10.3390/

agriculture11090852

Received: 29 August 2021

Accepted: 31 August 2021

Published: 7 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Genetics, Plant Breeding and Bioresource Engineering, Faculty of Agriculture and Forestry,
Centre for Bioeconomy and Renewable Energies, University of Warmia and Mazury in Olsztyn, Plac Łódzki 3,
10-719 Olsztyn, Poland; mariusz.stolarski@uwm.edu.pl

The production of industrial and bioenergy crops has been the subject of scientific
research for many years; however, the implementation of previously proposed solutions
for commercial production is still at an early stage. It should be emphasized that when
developing the production of industrial and bioenergy crops on agricultural lands, it is
important to avoid land-use competition with the production of food and feed. It is well
justified, for initiating the sustainable production of industrial and bioenergy crops, to
promote efficient species for growing on marginal lands, which are unsuitable or less
suitable for food or feed production. Another possibility is restoring fallowed land for
agricultural production, including the production of biomass for non-agricultural purposes.
Agricultural land abandonment is a process observed in most European countries. In
Central and Eastern Europe, it was initiated with the political transformation of the 1990s.
For example, in Poland, it concerns over 2 million ha of arable land. Such a large acreage
constitutes a resource of land that can be directly restored to agricultural production or
perform environmental functions. Therefore, a new concept for management of these lands
is to produce biomass for bioeconomy purposes [1].

Industrial and bioenergy crops should include nonfood and nonfeed crops and gener-
ate agricultural products categorized as commodities and/or raw materials for industrial
goods and bioenergy. Therefore, the research is mainly focused on the following groups of
crops: SRC—short rotation coppice (willow, poplar, black locust, eucalyptus, etc.), grasses
(miscanthus, giant reed, switchgrass, reed canary grass, etc.), herbaceous crops (Virginia
mallow, Jerusalem artichoke, etc.), fiber crops (hemp, etc.), oil crops (camelina, crambe,
castor, cardoon, etc.), and other alternative crops and their residues that are suitable for
the industry or energy sectors. Research with some of the most common willow varieties
in Europe has shown that it is possible to effectively use marginal land for the cultivation
of willow intended for industrial purposes. However, it must be underlined that the key
element that determines the production effects is the appropriate selection of varieties.
Varieties with high production potential developed fewer shoots, but were taller and larger
in diameter than other varieties [2]. Additionally, in another study, where 15 genotypes
were grown at two different sites and harvested in two consecutive three-year harvest
rotations, the very high impact of the genotype (81%) on the yield of willow was demon-
strated. Therefore, the choice of a willow genotype is of key importance to success in
willow production, since single-genotype monoculture on a commercial plantation may be
a significant source of future problems with disease development or pest infestations [3].

It must be underlined that yields of Miscanthus × giganteus clones were also compara-
ble, if not slightly better than other lignocellulose energy crops (poplar, willow, or Schavnat)
in Czech conditions. Miscanthus × giganteus clones have good potential for commercial
production of energy biomass, especially in warmer regions of Central and Eastern Europe
with an annual sum of precipitation above 500–550 mm. The results show that the current
economic conditions favor annual crops over Miscanthus (for energy biomass) and that this
new crop shows very good adaptation to the effects of climate change. Selected clones of
Miscanthus × giganteus reached high biomass yields despite very dry and warm periods
and low-input agrotechnology, and they have good potential to become important biomass
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crops for future bioenergy and the bioeconomy [4]. Additionally, the cup plant (Silphium
perfoliatum) is a new and promising bioenergy crop in Central Europe that can achieve high
yields, especially on moist soils. However, spontaneous spread of this crop has already
been documented, and especially valuable moist ecosystems could be at risk for becoming
invaded by cup plant. Hence, fields for cultivating cup plant should be carefully chosen,
and distances to such ecosystems should be held. If precautionary measures are observed,
cup plant can take a place in the Central European agricultural landscape and make a
valuable contribution to the conservation of biodiversity [5]. It was also shown that other
perennial industrial crops did not cause a decline in wild biodiversity in comparison with
unmanaged marginal land. Nevertheless, the cultivation of some crop species can cause
a decrease in diversity of flora and fauna in the long term. For example, miscanthus and
black locust cultivation were linked with a decrease in the number of plant species. On the
other hand, the greatest biodiversity of plants and animals among crops was linked with
the cultivation of willow; however, other crops also provided a good habitat for arthropods.
No significant decrease in abundance of pollinators or natural enemies of pests were found
in any perennial industrial crop [6].

These industrial and bioenergy crops can become an important source of biomass.
Of course, the concept of their cultivation for nonfood (and/or nonfeed) uses is not new
but, despite considerable investment in research and development, little progress has been
made with regard to the introduction of such crops and their products into the market. For
example, it is known that vegetable oil can surrogate petroleum products in many cases, as
in cosmetics, biopolymers, or lubricants production. However, the cultivation of oil crops
for the mere production of industrial oil would arouse concerns regarding competition
for land use between food and non-food crops. Additionally, the economic sustainability
is not always guaranteed, since the mechanical harvesting, in some cases, is still far from
acceptable. The research underlines that the mechanical harvesting of sunflower, canola,
and cardoon seeds is performed relying on specific devices that perform effectively with
a minimum seed loss. Crambe and safflower seeds can be harvested through a combine
harvester equipped with a header for cereals. On the other hand, camelina and castor crops
still lack the reliable implementation of combine harvesters [7].

It must be underlined that the bio-based economy needs a sustainable supply of
biomass for bioproduct generation and multiple uses. In this concept, no biomass should
be used for energy generation unless the other options have been considered of using
it to produce higher-value-added products. Noteworthy is that valuable substances in
biomass are also used in the pharmaceutical, cosmetics, chemical, food, and feed indus-
tries. Hence, these substances should be extracted first, and after that production residues
(post-production biomass) from the above industries should be used for production of
biofertilizers, substrates, or bioenergy. Therefore, it is very important to analyze the possibil-
ity of obtaining bioactive compounds from lignocellulosic biomass before its transformation
into biofuel. The research indicates varying contents of polyphenolic compounds in the
biomass extracts of perennial herbaceous crops (Helianthus salicifolius, Silphium perfoliatum,
Helianthus tuberosus, Miscanthus × giganteus, Miscanthus sacchariflorus, Miscanthus sinensis,
and Spartina pectinata) depending on the harvest term in the growing period [8]. This
information can enable the utilization of the studied biomass for not only the production of
bioenergy but also to obtain valuable components of foodstuffs, medicines, and cosmetics.
Additionally, another study suggested that supercritical extracts obtained from the aerial
parts of H. salicifolius and H. tuberosus appeared to be a promising source of natural com-
pounds with biocidal effect. They possessed antibacterial activity against Gram-positive
and Gram-negative species, as well as antifungal activity against yeasts from the Candida
genus. It is worth noting their antistaphylococcal activity. These extracts may be also
regarded as natural potential antioxidants. The obtained data suggest that these extracts
and their isolated bioactive compounds may be used as conservants in cosmetics and/or
natural preservatives in food [9].
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It is important to add that the research presented in this Special Issue “Innovations and
Perspectives of Industrial and Bioenergy Crops for Bioeconomy Development” is the first
small step towards identifying industrial and bioenergy crops that will be important for
bioeconomy development. In total, 22 papers are published in this Special Issue, including
three papers related to land availability, activities towards the development of the bioecon-
omy, and renaturation of a former quarry area [1,10,11]. Among perennial industrial crops,
three papers about Miscanthus [4,12,13], five papers about SRC (willow, eucalyptus, poplar,
Siberian elm, black alder, white birch, boxelder maple, silver maple) [2,3,14–16], and two
papers about cup plant [5,17] are reported. Studies on tobacco, oil crops, and agricultural
residual biomass are also presented [7,18,19]. The next two papers describe the biodiversity
of weeds and arthropods in different perennial industrial crops [6,20]. Finally, three papers
on the topic of functional compounds and the content of other substances in perennial
industrial crops biomass [8,9,21] and one paper about the growth potential of yellow meal-
worm reared on industrial residues [22] are reported. Of course, only a small excerpt is
presented here from the point of view of: (i) the number and diversity of plant species;
(ii) their productivity and biomass properties; (iii) their impact on broadly understood bio-
diversity and the environment; and (iv) the possibility of multi-directional and cascade use
of their biomass. These issues will be expanded upon by further interdisciplinary research.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The sustainable production of renewable energy is a key topic on the European community’s
agenda in the next decades. The use of residuals from agriculture could not be enough to meet the
growing demand for energy, and the contribution of vegetable oil to biodiesel production may be
important. Moreover, vegetable oil can surrogate petroleum products in many cases, as in cosmetics,
biopolymers, or lubricants production. However, the cultivation of oil crops for the mere production
of industrial oil would arise concerns on competition for land use between food and non-food crops.
Additionally, the economic sustainability is not always guaranteed, since the mechanical harvesting,
in some cases, is still far from acceptable. Therefore, it is difficult to plan the future strategy on
bioproducts production from oil crops if the actual feasibility to harvest the seeds is still almost
unknown. With the present review, the authors aim to provide a comprehensive overview on the
state of the art of mechanical harvesting in seven herbaceous oil crops, namely: sunflower (Heliantus
annuus L.), canola (Brassica napus L.), cardoon (Cynara cardunculus L.), camelina (Camelina sativa (L.)
Crantz), safflower (Carthamus tinctorius L.), crambe (Crambe abyssinica R. E. Fr.), and castor bean
(Ricinus communis L.). The review underlines that the mechanical harvesting of sunflower, canola and
cardoon seeds is performed relying on specific devices that perform effectively with a minimum seed
loss. Crambe and safflower seeds can be harvested through a combine harvester equipped with a
header for cereals. On the other hand, camelina and castor crops still lack the reliable implementation
on combine harvesters. Some attempts have been performed to harvest camelina and castor while
using a cereal header and a maize header, respectively, but the actual effectiveness of both strategies
is still unknown.

Keywords: harvesting; work productivity; supply chain; harvesting efficiency

1. Introduction

The European Directives on Renewable Energy (RED I and RED II) [1] aim to increase the share
of renewable energy up to 32% of overall domestic energy production by 2030. Agriculture plays
a key role in such context [2]; indeed, this sector can contribute to bioenergy production both with
the exploitation of agricultural residues [3–6] and with dedicated energy crops [7–10]. Concerning
the latter strategy, biodiesel production from oil crops is crucial [11]. Oil crops are able to synthesize
highly complex molecular structures that can be used to displace significant amount of petroleum oil
derived compounds [12] and they can significantly contribute to reach the above mentioned European
Directives about renewable energy [13]. Moreover, oil crops contribution to bioeconomy concept is
not only limited to bioenergy production, while taking into account the suitability of vegetable oil
to be used as feedstock for the production of several bioproducts, such as surfactants, plasticizers,
emulsifiers, detergents, lubricants, adhesives, and cosmetics [12,14]. However, two main issues are
related to sustainable cultivation of oil crops. The first one is linked to avoid the competition with food

Agriculture 2020, 10, 309; doi:10.3390/agriculture10080309 www.mdpi.com/journal/agriculture5



Agriculture 2020, 10, 309

crops considering the global increasing demand for food [15]. Scientific community has been working
hardly to address this issue for years, mainly evaluating the possibilities of cultivating such crops in
polluted soils [16,17] or in marginal lands [18–20]. The second one regards the costs of production
costs of biodiesel, which is 30% more costly than petroleum-based diesel [21]. In particular, 60–80% of
the biodiesel production cost is linked to the raw materials [11]; hence, there is a strong need to reduce
the supply chain costs.

A possible strategy to reach this goal is to improve the harvesting operations. Harvesting is the
key stage of the supply chain that strongly affects both costs and biomass quality and it plays a key
role in the three pillars of the sustainability [22–31]. In a developed country, it is practically impossible
to set up a sustainable supply chain for a given crop without effective mechanical harvesting [32].
The labor costs would be too high to bear. The mechanical harvesting of a given crop can be performed
either using a dedicated harvester or borrowing it from other crops and apply specific modifications,
at different levels, in order to limit the loss and damage to kernels [32]. The availability of dedicated
machines is not always guaranteed, since different challenges arise according to the phenology of
the plant and the seeds. Oil crops suffer the lack of availability on the market of dedicated machines
for the harvesting stage, and the present review aims to provide the reader with the state of the art
of mechanical harvesting, focusing on large scale oilseed production of some herbaceous oil crops,
relying on the references that are produced in the last two decades (reference period 2000–2020).

Seven herbaceous oil crops have been taken into account, namely: sunflower (Heliantus annuus
L.), canola (Brassica napus L.), cardoon (Cynara cardunculus L.), camelina (Camelina sativa (L.) Crantz),
safflower (Carthamus tinctorius L.), crambe (Crambe abyssinica R. E. Fr.), and castor bean (Ricinus
communis L.). The common feature to all these species is that all of them are herbaceous oil crops whose
oil is the main product.

After the present introduction section, materials and methods for the review are reported.
Subsequently, each crop is treated in a dedicated paragraph, in which, as a first step, a general view
about the species is given (i.e., main agricultural features, actual and possible uses of oil, possibility of
exploitation of by-products), then the mechanical harvesting topic is reported in detail. Eventually,
the discussions and conclusion section are reported.

2. Materials and Methods

The bibliographical search was performed through Boolean operators. The use of Boolean
searching to carry out a systematic review allows to analyze all studies in a given research topic
through the use of specific database [33], in particular Scopus repository, was used for the present
work. A papers search within Scopus database was done looking for both the common name and
binomial one for each crop along with the word “harvest *”. Table 1 provides details of the research
keys and of relative findings.

Table 1. Research keys and findings on Scopus database.

Research Key
Overall

Findings

2000–2020 and
English Language

Findings

2000–2020 Papers
Actually Dealing with
Mechanical Harvesting

Reference
n.

TITLE-ABS-KEY (“sunflower” AND “harvest *”) 1020 773
7 [34–40]TITLE-ABS-KEY (“Heliantus annuus” AND

“harvest *”) 427 323

TITLE-ABS-KEY (“canola” AND “harvest *”) 633 380

16 [41–56]

TITLE-ABS-KEY (“Brassica napus” AND
“harvest *”) 1244 1016

TITLE-ABS-KEY (“oilseed rape” AND
“harvest *”) 553 269

TITLE-ABS-KEY (“rapeseed” AND “harvest *”) 742 577
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Table 1. Cont.

Research Key
Overall

Findings

2000–2020 and
English Language

Findings

2000–2020 Papers
Actually Dealing with
Mechanical Harvesting

Reference
n.

TITLE-ABS-KEY (“cardoon” AND “harvest *”) 59 58
7 [32,57–62]TITLE-ABS-KEY (“Cynara cardunculus” AND

“harvest *”) 143 142

TITLE-ABS-KEY (“camelina” AND “harvest *”) 67 66 4 [63–66]

TITLE-ABS-KEY (“castor” AND “harvest *”) 245 178
2 [67,68]TITLE-ABS-KEY (“Ricinus communis” AND

“harvest *”) 156 112

TITLE-ABS-KEY (“safflower” AND “harvest *”) 165 83
1 [69]TITLE-ABS-KEY (“Carthamus tinctorius” AND

“harvest *”) 114 97

TITLE-ABS-KEY (“crambe” AND “harvest *”) 42 25 3 [66,70,71]

TITLE-ABS-KEY: title, abstract, keywords. Thus the research was performed looking for the written above words
within title, abstract and keywords of the papers in Scopus database. “harvest *”: every word which includes
“harvest”, thus: pre-harvest, post-harvest, harvesting, etc

Findings reported in Table 1 were analyzed to further refine the search and approximately
200 papers were used to build up the present review.

3. Sunflower

3.1. Sunflower Main Features

Sunflower is an annual plant belonging to Asteraceae family and it is one of the most important
oil crop worldwide [72]. Main producing countries are Ukraine and Russian Federation, which
approximately account for 50% of global sunflower production [73]. Contrary to the majority of
the other oil crops, sunflower oil is mainly used for human consumption, but it can also be used
for biodiesel production [74]. When considering the great importance at global scale of this crop,
many different varieties have been selected in order to achieve the possibility of cultivation in different
climatic conditions and with different crop management (rainfed, minimum tillage, no tillage, various
fertilization rates) [75–77]. Oil content in the seeds ranges between 38% and 53% by weight [75,78–81].
Sunflower is commonly considered an “environmental friendly” crop [82]; indeed, it generally requires
low level of fertilization and the row spacing of about 50 cm allows for mechanical control of weeds [82].
On the other hand, ploughing resulted in being helpful to ensure the correct development of the tap
root [83]. In the last years, there has been growing interest for sunflower cultivation in no tillage or
reduced tillage systems [75]. Interesting results under this point of view were showed by Sessiz et al.
(2008), who found that seed yield and oil content did not vary between no tillage and conventional
tillage management [84].

Sunflower by-products show interesting features for energy production [85–89].
In particular, sunflower cake could be used as feedstock for anaerobic digestion, when considering

its C/N ratio over 10 [88], for biofuel production in co-pyrolysis [90] or for the production of
biomaterials through extrusion process [91]. Sunflower stalks can be used for bio-ethanol and biogas
production [92,93] and seed hulls are suitable for energy production in co-firing [94,95]. On the contrary,
the sunflower cake did not exhibit interesting characteristics for animal feeding [96,97].

3.2. Sunflower Mechanical Harvesting

Sunflower harvesting is performed with specific headers (Figure 1) that are designed for collecting
sunflower seeds and transporting them to the inclined chamber of the combine harvester. Sunflower
headers generally consist of the frame, auger, seed conveyors, choppers stems, dividers, and cutting
units [34]; suitable combine settings for sunflower are given in Table 2.
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Figure 1. Sunflower header working on cardoon (photo by Authors).

Table 2. Suitable combine harvester setting for sunflower [98].

Parameter Values

Threshing speed (rpm) 300–400
Concave clearance (mm) 30–40

Fan speed (rpm) 650–850
Upper sieve clearance (mm) 13–15
Lower sieve clearance (mm) 7–9

The use of sunflower headers is generally associated with values of seed loss of 2% [34],
if considering the average global yield for sunflower in 2018 of 1.97 Mg ha−1 [73], which corresponds,
approximately, to 39 kg ha−1 of lost seed. The working speed of the combine harvester generally ranges
from a minimum of 3.80 km h−1 to a maximum value of 9.60 km h−1 [34]. The field capacity ranges from
1.50 ha h−1 to 3.70 ha h−1 in the case of headers with eight rows; and, from 4.30 ha h−1 to 5.40 ha h−1

for headers having 12 rows. Fuel consumption varies from 6.71 L ha−1 up to 11.50 L ha−1 [34].
Three main aspects of the sunflower harvesting stage should be further investigated: the possibility

to reduce the loss of seeds, to reduce the impurity of the seeds collected and to manage properly the
crop residues. They are mainly made of talks that are usually shredded and buried into the soil in
a second passage operation which has economic and environmental impacts (for example causing
higher soil compaction) [35,36]. Nalobina et al. 2019 developed a sunflower header to further reduce
seed losses and it is able to cut the stalk at a lower height, avoiding clogging of the header through the
appliance of a conical rotor for the collection and the cut of stems. This modified header allowed for a
reduction of seed loss, even if the working speed was consistently lower (1.00–2.50 km h−1) [35].

Startsev et al. (2020) also tried to reduce seeds loss in sunflower mechanical harvesting.
Authors developed an auger-reel applied to the header of the combine harvester that allowed
for the reduction of seeds loss from the typical value of 2% up to 0.63% [37]. In case of dwarf sunflower
plants, Shaforostov et al. (2019) designed and presented another prototype whose innovative features
permitted the regulation of the inclination (in relation to the soil plate) of the screws along the dividers.
In such way, it was possible to adjust the inclination according to the characteristics of the crop (dwarf
or tall sunflower), thus allowing to reduce the length of the stem entering the threshing apparatus,
which is the main responsible of clogging [38]. The stem of dwarf and tall sunflower measured 15 cm
and 25 cm in length, respectively, whilst seeds loss of 0.25% in dwarf plants and 0.98% in tall plants
were reported. The working speed of the combine harvester was set at 5 km h−1 for both sunflower
varieties [38].

The third issue in sunflower mechanical harvesting, i.e., avoiding/limiting extraneous matter
entering in the header, was addressed by Startsev et al. (2020). In particular, the authors developed the
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design of a sieve with additional holes that can be installed as additional cleaning stage in the cleaning
shoe of the combine harvester. Those sieve holes were longitudinally shaped, just like sunflower
seeds, and they also permitted the adjustment the area according the characteristics of the seeds of
cultivar harvested. Such improvements permitted the significant reduction of extraneous material in
the hopper heap by 38–42% by weight, in comparison with a combine harvester not equipped with
such particular sieve [39].

However, in the same reference period, the impact of mechanization on agriculture was also
investigated. Particularly, some studies focused on soil compactness due to machinery traffic, which
is a major concern in both agriculture and forestry mechanization activities [99–104]. Among them,
Dalmis et al. (2013) designed a chopper unit that can be installed under the header of a combine
harvester and driven by via transmission chain connected to the header. The chopper unit consisted
of a main body, a main shaft, three bevel gears mechanisms, four bearings, and three blade modules.
The chopping occurred simultaneously to harvesting operation; therefore, avoiding the need for a
second operation also saving time, labor, and energy. The height of the stalks on field measured 15 cm
in height on average, which was similar to the average size of the chopped material in typical second
passage chopping operation. The additional fuel consumption of the combine harvester due to the
chopping unit was reported in 1.00 l h−1 [40].

4. Canola

4.1. Canola Main Features

Canola (or rapeseed or oilseed rape) belongs to Brassicaceae family. It is the most cultivated
oil crop worldwide and there has been growing interest on it during the last two decades [105].
The main producing countries are Canada and China, which together account for the 38% of global
production [73]. However, canola is also gaining interest in Mediterranean zone [106]. Like sunflower,
canola oil is suitable for human consumption [107,108], although energy production [109–111] is the
most relevant application [106,112]. The main features that drive the growing importance of canola is
the high oil content (about 45–50%) [113] and suitability for phytoremediation in soils polluted with
diesel and heavy metals [114,115]. Moreover, rapeseed by-products can be also exploited. The cake
is suitable for fermentation [116], while shoots and leaves are edible for humans, moreover nectar
production is suitable from flowers, flavonoids and amino-acids extraction from pollen and fodder
can be obtained from straw and seed meal [117]. Scientific research is focusing on the development
of varieties and cultivation techniques to improve the possibility of mechanical collection. Rapeseed
phenotypes that are suitable for mechanization should exhibit specific traits as: tightness, lodging
resistance, collective flowering, and maturation, and produce more pods on the main stem [118,119].
Scientists are tackling the problem by following two strategies: testing higher plantation densities,
which have positive effects on those desired traits in mechanical harvesting [120,121] and via developing
dwarf cultivars (plant height lower than 160 cm) [122,123].

4.2. Canola Mechanical Harvesting

Two different options are available for canola harvesting: “direct cut”, performed with a combine
harvester in a single operation when seed ripeness is reached, or cutting and swathing of the crop
at an early stage of ripening in order to limit seed shattering [41,42], and then trashing is performed.
Seed loss is generally higher in direct cut method [49], although working performance is better [50] and
the soil disturbance is lower. However, differences in seed loss among the two harvesting methods are
not always found and a mean value 10% of seed lost is to be accepted [51–53]. As a general conclusion,
it can be stated that combine harvesting is taking over and, currently, it is most studied method
reported in the literature. In fact, only Irvine et al. (2010) studied the swathing method applied to
canola harvesting [50]. The authors developed an alternative system to swath the crop in order to avoid
windrowing operation and limiting the seed loss, which can occur under the strong wind condition.
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The device is made of curved front surface that mechanically bends the plants forward causing the
lodging at a height of 10–20 cm above the soil surface. After maturity, the lodged crop is harvested
according to the direct-cut methods by operating against the lodging direction. Advantages from such
strategy are found in the high working speed of the device and its low purchase cost, particularly if
compared with those of a windrower [50]. On the other hand, the possible drawbacks of applying such
system could be the delay in the harvesting period as well as the reduction of the speed of the combine
harvester due to unavoidable need to cut the plants closer to the soil [50]. However, it is important to
underline that, to the best of our knowledge, such a method is not actually applied to substitute the
typical swathing one.

Several studies have been focusing on the effects of combine harvesting on seed loss in canola
(suitable combine settings are reported in Table 3), and possible solutions to limit such problem are
provided accordingly.

Table 3. Suitable combine harvester setting for canola [54,124].

Parameter Values

Threshing speed (rpm) 550–580
Concave clearance (mm) 35–40

Fan speed (rpm) 400–600
Upper sieve clearance (mm) 4–16
Lower sieve clearance (mm) 3–4

It is important to highlight that, when it comes to mechanically harvesting the seeds of a given
crop, some compromises must be accepted. Firstly, timing is a really important factor that could trigger
high seed loss during the harvesting, due to both the natural dehiscence and presence of immature
seeds [55]. Moreover, the latter ones are more susceptible to damages [56] and less suitable for high
quality biofuel production [43]. Secondly, canola seeds size has negative impact on seeds loss, since
smaller seeds can either be lost during impact of the header with tips of the plants, or during the
trashing due to airborne effect of the fan [44]. Lastly, because plants are prone to entangle each other,
pulling and tearing movements are generated during the harvesting and this can reduce the working
efficiency of the machine [45].

So far, three main options for canola combine harvesting are available: using a conventional
wheat header [46] without modifications; using wheat header specifically modified [42,47] or using
a dedicated header that is characterized by the presence of vertical separators on both sides and by
the continuous regulation of the blade-conveyor screw distance [48] (Figure 2). The last two options
are meant to reduce pulling and tearing among plants and help to reduce the loss of seeds. When
considering the differences in seed morphology between wheat and canola, it is fundamental to adjust
the combine harvester set up finely, with particular attention to the fan speed, rotor speed, concave
clearance, and sieves choice [46].

 

Figure 2. Modified wheat header for canola harvesting (photo by Authors).
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Chronologically, the first study dealing with canola loss in combine harvesting reported in the
reference period (2000–2020) is Hobson et al. (2002) [42]. Authors modified a wheat header adding
a conveyor between the cutterbar and the auger, which gently conveyed the cut plants to the feeder
conveyer, thus reducing the harsh movements partially responsible of seed loss. This modified header
showed seed loss of 4.0% w/w, while the standard header tested on the same field showed a value
of 6–8% w/w. According their preliminary economic evaluation, the estimated costs for modifying
the header can be leveled off if more than 171 ha year−1 over five years period can be harvested,
in comparison with using a standard header of the same size [42].

Tests on specific rapeseed header working performance were conducted by Pari et al. (2010) in
2007 and 2009 [48]. In 2007, a comparison between conventional wheat header and specific rapeseed
header was performed, whilst in 2009 a wheat header was compared to a modified header bearing
a vertical blade on its right side. The lowest value of losses was reached while using a specific
rapeseed head in 2007 (2.76%), while wheat head in the same year showed 3.84% w/w of seeds loss.
In 2009, the wheat head showed 9.33% w/w seeds loss while the modified wheat head with vertical
blade showed only 6.84% w/w of seeds loss. Referring to the whole width of the combine harvester
pass, the quantity of seeds loss found in the middle part (just below the swath) were similar in both
treatments. However, the vertical blade applied on the modified header helped to decrease the loss of
seeds in the lateral part of pass up to more than 35%. With respect to the combine harvester settings
for wheat harvesting, the following tuning has to be applied: 20–30% lower rotor speed, 15–20% lower
fan speed, 100–150% higher concave clearance, top riddle screen clearance of 8–10/7–9 mm, and lower
riddle screen one of 3–3.5/3.5–4 mm [48]. A similar experiment was conducted by Asoodar et al. (2012),
which tested a modified wheat header that was equipped with a vertical cutting bar for seeds loss.
The Authors confirmed the previous finding, also reporting a reduction in seeds loss reduction from
14% w/w to 2% w/w [47].

Other tests were further conducted on specific canola header in 2012 by Pari et al. (2012) [54] setting
the combine parameters, as explained hereafter: rotor speed 440 rpm, fan speed 430 rpm, concave
clearance 37 mm, upper sieve clearance 4 mm, and lower sieve clearance 3 mm. Such a header showed
lower losses in comparison to wheat header (0.97% and 1.63%, respectively) [54]. This study also
highlighted the importance of the combine harvester speed: when the speed is decreased, the combine
harvester is fed more smoothly and the impact of the header on the crop weakens [54]. On the contrary,
reducing the speed implies higher costs, since both field capacity and material capacity are lower.

5. Cardoon

5.1. Cardoon Main Features

Cardoon belongs to the Compositae family, which bears flowers in inflorescences, called capitula
or heads. The name of the fruit is cypsela (an achene from an inferior ovary) crowned by plumose
filaments, called pappi [125]. Cardoon is cultivated as a multiannual crop and it can reach 2 m in height.
The ecological requirements of C. cardunculus suit the environmental conditions of the Mediterranean
zone, it requires 450–1000 mm year−1 of annual rainfall [125], and the cultivation is possible in poor
soils [18,126–128]. Cardoon also performs well as bioremediation crop for polluted soils [17,129].
In the Mediterranean area, the establishment of cardoon crops is performed either during autumn or
spring [130]. Ploughing and harrowing are recommended in order to allow for the proper development
of the root system [131], even if Fernando et al. (2018) highlighted the possibility of cultivating cardoon
in no tillage system also demonstrating a reduction in the environmental impact [132]. Cardoon can be
either sowed or transplanted, but the first strategy is the most common [133–135]. Plant density is
generally 1–2 m−2 [136,137]. The harvest is performed in summer from July to September [134,138,139],
the yield of whole biomass on dry basis ranges between 10–20 Mg ha−1 year−1 with about 500 mm
annual rainfall [125,135]; seeds oil content ranges from 185 g kgdm

−1 to 253 g kgdm
−1 [140].
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The cultivation costs of Cynara cardunculus are reported between 329.19 € ha−1 and 477.37 € ha−1;
a consistent share of such costs is represented by biomass collection stage, whilst the harvesting
operation accounts for 35–45% of the total costs [141].

The most interesting aspect of cardoon is the possibility to exploit its biomass in several ways. In
the energy sector, the oil seed is suitable for the production of biodiesel [142–144]. The lignocellulosic
biomass of the stems can be used as solid biofuel [145] or as substrate for gasification [146],
pyrolysis [147], bioethanol production [148], and biomethane [149]. The pappi are particularly
suitable for the production of paper pulp [138,150,151]. Finally, cardoon exhibits interesting features as
a medicinal plant [152,153] or source of food for both humans and animals [154].

5.2. Cardoon Mechanical Harvesting

The mechanical harvesting of cardoon can be performed in two different ways. The first one
involves the collection of all the aboveground biomass produced and afterward, the separation in
different fractions. The second strategy, which is currently the most adopted, involves the use of a
combine harvester for separating the seeds from the residual biomass, which is collected successively
via baler.

First attempts to apply the first method, e.g., (collection of the whole aboveground biomass),
are dated back to the end of 1990’s, in Spain. A self-propelled mower-baler and choppers, previously
applied to Miscanthus spp harvesting, were tested on cardoon. Unfortunately, the low bulk density of
the material (mostly due to the chopper) and the high quantity of pappi scattered around represented
a serious problem for the safety and the proper functioning of the machines. Filters and radiators of
the machines clogged with a high risk of spontaneous combustion of the biomass [32].

Biomass baling is a more feasible alternative to undertake for a whole biomass harvesting. Here,
two passes are needed: the first operation is mowing the plants by using a drum mower, while
the second is the baling of the biomass with a round baler. However, during the baling, excessive
quantity of soil was picked and included into the bales, thus causing slagging in phase of combustion.
A mower-baler towed by a tractor was tested in 2006 in Spain in order to avoid this problem. However,
the machine did not perform successfully, mostly due to the very low bulk density of the obtained
round bales [32]. The development of high performing machines is a step-by-step process that, relying
on specific trials, aims to address all the aspects of the harvesting. First trials were performed in 1990’s
with using a combine harvester equipped with conventional wheat header, which reported very high
loss of seeds, mostly due the different architecture of the cardoon inflorescence as compared to cereal’s
spikes. Further trials were conducted in 2004 trying to: adjust the height of the header according to the
height of the plants, add screens on the header, and lower the speed of the moving parts of the combine
harvester. All of the results improved, but the loss of seeds that remained high (35% approximately)
with high percentage of broken achenes (16%) [31]. Two years later, in Portugal, maize header and
a wheat header were tested. Wheat header resulted in a high loss of achenes, but the high cutting
height permitted obtaining a satisfactory size of residual biomass for the collection. On the other hand,
the maize header showed better performance, but the cutting height of the stalk resulted in being too
high and a second pass of lignocellulosic biomass mowing was necessary to collect it, obviously with
negative influence on costs [32].

As a consequence of the previous tests that were performed using both maize header and wheat
header, in 2007 the first attempt to develop a dedicated header for cardoon mechanical harvesting
was made. The prototype derived from the merge of the two: the maize header was brought higher
detached the capitula, whilst the wheat header below cut the stalks at the ground level. The residues
of the threshed capitula were discharged on the swath, in order to collect them together with the
lignocellulosic biomass. The combine harvester that were equipped with this header showed good
working productivity with 3.24 km h−1 working speed and 1.57 ha h−1 field capacity, but no data
concerning seed loss were reported by the authors [57]. The main problem with such header regarded
the lower part of the machine, which was developed for a row cultivation, like maize and wheat.
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Cardoon instead is a long-standing crop that is initially set up as row cultivation, but, after the first cut,
it loses the row setting thanks to offshooting. Further improvements of the header (Figure 3) aimed
to guarantee the cut of the stalk throughout the length of the cutting bar [58]. Working speed of the
combine harvester increased to 4.41 km h−1 with a field capacity of 2.10 ha h−1 and a material capacity
of 1.50 Mg h−1 of harvested seeds and of 13.05 Mg h−1 of lignocellulosic biomass. Biomass loss (seeds
included) was 10.70% and damaged achenes were 3.25% [155].

 

Figure 3. Dedicated header for cardoon harvesting (photo by Authors).

The performance of the prototype was also tested against the performance of two wheat headers:
one of the two was modified by adding triangular plates under the cutting bar in order to reduce seeds
loss. Therefore, three headers were tested. The field capacity resulted lower in cardoon header (1.27 ha
h−1) than in modified wheat header (1.74 ha h−1) and in classical wheat header (1.67 ha h−1). The loss
of biomass was lower in the case of cardoon header in comparison with the others. The loss of seed
triggered by the cardoon header was 86% lower in comparison with the conventional wheat header and
65% lower than the modified header. Moreover, lignocellulosic biomass losses were significantly lower
with the cardoon header prototype (about 8%) than in the other two headers (more than 50%) [59].

When it comes to cultivate cardoon on marginal Mediterranean soils, some problems may arise in
the case of presence of stones. Stony soils represent a real challenge for mechanical harvesting, since
the rocks can clog the combine harvester and cause serious damages to the mechanisms. Additionally,
such soils undergo neither tillage nor levelling. Therefore, the driver has to keep the cutting bar
distant from the soil in order to avoid unwanted external material within the header. This cautionary
maneuver triggers the increase residual biomass loss. The development of a new flexible bar, driven
by a system for sensing and signaling the presence of obstacles during the forward of motion of a
combine harvester, was realized and tested. This flexible bar performed well, but it is important to
highlight that the combine harvester speed was rather low, i.e., 0.70 km h−1 [60,61], so further tests
and adjustments are encouraged in order to reach a working speed as much as possible close to the
working speed of other dedicated headers.

The last mechanical improvement found in literature concerning cardoon crops is the development
of a specific system that is able to collect the pappi from the cardoon’s flower. During threshing, pappi
are discharged along with the residual biomass in swaths for being included in the bales during the
baling (within 3–4 h after harvesting). Because of the light weight, they can be quickly blown away
from the straw. Thus, in order to limit such phenomenon, the combine harvester was equipped with a
wetting system made of a water tank, an electric pump, a flow regulator, and three pairs of nozzles that
sprayed the threshed material with a wetting solution. Four adjuvants in two different concentrations
were used to extend the retention time. The amount of pappi remaining on the windrow proved the
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efficacy of one of the adjuvants (alkyl polysaccharide at 0.20% concentration) in limiting dispersal
(52.8 kg ha−1), bearing in mind that, without wetting (untreated), the amount remaining was seven
times less (7.51 kg ha−1). Additionally, preliminary economic analysis was conducted, thus proving
the economic feasibility of such system [62].

However, it is important to highlight that, notwithstanding the growing interest for cardoon
cultivation, no data regarding the setting of the combine harvester are available in literature.

6. Camelina

6.1. Camelina Main Features

Camelina belongs to Brassicaceae family [156]. This species originated from South-East Europe
and South-West Asia [157]. Plant height generally ranges from 65 to 110 cm [158]. Seeds are contained
within silique, commonly called seed capsules or pods, which measure from 5 to 14 mm in length,
pear-shaped, slightly flattened, and contain eight to 15 seeds [159]. They are very small (0.7 mm ×
1.5 mm), with a 1000-seed weight ranging between 0.8 and 1.8 g, depending on cultivar and growing
conditions [160,161]. Seed oil content has been reported to range from 30% to 49% [160–163].

Thanks to the availability of both winter and spring varieties and the relatively short life
cycle, camelina is particularly suitable for double cropping with small grain cereals, soybean, and
sunflower [63,164–169]. Concerning the crop establishment, sowing occurs at a depth of 6–13 mm [159]
applying 4 and 6 kg ha−1 of seeds [170].

The current growing interest in camelina cropping is linked to several factors. Apart from the
double cropping, camelina shows high seeds oil content (30–49%) [171] and multiple uses of it, i.e.,
biodiesel [172,173] and jet fuel production [174,175], animal feeding [176–178], aquaculture [179,180],
raw material for agrochemical products [181], and medical and veterinary applications [182,183].
Moreover, camelina is a low input crop in comparison with most of the commodity crops cultivated for
biofuel production [165], so the environmental impact is lower [184], particularly if the suitability of
camelina straw for bioenergy purposes is also included [185,186]. According to the literature, can be
cultivated on poor soils and on soils with difficult conditions, even in the Mediterranean zone [187].

Concerning the economic aspects, some studies reported a breakeven point of biodiesel price
lying between 0.88 € l−1 to 1.06 € l−1 in order to gain profit from the cropping [156,172] and including
the cultivation costs of approximately 428.00 € ha−1 [188].

6.2. Camelina Mechanical Harvesting

Camelina, similarly to canola, is directly combined with traditional wheat header or swathed and
then combined. Both of the methods result in similar seed yields [63]. The setting of the combine
harvester is to be adapted to the species’ features; e.g., speed, wind flow (fan speed), small opening
screens, leak sealing, distance between the threshing cylinder, and the concave in order to prevent seed
loss [64]. A certain tendency to seed shattering is reported in camelina, although not as much as in
rapeseed [159].

Notwithstanding the growing attention of scientific community to such crop, very few studies
dealt with mechanical harvesting analysis, setting and improvement.

Sintim et al. (2016) tested seed loss in mechanical harvesting performed with a plot combine
harvester, firstly set for canola seeds, and then ongoing adjustments were carried out in order to
minimize seeds loss. Seed loss was 11.70% w/w [65]. Another recent study, reported harvesting costs
of 46.70 € ha−1 in the case of using a combine harvester equipped with wheat header, accounting for
the 10% of the overall cultivation costs [66].

Needless to say, much more should be done about mechanical harvesting topic of this interesting
oil crop.
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7. Safflower

7.1. Safflower Main Features

Safflower (Carthamus tinctorious L.) is an annual oilseed crop. The main producing countries are
Kazakhstan and USA, which together account for about the half of the global production [73]. Safflower
oil is mainly used for biodiesel production [189] but it can be also used as a heat-stable cooking oil to
fry and it is also used in cosmetics, food coatings, animal nutrition, and infant food formulations [69].
This plant has a strong central stem, a varying number of branches, and a taproot system. Each branch
usually bears from one to five flower heads containing 15 to 20 seeds each [69]. The seed oil content
ranges from 30% to 50%, depending on the variety and the environmental conditions [190]. Safflower is
usually grown in recropping or in rotation with small grains or fallow and annual legumes. This species
reaches the physiological maturity about 30 days after flowering and it is ready for the harvesting
when most of the leaves have turned brown [69].

Seed shattering is a minor problem, although safflower should be harvested as soon as it is mature
to minimize the danger of seed damage from excessive moisture.

Excessive rain and high humidity after physiological maturity of the seed may cause sprouting in
the head. Safflower seeds are small, i.e., thousand-grain mass varies from 55.30 g to 41.30 g [191]. For a
proper seed germination, both ploughing and harrowing are required. Seeding is usually performed in
rows with a distance of approximately 45 cm between rows, and with a plant density of 45,000–60,000
plants per hectare. The high tolerance to drought makes the safflower suitable for cultivation in
Mediterranean climate [192].

7.2. Safflower Mechanical Harvesting

Safflower harvesting is usually carried out with a combine harvester equipped with wheat
header [69]. Literature lacks scientific studies regarding the harvesting of such oil crop. Indeed,
only one paper dealing with this issue was found in the framework of the present review.

In particular, Pari et al. (2016) analyzed the mechanical harvesting performance of a wheat header
(Figure 4) for safflower seeds collection [192].

 

Figure 4. Wheat header collecting safflower seeds (photo by Authors).

Table 4 provides the applied settings of the combine harvester.

Table 4. Suitable combine harvester setting for safflower [192].

Parameter Values

Threshing speed (rpm) 800
Concave clearance (mm) 54

Fan speed (rpm) 400
Upper sieve clearance (mm) 11
Lower sieve clearance (mm) 6
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The working speed was equal to 3.7 km h−1 and effective field capacity resulted in 1.32 ha h−1.
Seed loss analysis showed a value of 3.2% with 1.7% damaged seeds and 22.8% of impurities [192].
According to these results, it is possible to assert the good efficiency of a typical wheat header for the
mechanical harvesting of this oil crop.

This is very interesting, because, unlike cardoon, safflower can be easily harvested with a
conventional wheat header and applying fine adjustments to the combine harvester. An important
feature that helps to promote the double cropping with traditional crops in both Mediterranean and
Temperate zones.

8. Crambe

8.1. Crambe Main Features

Crambe abyssinica Hocst belongs to Brassicaceae family and it is the only cultivated species of
Crambe genus [193]. Crambe oil can be used for the production of biodiesel [194,195] and jet fuel [12,14],
but it is also suitable for non-energy applications, such as plastic films, adhesives, cosmetics, nylon,
thermal insulation, corrosion inhibitors, synthetic rubber, and industrial lubricant [196–198]. After
a period of decreasing attention on crambe in European Union [13], mostly due to significant yield
variability [199], establishment difficulties linked to low germination energy, capsule persistence,
seed dormancy [200,201], and poor interest of crambe cake for animal feeding [202]; in the last year
there has been growing interest toward this species, as demonstrated by several European projects [203].
The renewed attention to this crop is related to several factors: low degree days requirement (about
1600) to reach maturity and so feasibility for double cropping [204–206], drought resistance, adaptability
to various soil pH values, no seed shattering, higher dimension of the seed if compared to other oil
crops [13], and plant height suitable for mechanical harvesting [207]. Moreover, crambe cultivation
shows lower environmental impact than major oil crops, like, for example, canola [208].

8.2. Crambe Mechanical Harvesting

Scientific tests on mechanical harvesting of crambe were conducted by the University of Wisconsin
in 1991 and University of Nebraska in 1993 [209,210] with conventional combines harvester set as for
wheat harvesting. The optimal setting found is: threshing cylinder speed between 400 and 500 rpm;
concave clearance of 10 mm; and, fan speed 500 rpm. The Authors also suggested to keep the frontal
reel rotation speed slightly faster than the ground speed of the combine harvester in order to minimized
the phenomenon of seed shattering [209,211]. Others studies also support the hypothesis to apply such
strategy for crambe mechanical harvesting under the economic point of view, reporting a harvesting
cost of approximately 47.00 € ha−1 [66,70].

Other studies, which were performed in 2012 with a 1.60 m wide plot combine harvester, aimed
to provide further detailed information regarding the best combine setting. The machine was tested
at three different speeds of working (3.0, 5.0, 8.2 km h−1) and four rotation speeds of the threshing
cylinder (400, 600, 800, and 1000 rpm). According to their findings, the lowest seeds loss, i.e., 3% w/w,
was experienced when the working speed of the combine harvester is 5.04 km h−1 and speed rotation
of the threshing cylinder is 800 rpm [71].

In light of what written above, the status of crambe mechanical harvesting is very similar to
safflower. In fact, the only possible strategy is through using a combine harvester equipped for wheat
harvesting, but set differently. Thus, the possibility to further exploit this oil crop in the future is a
tangible option. Table 5 provides suitable settings of the combine harvester.
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Table 5. Suitable combine harvester setting for crambe [71,209,210].

Parameter Values

Threshing speed (rpm) 400–800
Concave clearance (mm) 10

Fan speed (rpm) 500

9. Castor

9.1. Castor Main Features

The world production of castor oil seeds (Ricinus communis L.) increased from 1.19 Mt in 1998
to 1.4 Mt in 2018, with a pick of 2.74 Mt in 2011 [73], highlighting a constant growing interest on
this species. India is the most productive country of castor oil (more than 80% of the worldwide
production) along with Mozambique, China, Brazil, Myanmar, Ethiopia, Paraguay and Vietnam [212].
Castor can grow well on marginal lands; it is resistant to drought and pests. The seeds oil content
ranges from 35% to 55% w/w for high yield breed type (more than 1000 L ha−1 can be obtained when
cultivated), has one of the highest viscosities among vegetable oils, and a molecular weight of 298 [213].
Globally, it only accounts for 0.15% of the total vegetable oil production [214] but it offers a wide
spate of possible applications that stretch from pharmaceutical and cosmetic sectors to lubricants and
oil-derived products [215]. The obtained bio-oil can also be used as a renewable fuel and chemical
feedstock [216]. However, the content of toxic compounds as ricin in castor beans, curbs the possibility
to cultivate castor plants extensively. In fact, several cases of accidental or intentional contaminations
with ricin have been reported worldwide between 1981 and 2011 [217], although the scientists have
never given up on studying this species.

Castor is relatively high demanding in N requirements when compared with other oil crops, as for
instance soybean [209], and nitrogen availability in the soil promotes the expansion of leaves as well as
the elongation of the stems [218]. Such effects trigger the development of a considerable amount of
aerial biomass, which, in turn, reduces the harvest index of the crop [219].

9.2. Castor Mechanical Harvesting

Capsules are harvested when completely dried and a delay in this phase can lead to high
seed loss for shattering. Castor seeds yield can reach up to 4.44 Mg ha−1 in the Mediterranean
area [220], but the presence of green racemes bearing unripe capsules is a feature that should be
reduced. At least, defoliation and fruit ripening must be artificially induced in order to have
homogeneity among plants. This represents a big issue to address when it comes to harvesting stage,
since more than one pass is mandatory and mechanization is barely possible when the growth is
indeterminate [67,221,222]. Additionally, the use of chemicals and growth regulators are not allowed
in organic farming. Therefore, harvesting is mainly performed manually with negative impact on
the supply chain costs. Literature lacks the knowledge of scientific support regarding the possibility
to harvest castor seeds mechanically, although unofficial tests have been conducted so far. Combine
harvesters that are equipped with modified maize headers are currently used, although fine regulations
of the cylinder speed, cylinder-concave clearance are strongly needed in order to reduce as much as
possible seeds loss and seed damage (no data about combine harvester setting were found in literature).
However, clogging may occur in the case of high quantity of aerial biomass production. The only
dedicated header for castor beans harvesting is currently produced by Evogene Ltd. and Fantini s.r.l
which announced in 2018 the successful results obtained: they reported a reduction of seeds loss from
the current 50% to 5% in two consecutive tests that were performed in 2017 and 2018 on proprietary
castor varieties [223]. Combine harvesters are usually equipped with a cutting bar that is situated in
the lower part of the header, and it cuts the stem of plants at a given height. Consequently, a certain
amount of aerial biomass is conveyed within the cleaning system, which, in the case of castor plants,
is not negligible. On the contrary, a different approach is proposed by Zhao et al. (2019), particularly
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reported the possibility to harvest the capsules only, without cutting and threshing the whole plant.
The innovative system seeks the use of a vibrating system instead of a cutting bar that is mounted on
the header of the combine harvester [68]. Such a strategy is worthy of further investigation in order
to provide scientific evidence on the reliability of such strategy. However, the upstanding residual
biomass can be further collected if necessary. So far, no other scientific evidences have been found
regarding the development of mechanical harvesting machines that are specifically dedicated to castor
beans. However, lots of effort has been put in the selection of desirable traits, like dwarf plant type
(<100 cm), early flowering and maturity (26–29 days and 120–140 days, respectively), seeds weight
(70–80 g/100 seed), and high oil content (54–55%) [224].

10. Discussions and Conclusions

From the comprehensive analysis of the reviewed literature, the main aspect that stands out
is the different degree of mechanical harvesting among herbaceous oil crops. Some of them share
common machineries and strategies; sometimes, even specifically developed technologies are available.
Others still profoundly lack this availability of a such specific machine that is able to harvest the seeds
efficiently. According to the similarities and differences found, it is possible to draw some common
conclusions among the reviewed species.

Sunflower and canola are currently being considered among the major herbaceous oil crops, which
benefit from a well-developed technology for the seeds harvesting worldwide. Combine harvesters can
be equipped with specific headers that can guarantee both high working capacity and low seeds loss.
These two aspects concretely contribute to making the cultivation of them economically sustainable for
farmers. In fact, the final revenue for farmers of a given crop is already jeopardized by the negative
effects of unpredictable biotic factors, like climate and seasonality, and biotic factors, like pests and
diseases, which can occur. Therefore, it is very important to rely on very efficient machines that
accomplish the harvesting task quickly and effectively.

Significant improvements have been found in cardoon harvesting. In fact, the implementation of
the header of the combine harvesters for cardoon seeds harvesting, significantly reduced the amount of
seeds lost from 50% to 3%. Another problem addressed in cardoon cropping, specifically on stony soils,
is the presence of stones in the field that compromise the harvesting. The development of a flexible
cutting bar that can continuously adjust itself to the terrain pattern represents a valid innovation that is
available to farmers. The working speed is still too low, but further research can also improve this
aspect too, getting closer and closer to the combine performance known, for example, in sunflower
and canola.

Differently, safflower and crambe mechanical harvesting relies on a combine harvester that is
equipped with wheat header. The loss of seeds is approximately 3%, which is an acceptable value. This
is a very interesting feature for farmers who cultivate cereals. In fact, they could broaden the number
of crops cultivated without spending more money on new machineries. However, during the in the
last years, the interest on safflower and crambe has not been constant.

Finally, it is possible to consider the mechanical harvesting of both camelina and castor not yet
satisfying. They have both shown a fast growing interest in the scientific community, but, on the
other hand, very little efforts have been put to the enhancement of specific mechanical harvesting.
Several papers and scientific projects have been studying camelina and castor under the agronomic,
genetic, and biochemical point of view, but, indeed, very little is known in the possible strategies for
mechanical harvesting. Nowadays, contractors borrow the harvesting strategy from other crops (i.e.,
wheat header for camelina and maize one for castor), which show the major drawback to exhibit high
loss of seeds. Additionally, very little is reported about seed loss, work productivity, and harvesting
costs in the literature. These are the key issues for the development of efficient supply chains and
future scientific research should focus on addressing this. Although the scientific community agrees
on using a combine harvester for collecting the seeds, further studies on the possible regulations as
well as possible modifications to apply to the machine are strongly needed and encouraged.
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In oil crops cultivation, two major concerns arise: the economic sustainability (the cost of biodiesel
production is currently higher than oil-derived diesel) and the competition with food crops for land
use. Recently, the cultivation of industrial crops on marginal lands has gained interest throughout
the Europe, and ongoing research activities focus on providing scientific evidence on such strategy.
However, it is not an easy task to accomplish since the productivity of marginal lands is usually
lower. Besides, if the harvesting phase is not effective, the overall strategy is not sustainable under the
economic point of view. Hence, it is important to improve the harvesting machines and strategies,
along with the genetic and agronomic ameliorations of the oil crops.
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impacts associated with the operation of combine harvesters during the harvesting of winter oilseed rape.
J. Environ. Eng. Landsc. Manag. 2019, 27, 72–81. [CrossRef]

28. Haile, T.A.; Holzapfel, C.B.; Shirtliffe, S.J. Canola genotypes and harvest methods affect seedbank addition.
Agron. J. 2014, 106, 236–242. [CrossRef]

29. Fríd, M.; Dolan, A.; Celjak, I.; Filip, M.; Bartos, P. Harvest of cereals and oilseeds rape by combine harvesters
New Holland CX 8090 and New Holland CR 9080. Poljopr. Teh. 2017, 42, 19–24.
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186. Krzyżaniak, M.; Stolarski, M.J.; Graban, Ł.; Lajszner, W.; Kuriata, T. Camelina and Crambe Oil Crops for
Bioeconomy—Straw Utilisation for Energy. Energies 2020, 13, 1503. [CrossRef]

27



Agriculture 2020, 10, 309

187. Zanetti, F.; Gesch, R.W.; Walia, M.K.; Johnson, J.M.F.; Monti, A. Winter camelina root characteristics and
yield performance under contrasting environmental conditions. Field Crop. Res 2020, 252, 107794. [CrossRef]

188. Li, X.; Mupondwa, E. Production and value-chain integration of Camelina Sativa as a dedicated bioenergy
feedstock in the Canadian prairies. In Proceedings of the 24th European Biomass Conference and Exhibition,
Amsterdam, The Netherlands, 6–9 June 2016; pp. 151–157.

189. Simsek, S. Effects of biodiesel obtained from Canola, sefflower oils and waste oils on the engine performance
and exhaust emissions. Fuel 2020, 265, 117026. [CrossRef]

190. Oba, G.C.; Goneli, A.L.D.; Masetto, T.E.; Hartmann-Filho, C.P.; Michels, K.L.L.S.; Ávila, J.P.C. Artificial drying
of safflower seeds at different air temperatures: Effect on the physiological potential of freshly harvested and
stored seeds. J. Seed Sci. 2019, 41, 397–406. [CrossRef]

191. Martins, E.A.S.; Goneli, A.L.D.; Gonçalves, A.A.; Hartmann Filho, C.P.; Rech, J.; Oba, G.C. Physical properties
of safflower grains. Part II: Volumetric shrinkage. Rev. Bras. Eng. Agric. Ambient. 2017, 21, 350–355.
[CrossRef]

192. Pari, L.; Alfano, V.; Scarfone, A.; Toscano, G. Tecnologie Innovative per un Utilizzo Efficiente dei Co-Prodotti
Agricoli; Compagnia delle Foreste: Arezzo, Italy, 2016.

193. Desai, B.B.; Kotecha, P.M.; Salunkhe, D.K. Seeds Handbook. Biology, Production, Processing, and Storage;
Dekker, M., Ed.; Mareel Dekker: New York, NY, USA, 2004.

194. Tavares, G.R.; Massa, T.B.; Gonçalves, J.E.; da Silva, C.; dos Santos, W.D. Assessment of ultrasound-assisted
extraction of crambe seed oil for biodiesel synthesis by in situ interesterification. Renew Energy 2017, 111,
659–665. [CrossRef]

195. Costa, E.; Almeida, M.F.; Alvim-Ferraz, C.; Dias, J.M. The cycle of biodiesel production from Crambe
abyssinica in Portugal. Ind. Crop. Prod. 2019, 129, 51–58. [CrossRef]

196. Falasca, S.L.; Flores, N.; Lamas, M.C.; Carballo, S.M.; Anschau, A. Crambe abyssinica: An almost unknown
crop with a promissory future to produce biodiesel in Argentina. Int. J. Hydrogen Energy 2010, 35, 5808–5812.
[CrossRef]

197. Zhu, L.H.; Krens, F.; Smith, M.A.; Li, X.; Qi, W.; Van Loo, E.N.; Iven, T.; Feussner, I.; Nazarenus, T.J.;
Huai, D.; et al. Dedicated Industrial Oilseed Crops as Metabolic Engineering Platforms for Sustainable
Industrial Feedstock Production. Sci. Rep. 2016, 6, 1–11. [CrossRef]

198. Oliveira, R.L.D.; Dias, L.A.D.S.; Corrêa, T.R.; Ferreira, P.H.S.; Silva, M.F.D. Divergence and estimates of
genetic parameters in Crambe abyssinica: An oilseed plant for industrial uses. Rev. Ceres 2018, 65, 500–506.
[CrossRef]

199. Meijer, W.J.M.; Mathijssen, E.; Kreuzer, A.D. Low pod numbers and inefficient use of radiation are major
constraints to high productivity in Crambe crops. Ind. Crop. Prod. 1999, 9, 221–233. [CrossRef]

200. Berti, M.T.; Johnson, B.L.; Manthey, L.K. Seed physiological maturity in Cuphea. Ind. Crop. Prod. 2007, 25,
190–201. [CrossRef]

201. Gettys, L.A.; Werner, D.J. Stratification unnecessary for germination of seeds of Stokes Aster [Stokesia laevis
(J. Hill) Greene]. Proc Fla. State Hortic. Soc. 2001, 114, 250–251.

202. Goos, R.J.; Johnson, B.; Bourguignon, C. Preliminary evaluation of the soil application value of crambe meal.
Commun. Soil Sci. Plant Anal. 2009, 40, 3211–3224. [CrossRef]

203. Zanetti, F.; Scordia, D.; Vamerali, T.; Copani, V.; Dal Cortivo, C.; Mosca, G. Crambe abyssinica a non-food
crop with potential for the Mediterranean climate: Insights on productive performances and root growth.
Ind. Crop. Prod. 2016, 90, 152–160. [CrossRef]

204. Adamsen, F.J.; Coffelt, T.A. Planting date effects on flowering, seed yield, and oil content of rape and crambe
cultivars. Ind. Crop. Prod. 2005, 21, 293–307. [CrossRef]

205. Soratto, R.P.; de Souza-Schlick, G.D.; Fernandes, A.M.; Souza, E.D.F.C.D. Effect of fertilization at sowing on
nutrition and yield of crambe in second season. Rev. Bras. Cienc. Solo 2013, 37, 658–666. [CrossRef]

206. Wu, W. Sustainable crop rotation for improving crop productivity and environmental safety: A book review.
J. Clean. Prod. 2018, 176, 555–556. [CrossRef]

207. Zorzenoni, T.O.; de Andrade, A.P.; Higashibara, L.R.; Cajamarca, F.A.; Okumura, R.S.; Prete, C.C. Sowing date
and fungicide application in the agronomic performance of oleaginous brassica for the biodiesel production.
Rev. Ceres 2019, 66, 257–264. [CrossRef]

28



Agriculture 2020, 10, 309

208. Costa, E.; Almeida, M.F.; Alvim-Ferraz, C.; Dias, J.M. Cultivation of Crambe abyssinica non-food crop in
Portugal for bioenergy purposes: Agronomic and environmental assessment. Ind. Crop. Prod. 2019, 139,
111501. [CrossRef]

209. Oplinger, E.S.; Oelke, E.A.; Kaminski, A.R.; Putnam, D.H.; Teynor, T.M.; Doll, J.D.; Kelling, K.A.; Durgan, B.R.;
Noetzel, D.M. Crambe: Alternative Field Crops Manual; University of Wisconsin and University of Minnesota:
Saint Paul, MN, USA, 1991.

210. Nelson, L.A.; Grombacher, A.; Baltensperger, D.D. Crambe Production. In Historical Materials from University
of Nebraska-Lincoln Extension; University of Nebraska-Lincoln: Lincoln, NE, USA, 1993.

211. Santangelo, E.; Menesatti, P.; Pari, L.; Fedrizzi, M. Possibilità produttive e di meccanizzazione del crambe.
Inf. Agrar. 1994, 50, 31.

212. Polito, L.; Bortolotti, M.; Battelli, M.G.; Calafato, G.; Bolognesi, A. Ricin: An ancient story for a timeless plant
toxin. Toxins 2019, 11, 324. [CrossRef]

213. Khatiwora, E.; Adsul, V.B.; Kulkarni, M.M.; Deshpande, N.R.; Kashalkar, R.V. Spectroscopic determination of
total phenol and flavonoid contents of ipomoea carnea. Int. J. ChemTech Res. 2010, 2, 1698–1701.

214. Scholz, V.; Silva, J. Prospects and risks of the use of castor oil as a fuel. Biomass Bioenergy 2008, 32, 95–100.
[CrossRef]

215. Nautiyal, O.H. Castor Oil and Its Derivatives’ With Market Growth, Commercial Perspective: Review.
Org. Med. Chem. Int. J. 2018, 6, 1–13. [CrossRef]

216. Mohammed, T.H.; Lakhmiri, R.; Azmani, A.; Hassan, I.I. Bio-oil from Pyrolysis of Castor Shell. Int. J. Basic
Appl. Sci. 2014, 14, 1–5.

217. Roxas Duncan, V.I. Of Beans and Beads: Ricin and Abrin in Bioterrorism and Biocrime. J. Bioterror. Biodef.
2011, 8. [CrossRef]

218. Reddy, K.R.; Matcha, S.K. Quantifying nitrogen effects on castor bean (Ricinus communis L.) development,
growth, and photosynthesis. Ind. Crop. Prod. 2010, 31, 185–191. [CrossRef]

219. Wnuk, A.; Górny, A.G.; Bocianowski, J.; Kozak, M. Visualizing harvest index in crops. Commun. Biometry
Crop Sci. 2013, 8, 48–59.

220. Alexopoulou, E.; Papatheohari, Y.; Zanetti, F.; Tsiotas, K.; Papamichael, I.; Christou, M.; Namatov, I.; Monti, A.
Comparative studies on several castor (Ricinus communis L.) hybrids: Growth, yields, seed oil and biomass
characterization. Ind. Crop. Prod. 2015, 75, 8–13. [CrossRef]

221. Baldanzi, P. 1998 Selection for Non-Branching in Castor Ricinus communis L. Plant Breed. 1998, 117, 392–394.
[CrossRef]

222. Vandenborre, G.; Smagghe, G.; Van Damme, E.J.M. Plant lectins as defense proteins against phytophagous
insects. Phytochemistry 2011, 72, 1538–1550. [CrossRef]

223. Evofuel and Fantini s.r.l Breakthrough in Mechanical Harvesting for Castor Bean. Available
online: https://www.evogene.com/press_release/evofuel-fantini-s-r-l-announce-breakthrough-mechanical-
harvesting-castor-bean/. (accessed on 25 February 2020).

224. Anjani, K. Castor genetic resources: A primary gene pool for exploitation. Ind. Crop. Prod. 2012, 35, 1–14.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

29





agriculture

Article

Effects of Site, Genotype and Subsequent Harvest
Rotation on Willow Productivity
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Abstract: Perennial crops harvested in short rotations provide substantial amounts of biomass.
This study determined the survival rate, biometric features and yield of fresh and dry biomass of
15 willow genotypes (including seven varieties and eight clones), cultivated at two different sites in
two consecutive three-year harvest rotations. The study revealed the very high impact of the genotype
(81% of the total variance) on the willow yield. The harvest rotation, along with the genotype, had a
significant impact on the plant survival rate and the number of shoots per stool. Willow biomass was
mainly affected by the plant height, its survival rate and shoot diameter. The significantly highest fresh
(106 Mg ha−1) and dry biomass yield (54.0 Mg ha−1) was obtained from the Żubr variety of S. viminalis,
which distinguished this variety from the other genotypes. The mean yield for the best three and five
genotypes was 13% and 17% lower, respectively, and the mean yield for the whole experiment was
37% lower compared to the mean yield of the best variety (Żubr). Therefore, the choice of a willow
genotype is of key importance for successful willow production.

Keywords: Salix; genoype × site interaction; survivability; biometric features; plant height;
fresh biomass yield; dry biomass yield

1. Introduction

Perennial crops, grown on agricultural land and harvested in short rotations, can provide
substantial amounts of biomass [1–4]. Until now, biomass was usually used as energy feedstock and its
use for industrial purposes and in integrated biorefineries has only recently been contemplated [5–8].

There are three major categories of perennial crops grown for biomass. These are short rotation
woody crops (SRWCs) such as willow, poplar, eucalyptus, black locust; herbaceous crops such as
Virginia mallow, willow-leaf sunflower, cup plant; grasses such as giant miscanthus, prairie cordgrass,
switchgrass and giant reed [9–11]. Although such a large diversity of perennial crops offers the
advantage of providing farmers with many choices, one has to possess sufficient knowledge in this
regard. Obtaining a high biomass yield throughout the period of the plantation use (which has a
significant impact on the production process profitability) requires making a proper selection of species
and cultivars suitable for specific weather and site conditions [12–14].

Willow has several advantages as an SRWC, including a wide range of genetic diversity,
easy reproduction, tolerance to a wide range of site conditions, ability of new shoots to rapidly regrow
after multiple harvests, possibility of harvests in different rotations, resistance to disadvantageous
environmental conditions, e.g., morning frost, wet snow and strong winds [4,15,16]. Therefore,
willow biomass production in short harvest rotations has been researched in many countries, including
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Europe [17–19], Canada and the USA [20–23]. Production of willow as an SRWC can be profitable [24,25],
its energy balance is positive [26,27] and it brings measurable environmental benefits [15,28–30].

The advantages of willow and benefits from its cultivation as an SRWC are very important and
can encourage potential producers to decide to start willow biomass production. However, for willow
production to be economically, energy-efficiently and environmentally viable, it has to provide stable
and high biomass yield per unit area [31]. The main factors that determine the willow biomass yield have
been analysed for years and they include: (1) the choice of a suitable species and cultivar [18,23,31,32];
(2) soil conditions [13,18]; (3) weather conditions [31,33]; (4) agrotechnical procedures, including the
fertilisation type and rate [17,34]; (5) planting density and harvesting frequency [9,31]. It should be
noted that all of these factors are important, and they have a combined impact on the final effect, i.e.,
the willow biomass yield. However, when attempting to rank these factors, the choice of the species
and variety should be identified as the most important. In consequence, if a biomass producer chooses
a wrong willow species or variety, he will not achieve a high biomass yield even if the plantation is set
up at a very good site, with the optimum weather and agrotechnical conditions. Moreover, the biomass
producer, who has a very limited influence (or sometimes none) on the site or weather conditions,
enjoys the full (100%) responsibility for the choice of plant species and variety.

Therefore, because of the large diversity of willow species, varieties and genotypes fit for cultivation
as SRWCs and since willow production produces higher yield (per year of plantation use) in three-year
harvest rotations [4,9,31], research was conducted to determine (1) survival rate and biometric features;
(2) yield of fresh and dry biomass of 15 willow genotypes (including seven varieties and eight clones),
cultivated at two different sites in two consecutive three-year harvest rotations. These findings were
subsequently used to: (3) quantitatively determine the relative contribution of genetic and site-related
factors and their interactions in explaining the variance of willow survival rate, biometric features and
biomass yield.

2. Materials and Methods

2.1. Field Experiments

Two identical single-factorial field experiments were conducted in 2013–2018 at two experimental
stations of the University of Warmia and Mazury (UWM), located near the villages of Bałdy and Obory
in Poland. The experiment at Bałdy (Warmińsko-Mazurskie Province, 53◦35′48′′ N, 20◦36′12′′ E) was
set up on mud-muck soil developed on calcareous gyttja in loamy subsoil. Willow cuttings were
planted in April 2008 at a high density of 48 thousand per ha. The cuttings were planted in two-row
strips with rows spaced every 0.75 m. The strips were spaced every 0.90 m. The cuttings in each
row were planted every 0.25 m. Willows were coppiced in 2008–2012 in one-year rotations because it
was believed at the time that it was a potentially interesting method for willow cultivation in small
farms. However, as the market situation has changed since 2013, it was decided to extend the willow
harvest cycle, which is why the plants were harvested twice in two subsequent three-year rotations:
the first one (I) covering the years 2013–2015, and the second (II) the years 2016–2018. An identical field
experiment was set up in April 2009 at Obory (Pomorskie Province, (53◦43′34′′ N, 18◦53′55′′ E) on
humic heavy alluvial soil, formed from silty clay. The planting method was the same as at the Bałdy site.
The willow at Obory was also coppiced in one-year rotations in 2009–2012. Subsequently (like at Bałdy),
starting with 2013, willow was harvested twice in consecutive three-year rotations (I—2013–2015,
II—2016–2018). Therefore, it must be explained that although the Bałdy experiment was set up a
year earlier (2008) than the Obory experiment (2009), it had no significant direct impact on the results
analysis in later three-year harvest rotations (2013–2018). This was a consequence of the fact that both
at Bałdy and Obory, willows had been harvested earlier every year: five and four times, respectively.
Plants harvested in the first three-year rotation grew on eight- and seven-year old stools, so the root
systems can be regarded as very well-developed and the plants were giving the full yield. The stools
in the second three-year rotation were 10 and 11 years old.
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Fifteen identical willow genotypes of nine different species and interspecies hybrids were tested
at each site (Bałdy and Obory) (Table 1). The 15 willow genotypes included seven varieties registered
at the Centre for Cultivar Testing in Słupia Wielka, and eight clones—all of them bred and kept at
the collection of UWM. At each site (Bałdy and Obory), each genotype was planted in a 150-m2 strip.
At both sites, within each strip, three 40-m2 plots were randomly designated to conduct biometric
measurements and determine the plant density and biomass yield.

The same mineral fertilisation was applied in each experiment before the next three-year rotation was
begun. Therefore, the following fertilisers were applied in April 2013 and 2016: nitrogen as ammonium
nitrate (90 kg ha−1 N), phosphorus as triple superphosphate (13 kg ha−1 P) and potassium—as potassium
salt (50 kg ha−1 K).

Table 1. Genotypes (varieties and clones) of willow tested in two identical field experiments at Bałdy
and Obory.

Species Genotype Status (Variety or Clone) Name

Salix viminalis variety Start
S. viminalis variety Sprint
S. viminalis variety Turbo
S. viminalis variety Tur
S. viminalis variety Kortur
S. viminalis variety Oltur
S. viminalis variety Żubr
S. acutifolia clone UWM 093

S. alba clone UWM 095
S. dasyclados clone UWM 155

S. fragilis clone UWM 195
S. pentandra clone UWM 035
S. triandra clone UWM 198

S. viminalis × S. amygdalina clone UWM 054
S. viminalis × S. purpurea clone UWM 033

2.2. Willow Survival Rate, Biometric Features and Biomass Yield

The plant density on three plots at each site for each harvest rotation was determined for each
genotype after the growing seasons ended and it was subsequently calculated per 1 ha. Moreover,
the plant survival rate (%) was determined. The height (m) and diameter (mm) of shoots were measured
in ten randomly selected plants on each plot. The height was measured from the ground level to
the top of the tallest plant shoot. The shoot diameter was measured 0.50 m above the ground level.
The number of shoots per stool was also determined in ten replicates on each plot. Only live shoots
taller than 1.50 m were taken into account, whereas dry shoots were excluded. Thus, each analysed
biometric feature (height, diameter, number of shoots) was measured 30 times for each genotype at
each site and for each harvest rotation. This makes up a total of 1800 measurements of each feature,
which constituted input data for further analyses.

The plants were harvested in winter (February 2016 and 2017) manually with a chainsaw after
each three-year rotation. Immediately after harvest, the whole mass of shoots from each plot was
weighed (within an accuracy of 0.01 kg) and the fresh biomass yield was calculated (Mg ha−1 f.m.).
Representative biomass samples (approximately 3 kg) were collected during harvest from entire plants
of each genotype from each plot to determine the moisture content in it. The biomass moisture content
was determined at 105 ◦C using the oven dry method (EN ISO 18134-1:2015). Subsequently, the moisture
content and the fresh biomass yield were used to calculate the dry biomass yield (Mg ha −1 d.m.
(dry matter yield)). The biomass yields from the three-year rotations were divided by three to present
the biomass yield per one year of plantation use. Moreover, a ranking of the mean dry biomass yield
(Mg ha−1 year−1 d.m.) for 15 willow genotypes from two sites in two consecutive three-year rotations
was developed.
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2.3. Statistical Analysis

All statistical analyses were conducted with STATISTICA 13.3 software (TIBCO Software Inc.,
Palo Alto, CA, USA 2017). Such variables as survival rate, number of shoots per stool, shoot diameter,
plant height, fresh matter yield (f.m.) and dry matter yield (d.m.) were analysed statistically by
a repeated-measures ANOVA, with site and genotype as the grouping factors and the replicates
were nested in the site effect. The rotation effect was the only factor used for repeated measures.
The significance of the factors and their interactions were tested at the significance level of α = 0.05.
The statistics F from these analyses are shown in the table of results. The percentage share of all
the analysis effects under study in the total sum square (total SS) was calculated. This measure
explained the share of individual factors in the trait variance. Moreover, Tukey′s honest significant
difference (HSD) test with p < 0.05 was used to evaluate the significance of differences between the
subsequently determined means and homogeneous groups. Multiple regression analysis was applied
in an assessment of the relationship between fresh and dry matter yield and the morphological features
of plants. The variability of the analysed features in relation to the experimental conditions was
evaluated using coefficients of variation (CV%).

2.4. Soil and Weather Conditions during the Experiments

Soil examinations at Bałdy showed that the mud-muck soil was neutral, with pH 7.2 in KCl.
The humus content was 16.3%. The content of P2O5, K2O and Mg was: 1435 mg, 560 mg and 637 mg kg−1

of soil, respectively. The complete humic heavy alluvial soil at Obory was also neutral with pH 7.0 in KCl.
The humus content was lower: 7.09%. The content of P2O5, K2O and Mg was also lower than at Bałdy:
488 mg, 300 mg and 157 mg kg−1 of soil, respectively. However, despite the differences in the contents of
these elements, the soil at both sites (Bałdy and Obory) was good and fertile.

The sites were about 150 km apart, which is why the weather conditions were different. The average
air temperature during six growing seasons (April–October) at Obory ranged from 13.3 ◦C to 16.0 ◦C,
in 2017 and 2018, respectively (Table S1). The average temperature at Obory was always higher
compared to Bałdy by 0.1 ◦C to 1.3 ◦C. Therefore, the annual average air temperature during the six
years of the experiment at Obory (9.0 ◦C) was higher by approximately 0.7 ◦C compared to Bałdy.
July and August were always the warmest months, with average monthly temperatures reaching 21 ◦C.
The highest temperatures at both sites during the six growing seasons of the experiment were recorded
in 2018.

It was the opposite case with precipitation because the average precipitation over six years at
Bałdy (598 mm) was higher by approximately 20% than at Obory (Figure S1). The average precipitation
during the growing season (April–October) at Bałdy (414 mm) was approximately 18% higher than
Obory. Moreover, particularly large differences in the precipitation between the study sites were
recorded during the second three-year harvest rotation (2016–2018) because precipitation during all the
three growing seasons was higher at Bałdy than at Obory by 80–159 mm. The largest difference was
recorded during the hottest growing season of 2018, when 419 mm of precipitation was recorded at
Bałdy and only 260 mm at Obory. On the other hand, the highest precipitation during the whole six-year
study period was recorded during the growing season of 2017 (533 and 612 mm, at Obory and Bałdy,
respectively). The annual precipitation was also the highest in 2017: 640 and 803 mm, respectively.

3. Results

3.1. Plant Survival Rate, Number of Shoots, Plant Height and Shoot Diameter

The willow survival rate, number of shoots per stool and plant height differed significantly
depending on the site, genotype, harvest rotation and interactions between most of these factors
(Table 2). The shoot diameter was significantly differentiated only by the genotype, harvest rotation
and the genotype-site interaction. The mean plant survival rate for all genotypes, sites and harvest
rotations was 42.0% after the ten years of the experiment (Figure 1). Notably, since the initial planting
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density was very high (48 thousand per ha), the plant density in the last three-year rotation was still
high—approximately 20 thousand per ha. The willow survival rate was differentiated to the greatest
extent by the genotype—61% of the total variance, followed by the harvest rotation (17%) and the
genotype–site interaction (13%) (Table 2). Among the genotypes under study, the highest survival
rate was observed in the hybrid S. viminalis × S. amygdalina UWM 054 (nearly 62%) and the lowest
was UWM 093 of S. acutifolia (only 20%) (Figure 1). The mean survival rate at Obory was higher by
1.5 percentage point (pp) compared to that at Bałdy. The mean willow survival rate in the first harvest
rotation was 46.4%, whereas it decreased significantly in the second rotation by 8.8 pp.

The genotype had the greatest share in the variance of the number of shoots per stool (29%),
followed by the harvest rotation, site and their interaction (Table 2). Among the genotypes under
study, the significantly highest mean number of shoots (5.6) per stool was found on S. fragilis UWM
195, and the fewest were on UWM 093 of S. acutifolia (Figure 2). The mean number of shoots per stool
at Bałdy (4.6) was larger by one than at Obory. It was similar when this attribute in the second harvest
rotation was compared to the first rotation. It should be linked to the lower plant survival rate at Bałdy
than at Obory and to decreasing plant survival rate in the second harvest rotation compared to the first
harvest rotation. Owing to the smaller plant density, a larger number of shoots per rootstock were able
to grow and survive.

 

Figure 1. The survival rate of 15 willow genotypes from two sites in two consecutive three-year rotations
(legend: error bars denote the standard error of mean; lower case letters a–f denote homogeneous
groups from the Tukey test for mean values for genotypes regardless of the site and show differences
between genotypes; underlined upper case letters A, B denote homogeneous groups for mean values
for harvest rotation and show differences between rotations; bold upper case letters A, B denote
homogeneous groups for mean values for sites and show differences between sites; ns denote not
significant).
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The plant height was determined to the greatest extent by the genotype (nearly 81%), followed by
interaction of the site and genotype (8%) (Table 2). Among the 15 genotypes under study, plants of
the Żubr variety (S. viminalis) were the significantly tallest (6.9 m), whereas those of the UWM 093
genotype of S. acutifolia were the shortest (4.1 m) (Figure 3). Plants at Bałdy were taller by 0.2 m on
average compared to those growing at Obory and the plants were taller in the second rotation.

An assessment of the impact of the studied factors on the shoot diameter showed similar
dependence for the plant height, as this attribute is determined the most strongly by the genotype
(53%), followed by the interaction of site and genotype (14%) (Table 2). Shoots of the Żubr variety
(S. viminalis) were also the thickest: mean 35.5 mm. On the other hand, shoots in the UWM 093
genotype and the Start variety were the thinnest (Figure 4). It is also noteworthy that individual
variance in the objects under study had a greater share compared to the other shoot diameter attributes
and the number of shoots per stool.

 

Figure 2. The number of shoots per stool of 15 willow genotypes from two sites in two consecutive
three-year rotations (legend: see Figure 1).

3.2. Biomass Yield

Both the fresh and dry biomass yield were differentiated by the genotype and harvest rotation and
by their interaction. However, no site impact on the biomass yield was observed (Table 2). The biomass
yield was differentiated to the greatest extent by the genotype (81% of the total variance), followed by
the interaction of genotype and site (8%) and harvest rotation (4%). Among the genotypes under study,
the significantly highest fresh biomass yield (106 Mg ha−1) was obtained from the Żubr variety of
S. viminalis, which distinguished this variety against the other genotypes (Figure 5). On the other
hand, because of the lowest survival rate and the poorest biometric features, the fresh biomass yield
for the UWM 093 genotype of S. acutifolia was very low (8 Mg ha−1), which practically eliminates this
genotype from further research devoted to willow yield assessment. Furthermore, the mean yield of
the other 13 genotypes was lower from 17% up to 54%, for S. fragilis UWM 195 and Start, respectively,
when compared with the Żubr variety. The fresh biomass yield in the first three-year harvest rotation,
when the plants were harvested from the 7-year-old stool, was higher by over 9 Mg ha−1 compared to
the second rotation yield.
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When the biomass moisture content was taken into account, the relationships for dry biomass
yield were similar to those for the fresh biomass yield. The significantly highest mean dry biomass
yield (54.0 Mg ha−1) was obtained from the Żubr variety of species S. viminalis (Figure 6). On the
other hand, the poorest UWM 093 genotype of species S. acutifolia yielded only 4 Mg ha−1. The other
13 genotypes gave a lower yield, from 17% up to 56%, for UWM 195—an S. fragilis genotype—and
UWM 155 of S. dasyclados, respectively. The mean dry biomass yield in the first three-year harvest
rotation (36.6 Mg ha−1) was higher by 4.8 Mg ha−1 compared to the second rotation yield.

 

Figure 3. The plant height of 15 willow genotypes from two sites in two consecutive three-year rotations
(legend: see Figure 1).

 

Figure 4. The shoot diameter of 15 willow genotypes from two sites in two consecutive three-year
rotations (legend: see Figure 1).
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Figure 5. Fresh biomass yield of 15 willow genotypes from two sites in two consecutive three-year
rotations (legend: see Figure 1).

 

Figure 6. Dry biomass yield of 15 willow genotypes from two sites in two consecutive three-year
rotations (legend: see Figure 1).
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Both the fresh and dry biomass yields were significantly affected by the plant survival rate and
their biometric features. The Pearson correlation coefficients (Table 3) showed significant inter-relations
between the fresh or dry biomass yield and the plant height, shoot diameter and the plant survival
rate. However, for the latter feature, the authors considered the number of plants, which survived
until the subsequent 3-year harvest rotation rather than the initial planting density.

The greatest correlation strength was observed for the plant height (up to 0.76). It is this feature
that was the principal determinant of the biomass yield, although the number of shoots did not
correlate significantly with the biomass yield. Multiple regression models (Table 4) have confirmed
these relations and the R2 coefficients not only expand interpretations by providing information on a
good fit of the regression models to experimental data, but also these three significant characteristics
alone explained 75% of the biomass yield variance.

Table 3. Pearson correlation coefficients between the fresh and dry biomass yield and the yield structure
elements: survival rate, number of shoots, height and diameter.

Variable Survival No. of Shoots Height Shoot Diameter

Fresh matter yield 0.57 ** 0.15 0.76 ** 0.55 **
Dry matter yield 0.56 ** 0.17 0.75 ** 0.54 **

** p < 0.01.

Table 4. Multiple regression analysis in an assessment of the relationship between fresh or dry matter
yield and biometric features.

Parameter Parameter Value p-Value

Fresh matter yield
Intercept −98.95 <0.0001
Survival 2.18 <0.0001

No. of shoots 0.85 0.4826
Height 15.12 <0.0001

Shoot diameter 1.21 0.0186

R2 0.76
R2

adj. 0.74
Dry matter yield

Intercept −51.27 <0.0001
Survival 1.11 <0.0001

No. of shoots 0.58 0.3615
Height 7.64 0.0001

Shoot diameter 0.64 0.0180

R2 0.75
R2

adj. 0.73

Significant parameters are shown in bold.

The coefficients of variation analyses showed the lowest variation (13.3%) in the total approach
for height and the highest (38.3%) for the number of shoots (Table 5). The same pattern was observed
when this variation was broken down into the principal components: site, genotype and rotation.
The biomass yield variation was 36%. Therefore, since biomass yield depends on several uncontrollable
biotic and abiotic factors, it can be claimed that these results are good and relatively stable. Moreover,
taking into account the effect of the principal components on the variation of the characteristics,
the lowest variation was determined by the genetic factor (genotype). The genotype variation ranged
from 5.9% (height) to 30.7% (number of shoots) and the effect of the other two principal factors
(site and rotation) had a similar impact on individual variables.

It is very important in an assessment of the willow biomass yield to present the dry biomass yield
per one year of plantation use. Such yield in the whole experiment presented in this paper amounted
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to 11.4 Mg ha−1 year−1 d.m., regardless of the genotype, site or harvest rotation (Figure 7). Moreover,
seven out of the 15 genotypes under study gave a higher yield than the mean from the whole experiment.
However, the differences between genotypes, sites and rotations were large because the highest-yielding
Żubr variety gave a mean yield of 18 Mg ha−1 year−1 d.m., and 20.3 Mg ha−1 year−1 d.m. in the first
harvest rotation at Obory (Table 6). The mean yield for the best three and five genotypes was lower by
13% and 17%, respectively, and the mean yield of the whole experiment was lower by 37% compared to
the mean yield of the best variety (Żubr). It is also noteworthy that all of the genotypes in the second
harvest rotation at each site gave a lower yield than in the first rotation. The yield decrease in the second
rotation at Obory was much larger (mean 18%) compared to Bałdy (mean 8%). Moreover, only in the first
rotation was the mean dry biomass yield higher at both sites than the mean for the whole experiment.

Table 5. Percent coefficients of variation (CV%) for site, genotype, harvest rotation and total for the
willow characteristics under study.

Variable Site Genotype Rotation Total

Survival 25.42 17.43 23.59 25.50
No. of shoots 34.95 30.73 33.10 38.31

Height 13.24 5.90 13.27 13.32
Shoot diameter 20.25 14.25 20.01 20.24

Fresh matter yield 35.89 18.61 35.19 35.82
Dry matter yield 36.27 18.97 35.59 36.19

 

Figure 7. Ranking of the mean dry biomass yield (Mg ha−1 year−1 d.m.) for 15 willow genotypes
from two sites in two consecutive three-year rotations (error bars denote the standard error of mean;
letters a–f denote homogeneous groups).
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Table 6. First and second three-year rotation dry biomass yields (Mg ha−1 year−1 d.m.) and changes in
yield for the top 1, 3, 5 and all 15 willow genotypes at two sites in northern Poland.

Genotype Bałdy Obory Mean for Two Sites

Top 1

1st rotation yield 18.0 20.3 19.2

2nd rotation yield 17.6 16.1 16.8

yield difference −0.4 −4.3 −2.3

% of yield decrease 2.1 20.9 12.1

mean yield from two rotations 17.8 18.2 18.0

% of mean yield compared to the
highest-yielding genotype 100.0 100.0 100.0

Top 3

1st rotation yield 16.7 17.6 17.1

2nd rotation yield 15.4 13.1 14.3

yield difference −1.3 −4.4 −2.9

% of yield decrease 7.8 25.3 16.8

mean yield from two rotations 16.1 15.3 15.7

% of mean yield compared to the
highest-yielding genotype 90.4 84.2 87.3

Top 5

1st rotation yield 15.6 17.0 16.3

2nd rotation yield 14.3 12.9 13.6

yield difference −1.3 −4.1 −2.7

% of yield decrease 8.5 24.0 16.5

mean yield from two rotations 14.9 14.9 14.9

% of mean yield compared to the
highest-yielding genotype 84.0 81.9 83.0

Mean for all
15 genotypes

1st rotation yield 12.0 12.4 12.2

2nd rotation yield 11.0 10.2 10.6

yield difference −1.0 −2.2 −1.6

% of yield decrease 8.2 17.7 13.0

mean yield from two rotations 11.5 11.3 11.4

% of mean yield compared to the
highest-yielding genotype 64.7 62.1 63.4

4. Discussion

In the present study, the willow plant survival rate decreased naturally with increasing plantation
age. It was also found in other research by the authors that the willow survival rate over 12 consecutive
years was significantly differentiated by the genotype, harvest rotation and the initial planting
density [31]. The willow survival rate in that research decreased rapidly in the first and second harvest
rotation (88% and 58%). It was more stable in the third and fourth rotation, with a slightly decreasing
trend (51% and 47%). The highest survival rate in the four three-year harvest rotations was determined
for the UWM 095 genotype in the first and fourth rotation (91% and 53%, respectively).

The mean survival rate of 30 willow genotypes in research conducted in Canada was also highly
varied [35]. The mean willow survival rate after the second three-year rotation in that research was
60% (ranging from 3% to 94%) and it was lower by 25% compared to the first rotation. Furthermore,
the survival rate of 12 willow genotypes in the first three-year harvest rotation in a study conducted in
the USA ranged from 63% to 100%, and from 60% to 97% in the subsequent rotation [36]. In another
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study, the mean survival rate of seven willow genotypes after the first three-year rotation was 75%,
but the inter-genotype differences were large, ranging from 44% to 85% [37].

In the present study, the number of shoots per rootstock ranged widely from 1.8 to 6.6, whereas in
research on 25 willow plantations in Denmark, the number of shoots also ranged widely—from 1.4 to
9.9 shoots per stool depending on the cultivar, plantation age and harvest rotation [38]. The number of
three-year-old willow shoots per stool ranged from 2.1 to 3.1. A similar number of shoots per stool
(2.7) for seven willow genotypes in a three-year harvest rotation were found in another study [37].
An even smaller mean number of shoots per stool (1.4–2.3) were found in the willow harvested in the
first five-year harvest rotation in Spain [39].

In the present study, the Żubr variety was particularly distinctive since it produced the tallest
plants with the largest shoot diameters. Moreover, this plant′s survivability was slightly higher,
although the number of shoots was lower than the average for all the 15 genotypes. In other studies,
three-year-old plants of the Żubr variety (formerly UWM 006) were also the tallest (7.28 m) and
the thickest (48.6 mm) [37]. Willows were found to be shorter in the research conducted in Canada,
where the mean height for 30 genotypes was found to be 2.55 m, with the best three genotypes being
3.76 m tall [35]. The shoot diameter for 30 genotypes in Canada measured only 11.9 mm and 15 mm
for the best three genotypes, which was markedly lower than in the present study.

Willow harvest in three-year rotations can give a higher dry biomass yield compared to the yield
in shorter one- or two-year rotations [4,31]. Moreover, the willow biomass yield in the first three-year
rotation is generally lower compared to subsequent three-year harvest rotations [13,21,36,40,41].
The yield increase in the second and subsequent harvest rotations was particularly manifest in
plantations that were not coppiced in the first growing year to increase the number of shoots per stool.
However, in some cases, the biomass yield during the first three-year harvest rotation was much higher
than in the subsequent harvest rotations [9,31,42,43].

It must be stressed that the current study dealt with two consecutive three-year harvest rotations
and one cannot (and must not) regard them as the first and the second three-year harvest rotation in
a direct meaning of the word. This is a consequence of the fact that plants in the experiment were
obtained earlier in one-year harvest rotations, and a change of the harvest rotation to three years
took place in the fifth and the sixth year of the plantation use, when the plants′ root systems were
strong (which is also explained in the Materials and Methods section). Plants harvested in the first
three-year rotation grew on eight-and seven-year-old stools, so the root systems can be regarded as
very well-developed and the plants were giving the full yield. Nevertheless, the study showed that the
duration of a willow harvest rotation can be changed. This knowledge is also important to potential
investors, as it gives them, in a sense, some flexibility in choosing the willow harvest rotation.

The mean biomass yield from two three-year harvest rotations in this study for most of the
15 genotypes under study (except one) ranged from 8 to 18 Mg ha−1 year−1 d.m., with the mean yield
being 11.4 Mg ha−1 year−1 d.m. However, because of the plantation (and the plants′ root systems) age,
the biomass yield obtained in the current experiment should be compared with the findings of other
experiments, starting with the second three-year harvest rotation. For this reason, literature data were used
and Figure 8 shows a comparison of the willow biomass yield mainly in the second and the third harvest
rotation [9,13,21,31,35,36,38,40,41,44–52], although the harvest rotation was shorter or longer by one year in
some studies. Since the studies were conducted in different countries, the site conditions (soil and weather)
were clearly different. Moreover, the plantations were set up with various clones and various agrotechnical
and plantation management procedures were applied. Nevertheless, the findings of this study concerning
the mean dry biomass yield in the three-year harvest rotation were on a medium or high level compared
to the other studies cited in Figure 8. Moreover, the current results were similar to those of a study
conducted at five different sites in the USA (mean range 10.0–11.6 Mg ha−1 year−1 d.m.) [9].

In the present study, the best-yielding variety—Żubr—gave a higher biomass yield at both sites
and harvest rotations (range: 16–20 Mg ha−1 year−1 d.m.) compared to the levels achieved for the best
genotypes in the USA (range 11–14 Mg ha−1 year−1 d.m.) [9]. A large increase in the biomass yield in the
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second three-year harvest rotation was also achieved in Canada, mean 13.3 Mg ha−1 year−1 d.m. [44].
Similar mean yield as in Canada was obtained in the authors’ earlier research of five willow genotypes
grown at four planting densities and harvested in four three-year rotations [31]. The highest mean
yield (14.5 Mg ha−1 year−1 d.m.) was achieved in the cited experiment from the UWM 095 genotype,
i.e., it was higher only by one Mg ha−1 year−1 d.m. compared to the mean value for this genotype
achieved in the authors’ research. The other genotypes gave lower yields of 2.3%, 5.1%, 8.2% and 24.7%,
respectively, compared to the UWM 095 genotype [31]. However, one must add that the willow yield in
four consecutive three-year harvest rotations, depending on the experimental factors as determined in the
cited research, varied strongly and ranged from 4.8 to 23.2 Mg ha−1 year−1 d.m.

Considerable diversity (from 3.5 to 13.6 Mg ha−1 year−1 d.m.) was also shown in other research
conducted in the USA using 18 willow genotypes at two sites in a three-year harvest rotation [23].
Furthermore, in a study conducted in Sweden, the mean yield for two willow cultivars grown at five sites
with no fertilisation amounted to 5.9 Mg ha−1 year−1 d.m. [17]. The highest yield (13.2 Mg ha−1 year−1)
was achieved with intensive fertilisation. The willow yield obtained in Denmark also ranged widely
from 2.4 to 15.1 Mg ha−1 year−1 d.m. [38]. Moreover, as in other studies, the yield in the second rotation
was higher than in the first one.

 

Figure 8. A comparison based on literature data of willow biomass yield (Mg ha−1 year−1 d.m.) in the
second and the third harvest rotation, although the harvest rotation was shorter or longer by one year
in some studies (* data from the first and second three-year willow harvest rotation).

5. Conclusions

The current study analysed 15 genotypes grown at two different sites and harvested in two
consecutive three-year harvest rotations and demonstrated the very high impact of the genotype
(81%) on the yield of willow grown as SRWC. The harvest rotation, along with the genotype, had a
significant impact on the plant survival rate and the number of shoots per stool. The results showed
that the willow biomass was mainly affected by the plant height, survival rate and shoot diameter.
The differences in the biomass yield between the genotypes under study were very large, and the Żubr
variety of species S. viminalis gave a particularly high yield. The mean yield for the best three and five
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genotypes was 13% and 17% lower, respectively, and the mean yield for the whole experiment was 37%
lower compared to the mean yield of the best variety (Żubr). Therefore, the choice of a willow genotype
is of key importance to success in SRWC willow production, since single-genotype monoculture on a
commercial plantation may be a significant source of future problems with disease development or pest
infestations. Therefore, further research is needed in subsequent harvest rotations to verify the yielding
stability and to assess the economic, energy and environmental viability of biomass production based
on the highest-yielding genotypes. Such knowledge will improve production and increase interest
among producers and consumers of this renewable biomaterial.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0472/10/9/412/s1,
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mean value for years 2013–2018., Table S1: Mean monthly air temperature (◦C) in the years of the experiment
at two sites (Bałdy and Obory) and average temperatures in the growing seasons (IV-X) and throughout the
whole year.
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Abstract: Because of the different opinions regarding nitrogen (N) requirements for Miscanthus ×
giganteus biomass production, we conducted an experiment with a set dose of nitrogen. The objective
of this study was to examine the effects of nitrogen fertilization on the biomass yield, water content,
and morphological features of rhizomes and aboveground plant parts in various terms during
a growing season over the course of three years (2014–2016) in Lower Silesia (Wroclaw, Poland).
The nitrogen fertilization (dose 60 kg/ha and control) significantly affected the number of shoots
(p = 0.0018), the water concentration of rhizomes (p = 0.0004) and stems (p = 0.0218), the dry matter
yield of leaves (p = 0.0000), and the nitrogen uptake (p = 0.0000). Nitrogen fertilization significantly
affected the nitrogen uptake in all plant parts (p = 0.0000). Although low levels of nitrogen appeared
to be important in maintaining the maximum growth potentials of mature Miscanthus × giganteus,
the small reductions in the above- and belowground biomass production are unlikely to outweigh
the environmental costs of applying nitrogen. More studies should use the protocols for the
above- and belowground yield determination described in this paper in order to create site- and
year-specific fertilizer regimes that are optimized for quality and yield for autumn (green) and spring
(delayed) harvests.

Keywords: Miscanthus; nitrogen fertilization; rhizomes; stem; leaves

1. Introduction

New technologies, excessive fossil fuel combustion, and future fossil fuel depletion will contribute
to permanent changes in the natural environment. One of the most pivotal environmental problems
is climate change, which is caused by the anthropogenic heating of the atmosphere as a result of
rising greenhouse gas concentrations [1–5]. To overcome this difficulty, we must increase the use of
renewable energy sources. Renewable energy sources play an increasingly essential role in the energy
policy of European countries [6]. Among all renewable energy sources, plant biomass deserves special
attention. Fast growing bioenergy crops are characterized by a great potential to provide raw material
for renewable energy. Miscanthus has been proposed as a biomass energy crop in Europe [7,8], and its
use could increase in the near future, as it is one of the most productive plants among bioenergy
crops [9–13]. Additionally, biomass combustion is regarded to be more beneficial for the environment
than fossil fuel combustion [14–16].
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The success of this bioenergy crop is also determined by its low environmental requirements—for
instance, its low nitrogen and water requirements, the mechanization of its planting and harvesting, and
the resistance of the plants to diseases and pests [13,14,16,17]. Because of its low nutrient requirements,
Miscanthus can be successfully cultivated on sandy and high organic matter soils with a wide pH range.
Additionally, it is being successfully grown in unused marginal areas and has a tolerance to various
abiotic stresses, including excessive salinity, low humidity, or the presence of heavy metals [7,18,19].
According to Galatsidas et al. (2018) [20], the total area of marginal land that is appropriate for
Miscanthus cultivation in Europe is thought to be as high as 11.11 million ha.

For the successful development of Miscanthus production, it is necessary to consider the end
specific uses and precise information on the effective management of nitrogen fertilization for different
soil types under various climatic and growth conditions [14,21]. Although nitrogen is the main element
that determines the efficiency of biomass production, it can have negative environmental effects such
as water eutrophication and increased carbon dioxide emissions [22,23].

The literature varies regarding the nitrogen requirements for Miscanthus × giganteus biomass
production [14,24–27], because the nitrogen applications of Miscanthus × giganteus are characterized by
variable productivity results. The N requirements of Miscanthus × giganteus are low compared to those
of other bioenergy crops [16,28,29]. According to Cadoux et al. (2011, 2012) [30,31], these low nutrient
requirements are caused by various factors, including a high nutrient use efficiency and the nutrient
recycling accumulated in the rhizomes. However, there is a serious debate about the exact need for
N fertilizer in a given crop and whether N fertilizer should be required at all. The translocation of
nitrogen to rhizomes during the late vegetation period is a major factor in the high efficiency of nitrogen
utilization [17]. There are divergent results regarding the requirements of Mischanthus ×giganteus
for N fertilization. The findings are divided on this matter; some studies have shown that the yield
increases after the application of N fertilizer [14,25–27,32], while some state the contrary [13,33–38].

There are many European studies that provide estimates of the belowground biomass for
M. giganteus at a single point in time [29,36–39]; however, there have been few previous studies that
determined the dynamics of the rhizome yield which were not based on regular sampling through the
growing season [40,41].

The organ of wintering in the Mischanthus is the rhizome, an underground part that grows
horizontally that is important for nutrient storage and accumulation. Most research on the yield and
biometric traits of Mischanthus is concentrated on the aboveground parts of the plants [9,14,29,42].
The main aspects of experimental research are mainly focused on the environmental impact of
Mischanthus, the different terms of harvesting, the different genotypes of Mischanthus, and its chemical
composition during multiannual study periods. Thus far, the elemental composition and resistance to
frost and salinity have been examined in the rhizomes; however, there is a lack of information on the
water content in the rhizomes during the whole growing season [43–46]. A new aspect of our research
is the determination of the changes in the rhizome water content during the entire vegetation period
(May–December) on a 10-year-old plant.

The objective of this study was to examine the effects of nitrogen fertilization on the number,
height, and diameter of leaves on a shoot, as well as the water concentration, dry mass yield, and
nitrogen uptake of Miscanthus × giganteus. The growth rate of the aboveground and belowground
biomass of Miscanthus × giganteus (Greef et Deu) was evaluated in the conditions of southwest Poland,
with and without nitrogen fertilization. Additionally, research was undertaken to determine the
influence of nitrogen fertilization on the dynamics of the water content changes in the rhizomes during
the whole vegetation period.
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2. Materials and Methods

2.1. Study Site and Fertilization Treatments of Miscanthus × Giganteus

An investigation of Miscanthus × giganteus and nitrogen fertilization was conducted after 10 years
of establishing crops (2014–2016) at the Experimental Station of Wroclaw University of Environmental
and Life Sciences, Pawlowice (geographical location 17◦7′ E and 51◦08′ N in the Lower Silesian
Voivodship, Wrocław, Poland). Pawlowice is characterized by a vegetation period (March–November)
that lasts 223–230 days, with an average temperature during the growing season of 14.5 ◦C and an
annual rainfall ranging between 500 and 600 mm (around 350 mm during the growing season). The soil
conditions were defined as alluvial soil, very light on loose sand, and sandy gravel (V grade) (soil
classification used in Poland). These soils are weak with a low humus level, and are poor in organic
matter. The fifth class of soil quality (6 classes of soil quality: I class—the best arable land; VI—the
weakest arable soil) comprises weak arable soils [47].

Plowing was carried out in 2003 at the depth of 20–25 cm, followed by rotary harrowing before
planting. Miscanthus rhizomes (10 cm long with 3–6 nodes) were planted in a row spaced 75 cm apart
and another row spaced 48 cm apart (on 1 ha–27,777 rhizomes). Miscanthus × giganteus was planted in
2004. Plantation was fertilized annually from the year 2004 to 2013 at the beginning of the growing
season using the following doses: 40 kg ha−1 of N ammonium nitrate 32%, 17.5 kg ha−1 of P 40%
enriched superphosphate, and 50 kg ha−1 of K potassium salt. The plots were separated by a distance of
1.0 m, and all measurements (non-destructive and destructive) were taken at least 0.2 m from the edge
of the plot in the years 2014–2016. The dimension of the plot was around 20 m2. Nitrogen treatments of
0 and 60 kg/ha were applied in March/April during each of the 3 years (17/3/2014, 18/3/2015, 17/4/2016)
after pulling out the bedding. Fertilization was annually (from 2014 to 2016) applied during the field
experiment, where the following doses were used: 17.5 kg ha−1 of P 40% enriched superphosphate,
50 kg ha−1 of K potassium salt. After fertilization, the mulch was placed in its original position.

Fertilization was applied via a hand broadcast at the beginning of the vegetation period.
No significant pests and weeds were found in the Miscanthus cultivation during the experiment,

so the use of herbicides was not necessary.

2.2. Plant Growth Measurement

Miscanthus sampling started from the 30th day of the vegetation period and every 30 days until
the end of vegetation period (June, July, August, September, October, November, and December) in the
years 2014–2016. At each date of sampling, a plant sample of the aboveground part of the plant and
rhizomes was sampled from an area of 0.25 m2. The fresh mass of the rhizomes and the aboveground
part was determined. Additionally, 10 randomly selected shoots were sampled from each replication
to perform measurements on plant material—the height of the upper leaf, the diameter measured
10 cm from the soil surface, and the number of leaves per one stem. All the measurements (except the
number of shoots) were made on 10 shoots per plot. The number of shoots was counted from a unit of
0.25 m2 from each replication. Both white and yellow rhizomes were sampled.

Terminal (from outer rows) plants from the external rows were not included in the analysis
because of the so-called edge effect. After the end of the vegetation period, Miscanthus was harvested
at 10–15 cm using a circular saw. Harvested crops were weighed and the percentage of dry matter was
determined. The dry biomass weight was determined by drying samples (specific weight, 500 g) to
60 ◦C for up to 48 h, then drying them at 105 ◦C for 4 h. Further, the harvested crops were weighed
and the fresh mass yield was determined. The dry biomass weight was determined by drying samples
(specific weight, 500 g) to 60 ◦C for up to 48 h, then drying them at 105 ◦C for 4 h. On this basis, the dry
biomass yield per 1 m2 in a given year was calculated.

Water concentration was calculated according to the Formula (1):
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Water concentration (%) = (100 × (FM − DM))/FM. (1)

FM—fresh mass.
DM—dry mass.

2.3. Soil and Weather Conditions

Tables 1 and 2 summarize the soil conditions for the Miscanthus plantation in this trial. Soil
samples were twice taken (April, July) during the vegetation period and after its end (November)
each year. These dates were presented as annual mean values. Soil samples were taken from the
experimental field at a 0–20 cm soil depth and were thoroughly mixed to make a representative
composite soil sample. The analysis was comprised of pH, humus, C, N, P, K, S, and micronutrients.
Analyses were performed according to the following methods: the soil reaction (pH/KCl (potassium
chloride)) was found using the potentiometric method; the total organic carbon was found using
Tiurin’s method [48]; the total nitrogen (classical distillation) content was found using the Kjehdal
method both in soil and plant material [48]; the available forms of potassium and phosphorus were
found using the Egner–Rhiem method; magnesium was found using the Schachtschabel method [49];
the total carbon content (TOC) was found via oxidimetric titration [50]; sulfur in the extract was
found using the Johnson–Nishita procedure [51]; humic substances (HS) were found using the short
fractionation method [52]; and the total contents of Fe, Mn, Zn, and Cu were found using an atomic
absorption spectrophotometer (ASA) after mineralization with a concentrated mixture of acids using
atomic-absorbent flame spectrophotometry Varian spectra AA 200 [52].

Table 1. The content of organic matter and soil abundance in macronutrients for a depth of 0–20 cm
in 2014–2016.

Year
pH

1 N KCl
C

g kg−1
Humus
g kg−1

N
g kg−1 C:N

P
mg kg−1

K
mg kg−1

Mg
mg kg−1

S
mg kg−1

2014 5.0 5.82 10.00 0.58 10.53 119.6 114.0 24.3 188.0
2015 5.0 5.86 10.05 0.60 10.60 119.6 115.3 27.3 192.6
2016 4.8 5.86 10.05 0.59 10.63 119.7 112.6 26.0 190.0

Table 2. Soil abundance in the micronutrients at the depth of 0–20 cm in 2014–2016.

Year
Fe

mg kg−1
Mn

mg kg−1
Zn

mg kg−1
Cu

mg kg−1

2014 428 93.4 82.3 1.82
2015 461 97.1 79.4 1.69
2016 463 95.2 78.5 1.78

The soil’s carbon stock was typical for light alluvial soils, and the C: N ratio was on average 10.6:1,
which indicates the appropriate process of the organic decomposition (Table 1). In the experimental
years, the soil reaction ranged from 4.8 to 5.0 (acidic), which was favorable for Miscanthus cultivation,
and the arable layer’s richness in nutrients was as follows: P—very high; K—medium; Mg—low;
S—medium; Fe—low; Mn—medium; Zn—high; and Cu—low (Tables 1 and 2). The assessment of the
soil’s nutrient content was determined by limit numbers to assess the content of elements developed
by the Polish Institute of Soil and Plant Cultivation in Puławy [47].

Monthly data on the temperature and precipitation in the years 2014–2016 are presented in Table 3.
The temperatures in the years 2014–2016 oscillated between ±9 ◦C in IV through to an average of
±17 ◦C from V to VIII. During the experimental years, the thermal conditions were favorable for the
development of Miscanthus, with mild winters characterized by positive temperatures. The highest
temperatures were recorded in 2015, while the lowest were in 2016 (Table 3).
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The optimal amount of rainfall for Miscanthus × giganteus depends on many factors, including the
air temperature, soil type, and groundwater level; however, 600 mm was sufficient for the development
of Miscanthus [14,26]. The year with the lowest rainfall was 2015. Despite the lack of rainfall, there
were no reduction in the yield. The highest rainfall during the growing season was recorded in 2016
(Table 3).

Table 3. Weather conditions during 2014–2016 with a 30-year average for Wroclaw, Lower Silesia
(Poland).

Month

Temperature [◦C] Precipitation [mm]

2014 2015 2016
Average

1981–2010
2014 2015 2016

Average
1981–2010

I 0.0 2.3 −1.2 −0.8 35.8 46.0 33.4 31.9
II 3.7 1.5 3.8 0.3 1.2 15.6 56.2 26.7
III 7.0 5.4 4.3 3.8 40.1 39.5 55.9 31.7
IV 10.6 8.9 8.7 8.9 55.2 15.8 46.4 30.5
V 13.3 13.5 15.3 14.4 101.4 21.0 5.3 51.3
VI 16.6 16.6 18.6 17.1 40.2 73.3 44.6 59.5
VII 21.2 20.3 19.5 19.3 52.9 55.6 114.3 78.9
VIII 17.3 22.7 17.9 18.3 75.0 5.6 27.1 61.7
IX 15.5 15.1 16.4 13.6 72.2 23.2 44.7 45.3
X 10.7 8.4 8.5 9.1 59.4 20.0 83.8 32.3
XI 6.6 6.2 3.4 3.9 15.5 52.4 36.3 36.6
XII 2.3 5.4 1.2 0.2 17.5 24.0 36.1 37.4

Average annual air
temperature and

total precipitation
10.4 10.5 9.7 9.0 566.4 392.0 584.1 523.8

2.4. Statistical Analysis

The experiment was conducted with a randomized block design in four replications to test
the effects of N fertilization on the morphological traits and yield of Mischanthus. The analysis of
variance (ANOVA) and the mixed model with repeated measurements was used. The doses of nitrogen
fertilizers were assumed to be a fixed factor, while the years were random. The results of the biometric
measurements of the Mischanthus were analyzed via ANOVA in the Statistica program (13.1 StatSoft,
Kraków, Poland).

3. Results

3.1. Effect of Nitrogen Fertilization on Morphological Features of Miscanthus × Giganteus

Nitrogen fertilization had a significant influence on the number of leaves on the shoot (p = 0.0018)
during the field experiment (Table 4). Both the number of shoots and the height of the plants increased
significantly until the end of vegetation period (Figures 1 and 2). Without N fertilization, the shoots
reached 3.34 m in height, whereas the height of plants after an application of 60 kg ha−1 N was 3.31 m.
The highest increases in height of shoots on unfertilized plots were found between June and July, while
in fertilized plants they was found between July and August. The greatest increase in shoot diameter
was found at the beginning of the vegetation period (Figure 3). A fast increase in the number of leaves
on the shoot was observed in September. Between September and November, the differences were
insignificant (Figure 4). The number of leaves on both fertilized and unfertilized shoots increased until
November. After this period, it decreased.
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Table 4. Morphological features of Miscanthus × giganteus (average for years 2014–2016).

Dose
kg ha−1 N

Number of Days Starting
from Beginning of
Vegetation Period

Number of
Shoots

per 1 m2

Height of
Plants

(m)

Diameter
of Shoots

(mm)

Number of
Leaves on

Shoot

0

June 52 0.18 8.5 3.1
July 59 1.23 10.3 5.9

August 64 2.14 9.7 8.7
September 64 2.33 10.5 10.7

October 66 2.98 9.6 11.3
November 74 3.07 10.0 11.7
December 72 3.34 10.8 8.9

60

June 53 0.21 9.1 3.8
July 64 1.04 9.9 5.9

August 66 2.24 10.1 8.8
September 76 2.71 10.8 11.3

October 78 3.09 10.2 12.1
November 72 3.13 10.5 12.4
December 78 3.31 10.8 11.2

p value 0.2884 0.0001 0.4553 0.0322

Averages for Factors and Years

0 - 64 2.18 9.9 8.6
60 - 70 2.25 10.2 9.3

p value 0.0018 0.7020 0.1004 0.1484

2014
-

67 2.28 10.0 8.5
2015 66 2.20 10.0 8.6
2016 68 2.16 10.2 9.9

p value 0.4112 0.8354 0.4200 0.4040

N
um

be
r o

f s
ho

ot
s p

er
 1

 m
2

Figure 1. The number of shoots during the vegetation period in the years 2014–2016 (average for years).
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Figure 2. The height of plants during the vegetation period in the years 2014–2016 (average for years).
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Figure 3. Diameter of shoots during the vegetation period in the years 2014–2016 (average for years).
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Figure 4. Number of leaves on the shoots during the vegetation period in the years 2014–2016 (average
for years).

3.2. Effect of Nitrogen Fertilization on Water Concentration of Miscanthus × Giganteus

The water concentration was characterized with differences between the examined parts of
plants. The rhizomes, stems, and leaves were characterized by a higher water concentration at the
beginning of the growing season (Table 5, Figures 5 and 6). On fertilized and unfertilized plots,
the water content in the leaves (p = 0.0260) and stems (p = 0.0015) decreased until the end of the
vegetation period. For rhizomes, the water content decreased until October and then increased at
about 7 g in the unfertilized plot and 31 g in the fertilized plot. There was a significantly higher
water concentration found in the rhizomes (p = 0.004) and stems (p = 0.0218) fertilized with nitrogen.
The water concentration was significantly different during the experimental years. The highest content
of water was observed in the rhizomes (p = 0.0000), stems (p = 0.0022), leaves (p = 0.0000), and whole
aboveground parts of plants (p = 0.0025) in the third year of the study (Table 5). A greater water content
in the aboveground part of plants was observed until November (Figure 6).

Table 5. Water concentration in the fresh mass of Miscanthus × giganteus (g kg−1) (average for years
2014–2016).

Dose
kg ha−1 N

Number of Days Starting
from Beginning of
Vegetation Period

Rhizomes Stems Leaves
Aboveground
Part of Plant

0

June 722 - - 882
July 689 870 879 875

August 709 772 777 775
September 684 697 715 702

October 663 691 702 694
November 663 662 698 672
December 670 622 679 635
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Table 5. Cont.

Dose
kg ha−1 N

Number of Days Starting
from Beginning of
Vegetation Period

Rhizomes Stems Leaves
Aboveground
Part of Plant

60

June 744 - - 883
July 707 867 853 862

August 712 827 810 820
September 713 764 781 769

October 673 720 740 726
November 683 676 707 685
December 704 661 701 672

p value 0.4958 0.0015 0.0260 0.00120

Average for Factors and Years

0 686 719 742 748
60 705 752 765 774

p value 0.0004 0.0218 0.0669 0.0693

2014 673 714 722 738
2015 693 722 735 750
2016 721 771 803 795

p value 0.0000 0.0022 0.0000 0.0025

Water concentration in leaves

Figure 5. Water concentration in leaves and stems during the vegetation period of the years 2014–2016
(average for years).
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Water concentration in rhizomes
Water concentration in aboveground part of plant

Figure 6. Water concentration in the rhizomes and aboveground part of plants during the vegetation
period of the years 2014–2016 (average for years).

3.3. Effect of Nitrogen Fertilization on Dry Matter Yield of Miscanthus × Giganteus

Nitrogen fertilization significantly contributed to an increase in the dry matter yield of leaves
(p = 0.0000). The nitrogen fertilization and lack of fertilization of biomass sampling was characterized
by an increasing tendency in the dry mass of rhizomes and aboveground parts of plants. The dry mass
of the stems grew faster than that of the leaves over the whole vegetation period (Figure 7). The highest
yield growth dynamics of the whole plant was observed between August and September (Table 6,
Figure 8).

Figure 7. Dry mass yield of the leaves and stems during the vegetation period in the years 2014–2016
(average for years).
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Table 6. The yield of the dry mass of Miscanthus × giganteus (kg m−2) (average for years 2014–2016).

Dose
kg ha−1 N

Number of Days Starting
from Beginning of Vegetation

Period

Rhizomes
Aboveground Part Rhizomes and

Aboveground Part
Stems Leaves All Together

0

June 0.52 - - 0.34 0.86
July 0.65 0.28 0.32 0.60 1.25

August 0.77 0.94 0.45 1.39 2.16
September 1.15 1.67 0.63 2.30 3.45

October 1.34 2.22 0.78 3.00 4.34
November 1.67 2.81 0.89 3.70 5.37
December 1.73 3.08 0.84 3.92 5.65

60

June 0.73 - - 0.44 1.17
July 0.77 0.35 0.45 0.80 1.57

August 0.97 1.06 0.68 1.74 2.71
September 1.22 1.90 0.92 2.82 4.04

October 1.64 2.55 0.94 3.49 5.13
November 1.64 2.72 1.06 3.78 5.42
December 1.83 3.25 1.07 4.32 6.15

p value 0.0125 0.1223 0.1393 0.0153 0.0056

Average for Factors and Years

0 1.12 1.83 0.65 2.18 3.29
60 1.26 1.97 0.85 2.48 3.74

p value 0.0524 0.4310 0.0000 0.1586 0.1181

2014 1.20 2.00 0.75 2.41 3.61
2015 1.15 1.91 0.71 2.30 3.45
2016 1.21 1.79 0.79 2.27 3.48

p value 0.7318 0.6005 0.3165 0.8522 0.8881

Figure 8. Dry mass yield of the rhizomes and the aboveground part of the plant during the vegetation
period of the years 2014–2016 (average for years).

The dry mass of aboveground parts of plants (p = 0.0153) and rhizomes (p = 0.0125) in 30-day
intervals significantly differentiated from June to November, in which we obtained the highest values
in December (Table 6, Figure 8). In July, the dry matter of leaves was slightly greater than that of the
stems, and from this month the increase in the dry matter of stems was greater than that of the leaves.
The period between June and July and the November and December vegetation days, constituted 29%
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of the entire vegetation period. During this time, a more than 18% increase in the dry weight of the
rhizomes and aboveground parts was observed.

3.4. Nitrogen Uptake by Miscanthus × Giganteus

Nitrogen fertilization caused a significant increase in the nitrogen uptake in all the examined
parts of plants (p = 0.0000). For the control object, the nitrogen uptake by rhizomes decreased until
July, whereas in fertilized plots it decreased until August (p = 0.0118) (Table 7). The highest uptake
of nitrogen in rhizomes was found in December, while in whole plants it was found in November.
Therefore, it can be presumed that rhizomes can be a nitrogen reserve for shoots. In the initial vegetation
period, the nitrogen uptake in leaves was higher than that in stems. The accumulation of nitrogen in
stems was found to be higher than in leaves starting in August (Figure 9). The highest nitrogen uptake
was found in the case of whole plants, with an increasing tendency from July to September, where
the differences became insignificant (Figure 10). The fastest increase in the N uptake by rhizomes
was observed from October to November (Figure 10). In the case of the aboveground parts of plants,
the nitrogen uptake increased from June to September and then decreased (Figure 10).

Table 7. Nitrogen uptake of Miscanthus × giganteus (kg m−2) (average for years 2014–2016).

Dose
kg ha−1 N

Number of Days from
the Start of the

Growing Season

Rhizomes

Aboveground
Part of Plants

Rhizomes and
Aboveground
Part of PlantsStems Leaves Together

0

June 5.35 - - 4.75 10.10
July 3.25 3.16 4.34 7.50 10.75

August 3.65 8.24 4.79 13.03 16.68
September 5.29 10.24 5.99 16.24 21.53

October 6.62 8.50 6.04 14.54 21.16
November 10.19 8.61 6.66 15.27 25.46
December 10.68 7.97 3.97 11.95 22.63

60

June 9.24 - - 7.60 16.84
July 5.79 5.08 6.98 12.05 17.84

August 5.40 8.63 9.52 18.15 23.55
September 6.91 14.36 11.01 25.37 32.28

October 7.72 15.71 8.78 24.51 32.23
November 14.07 12.82 7.19 20.01 34.08
December 14.94 12.40 5.74 18.15 33.09

p value 0.0118 0.0000 0.000 0.0000 0.0000

Means for Factors and Years

0 6.43 7.79 5.30 11.90 18.33
60 9.15 11.50 8.20 17.98 27.13

p value 0.0000 0.0000 0.0000 0.0000 0.0000

2014 8.18 10.07 6.53 15.06 23.24
2015 7.48 10.10 7.05 15.55 23.03
2016 7.71 8.77 6.67 14.19 21.89

p value 0.6315 0.1925 0.5895 0.5205 0.6493
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Figure 9. Nitrogen uptake by leaves and stems during the vegetation period in the years 2014–2016
(average for years).

Figure 10. Nitrogen uptake by the whole plants (average for years).

4. Discussion

Nitrogen fertilization is important for biomass production and its components. The results
provided statistical evidence to prove that the number of shoots responded positively to N fertilization.
Other studies have also shown an increase in the number of shoots after applying N [53–55]. The water
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concentration in rhizomes and stems, the yield of dry mass leaves, and the nitrogen uptake was
dependent on the level of nitrogen fertilization. Higher water content promoted metabolic processes
and faster dry mass accumulation [56]. Therefore, research has been undertaken to determine the
influence of nitrogen fertilization on the dynamics of the water content changes in rhizomes during
the whole vegetation period. According to Drazic et al. (2017) [25], the number of stems per rhizome
depended strongly on the soil type and was in strong positive correlation with the yield in all years. In
our own research, the number of shoots were not significantly different during the experimental years.

In our research, the application of nitrogen stimulated the number of shoots. The plant height
was also increased by N fertilization in various terms of harvesting. The plant height increased after
the application of N, which was also reported by Cosentino et al. (2007) [54] and Finnan and Burke
(2014) [39].

There have been conflicting results concerning the yield response of Miscanthus × giganteus to
nitrogen fertilization and its yield components. Our positive responses to nitrogen fertilization were
in agreement with Arundale et al. 2014 [57]. Moreover, Greef, J.M. (1995) [35] and Lee and Boe
(2005) [26] obtained similar results when applying a 60 kg ha−1 N dose as appropriate for proper
rhizome development and Miscanthus × giganteus yield increase. In the research of Dierking et al.
(2017) [17], a dose of 75 kg ha−1 N contributed to the increase in the Miscanthus biomass yield, and
this amount was applied annually. In the research of Lee and Boe (2005) [26], the dry matter yield
visibly increased when the nitrogen fertilization increased up to 60 kg ha−1 N. However, increasing
the nitrogen dose further did not contribute to an increase in the Miscanthus yields. The Miscanthus
dry matter yields obtained in this research were 2.55 and 2.49 kg m−2 for 60 and 120 kg ha−1 N,
while in the control plant it was 1.3 kg m−2. Schwarz et al., 1994 [34], conducted an experiment
involving nitrogen fertilization that did not have a significant impact on the Miscanthus yield. In their
second year of cultivation, they obtained a yield of 0.8 kg m−2, and in the third year they obtained
2.2 kg m−2. Moreover, many other studies have shown that nitrogen fertilization is not required to
obtain high yields of Miscanthus × giganteus biomass [58]. Christian et al. (2008) [33] did not find
any answer to the applied N in 14 consecutive harvests. This result is supported by other studies
that showed no response to N fertilization. However, some experiments have been concerned with
soils featuring a large N content [13,21,25,34]. No reaction to nitrogen was found during the first
two years after planting. Maughan et al. 2012 [21] reported a small positive reaction in a dose of
100 kg ha−1 N of fertilizer. According to Kering et al. (2012) [13], Himken et al. (1997) [58], and
Miquez et al. (2008) [21], Miscanthus yields are not dependent on the level of nitrogen fertilization,
as they determined 2.5–3.0 kg m−2 of D.M. and even 3.8 kg m−2 of D.M. In our research, the dry matter
yield with the nitrogen fertilization of all examined plants was insignificantly higher compared to the
control. Only the leaf yields of D.M. depended on nitrogen fertilization.

The ambiguous response to nitrogen fertilization results from several reasons:

1. Most research on Miscanthus productivity has been conducted in Europe (different soils, different
spatial diversity, and topographic diversity);

2. The studies carried out are generally short-term;
3. The soil type and soil texture [21,37,59];
4. The potential share of nitrogen reserves in rhizomes and soil nitrogen increases the uncertainty of

the Miscanthus nitrogen requirements [29].

Precipitation is the most important factor that directly and indirectly affects the biomass yield
of Miscanthus × giganteus. Plant biomass production reacts positively to annual rainfall [60], and the
seasonal distribution of rainfall is a key factor that determines the formation of perennial grasses and
biomass yield [26,60]. In this experiment, the precipitation was variable during the 3-year study period,
with much less precipitation than 2015. In our research, the most favorable year with a high and evenly
distributed precipitation was in 2016; however, this did not translate into dry matter yields but rather
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translated to the water content in all the examined plant parts. According to Heaton et al. (2004) [46],
the biomass yield may be affected by rainfall during the growing season from April to September.

The nitrogen uptake was significantly affected by the analyzed factors—nitrogen fertilization
and the term of harvesting. According to Roncucci et al. (2014) [14], the time of harvest is the most
relevant factor in influencing the miscanthus nutrient uptakes. Late harvesting (W) led to a reduction
in the nitrogen uptake of about 80% in the aboveground biomass. This nitrogen uptake is observed
to be lower than the literature data. In 10 years of research in the UK, Christian et al. (2008) [33]
reported that the N is 76 and 6 kg ha−1 N. According to Roncucci et al. (2014) [14], N fertilization
affected the nutrient uptake mainly in autumn, with no differences in winter. These results are in
agreement with those of Himken et al. (1997) [58], who observed a higher N uptake with higher
N fertilization rates in November, which is confirmed by our results. Nitrogen fertilization in the
fertilizer treatments significantly affected the nitrogen uptake by all plant parts, which is confirmed by
Strullu et al. (2011) [30].

Slightly higher results relating to the nitrogen uptake under various N doses in the harvest biomass
of giant miscanthus were found in Christian et al. (2008) [33]. In Beale et al. (1997) [29], the rhizome
nitrogen uptake decreased until July and then increased until December. Similar conclusions were
presented in our research.

5. Conclusions

Nitrogen fertilization did not contribute to the increase in all the examined yield components.
The proposed dose caused an increase in all the components of features and the dry matter yield.
However, the differences were mostly insignificant. Only the dry mass of leaves increased significantly
in the experiment. The water content in the rhizomes and stems increased under nitrogen fertilization.
Therefore, we can assume that rhizomes, because of their significant nitrogen uptake, can constitute
a nitrogen reserve for elements in the initial growth and development stages of plants. The results
coming from our 3-year field experiment suggest that N fertilization is unnecessary for sustainable
biomass production.
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Abstract: Italy is one of the world’s major importers of firewood, despite the large amount of Italian
eucalyptus plantations that could satisfy part of the country’s internal demand. The demand is
critical for farmers to understand developing market dynamics and people’s willingness to buy a
product is related to several parameters, including different supply methods. This study aimed to
analyse the willingness to consume domestic eucalyptus firewood, and the related motivations of
consumers considering the preferred supply method. Data was collected through a web-survey and
analysed applying a multilevel regression. In general, the sample showed that attention is paid to
both the type of wood and its origin, and that there is a preference for loose firewood as a supply
method. Our findings suggest that factors such as age, experience, and familiarity with a product,
the supply method, attitude towards novelty, provenience, and energetic density of firewood have an
important role in shaping individual inclination towards consuming domestic eucalyptus firewood.
This implies that the owners of eucalyptus plantations should target mostly young and detail-oriented
consumers, and should also try to clearly give information regarding the origin of the product and its
technical characteristics.

Keywords: consumer choices; eucalyptus; firewood; Italy; multilevel logistic regression model;
willingness to consume

1. Introduction

Eucalyptus (Eucalyptus spp.) forests and agro-forestry plants cover about 20 million hectares in
the world. These species show faster biomass growth if compared to other species [1] and can be used
to obtain pulp, paper, and firewood. In regards to the environment, the management of eucalyptus
plantations can be considered more sustainable than other energy crops [2]. Due to its fast growth
and modesty, eucalyptus can contribute to biodiversity conservation [1,3]. Moreover, it shows an
important role in climate change mitigation [1] due to its high capacity of carbon sequestration during
growth [4,5].

In Italy, agro-forestry plants mainly aim towards the bioenergy production of eucalyptus
(Eucalyptus spp.), poplar (Populus spp.), and black locust (Robinia pseudoacacia L.), which cover
more than 100,000 ha [6]. Considering this, eucalyptus could provide a biomass that can fulfill about
72% of Italian demand [7–9]. Notwithstanding this large availability of wooden biomass, Italy is
one of the major global importers of wood for energy purpose [10], used particularly for domestic
heating [11,12]. The major part of imported fuelwood originates from the Balkans’ area, and this is
mainly due to the lower cost of labour and of raw materials in these countries [11,13].

Considering the growing importance of Eucalyptus plantations throughout the world, many
researches have focused on both environmental impacts related to eucalyptus management [1,4,14–16]
and cultivation methodology [10]. However, lower attention has been put on the economic aspects of
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cultivation, i.e., investigation of the supply chain analysis [2,17,18] as well as of the demand of such
species’ wood.

Consumer choice is a key variable for farmers to understand developing market dynamics [19],
moreover people’s willingness to buy a given product is related to several parameters [20]. In fact,
consumer attitude is an important aspect to analyse because it allows us to study the acceptance
of a particular good by consumers [21]. According to this, it could be important to investigate the
willingness to consume domestic eucalyptus fuelwood, given that eucalyptus firewood shows similar
heating value to other species, such as oak [22], and thus it could be an interesting alternative.

In this framework, the study aimed to understand people’s willingness to consume domestic
eucalyptus firewood and their motivations, considering also people’s preferred supply method.
This last parameter is indeed important in consumer behaviour [23], even if, to the best of our
knowledge, current literature studies that consider this wood supply chain are lacking.

This paper is structured as follows: Section 2 describes the materials and methods used. The results
and discussion are presented in Section 3 and the conclusions are handled in Section 4.

2. Materials and Methods

2.1. Data Collection, Sample and Questionnaire

Data was collected through a web-based survey performed during the period January–April 2020,
from an initial sample of 300 Italian people. In particular, consumers were recruited through invitations
to participate in the online survey (performed by Google drive) via social networks (Instagram, Twitter,
and Facebook). Moreover, snowball sampling recruitment was also adopted, using the interpersonal
relations of the authors (via email) to reach a larger number of participants [24]. For these reasons,
the sample was not representative of the Italian population, which happens in many studies about
consumer behaviour where a convenience sample was used [21,25–30]. Subsequently, 18 respondents
were excluded from the survey because they stated not to be domestic firewood consumers. The final
sample was consequently made up of 282 consumers. Before starting the survey, an interview with
80 consumers was carried out in order to understand if the investigated topic was understandable
through our questionnaire.

The questionnaire was made up of three sections: (1) Consumers’ behaviour towards firewood;
(2) consumers’ willingness to consume domestic eucalyptus firewood and related motivations;
and (3) socio-demographic features of respondents.

The first two sections applied a five-point Likert scale (1 = totally disagree; 2 = disagree;
3 = indifferent; 4 = agree, and 5 = totally agree), with the exception of some questions in Section 2 in
which categorical variables (i.e., Forn, Will, Cons, and Familiarity) have been used [23]. Furthermore,
the Cronbach Alpha coefficient for each item group was calculated to assess the reliability of the scale,
which showed a good level (from 0.70 to 0.90).

In the first section of the questionnaire we analysed the consumers’ attitudes about firewood
species, ethical aspects of the choice, geographic provenience (Prov) (i.e., if firewood comes from
tropical countries or Mediterranean ones), and the origin of firewood (Origin) (if firewood comes from
an agro-forestry plant or natural stand) [29].

The second part of the questionnaire investigated respondents’ willingness to consume domestic
eucalyptus fuelwood (Will) with a binary choice (Yes vs. No), their willingness to pay per 100 kg of
biomass (Price), and the amount of eucalyptus firewood which the consumer would be willing to
consume yearly (Will_q). It is important to underline that, if respondents were not willing to consume
it, the quantity of eucalyptus firewood was considered zero.

The questionnaire also requested to indicate the consumer’s familiarity (Familiarity) with
eucalyptus fuelwood and if they have consumed it in the past (Cons) [30], and in both cases the
question was asked as a binary choice (Yes vs. No). It is important to underline that familiarity was
investigated using the question: “Have you ever heard about eucalyptus as firewood alternative?”
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Moreover, another important aspect considered in the survey is consumers’ motivation to use
eucalyptus firewood. These aspects were investigated by asking questions related to curiosity
(Curiosity), to technical characteristics (Energetic), as well as to environmental aspects [29]. In particular,
the question about curiosity was “You are willing to consume domestic eucalyptus firewood for
curiosity (How much do you agree with the following statements? Express your judgment by putting
a tick from 1 to 5. 1 = totally disagree. 5 = totally agree)”, while questions on technical characteristics
were “You are willing to consume domestic eucalyptus firewood if it had better combustion behaviour
(wood burning duration) than other firewood species (How much do you agree with the following
statements? Express your judgment by putting a tick from 1 to 5. 1 = totally disagree. 5 = totally
agree)” [23]. Moreover, it is important to highlight that the questions concerning the environmental
aspects of firewood were asked to respondents but these questions were subsequently excluded because,
using the stepwise procedure, they did not fit in the applied model. Finally, respondents had to select
their preferred supply method (Forn), i.e., loose firewood, firewood arranged in pallets, or firewood in
10–15 kg bags. Other questions about where consumers usually buy firewood (i.e., Woodman, Retail,
Internet, etc.) were asked to respondents but these questions were also excluded because they did not
fit in the applied model.

In the last section of the questionnaire, data about socio-demographic features of the sample,
such as age (Age), gender, area of residence, and education level were collected [31–34].

2.2. Statistical Analysis

A logistic regression model describes the relationships between the willingness to consume
a particular product and the motivations of consumers, without including the variability among
predictors of different levels (in case of data with nested structure) [35]. Given the nested structure
of the studied sample, this study utilized multilevel logistic regression model to understand the
consumers’ willingness to consume domestic eucalyptus firewood and their motivations, considering
the people’s preferred supply method.

The multilevel logistic regression model consists of an extension of the regression model in which
data are arranged in groups and coefficients can differ among the various groups [19].

In particular, several steps were followed to lead the analysis [19,35]. In fact, in the first step, it is
necessary to understand if the dataset show a nested structure calculating the intra-class correlation
(ICC) coefficient [36]. After such a check, analysis can be carried out, calculating, and comparing:
The simplest two level model, an intermediate model, and the full multilevel logistic regression
model [35]. This procedure allowed us to have a final model accounting both for the effects of the
lower-level predictor variables and for higher level ones [35].

In particular, following some authors [19,35] and as above mentioned, to examine the existence
of a nested structure of the data, an intra-class correlation (ICC) coefficient was calculated [19,35,37].
The ICC coefficient estimates the heterogeneity of the dependent variables among groups i.e., people’s
preferred supply method. Values of ICC range from 0 to 1, in which 0 indicates that probability does
not vary among groups while 1 means the result probability only differentiate between groups. In our
case, the ICC coefficient was 0.1432, therefore the calculated ICC of the total dataset means 14% of the
difference in the probability of willingness to consume domestic eucalyptus fuelwood was related to
the difference in people’s preferred supply method. Therefore, to build up the single-level logistic
regression model would not be appropriate to describe the relationship between the probability of
willingness to consume domestic eucalyptus fuelwood and the motivations of consumers without
considering the preferred supply method [38].

Successively, the following steps were applied:

• The first step: Building up of the simplest two level model.
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The simplest two level model represents the model in which intercepts casually vary among
groups [19]. In particular, the simplest two level model was described as:

Pr(Will = Yes|x) = γ0 + u0j + rij (1)

where Will refers to the probability that people are willing to consume domestic eucalyptus firewood,
γ0 is the fixed intercept, u0j represents the random intercept, and rij represent the error. In other words,
γ0 represents the overall average probability that people are willing to consume domestic eucalyptus
firewood of the total dataset, while u0j represents the variety in the average probability that people
are willing to consume domestic eucalyptus firewood. Equation (1) shows two sources of errors in
its random part (u0j + rij) i.e., the between-groups variance (σ1) and the within-group variance (σ2).
The parametric estimation results for the empty model are given in Table 1.

Table 1. Parametric estimation results for the simplest two level model Equation (1).

AIC BIC LogLik

300.3 307.2 −148.1

Random effects σ1 = 0.38 σ2 = 0.62

Fixed effects Value Standard Error z value p-value

Intercept 0.51 0.1739 2.965 <0.001

Note: The AIC (Akaike information criterion) and the BIC (Bayesian information criterion)
are the well-known model fit indices.

Source: Our elaboration.

• The second step: Building of the intermediate model.

The result of the first phase (i.e., ICC estimation) allowed the identification of the two-level
model as the most suitable for the analysis. In particular, Equation (1) represents the model in which
intercepts casually vary among groups while a general model considers fixed predictors, both at an
individual and group level [19]. Using a stepwise procedure [24], several models were identified and
the one which showed the lowest AIC was selected. The AIC calculates the likelihood of a model for
future estimations and in particular, a smaller AIC means that the corresponding model shows a better
prediction performance [19,35].

Moreover, the likelihood ratio test (LRT) was applied to compare the simplest two level model
and intermediate ones and according to this, the best model was the intermediate one (Tables 2 and 3).

The intermediate model was described as:

Pr(Will = Yes|x) = γ0 + γ1 Prov + γ2 Origin + γ3 Familiarity + γ4Cons + γ5Will_q +
γ6Curiosity + γ7Energetic + γ8Age+ u0j + rij.

(2)

Table 2. Likelihood ratio test (LRT): The simplest two level model and intermediate model.

Model df AIC BIC LogLik LRT p-Value

Simplest two level model 2 300.3 307.2 −148.1
Intermediate model 11 187.6 225.5 −82.8 130.7 <0.0001

Note: The AIC (Akaike information criterion) and the BIC (Bayesian information criterion) are the
well-known model fit indices.

Source: Our elaboration.

70



Agriculture 2020, 10, 512

Table 3. Parametric estimation results for the intermediate model Equation (2).

AIC BIC LogLik

187.6 225.5 −82.8

Random effects σ1 = 0.37 σ2 = 0.60

Fixed effects Value Standard Error z value p-value

Intercept −2.06 1.29 −1.59 n.s.

Prov 0.99 0.27 3.56 <0.0001

Origin −0.88 0.32 −2.73 <0.001

Familiarity 1.26 0.50 2.51 <0.01

Cons 1.81 0.57 3.18 <0.001

Will_q 0.05 0.01 3.32 <0.0001

Curiosity 0.57 0.15 3.61 <0.0001

Energetic 0.71 0.21 3.25 <0.001

Age −0.05 0.01 −2.85 <0.001

Note: n.s. means that variable is not significant. The AIC (Akaike information criterion) and
the BIC (Bayesian information criterion) are the well-known model fit indices.

Source: Our elaboration.

• The third step: Building up the full model.

In this case, the final step consisted of building a full model to account for the direct effect of the
lower-lever predictor variables and higher-level predictor ones, including the effect of the interaction
terms and random intercept effect. The final model was described as follow:

Pr(Will = Yes|x) = γ0+ γ1Prov + γ2 Origin+ γ3Familiarity+ γ4Cons+ γ5Will_q +
γ6Curiosity+ γ7Energetic + γ8Age+ γ9Forn+ u0j + rij.

(3)

In order to understand if the full model was more suitable than the intermediate one, the ANOVA
test was applied. In particular, the ANOVA test (Table 4) between the intermediate model Equation (2)
and the full model Equation (3) showed that the willingness to consume domestic eucalyptus firewood
is significantly influenced by all variables including the supply method (Forn) (i.e., loose firewood,
firewood arranged in pallets, or firewood in 10–15 kg bags). It can be seen that the AIC values of the
full model is smaller than the intermediate model one. This means that adding the supply method
(Forn) in the model improves the quality of the regression.

Table 4. Likelihood ratio test between the intermediate model Equation (2) and the full model
Equation (3).

Model df AIC BIC LogLik LRT p-Value

Intermediate model 11 187.6 225.5 −82.8
Full Model 21 177.5 249.8 −67.7 30.008 <0.0001

Note: The AIC (Akaike information criterion) and the BIC (Bayesian information criterion) are the
well-known model fit indices.

Source: Our elaboration.

Finally, the odds’ ratio was calculated to show the probability increase/decrease of the willingness
to consume domestic eucalyptus firewood when the considered variable increases or decreases.

The analysis was performed using R version 3.6.2 [39].
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3. Results and Discussion

3.1. Descriptive Statistics

Within the sample of 282 individuals, 62% were males, average age resulted in about 43 years,
59% of respondents presented a low education level (i.e., primary or secondary school), and 57% of the
sample lives in small towns.

Table 5 shows the variables used in the full model, their average values, and standard deviation
while Table 6 shows the Pearson correlations among explanatory variables indicating low correlations
index among variables used in the full model.

Table 5. Variables used in the full multilevel logistic regression model (n = 282).

No Label Variables Description
Mean Value (M) and

Standard Deviation (SD)

1 Will
Willingness to consume domestic eucalyptus

firewood
(Yes = 1; No = 0)

M: 0.64; SD: 0.36

1st level variables

2 Prov
The degree to which consumers pay attention to
provenience of firewood (i.e., if firewood comes
from tropical countries or Mediterranean ones)

M: 3.53; SD: 1.35

3 Origin
The degree to which consumers pay attention to

origin of firewood (i.e., if firewood comes from an
agro-forestry plant or natural woodland)

M: 3.65; SD: 1.35

4 Familiarity The familiarity with eucalyptus firewood
(Yes = 1; No = 0) M: 0.44; SD: 0.56

5 Cons Consume eucalyptus firewood in the past
(Yes = 1; No = 0) M: 0.17; SD: 0.38

6 Will_q The quantity of eucalyptus firewood that they were
willingness to consume (quintals) M: 14.53; SD: 31.89

7 Curiosity The degree to which consumers are willing to
consume eucalyptus firewood for curiosity M: 3.00; SD: 1.63

8 Energetic
The degree to which consumers are willing to
consume eucalyptus firewood for its energetic

characteristics
M: 3.85; SD: 1.15

9 Age Consumer age M: 42.95; SD:12.21

2nd level variable

10 Forn
The eucalyptus firewood supply methods, i.e.,

firewood in 10–15 kg bags (1), loose firewood (2),
and (3) firewood arranged in pallets

M: 1.93; SD: 0.64

Source: Our elaboration on data survey.

Table 6. Pearson correlations between explanatory variables of the full multilevel logistic regression model.

Prov Origin Familiarity Cons Will Will_q Forn Curiosity Energetic Age

Prov 1.00
Origin 0.40 1.00

Familiarity 0.23 0.27 1.00
Cons 0.17 0.20 0.19 1.00
Will 0.14 0.01 * 0.15 * 0.03 * 1.00

Will_q 0.01 * 0.05 0.08 * 0.08 0.23 1.00
Forn 0.05 ** 0.08 0.07 * 0.04 0.10 ** 0.12 ** 1.00

Curiosity 0.16 0.24 0.18 0.32 0.13 0.12 0.01 1.00
Energetic 0.39 0.34 0.09 0.17 0.03 0.11 * 0.06 ** 0.04 * 1.00

Age 0.03 0.08 ** 0.15 0.11 0.04 0.01 0.05 0.21 0.09 ** 1.00

* p-value < 0.05; ** p-value < 0.01.
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In the first parameter of Table 5 (Will), 64% of the sample was willing to consume domestic
eucalyptus firewood and the theoretical average annual consumption was about 1.5 Mg·yr−1.
This finding may indicate that people are becoming more receptive towards eucalyptus, considering it
as a suitable firewood alternative.

Moreover, generally, the sample showed attention both to provenience and to the origin of
fuelwood and preferred loose firewood as the supply method.

On average, the sample could be willing to consume domestic eucalyptus firewood for its energetic
characteristics, even if the respondents did not show curiosity about it. In addition, as a general trend,
the sample had neither familiarity (Familiarity) or consumed eucalyptus firewood in the past (Pass).

3.2. The Full Multilevel Logistic Regression Model

The result of the full multilevel logistic regression model is given in Table 7.

Table 7. Parametric estimation results for the full model Equation (3).

AIC BIC LogLik

177.5 249.8 −67.7

Random effects σ1 = 0.23 σ2 = 0.48

Fixed effects Value Standard Error z value p-value Odds’ Ratio

Intercept −5.73 6.08 −0.94 n.s -

1st level variables

Prov 2.44 1.44 1.68 <0.05 3.03
Origin −2.74 1.73 −1.58 n.s. -

Familiarity 7.75 2.34 3.31 <0.0001 5.9
Cons 9.18 2.72 3.37 <0.0001 5.5

Will_q −0.04 0.09 −0.49 n.s. -
Curiosity 1.34 0.74 1.80 <0.05 1.3
Energetic 3.12 1.08 2.88 <0.001 2.1

Age −0.16 0.08 −1.89 <0.05 −0.1

2nd level variable

Forn 1.38 2.76 0.50 <0.0001 2.2

Note: n.s. means that variable is not significant. The AIC (Akaike information criterion) and the BIC
(Bayesian information criterion) are the well-known model fit indices.

Source: Authors’ elaboration.

The parameters Familiarity, Cons, Energetic, and Forn resulted to be the most significant in the full
model, followed by Prov, Curiosity, and Age. All variables showed a positive sign except Age.

Unfortunately, there are not many studies focused on the willingness to consume domestic
eucalyptus firewood which could help us to evaluate the findings of the present work, which represent
a novelty in this field.

Our findings show that consumers who pay attention to the supply method (Forn), i.e., loose
firewood, firewood arranged in pallets, or firewood in 10–15 kg bags, are 2.2 times more likely to
consume domestic eucalyptus firewood than other consumers.

The knowledge of the existence of eucalyptus (Familiarity) as a firewood alternative resulted in an
important factor in the consumers’ willingness, indeed, those who reported to know it, asserted to
be more willing to consume it in the future. In particular, consumers that showed familiarity with
eucalyptus firewood are 5.9 times more likely to consume it than other people. Our findings are in line
with current literature [40] where familiarity is a key attribute that influences consumer behaviour
and, consequently, decision making [41]. In fact, familiarity showed a significant influence on the
acceptability of a given product [42]. Moreover, increasing familiarity, through further information,
about new products could improve their accepting rate [43] and this aspect resulted to be a key
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concerning firewood [44]. Johnson et al., (1984) suggested that familiarity involves a process of looking
for information and processing both new and already existing goods [45]. In addition, Fischer et al.,
(2008) showed that the more information the consumers gather, the more products they are willing to
purchase [46]. This is an important aspect, taking into consideration that firewood consumption is
linked with information received [23], and in general the familiarity with a given product, through
available information, could increase the likelihood of consuming it in the future [47].

More recently, Seo et al., (2013) highlighted that familiarity with a product is linked to both level
of information [41] and, in accordance with Ryynänen et al., (2018), to previous experience [41,48].
Our findings confirmed this assertion, considering that previous experience with eucalyptus firewood
showed an important role in the consumers’ willingness. Indeed, respondents who reported previous
experiences with eucalyptus firewood (Cons) were more willing to consume it again. In particular,
people who had previous experiences with eucalyptus firewood are 5.5 times more likely to consume
it than other people. Our results are in line with literature about consumer behaviour, where previous
experience with an innovative product enhances consumer acceptance [49] and people with previous
experiences resulted in having a higher probability to willingly consume it again in future [25].

In our case, the geographic provenience of firewood (Prov) (i.e., if firewood comes from tropical
countries or Mediterranean ones) also seemed to be one of the reasons that could push people to
consume eucalyptus firewood. Indeed, respondents who pay attention to the geographic provenience
of firewood are 3.03 times more likely to consume it than other consumers. These findings are also in
line with previous literature [50] where the provenience of wood was a key factor that influenced the
consumer behaviour. Moreover, according to Paletto et al., (2017) the geographic provenience of wood
is one of the most relevant factors in the enhancement strategies for local fuelwood [29]. The consumer
relies on the image of place of production (negative or positive) as a quality standard [24]. In this
framework, attention towards geographic provenience of firewood could imply benefits for Italian
local economies [29], especially in Southern Italy where eucalyptus is usually located [2].

Moreover, curiosity towards a new product also demonstrated a certain importance in the
respondents’ choice. In particular, those who showed a positive attitude about new products (Curiosity)
resulted to be 1.3 times more willing to consume domestic eucalyptus firewood. Similar results were
reported by Palmieri et al., (2020), which showed that willingness to consume a new product is linked
to consumers’ curiosity towards new products [25].

It is well known that the combustion of wood in fireplaces involves a very low level of technology,
with an equally low energy conversion efficiency. For this reason, it is not surprising that the consumer
described by the sample showed a marked interest in technical aspects related to the quality of the
wood to be burned. In fact, energetic density of firewood (Energetic) was another factor that had an
important influence on respondents’ choice. Technical aspects such as energetic density could shape
the respondents’ behaviour. In particular, people who pay attention to the energetic aspect of firewood
are 2.1 times more likely to consume it than other people. Vásquez Lavin et al., (2020) also reported
that technical aspects such as heating value and moisture of firewood were considered very important
for what concern consumer’s choice [51]. Similar results were confirmed by other studies [23] where
energetic density of firewood played an important role in consumer choices. This aspect could be very
interesting, taking into account that eucalyptus firewood has similar heating value to other fuelwood
species, for example oak [22].

Another significant variable in our model was the consumer’s age. Indeed, respondents’ age
resulted to be an important driver and was negatively associated with willingness to consume domestic
eucalyptus firewood. According to our results, younger people showed a higher willingness to consume
eucalyptus firewood than older ones. In fact, young people are 0.1 times more likely to consume it than
older people. Similar results were found by some authors [25], where age exerted a negative effect
on the probability to willingly consume a given new product. On the other hand, this aspect cannot
be generalized because other authors reported that respondents’ age had no significant influence on
preference [50].
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4. Conclusions

Italy is one of the world’s major importers of firewood and medium rotation eucalyptus plantations
could represent a source of biomass for the firewood market. Although, excluding some areas of
Southern Italy, the eucalyptus is a wood species not extensively used as firewood. People’s willingness
to consume a product depend on several parameters including the different supply methods of
a product.

This study aimed to understand consumer willingness to consume domestic eucalyptus firewood
and their motivations by considering the preferred supply method.

Although the sample of this research cannot be considered representative of the entire Italian
population, as happens in many studies about consumer behaviour, the results obtained gave interesting
hints to understand the process of consumer decision-making. In fact, further studies are necessary to
better understand the Italian consumers’ propensity towards eucalyptus fuelwood acceptance, in terms
of their individual preferences, attitudes, or concerns.

This research suggested that factors such as age, previous experience, familiarity, supply method,
attitude towards new product, provenience, and technical characteristics of firewood, i.e., energetic
density, play an important role in shaping individual behaviour concerning eucalyptus firewood
consumption. In summary, the owners of eucalyptus plantations should address themselves towards
informed young people, curious, who already know eucalyptus as fuelwood species, and who pay
attention to the supply method, provenience, and technical characteristics of firewood (i.e., heating
value). Our results are interesting, taking into consideration that eucalyptus plantations are less
environmentally impactful than other crops, therefore developing a eucalyptus fuelwood value chain
could reduce the environmental impacts linked to firewood production.

Even if the conclusions of the present work cannot be over-generalised, the present findings
could open new spaces for domestic eucalyptus firewood, considering that the quantity and quality of
information could shape the probability that people would be willing to consume it. In conclusion,
a growing eucalyptus demand as sustainable firewood alternative would be an interesting opportunity
for farmers to enter the sector and target themselves to specific market niches.
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Abstract: The present pilot study examined the potential of tobacco (Nicotiana tabacum L.) as an energy
source. The fresh matter of whole tobacco plants, the yield of dry matter of stems and leaves, as well
as the higher heating value and methane production potential from tobacco biomass were determined.
The yield of tobacco leaves was on average 4.69 Mg ha−1 (dry matter) and 76.90 GJ ha−1 yr−1 (biomass
energy yield). Tobacco stems yielded on average 8.55 Mg ha−1 and 150.69 GJ ha−1 yr−1, while yields
of whole tobacco crops were (on average) 13.24 Mg ha−1 and 227.59 GJ ha−1 yr−1. Methane potential
of tobacco plants was (on average) 248 Nm3 Mg−1 VS (volatile solids). The tobacco plants tested in the
study could be used as energy crops as their dry matter and energy yields are similar to those of the
most popular energy crops being currently used in biomass production in Poland and the European
Union. Nevertheless, further studies to choose the Nicotiana species and varieties most suitable for
energy production and to assess the cost-effectiveness of tobacco biomass production are needed.

Keywords: tobacco biomass; energy yield; higher heating value; biogas potential; Nicotiana tabacum

1. Introduction

Most agricultural land is used for food production purposes as food production is the most
important role of agriculture. A portion of agricultural land has always been devoted to non-food
products that are used as industrial biomaterials and bioenergy sources [1]. One of the plants that
can be used for various non-food purposes is tobacco (Nicotiana tabacum L.). Leaves, the main yield
of tobacco, contain about 1–4% fatty acids per dry weight, but that can be raised to almost 7%
by metabolic engineering (expression of other plant species genes), which makes tobacco a good
production platform for biofuel [2]. Tobacco leaves have non-structural sugar content comparable to
switchgrass (Panicum virgatum L.) and miscanthus (Miscanthus L.) while their lignin content is low [3].
Moreover, tobacco seeds contain about 40% oil, which can be used as a diesel fuel in turbocharged,
indirect injection engines [4]. The yield of tobacco seeds is, however, insignificant (about 400–600 kg/ha
according to the authors’ knowledge). Tobacco also has a high polysaccharide content. Stems are
built of 60% polysaccharides, which could possibly make tobacco a significant source of bioethanol [5].
Other energy carriers, such as biomass and biogas, could also be obtained from tobacco plants.

Currently, tobacco is cultivated in approximately 130 countries, in fields covering almost 3.4 mln
hectares, with more than 6 million tons of tobacco harvested each year [6]. More than 40% of the
world’s tobacco is produced by China. All the largest producers are located outside the European
Union (Table 1). Poland is currently the second largest tobacco producer in the European Union,
surpassed only by Italy. Domestic plantations produce about 33,000 metric tons (Mg) of tobacco
leaves [7], which is only half of the Polish tobacco industry’s needs [8]. Tobacco is currently cultivated
in Poland by approximately 11,500 farmers on between 13 to 17 thousand hectares [7,9]. The exact
area of cultivation and yields are probably strongly underestimated. This is because the statistics
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of production of tobacco were limited in previous years [10]. According to the Central Statistical
Office [7], the average yield of tobacco leaves is about 2.5 Mg per hectare, but according to the authors’
knowledge, farmers often get yields as much as two times that amount.

Table 1. The world’s largest producers of tobacco (leaves).

Area
Production

(Thousands of Mg)
Area Harvested

(Thousands of ha)
Average Yield

(Mg ha−1)

China 2242.2 1003.7 2.2
Brazil 762.3 356.5 2.1
India 749.9 417.7 1.8
USA 241.9 117.9 2.0

Indonesia 181.1 203.0 0.9
Pakistan 106.7 46.3 2.3
Malawi 95.4 86.1 1.1

Argentina 104.1 54.7 1.9
Zambia 115.9 65.7 1.8

Italy 59.3 17.2 3.4
Poland 33.2 16.4 2.0
UE-27 * 178.3 77.9 2.3

World (total) 6094.9 3368.9 1.8

Source: Food and Agriculture Organisation Data (FAOSTAT)(2018); * according to FAOSTAT (2018) tobacco was
cultivated in 15 European Union (EU) countries: Austria, Belgium, Bulgaria, Croatia, Cyprus, France, Greece,
Germany, Hungary, Italy, Poland, Portugal, Romania, Slovakia and Spain.

The most common types of tobacco cultivated in Poland are flue-cured tobacco (Virginia type)
varieties (65–75% of plantations) and Burley type varieties (25–35% of plantations) [10]. Tobacco leaves
are the main yield of tobacco, while the other parts of the plants are waste and of no-value for
the industry. The leaves are often damaged (especially during summertime) by intensive rain and
hail. Tobacco can also be damaged by fungal (e.g., Botrytis cinerea, Sclerotinia sclerotiorum) and viral
diseases (e.g., TMV, tobacco mosaic virus) [11]. Damaged leaves are worthless for the tobacco industry,
and diseased crops have to be liquidated immediately to avoid the spread of diseases in the following
years. According to the Central Statistical Office [7], about 20% of polish tobacco plantations are
insured for weather-caused damage. This means that about 80% of farms that cultivate tobacco have a
high risk of loss of their entire income if adverse weather conditions occur. To minimize the negative
impact of weather-caused damage to tobacco leaves, alternative ways of management of tobacco yield
should be established. One of those alternative ways of management could be the use of damaged
plants for energy purposes as a renewable energy source.

Currently, at least 6 million tons of tobacco leaves are produced worldwide [6]. After harvesting,
stems of a height of approximately 2.5 m are left on the fields. It is estimated that about 60% of tobacco
biomass is unsuitable for industry and is unnecessary waste. Those wastes are most often burned or left
on the field’s surface. When managed properly, they can contribute to biogas, bioethanol, and biodiesel
production [12]. Those stems have to be managed properly, to avoid phyto-sanitary issues (spread of
diseases); however, due to the number of plants and their size, management is often too costly for
farmers, and thus residues of plants are often crushed and plowed into the soil. The total amount of
waste tobacco biomass must be significant, but there are no exact figure in the literature on this topic.
However, some authors estimate the total amount of Virginia dried stalks at 6–10 Mg per hectare [13].

The development of the global economy and rapid growth of consumption increases the needs
for conventional energy. According to various scenarios, the share of conventional fuels will be
reduced as the result of depletion of resources and the related increase in energy prices [14,15].
The adopted European Union (EU) climate-energy package requires the market share of energy
consumption from renewables to reach 20% with a 10% share in liquid biofuels by 2020, while the
newest ambitions of the EU is to reach 32% renewable energy by 2030. In addition, a 20% reduction
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of greenhouse gases emissions (40% by 2030) and an increase in energy efficiency are expected [16].
Implementation of these objectives will increase the demand for agricultural substrates intended for
use as an energy source [17,18]. Currently, the development of biomass renewable energy is dependent
on the availability of appropriate biomass material, which, in most cases, is corn silage. Due to the
multifaceted environmental-safety conditions, the growth of the area of this species may be subject to
some restrictions. This is why there is a need to search for alternative biomass materials, which should
be tested to confirm their suitability as a renewable source of energy [19]. Management of food-crop
residues for energy purposes (e.g., cereal straw) and a search for new biomass sources seem to be two
of the ways to meet those needs. The production of energy from tobacco waste biomass (stems or
damaged tobacco plants) can increase farmers income while preserving the low environmental costs of
the biomass production. The production of energy from wastes could also contribute to the goal of
sustainable development and fits into the goal of a bioeconomy.

The aim of this study was to evaluate potential biomass yields of tobacco under typical Polish
production plantation conditions. Moreover, the calorific value and biogas yield of Nicotiana tabacum
were estimated.

2. Materials and Methods

The present study was carried out as pilot study in 2016 on three tobacco plantations located
near Puławy, Poland. Virginia (flue cured) and Burley types of tobacco were chosen to analyze their
biomass yields and potential as energy crops. The tobacco plants were collected both from production
plantations (two locations: Virginia A—51◦23′11.3” N 21◦53′55.4” E and Virginia B—51◦22′45.2” N
22◦06′19.5” E). The third plantation was set in the Institute of Soil Science and Plant Cultivation’s
State Research Institute’s (IUNG’s) experimental plantation in Osiny (51◦27′59.98” N 21◦39′44.28” E).
The third field was planted with Virginia (Virginia C) and Burley (Burley) types of tobacco and
established as a split-plot field experiment. The production plantations chosen to be part of the
experiment were both of about 0.5 ha, planted with the same Virginia flue-cured type of tobacco,
of the same variety (HYV 23). The experimental crop planted at the IUNG experimental station was
200 m2. The experimental crop was planted with Virginia VRG 10TL (Virginia C) and Burley TN10
(Burley) varieties. The fertilization schemes and other properties of the tobacco plantations are given
in Table 2. Plants of tobacco were collected in early October to estimate yields and for further research.
The leaves were separated from stems and then dried and weighed. Dried samples of tobacco were
burned in a calorimeter (Precyzja-Bit KL-12Mn calorimeter) in order to assess the higher heating
value. The biomass energy yield of tobacco was calculated on a basis of dry matter yield and the
corresponding heating value.

Table 2. Soil properties and fertilization of tested tobacco plantations.

Tobacco Plantation Virginia A Virginia B Virginia C Burley

Variety of tobacco HYV 23 HYV 23 VRG 10TL TN10

Soil classification
Podzoluvisol Loess soil Pseudo Podzoluvisol

S—Sand LS- loamy sand (on sandy loam)
Complex of agricultural suitability of soils:

from 1 (best) to 9 (worst) 6 2 5

Soil pH 5.0 6.0 5.9
Soil P2O5 content (mg 100g−1) 16.2 18.1 16.8
Soil K2O content (mg 100g−1) 15.8 19.1 17.0
Soil Mg content (mg 100g−1) 5.9 7.6 7.2

Mineral fertilization N-P2O5-K2O (kg ha−1) 130-50-130 50-45-100 100-43-103
Organic fertilization N-P2O5-K2O (kg ha−1) 0 100-33-38 0

Density of plants (per hectare) 22,000 20,000 23,000
Irrigation Yes No No
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Methane potential of tobacco silage was estimated on the basis of three out of the four plantations
of tobacco: Virginia A, Virginia B, and Burley. Moreover, estimation of methane potential of maize
(Zea mays L.) was performed (maize was cultivated in the same research station as tobacco, but was a
part of an independent experiment). This was to compare tobacco methane potential to maize methane
potential, as maize is currently most widely used substrate in agricultural biogas plants. Both tobacco
and maize silage was made from whole plants harvested in October. Plants were chopped and
ensilaged for 2 months. Total solids (TS), volatile solids (VS), and ash were determined in accordance
to the Polish norms PN-EN 12,880 and PN-EN 12,779 using the gravimetric method after drying at
105 ◦C and 550 ◦C, respectively. The potential methane (CH4) yield from tobacco and maize silage
was evaluated by using The Automatic Methane Potential Test System II (AMPTS II) manufactured
by Bioprocess Control. Bacterial inoculum was collected from an active, agricultural biogas plant,
which used mostly corn silage to produce biogas. The initial ratio of VS content in inoculum to VS
content in substrate was 2:1. A single reactor had a volume of 500 mL and it was filled with 400 mL
of inoculum-substrate mixture. Twelve reactors were used in the experiment. The substrate in the
reactors was mixed continuously for 30 s with 30 s interval, at a speed of 70 RPM. The fermentation
temperature was set to 37 ◦C. The process was performed in three independent replications for about
35 days until no significant methane volume increases were found. The values of the biogas volume
obtained were converted into standard conditions (1013 mbar, 273 K). Statistical analysis of data for
different plantations was completed on the basis of one-way ANOVA (Analysis of variance) with a
post-hoc Tukey HSD (Honestly Significant Difference) test. Significance of difference of other biomass
parameters (e.g., average higher heating value (HHV) of stems vs. average HHV of leaves) was assessed
with the Mann–Whitney test or t-test (depending on data distribution parameters). The aim of the
pilot study was to assess the potential range of biomass yields, biomass energy, and methane potential
of tobacco. The plants from all plantations were picked up randomly, but production plantations
(Virginia A and Virginia B) themselves were not designed as experiments and no further measures were
implemented to prevent an error variation (e.g., resulting from variability of soil). In contrast, Virginia
C and Burley plantations were established as field experiments with a split-plot design (tobacco types
as independent variable) with four replications to minimize the impact of soil variability.

3. Results and Discussion

3.1. Biomass Energy Potential

After harvesting tobacco leaves, plant residues are left on the field. The biomass of those residues
(mostly stems) is large, but there is hardly any data about it in the literature. The present study on
tobacco biomass yield was carried out in different conditions (different types and varieties of tobacco,
different soil conditions and agro-techniques in the fields) in order to gather general knowledge of
the tobacco biomass yield potential and the residue biomass potential in varied conditions. The fresh
matter of tobacco (whole crop) varied significantly between plantations from 34.8 (Virginia C) to
62.3 Mg ha−1 (Virginia A) with an average of 53.2 Mg ha−1. Total average dry biomass yield of tobacco
varied significantly between locations from 9.4 Mg ha−1 (Virginia C) to 15.8 Mg ha−1 (Virginia B),
with an average of 13.2 Mg ha−1. The tobacco leaves dry matter differed between locations from
3.4 Mg of dry matter per hectare (flue cured tobacco planted in the IUNG’s experimental station) to
5.6 Mg ha−1 in one of the production fields (Virginia A). An average yield of leaves for all plantations
was 4.7 Mg ha−1. Yield of stems varied between locations of tobacco. The lowest yield of stems was
observed again for flue cured tobacco planted at the IUNG’s experimental station (6.0 Mg of dry matter
per hectare) while flue cured tobacco planted in the second plantation field (Virginia B) yielded the
most (10.8 Mg ha−1), while the average yield of stems for all plantation was 8.6 Mg ha−1 (Table 3).
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Table 3. Yields and properties of the tested tobacco biomass.

Plantation and Type of Tobacco Virginia A Virginia B Virginia C Burley Average

Yield of fresh matter (FM), (leaves + stems) (Mg ha−1) 62.3 a * 55.7 a 34.8 b 59.8 a 53.2
Total dry matter (DM) in FM (%) 23.0 a 28.4 b 27.1 b 22.4 a 25.2

Volatile Solids (VS) content in FM (%) 20.5 a 21.1 a 16.2 b 15.9 b 18.4
Yield of leaves (Mg ha−1) DM 5.6 a 5.0 a 3.5 b 4.7 a 4.7
Yield of stems (Mg ha−1) DM 8.7a 10.8 b 6.0 c 8.7 a 8.6

Leaf/stem ratio 0.6 0.5 0.6 0.5 0.6
Yield (leaves + stems) (t·ha−1) DM 14.3 ab 15.8 a 9.4 c 13.4 b 13.2

Higher heating value of leaves (MJ kg−1) 17.2 a 16.4 a 16.2 a 15.6 a 16.3
Higher heating value of stems (MJ kg−1) 18.4 a 17.6 ab 17.4 ab 17.0 b 17.6

Higher heating value (leaves + stems) (MJ kg−1) 18.0 a 17.0 ab 16.8 ab 16.3 b 17.0
Biomass energy yield (GJ ha−1 yr−1) of leaves 96.3 a 81.8 ab 56.5 c 73.0 bc 76.9
Biomass energy yield (GJ ha−1 yr−1) of stems 160.3 a 191.0 b 103.8 c 147.7 a 150.7

Biomass energy yield (GJ ha−1 yr−1) of leaves + stems 256.6 ab 272.8 a 160.3 c 220.7 b 227.6
Methane potential (Nm3 Mg−1 VS) 298 b 220 a nd 226 a 248
Yield of methane (Nm3 ha−1 yr−1) 3802 b 2590 a nd 2149 a 2847

Source: own study; * different lowercase letters indicate significant differences according to one-way ANOVA with a
post-hoc Tukey HSD test at p < 0.05.

Bilalis et al. (2009) [20] reported that the dry matter of tobacco leaves ranged from 1.9 Mg ha−1

to 5.0 Mg ha−1 and was strongly influenced by irrigation and fertilization. In the present study,
tobacco yields varied among locations. According to the authors’ knowledge, there are only a few
studies about dry matter yields of stems or whole tobacco plants. Radojičić et al. (2014) [13] estimated
the yields of Virginia tobacco stems at about 6–10 Mg per hectare. Dry matter yields are expected
to be highly variable and dependent on soil and weather conditions, fertilization, and agrotechnical
treatments, in particular loosening the soil. Szewczuk (2009) [21] found that Virginia type tobacco
industrial yields (leaves) can vary (in Poland) from 2.5 Mg ha−1 to 3.7 Mg ha−1, and they are dependent
on fertilization scheme. According to Pawełek (2000) [22], industrial yields of Virginia tobacco can be
even greater and could reach from 2.7 Mg to 5.0 Mg per hectare. Annual yields of other widely used
biomass plants are strongly differentiated depending on genotype and site conditions. According to
McKendry (2002) [23], poplar (Populus L.) and willow (Salix L.) yields could reach 10 to 15 Mg of dry
matter per hectare per year (which is very similar to the tobacco biomass yields presented in this
study), while switchgrass yields are estimated at 8 Mg ha−1, and yields of miscanthus biomass could
reach up to 12–30 Mg ha−1 (Table 4). Yields of industrial hemp (Cannabis sativa L.), according to Prade
et al. (2011) [24], reach 9.9–14.4 Mg ha−1, depending on harvest period (Table 4). Concerning maize
dry matter (DM) (whole aboveground biomass), Jurekova et al. [25] found variation of yields at 8 and
32 Mg ha−1 while Stolarski et al. (2020) [26] found that yields of willow in Poland can range from 2
to 18 Mg ha−1 yr−1 (11 Mg ha−1 yr−1 on average) (Table 4). Niemczyk et al. [27] showed that in the
conditions found in Poland DM yields of poplar range from 2 to 8 Mg ha−1 yr−1 and are lower than
those in countries located in southern parts of Europe. Yields of DM of tobacco and other energy sources
are given in Table 4. Sheen (1983) [28] cultivated tobacco for biomass yield under high plant density
conditions (about 766,000 per hectare). Sheen found that tobacco fresh biomass, harvested once a year
in June, can reach from 44 to 70 Mg ha−1 depending on tobacco cultivar. Moreover, Wildman (1979) [29]
found that tobacco fresh biomass yields from a stand of 370,000 plants and multiple harvests could
reach up to 150 Mg ha−1 yr−1. In the present study, the density of plants was not that high (up to
23,000 plants per hectare) and reached on average 53.2 Mg ha−1 (Table 3). Thus, tobacco could be an
important source of biomass, especially when cultivated for energy purposes, with the introduction of
new management techniques (higher density of plants, different fertilization schemes, and multiple
harvests during vegetation).
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Table 4. Yields, higher heating value (HHV), and energy yield of selected energy crops.

Crop
Crop Yield DM
(Mg ha−1 yr−1)

HHV (MJ kg−1)
Biomass Energy Yield

(GJ ha−1 yr−1)

Tobacco 9–16 16.3–18.0 160–273

Wheat (Triticum aestivum L.) 14 1

7–13 3 12.3 1 123 1

128–231 3

Poplar 10–15 1

2–8 6 17.3 1 173–259 1

33–230 8

Willow 10–15 1

2–18 5 18.7 1 187–280 1

203–210 7

Switchgrass 8 1 17.4 1 139 1

Miscanthus 12–30 1

11–29 3 18.5 1 222–555 1

186–486 3

Industrial hemp 10–14 2 17.5–19.12 246–296 2

Maize 8–32 3 17.5 4 142–545 3

Sources: own study and: 1—McKendry (2002) [23], 2—Prade et al. (2011) [24], 3—Jurekova et al. (2015) [25],
4—Jóvér et al. (2018) [30], 5—Stolarski et al. (2020) [26]. 6—Niemczyk et al. (2016) [27], 7—Stolarski et al. (2014) [31],
8—Stolarski et al. (2020) [30].

The average HHV of tobacco leaves was significantly lower (16.3 MJ kg−1) than the average HHV
of its stems (17.6 MJ kg−1) (t-test, p-value < 0.001). The lowest HHV for whole tobacco plants was
observed for the Burley type of tobacco (16.3 MJ kg−1), while the highest at 18.0 MJ kg−1 was for flue
cured tobacco cultivated on sandy soil (Virginia A). The average HHV for whole tobacco plants was
17.0 MJ kg−1 (Table 3). There are not many accurate reports about the energy value of tobacco plants in
the literature. Some authors [13,32] have estimated (on the basis of chemical analysis of tobacco stems)
the average higher heating value of Virginia (flue cured) stems at around 18.2 MJ kg−1, which is similar
to the HHV of Virginia stems presented in this study. In addition, Indahsari (2018) [33] found tobacco
stems’ HHV to be 18.2 MJ kg−1. Moreover, Mijailovic et al. (2014) [32] found Burley stems’ HHV to be
18.3 MJ kg−1, which is a higher value than the average HHV of Burley stems measured in the present
study (17.0 MJ kg−1). The difference in Burley’s HHV value is probably due to rather poor nutrition and
growth rate of burley plants at the IUNG’s experimental station. Nevertheless, the average HHV for all
tested tobacco varieties was at a rather good level, comparable with other energy plants. According to
McKendry (2002) [23] the HHVs of poplar and switchgrass are at a comparable level (17.3 MJ kg−1 and
17.4MJ kg−1, respectively) to tobacco’s HHV presented in this study (17.03 MJ ha−1), while the HHVs
of willow and miscanthus are higher (18.7 MJ kg−1 and 18.5 MJ kg−1, respectively) (Table 4). Prade et
al. (2011) [24] found that industrial hemp’s HHV can reach from 17.5 to 19.1 MJ kg−1, depending on
the time of harvest (Table 4).

Energy yield of whole tobacco plants reached values from 160.3 GJ ha−1 to 272.8 GJ ha−1 per
year. On average, tobacco energy yield was estimated at 227.6 GJ ha−1 (Table 3). This means that
one hectare of tobacco plants had the same energy potential as 9.5 tons of coal (24 MJ kg−1). Plant
residue management (mostly stems) is an important issue in tobacco plantations. The amount of
that waste biomass is often large. The present study showed that tobacco stems are about 65% of
the tobacco dry biomass yield (average leaf/stem ratio of 0.55). In addition, energy yields of stems
were about two times higher than energy yields of leaves, which was due to the significantly higher
yields of stems (Mann–Whitney test, p-value < 0.001) and also the significantly higher heating value of
stems (t-test, p-value < 0.001). According to Sheen (1983) [28], tobacco plants planted in more dense
stands (up to 670,000 plants per hectare) produce more fresh biomass of leaves than that of stems
(leaf/stem ratio from 1.77 to 3.02). The differences were probably due to density of stands, genotypes of
plants, and harvesting time. This study showed that the energy yields of stems were approximately
two times higher (150.7 GJ ha−1 yr−1) than the energy yields of leaves (76.9 GJ ha−1 yr−1) (Table 3).
This can be valuable information for farmers who want to use tobacco residues as energy biomass.
Yields of energy of other plants are strongly differentiated. For example, McKendry (2002) [23] found
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energy yields of wheat (123 GJ ha−1 yr−1) and switchgrass (139 GJ ha−1 yr−1) to be lower than the
energy yields of tobacco estimated in the present study. Moreover, the author found that willow
(187–280 GJ ha−1 yr−1) and poplar (173–259 GJ ha−1 yr−1) yields of energy are at a similar level as the
tobacco energy yields presented in this study, while miscanthus energy yields can outperform other
crops (222–555 GJ ha−1 yr−1). Jurekova et al. (2015) [25] found miscanthus and maize energy yields
to be at a similar level (186–486 GJ ha−1 yr−1 and 142–545 GJ ha−1 yr−1, respectively). According to
Prade et al. (2011) [24], energy yields of industrial hemp can reach up to 246–296 GJ ha−1 yr−1 (Table 4).
Stolarski et al. (2020) [30] found poplar’s energy yield (cultivated in Poland) to be able to reach up to
230 GJ ha−1 yr−1 for the best-performing clones while the average energy yield for all genotypes and
rotations of poplar was at a level of 115 GJ ha−1 yr−1. This is lower than the energy yields for Virginia
A and Virginia B presented in this study.

3.2. Methane Potential of Tobacco Silage

According to Weiland (2010) [34], methane yield of different plant substrates is strongly affected
by the chemical composition of the crop. Generally, the methane potential of plants is lower in older
plants, which are strongly lignified, which causes slower anaerobic decomposition of a substrate.
Biogas production from different agricultural substrates can vary from 231 Nm3CH4 t−1 VS (volatile
solids) for sunflower to 400 Nm3CH4 t−1 DMO (organic dry matter) for sugar and fodder beet (Table 5).

Table 5. Gross crop yield (fresh) and methane potential of different crops.

Crop Crop yield (t FM ha−1) Nm3 CH4 t−1 VS (MIN) Nm3 CH4 t−1 VS (MAX)

Tobacco 1 35–62 220 298
Maize 1 36 346 437

Corn-cob-mix (CCM) 2 10–15 350 360
Fodder beet 2 80–120 398 424

Grass 2 22–31 286 324
Maize 2 40–60 291 338

Red clover 2 17–25 297 347
Rye grain 2 4–7 297 413
Sorghum 2 40–80 286 319

Sugar beet 2 40–70 387 408
Sunflower 2 31–42 231 297

Triticale 2 28–33 319 335
Wheat 2 30–50 351 378

Wheat grain 2 6–10 371 398

Sources: 1 own study, 2 Weiland (2010) [34].

Some authors have cultivated energy crops in similar conditions as those presented in this
study. Matyka and Księżak (2013) [19] cultivated canary grass (Phalaris arundinacea L.) in the same
experimental farm that cultivated the Virginia C and Burley tobacco presented in this study. Authors
reported that ensiled canary grass can produce up to 273 Nm3CH4 t−1 VS. Kacprzak et al. (2012) [35]
reported that, on average, 389 Nm3CH4 t−1 VS can be produced from ensiled sorghum, while maize
silage can produce 566 Nm3CH4 t−1 VS. Kacprzak et al. (2013) [35] also tested canary grass and maize
cultivated in the Osiny Experimental Farm for its biogas potential. They found that ensiled canary grass
produced, on average, 187 Nm3 t−1 DM (dry matter) of CH4 while maize silage produced 208 Nm3 t−1

DM of CH4. Oleszek et al. (2014) [36] found that biogas yield from canary grass, also cultivated in the
Osiny Experimental Farm, can reach up to 406 Nm3 t−1 VS. This shows how varied are the outputs
of studies on methane potential of different crops. In contrast, the tobacco silage tested in this study
seems to be a rather poor substrate for methane production. Methane potential for tested tobacco
varied between 220 to 298 Nm3CH4 t−1 VS (248 Nm3CH4 t−1 VS on average) (Table 3), and was lower
than the methane potential of maize, which was tested during the same analysis as tobacco silage
(Figures 1 and 2). Li et al. (2019) [37] tested four varieties of tobacco stalks for their methane potential
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and found that they can reach up to 132 Nm3CH4 t−1, which is less than half of the maximum methane
potential of tobacco shown in the present study. The differences are probably due to the substrate;
while Li et al. tested only tobacco stems (which are strongly lignified), the present study shows the
methane potential of the whole tobacco plant. According to Weiland (2010) [34], the optimal dry matter
contents of plant substrates for ensilage should be 25% to 35%. The general quality of silage made
of a substrate of TS (total solids) content below 25% can be poor and has high leachate formation,
which results in slow fermentation and low methane yields. It is possible that tobacco harvested
earlier, when plants are less lignified, would have better methane potential, but this still needs to be
tested. The production of methane (Nm3 CH4·t−1 VS) from tobacco was at a level of 65% of what can
be produced from maize (methane potential of maize was tested in the same conditions and at the
same time as methane potential of tobacco,) (Table 5, Figure 2). Moreover, the calculated average yield
of methane per hectare of tobacco (2847 Nm3 ha−1 yr−1 (Tabel 3)) was only half of calculated annual
yields of methane of maize (5900 Nm3 ha−1yr−1, not showed in a table). Daily methane production
from tobacco was as intensive, or even more rapid, as methane production from maize in the first four
days of production. In the following days, methane potential of tobacco declined rapidly, while the
decrease in methane production from maize was slower (Figure 1). Low methane production potential
of tobacco, comparable to sunflower methane production in Weiland’s (2010) [34] study, probably was
due to a rather low dry matter content of the tobacco substrate. Moreover, the tobacco plants of the
present study at the time of harvesting (October) were in large part lignified, which probably resulted
in slow anaerobic decomposition of silage. This might also explain why methane production from
tobacco was less efficient (compared to maize) especially at the later stages of methane production
(Figure 1). Tobacco can contain more than a dozen (up to 20%) carbohydrates [38,39]. Probably, as a
large part of those carbohydrates are easily digestible simple soluble sugars, the methane fermentation
process of tobacco was most efficient at the initial stage of fermentation. With the depletion of simple
substances, fermentation slowed down significantly (Figure 1).

Tobacco samples in the present study were taken from plantations cultivated as typical production
plantations (leaves as main yield), with low plant density (20,000–23,000 plants per hectare). Tobacco,
however, probably could be a higher biomass yielder, especially when cultivated for energy purposes
in more dense stands (according to Sheen (1983) [28] even up to 670,000 plants per hectare). Moreover,
tobacco plants have high biomass growth with increased nitrogen fertilization. This is, however,
linked with deterioration of leaves’ quality for the industry and thus use of N fertilizers on production
plantations of tobacco is usually low. Tobacco plants often create additional stems, which are unwanted
by farmers as they result in lower yield and quality of leaves. This natural ability of tobacco to create
extra stems could, however, be useful when cultivating tobacco for energy purposes. This process
could also be stimulated by cutting in early growth phases (according to authors’ observations, tobacco
plants can easily regrow when the main stem is cut off; side shoots in such conditions appear in
large numbers and easily grow on the plant). Tobacco in the present study was cultivated in soils of
different quality (Table 2), but even in the soil of the poorest quality (Virginia A), yields of biomass
were acceptable (Table 3). While tobacco is cultivated on production plantations as an annual plant
(planted as seedlings each year) it is actually a perennial plant that can regrow (from stem and/or
roots) after being cut down. It cannot be excluded that other species of tobacco could be cultivated as
perennials, or even mowed (harvested) 2–3 times per year in moderate climate conditions.

The profitability and risks (lack of established knowledge) linked with production of tobacco
entirely for energy purposes compared to production of leaves for the industry would probably be an
issue for Polish farmers. Economic efficiency of tobacco cultivation is often at a significantly higher
level than economic efficiency of energy crops. According to Stolarski et al. (2014) [31], the direct
surplus of the plantation of willow in Poland can reach up to 1860 PLN ha−1 year−1, while the direct
surplus of tobacco production is at a level of 10,000–20,000 PLN ha−1 year−1 (assuming the 100% share
of labor in cultivation and harvesting of tobacco). Currently, due to the ending of support for tobacco
cultivation (subsidies), the expected economic efficiency will drop significantly. It is therefore highly

86



Agriculture 2020, 10, 551

probable that in the coming years, due to the decline in tobacco production profitability, a transition
from cultivation of tobacco for leaves to energy purposes would become more attractive for farmers.
Tobacco cultivation requires up to 4000 man-hours per hectare [40]. A multi-stage collection of leaves
and their preparation for drying consumes most of this time. In the case of production for energy
purposes, a large part of this work could be saved and allocated elsewhere on the farm.

 

Figure 1. Daily rate of methane production from different substrates.

 
Figure 2. Methane potential from different tobacco plantations and from maize.

The present pilot study covered just one year of vegetation. It is expected that different years
with different weather conditions would affect the results to a greater or lesser extent. Nevertheless,
this study showed that tobacco biomass can match the energy potential of other commercial energy
crops. Residues (or damaged plants) of tobacco can be a valuable source of energy that could be used
directly on farms (e.g., as pellet biomass). Moreover, it seems that with the right choice of varieties and
species of tobacco and the adjustment of its management (planting density, harvest cycles) it would be
possible to cultivate this species for energy purposes. Therefore, further studies to choose Nicotiana
species and varieties most suitable for energy production as well as to assess the cost-effectiveness of
tobacco biomass production are needed.
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4. Conclusions

The present study shows that tobacco biomass and energy yields can match other commercial
energy crops in Poland. Its energy yields varied between 160 and 273 GJ ha−1 yr−1, which is comparable
to poplar and willow energy yields. Tobacco, however, could be a valuable biomass energy crop,
especially when cultivated deliberately to obtain biomass. This study showed that tobacco can be
cultivated on soils of poor quality and high yields can be still maintained. The tested tobacco (harvested
in October) seemed to be a rather poor source of substrate for biogas production, which was probably
due to harvesting time and the high lignification rate of tobacco tissues. Yield of methane per hectare
of tobacco was 2847 Nm3 ha−1 yr−1.
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Wyrobów Tytoniowych a Rynek Pracy w Polskiej branży Tytoniu; Związek Przedsiębiorców i Pracodawców:
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11. Doroszewska, T.; Berbeć, A.; Czarnecka, D.; Kawka, M. Choroby i Szkodniki Tytoniu; IUNG-PIB: Puławy,
Poland, 2013; ISBN 978-83-7562-154-9. (In Polish)
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Hod. Aklim. Roślin 2003, 228, 363–371.

40. Wijatyk, B. Rynek tytoniu. In Strategiczne Opcje dla Polskiego Sektora Agrobiznesu w Świetle Analiz Ekonomicznych;
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Abstract: Agricultural land is mostly devoted to food production. Production of biomass is limited,
as it competes for land with basic food production. To reduce land loss for growing food, biomass can
be grown on marginal lands that are not usable for food production. The density of plantings have to
be optimized to maximize yield potential. The presented study compares yield parameters end energy
potential of six species of biomass plants (poplar, Siberian elm, black alder, white birch, boxelder
maple, silver maple) cultivated in 18 planting densities from 3448 to 51,282 plants per hectare as short
rotation coppice (SRC). Biomass yield parameters depended on both cultivated species and planting
density. Green mass, dry mass, and shoot diameter was dropping with the increasing planting density
for most tested species. Calculated yield of dry mass was dropping with increasing planting density
for black alder, increasing for Siberian elm and boxelder maple. White birch and silver maple yields
were optimal at moderate planting densities (25,000–30,000). White birch and boxelder maple had
the highest average higher heating value (HHV). The optimal density of plantings should be chosen
to best suit both the needs of cultivated species and to optimize the most important parameters of
produced biomass.

Keywords: energy crops; planting density; calorific value; SRC

1. Introduction

Although the main role of agriculture is food production, a part of agricultural land has always
been devoted to non-food products, mainly within the framework of emerging technologies. Such uses
include the production of bioenergy and various biomaterials [1]. The application of biomass for energy
generation and for industry is of great importance and brings benefits to: (i) energy independence,
(ii) environmental protection, (iii) economy, and (iv) society [2,3]. Non-food crops cultivation should
not compete with food and fodder cultivation on high-yielding, fertile soils of good agricultural quality.
On the other hand, the number of available food and fodder species able to produce a satisfactory yield
on light, sandy soils of rather poor agricultural quality is not wide [4,5]. The cultivation of tree species
using the short rotation coppice technique of lignocellulose biomass production had spread following
the first oil crisis. Plants cultivated as short rotation coppices (SRCs) are characterized by a high growth
rate, adequate sprouting of the stool bed, and an adaptation to sub-optimal environmental conditions [6].
Plantations for woody biomass production can be adapted depending on planting density and rotation
length. Available experimental results indicate that a decrease in stem circumference is a commonly
observed response to increasing planting density in poplar. However, studies also showed fast
growing hardwoods tree height can increase, decrease, or remain unchanged with increasing planting
density [7,8].
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Agricultural biodiversity is of great importance nowadays. Plants of different genotype (species,
varieties) including those cultivated as SRC, differ in habitat requirements for optimal growth and
development and create different habitats for wildlife. Production conditions such as soil quality,
water availability, harvest cycle, and technology (i.e., planting density) have an impact on biomass
production, but the strength and direction of this impact could vary between species.

The goal of this study was to the determine the grow rate, biometric parameters, and biomass
caloric value of six trees species cultivated as SRC depending on planting density.

2. Materials and Methods

2.1. Site Characteristics and Experimental Design

The experiment was conducted in the experimental farm of Institute of Soil Science and Plant
Cultivation—State Research Institute in Osiny, Poland (N: 51◦28′16.37”, E: 22◦3′5.11”). The experiment
was established in spring 2010 on heavy black soil with a heavy clay granulometric composition.
The following trees were included in the experiment:

• Poplar (Populs L.), AF2 variety;
• Siberian elm (Ulmus pumila);
• Black alder (Alnus glutinosa);
• White birch (Betula pubecsens);
• Boxelder maple (Acer negundo);
• Silver maple (Acer saccharinum L.).

Trees were planted in April 2010 at 18 ranges of density in a “Nelder wheel design” [9] (see Figure 1).
Eighteen concentric rings of trees were planted at radii ranging from 1.5 to 11 m as indicated in Table 1.
An additional outer ring was planted as a guard ring to minimize the edge effect. The center of the circle
was planted with a small ring to also form a guard. Each of the experimental rings contained 24 trees
(six tested species in four replications) planted et equal distances around the circumference, giving a
range from 3448 to 51,282 trees per hectare in equivalent planting density (Table 1). Those 24 trees
planted as a concentric ring of increasing diameter formed 24 rows of experiment. Each tested species
was represented in four rows (replications). Two rows of the same species were always adjacent to
each other, while the other two were on the opposite side of the circle—creating an experimental
arrangement in the form of a mirror reflection (see Figure 1).

Table 1. Planting distances and tree densities.

Ring No. Distance to the Center [m] Distance to Previous Ring [m] Density [Plants ha−1]

1 1.0 Guard ring
2 1.5 0.5 51,282
3 2.0 0.5 48,462
4 2.5 0.5 30,769
5 3.0 0.5 25,477
6 3.5 0.5 21,739
7 4.0 0.5 19,231
8 4.5 0.5 16,949
9 5.0 0.5 15,384

10 5.5 0.5 14,286
11 6.0 0.5 12,739
12 6.5 0.5 11,764
13 7.0 0.5 10,929
14 7.5 0.5 10,204
15 8.0 0.5 9569
16 8.5 0.5 9009
17 9.0 0.5 8510
18 9.5 0.5 8064
19 10.0 Guard ring
20 11.0 1.0 3448
21 12.0 Guard ring
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Figure 1. Distribution of species in the experiment design according to Nelder (1962) design (dots of
different color represents trees of different species).

2.2. Biomass Analyses

Trees were harvested after 7 years of growth in February 2017. The harvest was made by hand.
Shoot diameter at a height of 15 cm was determined using an electronic caliper with an accuracy of
0.1 mm. Each plant was cut at a height of 5 cm above the ground level. Plant height was determined
from the cut place to the top of the plant with the accuracy of 1 cm. Yield of green mass was determined
by weighing whole plants immediately after harvesting (green mass included limbs and/or barks).
Whole plants were chipped and carefully mixed. Representative biomass samples (in 5 replications)
were taken to determine the share of dry mass. In the laboratory, biomass moisture was determined by
a drying method at a temperature of 80 ◦C for a period of 14 days. The dry mass yield was determined
from the ratio of the green mass yield and its moisture content. Dried samples of trees were burned
in calorimeter (KL-12Mn calorimeter, Precyzja-Bit, Bydgoszcz, Poland) in order to assess the higher
heating value—HHV (or gross calorific value) of the biomass.

2.3. Statistical Analyses

Statistical analysis of results was performed using Statistica 10.0 software (StatSoft Polska, Krakow,
Poland)). Few clear extreme outliers (observations located outside upper or lower quartile) were
removed from the dataset according to the software manual. The level of significance for analysis was
set to p = 0.05.

Subsequently, the normality of the distribution was tested using the Shapiro–Wilk and
Kolmogorow–Smirnow tests. The vast majority of the examined features were characterized by
a non-normal distribution. Data transformation attempts have not changed the data distribution.
Therefore, nonparametric Kruskal–Wallis tests for comparison of many groups of independent variables
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were used to assess the significance of differences. Because of data distribution, all average values
presented in the study are medians.

The green mass, the share of dry mass, dry mass, and the biometric features of the examined trees,
depending on the plant density, were characterized by using the trend equation. The criterion for
selecting the trend equation was the highest value of the determination coefficient.

In addition, for each tree species correlation coefficient for the tested parameters relationship
was calculated.

Woody plants intended for industry are, by definition, grown in long cycles, and therefore,
their growth in subsequent years was not studied. Annual yields were not assessed as experimental
design was not adapted to it (it would result in a complete failure of the basic methodological
assumptions due to invasive nature of such measurements (annual harvesting)). However, potential
annual biomass of dry mass was calculated Ydm (t ha−1 year−1). To calculate the potential annual
biomass yield of dry mass at given (chosen) density, the measured average dry mass of a single plant
(Pdm) (kg) was multiplied by actual density of plantings (plants per hectare) (Dact). The obtained result
(t ha −1) was divided by the number of years of cultivation, which was 7.

Potential annual biomass yield of dry mass:

Ydm =
PdmDact

7

3. Results and Discussion

3.1. Green Mass

The highest green mass of plants (GM) were observed in poplar AF2. On average, a single plant
of poplar weighted 29.1 kg (median). Boxelder maple green mass was on average at a level of 9.3 kg
per plant. Black alder, white birch, silver maple, and Siberian elm had a GM on a similar level (Table 2).
Nevertheless, the lowest GM was recorded for silver maple, and it was only 2.6 kg per plant. GM was
positively correlated with plant height and shoot diameter for all tested plants. For Polar AF2 and
Siberian elm, a negative correlation between the green mass of the plants and the share of dry mass
was noted. The GM was dropping significantly with the increasing planting density for all tested
species. The strength of response of species to the increasing stand density showed some differences.
The strongest negative response was observed in black alder, while white birch and silver maple were
the least sensitive species to increasing planting density. In the case of other species, the strength of
dependence was at a similar level (Figure 2, Table 3). Wilkinson et al. [10] showed that yield of green
matter of 1-year-old and 3-year-old willow (Salix ssp.) was increasing significantly with increasing
plant density (density from 10,000 to 25,000 of plants per hectare).

Table 2. Median values of tested plants and their biometric features.

Specification
Green
Mass
[kg]

Share of
Dry Mass

[%]

Dry
Mass
[kg]

Plant
Height

[m]

Shoot
Diameter

[mm]

Higher Heating
Value
[J g−1]

Potential Yield
of Dry Mass
[t ha−1 yr−1]

Poplar AF2 var. 29.1 a * 42.8 a 13.1 a 10.6 a 113.5 a 17,908 a 15.8 a
Siberian elm 2.8 b 58.5 b 1.7 b 4.7 d 41.8 b 18,664 bc 5.2 b
Black alder 5.3 bc 48.2 c 2.5 bc 6.6 bc 60.4 c 18,366 ab 3.9 b
White birch 5.5 bc 52.4 c 2.9 bc 7.0 b 59.4 bc 19,509 c 2.2 b

Boxelder maple 9.3 c 50.8 c 4.7 c 6.8 b 63.8 c 19,158 c 9.8 c
Silver maple 2.6 b 51.8 c 1.4 b 5.2 cd 39.2 b 18,726 bc 4.7 b

* Data marked with the same letter do not differ significantly between species (α = 0.05).
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Figure 2. Relationship between green mass of plants (kg plant−1) and planting density (plants ha−1).

3.2. Dry Mass

Very similar relationships were found for the dry mass (DM) of plants as for green matter.
This shows that the dry mass/green mass ratio (or in other words—moisture content) is at constant
level at different plating densities and, therefore, have little or no effect on yields. The highest dry mass
(DM) of plants were observed in poplar AF2. On average, a plant of poplar weighted 13.1 kg (median).
Boxelder maple green mass was on average at a level of 4.7 kg per plant. Black alder, white birch, silver
maple, and Siberian elm had a dry mass of plant on a similar level (Table 2). Nevertheless, the lowest dry
mass of plants was recorded for silver maple, and it was only 1.4 kg per plant. Walle et al. [11] compared
the dry mass of 4-year-old SRC of poplar (Populus trichocarpa × deltoids), birch (Betula pendula Roth),
and maple (Acer pseudoplatanus L.) cultivated with a density of 20,000, 6667, and 6667 plants per hectare,
respectively. The authors found that the average dry mass of plants grown under these conditions
was 831, 2007, and 738 g, respectively, which was a noticeably different result than in presented study;
however, the growing conditions were also different to the plants tested by Walle et al. [11], which were
also about 3 years younger than in the presented study. DM in the presented study was positively
correlated with plant height and shoot diameter for all tested plants. For Siberian elm, a negative
correlation between the dry mass of the plants and the share of dry mass was noted. The dry mass of
plants dropped significantly with the increasing planting density for all tested species. The strength of
response of species to the increasing stand density showed some differences. The strongest negative
response was observed for black alder, while white birch and silver maple were the least sensitive
species to increasing plant density. In the case of other species, the strength of dependence was at
a similar level (Figure 3, Table 3). Other authors investigated the response of dry mass of plants to
increasing density and found out that it was also dropping for willow (Salix ssp.) [12] and for oak
(Quercus robur) [13].
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Figure 3. Relationship between dry mass of plant biomass (kg plant−1) and planting density (plants ha−1).

3.3. Share of Dry Mass

The highest dry to green mass (DM to GM) ratio was observed for Siberian elm (58.5%), while the
lowest was observed for poplar AF2 (42.8%). White birch, silver maple, boxelder maple, and black
alder DM to GM ratio was on a similar level (52.4, 51.8, 50.8, and 48.2%, respectively) (Table 2). DM to
GM ratio varied depending on the stand density, but also on the tested species. Share of dry mass was
negatively correlated with green mass of plants for three tested species (poplar AF2, Siberian elm and
boxelder maple). Share of dry mass also negatively correlated with plant height for poplar AF2 and
with higher heating value for white birch (Table 3). Poplar AF2 and silver maple showed no reaction of
DM to GM ratio to increasing density of plants, while Siberian elm, black alder, and white birch showed
moderately positive increase in DM to GM ratio with increasing plant density. Boxelder maple showed
negative response of DM to GM ratio to increasing plant density (Figure 4). Wilkinson et al. [10] found dry
mass of 1-year-old and 3-year-old willow (Salix ssp.) not dependent on density of plantings (similar
to poplar AF2 and silver maple reaction in presented study). In addition, Stolarski et al. [14] and
Kulig et al. [15] found no effect of planting density on the fresh–dry matter ratio of willow. This was
also confirmed by Elfeel and Elmagboul [16] for other woody species—leucaena leucocephala. On the
other hand, Achinelli et al. [17] found that dry to fresh matter content ratio in willow was higher in
more dense stands (similar effect to Siberian elm, black alder, and white birch in the discussed study).
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Figure 4. Relationship between dry mass share (%) and planting density (plants ha−1).

3.4. Potential Yield of Dry Mass

Poplar AF2 had the highest calculated potential of dry mass yield (after 7 years) of about 15 t ha−1

for all tested planting densities. Boxelder maple was able to match yielding potential that AF2 poplar
only at planting density of about 40,000 plants per hectare. Silver maple reached about 50% of this
potential (about 7.5–8 t ha−1), while other tested species reached about 5 t ha−1 of dry mass yield.
(Figure 3). The calculated annual yield of dry mass was positively correlated with plant height for
poplar AF2, Siberian elm, and silver maple. There was also a positive correlation with plant density for
boxelder maple and negative for black alder. In the case of white birch, a strong positive correlation was
found with green and dry mass of plants (Table 3). Despite the fact that the dry mass of individual trees
decreased with increasing density, the calculated annual yield of dry matter of Siberian elm, boxelder
maple, and silver maple was increasing with increasing density of planting (Figure 5). The same was
also observed by Geyer, Argent, and Walawender [18] for 7-year-old Siberian elm. Authors found that
annual yields of dry matter of Siberian elm were at a level of 4.7 t ha−1 with stand density of 1400 plants
per hectare, while they increased significantly to 9.8 t ha−1 with stand density of 7000 plants per hectare.
In the presented study, calculated annual dry mass yields of Siberian elm varied between 1.8 t ha−1 for
the lowest density and 7.4 t ha−1 for the highest density. Geyer and Walawender [19] reported that
annual dry mass yield of 7-year-old silver maple was increasing from 5.3 t ha −1 at 1400 plants per
hectare to 11.2 t ha−1 at 7000 plants per hectare. In addition, other authors found that for some species
such as willow (Salix L.) [10] and black locust (Robinia pseudoacacia) [20] annual yield of dry mass
was increasing with increasing planting density. Niemczyk et al. [21] found that annual yields of a
7-year-old poplar can reach up to 8 t ha−1. Truax et al. [22] also found a positive correlation of planting
density and yield of 8-year-old hybrid poplar. Stolarski et al. [23] found that annual dry mass yield
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of willow planted with densities from 12,000 to 96,000 was increasing from 12,000 to 24,000 (optimal
density) and decreasing with increasing density from 24,000 to 96,000. Similar reaction was found in
presented study silver maple (optimal planting density of about 25,000–30,000 plants per hectare).

Figure 5. Relationship between potential yield of dry mass per year (t ha−1 r−1) and planting density
(plants ha−1).

3.5. Height of Plants

Plants of poplar AF2 were, on average, the highest of all tested species (10.6 m). Black alder,
boxelder maple, and white birch’s height was on a similar level of 6.6–7.0 m. Silver maple and Siberian
elm had, on average, the lowest plants of both 5.2 and 4.7 m, respectively (Table 2). Siberian elm plants
in Geyer, Argent, and Walawender [18] were, on average, higher (6.3 m) than in presented study (4.7 m).
Geyer, Barden, and Preece [24] found that 6-year-old silver maple clones of dense stands (no accurate
data available) were 7.3 m high. Plant height for all tested species was positively correlated with their
green and dry mass and shoot diameter. In addition, for poplar AF2, plant height was negatively
correlated with share of dry mass, and, for black alder, with plant density (Table 3). Height of tested
plants varied on planting density. In most cases, the decrease in plant height with increasing density
of planting started from the very begging—from about 3500 plants per hectare (poplar AF2, black
alder, boxelder maple, and Siberian elm) (Figure 6). Geyer, Argent, and Walawender [18] also found
this relationship for the 7-year-old Siberian elm, whose height was, on average, 6.4 m for the stand
density of 1400 plants per hectare and was dropping to 6.2 m for the density of 7000 plants per hectare.
A similar relationship was presented by Perez et al. [25] for a 3-year-old Siberian elm. In addition,
it was confirmed by Geyer and Walawender for silver maple [19] and black locust [20]. On the other
hand, Toillon et al. [8] found that height of poplar increases with increased planting density in favorable
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site conditions (as an effect of increased competition for light), while in less favorable conditions,
height of plants remained unaffected by increasing planting density. Benomar et al. [7] showed that
the relationship between the density and height of plants is also strongly influenced by the genotype.

Figure 6. Relationship between plant height (m) and planting density (plants ha−1).

3.6. Shoots Diameter

Plants of poplar AF2 were, on average, of the greatest shoot diameter (113.5 mm). Boxelder maple,
black alder, and white birch’s shoot diameter was on similar level (63.8, 604, 59.4 mm, respectively).
Siberian elm and silver maple had the lowest shoot diameter of 41.8 mm both (Table 2). Geyer, Argent,
and Walawender [18] found 7-year-old Siberian elm to have, on average, stems of diameter of 109 mm
at 10 cm. Walle et al. [11] found that shoots diameter (at 30 cm) of 4-year-old poplar (Populus trichocarpa
× deltoids) (336 mm) and maple (Acer pseudoplatanus L.) (310 mm) were lower than shoot diameter of
birch (Betula pendula Roth) (493 mm). These authors conducted research on other clones/species of
trees in different habitat conditions than in presented study; however, differences in results show the
importance of the selection of appropriate species/cultivars and proper density of planting to make the
best use of habitat conditions ensuring high biomass accumulation.

Shoot diameter for all tested species was positively correlated with their green and dry mass and
shoot diameter. For all tested species, a negative correlation with the planting density was found
(Table 3). Shoot diameter of all tested plant species were decreasing with increasing planting density,
but the strength of this reaction varied between species (Figure 7). The decrease in stem diameter is a
common response to increasing planting density [18,26–28], which can also be modified by species
genotype (clone) [29].
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Figure 7. Relationship between plants shoot diameter (mm) and planting density (plants ha−1).

3.7. Higher Heating Value

Tested energy sources differed significantly in higher heating value (HHV). White birch and
boxelder maple had the highest average HHV value (19,509 and 19,158 J g−1 o, respectively). The lowest
HHV was observed for poplar AF2 (17,908 J g−1 o). Dry mass of Siberian elm, black alder, and silver
maple had a similar HHV value of around 18,500 J g−1 o (Table 2). Geyer, Argent, and Walawender [18]
found that HHV of 7-year-old Siberian was between 18,900 and 20,200 J g−1 (19,700 J g−1 on average),
which is a higher HHV value than in the presented. Study stand density had no effect on most species’
HHV. A statistically significant negative correlation of HHV with the plant density was found only for
poplar AF2 and white birch (Table 3, Figure 8). In the case of other species, no relationship between
HHV and planting density was found. Literature study shows that HHV is highly variable and
depends on both genetic factors (species, cultivars) [15,30,31] and cultivation conditions (soil quality,
management methods) [30,32] or even plant age [33].
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Figure 8. Relation of higher heating value (J g−1) and planting density (plants ha−1).

3.8. Survival Rate

The highest survival rate after 7 years was observed for boxelder maple (100%), silver maple,
and Siberian elm (both 99%). Black alder survival rate was also at moderately good level (81%),
while poplar AF2 and white birch survival rate was the lowest (69% and 54%, respectively). Survival
rate in the presented study was dropping with increasing planting densities (for whole experimental
design), but some species were unaffected by increasing density (boxelder and silver maple, Siberian
elm), while white birch, poplar AF2, and black alder survival rates were dropping with increasing
densities (Figure 9). According to Trnka et al. (2008) [34], survival rate of 6-year-old poplar at
dense stand (10,000 plants per hectare) varied between 37% and 73% depending on the genotype.
Geyer et al. (1987) [18] found that survival rate of 7-year-old Siberian elm was “almost perfect” and
did not vary on planting densities from 1400 to 7000 plants per hectare (stands of lower densities than
in presented study). Moreover, Geyer (2006) [35] found that survival rate decreases substantially for
most tested species at spacing distances less than 1 m (more than 10,000 plants per hectare), while 2 m
spacing (2500 plants per hectare) was found optimal for high biomass production and high longevity
of plantation. Authors also found that silver maple survival after five years of cultivation was at a
level of 97%.
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Figure 9. Survival rate after 7 years for different species and different planting densities.

4. Conclusions

Biomass yield parameters of six tested SRC plants strongly depended on both genotype (species)
and planting density. The strength and direction of reaction of plants to increasing planting density
varied between species. The green mass, dry mass, and shoot diameter of plants was dropping with
the increasing planting density for almost all tested species (insignificant negative correlation of shoot
diameter and planting density of poplar AF2). At the same time, function curve of calculated potential
yield of dry mass and planting density was dropping with increasing planting density for black alder,
increasing for Siberian elm and boxelder maple, and was concave for white birch and silver maple
(with optimal planting density of about 25,000–30,000 plants per hectare). Planting density seemed to
have no effect on calculated potential yield of dry mass for AF2 poplar.

White birch and boxelder maple had the highest average higher heating value (HHV) (19,509 and
19,158 J g−1, respectively). The lowest HHV was observed for poplar AF2 (17,908 J g−1). Dry mass of
all other species had similar HHV value of around 18,500 J g−1. A tendency towards reduced higher
heating value of plants in more dense stands was observed, but it was confirmed only for AF2 poplar.

Presented study showed that, in the study conditions, poplar AF2 was the most promising SRC
plant, with calculated potential dry mass yield of about 15 t ha−1 at wide range of planting densities,

104



Agriculture 2020, 10, 583

with boxelder maple being the only species able to match AF2 poplar’s yielding performance
(at 40,000 plants per hectare). The study showed the importance of testing and selection of
best-performing species, to maximize biomass accumulation at local site conditions. The optimal
density of plantings should be chosen to best suit the needs of cultivated species but also to meet the
needs of the industry by optimizing the most important (for the industry) parameters of produced
biomass. Cultivation of renewable resources, such as energy crops, must be optimized to site-specific
conditions. This includes cultivation on poor soils or marginal soils to minimize their competitiveness
against food crops. Optimization of energy crop yields can contribute to the goals of bioeconomy and
sustainable development.
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Abstract: Organic farmers farming on arable land have often had, in addition to the cultivation
of common species of cultivated crops (such as wheat, rye, triticale or potatoes), interest in the
cultivation of marginal crops such as hulled wheat species (Einkorn, Emmer and Spelt wheat).
The production of marginal cereals has seen significant developments in the European Union related
to the development of the organic farming sector. Just the average annual organic production of spelt
in the Czech Republic reached more than 9000 tons in 2018. The cultivation of these cereals requires
post-harvest treatment in the special method of dehulling. The waste emerging after dehulling of
spikelet (i.e., chaff) accounts for about 30% of the total amount of harvest and can be used as an
alternative fuel material. When considering the energy utilization of this waste, it is also necessary to
obtain information on the energy quality of the material, as well as environmental aspects linked to
their life cycle. For evaluating the energy parameters, the higher and lower heating value, based on
the elemental (CHNS) analysis, was determined. The environmental aspects were determinate
according to the Life Cycle Assessment (LCA) methodology where the system boundary includes
all the processes from cradle to farm gate, and the mass unit was chosen. The SimaPro v9.1.0.11
software and ReCiPe Midpoint (H) within the characterization model was used for the data expression.
The results predict the energy potential of chaff about 50–90 TJ per year. The results of this study show
that in some selected impact categories, 1 kg of chaff, as a potential fuel, represents a higher load on
the environment than 1 kg of lignite, respectively potential energy gain (1 GJ) from the materials.

Keywords: hulled wheat species; energy; life cycle assessment

1. Introduction

The production of marginal cereals has seen significant developments in the European Union
related to the development of the organic farming sector. The typical marginal wheat species in the
Czech Republic are Einkorn, Emmer, and especially Spelt wheat [1,2]. They can be defined as the
cultural hulled wheat species, which replace, expand, and supplement the existing range of cereals
and contribute to broadening the spectrum of crop production [3]. These marginal cereals have usually
lower harvest index but have less input intensity requirements. Thanks to this aspect, these grains are
particularly suitable for organic farming systems [3–5]. The benefits of introducing these marginal
cereal species include extending the food spectrum, maintaining the production capacity of the soil,
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and the efficient use of marginal and less-favored areas [6,7]. However, the disadvantages are low
yields (low harvest index) and uneven ripening, which causes large losses during harvesting [5,8].
The processing of these hulled wheat species generates a relatively large amount of waste-chaff [9],
which can be used in various ways, for example, can be composted [10], used as litter [9] or as an
additive to building materials [11], or could be directly put back to the agricultural land to help to
maintain the soil fertility [2,5]. Due to the high content of mycotoxins, however, it is not recommended
to use chaff from hulled wheat as litter and it is preferable to use it for energy production and to burn
it [9], optimally in the form of pellets [12,13]. The energy use of such residual agricultural biomass has
great potential not only across the EU [14]. The potential for energy utilization, the energy parameters
of chaff and the removal rate, including pelleting issues, have been summarized for Spelt and Emmer
in some studies [9,10,13,15]. However, the crop residue removal for biofuel production can have a
significant impact on crop productivity, soil health, and greenhouse gas emissions [16].

In addition to Spelt and Emmer wheat, this manuscript also evaluates the energy parameters
of Einkorn chaff. The energy use of chaff of these marginal cereal species is often perceived as an
environmentally friendly source of energy, because it is energy from biomass. However, it has to be
considered in terms of inputs into the cultivation process. This work aims to point out environmental
aspects related to hulled wheat chaff and quantitative and qualitative parameters of individual wheat
species using the Life Cycle Assessment (LCA) method.

2. Materials and Methods

2.1. Field Trails

Data for evaluation was based on field trials (the University of South Bohemia, Faculty of
Agriculture, location: Zvíkov, GPS 48.9758531N, 14.6245594E; production region: cereal production
region; altitude: 490 m; year temperature: 7.2 ◦C; year rainfall: 634 mm; type of soil: brown soil; sort of
soil: loamy soil—medium) realized in the regime of organic farming. The field trails are used to assess
yield potential, environmental, and economic aspects of cultivation. The fieldwork methodology was
chosen based on commonly used organic farming technologies. Selected cultivation practices are
typical for the conditions of the Czech Republic [2]. The design of randomized field trails in three
replicates with an average area of an experimental plot of 10 m2 was used. The growing period related
to this study was from September 2017 to August 2018. Fodder pea—winter type was the preceding
crop. Organic fertilizers were applied to the soil before sowing (6.6 ton ha−1 of manure/solid cattle;
organic production) and the soil was loosened with a mid-deep ploughing to a 14–18 cm depth and
levelled with a cultivator within the framework of pre-sowing preparatory works. Sowing of Spelt
(winter type) was carried out in October 2017. Sowing of Emmer and Einkorn was carried out in
April 2018 (spring types). The sowing depth was 3–4 cm. The amount of seed was 180 kg per ha.
The harvest was performed during the July and August 2018. After harvest were taken samples from
each replication and homogenized (hammer mill PSY MP 20/MP 40). Individual operations are shown
in Table 1.

Table 1. Input data inventory.

Input Unit Investigated Crop

Spelt W Emmer Einkorn

Manure (solid cattle) ton ha−1 6.6 6.6 6.6
Solid manure loading and spreading ton ha−1 6.6 6.6 6.6

Tillage, ploughing ha 1 1 1
Tillage, cultivating, chiselling ha 1 1 1

Sowing ha 1 1 1
Seeds, organic kg ha−1 180 180 180
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Table 1. Cont.

Input Unit Investigated Crop

Tillage, rolling ha 1 - -
Tillage, harrowing ha 1 1 1

Combine harvesting ha 1 1 1
Transport, tractor and trailer tkm 50 50 50

Electricity for processing kWh ton−1 0.3 0.3 0.3

Transport included in the process as a flat rate 50 tkm. It is calculated with the same weight for all crops (max 8 tons
per load); W =Winter Spelt wheat.

2.2. Analysis of Phytomass

For the purposes of this study, the elemental composition of chaff that remained after the dehulling
of grains of Spelt, Emmer, and Einkorn was determined. The design of randomized field trails in three
replicates for Spelt, Emmer, and Einkorn was used. After harvest, samples of chaffwere taken from
each replication and homogenized. For the elemental composition of chaff, two homogenized samples
were used from each hulled wheat species. The CHNS analysis (the elemental composition of chaff)
was carried out using the elemental analyzer (Vario EL CUBE). The method of direct jet injection of
oxygen and combustion in the high furnace temperatures of up to 1200 ◦C with a complete conversion
of the sample to measuring gas was used. The higher heating value (HHV) was calculated using the
Mendeleev’s equation (Equation (1)) [17], as well as lower heating value (LHV) from the equation
(Equation (2)) [18], where Qv is the heat of combustion in kcal kg−1 [18]. Based on the observed
elementary composition and empirical formulas, the HHV and LHV of the chaffwere determined.

Qs
r = [81 × C + 300 × H − 26 × (O − S)] × 4.186 (kJ kg−1), (1)

where: * Qs
r = HHV [kJ kg−1]; C = carbon in the sample (%); H = hydrogen in the sample (%);

O = oxygen in the sample (%); S = sulphur in the sample (%); 4.186 = conversion factor from kcal kg−1

to kJ kg−1

Qu = Qv − 5.85 (W + 8.94 × H) × 4.186 (kJ kg−1), (2)

where: * Qv = HHV in kcal kg−1; Qu = LHV in kcal kg−1; W =moisture (%) in the sample (average
amount of moisture in the sample of chaffwas determined according to Beloborodko et al. [19] and
Žandeckis et al. [20]); H = hydrogen in the sample; 4.186 = conversion factor from kcal kg−1 to kJ kg−1.

2.3. Environmental Aspects

A life cycle assessment method was used for environmental load quantification. This method
is defined by the international standards of ČSN EN ISO 14 040 [21] and ČSN EN ISO 14 044 [22].
The system boundaries are set within the chaff from the cradle to the farm gate and within the
lignite from the cradle to the gate (from mining to raw material ready for use). The results of
this study are related to the 19 impact categories (characterization model). SimaPro v9.1.0.11
software and ReCiPe Midpoint (H) V1.13/Europe Recipe H., an integrated method, were used
for environmental load quantification. One GJ of energy (from potential energy profit) was used
as the defined unit/functional units (FU). The technological processes of growing the hulled wheat
species were set up based on primary data (field trials carried out on plots at the University of South
Bohemia) and secondary data (data gained from the Ecoinvent v3.6 database [23] and commonly used
cultivation practices of organic farming [2]). Mass allocation approach was used (grain/straw/chaff).
Data geographically related to central Europe was used. The primary data was collected between
2018 and 2019. The data selected for modelling is based on the average of commonly applied organic
farming technologies [2,24]. Agrotechnical operations from seedbed preparation, the number of seeds,
the use of agrotechnological operations for plant protection, treatment and application of organic
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fertilizers to harvesting, transporting of the harvested grain and processing the grain were included
into the model system.

The usage of mineral and organic nitrogenous fertilizers and lime application results in the release
of so-called direct and indirect emissions of N2O, CO2, NH3, NO3

− and NOx. The following were taken
into account in the monitoring of field and agricultural emissions: liming, NH3 and NOx volatilization,
and nitrogen loss from leaching and surface outflow. The emission load was determined following
the IPCC (Intergovernmental Panel on Climate Change) methodology called Tier 1 [25,26], and with
Nemecek and Kägi [27] and the national greenhouse gas inventory report of the Czech Republic
(the agricultural section) [28]. Emissions of phosphorus due to leaching and run-offwere estimated
following recommendations from Nemecek and Kägi [27].

The individual steps determined by the methodology are shown in Figure 1.

 

Figure 1. Workflow scheme.

3. Results and Discussion

3.1. Field Trial Results

The basic data source were field trials established according to the methodology plan. The data
obtained from field trials are included in Table 2.

Table 2. Field trials results.

Yield Range
(t ha−1)

Grain
Average Yield

(t ha−1)

Straw
Average Yield

(t ha−1)

Chaff Rate
(%)

Grain Net
Yield

(t ha−1)

Chaff Yield
(t ha−1)

Spelt 2.80–3.27 2.96 4.75 33.23 1.98 0.99
Emmer 1.77–2.90 2.40 3.73 23.82 1.83 0.57
Einkorn 1.17–1.84 1.65 3.13 26.16 1.21 0.43

The results are based on one-year field trials under the organic farming system. The study aimed
to obtain samples of waste material (chaff) and information about its quantity independence on yield
level. The largest amount of chaff is produced during the peeling of Spelt wheat (average 1.45 t ha−1),
reps. the removal rate was 33.23%. This corresponds to the results reported in the study by Weiss
and Glasner [13], which reported the removal rate of about 33%, and according to Wiwart et al. [9],
of about 30%–35%. In the comparison of selected hulled wheat species, spelt wheat is also the most
represented in the Czech Republic (3400 ha) [29]. This represents only 0.35% of the sowing areas of all
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winter cereals in the Czech Republic [29]. The lowest removal rate was recorded for Emmer wheat
(23.82%), but the lowest chaff yield was for Einkorn (0.43 t ha−1 on average), given the lowest grain
yield per hectare (1.65 t ha−1 on average).

3.2. Elemental Composition and Statistical Evaluation

For the study, elementary analysis of representative samples was carried out according to the
methodology (Section 2.2). The results of elemental analysis are an essential source of information for
the determination of HHV and LHV. The results of this analysis are included in Table 3.

Table 3. Elemental composition of chaff.

N C H S

Sample
Sample

Weight (mg)
Ø% S.D. Ø% S.D. Ø% S.D. Ø% S.D.

Emmer 4.8545 0.6025 0.000707 41.5810 0.098995 6.1008 0.002121 0.0896 0.016971
Spelt 5.4315 1.1434 0.072832 42.3710 0.098995 6.4031 0.002121 0.0915 0.023335

Einkorn 5.1870 0.9230 0.028991 41.0150 0.007071 6.3185 0.002828 0.0697 0.054447

The average values of the homogenized samples; S.D. = standard deviation; Ø% = average percentage.

Based on the results of the elementary analysis, statistical evaluation was carried out. The ANOVA
and Tukey HSD test were used. Individual samples within the percentage content of C, N, H, and S
were shown to be statistically demonstrably different from each other at a significance level of p = 0.05
(Table 4).

Table 4. Statistical evaluation—variance analysis ANOVA.

C F2.3 = 141; p = 0.001075
N F2.3 = 72.268; p = 0.002900
H F2.3 = 38.5; p = 0.007272
S F2.3 = 49.794; p = 0.005001

p = level of significance (p = 0.05).

The following post-hoc Tukey HSD test (Table 5) showed that all crops differed within percentage
content of C and N. However, within the percentage content of H, the samples of Einkorn and Spelt
chaff did not differ from each other and within the percentage content of S, the samples of Einkorn and
Emmer chaff did not differ from each other.

Table 5. Statistical evaluation—post-hoc Tukey HSD test.

Category C N H S

Emmer × Einkorn p = 0.004837 p = 0.002753 p = 0.007136 no difference
Einkorn × Spelt p = 0.001136 p = 0.033646 no difference p = 0.006019
Emmer × Spelt p = 0.012420 p = 0.011883 p = 0.017988 p = 0.007922

p = level of significance (p = 0.05).

The ash content of the sample was derived from the Sheng and Azevedo study [30] and the
percentage content of oxygen was determined based on the difference. Moisture in the chaff sample
was derived from the study by Beloborodko et al. [19] and Zandeckis et al. [20].

3.3. HHV, LHV and Potential Energy Profit Ha

Based on the data obtained from the elementary analysis, the HHV and LHV were determined.
The resulting values are included in Table 6.

113



Agriculture 2020, 10, 592

Table 6. Energy parameters of hulled wheat chaff.

HHV
(MJ kg−1)

LHV
(MJ kg−1)

Energy Potential
(GJ ha−1) E

Energy Potential
for CZ (TJ rok−1)

Spelt 17.74 15.90 13.21–26.41 50–90
Emmer 16.92 15.14 6.49–10.46 -
Einkorn 16.99 15.16 4.76–7.53 -

E = The energy potential is related to the yield range obtained in the field trials; HHV = higher heating value;
LHV = Lower heating value; CZ = Czech Republic.

In the frame of the study, the HHV and LHV of Spelt chaff (17.74 MJ kg−1 respectively 15.90 MJ kg−1),
Emmer chaff (16.92 MJ kg−1 resp. 15.14 MJ kg−1), and Einkorn chaff (16.99 MJ kg−1, resp. 15.16 MJ kg−1)
were determined. The HHV and LHV of Spelt and Emmer chaff did not differ significantly from those
reported in some earlier studies [9,10,13,15]. For example, according to the study by Wiwart et al. [9]
the energy values (HHV and LHV) of Spelt and Emmer chaff were also determined. The chaff of Spelt
and Emmer are generally defined by the higher HHV (18.75 MJ kg−1 resp. 18.31 MJ kg−1), higher LHV
(16.74 MJ kg−1 resp. 16.35 MJ kg−1), significantly lower ash content (3.79% resp. 6.16%), and also
lower content of the volatile matter (70.3% resp. 74.9%) in comparison with wheat and barley straw.
Despite the relatively high Sulphur content (0.148%), the Emmer chaff has significant energy potential.
Considering the LHV of 15.1 MJ kg−1 and the removal rate of 0.33, winter wheat and Spelt chaff has a
theoretical potential of 191 PJa−1 in the EU [13]. For the Czech Republic only, the energy potential of
Spelt is about 50–90 TJ year−1.

3.4. Environmental Impact Assessment and Economy Aspects

For the study, an evaluation of the environmental load related to individual hulled wheat species
and waste (chaff) resulting from their processing was compared with the traditional non-renewable
fuel type lignite. The inputs to the growing cycle are part of the Field Trails methodology. The results
are generated within the characterization model (Table 7).

Table 7. Environmental load per 1 GJ of potential energy profit.

Impact Category Unit Spelt Emmer Einkorn Lignite EI

Climate change kg CO2 eq 1.35 × 101 1.75 × 101 2.25 × 101 1.60
Ozone depletion kg CFC-11 eq 6.25 × 10−7 7.95 × 10−7 1.02 × 10−6 1.23 × 10−7

Terrestrial acidification kg SO2 eq 1.21 × 10−1 1.58 × 10−1 2.03 × 10−1 5.22 × 10−3

Freshwater eutrophication kg P eq 1.69 × 10−3 2.15 × 10−3 2.76 × 10−3 2.35 × 10−1

Marine eutrophication kg N eq 3.57 × 10−2 4.72 × 10−2 6.06 × 10−2 4.92 × 10−2

Human toxicity kg 1,4-DB eq 1.30 1.61 2.07 1.32
Photochemical oxidant formation kg NMVOC 5.04 × 10−2 6.40 × 10−2 8.22 × 10−2 4.48 × 10−2

Particulate matter formation kg PM10 eq 2.92 × 10−2 3.76 × 10−2 4.82 × 10−2 2.16 × 10−3

Terrestrial ecotoxicity kg 1,4-DB eq 1.17 × 10−3 1.52 × 10−3 1.95 × 10−3 7.64 × 10−5

Freshwater ecotoxicity kg 1,4-DB eq 1.61 × 10−1 2.00 × 10−1 2.56 × 10−1 3.28
Marine ecotoxicity kg 1,4-DB eq 1.44 × 10−1 1.79 × 10−1 2.29 × 10−1 3.13 × 10−1

Ionising radiation kBq U235 eq 2.85 × 10−1 3.59 × 10−1 4.60 × 10−1 4.80 × 10−1

Agricultural land occupation m2a 8.46 × 101 1.12 × 102 1.44 × 102 1.17 × 10−1

Urban land occupation m2a 1.06 × 10−1 1.30 × 10−1 1.67 × 10−1 1.19 × 10−1

Natural land transformation m2 1.36 × 10−3 1.73 × 10−3 2.22 × 10−3 1.64 × 10−3

Water depletion m3 7.52 × 10−2 9.85 × 10−2 1.26 × 10−1 6.82 × 10−2

Metal depletion kg Fe eq 8.77 × 10−1 1.06 1.36 8.21 × 10−2

Fossil depletion kg oil eq 1.38 1.75 2.24 2.30 × 101

EI = source from Ecoinvent library (3.6 v); ReCiPe Midpoint (H) method, Characterization model, Results are expressed
per GJ of potential energy profit; eq = equivalent; CFC-11 = Trichlorofluoromethane; 1,4-DB = 1,4-dichlorobenzene;
NMVOC = Non-methane volatile organic compound; PM10 = Particulate matter <10 μm; U235 = Uranium235;
m2a = Potentially disappeared fraction (PDF)*m2*year/m2.

Due to the different material properties (such as combustion rate in the incineration unit),
the resulting values are recalculated to potential energy gain (1GJ) compared to 1 kg of lignite with
LHV of 9.9 MJ kg−1 (resp. 1GJ of potential energy gain). The most significant environmental savings
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compared to lignite can be found in the impact categories of freshwater eutrophication (k P eq),
human toxicity (kg 1,4-DB eq), freshwater ecotoxicity (kg 1,4-DB eq), marine ecotoxicity (kg 1,4-DB eq)
and fossil depletion (kg oil eq). On the other hand, the potential gain of 1 GJ from lignite was associated
with lower environmental impacts for the other selected impact categories. The most important
difference was determined among the impact categories of climate change (kg CO2 eq), terrestrial
acidification (kg SO2 eq), photochemical oxidant formation (kg NMVOC), particulate matter formation
(kg PM10 eq), terrestrial ecotoxicity (kg 1,4-DB eq), and metal depletion (kg Fe eq). In general terms,
the highest environmental load was associated with the Einkorn chaff (within all impact categories).
It is caused by the grain yield per hectare and lower LHV compared to Spelt chaff.

The evaluation results are influenced by the selected allocation approach—in this case,
mass allocation (Chart 1). In terms of mass allocation, the environmental load associated with
Spelt, Emmer, and Einkorn chaffwas 12.8%, 9.3%, resp. 9.0% of the total environmental load connected
with the growing cycle. On the other hand, the environmental load associated with the production
of Spelt, Emmer, and Einkorn chaff would be, according to the economy allocation, 5.8%, 4.6% and
3.8%, respectively, of the total environmental load linked to the growing cycle (Table 8). However,
price relations are highly volatile, and the economy has no direct impact on yield relations and therefore
the economy allocation is not considered appropriate in this assessment. A comparison of allocation
approaches and market price data is also included in Table 8.

Table 8. Allocation approach and market price.

Product
Field Production

(t ha−1)
Mass

Allocation (%)
Market Price (Eur ton−1)

without VAT
Economy

Allocation (%)

Spelt
Grain 1.98 25.6 400 78.5
Straw 4.75 61.5 80 15.7
Chaff 0.99 12.8 30 5.8

Emmer
Grain 1.83 29.9 560 83.5
Straw 3.73 60.8 80 11.9
Chaff 0.57 9.3 30 4.6

Einkorn
Grain 1.21 25.4 680 86.1
Straw 3.13 65.6 80 10.1
Chaff 0.43 9.0 30 3.8

VAT = value-added tax.

From the values given in Table 8, the price for 1GJ of potential energy gain and the amount of
material needed to obtain the same amount of energy can be predicted (Table 9).

Table 9. Price relations.

LHV
(MJ kg−1)

Market Price
(Eur ton−1)

without VAT

Price
(Eur per GJ)
(Potential)

Amount of Material to
Obtain the Same

Amount of Energy (kg)

Spelt chaff 15.90 30 1.88 1
Emmer chaff 15.14 30 1.98 1.05
Einkorn chaff 15.16 30 1.98 1.05

Lignite 9.9 140 14.14 1.61

VAT = value-added tax; HHV = Higher heating value; LHV = Lower heating value.

The results of the environmental impact assessment show that the use of waste material (chaff)
arising after processing hulled wheat species for energy purposes does not necessarily mean lower
environmental load. This is due to inputs into the growing cycles, yield level, chosen technological
processes, and selected allocation approach. The advantages of the lignite are the relatively high
yield per area unit, easier logistics and generally better fuel properties, and currently also the price
and availability. However, it is a non-renewable energy source that is generally considered to be
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very problematic, especially concerning climate change, air quality impacts, landscape, water quality
and other environmental categories. Biomass is generally considered to be a renewable source of
energy [31], but from the LCA methodology point of view, this is not the case even when organic
farming production is involved. The results of this study show that in some selected impact categories
(e.g., climate change, terrestrial acidification, photochemical oxidant formation, particulate matter
formation, terrestrial ecotoxicity, and metal depletion), 1 kg of chaff, as a potential fuel, represents a
higher load on the environment than 1 kg of lignite, resp. potential energy gain (1 GJ) from the materials.

4. Conclusions

In a comparison of the monitored wheat species, the largest amount of the chaff is generated
after processing of Spelt wheat (33.23% removal rate) with an average HHV value of 17.74 MJ kg−1

and LHV 15.9 MJ kg−1. Compared to that, in the case of Einkorn and Emmer 26.16% resp. 23.82% of
chaff with HHV 16.99 MJ kg−1 resp. 16.92 MJ kg−1 and LHV 15.16 MJ kg−1 resp. 15.14 MJ kg−1 can be
expected. Based on the yields obtained in field trials, a potential energy gain of 26.41 GJ ha−1 for spelt
wheat, 19.84 GJ ha−1 for Einkorn, and 18.03 GJ ha−1 for Emmer wheat can be predicted. Only Spelt
wheat is grown in the Czech Republic at around 3400 ha per year, and the energy potential of chaff at
50–90 TJ year−1 concerning the yield can be estimated. This can be expressed by the lignite equivalent
(with LHV of 9.9 MJ kg−1) corresponding to a very rough estimate of 103.3–206.5 boxcars/wagons
of lignite. Concerning the environmental aspects, hulled wheat chaff is an interesting alternative
energy source, ideally in the region of cultivation and processing. Regarding the assessment of the
environmental aspects, it is also necessary to choose an appropriate allocation approach. According to
study results, when using the mass allocation principle, the share of the total environmental load
associated with the production of chaff is 9.0%–12.8%, but when using the economy allocation principle,
it is only 3.8%–5.8%. An appropriate allocation approach can improve the quality of data and their
interpretation. The results also show that hulled wheat chaff can be a cheaper source of energy
compared to lignite.
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Praha, Česká Republika, 1962; p. 472.

19. Beloborodko, A.; Klavina, K.; Romagnoli, F.; Kenga, K.; Rosa, M.; Blumberga, D. Study on availability of
herbaceous resources for production of solid biomass fuels in Latvia. Agron. Res. 2013, 11, 283–294.

20. Žandeckis, A.; Romagnoli, F.; Beloborodko, A.; Kirsanovs, V.; Blumberga, D.; Menind, A.; Hovi, M.
Briquettes from mixtures of herbaceous biomass and wood: Biofuel investigation and combustion tests.
Chem. Eng. Trans. 2014, 42, 67–72.

21. ISO. ISO 14040—Environmental Management–Life Cycle Assessment–Principles and Framework; International
Organization for Standardization: Geneva, Switzerland, 2006.

22. ISO. ISO 14044—Environmental Management–Life Cycle Assessment–Requirements and Guidelines; International
Organization for Standardization: Geneva, Switzerland, 2006.

23. Wernet, G.; Bauer, C.; Steubing, B.; Reinhard, J.; Moreno-Ruiz, E.; Weidema, B. The ecoinvent database
version 3 (part I): Overview and methodology. Int. J. Life Cycle Assess. 2016, 21, 1218–1230. [CrossRef]

24. Konvalina, P. Cultivation Marginal Cereals and Pseudocereals in Organic Farming, 1st ed.; Faculty of Agriculture,
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Abstract: Since the world’s population will continue to grow in the next decades, the problem of
providing people with food will deepen. One-third of the food production volume is wasted while
nearly one in ten people in the world suffer from hunger. To reduce the negative impact of human
activity on the environment and meet the needs of the population, alternative sources of protein
are proposed. Yellow mealworm larvae can be used as a source of food and animal feed. Therefore,
this study aimed to compare the growth performance, feed conversion ratio (FCR) and efficiency of
ingested feed (ECI) by yellow mealworm larvae fed 13 different diets containing chicken feed (CF),
rapeseed meal (RM), wheat bran (WB) and willowleaf sunflower (WS) residues after the process of
supercritical CO2 extraction. The mean dry individual bodyweight for all diets used in the experiment
was 31.44 mg dry matter (d.m.) Mealworms fed diet mixes that contained WB demonstrated the
highest dry individual larval weight (from 40.9 to 47.9 mg d.m.). A significantly lower dry individual
larval weight was found for mealworms fed solely WS residues (3.9 mg d.m.). The FCR ranged
from 1.57 to 2.08, for pure CF and pure WS diet, respectively. The ECI of yellow mealworm larvae
varied significantly (mean value 20.1%) and depended on the diet. Moreover, the ECI of mealworm
was significantly the lowest and amounted to 5.9% for the pure WS diet. The industrial residues
investigated in this study can be successfully used for mealworm farming, excluding pure willowleaf
sunflower residues.

Keywords: Tenebrio molitor; edible insects; larval development; feed conversion ratio; agricultural
and industrial residues; lignocellulosic biomass; bioconversion

1. Introduction

Since the world’s population is predicted to reach 10 billion in the next three decades [1], it poses a
problem for humanity and a challenge [2] for researchers and scientists. Nowadays, one-third of food is
wasted [3,4] and nearly one in ten people suffer from hunger and food insecurity [5]. Another problem
related to food quality, i.e., obesity, results from the overconsumption of some products, especially
animal products [6]. Thus, there is enormous pressure on the environment to meet the demand for
food [7]. About 26% of all arable land are pastures designated for animal farming, while 33% of arable
land is used for feed crops. Thus, out of the total arable land, about 70% is used for animal husbandry [4].
The consumption of meat and other proteins from livestock, especially cattle, is inefficient and involves
excessive expenses and activities to the detriment of the environment [8]. It was estimated that if cattle
farming was reduced at least 50%, it would offer abundant environmental benefits and reduce the
area of land used for the cultivation of maize used for feed [9]. An increase in the demand for poultry,
eggs [10], fish and seafood [11] is expected. Consequently, new feed sources will be sought to improve
growth rates and energy efficiency by replacing soymeal and fishmeal [12].
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Food loss occurs throughout the whole supply chain, causing various economic, environmental,
and social issues [13]. Frequently, such losses are caused by the end consumer, especially living in
developed countries [14,15]. Annually, 1.3 billion tonnes of food are wasted [16]. In Europe (EU27) the
food lost is estimated at approximately 89 million tonnes, or 179 kg per capita, excluding the losses
from agricultural production [17].

To reduce the negative impact of food production operations on the environment while meeting
the demand of the population, new alternative sources of protein and foods are proposed [9]. Insects are
known to feature high bioconversion ratios of residues from agriculture and food waste [18]. In this
context, insects can be a source of protein that can contribute to more efficient protein conversion.
The consumption of insects, also called entomophagy, has been known since ancient times [19].
There are currently over 2000 known insects in different development stages that are consumed around
the world [20]. The relatively recent use of insects as animal feed, components for food and feed as
well as protein on a larger scale has begun in Europe, especially following the recommendation of the
European Food Safety Authority (EFSA) in 2015 [21]. In some western countries, stores/markets and
restaurants already offer insects for human consumption [22], while the use of insects as feed for small
pets, poultry and fishery and other livestock is becoming more popular [23–27]. According to recent
studies, the yellow mealworm (Tenebrio molitor L.) is one of the most reared insects in Europe [28–30].
This species can convert many substrates originating from the agricultural, baking and brewing
industries [31,32]. This insect has been studied broadly to confirm its nutritional values and resistance
to harmful compounds (mycotoxins, pesticides, heavy metals, etc.) [28]. It is highly likely that in the
near future yellow mealworm will be used on a large scale as food (e.g., animal protein), either whole
or only certain compounds (chitin, fatty acids, amino acids, proteins) or other beneficial components.
Recent Regulation 2283/2015 and Regulation 2017/893 of the European Commission authorise the
production of animal protein from insects (including yellow mealworm) for food and feed purposed in
the European Union [33,34].

This paper presents preliminary results of a study which aimed to compare the growth performance,
feed conversion ratio, efficiency of ingested feed by mealworm larvae fed with different types of
agricultural and industrial residues.

2. Materials and Methods

2.1. Experimental Insects

The mealworm Tenebrio molitor (Linnaeus, Coleoptera: Tenebrionidae) larvae were obtained from
a commercial supplier (CRICKETSFARM, Motycz-Józefin, Poland) specializing in growing insects
in Poland. The insects were maintained under laboratory conditions (relative humidity: 55–60%,
air temperature: 28 ◦C, photoperiod: 12 h). The purchased mealworm larvae were reared to obtain a
colony of matured individuals. The mealworms were fed ad libitum with chicken feed milled at 3 mm
and supplied with fresh carrots three times a week. The insects were kept in plastic containers (35 × 23
× 13 cm) with 3 mm aeration holes in the sides, closed with a lid. Hygrometers were installed to enable
the verification of the parameters in the boxes. Three weeks later, the first pupas appeared. A total of
6–7 days later after first pupation a new adult generation was obtained. The adults were placed in
the “adult box” that was built with the mosquito mesh on the bottom that allowed the eggs to fall
into a collection box. The pupas/beetles were collected until it was sufficient to obtain a high number
of eggs in a short collecting period (3–4 days). Hatching was estimated to last 7–10 days after egg
collection. Newly hatched larvae were fed ad libitum on the chicken feed, supplied with fresh carrot
slices for four weeks. The chicken feed was composed of corn, wheat gluten feed, wheat, soybean meal
(with GMO), calcium carbonate, vegetable oil, sodium chloride and rapeseed meal. This procedure
allowed the larvae to grow to a size enabling their easy and safe collection for the main experiment
(feed conversion).
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2.2. Diet Preparation, Larval Growth and Measurements during the Experiment

Before the beginning of the experiment, some of the cheapest types of agricultural/industrial
residues were selected. Diets were obtained from commercial companies from Poland (except
for willowleaf sunflower pellets, which were obtained from another experiment conducted in the
Department of Plant Breeding and Seed Production of the University Warmia and Mazury in Olsztyn,
Poland). The experimental diet mixes were composed of (1) chicken feed used as a control feed (CF),
(2) rapeseed meal (RM), (3) wheat bran (WB) and (4) pelleted willowleaf sunflower (WS) biomass
originating from residues after supercritical CO2 extraction of active compounds.

All feeds were comminuted to obtain 3 mm particles. The obtained meal was sieved through
a 300 μm sieve to remove the smallest particles with sizes similar to the larva faeces. Subsequently,
the nutritional value of all the feeds was determined, including dry matter, ash, nitrogen/protein
content and crude fat (Table 1). Experimental feeds were mixed in different weight proportions with
chicken feed: only residual feed (0%), 25%, 50%, and 75% CF (Table 2). In this way, 13 types of feed
mixes were obtained. The diets were stored at −20 ◦C until the start of the experiment.

Table 1. Main components of chicken feed (control) and industrial residues used for different diets.

Substrate
Ash

(% d.m.)
Fibre Content

(% d.m.)
Crude Fat
(% d.m.)

Protein
(% d.m.)

Chicken feed (CF) 12.89 3.23 2.38 20.11
Rapeseed meal (RM) 7.39 11.12 1.78 35.52

Wheat bran (WB) 5.82 8.68 2.9 18.63
Willowleaf sunflower (WS) 9.49 22.64 0.76 10.56

Table 2. Composition of experimental diets for the feed conversion experiment.

No. Diet Residual Feed Proportion (%) Chicken Feed Proportion (%)

1. CF (control) - 100
2. RM 100 100 -
3. RM 75/CF 25 75 25
4. RM 50/CF 50 50 50
5. RM 25/CF 75 25 75
6. WB 100 100 -
7. WB 75/CF 25 75 25
8. WB 50/CF 50 50 50
9. WB 25/CF 75 25 75

10. WS 100 100 -
11. WS 75/CF 25 75 25
12. WS 50/CF 50 50 50
13. WS 25/CF 75 25 75

CF (chicken feed), RM (rapeseed meal), WB (wheat bran), WS (willowleaf sunflower).

The experimental trial began after hatching and after 4 weeks of undisturbed growth of mealworm,
which was fed ad libitum with chicken feed. Fifty small larvae were placed in a plastic container (“diet
box”) (22 × 13 × 5 cm) with aeration holes on the sides, covered by a lid. Each diet box was provided
with 3.1 g of experimental feed (weekly) and 2 g of carrots (twice a week). Each diet was tested in three
replications. To maintain the same humidity in boxes, carrots were changed twice a week, except in the
first week when it was replaced only once. Weekly larval development parameters were monitored by
counting the larval survival rate and mealworm weight. The feed and carrot amounts were measured
and the non-consumed feed and carrot remains were dried to calculate the amount of consumed feed
and carrots. When the first pupae were observed, all larvae were counted per container and left for
fasting for 24 h before harvesting. The next day, the larvae were weighed and sacrificed by freezing
at −20 ◦C.

121



Agriculture 2020, 10, 599

2.3. Feed Conversion Efficiency Experiment

Determinations of live larvae weight gain (LWG) as well as individual weights (IW) (mg fresh
matter (f.m.)) were carried out weekly. For this purpose, 20 randomly chosen larvae from each box
were weighed and placed back in the container for further experiments.

To determine the feed consumption, the feed and carrots not consumed during each week were
weighed and dried at 105 ◦C until a constant mass was achieved. Feed consumption in the dry and
wet form (FC) was calculated by subtracting the remaining feed mass from the feed provided at the
start of each experimental week. A similar procedure was used for carrots twice a week. From week 7,
when the feed and carrot consumption increased in some diet boxes, the decision was made to increase
the feed and carrot amount from 3.1 to 4.5 g for feed and from 2 to 3 g and week later to 4 g of carrot.
Frass was removed by sieving through 300 μm openings (from week 4), while 400 and 500 μm openings
were used for larvae fed with wheat bran diets due to larger faeces particles.

Feed conversion efficiency was calculated weekly based on fresh feed conversion ratio (FCR) and
the FCR and efficiency of conversion of ingested feed (ECI) were recorded at the end of the experiment.
The ECI was [35] calculated as:

ECI = (final weight/weight of ingested food) × 100 [%] (1)

and expressed for the dry form. The feed conversion ratio (FCR) was calculated by dividing the total
mean individual consumption by the total mean individual weight gain [36] and expressed for the
fresh form:

FCR =weight of ingested food/weight gained (2)

2.4. Statistical Analysis

Individual fresh larval weight and larval weight gain were analysed with a one-way ANOVA for
multiple comparisons and Wilk’s multidimensional test for multiple comparisons at α = 0.05. Data on
final survival rate, final larval dry weight, FCR and ECI were analysed with a one-way ANOVA.
Homogeneous groups for all features were determined using Tukey’s (HSD) multiple test at α = 0.05.
All statistical analyses were performed with the Statistica 13 software package (TIBCO Software Inc.,
Palo Alto, CA, USA).

3. Results and Discussion

The multidimensional test for multiple comparisons (Table 3) presents p-values of the individual
weights and weight gains depending on the week and the interaction of week and feed. It was found
that both traits (dependent variables) significantly differed and these differences were determined by
the factor and the interactions between factors. Moreover, the results of one-way ANOVA (Table 4) for
final larval dry weight, FCR and ECI differed significantly. However, the type of feed had no significant
effect on the survival rate of yellow mealworm larvae.

Table 3. Results of the multidimensional test (Wilk’s) for multiple comparisons.

Source of Variation
Individual Weight Weight Gain

df F p df F p

Week 8 640.6 <0.001 7 721.3 <0.001

Week×Feed 98 3.3 <0.001 84 3.7 <0.001
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Table 4. Results of a one-way ANOVA.

Source of Variation Survival Dry Weight FCR ECI

df 12

F 0.80 41.9 39.7 53.0

p 0.65 <0.001 <0.001 <0.001

A nutritive control feed (CF) was chosen for the first weeks after the hatching of mealworms,
which provided them with enough elements to grow until week 4. This feed was also safely used
and verified before the experiment. In other experiments, however, wheat bran was used as the
control feed [37,38]. In the present study, at the beginning of the experiment, the mean weight of
mealworms was 0.88 mg f.m. (Figure 1). At the end of week 1 of the experiment, mealworm weight
almost doubled for mealworms reared on wheat bran (2.05 mg f.m.). The lowest weight was found
for larvae grown on willowleaf sunflower (WS 100) (1.27 mg f.m.). During the experimental period,
mealworms doubled their mass weekly, except for those fed with WS 100. Overall, the mealworms fed
diets mixes with wheat brans had the highest body weight during the rearing experiment compared
with the mealworms fed other diets. Thus, at the last measurement (week 9) mealworms weight was
134.4., 125.9, 124.6 and 114.2 mg f.m. for WB 100, WB 75, WB 50, WB 25, respectively. A slightly lower
fresh weight (114.7 mg per larvae) was found in another study for mealworms fed with wheat bran and
cabbage leaves as a water source [39]. The second-highest final weight (75 mg f.m.) in the penultimate
week of measurements was found for mealworms fed the RM 25/CF 75 diet, followed by the control
feed (67.7 mg f.m.). However, during the last week of the experiment, the weight of mealworms fed
control feed (111 mg f.m.) outperformed the weight of mealworms (99.2 mg f.m.) fed RM 25/CF
75 diet. This indicates that the growing mealworms rely on significant amounts of CF rather than on
RM in the diet. An almost similar weight of mealworms was noted for the insects grown on diets
with a high amount of CF in WS diets. The mean mealworm weight for all diets in the final week was
95.6 mg f.m. The lowest mealworm weight (14.8 mg f.m.) was found for the individuals grown on WS
100. The composition of feed (Table 1) is an important factor for the growth and development of insects.
The WS diet had probably inadequate nutritional composition for mealworms, having only 10.56% d.m.
protein, and the highest fibre content (22.64% d.m.) compared to other diets. Harsányi et al. [40] found
that the mass of yellow mealworm, giant mealworm and house cricket was significantly higher when
insects were reared on chicken feed than on low quality organic wastes. As reported by Li et al. [39]
mealworms fed wheat bran for the initial 10 days, followed by fermented straw and old cabbage leaves,
demonstrate higher fresh weights (64.4 mg per larvae) than for mealworms fed the WS diet in the
present study.

Individual larval weight gain (LWG) (Figure 2) was another parameter determined in the present
experiment. The highest LWG was noted for mealworms fed diets containing WB until week 8 of
the experiment, especially for larvae fed WB 100. However, the LWG of mealworms fed CF diets
increased from week 7 and from week 8 they demonstrated higher LWG than the insects fed WB diets.
It can be observed that mealworms fed CF diets displayed higher LWG with a surprisingly rapid
increase, i.e., from 14.93 mg f.m. in week 7 to 34.47 mg f.m. in week 8, while the insects fed WB diets
demonstrated a more uniform increase in weight (18.20 mg f.m. in week 6, 28.55 and 35.73 mg f.m.
in week 7 and 8, respectively). In the final week of the experiment, some irregularities in LWG were
observed for mealworms fed some diets. This can be confirmed in the final week when LWG decreased
to 32.63 and 28.37 mg f.m. for mealworms fed diets WB 100 and WB 75/CF 25, respectively. A similar
decrease and difference between week 8 and 9 were observed for mealworms fed diets RM 25/CF 75
and WS 100 (from 36.07 mg f.m. to 24.27 mg f.m. and from 4.32 to 2.85 mg f.m., respectively). The other
diets did not cause significant LWG decreases during the experimental period and the growth values
were uniform. It may be assumed that mealworms fed diets RM 25/CF 75, WB 100, and WB 75/CF
25 grew sufficiently and their metabolism slowed down as they prepared for pupation [41]. In the
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penultimate week, the mealworms’ weight gain was no longer significant since their metabolism
slowed down and they prepared for the pupation stage. Urrejola et al. [41] presented the bodyweight
of Tenebrio molitor insects during different developmental stages fed various diets. It was shown that
during the final larval stages there was no significant weight gain. This also could be explained based
on the observation of Weaver [42] that further developmental stages are coprophagous. As previously
mentioned, the experiment was stopped when the first pupae were obtained (diet WB 100 week 9).
Consequently, it was assumed that further pupations would occur for the rest of the mealworms fed
other diets. High LWGs for the WS 25/CF 75 diet were observed from week 7. This may be explained
by an excess of chicken feed in the diet which was more willingly consumed by larvae instead of WS.

Figure 1. Individual larvae weight depending on the type of diet and week of rearing; CF (chicken feed),
RM (rapeseed meal), WB (wheat bran) and WS (willowleaf sunflower).

Figure 2. Individual larval weight gain depending on the type of diet and week of rearing; CF
(chicken feed), RM (rapeseed meal), WB (wheat bran) and WS (willowleaf sunflower).
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The mean dry individual larval weight for all diets used in the present experiment was 31.44 mg d.m.
(Figure 3). The significantly highest dry weight was noted for mealworms reared on WB 100 and WB
75 diets and was 47.9 and 44.0 mg d.m., respectively. Other mixes of WB and CF produced very similar
results. Mealworm reared on CF (control diet) were classified in the homogeneous group b together
with diets RM 25/CF 75 and WS 25/CF 75 and the dry weights ranged from 32.3 to 34.5 mg d.m. It was
noted that a high CF share in WS diets increased the dry larval weight. Mealworms fed RM diets
(except RM 25/RM 75) and the WS 50/CF 50 diet demonstrated the same dry individual larval weight
(25.9–28.1 mg d.m.). In the present study, mealworms grown on WB diets displayed the highest dry
weight. This is contrary to the observations made by Li et al. [39], who found that the dry weight
of larvae fed wheat bran was approximately 35.5 and 16.6 mg for larvae grown on plant waste diet
(fermented straw and old cabbage leaves). For mealworms fed only a wheat bran diet, without any
moisture supplementation, larvae dry weight was 35.9 mg [37]. In the current study, the mealworms
were supplemented with carrot, which contributed to the higher individual larvae weight. In the
present study, the significantly lowest dry individual larval weight was reported for diets based solely
on WS, which was only 3.9 mg d.m. after week 9 of the experiment. It is possible that for other
WS/CF mixes, mealworms fed more on CF and only accidentally on WS, based on self-selection of
feed. The self-selection of feed was described by Morales-Ramos et al. [38], who noted that larvae
selected the best components of mixed diets [41] to optimise their nutrition and growth. This habit was
observed in other tenebrionids as well [43]. Willowleaf sunflower residues may be difficult to digest,
possibly because of the high fibre content and low amount of non-fibrous carbohydrates (Table 1).
Presumably, the residues could also be toxic for mealworms. The toxicity of some feed components for
mealworm larvae has been mentioned in other research [31]. Another explanation is that when insects
experience a lack of nutrients they tend to consume less and, as a result, they gain less weight [44].
The observations made during the present study revealed that the survival rate of mealworm fed
WS diets was the same as for other diets (mean value for all feeds 96.5%), although the nutritional
composition of the WS diet was probably insufficiently optimised for insect development and growth.

Figure 3. Final dry individual larva weight depending on the type of diet; CF (chicken feed),
RM (rapeseed meal), WB (wheat bran) and WS (willowleaf sunflower); a, b, c . . . - letters mean that
values are statistically different (Tukey’s test at p < 0.05).

In the present study, the FCR for all diets except WS 100 (Figure 4) was statistically the same
and ranged from 1.57 to 2.08 for CF and WB 100, respectively. It was observed that mealworm fed
diets containing WB showed a slightly higher FCR than other diets. The significantly highest FCR
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(4.42) was found for mealworm reared on the WS 100 diet. The experimental insects are cold-blooded
mini-livestock and they do not need to maintain constant body temperature. In a study by Smil [45],
the FCR for chicken was 2.5, for swine was 5.0 and it doubled for cattle (when FCR is expressed in kg
of feed per kg of live weight). These values for livestock are much higher if expressed in kg of feed
per kg of edible weight and double or even higher for cattle (4.5, 9,4 and 25, for chicken, swine, cattle,
respectively) [45], while the mealworm larvae can be consumed entirely without any subsequent waste.
Thus, insects have a better feed conversion ratio compared with other livestock [46]. The FCR can also
differ between different insect species. Thus, the insects used for human consumption have a higher
FCR than those used for fodder purposes, such as BSF (black soldier fly), which can be reared on wet
substrates like fruits and vegetables and their derived products [32,47]. As mealworms are often used
for food and feed purposes, their FCR can differ, depending on the quality of used feed for their growth.
The FCR values for mealworms in the present experiment are similar to those obtained in a study by
van Broekhoven et al. [31], in which the FCR of mealworms ranged from 2.62 to 6.05, depending on the
feed mix quality. Thus, mealworms fed an HPLS (high protein low starch) diet produced the lowest
FCR values. The highest FCR values were obtained for insects grown on an LPHS (low protein high
starch) diet. It was concluded that an LPHS diet lacks nutrients and might contain some compounds
that are toxic or hard to digest by mealworms. Oonincx et al. [32] found that mealworms had high
FCRs (ranging from 3.8 to 19.1) when fed various quality feeds. The highest FCR values calculated
for fresh weight (19.1 and 10.0) were reported for mealworms fed diets with low protein content
(LPHF—low protein and high fat, and LPLF—low protein and low fat) supplemented with carrots.
However, these results in the replication without carrot supplementation demonstrated almost half of
these values, i.e., 5.3 and 6.1, respectively. The diets were prepared from food by-products, such as
cookies and breadcrumbs, potato peels and beet molasses. For comparison, the same diets were fed to
BSF (insects widely used for fodder purposes) and the FCR values obtained were considerably lower
and varied from 2.3 to 2.6 [32].

Figure 4. Feed-conversion ratio (FCR) depending on the type of feed, results on a fresh basis;
CF (chicken feed), RM (rapeseed meal), WB (wheat bran) and WS (willowleaf sunflower); a, b, c . . .
letters mean that the values are statistically different (Tukey’s test at p < 0.05).

The results of the present study on ECI of yellow mealworm larvae are significantly different
for various feed types (Figure 5). The mean value for mealworms fed in this experiment was 20.1%.
The highest ECI (23.9%) was noted for mealworms fed the RM 25/CF 75 diet. A very similar value
(23.3%) was reported for mealworms fed the WS 25/CF 75 diet. A slightly (but statistically significant)
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lower ECI value was calculated for mealworms fed the RM 25/CF 50 diet. As for FCR, the ECI value
for mealworms fed the WS 100 diet was significantly lower and was only 5.9%.

Figure 5. Efficiency of Conversion of Ingested feed (ECI) depending on the type of feed, results on a
dry basis; CF (chicken feed), RM (rapeseed meal), WB (wheat bran) and WS (willowleaf sunflower); a,
b, c . . . - letters mean that the values are statistically different (Tukey’s test at p < 0.05).

The ECI values reported for insects vary considerably from species to species, depending on
the quality of feed. The ECI of the most commonly used insect reared on by-products (spent grains,
beer yeasts, cookie crumbs, potato peels, beet molasses and bread) solely for animal feed purposes
ranged from 3% to 9% (12% control) for house cricket, 16% to 30% (14% control) for Argentinean
cockroach and from 17% to 24% for black soldier fly [32]. Collavo et al. [48] reported much higher
ECI values for house crickets (59%) fed a human refuse diet. Van Broekhoven et al. [31] reported that
ECI values for yellow mealworm fed bakery by-products ranged from 16.8% to 28.9%. In the same
study, the authors investigated two other mealworm species fed the same types of diets and reared
under the same conditions. Giant mealworm (Zophobas morio) demonstrated slightly higher ECI values
(15.8–33.3%) than the yellow mealworm. The ECI of the lesser mealworm (Alphitobius diaperinus) was
higher for high protein diets (23.0–34.4%) and much lower (6.4%) when the species was fed low protein
diets [31].

4. Conclusions

Yellow mealworm is a species easily adaptable to different feed types. The present study tested
the growth, development, FCR and ECI of yellow mealworm larvae fed 13 different diets. Generally,
mealworms developed well during the experiment for all diets, except those containing a large share
of willowleaf sunflower residues. The individual dry larvae weight was the highest for mealworms
fed WB diets, followed by those fed CF and RM diets, which confirm that the best “common food” for
mealworms should be cereal residues. The WS diet containing 75% of chicken feed also demonstrated
high dry weight and it can probably be attributed to the self-selection of the chicken feed component
rather than the WS residues. Larvae grown on a WS 100 diet displayed very low final dry weights
(only 3.9 mg d.m.). The FCR for all diets, except for WS 100, was at a similar level and ranged from
1.55 to 2.08. This is a satisfactory result and can be compared with the FCR of poultry. The highest FCR
was found for mealworms fed the WS 100 diet (4.42). Therefore, it can be concluded that willowleaf
sunflower residues are not recommended as mealworm feed. It can be stated that the industrial
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residues investigated in this study can be successfully used for mealworm farming, excluding the
willowleaf sunflower. These results will be used in subsequent research to estimate the best diets and
time of insect harvesting using various industrial residues as feed. Moreover, to obtain more reliable
results, especially for FCR and ECI, the above research should be continued.
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Abstract: In Southwest Germany, the renaturation of quarry areas close to settlements is usually
based on the planting of native species of trees and shrubs, which are then neither cultivated nor
used. This study investigates whether a species-rich agroforestry system based on Ernst Goetsch’s
syntropic agriculture approach would be suitable for both renaturation in the form of soil fertility
improvement and diverse food crop production under temperate climate. The quarry syntropy
project was launched in summer 2019. Two shallow stony sections of a spoil heap of the quarry
in Ehningen, Southwest Germany were available for demonstration plots. An interdisciplinary
project team was set up both to obtain the official permits from five governmental institutions and
to begin the study. The demonstration plots were each divided into three broad strips, which differ
in three vegetation types: trees, shrubs, and annual food crops. The tree and shrub areas are
mainly used for biomass production for a continuous mulch supply on the entire cultivated area
in order to rapidly increase soil fertility. The food crops and also partly the trees and shrubs were
intended to provide organically produced food (vegetables, fruit, berries and herbs). Most of the trees
(eleven species) were planted in November 2019. In March 2020, soil samples were taken (0–30 cm),
and a solar-powered water storage system was installed. Currently, the shrub and annual food crop
strips are under preparation (pre-renaturation phase). In this initial phase, the priority is fertility
improvement of the topsoil through intensive mulching of the existing grassland stock dominated
by top grasses and the legumes hybrid alfalfa (Medicago × varia Martyn) and common bird’s-foot
trefoil (Lotus corniculatus L.). The food crop strip should then start in 2021 after one year of mulching.
Depending on the success of growth, the tree strips should then also gain in importance for mulch
application in the following years. The strategy is to gradually build up food crop cultivation under
organic low-input agricultural practices while simultaneously enhancing the biophysical growth
conditions guided by natural succession.

Keywords: agroforestry; biodiversity; bioeconomy; biomass supply; circular economy; organic
farming; perennial crops; quarry; syntropy; vegetation restoration

1. Introduction

Agroforestry is considered one of the most important cultivation methods, which not only serves
the production of biomass but can also provide many other ecosystem services, such as carbon
storage [1,2], crop yield increase [3–5], climate change adaptation [6], biodiversity conservation [7,8],
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habitat functions [9] and landscape improvement. While there is a lot of information on interspecific
interactions within agroforestry systems in the temperate zone [10], the vegetation restoration of
quarries by agroforestry approaches has not yet been investigated. In view of the increasing competition
for land use [11], it might be important to deal with this in the future, as the areas that are released for
renaturation by quarries every year must be enormous in view of the exorbitant production volumes,
for example 10 billion tons of concrete per year [12]. So far, these areas are to be renaturalized following
the local nature conservation guidelines, i.e., they are left to controlled succession through controlled
planting of native tree and shrub species.

Recently, it has been shown that natural succession can be the most reasonable approach for
maximum carbon sequestration within the first 20–50 years after establishment [13]. Hence, there might
be more complex yet cost-effective renaturation strategies based on natural succession that allow for a
much broader spectrum of ecosystem service provision and even food production [14]. This would be
of great advantage for the agricultural sector (the production of biomass for food, bio-based products,
and bioenergy) as well as for society and the pollinator populations, for example. With increasing
land-use conflicts [11], the idea is to set up the establishment of multifunctional agricultural systems
on this land. A role model for such an approach could be the syntropic agriculture of Goetsch and
Colinas [14]. According to Goetsch and Colinas, “syntropic agriculture” is to be understood as an
agricultural strategy according to which soil-physical cultivation parameters such as humus cover,
soil fertility, water infiltration and erosion mitigation of agroforestry systems are improved through
(i) the introduction of a high diversity of plant species and (ii) an intensive cutting and pruning
frequency to foster both light penetration into the system and photosynthesis rate. Following Andrade
et al. 2020, this triggers an interplay of natural succession and stratification, resulting in an increased
number of vegetation layers consisting of various plant species and stages [15]. Due to this spatial
and temporal stratification, syntropic agriculture could lead to an increased biomass productivity
compared to standardized mono-cropping-based cultivation methods [14,15]. Syntropic agriculture
aims at regaining agricultural productivity of marginal agricultural land in the long term, so that food
crops can be cultivated on those areas in the near future [15]. Moreover, this high diversity of plant
species and age structures means that syntropic agriculture is more of a transforming agroecology than
a conforming agroecology. Therefore, it must be kept in mind that syntropic agriculture requires not
only agricultural but also social (socio-economic) adaptation by bridging the gap between agriculture
and ecosystems.

The findings by Goetsch and Colinas, on which the methodological approach of this study is rooted,
are derived from field trials in the tropics. This means two major differences compared to cultivation
strategies for the implementation of syntropic agroforestry systems in the temperate zone: (i) a much
shorter growing period induced by a cooler and drier climate, and (ii) different (species-poorer)
indigenous plant communities. Therefore, the aim of this study is to share, communicate and may
subsequently discuss the concept of developing a syntropic agroforestry approach for restoring a stone
quarry in temperate zones based on a preliminary field study conducted in Southwest Germany with
the wider scientific community.

2. Materials and Methods

This section presents all the steps of field trial preparation, starting from location selection of
the demonstration plots, the basic site characterization in terms of climatical conditions, pedological
characteristics and floral biodiversity as well as the selection and installation of the basic infrastructure.

2.1. Location

The experiment is being conducted in the area of the quarry company in Ehningen,
Southwest Germany (Figure 1a). Ehningen is located near the river Wuerm, marking the largest glacier
extension from the previous ice age. The bedrock is upper shell limestone (Landratsamt Freiburg, 2019),
which the quarry company is mining for gravel. An older part of the mine is currently renaturalized
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and integrated into the typical landscape, consisting of 47% agricultural fields and 34% forest, following
the regulations of the federal state Baden-Württemberg. In this area, two demonstration plots
(V1, 48◦39′57.6” N 8◦55′53.3” E, and V2, 48◦39′51.8” N 8◦55′59.7” E) (Figure 1b) are available for this
experiment. In addition, another area located on a slope (V3, 48◦39′52.3” N 8◦55′55.8” E) (Figure 1b)
was selected to account for topographical peculiarities of the given site, but this area was not large
enough to establish another demonstration plot. The integration of this field test into the given
renaturation plan required official authorization by five regional government departments.

 

Figure 1. Location of the stone quarry (a), and arrangement of the demonstration plots V1–V3 at the
stone quarry (b).

The region is characterized by temperate oceanic climate (Cfb) with 15 ice days per year, 80 frost
days per year, an average annual temperature of 9.6 ◦C and an average annual precipitation of 672 mm.
The latter tends to decline over the past five years due to climate change (Table 1). Initially, soil samples
(0–30 cm) were taken in spring 2020 to describe the soil conditions at the beginning of the trial.
The samples were frozen until further preparation for laboratory analyses. In addition to the pH
value and texture, the contents of macronutrients (C, N, P, K, Mg and Fe) and trace elements (Mo, Co,
Cu, Mn, Zn, Cl, Na, B, Ni, Si, Cl, Cd, Pb, As) of the soil samples are to be determined. The content
(weight %) of stones in the topsoil was separately determined twice per area. The depth of the crumb
was determined mechanically. In terms of soil type, both areas consist of several meters of gravel,
sand, and overburden from the construction industry. Over time, a patchy grassland sward has
developed on both areas. The botanical composition of this grassland sward was determined in July
2020 (18 July 2020). First, all vascular plant species were determined by species level (except for the
genus Taraxacum) within a randomly selected sample area of 2 m2 × 2 m2. Then, the cover of each
vascular plant species (%) was estimated visually. This estimation depends on the stage of phenology.

133



Agriculture 2020, 10, 603

Table 1. Overview of climatical conditions in the region of the stone quarry over the past eight years
(data taken from www.wetter-bw.de).

Year
Average Annual

Temperature (◦C)
Annual

Precipitation (mm)
Climatical Water

Balance (mm)
Annual Global

Radiation (kWh m−2)
Frost Days (d) Ice Days (d)

2012 9.3 726.7 201.4 928.7 76 20
2013 8.8 922.9 358.2 817.3 93 32
2014 10.4 763.3 173.5 861.3 39 2
2015 10.1 544.9 39.2 747.3 81 7
2016 9.1 646.5 −11.2 1078.3 88 8
2017 9.2 653.9 −51.1 1147.6 90 20
2018 10.2 525.9 −264.3 1234.8 81 19
2019 9.5 591.0 −131.4 1216.1 90 12

Average 9.6 671.9 39.3 1003.9 80 15

The color scaling within the parameters depends on the value.

2.2. Treatments, Field Trial Design and Experimental Stages

Two management methods based on the same establishment procedure were selected as treatments.
This means that a mixed culture stand of tree and shrub species was first established on the trial plots,
which was then divided into two sub-plots from the third trial year onwards, where two management
treatments will be compared: (i) intensive organic farming, and (ii) syntropic agroforestry. The trial is
thus divided into two experimental stages:

1. Establishment;
2. Main trial.

The actual start and methodology of long-term experiment evaluation within stage 2 depend
on the success of the establishment process. This will be dependent on whether the tree and shrub
rows are adequate to provide the vegetable strips with enough mulch material to enable cultivation in
accordance with low-input agricultural practices (e.g., no irrigation, no technical weeding measures
except mulching etc.), especially in syntropic agroforestry treatment.

Since the size of the three available experimental plots would not have allowed a meaningful
integration of repetitions, only one treatment was planned for each plot. This field study therefore
serves as a demo experiment. Furthermore, differences in the topographical conditions require a
different management method at plot V3 compared with plots V1 and V2, such as those described by
Fernandes and Gontijo (2020) [16]. Thus, a different management method was developed for plot V3,
the first step of which was the planting of willow cuttings. If the willows grow well, terrace structures
are to be designed and built in V3 within the next two years, which are intended to correspond to a
syntropic agroforestry treatment. The exact procedure for V3 has not yet been determined.

2.3. Selection of Tree and Shrub Species

The tree and shrub species were compiled on the basis of literature data and the tree species
available from the quarry’s obligations under nature conservation law (in addition to the trial areas,
there were about three hectares of land to be renaturalized) (Table 2). Since there was basically a
free choice within these plant species, intensive group work was initially used to determine the
objectives to be pursued by the perennial plant society. A multifunctional approach similar to syntropic
agriculture [14,15] was chosen, according to which mulch material as well as food and biodiversity
support (e.g. pollinators, biocontrol agents) are guaranteed. In accordance with this multifunctional
approach, a closer selection of tree and shrub species was then made.
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Table 2. Overview of the tree species available for planting in autumn 2019, which have been ordered
by the company Baresel (Ehningen, Germany) within the framework of the renaturation. The references
used for selecting suitable tree species for this project are also listed.

Trivial Name Botanical Name Height of the Young Plant (cm) References

Sessile oak Quercus petraea
(MATTUSCHKA) LIEBL. >80 [17,18]

European hornbeam a Capinus betulus L. 80–120 [19,20]
Wild cherry a Prunus avium L. 120–150 [21–23]

Sweet chestnut a Castanea sativa Mill. 50–80 [24]
Common whitebeam a Sorbus aria (L.) CRANTZ 50–80 [25–28]

Wild Service Tree a Sorbus torminalis (L.) CRANTZ 30–50 [29–32]
Wild apple a Malus sylvestris MILL. (1768) 80–120 [33–36]

European pear a Pyrus communis L. 80–120 [37]
Field maple a Acer campestre L. 30–50 [38]

Common dogwood a Cornus sanguinea L. 40–70 [39]
Midland hawthorn Crataegus laevigata (POIR) DC. 50–80 [40]

Wayfarer a Viburnum lantana L. 40–70 [41]
Red honeysuckle Lonicera xylosteum L. 50–80 [42]

Wild privet Ligustrum vulgare L. 40–70 [43]
Dog Rose Rosa canina L. 50–80 [44]
Buckthorn Rhamnus catharticus L. 50–80 [45]

Blackthorn a Prunus spinosa L. 50–80 [46]
Hazel a Coryllus avelana L. 50–80 [47]

a selected for the tree rows within the demonstration plots V1 and V2.

2.4. Planting Plan and Maintenance of the Trees

The planting plan was developed based on the characteristics of native tree and shrub species.
The individual tree and overall arrangement were designed in such a way that the adjacent tree
species complement or benefit each other in their above-ground (e.g., crown shape) and underground
(e.g., rooting depth, tolerance to temporal water-logging) growth as well as in time. For example,
fast growing pioneer tress with high cutting tolerance provide mulch and shelter for emerging fruit
trees. In addition, the tree stands were arranged with respect to the cardinal direction with the tree
height increasing from southeast to northwest (Table 3).

Table 3. Schematic overview of the arrangement of tree species within areas V1 and V2.

Row 1 Row 2

Walnut (Juglans regia L.) Quince (Cydonia oblonga MILL.)
Common dogwood Willow (Salix L.)
European hornbeam Hazel

Wild Service Tree Sea-buckthorn (Hippophae rhamnoides L.)
Sweet chestnut Wild apple

European hornbeam Blackthorn
Field maple European pear

European pear Wayfarer
Wild Service Tree Wild apple

Wild cherry Common whitebeam
Wayfarer Common dogwood

The first plantation of native plant tree species was conducted at the experimental sites V1 and
V2 on 7 December 2019. For each tree, a hole with a diameter of about 40 cm and a depth of 40 cm
was dug with a spade or pickaxe (Figure 2a). The planting distances between trees account for 3 m.
Each planting hole was then watered with about 2 L of rainwater (Figure 2b) before the roots of the
young plants were placed in the holes and covered with loose soil (Figure 2c).
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Figure 2. Impressions from the planting event in December 2019. The planting holes were dug
(a) and irrigated (b) before the seedlings (which were delivered as usual without soil from the nursery)
were positioned in the holes and covered with loosened soil (c).

The trees were checked at regular intervals and kept free of grasses approximately 50 cm around
the stems. The water supply was ensured by the installation of a solar-powered water storage system
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for irrigating the plants during establishment (Figure 3). Rainwater draining off near the surface is
temporarily stored in two 1000-L intermediate bulk containers.

 

Figure 3. Installation of a solar-powered water pump at plot V2 at the quarry in Ehningen,
Southwest Germany during lock-down in April 2020.

In addition, the tree pits were covered with grass mulch regularly (as often as possible) to lower
evaporation losses. The management of the trees and shrubs only consist of the formative pruning in
the first two to three years.

2.5. Preparation of the Sub-Plots for the Shrubs and Food Crops

The sub-plots for the shrubs and food crops consisted of a grassland sward at the beginning of
stage 1. From May 2020, the grassland was mown at regular intervals and the mulch evenly distributed
within the sub-plots in order to increase soil cover in the long term. In total, four cuts were performed
(cutting height 10 cm) on 7 May, 24 June, 10 August, and 14 October 2020. The change in the species’
composition of the grassland sward and its impact on the further course of stage 1 will be assessed in
spring 2021.

The demo plots will remain unfertilized by external chemical fertilizers. The nutrient supply
through the mulch material should be sufficient to ensure the low-input character of the agroforestry
approach. The nutrient status of the soil will be checked annually, beginning with soil sampling in
spring 2021. The soil sample analyses should serve to verify the potential use of the site for food crop
production. If high levels of heavy metals are present, the use of the plants for human nutrition would
be prohibited.

3. Preliminary Results and Discussion

At the time of vegetation analysis of the grassland community, ribwort plantain (Plantago lanceolata L.)
and the common legume bird’s-foot trefoil (Lotus corniculatus L.), hybrid alfalfa (Medicago × variaMartyn)
and red clover (Trifolium pratense L.) were flowering. Ribwort plantain, black medick (Medicago lupulina L.)
and dandelions (Taraxacum sect. Ruderalia Kirschner, H.Øllg. & Štěpánek) were at the stage of seed ripening.
The cover of vascular plants accounted for 129% and 133% of the plots V1 and V2, respectively (Table 4).

The vegetation of plot V1 was dominated by the common legume bird’s-foot trefoil (Figure 4a),
whereas the vegetation of plot V2 was dominated by perennial competitor species such as hybrid
alfalfa and couch grass (Elymus repens (L.) Gould) (Figure 4b; Table 4). Hybrid alfalfa was sown as
part of the renaturation plan on the entire area. The species density of both plots was 17 species
4 m−2. Through a targeted search, each five additional species (outside the sample area) were found
in plot V1 (Medicago lupulina L., Galium mollugo L., Lotus corniculatus L., Lolium multiflorum Lam.,
Arctium tomentosum Mill.) and in plot V2 (Potentilla anserina (L.) Rydb., Myosotis spec., Prunella vulgaris
L., Linaria vulgaris Mill., Achillea millefolium L.).
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Table 4. Cover of plant species (%) within the sample areas (4 m2) of the grassland communities of plot
V1 and V2 on 18 July 2020.

Plot V1 Plot V2

Grasses 15 15

Alopecurus myosuroides Huds. 0 0.2
Arrhenatherum elatius (L.) P.Beauv. ex J.Presl & C.Presl 8 2

Dactylis glomerata L. 2 2
Elymus repens (L.) Gould 0 5
Festuca pratensis Huds. 0 1

Lolium perenne L. 2 5
Poa annua L. 0.5 0

Poa angustifolia L. 2 0
Poa trivialis L. 0.5 0

Legumes 106 63

Lotus corniculatus L. 100 0
Medicago lupulina L. 0.2 0

Medicago × varia Martyn 2 60
Trifolium pratense L. 1 1
Trifolium repens L. 3 2

Vicia sepium L. 0 0.2

Forbs 8 55

Achillea millefolium L. 0 0.2
Daucus carota L. 0.2 0

Galium mollugo L. 0.2 0
Hieracium L. 0 0.2

Hypochaeris radicata L. 0.2 0
Plantago lanceolata L. 0 25

Potentilla anserina (L.) Rydb. 0 0.2
Potentilla reptans 0 25

Rosa spec. 0.2 0
Rumex obtusifolius 1 0.2

Taraxacum Sect. Ruderalia Kirschner, H.Øllg. & Štěpánek 6 4

Total number of species (4 m−2) 17 17

 

Figure 4. Impressions of the grassland communities on demonstration plots V1 (a) and V2 (b), 18 July 2020.

The results of the soil analyses of V1 revealed a soil bulk density of 2.1 g cm−3 and a high
topsoil volume share of stones of 56.7% on site V1 (determined) (Table 5). The topsoil volume of
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stones on V2 accounted for approximately 40–50% on site V2 (estimated). According to the Joint
Research Centre [48], topsoil volumes of coarse material, including rock outcrop or boulders above
15%, are defined as unsuitable for generic agricultural activity. This means that the site can be defined
as marginal agricultural land. [49]

Table 5. Overview of topsoil (0–30 cm depth) analyses on demonstration plots V1 and V2. Samples
were taken on 18 March 2020.

Clay Sand Silt Total Carbon
Soil Type

Stones Earth Organic Residues

Weight-% of Dry Matter a Weight-% of Total Dry Matter Volume-% of Fresh Matter

V1 20.5 32.2 47.2 9.6 Loam 56.7 42.9 0.4
V2 31.4 14.9 53.7 3.1 Silty clay loam n.d. n.d. n.d.

a after destruction of the organic substance.

Eight of the twelve tree species (67%) planted, such as blackthorn (Figures 5 and 6), field maple
and wild cherry, survived the plantation and seem to establish well within both demonstration plots
(Table 4). On both demonstration plots, the average number of surviving trees (not tree species) per row
was seven trees.

However, roe deer have selectively damaged the bark of some of the trees, resulting in the death
of these tree species (Table 6). Due to the unexpected presence of roe deer on the heavily fenced quarry
area, a countermeasure was applied to help minimize the damage caused by wild animals (roe deer).
For this purpose, an electric fence was installed and put into operation around both test areas in early
July 2020 (Figures 7 and 8).

Drought conditions in spring 2020 may be responsible for the death of some of the trees.
The planting conditions were also sub-optimal in December 2019, given the fact that the weather was
very cold and windy, so that many of the fine roots of the plantlets may have been destroyed shortly
before planting. Another reason for the death of some of the trees may be the absence of soil and fungal
symbionts from the pot in the nursery.

 

Figure 5. General status of the trees (planted in December 2019) within the two rows of the demonstration
plots V1 and V2 on 19 May 2020.
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Figure 6. Well-established blackthorn plantlet within demonstration plot V1 on 19 May 2020.

Table 6. Detailed overview of preliminary status of the trees per plot (V1, V2) and row (good= in healthy
condition, pending = condition currently unclear, dead = no signs of vitality to be seen, not planted yet
= in November 2019, there were no or not enough tree seedlings available).

Tree Species Plot V1 Plot V2

Row 1
Walnut Not planted yet Not planted yet

Common dogwood Good Good
European hornbeam Dead Good

Wild Service Tree Good Not planted yet
Sweet chestnut Not planted yet Not planted yet

European hornbeam Not planted yet Good
Field maple Good Good

European pear Not planted yet Good
Wild Service Tree Pending Dead

Wild cherry Good Good
Wayfarer Good Good

Row 2
Quince Not planted yet Not planted yet
Willow Good Good
Hazel Good Good

Sea-buckthorn Not planted yet Not planted yet
Wild apple Good Good
Blackthorn Good Good

European pear Not planted yet Pending
Wayfarer Good Good

Wild apple Good Dead
Common whitebeam Dead Dead
Common dogwood Good Pending

It remains unclear whether the trees would have better established through sowing instead of
planting. Here, the trees were planted instead of sown because most of the desired tree species were
delivered anyway due to the renaturation of the surrounding area. Furthermore, the plantation of trees
usually enables a much faster establishment of the wooden species, which under natural succession
conditions could take 25 years and more, depending on the surrounding vegetation [50].

The plantation of willow on all plots, including V3 (Figure 9a), in March 2020 was successful
(Figure 9b,c; Table 4) until the drought conditions became too severe in August 2020. Then, most of the
willow plantlets showed senescent leaf tissue.
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Figure 7. Preparations for the installation of the electric fence at site V2 on 19 May 2020.

 

Figure 8. View of the demonstration plot V2 with electric fence. Sheep were grazing outside of the plot
a few days before this photograph was taken (18 July 2020).

 

Figure 9. Location of plot V3 (a) and impressions of willow plantlets on V3 (b,c). The stone gutter
marks the middle of the area. Willows were planted crescent-shaped, indicated by the green vegetation
left over from the last mowing process. The photographs were taken on 18 July 2020.

4. Conclusions

The present study describes the initial stage of the development of a syntropic permaculture
concept in the temperate zone of Central Europe and the first steps of its establishment with native
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woody species. The site selected for this demonstration experiment exhibits marginal agricultural
conditions in the sense of shallow stony soil. Following the principle of syntropy, these marginal
growth conditions are to be defied by the diversity of the woody stand, which in the ideal case will
lead to a win-win situation: the land will be renaturalized and at the same time made reusable for the
production of food, fodder and renewable raw materials for material and energy use—depending on
which plant species prevails the most.

Of course, the present study has limitations with regard to both the expressiveness of the data and
the species diversity within the woody stand. This means that in the case of sowing, it would have been
possible to test a much higher number of species on this site for individual and community adaptability.
This is also the case for the tropical zone. Nevertheless, important insights can be gained regarding
how the selected species will cope with the marginal growth conditions in close association. This is
also related to the fact that under temperate conditions the woody species grow much slower and a
head start through the establishment by planting helps to gain first insights much earlier compared
with an establishment by sowing.

However, the preliminary results presented here already show that some tree species can survive
despite the severe rooting and drought conditions. First empirical results on the holistic performance
of the management methods investigated here may not be possible for five to ten years. Only then will
the woody species begin to provide more and more raw materials (mulch material) and microclimatic
effects for the adjacent shrub and vegetable strips. These mutually beneficial interactions between the
shrub, bush and vegetable strips would then be one of the main features of the syntropic permaculture
in the temperate zone.
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Abstract: In response to the growth in the global population and climate change concerns, questions
remain regarding the adaptation of production systems to meet increasing food and energy demands.
The aim of the paper is to present the production potential and biometric features of 11 willow varieties
bred and cultivated mainly in Europe. The experiment was set up on marginal soil. The research
was conducted in 2016–2020 and concerned 11 varieties of willow harvested in a three-year cycle.
The dry matter yield of the examined willow varieties ranged from 6.5 to 13.8 Mg ha−1 year−1.
Varieties Tur, Sven, Olof, Torhild, and Tordis were characterized by a relatively low level of yield
(7.2–8.2 Mg ha−1 year−1). The highest dry matter yield was obtained for the varieties Ekotur and
Żubr, respectively, of 11.5 and 13.8 Mg ha−1 year−1. The assessed varieties differed in both the
level of obtained dry matter yield and biometric features. The Żubr variety produced the smallest
number of shoots (three), but with the greatest height (4.8 m) and diameter (29.6 mm). Varieties
with high production potential develop fewer shoots, but are taller and have a larger diameter than
other varieties.

Keywords: SRC; willow; varieties; yield; biometric features; marginal soil

1. Introduction

In response to the growth in the global population and climate change concerns, questions remain
regarding the adaptation of production systems to meet increasing food and energy demands, and the
identification of the most efficient and sustainable production schemes. Interest in the biobased
economy has, therefore, been increased by aligning policies relating to central and interdependent
sectors, including agriculture and forestry, food, feed, bioenergy, and bio-chemistry [1,2]. Because
the EU’s growing priority for renewable energy sources is driven by increased energy dependency,
rising fossil fuel prices, and the desire to protect the environment, the demand for energy from biomass,
mainly wood, is increasing. Waste wood from forestry and municipal energy management may in
future be supplemented with wood acquired from agricultural land as fuel for power or heating
plants [3–6]. Although the primary role of agriculture is food production, a portion of agriculture
land has typically been devoted to non-food products, mainly within the framework of emerging
technologies. Such uses include the production of bioenergy and various biomaterials [7].

Fast-growing trees for biomass production are proposed as an economical and ecological solution
to meet increasing demand for energy, and also for the anticipated shortage of raw materials for
wood-based industries [8–11]. One of the short rotation woody coppices (SRWCs) is willow, which has
been widely accepted as a renewable energy source. Willow biomass can be converted by a wide
range of technologies, such as combined heat and power hydrothermal upgrading, into a variety of
energy forms and carriers [12,13] Willow has several advantages as an SRWC, including a wide range
of genetic diversity, easy reproduction, tolerance to a wide range of site conditions, ability to rapidly
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regrow after harvests, possibility of harvests in different rotations, and resistance to disadvantageous
environmental conditions, e.g., morning frost, wet snow, and strong winds [14–16]. Willow may be
taken into account in a concept of extensive agriculture, especially on marginal soils, which are of little
use or unusable for growing food crops, soils that are periodically excluded from use, and some fallow
lands [6,17].

A significant novelty of this study is the provision of a comprehensive assessment of (1) dry matter
yield, (2) biomass moisture, and (3) biometric characteristics of 11 willow varieties, bred and cultivated
in various European countries. An additional advantage of the presented results is that the studied
varieties were cultivated in commercial plantations on marginal soil.

2. Materials and Methods

2.1. Experiment Setup

A one-factor field experiment was conducted in 2016–2020 at the Experimental Farm of the Institute
of Soil Science and Plant Cultivation—State Research Institute located in Osiny, Poland (51◦28′21.34′′ N,
22◦3′7.65′′ E). The experiment was set up on marginal soil. It was a clay soil comprising light clayey
sands transformed into light clay at a depth of 70–80 cm, class IV on a VI scale in the Polish classification.
The average pH in KCl is 5.5, i.e., it was slightly acidic. The humus content was low at 1.06%. At the
time of experiment, the average nitrogen content in soil was 378 mg NO3N kg−1, phosphorus was
224 mg P2O5 kg−1, and potassium was 124 mg K2O kg−1. The content of magnesium in soil was
49 mg MgO kg−1 and calcium was 70 mg CaO kg−1. The content of nutrients in the soil on which the
experiments were conducted was at a medium or high (for phosphorus) level. Therefore, the tested
plants were optimally supplied with nutrients. The annual sum of precipitation for the locations where
the experiment was conducted is 568 mm on average, and the average annual air temperature is 8 ◦C.
Willow cuttings were planted in April 2016 at a density of 18,000 per ha. The cuttings were planted in
two-row strips with rows spaced every 0.75 m apart. The strips were spaced every 1.5 m. The cuttings
in each row were planted every 0.50 m. In the first year of vegetation, weeds from plantations were
removed mechanically. The research covered 11 varieties of willow (Table 1).

Table 1. Varieties of willow tested in the field experiment.

Variety Species Country of Breeding

Gigantea Salix viminalis Denmark
Inger S. viminalis × S. triandra Sweden

Linnea S. viminalis Sweden
Olof S. viminalis× S. schwerinii Sweden
Sven S. viminalis× S. schwerinii Sweden
Tora S. viminalis× S. schwerinii Sweden

Tordis S. viminalis× S. schwerinii Sweden
Torhild S. viminalis× S. schwerinii Sweden
Ekotur S. viminalis Poland

Tur S. viminalis Poland
Żubr S. viminalis Poland

The cultivation area of each variety was 270 m2; moreover, for the varieties located on the edge
of the field, an additional strip of plants (2 rows) was planted in order to eliminate the edge effect.
The total area of the experimental field was 3150 m2. After the first year of vegetation, in January
2017, a maintenance cut was made. Willow biomass was harvested in January 2020 after three years of
vegetation. In the year the plantation was established, mineral fertilization was applied in the dose
of 30 kg ha−1 N, 60 kg ha−1 P2O5, and 90 kg ha−1 K2O. After maintenance, a cut of 80 kg ha−1 N,
60 kg ha−1 P2O5, and 90 kg ha−1 K2O was applied. No pesticides were used on the plantation.
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2.2. Yield and Biometric Analysis

After three years of vegetation, in January 2020 the biomass yield and their biometric features of
the tested willow varieties were determined. For this purpose, 5 whole plants of each variety were
harvested in 5 replications, giving a total of 25 plants. Each of the replicates was randomized, then 5
consecutive plants in a row were harvested. No samples were taken from the edge of the experimental
field to eliminate the edge effect. Sampling was performed manually using a chainsaw. Each plant was
weighed immediately after harvest. Two shoots with average values of biometric features were taken
from each plant and ground for determination of the share of dry matter. In the laboratory the biomass
humidity was determined with the drying method at 100 ◦C for a period of 14 days. Dry matter yield
was determined from the ratio of fresh matter yield and and dry matter content. The yield from the
area of 1 ha was calculated from the product of the actual density and the unit weight of plant.

Measurements of biometric parameters of the tested plants were also performed. The following
were determined: number of shoots per plant, diameter of plant shoots at a height of 15 cm, and Ø
(mm) and height of shoots (m).

2.3. Statistical Analysis

The results were subjected to analysis of variance for a single factor (ANOVA) using the software
Statistica v13.3 (TIBCO Software Inc., Palo Alto, CA, USA). The significance of differences between
varieties for the variable, such as dry matter yield, number of shoots for plant, plant height, and shoot
diameter was identified using the NIR test (p < 0.05). Cluster analysis was performed using the method
of k means. The grouping variables were dry matter yield, number of shoots per plant, plant height,
and shoot diameter. Initial cluster centers were established on the basis of a random selection of k
observations using a standardized distance measure (Euclidean distance). A k-fold cross-validation
was used to determine the number of clusters.

3. Results and Discussion

The dry matter yield of the tested willow varieties harvested in the three year cycle ranged
from 6.5 Mg ha−1 year−1 for the Tora variety to 13.8 Mg ha−1 year−1 for the Żubr variety (Figure 1).
The highest dry matter yield was obtained for the varieties Ekotur and Żubr, respectively, of 11.5 and
13.8 Mg ha−1 year−1, which are bred at UWM in Olsztyn.

Figure 1. Dry matter yield (Mg ha−1·year−1) of tested willow varieties. * Explanations: data marked
with the same letters do not differ significantly at α = 0.05.
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The Żubr variety obtained a significantly higher result than all other varieties. In second place in
this respect was the variety Ekotur. The yield of Żubr variety was 51% higher than the average for
varieties and 84–112% higher than the worst varieties. Żubr variety also yielded 20% higher than the
second-best variety. Variety Ekotur yielded 26% higher than the average and 76% higher than the
weakest variety (Table 2).

Table 2. Matrix of differences (%) between yields of dry mass of tested varieties of willow.

Variety (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

Tora (1) −10 −13 −17 −19 −20 −33 −34 −38 −43 −53 −28
Tur (2) 11 −3 −8 −10 −11 −25 −26 −31 −37 −47 −20

Sven (3) 15 3 −5 −7 −8 −23 −23 −29 −35 −46 −18
Olof (4) 21 8 5 −2 −4 −19 −20 −25 −32 −43 −14

Torhild (5) 24 11 8 3 −2 −17 −18 −24 −30 −42 −11
Tordis (6) 26 13 9 4 2 −16 −16 −22 −29 −41 −10

Gigantea (7) 49 34 29 23 20 19 −1 −8 −15 −30 7
Inger (8) 50 35 31 25 22 20 1 −7 −15 −29 8

Linnea (9) 62 45 41 34 31 29 9 8 −8 −24 16
Ekotur (10) 76 58 53 46 42 40 18 17 9 −17 26
Żubr (11) 112 90 84 75 71 68 42 41 31 20 51

Average (12) 40 26 21 16 13 11 −6 −7 −14 −21 −34

Average yields of dry matter (9.7–10.5 Mg ha−1 year−1) were obtained for the varieties Gigantea,
Inger, and Linnea. Varieties Tur, Sven, Olof, Torhild, and Tordis were characterized by a relatively low
level of yield (7.2–8.2 Mg ha−1 year−1). Results obtained from Olof, Torhild, Tordis, Gigantea, Inger,
and Linnea varieties were close to the average value, with a deviation of up to 15%. The results of this
group of varieties were from 5% to 62% better than those of the three lowest yielding varieties. Within
this group Inger yielded 25% higher than Olof. Three varieties yielded much lower than average,
Tora (−28%), Tur (−20%), and Sven (−18%). These varieties yielded about half as much as the Żubr
variety. Despite the wide range of results, there were no statistically significant differences between the
varieties Tora, Tur, Sven, Olof, Torhild, and Tordis.

Reported biomass yields of willow harvested in a three-year cycle, depending on the location and
variety, ranged from 6.4 to 20.0 Mg ha−1 year−1, and were generally similar to those obtained in our own
research [15,18,19]. Stolarski et al. [16] compared 15 willow varieties and genotypes in a field experiment.
As in the current research, the authors showed that the Żubr variety produces a very high dry matter
yield, which, depending on the location, ranged from 18.0 to 20.3 Mg ha−1 year−1 in a three-year
rotation. This yield was higher than that obtained in our own experiment (13.8 Mg ha−1 year−1)
because the willow was grown on better-quality soils. It should be noted that regardless of the soil
conditions, the Żubr variety yield was clearly the highest. In the study of Stolarski et al. [16] in relation
to the Żubr variety, the dry matter yield of the next three varieties was lower by 13%, and for the next
five by 17%. The yields obtained in our own research were also similar to those obtained in other parts
of Europe, which in the UK ranged from 4.9 to 15.4 Mg ha−1 year−1. It should be noted that the highest
yields were obtained from Ashton Stott and Ashton Parfitt varieties (15.4 and 13.9 Mg ha−1 year−1,
respectively) grown in the UK, which were not included in the own research [20–22]. In contrast,
the yields obtained in Scandinavia were lower and ranged from 6.9 to 7.7 Mg ha−1 year−1 in Sweden
and 3.1 to 8.6 Mg ha−1 year−1 in Denmark, depending on the variety and site [23,24]. Furthermore,
studies conducted in the USA and Canada indicate that the dry matter yields of willow genotypes
were significantly differentiated both in terms of genotype and site. The dry matter yield of willow in
these studies ranged from 3.5 to 13.6 Mg ha−1 year−1 [25,26].

The factor that determines the quality of willow biomass and, indirectly, the level of the yield,
is biomass moisture during harvest. For the studied varieties, it was very diverse and ranged from
42.3–42.9% for the varieties Olof, Torhild and Tora, to 50.1–51.4 for the varieties Żubr, Linnea, Inger,
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and Tur. The varieties Tordis, Ekotur, Sven, and Gigantea were characterized by the average level of
humidity (46.5–49.3%). In studies conducted in north-eastern Poland, humidity of willow biomass
during harvest, depending on the variety, ranged from 47.5% to 52.0% [27].

The assessed varieties differed in both the level of the obtained dry matter yields and biometric
features (Table 3).

Table 3. Biometric features of tested willow varieties.

Variety Number of Shoots for Plant Plant Height (m) Shoot Diameter (mm)

Gigantea 8.4 a * 3.3 d 15.6 f
Inger 7.7 ab 3.2 d 17.1 def

Linnea 6.8 b 3.4 d 18.5 cde
Olof 7.1 b 3.3 d 17.8 cdef
Sven 5.1 c 3.5 cd 18.4 cde
Tora 5.0 c 3.5 cd 19.9 bc

Tordis 4.9 c 3.9 bc 19.3 bcd
Torhild 6.7 b 3.1 d 16.3 ef
Ekotur 4.9 c 4.1 b 21.7 b

Tur 6.5 b 3.1 d 15.7 f
Żubr 2.9 d 4.8 a 29.6 a

Average 6.0 3.6 19.1

* Explanations: data marked with the same letters do not differ significantly at α = 0.05.

The varieties Ekotur, Tordis, Tora, and Sven developed five shoots per plant, and Tur developed
six. The varieties Gigantea and Inger had, on average, eight shoots per plant, and Linnea and Olof
had seven. Those four varieties had the highest number of shoots per plant. The height of the shoots
of the studied varieties also varied. The Żubr variety achieved the longest shoots, with an average
length of 4.8 m. The varieties Ekotur, Tordis, Tora, and Sven grew shoots ranging from 3.5 to 4.1 m.
Other varieties developed shoots 3.2 to 3.4 m long. The diameter of the shoots was significantly
differentiated. The lowest value of this parameter (15.6–16.3 mm) was recorded for the Gigantea,
Tur, and Torhild varieties. In addition to the Żubr variety, the Ekotur, Tora, and Tordis varieties
had the largest shoot diameter (19.3–21.7mm). The Żubr variety, which was characterized by the
highest dry matter yield, produced the smallest number of shoots (three), but had the greatest height
(4.8 m), and the biggest diameter (29.6 mm). The second highest yielding variety, Ekotur, was also
characterized by a small number of shoots, good height, and large diameter of shoots. However, the
trend changed for the next three varieties—Gigantea, Inger, and Linnea—which also had a high yield
level (9.7–10.5 Mg ha−1 year−1). These were characterized by the highest number of shoots throughout
the experiment. Linea had seven shoots on average, and Inger and Gigantea had eight. All three
varieties were similar in height, but the diameter of the shoots differed. The higher yielding varieties
had the thickest shoot diameter. The closest to the average values of these parameters were Tordis and
Tur, however, they yielded much lower than average. Olof and Torhild varieties developed the same
number of shoots as Linea, however they obtained much lower height and thickness, so the yield of
these varieties was lower than the average and by almost 6 Mg ha−1 year−1 lower than the yield of the
best variety. Low yielding varieties, Tora and Sven, were characterized by a small number of shoots
and average values of their height and thickness, and Tur had a high average number of shoots but
small height and diameter. The presented results concerning biometric features of willow varieties
are similar to those obtained by other researchers. They also confirm the thesis that parameters of
those features are significantly different, depending on the variety [18,28–31]. It should be emphasized
that both the varieties included in the current research and those presented by other authors are
characterized by more favorable values and relationships of biometric features compared to wild forms
of willow growing in natural stands [32,33].
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Characteristics of the features of individual varieties allow for a reliable selection of varieties most
appropriate to biomass yield. Due to the growing interest in diversification of crops to compensate for
other crops’ flaws, mixed crops are often used. For this purpose, clusters of varieties that have similar
biometric characteristics were distinguished. Different mixtures of varieties may contain varieties with
the same characteristics, or varieties with extremely different parameters, depending on the purpose of
cultivation. The cluster analysis confirmed that the tested willow varieties can be categorized in terms
of the level of yield and biometric features into three clusters (Table 4).

Table 4. Yield of biomass and biometric features of willow crops in separated clusters.

Cluster Variety
DM Yield

(Mg ha−1 year−1)
Number of Shoots

for Plant
Plant

Height (m)
Shoot Diameter

(mm)

1 Ekotur, Żubr 12.6 4.0 4.5 25.7

2 Gigantea, Inger,
Linnea 10.0 7.7 3.3 18.5

3 Olof, Sven, Tora,
Tordis, Torhild, Tur 7.6 5.8 3.4 17.9

The first cluster includes the Żubr and Ekotur varieties, which stand out primarily because of
a high yield, obtained through specific biometric features. Both varieties were characterized by an
average low number of shoots but had large height and diameter. It was also shown in other studies
that the highest dry matter yields are obtained from plants that develop a small number of shoots,
but were tall and had a larger diameter [16,34]. By comparison, a relatively high yield was obtained
by varieties from the second cluster, which were characterized by completely different biometric
characteristics. Gigantea, Inger, and Linnea varieties had an average of 26.7% shorter shoots and 28.0%
smaller diameter of shoots than the varieties from the first cluster, which was compensated for by a
large number of shoots. Furthermore, plants from the second cluster were a group combining the
characteristics of varieties from the first and third cluster. The third group of varieties was characterized
by parametric features that were highly similar to the second cluster, but with a much smaller number
of shoots, resulting in the lowest yield of the three mentioned clusters. The results obtained suggest that
for energy purposes, varieties from the first cluster are definitely preferred. Large biomass obtained
from less numerous shoots can provide proportionally more wood in relation to bark. For purposes
other than energy production, for example, as a substrate for the extraction of active substances,
varieties with a higher proportion of bark in the yield could be preferred [35]. Ideal for this purpose
would be varieties from the second cluster, which have a large number of shoots and provide a
relatively high yield. In contrast, the lowest yielding varieties could have a higher content of active
substances, which would reduce the importance of total biomass yield. The productivity of individual
varieties in terms of substrates used for different purposes should be further investigated.

The biometric features of different varieties of the willow Salix viminalis L. differ due to its
crossbreeding with other species of willows. In the case of the willow, several dozen hybrid varieties
are available on the European market. The most frequently cultivated domestic varieties are Start, Sprint,
Turbo, Tur, Bison, and Ekotur. In Poland, Swedish varieties of Torhild, Sven, Olof, Gudrun, Tordis,
Tora, and Inger are also often cultivated. Due to the high variability of yields of individual varieties in
following years, it is recommended to use mixtures of several different clones in cultivation [35–37].
Different varieties, in addition to the clusters of similar varieties distinguished in the current work,
may have different yield levels depending on the geographical location of cultivation, soil type,
and cultivation technology used. It cannot be precluded that climatic differences, in addition to the
progression of climate warming, will result in changes in the productive potential of varieties. The key
in this aspect will be the sum and distribution of precipitation and the average summer temperatures.
Willow is quite predictable in this respect: the biomass yield is linearly related to the annual total
precipitation. In many regions, recent years have been dominated by periods of dry years with annual
perception below 600 mm, interrupted by years of very large amounts of precipitation. Therefore,

150



Agriculture 2020, 10, 616

regardless of location, drought-resistant varieties will be preferred. In this case, features such as
strong development of the root system will be crucial, probably at the expense of the aboveground
biomass in the first years of cultivation. As average temperatures increase, the pressure of diseases and
pests will become more severe, so high-yielding varieties could be unreliable in some years. On the
basis of previous studies, no impact of climate change on willow cultivation in Poland has been
observed to date. In the conditions of north-eastern Poland, the best yielding varieties were Ekotur
(17.8 Mg ha−1 year−1), Żubr (15.9 Mg ha−1 year−1), and Start (16.7 Mg ha−1 year−1), which coincides
with the results obtained in the current experiment. It may prove that the climatic gradient of the
Polish area is of little importance for the selection of varieties [35–37].

In the current paper we focus on the cultivation of willows on marginal land. Such areas will
have some production limitations, which will directly translate into the yield and its quality. In Poland,
land is marginalized for various reasons. In more than half of the cases, the reason for abandonment of
land is low soil productivity potential, caused by low humus content, low fertility, and poor water
holding capacity [38]. On such soils, the highest yielding varieties with favorable biometric features
may be found to be weaker than on soils which are optimal for the production of willow. Furthermore,
good quality soils are also often located in marginal areas. Most commonly, good soils in Poland are
abandoned for organizational reasons. In this category, most of the land is set aside in the vicinity of
large cities and main roads. This land was abandoned, among other reasons, as a result of industrial
transformations. This often leads to extension of the distance from the farm to the field due to the
construction of a highway, which eliminates local roads. It is possible to use such land for willow
cultivation, however, management of these fields will be limited due to the long distance from the farm.
There is also potential in degraded and polluted land, on which willow cultivation can be carried out
successfully, however, use of its yield will be limited to energetic and technical purposes. In the current
study, it was pointed out that the most productive varieties of willow have also obtained a decent
yield on marginal soils. However, it should be remembered that the plantation was professionally
cared for and carried out with the best scientific knowledge. Many of the key measures that are
provided in experimental plantations are often lacking in commercial crops [36]. On marginal land,
often some kind of agrotechnical negligence occurs, so it is advisable to select varieties that require
as little input as possible. For example, harvesting may be delayed by organizational problems and
therefore the production cycle may be extended by an additional year. It is often observed that
hybrid varieties, designed for high yields, can cope less well with environmental pressure and the
consequences of agrotechnical negligence. It is also unclear how the tested varieties would survive
without any fertilization and chemical protection on poor soils. Rich soils can ensure the survival of
plantations without fertilization and even allow a decent yield. On marginal soils, such cultivation can
carry a risk of failure [35,39].

The yields of individual varieties will also be quite different depending on the cultivation
technology used. Disease and insect resistance are also important. To obtain the highest yield of
biomass, a three year cycle is optimal, in which the highest yields are obtained by Ekotur and Żubr
varieties. In Poland the cultivation was tested in harvest cycles ranging from annual to over five years.
It was indicated that some willow varieties, considered as low yielding, may yield quite well in longer
cultivation cycles. The experiment was also conducted with plant density modifications. The smallest
stocking density is used in the Eco-Salix system, where willow is planted from large stakes in a small
stocking density of less than 10,000 per ha. In the Eco-salix system, the best yielding variety was
UWM 043. A very large planting density of about a hundred thousand individuals per ha was also
tested in case of seedlings from annual offshoots, planted mechanically. In the case of the cultivation
of willow grown in high density (48,000–96,000 per ha), there was a significant decrease in yield in
the long-term perspective for all varieties tested (Tur, Turbo, UWM 046, UWM 200, and UWM 095),
however, the UWM 095 variety provided the most stable yield. Depending on the height of the harvest
cycle, the highest yield was obtained from Tora and 1023 clone in a one year cycle, Tur and 1054 clone
in a two year cycle, Żubr in a three year cycle, and Ekotur and 1058 clone in a four year cycle [35,36,40].
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The biomass yield depends not only on the biometric features, but also on the physiological
characteristics of the plant. In this case, the characteristics of resistance to diseases, e.g., rust caused
by Melampsora sp., which can reduce the biomass yield by up to 40%, may be crucial. Resistance
to willow rust was obtained in most varieties with high yield potential, however, other biological
limitations remain. An important and often underestimated feature is the resistance of willows to pests,
whose pressure may increase with climate warming. Unfortunately, pest-resistant willow species are
characterized by very slow growth in comparison to the willow Salix viminalis L., whereas hybrids
between species do not provide satisfactory resistance and yield [41]. Obtaining resistance features,
which reduces the pressure of pests, can be supported by molecular techniques. Gene identification
and gene transfer application in industrial plants is less controversial than in the case of food plants.
Modification of willow varieties can have a positive impact on mitigating the effects of climate crisis,
allowing substantial amounts of carbon dioxide to be sequestered in the crop biomass. By comparison,
the genetic purity of wild populations of willows, which can easily cross-pollinate with modified crops,
cannot be assured. It is unlikely that elaborate and expensive genetic engineering methods will be
applied to the willow breeding process because willow is not considered to be an important crop for
the human economy [41].

A high level of biomass yield is crucial if willow is converted to energy production. However, the
use of lower yielding varieties for industrial cropping is also possible. Willow is grown for various
purposes, including traditional wicker products. In this case the yield of dry matter is not as crucial
as the quality of the material, so short and shrubby varieties could be preferred. However, varieties
often damaged by pests will be avoided. The content of active substances is another feature of the
varieties, not necessarily related to the yield. In this case, varieties with a higher proportion of bark in
the biomass, i.e., varieties that are vigorously shrubby, will be preferred for medicinal and cosmetic
products. An important branch of the economy in the future may be natural construction, due to
its growing interest. It also uses products from willow plantations in addition to other industrial
crops. In this case, high yield does not have to be a key value, which should relate to the strength and
durability of the obtained material [35,41].

4. Conclusions

This study provides an assessment of the productivity and biometric features of some of the
most common willow varieties in Europe. The presented results clearly show that the key element
that determines the production effects is the appropriate selection of varieties. Varieties with high
production potential develop fewer shoots, but are taller and larger in diameter than other varieties.
The obtained results also indicate that it is possible to effectively use marginal land for production
purposes other than food production, including, for example, the cultivation of willow intended for
industrial purposes.
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32. Maděra, P.; Kovářová, P. Primary succession of white willow communities in the supraregional biocorridor
in the Middle water reservoir of Nové Mlýny. Ekológia 2004, 23, 191–204.
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Abstract: A growing interest in the cultivation of non-food crops on marginal lands has been observed
in recent years in Poland. Marginal lands are a refuge of agroecosystems biodiversity. The impact
of the cultivation of perennial industrial plants on the biodiversity of weeds and arthropods have
been assessed in this study. The biodiversity monitoring study, carried out for three years, included
five perennial crops: miscanthus Miscanthus × giganteus, cup plant Silphium perfoliatum, black locust
Robinia pseudoacacia, poplar Populus × maximowiczii, and willow Salix viminalis. As a control area,
uncultivated fallow land was chosen. The experiment was set up in eastern Poland. A decrease in
plant diversity was found for miscanthus and black locust. The diversity of arthropods was the lowest
for the cup plant. No decrease in the number of melliferous plants and pollinators was observed,
except for the miscanthus. The biodiversity of plants and arthropods was affected by the intensity
of mechanical treatments, the fertilization dose, and the use of herbicides. The biodiversity also
decreased with the age of plantation.

Keywords: biological diversity; marginal land

1. Introduction

There are many commonly accepted definitions of marginal (fallow) lands. This category includes
a wide range of lands that historically has been used for agricultural purposes, but for some reason,
their cultivation has been abandoned. The reasons for land marginalization in Poland are of different
nature, including local agricultural decline, infrastructural changes, and soil pollution. However,
the most important factor of land abandonment is the low productivity potential of the soils. The area
of agricultural land excluded from agricultural use reached over two million hectares in Poland
in 2018, more than half of which are located on low-quality soils [1]. Perennial industrial crops
might be a promising alternative to marginal land utilization. The cultivation of the most productive
species, such as willow and poplar, on marginal lands, can be economically viable and bring some
environmental benefits [2,3]. On the other hand, some studies indicate perennial industrial crops lead
to environmental changes and a decline in biodiversity [4–6]. The impact on biodiversity may vary
on the species grown and the used technology. The biodiversity of agroecosystems is largely related
to the landscape and crop diversity. On a homogeneous agricultural landscape, perennial industrial
crops can introduce an element of landscape enrichment and create new habitats [7–9]. On the other
hand, cultivation of such crops might be carried out on lands that are valuable from the perspective of
biodiversity conservation. Marginal lands are known to be the biodiversity hotspots in agroecosystems,
therefore, the way of their management should take it into consideration [10–13].
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Biodiversity plays an important role for agriculture by providing ecosystem services. Marginal
lands are the habitat of melliferous plants that provide pollen and nectar for the honeybee Apis mellifera L.,
as well as for wild pollinators. The feed collected from fallow lands is not contaminated with pesticides,
in contrast to that collected from most crops and orchards [14]. The fallow lands are also a living habitat
for wild pollinators. Wild bees are crucial for certain crops and there are endangered by habitat loss.
Many beneficial organisms such as ladybird beetles Coccinellidae and parasitic wasps Ichneumonidae,
Aphidiinae live and reproduce in such habitats [15]. Simultaneously, the management of these lands
can be quite challenging. The establishment of the new perennial industrial crop plantation requires
intensive weed management both by mechanical and chemical means in the year before plantation
establishment. This results in an immediate loss of biodiversity. In general, regardless of the choice of
the crop species, it is recommended to increase the density of plantings, due to the expected losses
of plants (survival rate). There is no doubt that the cultivation of industrial crops on marginal lands
(mostly of poor agricultural quality) will require more inputs than on the land of better agricultural
quality [16–18].

The introduction of industrial plants to fallow land does not necessarily lead to a loss of biodiversity
in the long term. In most cases, perennial crops require less input than annual crops. In particular,
species cultivated in long production cycles reduce the use of plant protection products, fertilizers,
and soil disturbances such as tillage. Native crops, such as willow, are the basis of the trophic chain,
feeding numerous arthropod taxa. Most fast-growing plants provide benefits for bees and wild
pollinators. The litter, formed under perennial crops, can be a convenient habitat for animals that are
not able to survive on arable lands [19–21]. The impact of the cultivation of these plants on biodiversity
depends on many factors, including the adopted indicators and assessment methods used [22].

The study aims at closing existing knowledge gaps about the impact of industrial perennial crops
on biodiversity. The biodiversity of such crops is usually compared to other industrial crops or other
annual crops. Moreover, the evaluation of different crops is often made at different sites. Additionally,
studies rarely use marginal lands as a control object. Consequently, the added value of the work is
the comparison of biodiversity impact of industrial species cultivation under the marginal ground
conditions, including the variant with no agricultural management.

As the first hypothesis (H1), it was presumed that perennial industrial crops can significantly affect
the diversity of flora and fauna of marginal lands. This hypothesis is strongly supported by previous
studies, especially in the case of floral diversity [6,7]. However, the outputs may be different on
marginal lands, as such sites are of insufficient agricultural quality. Cultivation of common agricultural
crops on soils of such quality carries the risk of crop cultivation failure. This might open the living
space for wild flora, and other wild organisms that benefit biodiversity. On the other hand, the
cultivation of crops on marginal lands with increased cultivation intensity may lead to biodiversity loss.
The commonly known and accepted dependencies may prove to be missed in those specific conditions.

The study aims at closing knowledge gaps on biodiversity levels on marginal lands which most
likely differs under different industrial crop cultivation conditions [16–18]. Marginal lands are usually
managed in a different way than agricultural lands of good quality. The impact of the cultivation of
crops commonly considered to be beneficial for wild biodiversity, such as willow, can differ when
grown under optimal conditions, or under marginal land conditions. Therefore, the second hypothesis
was constructed (H2): The diversity of plants and arthropods will be different in each of the tested crops
under the conditions of marginal lands. Therefore, choosing the right crop species should mitigate the
loss of biodiversity.

The agricultural management used in specific crops is entirely dependent on farmer management
strategy. In order to obtain an optimal yield, basic agrotechnical recommendations must be followed,
as well as the adaptation of agrotechnology to marginal soil conditions. Literature study shows
that cultivation technology and the intensification of agrotechnical treatments significantly impact
biodiversity [4–8]. However, it is not certain whether the same mechanical and chemical treatments
will have a similar effect on marginal lands as on other agricultural lands. These uncertainties were
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the foundations of the third hypothesis (H3): The level of biodiversity of fauna and flora will depend
on the intensity of agricultural management practices of perennial industrial crops cultivated on
marginal lands.

2. Materials and Methods

2.1. Experiment Setup

The research was conducted in the years of 2018–2020 in the Experimental Station of Institute
of Soil Science and Plant Cultivation in Osiny near Puławy in Lublin Province in the eastern part of
Poland (51◦27′59.2” N 22◦02′48.7” E). Soil-water conditions were typical for marginal land in Poland.
The soil was classified to the 5th class (1st—the best soil class, 6th—the poorest soil class), weak rye soil
complex. The groundwater surface was located at an average depth of 2–2.5 m. The acidity (pH in KCl)
of cultivated soils near the direct vicinity of the experiment was on average 5.5; however, the soil
under industrial crops had lower values of soil acidity (pH = 4.5). The soil was with the prevalence of
medium and weakly clay sands as well as small deposits of gravel. In the soil profile, there was a poorly
permeable layer of clay at the depth from 50 to 100 cm. The average humus content was 1.06%. At the
time of the experiment, the average nitrogen content in soil was 37.8 mg N-NO3 100 g−1, phosphorus
22.4 mg P2O5100 g−1, and potassium 12.4 mg K2O 100 g−1. The content of magnesium in soil was
4.9 mg MgO 100g−1 and calcium 70 mg CaO 100 g−1. The maximum water capacity at the depth
of 15 cm was 36%, but during the drought, soil humidity was below 5%. The sum of rainfall in the
growing season, which in Eastern Poland is from April to late October was 492.2 mm in 2018 and only
380.9 mm in 2019.

2.2. Structure of Field Experiment

The experiment was carried out on 5 plots with industrial species cultivation and on one control plot.
Miscanthus × giganteus Greef and Deuter was cultivated on a 280 m2 plot, at a distance of 135 m from
the control area. Prior to the beginning of the experiment, different miscanthus cultivars were grown
on that plot for the last 10 years (and were still there when the experiment started). The density
of crops at the time of planting was 15 thousand plants ha−1, in a 0.75 × 1 m spacing. Over time,
the surface of the experiment was almost completely covered with miscanthus. There were few spots
covered with perennial weeds as a result of frost damage to miscanthus. In each year of cultivation,
the sum of NPK fertilization was 78-60-90. The fertilization consisted of two treatments. In early April,
a multicomponent fertilizer Polifoska 6 (NPK: 6-20-30) was applied at a dose of 300 kg ha−1. Another
fertilization was applied in mid-May at a dose of 188 kg ha−1 ammonium nitrate (N = 32). At the end
of April, chemical weed control using the herbicide MCPA (Chwastox Extra 300SL) was applied at
a dose of 1 kg ha−1. The was no mechanical weed control between rows of miscanthus during the
time of the experiment. The plant biomass was harvested in the first week of March. An average dry
biomass yield was 17.7 Mg ha−1 in 2018 and 10.3 Mg ha−1 in 2019.

The cup plant Silphium perfoliatum L. plot was of 300 m2 and was not differentiated into varieties.
The cultivation of cup plant was directly adjacent to the control object. The year 2018 was the first year
of growing this plant. The plantings were obtained from seeds. They were grown under greenhouse
conditions from January 2017. In mid-April of 2018, the plants were planted in the field. A spacing of
0.5 × 1m was applied, in order to reach 20 thousand plants per ha. Losses of seedlings on the plantation
were replenished from the reserves. The seedlings were irrigated, a total of 1000 dm3 of water per
300 m2 of cultivation was used. In the first and second year of cultivation, inter-row cultivation was
performed with a soil tiller. Weeds were also removed by hand. The fertilization scheme was exactly
the same as in the miscanthus cultivation. The biomass was harvested in January. In the first year,
2.4 Mg ha−1 of dry mass was obtained, and in the second year 7.5 Mg ha−1 was obtained.

Black locust Robinia pseudoacacia L. was cultivated on an area of 3300 m2. Cultivation of black
locust was separated from control by a distance of 850 m, but the soil conditions were very similar.
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The cultivation was established 9 years before the beginning of the monitoring. The trees were spaced
at 1.5 × 0.5 m, achieving a density of 13 thousand plants per hectare. No mineral fertilization or
chemical plant protection treatments were used in black locust cultivation. In May, weeding was
carried out between the rows with a mulching mower and by a power scythe. The field was cultivated
in a 9-year cycle, the yield was harvested in three phases. Over a period of 3 years, one-third of the
plantation was harvested annually. An average annual dry biomass yield was 12.0 Mg ha−1.

Poplar Populus × maximowiczii Henry plantation was grown on 4500 m2 area and consisted of
14 varieties. Cultivation of poplar was directly adjacent to the control object and to the cup plant plot.
The plantation was established in April 2017 at a density of 18 thousand plants per ha. The cuttings
were planted in two-row strips with rows spaced every 0.75 m. The strips were spaced every 1.5 m.
The cuttings in each row were planted every 0.50 m. At the beginning of May of the first year of the
cultivation, 30 kg N ha−1 of ammonium nitrate was applied. In 2018, NPK fertilization in the dose of
78-60-90 ha−1, using Polifoska 6 fertilizer and ammonium nitrate was applied, along with miscanthus
and cup plant fields fertilizations. In 2019 and 2020, no fertilizers were used. In the beginning of
May 2018, the herbicide Quizalofop-p-ethyl (Supero 05EC) at dose of 50 g ha−1 was applied. In the
late May, the treatment was repeated using Quizalofop-p-ethyl at the same dose, combined with
neonicotinoid insecticide Acetamiprid (Mospilan 20SP) at a dose of 20 g ha−1. Between 2019 and 2020,
chemical weed control was no longer necessary. The biomass harvest was performed in February, dry
biomass yield was 9.6 Mg ha−1 in 2018 and 11.1 Mg ha−1 in 2019.

Willow Salix viminalis L. was cultivated on an area of 3400 m2. Distance between willow crop and
control plot was 150 m. The plantation was established in April 2016 and consisted of 11 varieties.
The same planting technology was used as for poplar. In May 2018, a dose of 300 kg ha−1 of Polifoska
6 multi-compound fertilizer was applied, introducing a total of 18 kg N, 60 kg P2O5 and 90 kg
K2O per ha. In 2019 no fertilization was used. In 2020, fertilization in the same dose as in 2018 was
applied again. In 2018and 2019, no chemical plant protection products or agrotechnical treatments
were used in willow cultivation. In January 2020, biomass was collected from the entire field, so there
was a risk of higher weed infestation during the regrowing of the willow. Soil tillage was carried out in
the paths using a soil tiller in the mid-April and mowing between rows using power scythe in the
first decade of June. In mid-June, the insecticide deltamethrin (Decis Mega 50 EW) was applied at a
dose of 12.5 g ha−1, due to strong pressure from the Amphimallon solstitiale L. beetle on the regrowing
willow. In the first week of May, a herbicide quizalofop-p-ethyl (Labrador Extra) at a dose of 50 g ha−1

was applied.
An uncultivated area in the direct vicinity of industrial crops has been selected as a control plot.

The area of the fallow land was 450 m2. In the recent years, it was an arable land, the use of which
was suspended in 2017, for the purpose of the experiment. There were no fertilization or chemical
weed control treatments on this area during the experiment. The spontaneous development of wild
vegetation was allowed. Only in the mid-June 2019 cultivation was a tractor flail mulcher carried out.
The control plot was designed to simulate marginal land conditions.

2.3. Fauna and Flora Monitoring

The species richness of the flora was examined in mid-June from 2018 to 2020. Five measurements
were taken annually in each crop and in the control plot, using a 0.5× 1 m botanical frame. Measurements
were taken every 5 m. Samples were taken in one, 30-meter long transect. In smaller plots, e.g., in a
miscanthus and a cup plant, the transect was taken across the plot. All plant specimens in the frame
were identified to the species at the place of the experiment. In total, 15 repetitions were obtained for
each variant.

The study of arthropod fauna took place over a period of two weeks in mid-June in three
consecutive years. Monitoring of the fauna consisted of a system of two types of traps. The fauna living
on the soil surface was collected by pitfall traps, 8 cm in diameter and 300 cm3 capacity. Each trap
was filled up with 100 cm3 of glycol with a detergent, which was grey liquid soap. The container was
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covered with a 12 cm diameter canopy to protect against precipitation. In each crop, three traps were
set up, with 10 m spacing between traps. The traps were set for a period of two weeks. After each
invertebrate collection (harvests) the traps were removed and washed. Three harvest cycles were made,
one per year. In each year the traps were set over again, in the same locations. In three years,
nine repetitions were obtained from each plot. The traps were set in the place where vegetation
measurements were taken (Table 1).

Table 1. Structure of monitoring of flora and fauna in the plot.

Distance
Weeds

Frame [0.5 × 1 m]
Arthropods
Pitfall Traps

Arthropods
Yellow Bowls

5 m Edge of field − −
5 m Frame 1 Trap 1 −
5 m Frame 2 − Trap 1
5 m Frame 3 Trap 2 −
5 m Frame 4 − Trap 2
5 m Frame 5 Trap 3 −
5 m Edge of field − −

The second type of traps were yellow bowls (30 cm wide). The bowls were filled with 1:1 solution
of glycol and water in the amount of 2 dm3. As a detergent, gray liquid soap was added. The solution
was supplemented if the hot weather caused evaporation. Yellow traps were placed on a platform.
The height of placing of the traps was adjusted to the height of the vegetation, (it varied from 30 to
100 cm). In each crop, two yellow bowls were placed at a distance of 10 m from each other (Table 1).
The collection was carried out for two weeks, just as in the case of pitfall traps. After monitoring, bowls
and platforms were removed from the fields. During three years of the experiment, six samples were
obtained from each plot. After a period of two weeks, the collected material was filtered through a
sieve (1 × 1 mm) and preserved with 75% ethanol solution. The collected invertebrates were sorted
and determined into orders, families, and species. The material was determined using standard
identification keys.

2.4. Statistical Analysis

Species were assigned to families and orders. Ecological functions of individual species were
determined. Identified plant species were divided according to their suitability for pollinators, as
melliferous and non-melliferous. The arthropods were divided due to their impact on crops as pests
and natural enemies of them (serving as biological pest control). For bowl traps also a category of
pollinators was added, for pitfall traps detritivores category was added. The data were accompanied by
crop parameters such as: the age of the crop, the plot area, the fertilizer doses, the number of mechanical
and chemical treatments, and the dry mass yield (DM) of the crop. The results of flora monitoring
were also compared with the results of fauna monitoring, in order to identify the impact of wild
plant diversity on the arthropod population. The biodiversity indicators, including Shannon’s Index
and the Dominance Index, were counted using the Past3 software. For most data sets, a distribution
different from normal was observed, therefore non-parametric tests were chosen for statistical analysis.
The differences between the data distributions were analyzed using the Kruskal–Wallis test, followed
by the post-hoc Tukey’s test in STATISTICA 10 software. The values of Shannon’s Index and Simpson’s
Dominance Index in subsequent years were compared using the Hutcheson’s t-test. The influence of
factors on the obtained results was described by means of a multiple regression model. Only statistically
significant results were presented. The control object was excluded from factor analyses.
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3. Results

3.1. Diversity of Weeds

A total of 90 weed flora measurements were made during the three consecutive years of the study.
A total of 66 species of weeds were found, representing 22 families within 16 orders. Almost all
specimens were identified to species level (Table 2).

Table 2. Frequency of the weed species in five different perennial industrial crops: FL—Fallow
land (control), MG—Miscanthus × giganteus Greef and Deuter, SP—Silphium perfoliatum L., RP—Robinia
pseudoacacia L., PM—Populus × maximowiczii Henry, SW—Salix viminalis L.

Taxa Average Number in the Sample

Order Family Species FL MG SP RP PM SW

Asterales Asteraceae

Achillea millefolium − − − − − 0.2

Anthemis arvensis 14 − − − − −
Artemisia vulgaris − − − − − 10.4

Centaurea cyanus 0.6 − − − − −
Erigeron annuus 1.2 − 8.2 − − 3.4

Erigeron canadensis 12.6 − 5 − 7.8 2.6

Galinsoga parviflora − − 0.6 − 0.4 −
Galinsoga quadriradiata − − 0.8 − − −
Gnaphalium sylvaticum − − − 0.4 − −

Lapsana communis − 2.4 − − − −
Senecio vulgaris − − 4.2 − − −

Solidago canadensis 8 − − 26 − 9.4

Sonchus arvensis 4.2 − 4.6 − 0.2 0.8

Taraxacum officinale 2 − 8.2 − 0.2 6.4

Tragopogon pratensis 1.4 − − − − −
Tripleurospermum

maritimum 20 − 1.8 − 20.6 −

Boraginales Boraginaceae Anchusa arvensis 1.4 − − − − −
Anchusa officinalis − − 0.2 − − −

Brassicales Brassicaceae
Camelina sativa − − 0.2 − − −

Capsella bursa-pastoris 12.2 2.4 2.6 − 1.8 0.6

Caryophyllales

Amaranthaceae
Amaranthus retroflexus 18.2 − − − 0.2 0.6

Chenopodium album 90.8 0.2 7.2 0.8 43.2 0.4

Caryophyllaceae

Cerastium arvense − − 50.2 − − 12

Silene latifolia 0.8 − − − − 0.4

Stellaria media 6.6 − 16.2 0.4 − 14.4

Polygonaceae

Fallopia convolvulus − − 0.4 − − 0.4

Polygonum aviculare − − 2.4 − 0.4 0.2

Polygonum lapathifolium − − − − 1.2 −
Polygonum persicaria 2.6 − − − − −

Fabales Fabaceae

Trifolium repens − − 0.6 − − 0.8

Vicia cracca − − 0.6 − 0.2 −
Vicia villosa 0.2 − − − − −

Gentianales Rubiaceae Galium aparine − − − 45.2 − 29.8

Geraniales Geraniaceae

Erodium cicutarium 7.2 − 1.4 − 6.8 2.4

Geranium pratense 0.2 − 3.8 − − −
Geranium pusillum − − 0.6 − − −

Geranium robertianum − − − 3.2 − −

Lamiales

Lamiaceae Galeopsis tetrahit − − 1 − 0.6 −

Plantaginaceae

Plantago major − − − − 0.2 −
Veronica arvensis − 0.4 − − − 0.2

Veronica chamaedrys − 1.4 0.6 − 0.4 0.2

Veronica persica 1.4 − − − − −
Malpighiales Violaceae Viola arvensis 3 2.6 1.8 1.4 5 7

Malvales Malvaceae
Malva sylvestris 0.2 − 0.2 − − −

Sida hermaphrodita − − − − − 1.4

Oxalidales Oxalidaceae Oxalis acetosella − − − − 0.2 −
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Table 2. Cont.

Taxa Average Number in the Sample

Order Family Species FL MG SP RP PM SW

Ranunculales Papaveraceae Papaver rhoeas 2.6 − − − − −

Rosales
Rosaceae Geum rivale − − − − − 0.4

Urticaceae Urtica dioica − − − 2.6 − −
Solanales Convolvulaceae Convolvulus arvensis 3.2 − 1 0.2 − −

Poales

Cyperaceae Carex sp. − − − 2 − −
Juncaceae Luzula campestris − − − − 0.2 −

Poaceae

Agrostis capillaris 2 − − − 0.8 −
Apera spica-venti 2.6 23.2 − − 2.8 −
Bromus inermis 89.2 22.8 − − − −

Calamagrostis epigejos − − − 4.8 − −
Echinochloa crus-galli 19.8 − 0.4 − − −

Elymus repens 69.2 58.8 1 16 2 4

Elymus elongatus − − 4 − − −
Festuca rubra − − − − − 24

Holcus mollis − − − − − 0.2

Lolium perenne − − 0.2 − − −
Poa annua 29.6 13.6 66.6 − 2.4 11.2

Secale cereale − − − 0.2 − −
xTriticosecale 12 − − − 1.6 −

Equisetales Equisetaceae Equisetum arvense 1.2 − 1.6 0.2 1.4 0.4

The number of species in different crops was found to vary significantly (chi2 = 62.06, p < 0.01).
In the control site, which was fallow land, 32 species were found in total, while the median of the
species number was 9. The average (median) number of species was the highest on the control site.
The total number of species found in cup plant plantation was the same as on the control site (32),
but on average (median) there were 2 weed species less in the cup plant than on fallow land. Ten species
were found in total in miscanthus (with a median value of 3 species). Fourteen weed species were
found in black locust, with a median value of 3. In poplar, 24 species were found in total, with
an average (median) of five. Twenty-eight species were found in total in willow, with 7 species
average (median). Cup plant and willow did not differ significantly in weed species number between
with the control object (fallow land). The average number of species found in miscanthus, black locust
and poplar were significantly lower than those obtained in the control. In addition, some significant
differences in weed number were observed for different crops (chi2 = 23.68, p < 0,01). The average
number of species was significantly greater for the cup plant than for the miscanthus, black locust,
and poplar. The number of weed species of willow was significantly greater than for miscanthus
and black locust. There was significantly more weed species found in Poplar than in miscanthus.
There were no significant differences in species number between willow and poplar, black locust
and poplar, and black locust and miscanthus (Table 2). Significant differences were found between
miscanthus and other tested objects, with the exception of the black locust. The results indicate that
weed diversity of willow, poplar, and cup plant is lower than the control object, but the differences
are low (Table 2). In the case of all crops, the number of wild plants (weeds) per m2 was significantly
lower than in the control object (fallow land). This is undoubtedly the effect of the domination of crops
over weeds. The number of melliferous plants in the tested crops was also analyzed (chi2 = 35.99,
p < 0.01). Only the miscanthus had a significantly lower number of melliferous plants than the control.
Additionally, significantly more melliferous plants were found in the cup plant than in the miscanthus.
The remaining crops did not differ significantly. Significantly more plants which were not beneficial for
pollinators were found on the unmanaged fallow land than in the cultivation of perennial industrial
plants (chi2 = 41.13, p < 0.01). On the basis of these observations, it can be concluded that there are
fewer wild plants in perennial crops than on fallow land, but weeds of fallow land represent mostly
species that are not suitable for pollinating insects. This means that tested perennial crops, with the
exception of miscanthus, should provide at least the same level of food for pollinators as fallow land.
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The results of the comparison of plant biodiversity indicators using the Kruskal-Wallis ANOVA test
are shown in Table 3.

Table 3. Median and median error values of selected weed diversity indicators in perennial
industrial crops in three-year monitoring. Significantly different results (p < 0.05) were marked
with different letters.

Flora by the Frame Method
Crop

FL MG SP RP PM SW

Number of weed species 9 ± 1 a 3 ± 0.3 d 7± 0.7 a 3 ± 0.4 cd 5 ± 0.5 bc 7 ± 0.7 ab
Number of weeds [m2] 288 ± 67 a 74 ± 20 b 34 ± 45 b 66 ± 9 b 46 ± 16 b 68 ± 19 b

Number of melliferous [m2] 62 ± 21 a 2 ± 3 b 14 ± 35 a 52 ± 6 ab 18 ± 9 ab 54 ± 11 ab
Number of non-melliferous [m2] 190 ± 63 a 60 ± 20 b 18 ± 27 b 2 ± 7 b 18 ± 13 b 12 ± 18 b

FL—Fallow land (control), MG—Miscanthus × giganteus. Greef and Deuter, SP—Silphium perfoliatum L., RP—Robinia
pseudoacacia L., PM—Populus × maximowiczii Henry, SW—Salix viminalis L.

The results from each year were tested with Hutcheson’s t-test for Shannon’s biodiversity index.
Significant differences (p < 0.01) were found between tested crops and control in individual years.
In the first year of the study, lower plant biodiversity was found in miscanthus, black locust, and poplar
than in cup plant, willow, and control plot. The Shannon diversity index in the cup plant was lower
than in the control and willow cultivation. In the second year of the study, a decrease in plant
diversity on the control plot was observed which resulted in significantly higher results of Shannon
index in the cup plant, poplar, and willow (than on fallow land). The Shannon diversity index of
weeds of miscanthus and black locust crops was lower than in the control in 2019. Shortly after
biodiversity monitoring in 2019, inter-row cultivation was carried out in control and in black locust,
which increased the diversity of weeds in the next year. In 2020, fallow land and plantation of willow
had the highest level of Shannon index diversity of weeds (Figure 1). The diversity of weeds also
increased in black locust, after the application of inter-row cultivation. Miscanthus had the lowest
Shannon diversity index each year. The increase in plant diversity in poplar can be explained by the
drought observed in 2019, which caused litter damage and exposing the soil, which allowed for weed
seeds germination. The decrease in weed diversity in willow cultivation could be explained by the
biomass harvest at the beginning of 2020. In spring 2020, it was possible to undertake attempts to
mechanically limit weed infestation in the re-growing willow. In 2018 and 2019, in the cup plant field,
the inter-row cultivation was applied, which was not carried out in 2020 due to the rapid growth of the
plant. Most likely, the observed decrease in diversity was associated with the abandonment of weed
management treatments or with the soil shading by the crop (or both). The impacts of agrotechnical
factors on the diversity of the weed flora is analyzed in more detail in Figures 3–8 in this study.

 

Figure 1. Shannon’s Index values of plant diversity compered using Hutcheson’s t-test in three
consecutive years. Statistically significant differences (p < 0.01) were marked with different letters.
FL—Fallow land (control), MG—Miscanthus × giganteus Greef and Deuter, SP—Silphium perfoliatum L.,
RP—Robinia pseudoacacia L., PM—Populus × maximowiczii Henry, SW—Salix viminalis L.

162



Agriculture 2020, 10, 636

The Simpson’s Dominance Index indicates low plant diversity in the habitat or a strong dominance
of one of the species. In 2018 the lowest value (thus the best biodiversity “performance”) of this
indicator was observed in the control plot and plantation of willow. The remaining objects had
significantly higher domination of single species of weeds. The highest domination index values were
found in plantations of poplar and black locust. In 2019 and 2020 the highest values of domination
index were found for weeds of miscanthus. The value of this indicator varied strongly over the years
(Figure 2).

 

Figure 2. Simpson’s Dominance Index values of plants compared using Hutcheson’s t-test in three
consecutive years. Statistically significant differences (p < 0.01) were marked with different letters.
FL—Fallow land (control), MG—Miscanthus × giganteus Greef and Deuter, SP—Silphium perfoliatum L.,
RP—Robinia pseudoacacia L., PM—Populus × maximowiczii Henry, SW—Salix viminalis L.

Different weed species dominated in different plots. In control object, Poa annua L., Elymus repens L.,
dominated in 2018. In 2019, Amaranthus retroflexus L. and Chenopodium album L. were observed in
large numbers. In the third year, grasses such as Bromus inermis Leyss and Elymus repens L were the
most dominant species. The same three species of grasses were dominant in miscanthus in all 3 years
of the study. Changes in the dominance of species were much more dynamic in cup plant due to
intensive cultivation of this plantation. Stellaria media L. and Chenopodium album L. were the most
dominant species in 2018. Species distribution of weeds was very even. The most common species
were Equisetum arvense L., Taraxacum officinale Wigg., Poa annua L., and Erigeron canadensis L. Galium
aparine L., Elymus repens L., Solidago canadensis L., and Calamagrostis epigejos L. were present in high
numbers in every year on the plantation of black locust. A similar situation was observed for poplar.
Four species were the most dominant in different years: Apera spica-venti, Chenopodium album, Erigeron
canadensis and Tripleurospermum maritimum. Soil under poplar and under black locust was mostly
covered by litter, leaving little space for weeds. Willow showed no domination of any weed species
as the weed community was very diverse. The most common species were: Festuca rubra L., Galium
aparine L., Cerastium arvense L., Solidago canadensis L., Elymus repens L., Poa annua L., and Stellaria media L.

In order to describe the strength of the impact of the agrotechnical factors on plant biodiversity,
multiple regression was performed. It was found that the number of species is negatively affected by
two factors: the age of plantation and the number of agrotechnical treatments (Figure 3). Despite the
lack of correlation between plant density and agrotechnical factors, the analysis of variance revealed
five factors, which significantly affected the number of weeds per m2. The use of herbicides, the age of
the plantation, and the use of phosphorus fertilizer had a positive effect on weed densities (Figure 4).
Nitrogen fertilization and crop yield had a negative effect on weed population density, especially
in the case of melliferous plants (Figure 5). Factors such as the level of potassium fertilization and,
surprisingly, pesticide use also had a positive effect on the number of melliferous plants. Herbicides in
perennial industrial crops probably had a negative impact mainly on grasses, with little or no effect on
flowering plants. However, the use of herbicides and the age of plantation had a positive effect on the
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density of non-melliferous plants (Figure 6). The age of the plantation and herbicide use largely explain
the decrease of Shannon’s diversity index (Figure 7). It was also found the value of the Dominance
Index increases with the age of plantation and the number of herbicide treatments applied (Figure 8).

Figure 3. Two independent variables affecting number of weed species in perennial industrial crops:
x1—Year of cultivation, x2—Mechanical treatments. Y = 9.073 − 0.557x1 − 0.303x2. R2 = 0.630, p < 0.001.

Figure 4. Five independent variables affecting number of weeds in perennial industrial crops:
x1—Herbicide use [dm3 ha−1], x2—Age of cultivation, x3—P205 [kg ha−1], x4—N [kg ha−1],
x5—Yield of DM [Mg ha−1]. Y = 113.94 + 53.86x1 + 5.28x2 + 1.85x3 − 2.00x4 − 4.61x5. R2= 0.289,
p = 0.08.
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Figure 5. Four independent variables affecting melliferous plants in perennial industrial crops:
x1—N [kg ha−1], x2—Yield of DM [Mg ha−1], x3—K2O [kg ha−1], x4—Herbicide use [dm3 ha−1].
Y = 125.93 − 1.61x1 − 4.05x2 + 0.63x3 + 25.15x4. R2 = 0.350, p = 0.001.

Figure 6. Two independent variables affecting non-melliferous plants in perennial industrial crops:
x1—Herbicide use [dm3 ha−1], x2—Age of cultivation, x3—P205 [kg ha−1]. Y = −16.75 + 23.11x1 +

4.24x2 + 0.52x3. R2= 0.386, p < 0.001.

Figure 7. Two independent variables affecting Shannon’s Index value of weeds in perennial industrial
crops: x1—Age of cultivation, x2—Herbicide use [dm3 ha−1]. Y = 1.763 − 0.098x1 − 0.248x2. R2 = 0.634,
p < 0.001.
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Figure 8. Two independent variables affecting Dominance Index value of weeds in perennial industrial
crops: x1—Age of cultivation, x2—Herbicide use [dm3 ha−1]. Y = 0.157 + 0.038x1 + 0.084x2. R2 = 0.529,
p < 0.00.

3.2. Diversity of Arthropods in Pitfall Traps

During the monitoring, a total of 54 pitfall trap samples were collected, giving 9 repetitions
in each crop. Over 13 000 arthropod specimens belonging to 19 orders were identified: Acari,
Araneae, Blattodea, Coleoptera, Dermaptera, Diptera, Entomobryomorpha, Hemiptera, Hymenoptera, Isopoda,
Julida, Lepidoptera, Lithobiomorpha, Neuroptera, Opiliones, Orthoptera, Siphonaptera, Symphypleona,
and Thysanoptera. Sixty-seven arthropod families and 85 taxa have been identified. Few invertebrates
were identified to species level (Table 4.)

Table 4. Frequency of the arthropod taxa in pitfall traps in five different perennial industrial crops:
FL—Fallow land (control), MG—Miscanthus × giganteus Greef and Deuter, SP—Silphium perfoliatum L.,
RP—Robinia pseudoacacia L., PM—Populus × maximowiczii Henry, SW—Salix viminalis L.

Taxa Average Number in the Sample

Order Family Species FL MG SP RP PM SW

Acari
− − 2.9 0.2 0.7 3.1 1.4 1.8

Trombidiidae Trombidium holosericeum − − − − 0.1 −

Araneae

Agelenidae − 0.8 0.1 0.1 0.1 0.2 0.2

Araneidae − 0.1 0.1 0.1 0.3 0.2 1.2

Clubionidae − 0.6 0.1 0.4 1.3 0.9 0.2

Eutichuridae Cheiracanthium punctorium − − − − − 0.1

Linyphiidae − 2.6 2.4 4.4 3.2 47.0 38.4

Lycosidae − 25.2 18.2 1.9 19.4 5.4 5.7

Salticidae − − 0.1 0.1 − − −
Tetragnathidae − − 0.1 − − − −

Thomisidae − 0.4 1.2 − 2.3 0.4 1.3

Blattodea Ectobiidae Ectobius lapponicus − − − 0.2 − −

Coleoptera

Cantharidae - 0.1 0.2 − − − −

Carabidae
- 52.0 38.7 32.6 30.9 66.8 52.2

Cicindela hybrida 0.3 − − − − −
Chrysomelidae Chrysomela populi − − − − 0.1 −

− 6.4 0.2 1.6 2.2 1.3 1.3

Coccinellidae − 4.6 1.7 6.1 2.2 1.4 1.2

− − 1.8 4.4 3.9 5.0 2.0 0.4

Curculionidae
− 0.3 0.1 2.2 − − 0.8

Otiorhynchus sp. 0.2 5.8 − 0.1 0.1 1.3

Dytiscidae − − − − − 0.1 −
Elateridae − − 1.0 0.2 0.1 1.4 0.6

Geotrupidae Geotrupes stercorarius − − − 0.3 − −
Histeridae − 0.7 − − 0.1 − −
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Table 4. Cont.

Taxa Average Number in the Sample

Order Family Species FL MG SP RP PM SW

Scarabaeidae

Amphimallon solstitiale 0.1 − − 0.1 − 2.2

Anomala dubia 1.4 − 0.1 − 0.1 −
Cetoniinae sp. − − − 0.1 − −

Melolonthinae sp. − 0.2 − − 0.1 −
Phyllopertha horticola 0.1 − − − − −

Silphidae − − − − − 0.6 −
Sphecidae sp. 0.3 − − − − −

Staphylinidae Staphylinidae sp. 7.6 6.6 36.6 10.9 7.6 15.3

Tenebrionidae − 0.2 6.1 1.1 − 0.7 −
Dermaptera Forficulidae Forficula auricularia − 3.6 0.7 0.1 1.3 2.7

Diptera

Asilidae − 0.2 − − − 0.1 −
Bibionidae − 0.3 2.2 6.8 3.6 0.6 5.9

Culicidae − − − − − 0.1 −
Muscidae − 34.1 23.4 30.4 26.3 25.4 41.9

Empididae − − 0.1 − 0.1 − −
Syrphidae − 15.0 0.6 0.9 2.3 0.4 0.4

Tipulidae − − − − 0.3 1.4 0.4

Entomobryomorpha Entomobryidae − 120.1 5.4 14.2 31.8 15.0 10.2

Hemiptera

Aphididae − 6.6 3.3 20.3 1.9 1.1 5.9

Cicadellidae − 2.8 2.9 2.8 7.7 1.3 7.6

− − − − 2.9 0.8 0.9 1.1

Miridae − 27.3 0.6 3.0 1.8 1.2 0.6

Nabidae − 0.2 − − − − −
Pentatomidae − 0.4 − − − − −
Scutelleridae − 0.2 − − − − −

Hymenoptera

Apidae − 0.6 0.1 0.1 − − 0.1

Apis mellifera 0.1 − − − − −
Cephidae − − − − − − 0.1

Formicidae

Formica fusca − 0.2 − 0.1 − 0.1

Formica rufa 0.1 − − − − −
− 0.4 − − 0.2 − −

Lasius niger 44.8 55.6 50.8 8.8 4.8 16.0

Myrmica rubra 0.3 11.1 0.4 0.6 − 2.7

Sphecidae − 0.1 − − − − −
Tenthredinidae − − 0.9 1.8 1.0 3.1 3.4

Vespidae

Aphidiinae sp. 2.2 1.0 3.0 4.1 2.8 3.9

Ichneumonidae sp. 0.7 0.1 − 0.6 0.3 0.6

− 3.2 0.1 - − − −
Vespinae sp. 5.4 0.1 0.2 − 0.1 −

Isopoda Porcellionidae Porcellio scaber − − 0.1 − − −
Julida Blaniulidae − − − − 0.1 0.2 −

Julidae − − − − 0.1 − −

Lepidoptera

− − 2.6 0.9 0.8 3.7 1.7 0.6

Nymphalidae − − − 0.3 0.2 − −
Pieridae − − − 0.1 − − −
Silphidae − − − − − − 0.1

Tineidae − − - 0.1 1.0 − −
Lithobiomorpha Lithobiidae Lithobius forficatus − 1.7 0.7 0.3 3.3 3.7

Neuroptera Chrysopidae Chrysopa sp. − − − − 0.2 0.1

Hemerobiidae 2212 − − − − 0.1 0.1

Opiliones 2212 2212 0.7 3.0 3.8 0.2 9.9 2.9
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Table 4. Cont.

Taxa Average Number in the Sample

Order Family Species FL MG SP RP PM SW

Orthoptera

Acrididae

Acridinae sp. − 0.1 − − − −
Chorthippus albomarginatus − − 0.1 − − −

Chrysochraon dispar − 0.1 − − − −
Gryllidae Gryllus campestris 0.4 − − − − −

Tetrigidae
Tetrix sp. − − − − − 0.2

Tetrix subulata 0.2 − − − − −

Tettigoniidae
Pholidoptera griseoaptera − 0.1 − − − −

− − 0.1 − 0.2 − −
Siphonaptera Pulicidae − 0.2 − − 0.1 − −

Symphypleona Sminthuridae − 0.8 1.4 0.1 0.8 − 1.9

Thysanoptera − − 1.4 0.3 0.2 − 0.1 1.4

No significant differences in the number of invertebrates were found between tested plots (Table 5).
Statistically significant differences occurred in the number of identified species (chi2 = 12.29, p = 0.03).
The highest number of taxa was found in the control plot, where the number of taxa (species) was 50 and
the average (median) value was 21. Significantly lower values (than for fallow land) were found in the
cultivation of cup plant and poplar. The remaining crops did not differ from each other. There were
no differences in the number of natural enemies of pests between the studied objects nor for the
detritivores. The number of taxa that were classified as potential crop pests was significantly lower in
poplar than in the control plot, miscanthus, and cup plant (chi2 = 30.03, p < 0.01). It should be noted
that the same taxonomic groups may be identified as pests or detritivores, depending on the crop they
are found in. On average, the highest abundance of pests, natural enemies, and saprophytes were
found on the control plot.

Table 5. Median and median error values of selected indexes of ground arthropod diversity in perennial
industrial crops in three-year monitoring. Significantly different results (p < 0.05) were marked with
different letters.

Arthropods in Pitfall Traps
Crop

FL MG SP RP PM SW

Number of arthropods 357 ± 98 a 214 ± 41 a 192 ± 43 a 186 ± 24 a 125 ± 75 a 193 ± 57 a
Number of species 21 ± 1.5 a 19 ± 1.3 ab 18 ± 0.6 b 19 ± 1.1 ab 19 ± 0.6 b 22 ± 1.5 ab

Number of natural enemies of pests 109 ± 27 a 93 ± 18 a 67 ± 25 a 73 ± 13 a 61 ± 65 a 59 ± 51 a
Number of potential pests 86 ± 25 a 64 ± 29 a 92 ± 21 a 34 ± 7 ab 20 ± 4 b 59 ± 7 ab

Number of detritivores 161 ± 94 a 65 ± 29 a 105 ± 21 a 79 ± 19 a 61 ± 32 a 99 ± 32 a

FL—Fallow land (control), MG—Miscanthus × giganteus. Greef & Deuter, SP—Silphium perfoliatum L., RP—Robinia
pseudoacacia L., PM—Populus × maximowiczii Henry, SW—Salix viminalis L.

A large variation in the value of Shannon’s diversity index in different years was observed.
At the beginning of the experiment, the greatest diversity of terrestrial arthropods was found in the
control plot. Some differences were also found between the crops. In poplar and willow in 2018,
the diversity of arthropods was found to be lower than in the miscanthus, cup plant, and black locust.
The lowest diversity of arthropods was found in the control field in the second year of the study.
The greatest diversity was found in the black locust, poplar, and willow. In the third year of the
study, the diversity of arthropods decreased in the control plot. Higher values were observed in the
cup plant crop, and even greater in black locust and poplar. In 2020, the greatest value of Shannon’s
diversity index was found for the willow and miscanthus. Large fluctuations in the diversity of
invertebrates were observed over the years. A gradual decrease of the diversity of the control was
observed (Figure 9).
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Figure 9. Shannon’s Index values of arthropod diversity in pitfall traps compered using Hutcheson’s
t-test in three following years. Statistically significant differences (p < 0.01) were marked with
different letters. FL—Fallow land (control), MG—Miscanthus× giganteus Greef and Deuter, SP—Silphium
perfoliatum L., RP—Robinia pseudoacacia L., PM—Populus × maximowiczii Henry, SW—Salix viminalis L.

Simpson’s Dominance Index value for ground arthropods was low in most of the samples.
Exceptionally high Dominance Index value was found in the control plot in 2020 and it was caused
by very high number of Entomobryidae springtails. Gradual growth of Dominance Index value was
observed in control, while in perennial industrial crops it varied between years (Figure 10). There were
significant differences between values of domination according to Hutcheson’s t-test, but none of the
crops had the lowest nor the highest index value across all three years of the experiment. Ground
beetles Carabidae and black garden ants Lasius niger L. were also very numerous in control object,
as well as in miscanthus and cup plant. The rove beetles Staphylinidae were the most abundant taxa of
arthropods in willow, polar and black locust, which could be relevant from the perspective of natural
protection of crops. Another taxas which were present in large numbers in every crop and in the
control were wolf spiders Lycosidae.

 

Figure 10. Simpson’s Dominance Index values of arthropods in pitfall traps compared using Hutcheson’s
t-test in three following years. Statistically significant differences (p < 0.01) were marked with different
letters. FL—Fallow land (control), MG—Miscanthus × giganteus Greef and Deuter, SP—Silphium
perfoliatum L., RP—Robinia pseudoacacia L., PM—Populus × maximowiczii Henry, SW—Salix viminalis L.

None of the agrotechnical factors explained differences in the number of taxa. A higher level of
phosphorus fertilization was a factor increasing the number of arthropod individuals in the samples
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(Figure 11), including natural enemies of pests (Figure 12). The number of pests decreased with the size
of plantations (Figure 13). Phosphorus fertilization had a positive effect on the number of detritivores
(Figure 14). A higher level of phosphorus fertilization also influenced lower values of Shannon’s index
of arthropod population (Figure 15). The level of potassium fertilization increased the value of the
Dominance Index (Figure 16). The obtained results indicate that the diversity of ground insects may
decrease with increasing intensity of agrotechnical treatments, however, some beneficial arthropod
groups such as predators and detritivores may become more numerous under these conditions.

Figure 11. Independent variable x1—P205 [kg ha−1] affecting number of arthropods in pitfall traps in
perennial industrial crops. Y = 132.50 + 2.97x1. R2 = 0.430, p < 0.001.

Figure 12. Independent variable x1—P205 [kg ha−1] affecting number of natural enemies of pests in
pitfall traps in perennial industrial crops. Y = 64.250 + 1.985x1, R2 = 0.320, p = 0.001.

Figure 13. Independent variable x1—Area [ha] affecting number of pests in pitfall traps in perennial
industrial crops. Y = 112.10 − 195.14x1. R2 = 0.408, p < 0.001.
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Figure 14. Independent variable x1—P205 [kg ha−1] affecting number of detritivores in pitfall traps in
perennial industrial crops. Y = 49.583 + 1.434x1. R2 = 0.341, p < 0.001.

Figure 15. Independent variable x1—P205 [kg ha−1] affecting Shannon’s Index value of arthropods in
pitfall traps in perennial industrial crops. Y = 2.385 − 0.007x1. R2 = 0.397, p < 0.001.

Figure 16. Independent variable x1—K2O [kg ha−1] affecting Dominance Index value in pitfall traps in
perennial industrial crops. Y = 0.133 + 0.001x1. R2 = 0.315, p < 0.001.

3.3. Diversity of Arthropods in Yellow Bowl Traps

The total number of specimens collected from yellow bowl traps was similar to the total number
of specimens collected from pitfall traps, despite the smaller number of samples of yellow bowl traps.
Representatives of 17 orders were identified, including: Acari, Araneae, Coleoptera, Dermaptera, Diptera,
Entomobryomorpha, Hemiptera, Hymenoptera, Lepidoptera, Mecoptera, Neuroptera, Opiliones, Orthoptera,
Raphidioptera, Symphypleona Thysanoptera, Zygoptera, as well as 63 families and 83 taxa at species
level (Table 6).

171



Agriculture 2020, 10, 636

Table 6. Frequency of the arthropod taxa in Yellow bowl traps in five different perennial industrial crops:
FL—Fallow land (control), MG—Miscanthus × giganteus Greef and Deuter, SP—Silphium perfoliatum L.,
RP—Robinia pseudoacacia L., PM—Populus × maximowiczii Henry, SW—Salix viminalis L.

Taxa Average Number in the Sample

Order Family Species FL MG SP RP PM SW

Acari
− − − 1.0 − 6.8 0.5 0.2

Trombidiidae Trombidium holosericeum − 0.2 − − − −

Araneae

Araneidae − 1.3 2.2 0.8 0.5 0.7 0.5

Clubionidae − 0.2 0.2 − 0.3 0.3 0.2

Linyphiidae − 1.0 0.2 0.3 − 1.0 1.5

Lycosidae − 0.3 − 0.2 − − −
Pisauridae Pisaura mirabilis − 0,2 0.2 − − −
Salticidae − − − − − − 0.2

Tetragnathidae − 0.7 1.3 0.2 0.2 0.2 −
Thomisidae − 0.2 0.3 0.2 − 0.2 −

Coleoptera

Anthicidae Notoxus monoceros 0.2 − 0.2 − − 0.3

Cantharidae − 1.0 − − 0.3 1.2 1.2

Carabidae
− 2.0 1.5 0.2 2.0 1.2 0.8

Cicindela hybrida 0.2 − − − − −
Cerambycidae − − − 0.2 0.2 − −

Chrysomelidae

Alticinae sp. − − − − − 0.7

Chrysomela populi − − − − 0.5 −
− 26.8 16.3 3.2 5.5 4.0 16.5

Oulema sp. − − − − 0.7 0.8

Coccinellidae − 1.2 1.2 2.7 1.7 2.7 0.3

− − 24.5 5.2 52.5 18.5 24.5 7.2

Curculionidae
− 1.7 0.3 − 0.7 0.7 12.3

Otiorhynchus sp. − 0.3 − − 0.2 0.8

Elateridae − 0.7 − − 0.3 − 0.3

Histeridae − 0.3 − − − − −

Scarabaeidae

Amphimallon solstitiale 0.5 0.7 − − − 16.2

Anomala dubia 0.8 0.2 0.2 − − 0.2

Cetoniinae sp. 0.5 0.8 − 0.2 - 0.2

Melolonthinae sp. − − 0.2 0.2 0.8 −
Oxythyrea funesta 3.2 7.0 0.2 − − 1.0

Phyllopertha horticola 0.2 − − 0.2 − 0.7

Rutelinae sp. − − − 0.2 − −
Silphidae Nicrophorus vespillo − − 0.5 − − −

Staphylinidae − 4.5 3.0 6.0 2.8 3.5 2.0

Dermaptera Forficulidae Forficula auricularia − 0.5 0.7 − − 0.7

Diptera

Asilidae − 1.8 0.7 0.2 − 0.3 0.7

Bibionidae − 5.8 6.2 10.8 4.5 17.2 33.8

Bombyliidae Bombylius major − − − 0.2 − −
Cecidomyiidae − 0.3 1.2 0.7 3.5 0.8 2.5

Culicidae − 0.5 − − 0.3 0.2 1.0

Muscidiale − 116.2 77.2 91.0 105.0 290.0 191.0

Empididae − 0.2 0.8 − 0.7 − 0.8

Syrphidae Eristalis tenax − − − − − 0.3

70.2 11.3 7.5 41.2 10.0 20.5

Tabanidae − 0.3 0.2 − − − 0.2

Tipulidae − 1.3 0.2 − − 5.7 1.3

Entomobryomorpha Entomobryidae − 5.7 0.5 2.3 1.0 1.8 0.5
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Table 6. Cont.

Taxa Average Number in the Sample

Order Family Species FL MG SP RP PM SW

Hemiptera

Aphididae − 42.0 30.0 44.3 27.2 31.8 38.3

Cicadellidae − 5.3 2.0 2.0 5.7 63.3 15.8

− − 0.2 0.5 1.5 − 1.5 0.8

Miridae − 12.5 0.7 0.8 0.8 0.5 7.3

Nabidae − 0.5 0.2 − 0.2 0.2 0.3

Hymenoptera

Apidae
− 11.8 2.7 6.5 3.0 1.7 3.5

Apis mellifera 1.0 - 1.2 0.8 0.5 2.7

Bombus sp. 0.7 0.2 2.2 0.2 0.7 0.5

Cephidae − 1.0 1.3 1.3 1.3 3.5 6.3

Formicidae

− 3.5 − − − 2.2 −
Lasius niger 2.8 4.8 1.0 2.0 3.7 0.8

Myrmica rubra 0.2 0.2 − 0.2 0.5 −
Pamphiliidae − 0.2 − − 1.3 0.2 0.2

Tenthredinidae − 14.8 6.5 4.5 16.3 13.7 7.2

Vespidae

Aphidiinae sp. 10.7 30.0 11.7 30.3 30.2 30.5

Ichneumonidae sp. 5.7 3.2 1.0 3.8 9.0 10.7

− 1.2 0.3 − − 0.3 0.7

Vespinae sp. 4.5 2.2 5.0 5.0 15.5 5.3

Lepidoptera

Lycaenidae − − − - 1.5 − −
− − 0.7 0.7 0.7 9.0 2.5 2.8

Noctuidae − - − 0.7 − − −
Nymphalidae − - 0.2 − 6.0 0.8 0.8

Tineidae − 0.2 − − 5.7 − −
Mecoptera − − 0.2 − − − − −
Neuroptera Chrysopidae Chrysopa sp. 0.2 − 0.3 1.3 1.8 0.7

Hemerobiidae − − 0.2 0.3 − 0.5 −
Opiliones − − − − 0.8 − − −

Orthoptera

Acridinae − 0.2 − − − − −
Tettigoniidae Tettigonia viridissima − − 0.2 − − −

− − 0.2 − − − −
Raphidioptera − − − − − − − 0.2

Symphypleona Sminthuridae − − 0.2 − 0.7 0.2 −
Thysanoptera − − 14.3 14.2 6.5 3.8 4.5 8.8

Zygoptera Calopterygidae − − − − − 0.2 −

No significant differences between the crops were found, which was probably related to the
low number of repetitions. Most insects were captured in the control plot (Table 7). Pollinators also
included taxa, which may be as well crop pests or natural enemies of pests in part of their life cycle.

Table 7. Median and median error values of selected indicators of the diversity of arthropods collected
in yellow bowl traps in perennial industrial crops in three-year monitoring.

Arthropods in Yellow Bowls
Crop

FL MG SP RP PM SW

Number of arthropods 404 ± 101 a 213 ± 91 a 151 ± 175 a 318 ± 37 a 299±342 a 374 ± 156 a
Number of species 27 ± 3.4 a 19 ± 3.6 a 16 ± 1 a 21 ± 4.2 a 24 ± 1.9 a 26 ± 3.7 a

Number of natural enemies 121 ± 64 a 35 ± 29 a 29 ± 12 a 58 ± 36 a 86 ± 11 a 51 ± 29 a
Number of potential pests 118 ± 59 a 85 ± 39 a 87 ± 82 a 111 ± 16 a 152 ± 91 a 95 ± 92 a

Number of pollinators 74 ± 68 a 26 ± 29 a 28 ± 17 a 116 ± 42 a 77 ± 15 a 78 ± 24 a

FL—Fallow land (control), MG—Miscanthus × giganteus Greef & Deuter, SP—Silphium perfoliatum L., RP—Robinia
pseudoacacia L., PM—Populus × maximowiczii Henry, SW—Salix viminalis L.
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The diversity of arthropods obtained by bowl trap method varied from each year to the next.
In 2018, the diversity in poplar cultivation was significantly lower than in the cultivation of black
locust (Figure 17). In the following year, all crops did not differ in Shannon’s diversity index, which
was high for all crops. In 2020, the greatest diversity of arthropods was observed in poplar than for the
control, cup plant, and willow.

 

Figure 17. Shannon’s Index values of arthropod diversity in yellow bowl traps compared using
Hutcheson’s t-test in three following years. Statistically significant differences (p < 0.01) were marked
with different letters. FL—Fallow land (control), MG—Miscanthus × giganteus Greef and Deuter,
SP—Silphium perfoliatum L., RP—Robinia pseudoacacia L., PM—Populus × maximowiczii Henry, SW—Salix
viminalis L.

In yellow bowl traps high values of Dominance Index were observed only in the first year of
the study. The highest level of domination was found in the samples from poplar and willow in
2018 and 2019 (Figure 18). Diptera insects were the most abundant in all crops. Hover flies Syrphidae
were dominant pollinator taxa in control and in black locust. Relatively few pollinators were caught,
which could be explained by poorly diversified landscape, dominated mostly by cereal crops. Few
representatives of bees Apidae were found, mostly in the control plot. On the other hand, there was good
representation of parasitic wasps both Ichneumonidae and Aphidiinae. Aphid parasitoids accounted for
12.5% of the insect population in miscanthus, 9.4% in black locust, and 6.6% in willow. Parasitoids were
dominant taxa in all perennial crops, while in control they accounted only for 2.6% of all arthropods
from bowl traps. Aphid population was the most numerous in the control plot (10.3%), being second
dominant only after taxa after flies Diptera.

Several significant relationships between results obtained from bowl traps and agricultural
practices were found. The number of arthropods in the samples was significantly influenced by the
herbicide use, the age of the plantation, and the dose of potassium fertilization (Figure 19). The number
of predators decreased with the increasing dose of phosphorus (Figure 20). The number of potential
pests was positively influenced by the plantation area, contrary to pest species from pitfall traps.
The use of herbicides was also a positive factor for the abundance of pest species. The occurrence
of pests was negatively related to the yields (Figure 21). A high level of phosphorus fertilization
negatively affected the number of pollinators possibly by favoring plants that do not benefit them.
(Figure 22). The value of Shannon’s diversity index was negatively affected by the use of herbicides in
crops (Figure 23). The domination of species in the samples increased on larger plantations and with
higher dose of potassium fertilization (Figure 24).
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Figure 18. Simpson’s Dominance Index values for arthropods in yellow bowl traps compared using
Hutcheson’s t-test in three following years. Statistically significant differences (p < 0.01) were marked
with different letters. FL—Fallow land (control), MG—Miscanthus × giganteus Greef and Deuter,
SP—Silphium perfoliatum L., RP—Robinia pseudoacacia L., PM—Populus × maximowiczii Henry,
SW—Salix viminalis L.

Figure 19. Three independent variables affecting number of arthropods in yellow bowl traps in
perennial industrial crops: x1—Herbicide use [dm3 ha−1], x2—Age of cultivation, x3—K2O [kg ha−1].
Y= 525.7 + 424.8x1 − 34.9x2 − 2.4x3. R2 = 0.431, p = 0.025.
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Figure 20. Independent variable x1—P205 [kg ha−1] affecting number of natural enemies of pests in
yellow bowl traps in yellow bowl traps in perennial industrial crops. Y = 115.5 − 0.832x1. R2 = 0.209,
p = 0.042.

Figure 21. Three independent variables: x1—Herbicide use [dm3 ha−1], x2—Yield of DM [Mg ha−1],
x3—Area [ha] affecting number of pests in yellow bowl traps in perennial industrial crops. Y = 252.8 +
112.6x1 − 14.8x2 + 391.5x3. R2 = 0.503, p = 0.009.

Figure 22. Independent variable x1—P205 [kg ha−1] affecting number of pollinators in yellow bowl
traps in perennial industrial crops. Y = 136.25 − 0.81x1. R2 = 0.355, p = 0.006.
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Figure 23. Independent variable x1—Herbicide use [dm3 ha−1] affecting Shannon’s index value of
arthropods in yellow bowl traps in perennial industrial crops. Y = 1.932 − 0.229x1. R2 = 0.462, p = 0.005.

Figure 24. Two independent variables affecting Dominance Index value of arthropods in yellow bowl
traps in perennial industrial crops: x1—Area [ha], x2—K2O [kg ha−1]. Y = 0.121 + 0.57x1 + 0.002x2,

R2 = 0.807, p < 0.001.

4. Discussion

Three research hypotheses have been tested in this work, all of which have been partly confirmed.
The first hypothesis (H1: perennial industrial crops can significantly affect the diversity of flora and
fauna of marginal lands) was confirmed only in the case of floral diversity. The biodiversity of weeds
in miscanthus and black locust was significantly lower than on marginal land. For the arthropod
diversity, results differ across the years of the study, so there was no clear evidence that the cultivation
of perennial industrial crops affects this kind of fauna. In other studies, information about a change in
the structure of the flora population under miscanthus crops and black locust stands can be found,
however, a decrease in the population of arthropods is rarely reported [6,17,21]. Willow, poplar, and
cup plant had similar results of floral species richness as the control site.

The key aspect of the present research was the selection of the proper control object. The tested
perennial industrial crops were cultivated on a soil of poor agricultural quality, which could be
qualified as marginal land [23]. The best control object would be a fallow land in the same, or near the
same location as tested industrial crops. Such land was not located anywhere in the vicinity of the
experiment, and thus a piece of field of 450 m2 was excluded from agricultural cultivation in order to
simulate the conditions of fallow land. As a consequence, a very species-rich flora habitat was created,
which was maintained for 3 consecutive years. In the first year of the study, results were misleading,
as one-year fallow was the most attractive object for weeds and arthropods, presenting a new space to
colonize. In the second year of the study, the diversity of plants and arthropods started to decrease
there, so the results of biodiversity monitoring were higher in the crops of willow, poplar, and cup
plant. That also proves the assumptions of the second hypothesis (H2), that results of different crops
will differ significantly and the right choice of the species of the perennial industrial crop can mitigate
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the loss of flora and fauna diversity on marginal lands. In this case, willow provided the most suitable
habitat both for flora and arthropods.

A persistence of high density of flowering, melliferous plants was a positive phenomenon observed
in the study. The abundance of melliferous plants was low only in miscanthus cultivation, which was
most likely due to the use of selective herbicides, directed against dioecious plants. In all other
tested crops, mainly herbicides against grasses were used (once every few years—at the time of
planting or after harvesting). Limited herbicide treatments make industrial plants an excellent source
of feed for bees and wild pollinators. It should be noted that industrial plants chosen for the present
experiment are beneficial for honeybees. Although miscanthus does not produce nectar, bees can collect
pollen from its blossoms. Plantations of miscanthus were linked with flowering weeds: Viola arvensis
Murray, Capsella bursa-pastoris (L.) Medik, Lapsana communis L. However, those species were found
at very low densities of about 2 plants per m2 on average. In the case of miscanthus cultivation,
unfavorable changes in the diversity of flora and its usefulness for pollinators were observed. It cannot
be excluded that extensive or organic cultivation of miscanthus could provide a greater diversity of
melliferous plants. The cultivation carried out on marginal lands usually requires greater inputs than
cultivation on soils of better quality [17].

The biodiversity of arthropods was at a similar level in all tested crops. Fewer taxa were found
only in cup plant. The cup plant is the most productive melliferous plant among tested, producing up
to 550 kg of nectar per ha. It blooms relatively late, from July to October. A numerous melliferous
weeds were found in cup plant crop: Cerastium arvense L., Stellaria media (L.) Vill., Taraxacum officinale
Kirschner, H.Øllg. and Štěpánek and Erigeron annuus (L.) Desf. A surprise was the low abundance of
arthropod species found in this crop. The low abundance of arthropods found in cup plant might have
been due to the monitoring date, which was always in June. The cup plant blooms relatively late, so at
the time of insect collection, it didn’t attract many pollinators. Cultivation of cup plant was related to
a large diversity of wild plants, also including melliferous plants. The low number of taxa and the
generally low abundance of arthropods in the cup plant is difficult to explain because it contradicts
the results of other authors [7]. It may be due to the fact that the cup tree in present study was the
youngest of the tested crops. As a result, the number and intensification of agrotechnical treatments in
this plant were relatively larger than in other tested plants.

An important physical feature of the crop that affects arthropod diversity is the plant conformation,
its density, and height [24]. It is possible that a dense vegetation structure of the cup plant blocked the
access of light to the surface of the soil, thus reducing the occurrence of some heliophile weed species.
The decrease in the diversity of arthropods was not recorded in the black locust. This tree also provides
an efficient bee feed (up to 65 kg of nectar per hectare). In Poland, it blooms in late May and early June,
which was partly the time of biodiversity monitoring. Numerous melliferous plants, of which the
most common were Galium aparine L. and Solidago canadensis L., were found on black locust plantation.
Weeds that occurred in black locust were of low diversity but were able to provide feed for bees from
June to October, long after black locust blooming has ended. Poplar does not provide nectar benefits
to bees, but it is an important source of plant exudates, used by bees to produce propolis. The bees can
also collect poplar’s pollen. Numerous mellifluous weeds species were found in poplar cultivation:
Tripleurospermum maritimum (L.) W.D.J.Koch, Erigeron canadensis (L.) Cronquist and Erodium cicutarium
(L.) L’Hér. ex Aiton. The diversity of arthropods in poplar cultivation varied over the years and
depended on the collection method, representing both the highest and the lowest results. This only
confirms the conclusions of other authors that different assessment methods should be used, at different
times and with as many repetitions as possible [22,25,26]. The willow provides early pollen and
nectar (from March to May) which can be used by bees. Willow plantations are also a great source
of honeydew of aphids Aphididae which is collected by honey bees. In addition, the weeds found
in the willow plantation bloomed at different times. The most numerous weed species which can
be beneficial for bees were: Galium aparine L., Stellaria media (L.) Vill., Cerastium arvense L., Solidago
canadensis L., and Taraxacum officinale Kirschner, H.Øllg. and Štěpánek. Willow can also be cultivated
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in more extensive production systems than other crops, which increases its environmental value for
pollinators and other beneficial arthropods [27].

Despite the low biodiversity of the plants, the cultivation of perennial industrial crops can bring
significant benefits to the diversity of pollinators and honey production. The third hypothesis (H3),
which assumed the agrotechnical treatments have a key impact on biodiversity, also has been proved.
The assumption was confirmed for both weeds and arthropods. Factors such as fertilization and
herbicide use negatively affected the biodiversity of flora and fauna, while increasing the number
of some pest species. The impact of intensive farming on arthropod biodiversity is a well-explored
phenomenon [28–30]. This was confirmed by the increased diversity of flora in control plot compared to
miscanthus and poplar cultivations. The lowest number of pollinators was observed in the miscanthus
and in the cup plant. In the case of miscanthus, it could result from the low diversity of flora and
low number of mellifluous plants. In the case of the cup plant, it is more difficult to explain the small
number of pollinators. Although the monitoring of arthropods wasn’t done at the time of its flowering,
there were a lot of melliferous weeds there. The cultivation of the cup plant was directly adjacent to the
control object. In 2019 a large field of oil rapeseed was located in the direct vicinity of the plantation.
Plants of oil rapeseed could attract pollinators more than cup plant in June.

The results could also be influenced by the choice of monitoring methods for arthropods.
The number of detected species increases with the number of traps used. Studies by other authors
indicate that the number of samples from yellow bowls used in their experiment may have also been
too low [22,25,31]. In the present study, the size of some fields did not allow us to use a larger number
of traps without avoiding the side effect, when the neighboring habitat affects the results. In the case of
pollinators, which can see the traps from the above, it would require to have a field area of at least
one hectare. The traps and yellow bowls were set for a period of 2 weeks, which resulted in a very
large amount of material to be collected. Handling more yellow bowls traps could also prove to be
too much of a challenge, as the identification of taxa from yellow bowls takes more man-hours than
from pitfall traps. The risk of depleting local pollinator populations, especially wild bees, was also
considered. The use of more traps is not justified if subsequent handling of the collected material cannot
be ensured. Each collection method is to some extent imperfect and selective, so it is worthwhile to use
a combination of several methods instead of a large number of repetitions of the same method [22,25].

5. Conclusions

Perennial industrial crops did not cause a decline in wild biodiversity in comparison with
unmanaged marginal land. Nevertheless, the cultivation of some crop species can cause a decrease in
diversity of flora and fauna in long term. Miscanthus and black locust cultivation were linked with a
decrease in the number of plant species.

The greatest biodiversity of plants and animals among crops was linked with the cultivation
of willow, however, other crops also provided a good habitat for arthropods. No significant decrease
of abundance of pollinators or natural enemies of pests were found in any perennial industrial crop.

The intensity of cultivation negatively affected the diversity of weeds and arthropods. The factors
negatively affecting the biodiversity were: mechanical treatments, the level of nitrogen, phosphorus
and potassium fertilization, and the use of herbicides. There is a possibility that other, more extensive
management strategies or the choice of species requiring low inputs will allow for the maintenance of
a high biodiversity of perennial industrial crops.
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Abstract: Silphium perfoliatum is a perennial crop native to North America that has been the subject of
increased scientific interest in recent years, especially in Europe. It is drought- and frost-resistant,
which makes it suitable for cultivation in Europe on marginal lands that are not used for growing other
crops. This review analyzed the distribution and purposes of the cultivation of Silphium perfoliatum
worldwide, as well as its biomass yields and characteristics as a feedstock for biogas production
and other purposes. A total of 121 scientific publications on Silphium perfoliatum were identified,
with the highest number (20 papers) published in 2019. It was found that higher biomass yields
can be obtained at higher precipitation levels, with the use of fertilizers and an adequate type of
plantation. The mean dry matter yield of Silphium perfoliatum was 13.3 Mg ha−1 DM (dry matter),
and it ranged from 2 to over 32 Mg ha−1 DM. In some countries, Silphium is used as a forage crop
mainly due to its high crude protein content (from 4.9% to 15% DM), depending on the vegetation
phase. Silphium perfoliatum is a promising perennial crop in terms of energy and other benefits for
biodiversity, soil quality and applications in medicine and pharmacology.

Keywords: cup plant; perennial energy crop; energy expenses; biogas; biomass yield

1. Introduction

Since climate change is caused mainly due to the wide use of fossil fuels, it is necessary to mitigate
their impact and prevent their depletion. Under these conditions, it is very important to replace
fossil fuels with renewable energy sources (RES), to stop the increase in greenhouse gases in the
atmosphere [1] and reduce pollution caused by burning fossil fuels. Researchers are trying to identify
different biomass sources that are acceptable for production, cheap, easy to grow and offer high yields
that will be suitable for the commonly used conversion technologies. Moreover, there is a need to
adapt some of the possible biomass sources to specific climatic conditions of some regions or try to
use local sources. Anaerobic digestion can be seen as the most attractive renewable energy pathway
to convert organic material into green fuel [2]. These complex processes provide several additional
environmental benefits, since digestate from biogas production can be used as a biofertilizer and its
utilization can reduce the amount of fertilizers needed [1,3].

Biomass is considered to be an organic, non-fossil material of biological origin, such as
manure, wastewater sludge, food and organic waste, municipal organic waste, animal waste,
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agricultural residues, and forest and industrial wood waste. The biological wastes are classified
as a renewable energy resource due to the possibility of the incorporation of solar energy [4,5].

Perennial crops are seen as a promising feedstock for renewable energy technologies [5,6],
including biogas production, due to the large amount of biomass that can be obtained from a relatively
small area compared to annual crops. Moreover, perennial crops offer other benefits for biodiversity
and the environment [7–10].

The Silphium perfoliatum (cup plant) is considered a promising alternative substrate for biogas
production [11,12] that could replace the current use of maize silage [13–15]. It is characterized
by low production costs and can be grown on less productive or polluted soil [16]. The crop is
resistant to winter frost and summer drought and is less dependent on atmospheric precipitation [17].
Moreover, in Central Europe, it is not very susceptible to pests and diseases that affect biomass
productivity or yield [11,18]. Existing pests are unlikely to limit the production of seeds or biomass of
Silphium perfoliatum [19]. In the USA, there have been cases reported of plantation damage caused by
larvae, birds and mammals (moths, turkey and deer) [20]. In this case, damage was caused by natural
biodiversity factors, which are beyond human control and can occur in every country. Silphium was
studied in different countries, for different purposes: as a potential forage crop in New Zealand [21],
Ukraine [22], USA [23,24] and Romania [25]; and as a forage crop in Belarus [26], Chile [27], China [28]
and Russia [29–33]. In Austria [12], Czech Republic [15] and Poland [34,35], biomass has been
investigated for biogas production. It is also being studied for future possible use in Kazakhstan as a
forage crop [36]. Another use of Silphium perfoliatum was proposed as a raw material for particleboards
that can successfully replace wood and reduce wood shortages [37], which is important for industrial
applications. Seeds of Silphium L. species, including S. perfoliatum, S. integrifolium and S. trifoliatum,
were studied by using different parameters for different purposes [35]. Silphium perfoliatum was also
cultivated as an ornamental plant [25] with high nectar productivity [38–41].

The current review analyzes general interest in the use of Silphium perfoliatum around the world
for different purposes over the last 20 years. The existing information on its description, productivity,
utilization and chemical composition is summarized, along with energy efficiency and biogas yield,
to analyze its use as a promising future RES and a future field of research.

2. Materials and Methods/Data Collection and Selection

The current study screened papers for Silphium perfoliatum utilization, energy, biomass production,
yielding, biogas yields, etc. The search was conducted by using ScienceDirect, Scopus, Google Scholar
and other sources, including Russian websites. The search focused on original papers, research articles,
reports and short communiqués issued between 2000 and 2020, mostly in Europe, Asia and North
America. The search involved specific keywords: cup plant, Silphium perfoliatum, sylphia, silphium and
cильϕиa (Russian). A total of 121 papers were identified that matched the search described above.
Most of these papers were published in English (101), but also in Russian (12), Polish (3), German (4)
and French (1). The papers were scanned for a description of Silphium perfoliatum and different
species/subspecies of Silphium, their use around the world and the different requirements for
planting. Information on biomass productivity in different years from different locations, soil types
and environmental conditions was collected. Moreover, information about the biomass quality,
chemical composition and biogas properties of Silphium perfoliatum studied by researchers was
gathered. The paper also presents economic and energy information found in various research papers
on Silphium perfoliatum biomass production.

3. Results and Discussion

3.1. Scientific Papers Related to Silphium perfoliatum

An increased interest in the use of Silphium perfoliatum was observed from 2000 to June 2020
(Figure 1). In 2000, only four papers were found that discuss Silphium perfoliatum, and there were no

184



Agriculture 2020, 10, 640

papers in two years (2001 and 2006). The number of publications on this topic increased to 12 published
papers in 2015 and 2017. The maximum number of such papers (20) was released in 2019, and they
continue to be published in 2020. Over the studied period, a total of 118 scientific publications were
identified related to Silphium perfoliatum.

 

Figure 1. The number of peer-reviewed Silphium perfoliatum–related scientific papers in 2000–2020.

The general interest of these papers was mostly based on the use of Silphium perfoliatum as feed
for livestock (mostly in post–Soviet Union countries) and as a possible future RES due its high biomass
yield. There is different interest in using Silphium perfoliatum around the world. There were 96 papers
published in Europe, including Russia, in the selected period (Figure 2). The highest number of research
papers was found in Germany (31 papers), Poland (30 papers) and Lithuania (11). Some studies were
also conducted in Russia (7), Republic of Moldova (4), Belarus (4), Austria (3) and Czech Republic
(3), as well as in Romania, Ukraine, Kazakhstan and The Netherlands (1). A high interest/number
of papers was also found in the USA (12 papers), which was due to the North American origin of
Silphium perfoliatum [42,43]. There were seven papers found from China, while Chile and Egypt
published one paper each.

 

Figure 2. Map of published Silphium perfoliatum–related scientific articles, by country, in 2000–2020.
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3.2. Description and Origin

Silphium L. is a genus of the sunflower family (Asteraceae) found in the woodlands and prairies of
North America [42,43]. The name of the Silphium genus originates from the Greek silphion and means a
plant secreting resin, used earlier by Hippocrates [44]. In the cited work, it is mentioned that Silphium
was imported to Europe around the 18th century as an ornamental plant. The best-known species are
Silphium perfoliatum L., Silphium trifoliatum L., Silphium integrifolium Michx and Silphium laciniatum L.,
although there are more varieties and subspecies [45–47].

The Silphium perfoliatum species is a part of Heliantheae and is a perennial herb, also called a cup
plant, Indian cup [48], Rosinweed [49], sylph or cap-plant [46]. It is native to the eastern half of the
USA and Canada and grows on moist soils [50]. It is tolerant of low winter temperatures and slightly
drained soil [27,28]. Some species of Silphium can grow from 1.8 m in May to 2.5 m in July [46,47] in
university/botanical gardens [46,47,51] with short winters and warm springs, moderate precipitation
levels and on good-quality black soils (chernozems).

In a study conducted in the USA, the genetic differentiation between five populations of
Silphium perfoliatum was verified. The aim was to identify the genetic variation between populations
and identify the traits related to higher biomass yield and methane productivity. It was found
that four plant populations (Russia, USA, East Germany and Northern Europe) have almost similar
genetic characteristics and their yields are almost the same. A fifth plant population from Ukraine
had a lower biomass yield, methane hectare yield (MHY) and represented a clear example of
population stratification [52].

The most recommended method of cultivating Silphium perfoliatum is by seedlings, but this
method is still limited by high costs. The best method is to plant seedlings by using the pattern of
70 × 30 cm [53]. Some experimental studies used a plant density of 20,000 plants ha−1 with a 100 cm
distance between each row and 50 cm distance between the seedlings in each row [17,54,55]. A similar
plant density of 28,000 plants ha−1 can be obtained using the 100 × 40 and 90 × 40 cm method [45,56].
Another pattern of planting was used by Stolarski et al. [18,57], who manually planted seedlings,
leaving 100 cm between rows and strips [18] and obtained 10,000 plants ha−1. Other studied plant
densities, including 35,000 and 70,000 plant ha−1, were described by Stankevich et al. [58].

To use Silphium perfoliatum as a substrate for biogas, it is necessary to increase the cultivated
area. As planting by seedlings is the most expensive agricultural operation, plant cultivation by
sowing was also studied. It was proposed to improve the seeder, as well as to place seeds at least
15 mm deep in soil to prevent them from drying out. It is necessary to cover seeds by using different
types of rollers for a more precise sowing, but in a way which avoids compromising germination [59].
It is also necessary to improve seed quality to increase productivity [60]. The size of the seed was
found to be important for uniform sowing to extend the period of a Silphium perfoliatum plantation
use (over 10 years). This is important for the improvement/optimization of sowing precision and for
choosing the right seeder [60,61].

Some studies involved experiments using seed sterilization and micropropagation processes
in improving sowing material [62–64]. Micropropagation also eliminates the possibility for
Silphium perfoliatum to become invasive, due to achenes (fruits) that do not contain seeds and
do not present a danger to native biodiversity [65]. For some purposes (e.g., pharmaceutical), it is
recommended that all raw material should be standardized and maintained under controlled in vitro
conditions. Different component concentrations were tested by using drip irrigation, which influenced
the height of plants, the length and number of internodes, the number of flowers, leaf quantity and
area, fresh weight of the shoots and stalk thickness [64,66], which are all important when extracting
active components for the purposes listed above. There are reviews [67] detailing information on the
metabolites and phytochemicals contained in Silphium perfoliatum parts. Many of the studies on these
phytochemicals were conducted in Poland [34,44,68].

A study conducted in Poland found that seed production per Silphium perfoliatum plant is
higher compared to other Silphium species [35]. It is the most valuable species for seed productivity.
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It produced 19.02 g of seeds per shoot, 185.06 g of seeds per plant and the weight of 1000 seeds was
21.45 g [35]. The application of nitrogen fertilizers in soil (N90 and N120) in an experiment involving
sowing seeds produced a higher yield of seeds, ranging from 0.36 to 0.39 Mg ha−1 [53].

The germination capacity of Silphium perfoliatum seeds is high and is influenced by environmental
conditions, such as light, temperature, pretreatment of seeds and pre-chilling. The germination capacity
can be considerably increased when seeds are pretreated with a chemical solution (GA3 and KNO3)
rather than only supplied with water for germination. The same study found that the best germination
was achieved when a dark–light cycle (12:12) was applied with a temperature alternating between 20
and 30 ◦C, preceded by wet stratification, for seven days, at 0 ◦C [12]. Even though it is recommended
to plant Silphium by using seedlings, to reduce costs, the planting by sowing can also be used.
Another study found that the best seed germination results can be obtained by using pelleted seeds.
In the planting of Silphium by sowing, pelleted seeds were pretreated with gibberellic acid. The most
recommended time of year for sowing Silphium seeds in Central Europe is the end of April [69].

3.3. Utilization and Benefits/Advantages of Silphium perfoliatum

Silphium genus was used by native North American tribes for different medicinal purposes [48].
Due to the presence of active compounds in Silphium perfoliatum, its application in the production
of drugs [70,71] and cosmetics is currently being investigated [72]. Some active components from
Silphium leaves in combination with other chemical solutions can even contribute to improving the
germination of common wheat seeds (Tritium aestivum L.) [73]. Around 16 compounds have now
been isolated from Silphium perfoliatum for different pharmacological uses [48,74]. Some of them
have shown immunosuppressive activity [48], with potential use in organ transplants. In addition,
some extracts from leaves, inflorescences and rhizomes have been separated and found to display
antibacterial activity on Gram-positive and Gram-negative bacteria [44]. The antifungal activity
of 5% and 10% Silphium perfoliatum leaf extracts, that was applied on different types of fungi
(Alternaria alternata, Botrytis cinerea, Colletotrichum coccodes, Fusarium oxysporum, Penicillium expansum
and Trichoderma harzianum) found usually on some plants [75] was tested as an antifungal solution for
pepper (Capsicum annuum L.). It was found that different plant parts, such as leaves, inflorescences
and rhizomes contain phenolic acids (caffeic, p-coumaric, ferulic, vanillic, etc.). Due to their
antioxidant activity, Silphium perfoliatum may offer medicinal benefits [76–78] as well as provide
essential oils [68,79,80]. A very detailed analysis was recently performed on the active compounds
of different Silphium perfoliatum parts [80,81]. These compounds (L-ascorbic acid; chlorophyll a and
b; tannins; microelements—K, Ca, Mg, Zn, Fe, Mn and Se) are of interest to the pharmaceutical and
food industries [80].

Other studies have analyzed the concentration of various compounds in Silphium perfoliatum that
are important for fodder purposes [34]. There are also studies that have investigated Silphium perfoliatum
silage [24] and its digestibility [23] as forage for livestock. In a study conducted in Moldova, it was found
that a variety of Silphium perfoliatum (Vital variety) could be recommended for use as fodder for livestock,
due to its characteristics (high protein content) and high biomass yield [46,47]. The same species was
tested for renewable energy purposes, such as feedstock for biogas and briquette production [51,82].
It was also found that the presence of pollen and nectar on the Silphium perfoliatum disc florets has a
positive effect on biodiversity [39,40,83]. It is also recommended for remediation of intensively managed
soils [84–88] due to an increasing number of earthworms and long periods without any agro-technical
work (plowing, rest and cultivation) [85]. Likewise, these fields became a home for arthropods [89]
and can be an option for honeybees due to the long flowering period of the studied plant [38].

It should be emphasized, however, that prior to the establishment of a Silphium perfoliatum
plantation (as in the case of other perennial plants) it is very important to adequately prepare the
cultivation site, which includes removal of perennial weeds and soil cultivation. In the first year
of the plantation, particular attention should be paid to weed removal by two or three mechanical
weedings. Moreover, due to its high resistance in severe conditions (winter frosts, drought and
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acidic soils), a Silphium perfoliatum field does not require recultivation for 20 years. Other advantages
of using a field for longer periods include reduced expenses on pesticides or herbicides due to
shadow created by leaves. The annual litter residues (leaves) and the extensive root system of
Silphium perfoliatum enrich valuable humus in the soil and prevent soil erosion. However, soil moisture
significantly influences the density/biomass of the roots. Thus, in the case of soil excess moisture,
the largest branching of roots (biomass roots) were found in the lower layers of soil, with 32% of
roots compared to 12.3% of roots found in soil without excess moisture [90]. Therefore, soil moisture
plays an important role in increasing the Silphium perfoliatum root biomass [91]. It was found that the
biodiversity of soil is improved and regenerated on Silphium plantations [7,84,86]. Due to the presence
of earthworms, for example, water infiltration in the soil can be improved [92]. One study found that
the degradation of litter from Silphium leaves by insects, worms and other larvae help to increase
nitrogen levels in soils (depending on the soil type) [93]. The effect of fertilizers on Silphium perfoliatum
fields was also investigated. The use of lime and N fertilizers for Silphium perfoliatum plantations
has a positive impact on soil. It was found that the soil under Silphium perfoliatum accumulated a
high concentration of Ctot, Ntot and Stot in soil layers, due to improving the Silphium root system
(especially by liming) [94]. The abundant flowering from July to September promotes insect species
and pollinators [39,40,84,89], which are vital insects for the world economy. It was established that
although the Silphium perfoliatum is resistant to drought, the amount of nectar sugar obtained per
hectare depends on the rainfall amount. Thus, insects more often visit plantations with higher soil
moisture, e.g., that are irrigated with a higher water level (58 kg ha−1), than plantations with lower soil
moisture levels (rainfed plots) (20 kg ha−1) [39]. It was also found that Silphium is a suitable permanent
catch crop (melliferous plant) [95] and that it may become infested by fungi such as Ascochyta silphia
(which can be found on Silphium perfoliatum leaves) [96]. This can be prevented by careful observation
over time, without using any protective measures, but only by removing the infected crop [95].
However, in a recent study [20] conducted in North Dakota, the authors found the activity of the
giant eucosma moth, Eucosma giganteana (Riley), which can inflict serious damage on a plantation.
At the investigated sites, 25% of the plants were affected by the moth larvae and the biomass yield was
affected in a similar proportion. These results depend mostly on the location of the sites/plantations.
Some sites were situated on moist soils and some on soil with lower precipitation. Thus, it was found
that larvae size depends on Silphium shoot size which, in turn, depends on soil moisture [20]. A study
in Lithuania, ranked Silphium perfoliatum in third place as one of the most promising energy crops
from a list of 22 annual and perennial crops (photosynthesis type C4 and C3) with low environmental
pressure, suitable for the Lithuanian climate. The studied crops were evaluated by using a multi-criteria
framework, such as photosynthesis type, soil carbon sequestration, erosion control, water adaptation,
N input requirement and dry matter [97].

Silphium perfoliatum can be used for phytoremediation of soil polluted with heavy metals,
such as Cd, which do not influence the total biomass and could be seen as a good candidate for
phytostabilization [16]. The concentration of heavy metals in Silphium perfoliatum is important
when it is used as a forage crop and must meet food standards concerning heavy metal contents.
The influence of heavy metals on the yield of overground biomass of Silphium perfoliatum was
investigated in Polish studies [98]. Different heavy metal concentrations were applied on Silphium
plots. The value of the overground biomass yield ranged from 12.3% to 23.1%. It was also found
that some Silphium overground parts met the food standards for heavy metal pollution (chromium),
but some did not (manganese), depending on applied doses [98]. Nevertheless, the use of biochar from
Silphium perfoliatum phytoremediation is safe when high-temperature pyrolysis (750 ◦C) is used for
production processes to reduce the leaching risk of potentially toxic metals such as Zn, Cd and Pb [99].
The use of Silphium perfoliatum as a renewable energy source to produce pellets and briquettes was also
studied, particularly their quality and composition [82,100–102].

Several studies have analyzed the best conditions for growing Silphium perfoliatum as feedstock
for biogas production [11,12,103]. It is also seen as a promising alternative substrate for silage
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maize, due to its reduced agricultural requirements, which enable it to be grown on marginal or less
productive soil [16]. Growing Silphium perfoliatum reduces the soil compaction and improves regional
biodiversity [85–87].

3.4. Silphium perfoliatum Yields

3.4.1. Biomass Yields

The possibility of increasing the volume of biomass to meet energy needs has been widely
studied [104]. It was estimated that when planting Silphium perfoliatum with 70 cm between rows
and 50 cm distance between plants, around 28,500 plants ha−1 would be harvested, from which more
than 40 Mg ha−1 fresh matter (FM) of biomass would be obtained 15 Mg ha−1 dry matter (DM) [105].
In other studies, the yield of green biomass of Silphium perfoliatum at the end of the flowering period
was 62.8 Mg ha−1 FM, 24.6% DM, resulting in 15.4 Mg ha−1 DM [15]. A six-year experiment in Poland
(2012–2017) on different types of biomass, including Silphium perfoliatum, found that the results of fresh
mass yield were higher in the second year of growing and increased in 2016 and 2017, when the highest
yields were obtained of all six years [106].

Silphium perfoliatum is a tolerant plant in environmentally unfavorable conditions [27]. However,
good soil quality is necessary to achieve high biomass yield [17,107]. In Germany, yields were tested
depending on the different origin (regions/continents) of the Silphium perfoliatum seeds. The most
representative features/traits that influence the growth and yield were tested. It was found that
there are some differences between the dry matter yield (DM) (from 13.6 to 17.2 Mg ha−1 DM) and
other biomass traits. The lowest yield was achieved from Silphium seeds from Ukraine. It was
assumed that the yield would be lower because the different development of the plant due to
climate/environmental factors, as well as the different field of use (since it is used more as a forage
crop it has features of a forage crop and less for biogas production and energy purposes) [52].
In another study, the biomass yield of progenies of 33 half-sib families of Silphium perfoliatum
were tested in the USA. The yields showed different values in three consecutive years of growth.
In the second year, the mean biomass yield was considerably lower than the first and third
years (first = 4.7–7.5 Mg ha−1 DM; second = 1.5–3.4 Mg ha−1 DM; third = 5.2–10.5 Mg ha−1 DM). It is
well-known that yields are usually higher in second and subsequent years, as compared to the first year
of cultivation [45]. Another study observed that biomass yield was higher during earlier harvesting
(at the end of August (17.2 Mg ha−1 DM) and two weeks later (17.1 Mg ha−1 DM)) and can decrease
significantly when harvesting was conducted two weeks later (end of September and mid-October)
(15.6 and 13.0 Mg ha−1 DM, respectively) [14]. In other field research conducted in Dagestan (Russia),
the highest biomass yield was harvested in the third year of growth (27.9 Mg ha−1 DM) and the lowest
was in the fourth year of growth (21.7 Mg ha−1 DM) (sum of two harvests in June and the end of
September to the beginning of October) [29].

Figure 3 presents the biomass yield of Silphium perfoliatum in the ten countries analyzed in the
current review [13–15,17,20,27,29,33,36,41,54,86,99,102,107–114]. The lowest dry matter yield was
found in a study from the USA (1.6 Mg ha−1 DM) and Lithuania (4.4 Mg ha−1 DM). The highest yield
was obtained in a study conducted in Russia (32.1 Mg ha−1 DM). High yields were also found in
Poland (26.6 Mg ha−1 DM), Chile (22.3 Mg ha−1 DM) and Lithuania (21.9 Mg ha−1 DM). The mean dry
matter yield of Silphium perfoliatum from the presented studies was 13.3 Mg ha−1 DM.

Although biomass yield can be influenced by planting density, the relationships are unclear
because of other important factors. A study conducted in the USA found that higher planting
density (68,000 plants ha−1) produced higher biomass yields (14.2 Mg ha−1 DM) than lower planting
density (17,000 plants ha−1 yielded 10.8 Mg ha−1 DM). Other results were obtained in another study
conducted by the same researchers, in which the second year produced a very low biomass yield.
The reported biomass yield value from all three density sites (17,000, 34,000 and 68,000 plants ha−1)
for the first year (2011) was 7.5 Mg ha−1 DM and 1.6 Mg ha−1 DM, respectively (2012) (the mean

189



Agriculture 2020, 10, 640

for all densities) [20]. However, the highest yields obtained in Germany (17.2 Mg ha−1 DM) were
from a density of 40,000 plants ha−1 [52] and in Lithuania (21.9 Mg ha−1 DM) from a density of
20,000 plants ha−1 [54].

 

Figure 3. Dry matter yield of Silphium perfoliatum in different countries influenced by different factors
(fertilizers, growing areas and different years of growth) and the mean for all countries; error bars
represent the minimum and maximum values.

Table 1 presents the different biomass yields depending on the year of growth of Silphium perfoliatum.
It can be seen that harvested yields depend on the soil, climatic and weather conditions, as well as
other environmental factors in each country/region. The harvesting strategy implemented (once or
twice per growing season) in some studies provides information on the choice of the optimal method
for harvesting and the harvest period (month).

In a study conducted in Chile [27], the dry matter yield obtained in the first year ranged from 9.6
to 22.3 Mg ha−1 DM, and for the second year, it ranged from 14.6 to 19.4 Mg ha−1 DM, under similar
climatic conditions (Table 1). It was observed that, with a longer growing period, the yields were
higher and the plants were taller [27]. The cultivation of Silphium in combination with other crops
was also tested, to increase the biomass yields [32,111].

Testing different fertilizers is not uncommon and is very often used to increase the
Silphium perfoliatum DM yield. The use of lime fertilizers (CaCO3) has shown good results for
dry matter yield [17,54,100,109,113]. Jasinskas et al. [17] showed that lower soil acidity increased the
amount of dry biomass yield. The use of fertilizers (6 Mg ha−1 CaCO3) to increase soil pH when
planting on acid soil pH (4.2–4.4) obtained 11.8 Mg ha−1 DM and increased to 15.0 Mg ha−1 DM when
the soil pH was 5.6–5.7 [17]. Lime fertilizers also increased the DM productivity of Silphium perfoliatum
(by 15.5% in the first year, 44.2% in the second year and 22.9% in the third year) [54,115]. Other studies
averaged 22.7–27.3% [100,109,113]. Liming considerably increases dry matter productivity from the
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first year, at 4.4–8.5 Mg ha−1 DM, to 11.37–21.9 Mg ha−1 DM in the second year [54]. Similar results
were obtained in other Lithuanian studies [100,109,113]. Another study assessed the influence of the
application of sewage sludge on the biomass yield on Silphium plantations. Thus, the application of
45 Mg ha−1 of granulated sewage sludge showed the best results (10.4 Mg ha−1 DM average yield),
compared to an application of a dose of 90 Mg ha−1, which produced 9.3 Mg ha−1 DM yield. However,
this yield was better than the yield obtained with the use of mineral fertilizers (N60P60K60) 7.3 Mg ha−1

and from control plots 5.9 Mg ha−1 [108]. The application of 120 kg ha−1 of N fertilization increased
the biomass yield from 11.0 to 15.0 Mg ha−1 DM (by 26.7%) [17].

A study using Albeluvisols and Fluvisols also applied fertilization by liming and N fertilizers,
and it was found that liming did not result in a significant influence on stem numbers per plant,
which was completely different for N fertilizers, which produced 5.7 stems per plant in the first year
of growth, and up to 12.2 stems per plant in subsequent years. A German study by Mueller and
Dauber [83] reported similar results of 6.3 stems per plant on average (1–15 stems), while Polish
researchers reported 10–25 stems, which increased in subsequent years [101]. It was also found that
Silphium perfoliatum biomass productivity (FM and DM yields) was lower in the first harvest year
(19.2 Mg ha−1 FM and 6.7 Mg ha−1 DM, respectively), but increased significantly in the next two years
(45.2 Mg ha−1 FM or 13.5 Mg ha−1 DM, on average) for the control Silphium perfoliatum plantation
(no liming and no nitrogen) [55]. The biomass yield of Silphium perfoliatum in some cases showed better
results than maize. On different types of soils that are predisposed to compaction (e.g., stagnosoils,
planosols and related soils), Silphium perfoliatum biomass yield was considerably higher in the second
year of harvest, when maize showed a considerably lower biomass yield [87].

Table 1. Dry matter yield of Silphium perfoliatum in different years of growth.

Year of
Harvesting

Yield
(Mg ha−1 DM)

Country Observations and Harvesting Details Reference

1st year

22.3 Chile

Chahuilco site (Trumao soils): very fertile
acidic soils, pH 5.6, high Al and Mn
concentration, 18% organic matter.

Average rainfall 1303 mm. Harvested at
flower initiation.

[27]

9.6 Chile

La Unión site (Red clay soils): pH 5.2,
organic matter 8.0%, suffered extreme water

deficit during the summer season.
Average precipitation was 1277 mm.

Harvested at flower initiation.

[27]

10.0 *–15.5 ** Germany

Basic fertilization and nitrogen fertilizers.
The values depend on the watering regime.
Harvest on different dates, depending on

watering: August.

[13]

13.0 ***–17.2 *** Germany

Soil of experimental fields was Cambisol with
a heavy loam texture overlaid with loess loam.

Average precipitation 591 mm (2011) and
727 mm (2012).

[14]

4.4–8.5 Lithuania

The values of DM yields differ due to the
amount and types of fertilization: by liming

and nitrogen treatments. Average precipitation
during the vegetation period 437 mm.

Harvest at maturity stage on September 16.

[54]

7.5 USA

Mean biomass for three planting densities
(17,000 34,000 and 680,000 plants ha−1) at
Brookings on soil considered marginal for
conventional crop production due to poor

drainage. No fertilizer, previous planted crop
was soybean (Glycine max L. Merr.) with

long-term rotation with wheat
(Triticum aestivum L.). Planting was executed
one year earlier in June by seedlings (2010).

Harvesting time: in October.

[20]
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Table 1. Cont.

Year of
Harvesting

Yield
(Mg ha−1 DM)

Country Observations and Harvesting Details Reference

2nd year

19.4 Chile Chahuilco site (see above). [27]

14.6 Chile La Unión site (see above). [27]

17.8 Chile

Nochaco site (Ñadi soils): iron and aluminum
hardpan layer between the soil, pH 5.4.
Average rainfall 1420 mm, dry period

1–2 months. Harvested at flower initiation.

[27]

11.7 *–16.8 ** Germany The values depend on the watering regime
(see from the first year). [13]

13.4–15.7 ****;
19.4–21.7 ⁂⁑ Poland

The experiment was conducted on light
rust-brown sandy soil of poor rye complex.
Average rainfall during the growing season

was 359 mm.

[110]

11.4–21.9 Lithuania

Different types and rates of fertilization.
Average precipitation during the growing

season was 620 mm. Plants planted in 2008,
the first harvest was in 2009, the second

harvest was on 30 September 2010.

[54]

1.6 USA Brookings site (see above). [20]

10.8–14.3 USA

Soil at Arlington location: Huntsville silt loam
(fine–silty, mixed, mesic Cumulic Hapludoll in

a low-lying area with a capability class of II
because of potential flood damage from water
retention. Nitrogen fertilizer (180 kg N ha−1).

The previous crop was alfalfa
(Medicago sativa L.) Cultivation was in June
2010. Harvesting time: in September 2011.

[20]

1.8
7.4–10.8 USA

The experiment was conducted at two different
sites on prime and marginal cropland

(Brookings and Arlington) with a well-detailed
description of soil. Lower value was obtained

on marginal cropland at Brookings
(2013–second year) due to severe drought

during the 2012 growing season.
Hand-harvesting in November.

[111]

3rd year

19.1–20.6 Poland Harvesting was conducted in the second (2017)
and third years (2018) of growth. [110]

8.8–17.6 Lithuania

The experiment was started in 2013. Soil of the
experimental site was naturally acid moraine

loam Bathygleyic Dystric Glossic Retisol.
Different treatments were tested: not fertilized,

fertilized N60P60K60, and fertilized with
different amounts of granulated sewage sludge

(45 and 90 Mg ha−1). The precipitation was
526 mm and temperatures were close to

perennial values. Harvest by a rotary mower at
the end of September.

[108]

15.4 Czech Republic

This average value of cup-plant is achieved in
long-term experiments under the same

agro-ecological conditions and conventional
agro-techniques. Harvested at the end of the

flowering period.

[15]

11.2 Czech Republic

Different plants were tested, only under
experimental conditions, and only on a very
small scale; only several species have been

tested under field conditions.

[112]

192



Agriculture 2020, 10, 640

Table 1. Cont.

Year of
Harvesting

Yield
(Mg ha−1 DM)

Country Observations and Harvesting Details Reference

Mean

15.5 Germany

The experimental fields were situated in two
different locations with N and P fertilizers

applied. Mean for six biomass traits over three
years (2014–2016). Plants were harvested each

year in August.

[52]

13.2 Lithuania
Three different concentrations of fertilization
were used. Mean for the period between 2009
and 2014. Harvesting time: end of September.

[113]

* rainfed; ** and irrigation; harvest on different dates: *** August and *** October; Method of planting by **** seeds

(seed) and ⁂⁑ seedlings (plantation).

3.4.2. Biogas and Biomethane Yields

Research conducted in the Czech Republic confirmed that biomass yields were the highest for
Silphium perfoliatum and lower for maize, but the quality needed for biogas production is still higher for
maize than for Silphium perfoliatum [15]. There are several studies that compared the biogas yields of
maize and Silphium perfoliatum [116–118]. Maize is the most popular agricultural crop and shows the
best results when used for biogas production, and it has frequently been used as a reference plant to
compare different agricultural residues/crops [117]. Specific biogas yield (SBY) was studied by Siwek
et al. [110], who investigated the effect of the planting type on some properties of Silphium perfoliatum.
Thus, although the SBY was analyzed for the planting and sowing techniques, no significant results
were obtained. They also tested the effect of the number of harvests per year on the biogas yield.
It was found that following two harvests per year (June and October) in the second year of growing
(the first harvest), the mean of SBY ranged from 484 to 490 NL kg−1 VS (VS-volatile solids), and this
value was 504 NL kg−1 VS when the plants were harvested once a year (October). In the third year
of growing (the second harvest), the values ranged from 485 to 502 NL kg−1 VS and 502 NL kg−1 VS
for two harvests per year and one harvest per year, respectively [110]. Almost similar values were
obtained by T, ît,ei et al. [51], who found that the gas-forming potential of organic dry matter (ODM) in
Silphium perfoliatum silage was 471 NL kg−1 VS (52.4%) of methane. However, in a two-harvest and a
single-harvest system, the biogas yield per hectare was 11,076 and 7262 m3 ha−1, respectively [110].
In some experiments, Silphium perfoliatum was used as a reference crop for biogas production as well as
with maize. However, in this case, it was assumed that Silphium is less suitable for anaerobic digestion,
which is indicated by the lower biogas yields compared to maize [117].

According to research conducted in Lithuania, the biogas volume obtained from
Silphium perfoliatum can exceed 5000 m3 ha−1 and contains 58.6% methane. It was also estimated that
such an amount of biogas is equal to 113.0 GJ of energy ha−1 [113]. One study in Germany focused on the
impact of different harvest dates on biogas potential and found that MHY for Silphium perfoliatum may
be higher if harvesting is performed earlier and the MHY was almost similar to the yields of maize and,
in some cases, even higher than some perennial crops. Thus, the specific methane yield (SMY) in the
total biogas yield was higher for Silphium perfoliatum (53.9%) than for other perennial crops (energy dock
Rumex schavnat—52.8%, Szarvasi Elymus elongatus and Igniscum Falopia sachalinensis—53.2%) and
maize (52.6% of methane) [14]. The methane content in biogas from the Silphium perfoliatum silage
was higher (56.3%) than in maize silage (55%) [119]. The share of biomethane in biogas ranged from
51.1% to 52.9%. The highest values were obtained in an earlier harvest in the summer (June) and were
slightly lower for a harvest made later in the autumn (October) [110].

The biochemical methane potential (BMP) of Silphium perfoliatum was analyzed in another study
in Germany. On average, the BMP was 260 NL kg−1 VS [87], and it was almost 7.7% higher than in
other previously published data, namely 251 NL kg−1 VS [120] and 252 NL kg−1 VS [14].

The medium gross energy yield for Silphium perfoliatum silage was 25.7 kWh ha−1 (92.5 GJ ha−1)
and was 46.5 kWh ha−1 lower, compared with the maize silage (167.4 GJ ha−1). Therefore, the conclusion
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was that the new energy crops (Silphium) cannot compete with the specific methane yield of maize [120],
due to the high yields and low market prices of the latter.

It was found that lignin is a very important component of biomass intended for biogas production
since it influences specific methane yields. With lower contents of a lignin and fiber fractions,
higher methane yields can be obtained [117,119].

Table 2 presents the values for SMY and MHY. The values differ when the crop is exposed to
different factors, such as soil moisture, growing period and the number of harvests, or the type/origin
of some varieties of Silphium. Even if Silphium perfoliatum is tolerant of drought, a reduction in
water/rainfall reduces the methane yield per hectare [13,118]. The highest values for specific methane
yield were estimated to be 321 NL kg−1 VS and for methane hectare yield to be 5399 Nm3 ha−1 [13].

Table 2. The specific methane yield (SMY) and methane hectare yield (MHY) of Silphium perfoliatum in
different studies.

Country
Specific Methane Yield

SMY (NL kg−1 VS)
Methane Hectare Yield

MHY (Nm3 ha−1)
Observations Reference

Southern
Germany

232 *
275 ***

4301 a

3318 b

The highest and the lowest yields
obtained from four different

harvested batches, two doses of N
fertilizer: 80 and 100 kg ha−1.

[14]

Germany 236–2450 *
273–282 ** n.d.

Different excess and non-excess soil
moisture were tested. Higher values

for excess moisture.
[87]

Germany 290 *–303 **
310 *–321 **

2889 *–3543 **
4789 *–5399 **

Rainfed and irrigated, first and
second-year harvest, respectively. [13]

Southwest
Germany 260 4856

Average for four years of harvesting
(2015–2018). The first year

(2014, n.d.) was excluded from the
calculation of average.

[117]

Republic of
Moldova 275 4235 The local variety Vital was tested for

biomethane productivity. [51]

Czech Republic 276 3921
Study based on long-term

experiments and mixed samples
with different fertilization rates.

[15]

Germany 258 c–273 d 3697 d–4634 c

Study of five countries of origin:
USA, East Germany, Russia,

Northern Europe, Ukraine over
three years without fertilizer and the

application of 100–150 kg ha−1 N.

[52]

* (1st year); ** (2nd year); *** (3rd year); harvested, a (19 September) and b (4 October); country of origin, c (Russia)
and d (Ukraine); n.d. (no data).

3.5. Composition of Biomass and Chemical Characteristics

The composition of Silphium biomass depends on many factors, such as species, variety,
harvest period (months, vegetative period or after the end of the vegetative period), soil types
and climatic factors. The crude protein content in the early vegetative stages is higher (13% to 15% DM)
than in the bud stage (10% DM) and continues to decline at seed setting (5% to 8% DM), due to very
low N level in the steams [27]. It was observed that higher protein content can be obtained in wet
years than in those with low precipitation [28]. In another study, the crude protein content of Silphium
perfoliatum in vegetation phases ranged from 4.9% to 8.5% DM, the content of crude fat ranged from
2.1% to 2.5% DM and crude fiber from 23.1% to 29.7% DM. The hemicellulose content ranged from 5.4%
DM at the vegetative phase to 10.1% DM at the beginning of seed setting [121]. Another study reported
similar results of the crude protein content of Silphium perfoliatum (end of flowering) of 7.5% DM,
crude fat content of 2.6% DM, crude fiber content of 26.4% DM and crude ash content of 8.0% DM [15].
A detailed analysis of the biomass properties of Silphium perfoliatum and other crops harvested after the
vegetation period (in February) was conducted by Stolarski et al. [122]. The raw Silphium perfoliatum
biomass had the cellulose content of 51.8% DM, the hemicellulose content of 20.3% DM and the lignin
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content of 11.5% DM. In the same study, the elemental composition of Silphium biomass was tested.
It was found that the carbon content was 51.9% DM, the hydrogen content was 5.75% DM and the
nitrogen content was below 0.49% DM. The sulfur content was 0.043% DM and for chlorine it was
below 0.026% DM [122].

In a study conducted in Germany, the Silphium perfoliatum silage parameters were as follows:
27.1% DM, ODM 88.4% DM, pH of silage at 5.1, lactic acid 4.2% DM, acetic acid 1.9% DM, butyric acid
1.2% DM and alcohols 0.5% DM [119]. The chemical characteristics of Silphium perfoliatum silage were
42.5% DM for NFE (nitrogen-free extracts), 52.3% DM for NDF (neutral detergent fiber), 36.5% DM for
ADF (acid detergent fiber), 7.9% DM for ADL (acid detergent lignin) and the C:N ratio was 39 [119].

The lower heating value (LHV), moisture and ash content depend on the harvesting time of
Silphium perfoliatum, while a higher heating value (HHV), carbon, hydrogen and sulfur contents are less
influenced by this factor [57,123]. Jasinskas et al. [17] found that the highest HHV of Silphium perfoliatum
was recorded in the third year of growing (17.5 MJ kg−1 DM) and it was higher than the two previous
years. In another study, a slightly higher HHV (18.3 MJ kg−1 DM) was reported [122]. However, in
the studied literature, Stolarski et al. [5] obtained the highest HHV (18.8 MJ kg−1 DM). This value
was calculated as the mean for six consecutive months, starting from November. In the same study,
the calculated mean of LHV for six months was 11.1 MJ kg−1 FM [5]. In a recent study by Stolarski
et al. [122], the LHV of Silphium perfoliatum raw biomass was higher (15.7 MJ kg−1 FM) because of a
very low moisture content reaching 7.19%. As an energy plant, Silphium was also investigated for the
production of pellets and briquettes. Thus, it has been established that the pressure of compaction and
moisture plays an important role in the process of pressing and forming the pellets. A moisture level
of 8% and pressure of 262 MPa provide improved density and durability of Silphium pellets [102].

A recent study of the chemical composition of the Silphium genus, including Silphium perfoliatum,
found that it is a valuable nutritional source, and it can compete with other forage crops. Moreover,
Silphium perfoliatum offers the highest content of ash and phosphorus (7.82% and 0.35%, respectively) [22].
A detailed amino acid profile has been evaluated in several studies. Figure 4 presents the mean
amino acid profile [46,81] obtained for the whole plant and the results obtained from leaves of
Silphium perfoliatum [81]. It contains all types of amino acids which are important for use as a forage
crop or extraction of some active compounds for a specific purpose. For some cases, leaves can contain
a higher percentage of some components than whole plants, as shown in Figure 4. The content of
cysteine was found to reach 0.8% in herbs (whole plant) [81], while an earlier publication [46] did not
provide any data on this amino acid.

 

Figure 4. Percentage of amino acids from Silphium perfoliatum, compared to its leaves. Source: References [46,81].
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4. Economic Aspects and Energy Efficiency of Biomass Production

Economic factors are very important in the use of Silphium perfoliatum as a feedstock for energy
and other purposes. Since this plant is tolerant of unfavorable environmental conditions, it offers high
biomass yields and the possibility of being planted on poor quality soils where other crops would be
unprofitable. However, due to the high price of seedlings and the very high establishment costs for the
farmers, Silphium perfoliatum cultivation is low and limited to small scale and trial plantations [124].
It was estimated that to be able to obtain reasonable yields, seed processing is necessary, which costs
1700 Euro per hectare. This operation is considered to be time- and cost-consuming due to the different
and unequal seed size and maturity. The seed amount required per hectare is 2.5 kg, whose market
price is approximatively 680 Euro kg−1. Thus, the cultivation by seedlings can be replaced with
sowing. To obtain a high yield level, sowing 1 ha with Silphium perfoliatum seeds is estimated to
cost about 3150 Euro. This cost is estimated to be around 60% of the total costs of maintaining
a plantation. If the plantation is used for ten years, these costs are divided to this period and
total around 400 Euro per hectare per year. Of course, this cost may decrease if the plantation is
operated for longer periods, such as 15 years (290 Euro per hectare per year) [125]. The cost of using
Silphium perfoliatum as a feedstock for biogas production was discussed by Gerstberger et al. [84].
It was estimated that, together with additional compensation, the costs are almost the same as for
maize crops [84]. Moreover, compared with maize fields, Silphium perfoliatum fields facilitate water
infiltration and nutrient circulation [92] and are well-suited for the diversification of bioenergy farming
landscapes [84,85]. Silphium perfoliatum may contribute to reducing the need for nitrogen fertilizers
since its well-developed root system stops the leaching of nutrients from the soil. Thus, in subsequent
years of growing, this plant may reduce the amount of fertilizers and prevent the contamination
of waters with nitrogen due to reduced erosion [92]. To further reduce the costs, in some cases it
was proposed to sow different crops, including forage crop [26,32] between plant rows for the first
year of growing, when the Silphium perfoliatum biomass yields are significantly lower than in the
following years [92].

Another important issue is the energy efficiency of Silphium perfoliatum biomass production.
The goal is to obtain much higher energy output than energy input level in the biomass production of
this species. The energy input depends on the production technology used. The amount of applied
mineral fertilizers, mainly nitrogen fertilizers, is of particular importance. In studies conducted
in Lithuania [54], the energy input for the cultivation of this species without mineral fertilization
was 7.4 GJ ha−1 (Table 3). The use of liming and nitrogen fertilization increased these inputs up to
28 GJ ha−1, depending on the variant and the amount of fertilizers used. It must be stressed that the
applied fertilization also increased the energy accumulated in biomass from 187.6 to 361.9 GJ ha−1 both
with and without the highest fertilization doses, respectively. Therefore, the energy gain from biomass
harvested at the end of September was high and ranged from 180.2 to 333.9 GJ ha−1, respectively.
However, the energy ratio of Silphium perfoliatum biomass production was the highest (25.3) without
fertilization, although this index was only 12.9 in the variant with the highest fertilization dose [54].

In other studies, in which Silphium perfoliatum was produced as a feedstock for solid biofuels for
six years and the biomass was harvested at the end of March, the mean energy input was 8.1 GJ ha−1

(Table 4). The energy accumulated in the biomass increased from 82.3 to 184.4 (GJ ha−1) in the second
and seventh years of cultivation, respectively, and the energy gain ranged from 74.7 to 175.3 GJ ha−1,
respectively. The energy ratio of Silphium perfoliatum biomass production was the highest in the seventh
year of cultivation (20.3). However, this index was only 10.8 in the second year of cultivation. In turn,
the average energy ratio of cup plant cultivation as solid biofuel for six successive years was 13.5.
In connection with the above, it should be stated that both energy gain and energy ratio increased
significantly with the age of the plantation. Moreover, the accumulated energy in biomass and energy
gain were higher when Silphium perfoliatum was harvested in September rather than in March [106].
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Table 3. Energy-efficiency indicators of Silphium perfoliatum for different types and rates of fertilization,
harvested at the end of September; based on Šiaudinis et al. [54].

Fertilization Rate
Energy Input

(GJ ha−1)
Energy Accumulated
in Biomass (GJ ha−1)

Energy Gain
(GJ ha−1)

Energy Ratio

N0 (not limed) 7.4 187.6 180.2 25.3

N120 (not limed) 17.2 299.4 282.2 17.4

N0 + 0.5 liming rate 12.8 267.1 254.3 20.9

N120 + 0.5 liming rate 22.6 290.5 267.9 12.9

N0 + 1.0 liming rate 18.2 332.6 314.4 18.3

N120 + 1.0 liming rate 28.0 361.9 333.9 12.9

N—nitrogen; 0.5 liming rate (3.0 Mg ha−1 CaCO3); 1.0 liming rate (6.0 Mg ha−1 CaCO3).

Table 4. Energy-efficiency indicators of Silphium perfoliatum production as feedstock for solid biofuels
in six successive harvest rotations, harvested at the end of March; based on Stolarski et al. [106].

Year/ Plantation Age
Energy Input

(GJ ha−1)
Energy Accumulated
in Biomass (GJ ha−1)

Energy Gain
(GJ ha−1)

Energy Ratio

2012/2 7.6 82.3 74.7 10.8
2013/3 8.2 93.2 85.0 11.4
2014/4 7.6 84.0 76.4 11.0
2015/5 7.9 99.3 91.5 12.7
2016/6 8.2 119.8 111.7 14.6
2017/7 9.1 184.4 175.3 20.3
Mean 8.1 110.5 102.4 13.5

5. Conclusions

The reviewed information about Silphium perfoliatum indicates that it can be used for different
purposes, such as a fodder crop in Eastern Europe (Russia, Belarus and Ukraine) and China,
as a renewable energy source in Central and Northeastern Europe (Germany, Czech Republic,
Austria, Poland and Lithuania) and even as a promising competitor to maize for biogas production
(Germany and Austria). It was interesting to find that different types/varieties and different
environmental factors/features (different soil types, level of precipitations, drought and irrigation level)
have been tested around the world.

It is necessary to investigate the possibility of cultivating Silphium on marginal and degraded
soils, after extensive agriculture, that cannot be used for other crop plantations. In addition,
long-term cultivation of Silphium perfoliatum will contribute to improving the soil quality,
controlling erosion, improving water infiltration, enriching soil mineral compounds and enhancing
biodiversity, especially regarding honeybees and other pollinators.

However, more studies are needed on the costs of maintaining a Silphium plantation for future
possible large-scale implementation. It is well-known that cultivation by sowing rather than by
seedlings can considerably reduce the cost of a Silphium perfoliatum plantation. It is very important to
improve growing characteristics to obtain sufficient biomass yields to enable the replacement of a maize
crop by Silphium perfoliatum for biogas production. Although the reviewed studies show that the use of
fertilizers can improve biomass yields, these operations can generate other costs which reduce energy
efficiency. Therefore, further long-term research is needed to evaluate the use of Silphium biomass
in comparison with other substrates, taking into account the full cultivation cycle and economic,
environmental and energy efficiency. The results of such studies would help to determine whether
Silphium perfoliatum is competitive to other crops and which ecosystem services are the most important
and the most reliable.
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74. El-Sayed, N.H.; Wojcińska, M.; Drost-Karbowska, K.; Matławska, I.; Williams, J.; Mabry, T.J. Kaempferol triosides
from Silphium perfoliatum. Phytochemistry 2002, 60, 835–838. [CrossRef]

75. Jemiołkowska, A.; Kowalski, R. In vitro estimate of influence of Silphium perfoliatum L. leaves extract on some
fungi colonizing the pepper plants. Acta Sci. Pol. Hort. Cult 2012, 11, 43–55.

76. Wu, H.; Shang, H.; Guo, Y.; Zhang, H.; Wu, H. Comparison of different extraction methods of polysaccharides
from cup plant (Silphium perfoliatum L.). Process Biochem. 2020, 90, 241–248. [CrossRef]

77. Kowalski, R.; Wolski, T. Evaluation of phenolic acid content in Silphium perfoliatum L. leaves, inflorescences and
rhizomes. Electron. J. Pol. Agric. Univ. 2003, 6, 1–10.

78. Shang, H.-M.; Zhou, H.-Z.; Li, R.; Duan, M.-Y.; Wu, H.-X.; Lou, Y.-J. Extraction optimization and influences
of drying methods on antioxidant activities of polysaccharide from cup plant (Silphium perfoliatum L.).
PLoS ONE 2017, 12, e0183001. [CrossRef] [PubMed]

79. Wolski, T.; Kowalski, R.; Mardarowicz, M. Chromatographic analysis of essential oil occurring in
inflorescences, leaves and rhizomes of Silphium perfoliatum L. Herba Pol. 2000, 46, 235–242.

80. Kowalski, R. Silphium L. extracts-composition and protective effect on fatty acids content in sunflower oil
subjected to heating and storage. Food Chem. 2009, 112, 820–830. [CrossRef]

81. Kowalska, G.; Pankiewicz, U.; Kowalski, R. Evaluation of Chemical Composition of Some Silphium L. Species
as Alternative Raw Materials. Agriculture 2020, 10, 132. [CrossRef]

82. Ţîţei, V. The potential growth and the biomass quality of some herbaceous species for the production of
renewable energy in Moldova. Rev. Bot. Bot. J. 2019, 18, 83–91.

201



Agriculture 2020, 10, 640

83. Mueller, A.L.; Dauber, J. Hoverflies (Diptera: Syrphidae) benefit from a cultivation of the bioenergy crop
Silphium perfoliatum L. (Asteraceae) depending on larval feeding type, landscape composition and crop
management. Agric. For. Entomol. 2016, 18, 419–431. [CrossRef]

84. Gerstberger, P.; Asen, F.; Hartmann, C. Economy and ecology of cup plant (Silphium perfoliatum L.) compared
with silage maize. J. Kult. 2016, 68, 372–377. [CrossRef]

85. Schorpp, Q.; Schrader, S. Earthworm functional groups respond to the perennial energy cropping system of
the cup plant (Silphium perfoliatum L.). Biomass Bioenergy 2016, 87, 61–68. [CrossRef]

86. Schorpp, Q.; Schrader, S. Dynamic of nematode communities in energy plant cropping systems. Eur. J.
Soil Biol. 2017, 78, 92–101. [CrossRef]

87. Ruf, T.; Emmerling, C. Site-adapted production of bioenergy feedstocks on poorly drained cropland through
the cultivation of perennial crops. A feasibility study on biomass yield and biochemical methane potential.
Biomass Bioenergy 2018, 119, 429–435. [CrossRef]

88. Ruf, T.; Makselon, J.; Udelhoven, T.; Emmerling, C. Soil quality indicator response to land-use change from
annual to perennial bioenergy cropping systems in Germany. GCB Bioenergy 2018, 10, 444–459. [CrossRef]

89. Chmelíková, L.; Wolfrum, S. Mitigating the biodiversity footprint of energy crops—A case study on arthropod
diversity. Biomass Bioenergy 2019, 125, 180–187. [CrossRef]

90. Ruf, T.; Audu, V.; Holzhauser, K.; Emmerling, C. Bioenergy from periodically waterlogged cropland in
Europe: A first assessment of the potential of five perennial energy crops to provide biomass and their
interactions with soil. Agronomy 2019, 9, 374. [CrossRef]

91. Schoo, B.; Schroetter, S.; Kage, H.; Schittenhelm, S. Root traits of cup plant, maize and lucerne grass grown
under different soil and soil moisture conditions. J. Agron. Crop Sci. 2017, 203, 345–359. [CrossRef]

92. Grunwald, D.; Panten, K.; Schwarz, A.; Bischoff, W.A.; Schittenhelm, S. Comparison of maize, permanent
cup plant and a perennial grass mixture with regard to soil and water protection. GCB Bioenergy 2020, 12,
694–705. [CrossRef]

93. Schorpp, Q.; Riggers, C.; Lewicka-Szczebak, D.; Giesemann, A.; Well, R.; Schrader, S. Influence of Lumbricus
terrestris and Folsomia candida on N2O formation pathways in two different soils—With particular focus on
N2 emissions. Rapid Commun. Mass Spectrom. 2016, 30, 2301–2314. [CrossRef]

94. Šiaudinis, G.; Liaudanskiene, I.; Slepetiene, A. Changes in soil carbon, nitrogen and sulphur content as
influenced by liming and nitrogen fertilization of three energy crops. Icel. Agric. Sci. 2017, 30, 43–50.
[CrossRef]

95. Bufe, C.; Korevaar, H. Evaluation of Additional Crops for Dutch List of Ecological Focus Area: Evaluation of
Miscanthus, Silphium perfoliatum, Fallow Sown in with Melliferous Plants and Sunflowers in Seed Mixtures for
Catch Crops; Report/WPR, no. 793; Wageningen Research Foundation (WR) Business Unit Agrosystems
Research: Lelystad, The Netherlands, 2018; p. 34. [CrossRef]

96. Bedlan, G. Ascochyta silphii sp. nov.—A new Ascochyta species on Silphium perfoliatum. J. Kult. 2014, 66,
281–283. [CrossRef]

97. Balezentiene, L.; Streimikiene, D.; Balezentis, T. Fuzzy decision support methodology for sustainable energy
crop selection. Renew. Sustain. Energy Rev. 2013, 17, 83–93. [CrossRef]

98. Antonkiewicz, J.; Jasiewicz, C. Effect of Soil Contamination with Heavy Metals on Element Contents in
Silphium perfoliatum (Silphium perfoliatum L.). Chem. Ecol. Eng. 2003, 10, 205–210.

99. Du, J.; Zhang, L.; Ali, A.; Li, R.; Xiao, R.; Guo, D.; Liu, X.; Zhang, Z.; Ren, C.; Zhang, Z. Research on
thermal disposal of phytoremediation plant waste: Stability of potentially toxic metals (PTMs) and oxidation
resistance of biochars. Process Saf. Environ. Prot. 2019, 125, 260–268. [CrossRef]

100. Šiaudinis, G.; Jasinskas, A.; Šarauskis, E.; Steponavičius, D.; Karčauskienė, D.; Liaudanskienė, I.
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Abstract: In a short period, we have observed the rapid expansion of bioenergy, resulting in growth
in the area of energy crops. In Europe, willow and poplar growing in short-rotation coppices
(SRC) are popular bioenergy crops. Their potential impact on biodiversity has not yet been fully
investigated. Therefore, there are many uncertainties regarding whether commercial production can
cause environmental degradation and biodiversity impoverishment. One of the aspects examined is
the impact of these crops on entomofauna and ecosystem services. The best-studied insect group is
ground beetles from the Carabidae family. This work gathers data on biodiversity and the functions of
carabids in willow and poplar energy plants. The results of these investigations show that energy SRC
plants and Carabidae communities can create a synergistic system of mutual benefits. Willow and poplar
plants can be a valuable habitat due to the increased biodiversity of entomofauna. Additionally, SRC
creates a transitional environment that allows insect migration between isolated populations. On the
other hand, ground beetles are suppliers of ecosystem services and make a significant contribution to
the building of sustainable agriculture by pest control, thereby ameliorating damage to field crops.

Keywords: willow SRC; energy plants; ground beetles; Carabidae; ecosystem services;
invertebrate biodiversity

1. Introduction

Currently, in the EU28 (28 European Union countries), the acreage of lignocellulosic plants is
estimated to be 50,000 hectares of short-rotation coppices (SRC), mainly willow (Salix spp.) and poplar
(Populus spp.) plants [1]. However, their impact on biodiversity remains only partially known [2]. It is
considered that treatment for the natural environment differs for different types of energy crops [3–5].

Non-edible lignocellulosic plants, including willow and poplar, are used for heat and power
generation and second-generation liquid biofuel production. It is considered that use of lignocellulosic
plants can reduce competition with traditional crops for land and water resources [6], especially when
grown on marginal land unsuitable for food production [7]. Despite this, many uncertainties exist
about the potential impacts of biomass crops on the environment and biodiversity. There is major
concern that commercial production can cause environmental degradation, significantly raising the
risk of habitat fragmentation, native extinction, and bio-invasion [6]. Some studies report that the
large-scale homogeneous landscape of biofuel plantation has resulted in a simplified bio-community
and food web, severely damaging ecosystem services and contributing to the decline in the biodiversity,
in particular in areas of high nature-conservation value [8]. Therefore, although biomass can help
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as an energy source to reduce the world’s reliance on fossil energy and mitigate global warming [9],
there is growing concern about the hypothetical disturbances biofuel can have on ecosystems and
biodiversity. Accordingly, in this article, we will focus on willow and poplar SRC. The impact of these
plantations on abiotic factors is well understood [10–36], but they can also affect the biotope, changing
the species composition of plant and animal communities that directly inhabit the cultivation area, as
well as adjacent habitats. So far, however, no comprehensive research has been made that fully shows
the impact of willow plantations on the natural environment. It is known that in large agrocenoses,
the introduction of small environmental patches of energy crops into cultivation can contribute to an
increase in landscape mosaicism, significantly reduced by monocultures [7,37,38].

Studies carried out on large-scale monoculture crops show that the decrease in landscape
mosaicism causes many adverse changes at all levels of the trophic chain. These changes occur both
at the local level, limited to populations living in a given area, and global, affecting the structure of
whole biomes. Over the past few decades, a significant decline in total biomass and the diversity of
insect clusters has been observed, especially in North America and Europe [39–41]. Recent research
has indicated that flying insect biomass decline may be up to 75% in some areas [42]. The main reasons
hypothesized are anthropogenic drivers including land-use change [43,44], transport routes [45–47],
environmental pollution, and pesticides [44,48–50] as well as climate changes [43,44,51,52]. Since the
end of World War II, we have observed great intensification of agriculture and the evolution of the
entire agrocenoses. Crop intensification and excessive pesticide use and accompanying processes, such
as melioration or cessation of grazing, have led to the degradation of the habitat [53]. Those changes
have contributed to the dramatic loss of biodiversity—many organisms have lost their ecological niches
because of lack of shelter or other environmental resources, such as nutrition base. Thus, progressive
degradation and the breakdown of ecological networks has been observed.

Due to the possibility of negative environmental effects, research has also been carried out on
the influence of energy crops on the fauna that inhabits them. These studies have mainly focused on
birds [34,54–67], and a smaller number of them concern mammals [60,61,68–72] or invertebrates [73–93].
Experiments have also been carried out to investigate the differences between biodiversity in woody
crops and herbaceous perennial crops and grasses, such as, e.g., Virginia mallow or miscanthus [94].
The most investigated insect group in energy crops are carabids, the largest family of adephagan beetles
(Coleoptera: Carabidae) [95,96]. So far, more than 40,000 species of ground beetles have been described,
including more than 2700 in Europe and over 2000 in North America [97]. Due to their high plasticity,
ground beetles have acquired a wide variety of habitats. This group includes eurytopic (ubiquitous),
forest (occurring in wooded environments), open area (found in fields and meadows), coastal (associated
with wetlands and banks of waters), and peat bog species. They differ in preference regarding humidity
of environment, development cycle, size, and eating habits. Due to the above, Carabidae can be divided
into five main groups: large predatory species (body length over 12 mm), medium predatory species
(5–12 mm), small predatory species (<5 mm), hemizoophages (half-herbivorous), and phytophages
(herbivorous) [85,86,92,98,99]. Most beetles in this group are characterized by a high level of predation.
Although a diversified forest ecosystem is abundant in factors reducing the presence of phytophages,
highly specialized agrocenoses are exposed to an excessive increase in the number of pests. As a result,
in addition to anthropogenic factors, beetles from the Carabidae family are one of the main groups that
contribute to the control of the pest population. Moreover, their services are not limited to SRC but
are also provided to adjacent crops, which plays an important role in sustainable agriculture [100].
Accordingly, the role they are playing in ecological services cannot be underestimated.

The dominance structure in the Carabidae population may be a reflection of the habitat
conditions [92]. Sharpening the structure of dominance can be considered a result of destructive factors
existing in the environment [14,101]. Meanwhile, in stable habitats with the correct structure, smooth
transitions are observed between the gradually decreasing percentages of species from individual
groups [86]. Similarly, the trophic structure of the carabid population changes depending on the state
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of their living environment. Previously, the presence of large zoophages was considered the most
desirable [102], but now the important role of herbivorous species has also been emphasized [103,104].

According to research by [105] in highly intensified agrocenoses, large zoophages are replaced
by smaller predatory beetles, and as the pressure increases, the proportion of granivorous carabids
increases in the grouping. However, these studies were carried out for meadows and arable fields, and
similar works for woodland habitats such as poplar and willow crops are lacking. Therefore, more
investigations should be done to estimate this factor for SRC [92,105]. Carabidae were chosen as the
subject of this review for several reasons:

- As a well-known group of epigeic insects, they can be treated as a monitoring group;
- They play an important role, providing valuable ecosystem services for willow plantations and

adjacent crops;
- Compared to other insect groups for which the amount of data is negligible, there are more studies

for Carabidae clusters, allowing for analysis.

The novelty of this work is that it show a new view on SRC plantations as environmental
islands—areas that can be refugia and environmental corridors for endangered populations.
The purpose of this work is not only to show the diversity of entomofauna but also to draw attention to
the relationship between the habitat of Carabidae and the shape of their population and their ecologic
function, investigations of which have not been extensively developed so far. This will allow a better
understanding of the role not only of the ground beetles themselves, as a group providing ecosystem
services, but also of the entire complex environment of the energy willow plantation.

2. Materials and Methods/Data Collection and Selection

This review presents the most important studies on carabids in energy willow and poplar
plantations, mainly in Central Europe. The areas covered are presented in Figure 1.

 

Figure 1. Countries for which original research works on Carabidae beetle fauna on poplar and willow
plants were available in searched databases (1—Great Britain, 2—France, 3—Germany, 4—Poland,
5—Czech Republic, 6—Italy; light blue—works used in the study; blue—works used as well not used
in the study; dark blue—works not used in the study).
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Materials were acquired from articles published in English, German, and Polish. As the study
materials, we used proceedings papers, original research studies, and review articles published
between 1950 and 2020, mostly concerning plantations located in Europe. The research was conducted
in three scientific databases: International Web of Science, Scopus, and CEON Biblioteka Nauki.
In the final database, which is an information source of science papers published only in Polish
periodicals, the searched keywords were: “wierzba Carabidae”, “wierzba owady epigeiczne”, “wierzba
biegaczowate”, “wierzba bioróżnorodność owadów”, “wierzba bioróżnorodność entomofauny”,
“wierzba entomofauny”, “wierzba owadów”, “wierzba biegaczowatych”, “wierzby biegaczowatych”,
“wierzby owadów epigeicznych”, “wierzby Carabidae”, “wierzby bioróżnorodność owadów”, “wierzby
bioróznorodność entomofauny”, “wierzby entomofauna”, “wierzby biegaczowate”, and “wierzby
owady epigeiczne”. Meanwhile, from the Web of Science database, the material was acquired
by searching for the following words: “energetic willow Carabidae”, “energy crops Carabidae”,
“Salix viminalis Carabidae”, “short rotation coppice Carabidae”, “energetic poplar Carabidae”, “energetic
willow ground beetles”, “energy crops ground beetles”, “Salix viminalis ground beetles”, “short
rotation coppice ground beetles”, “energetic poplar ground beetles”, “energetic willow epigeic insects”,
“energy crops epigeic insects”, “Salix viminalis epigeic insects”, “short rotation coppice epigeic insects”,
“energetic poplar epigeic insects”, “energetic willow insects biodiversity”, “energy crops insects
biodiversity”, “Salix viminalis insects biodiversity”, “short rotation coppice insects biodiversity”, and
“energetic poplar insects biodiversity”. In Scopus, to restrict the search, we used words such as:
“energetic willow Carabidae”, “Salix viminalis Carabidae”, “short rotation coppice Carabidae”, “energetic
poplar Carabidae”, “energetic willow ground beetles”, “Salix viminalis ground beetles”, “short rotation
coppice ground beetles”, “energetic poplar ground beetles”, “energetic willow epigeic insects”,
“Salix viminalis epigeic insects”, “short rotation coppice epigeic insects”, “energetic poplar epigeic
insects”, “energetic willow insects biodiversity”, “Salix viminalis insects biodiversity”, “short rotation
coppice insects biodiversity”, and “energetic poplar insects biodiversity”.

In both databases, records were searched in all fields. In the Web of Science, our investigations
included all collections. To broaden the results of the research, the “References” sections of the research
articles used to prepare this review were studied, and relevant articles, if were not previously included,
were added to our investigations. Furthermore, similar proceedings were applied to articles found in
the Scopus database, where the “cited by” section was used. Most of the articles found were excluded
from the analysis due to low relevance and duplications. The exclusion criteria for the selected articles
were: no connection with the subject, the articles concerned other species of energy plants, the articles
related to animals other than Carabidae, and the articles described plantations from outside of Europe.

The CEON Biblioteka Nauki database showed 58 records, among which only 3 records were
selected as related to the topic. The International Web of Science database indicated 77 records, among
which 22 were chosen as relevant. The Scopus database yielded the highest number of articles, as many
as 5517 records. Due to this, it was decided to narrow down the search area and to reject key phrases
containing “energy crops”. This reduced the number of records to 458, out of which 24 relevant results
were selected.

The articles collected were sorted according to the year of publication and the country of origin (the
country was assigned based on the corresponding author). The results are presented in Figures 2 and 3.
In the years 1998–2020, 32 articles on Carabidae biodiversity in energy willow and poplar plantations
were published. Most of them, as many as 15 items, were published by German authors. Their number
is three times higher than that of Polish and British publications. For Czech and Swedish authors,
a database search showed two publications each. One publication was found for the Netherlands,
Slovakia, and Belgium, respectively. In investigations for years from the 1950s until 1998, the databases
did not show any publications described by the keywords used. In 1998, one publication was issued,
and another was issued after 9 years, in 2008. An upward trend was observed for the following years,
with 6 publications issued in 2012. For 2013 and 2014, there were 4 publications each. After this year,

208



Agriculture 2020, 10, 648

there is a clear decrease in the number of publications—in 2015, no publications were issued, in 2016,
two were issued, and in the following years, only one publication per year was issued.
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Figure 2. Publications on Carabidae in energy willow and poplar plantations—number per country.
Articles found in three scientific databases: International Web of Science, Scopus, and CEON Biblioteka
Nauki after discarding unrelated works and duplicated records.
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Figure 3. Publications on Carabidae in energy willow and poplar plantations—number per year. Articles
found in three scientific databases: International Web of Science, Scopus and CEON Biblioteka Nauki
after discarding unrelated works and duplicated records.

From the publications, four articles were selected that contained sufficient data to create an
ecological characterization of Carabidae inhabiting the plantations described in them [85–87,92].
This enabled the designation of 12 research areas and the determination of the dominance structure,
as well as phenology, hygro- and habitat preference, trophy group and dispersion powers. Energy plants
characteristics are described in Table 1. To describe the phenology, hygropreference, trophy group
and dispersion powers, individual species were assigned appropriate characteristics, and then their
percentage of the total number of species was calculated. To describe the dominance structure based
on abundance, species were assigned to different domination classes: eudominants, dominants,
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subdominants, recedents and subrecedents. Both methods were used to describe habitat preference,
assessing both the percentage share of individual species in the total pool and the percentage of
individuals with given environmental preferences on each of the plantations. Additionally, the number
of forest species occurring on each study plot was shown concerning the age of the plantation and the
size of the stand. The obtained results are presented in the form of tables and graphs in the Results and
Discussion sections. Microsoft Office Excel was used for its design.

Table 1. Research articles that were the basis of this review–plantations characteristic
(Local.—localization, Plant.—plantation, Years—years of investigation).

References Investigated Issues Local.
Plant.
Type

Plant.
Age

Canopy
Age

Adjacent
Habitat

Years
Date

[86]

1. Species richness and
diversity, dominance

structure.
2. Community structure:

trophic, habitat
preference, humidity

preference, development
type.

Northeast Poland willow 8–9
years

Not
given none 2004–2005

[85]

1. Species richness and
diversity, dominance

structure.
2. Community structure:

trophic, habitat
preference, humidity

preference, development
type.

Northeast Poland willow 1 to 3
years

1 to 3
years none 2005–2006

[87]

1. Species composition
and abundance of ground

beetles inhabiting
unexploited willows

plantation.
2. Population ecological

characteristic and
dominance structure.
3. Margalef’s index,
Shannon’ diversity,
Evenness H/log(N)

Pielou.

Southeast Poland willow not
given

8 and 9
years none 2011–2012

[92]

1. Species richness and
diversity, dominance

structure.
2. The similarity to
natural woodlands.

Po Valley, Italy poplar 1 to 10
years

not
given

natural
woods, crops:

maize,
tobacco

1989–1999

[102]

1. Influence of the
plantation vicinity and

anthropogenic factors on
Carabidae assemblages.

2. The structure of beetle
communities.

South Bohemia
(Czech Republic) willow 2, 4, 6,

8 years
not

given

Field with a
stream; pond,

field, alder
trees and
meadow;

pasture, field,
cultural
forest;

2007

210



Agriculture 2020, 10, 648

Table 1. Cont.

References Investigated Issues Local.
Plant.
Type

Plant.
Age

Canopy
Age

Adjacent
Habitat

Years
Date

[81]

1. Comparison of how
predation processes by

ground arthropods varied
between short rotation
coppice (SRC) willow
bioenergy plantations

and alternative land-uses:
arable and set-aside.

2. Predation pressure
investigations: prey

removal assay coupled
with pitfall traps and

direct searches

North
Nottinghamshire,

England
willow 1 to 10

years
1 to 9
years

set-aside,
arable 2008

[88]

1. Simpson biodiversity
index, evenness, level of
anthropogenic influence
2. The influence of the
length of rotation on

biodiversity parameters;

Peklov, Czech
Republic poplar 9 years

1, 3, 6
years

rotations
none 2003–2008

[89]

1. Taxonomy and
identification.

2. Species traits and
categorization.

3. Habitat preferences.
4. Endangered species.
5. Dispersal of forest

species; corridor function.
6. Species traits

concerning age of the
SRC versus age of the

SRC standing crop.
7. Factors influencing

SRC biodiversity
functions.

Germany
(different sites)
and the Czech

Republic

willow
poplar

1 to 23
years

1 to 9
years different Meta-study

3. Results

Based on the data analysis, presented in Figure 4, the predominance of Carabidae species preferring
the environment of open areas was found. The comparison of Figure 5 and Table 2 showed that the
percentage share of species preferring open areas is independent of the age of the plantation, while
its dependence on the age of the stand seems impossible to assess due to insufficient data. However,
their share appears to decline as the age of the canopy increases. Species preferring open areas also
constituted the most numerous group in terms of the number of individuals in a given population,
which is presented in Figure 5. This tendency occurred on most plantations, both willow [85–87] and
poplar [92]. Species with unknown habitat preference constituted less than 15% of all recorded species.
On three plantations, the niche of open ground species was occupied by eurytypical species. The share
of forest species was greater, at over 18 percent (Figure 4). The number of forest species depending on
the age of the plantation and the age of the canopy is presented in Table 2. In some plantations, there
was a visible predominance of ground beetles representing forest species, which, however, was not
correlated with the age of the plantation. Unfortunately, the amount of data allowing us to assess the
influence of the surrounding environment on the number of Carabidae from different ecological groups
was insufficient. A similar correlation concerning the age of the stand is impossible to analyze due to
the lack of sufficient data, as the analyzed publications lack information enabling its determination.
The number of peatland species was less than 10% that of all species collected, and the number of
individuals with this preference was even lower.
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Figure 4. Percentage distribution of Carabidae species found in selected willow and poplar plantations
depending on environmental preferences. The diagram was made based on selected publications,
including data on the ecological characteristics of Carabidae communities inhabiting investigated plants.

Table 2. The number of Carabidae species preferring the forest environment, taking into account the
number of species in the classes of eudominants (ED) and dominants (D). The table was made based
on selected publications, including data about the ecological characteristic of Carabidae communities
inhabiting investigated plants (W1, W2 and unmarked–willow plots; P1–P4–poplar plots).

Investigated Plots and Year of Investigation
Plantation
Age (Years)

Canopy Age
(Years)

Number of Forest Species
(including ED and D)

[86] 2004 8 Not given 5 (1 ED)
[86] 2005 9 Not given 4 (2 ED)

[85] 2005 W1 2 2 2 (2 ED)
[85] 2006 W1 3 3 2
[85] 2005 W2 1 1 2 (2 ED)
[85] 2006 W2 2 2 2 (1 ED)

[87] 2011 Not given 8 7 (1 ED)
[87] 2012 Not given 9 5 (1 ED)

[92] 1989 P1 2 Not given 5
[92] 1999 P2 6 Not given 3 (1 ED, 1 D)
[92] 1999 P3 6 Not given 2 (1 D)
[92] 1991 P4 10 Not given 4 (2 ED)
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Investigated plantation and its age

Figure 5. Habitat preferences vs. plantation age. Percentage of individuals of species with different
environmental preferences depending on the age of the plantation (in brackets). The last four plots,
studied by [92], are poplar crops. The remaining 8 are willow plantations [85–87], A—first year of
investigations, B—second year of investigations.

A wider assessment of the carabid population in the SCR plantation, taking into account the
structure of dominance, trophic structure, and species properties, indicated the predominance of poorly
specialized species with wide environmental tolerance. Data analysis showed that the number of
brachypterous species was smaller than that of macropterous ones (Figure 6), comprising only one fifth
of all examined species. Macropterous species, characteristic for disturbed environments, constituted
64% of the investigated population. Similarly, species with spring biology were significantly more
numerous than autumn biology ones, which are characteristic of well-balanced environments (Figure 7).
The compilation of the collected data showed that the dominance structure of the studied populations was
poorly balanced. In 11 out of 12 assessed plots, the number of eudominants predominated, amounting
to over 60% in eight cases, and over 70% of all specimens in five cases. (Figure 8). Granivorous
species predominated, followed by small and large zoophages (Figure 9). In terms of hygropreference
(Figure 10), mesophiles were the most numerous. A large group was also species with undefined
hygropreference. Poor Carabidae specialization may indicate an imbalance in the environment in which
they live. On the other hand, there were no sharp transitions between individual trophic groups,
while the percentage of large zoophages was average. This proves that even though the plantation
environment is subject to intensive changes, it is possible to maintain a sustainable biocenosis there.
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Figure 6. Percentage distribution of Carabidae species with different dispersibility. This diagram was
made based on selected publications, including data on the ecological characteristics of Carabidae
communities inhabiting the investigated plants.
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Figure 7. Per cent of Carabidae species with a different development type. This phenology diagram
was made based on selected publications, including data on the ecological characteristic of Carabidae
communities inhabiting the investigated plants.
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Figure 8. Structure of dominance in the Carabidae population based on the percentage of insects
from particular groups (ED—eudominants; D—dominants; SD—subdominants; R—recedents;
SR—subrecedents). This diagram was made based on selected publications, including data on
the ecological characteristics of Carabidae communities inhabiting the investigated plants. (A—first
year of investigations, B—second year of investigations).

 

Figure 9. Percentage of Carabidae species from different trophy groups. This diagram was made based
on selected publications, including data on the ecological characteristics of Carabidae communities
inhabiting the investigated plants.

215



Agriculture 2020, 10, 648

 

Figure 10. Per cent of Carabidae species with a different hygropreference. Diagram was made based
on selected publications, including data about the ecological characteristic of Carabidae communities
inhabiting the investigated plants.

4. Discussion

While the impact of willow and energy poplar plantations on abiotic factors is well-studied,
there is a lack of comprehensive, multi-faceted research on the impact of plantations on biotic factors.
Another problem is the lack of a homogeneous testing methodology. This makes research results
difficult to interpret and compare with results obtained by other scientists. Of the many studies
conducted, there were varying results, depending on the study region, the establishment phase of the
SRC, its characteristics and its surroundings. Factors shaping SRC nature are adjacent land, terrain
and water relations in the area where the plantation is located, the size and spatial configuration of
the plantation itself, plantation age, the length of the production cycle and its phase (canopy age),
and the willow strains planted. Due to a large number of variables, these results can be difficult to
interpret. So far, no comprehensive research has been carried out to describe the roles of all specific
factors. The impact of particular plantation features on the Carabidae populations inhabiting them is
described below.

4.1. Factors Affecting Biodiversity

4.1.1. Rotation Length and Canopy Age vs. Plantation Age

It was found that, in general, agricultural fields and forests were both characterized by greater
species richness (estimated by the species number) than willow and poplar SRC [89]. However,
it was noticed that the strictly quantitative indicator “species richness” (species numbers) is only
weakly correlated with qualitative biodiversity targets such as rare and endangered or specialized
species [89,96].

A factor strongly influencing the biodiversity values of SRC regarding stenotopic species is
rotation length. Wegner et al. [88] hypothesized that longer rotations may favor “ubiquitous” versus
“stenotopic” species in terms of anthropogenic influence being less flexible. Their research indicated
that poplar plantations are the habitat preferred mainly by non-specialized species, whereas increased
inflow of adaptable species is observed after the harvests and is connected with differences in the
re-growth dynamics (steam sprouting is slower in older plantations, which have the characteristics of
an open vegetation site during this period) [88,89]. This seems to corroborate the data from articles
collected by Müller-Kroehling et al. [89], indicating that in the majority of cases, only very young SRC

216



Agriculture 2020, 10, 648

in the establishment phase can provide an ephemeral pioneer habitat with a particular value for species
protection [106]. Harvesting can at least partially renew a habitat function for open-habitat species
by creating favorable conditions for the development of the herbaceous plant. Creating fallow-like
conditions, they can act as a refugium for short-lived, open habitat species, especially granivorous or
polyphagous species for which older SRC have a limited conservation value [89,92]. The analyzed data
showed that not fully established plantations are a habitat for a high abundance of seed-eating species,
the number of which diminishes with the age of the plantation. Similarly, in freshly cut stands, the
number of granivorous species was higher, which means that harvesting promotes population increase
for some of them, e.g., Agonum sexpunctatum, Amara plebeja, A. similata, A. aenea, Anisodactylus binotatus,
Harpalus affinis, Pseudoophonus. rufipes, Poecilus cupreus and P. versicolor, which are eurytopic, less
specialized species. Furthermore, it was proven that there is a group of species which prefers openings
and seams of SRC than strictly open habitats such as fields and grassland, particularly in highly
impoverished landscapes with few ecotone habitats, as was shown for Carabus auratus [89]. Therefore,
many authors found later rotations of SRC as having a lower biodiversity value, hence they were
inhabited mostly by species assemblages dominated by common, eurytopic species [89,96].

Similarly, Müller-Kroehling et al. [89] found that the abundance of the red-listed species is
negatively correlated with the age of the plantation, while for the age of stand, no significant trend
was observed. Meanwhile, in-depth analysis showed that while federally red-listed species occurred
mostly in the newly established SRC, for the regional lists, the trend is reversed, and the red-listed
species were more abundant among older plantations. Additionally, in this case, the longitude
of rotation was negatively correlated with the occurrence of the endangered species. This proves
that even though willow and poplar plants are uniform regarding their age, they still undergo a
directed development and the age of the plantation plays a substantially larger role than the age of
the canopy attained after harvesting [87,89]. It could also be anticipated that the age of the stand was
a significant occurrence factor; surprisingly, the age of the plantation was even strongly positively
correlated with this species’ presence [89,96]. Changes taking place during plantation growth affected
microclimatic conditions, depending on other factors from the accompanying plant cover [89,107–109].
Long-established SRC plantations probably provide better soil conditions, including soil moisture
and soil particle size distribution, which is important especially for the development of larval carbide
forms [89,92,97,110,111]. Furthermore, as a refugium for some species endangered at the local scale,
SRC may help to increase regional population stability and genetic diversity across the country.
Additionally, it was found that the presence of endangered species, for example Abax ovalis, A. carinatus
and A. parallelus, Molops elatus and Carabus auratus, was also strongly positively correlated with the
proximity of forest. During this research, it was found that a plant with extended time without
coppicing can serve as a refugium for forest species, contributing to their protection in the agricultural
landscape. Among the collected beetles, in both qualitative and quantitative terms, dendrophile species
predominated. Most of them were typically forest species, while ecotone species partly associated with
tree stands were also numerous. Articles juxtaposition indicated that more than half of all identified
species were characteristic for open areas, which proves the role of the energy willow plantation as
a reservoir for these taxa. Such a result was also obtained by Konieczna et al. [87], who examined
abandoned plantations. In this work, a large number of beetles characteristic of open areas was also
observed. It is worth mentioning that the time for which the investigated plants were not harvested
was similar to the period without canopy cutting on EcoSalix plantations [7,112]. Unfortunately,
in some publications, significant data describing the surroundings of the plantation and its spatial
arrangement as well as determining the method of sampling were lacking. This reduces the possibilities
of interpretation of the data obtained. The greatest disadvantage of some works was the missing
information about plantation age, which makes it impossible to determine whether the presence of
forest species is the result of the canopy or the age of the plantation.
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4.1.2. Surrounding Area—Environmental Corridors and Islands

The plantation area is the factor for which the influence has not been fully estimated so far. Larger
plantations provide habitats for a greater amount of forest species; however, most of the research was
conducted in not very large SRC [89]. Therefore, some authors claimed that large plantations can
contribute to a decrease in biodiversity [96,110,113,114]. Another factor examined was the surrounding
crops. Many of the endangered species are forest species with low dispersal power. Among this
group, there are many stenotopic brachypterous species with reduced vestigial wings. Because of the
lacking development of the hind wings, they do not have the ability for dispersal flights. Therefore,
the distance to the nearest forest is, in some cases, a limiting factor [89,96,110]. Additionally, it is
worth mentioning that flight ability is a species adaptation often connected with inhabiting a disturbed
environment, for example, cultural land [97,110].

In high-land-pressure agricultural landscapes with high fragmentation and a lack of connectivity
between individual habitats, strictly forest species can be isolated in forest “islands”. According to the
island theory, only large habitat patches providing enough resources can serve as a stable environment.
On the other hand, vast areas of monocultures and low landscape diversity can lead to species declining,
especially stenotopic species or those with high environmental requirements [115,116]. One of the
main reasons for this is the genetic erosion of the population [89,96]. This issue has great importance
in the SLOSS (single large or several small) debate [117–119].

It is known that green corridors prevent the isolation of the population and thus the depletion
of their genetic pool [107,108]. A decrease in the effective population size leads to the disclosure
of the negative effects of genetic drift and coalescence, which is more visible in small, isolated
populations [109,111,113,114]. It leads to an increase in homozygosity and the loss of genetic variability.
In extreme cases homogeneity can depress population fitness, general resistance to environmental
factors, and flexibility in coping with environmental challenges [109,115]. Therefore, one of the
assumptions of sustainable agriculture is to increase the landscape mosaicism. Based on the concept of
“Islands biogeography” introduced by McArthur and Wilson [120–125], landscape corridors connecting
isolated habitat patches can be applied to the agrocenoses, for example by fallowing or introducing
extensive agricultural crops [37,126–128]. Establishing energy willow and poplar crops on lower-class
soils or on the marginal land enables one to diversify the use of arable land, maintaining an income for
local farmers [7,38]. In this type of area, the additional function of SRC, especially old ones, for forest
species is being the corridor habitat [89,90,129]. The scope of this role might vary largely regionally
according to inhabiting species and environmental factors. It is also worth noting that the effects of
climate change will exacerbate the problem of the decline of both epigeic beetles [52,130] as well as
insects in general [43,44,51,131–135].

4.2. Carabidae as Bioindicators and Ecosystem Services Providers

Determining the characteristics of epigeic beetle assemblies on SRC plants and making ecological
descriptions of them, taking into account trophic structure, habitat preferences, hydro preferences and
phenology enables their use as bioindicators [136]. Jowett et al. [137] emphasized the role of the species
profile of a given population as an important factor determining habitat maturity. One of the most
important features of Carabidae allowing us to assess the ecological status of a given environment is food
preferences. Although there is no doubt that carabids have a potential for pest control [95,97,138–144],
as well as weed seeds [145–148], there is remarkably little interest in the role they play in underpinning
ecosystem services in bioenergy plantations. Rowe et al. [81] compared the processes of predation and
litter decomposition in willow SRC and alternative land-uses: arable and set-aside. In the described
bioassay, even though willow plants had the highest abundance and diversity of ground-dwelling
arthropod predators, these factors had no detectable influence on predation rates. The reason for
this was that the carabids were more active in cereal crops vs. SRC. As a result, the predation rates
in the investigated plots did not differ between habitats. These observations were connected to the
environmental factors, characteristic for each of the habitats. As it is known, these processes are
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inextricably linked to crop productivity and ecosystem stability; however, so far, our understanding of
them in SRC crops is limited, and further investigations are required [81]. Therefore, it would be very
valuable to carry out research work that combines the assessment of carabid communities and the
ecosystem services provided by them and takes into account environmental factors. Unfortunately,
there are currently no such publications.

4.3. Carabidae Assemblages Structure

A detailed description of Carabidae groupings allows for characterizing the habitat of a young
willow plantation, rich mainly in eurytopic, poorly specialized species, as a temporary environment
undergoing a dynamic development [85,86]. There was a large divergence gap between the dominant
and the other dominance classes, which has also been proven by other researchers (Table 2, Figure 8)
and is a factor indicating the instability of the population. It was shown that the most common group
were open-field carabids, characteristic for adjacent areas (Table 2, Figures 4 and 5) Walerys et al. [86]
claimed that this could be the result of the small size of the plantations studied. However, such a
tendency was not visible for the older plantations, most of which had a higher share of forest species
(Table 2, Figure 5). In most plantations mesophilic carabids dominated [85,86], Figure 10, as the most
tolerant in terms of humidity requirements. Spring breeding carabids characteristic for newly colonized
areas, dominated [86], Figure 7, while autumn and wintering beetle larvae, characteristic for older
developmental stages [87] of stands, were absent on newly established plants. On the other hand,
Kosewska et al. [85] indicated that the domination of one of the developmental Carabidae types in the
studied area did not depend on the canopy, but was correlated with the study year [85]. Additionally,
Kosewska et al. [85] showed that in older plants, beetles were less numerous than in the newly situated
ones. This confirms the thesis that plantations in the initial period of the production cycle, as a transitional
environment, constitute an attractive habitat for this type of species. The conducted study also showed
that the number of large zoophages was higher in the older plants. This proves that the population
is stable. Boháč et al. [110] investigated the impact of adjacent habitats on Carabidae and Staphylinidae
population structure. As expected, the highest number of species was found on plots least affected
by humans. For communities occurring in these plots, stenotopic species (e.g., Platynus assmilis) and
large Carabidae species (e.g., Carabus hortensis hortensis, C. violaceus violaceus) were typical. Additionally,
psychrophilic species characterized by winter activity were the best-represented group in these plots.
Their research proved that the influence of anthropogenic factors was associated with an increased
prevalence of eurytopic species, as well as an increased prevalence of species with summer imago activity.

On the other hand, forest species (e.g., Pterostichus oblongopunctatus), as well the protected
Carabus scheidleri, were noted only in the fields adjacent to the forest, even though these were also
fields with the highest anthropopressure. In addition, in studies evaluating carabidofauna in out
of use plantations with old canopies [87], the presence of endangered and rare species was noticed.
In these types of plants, the most numerous carabids were mesophilic species: Pterostichus melanarius,
P. niger and hydrophilic Limodromus assimilis. P. niger and L. assimilis were classified as a forest species.
Similarly, [88] reported that species preferring light forest or forest edges, such aslike Carabus convexus,
as with species with higher humidity requirements such as the hygrophilous Panagaeus cruxmajor,
are listed only for the longer rotations. Similar results obtained by other investigators [91] can suggest
that these species are a regular component of carabidofauna in Central and Eastern Europe [87].
These results indicate the need for further research on the structure of the Carabidae population and
prove that not the number of beetles in a given area is less important compared to their species profile.

5. Conclusions with Remarks

Energy willow and poplar plantations may increase the biodiversity of Carabidae beetles. Due to
the lower use of pesticides, as well as the smaller number of agrotechnical treatments carried out, SRC
can be a habitat which is more stable than annual crops, such as rape or wheat. However, energy plants
also undergo dynamic changes, associated not only with the production cycle and canopy age, but also
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with the age of the plantation itself. This is especially important for forest species, which in older SRC
may find conditions similar to those in their natural habitat. Nevertheless, the data describing forest
species requirements and biodiversity in the SRC are still lacking. It is known, however, that even
if poplar and willow plants cannot provide a permanent habitat for forest species, they can serve as
ecological corridors, connecting isolated land patches, inhabited by populations of epigeic insects with
low dispersal powers. Energy willow and poplar plantations, if they meet several conditions, can be
used for agriculture, as well as serving as a refugium for animals inhabiting areas with a high risk
of anthropopression

SRC plantations can provide carabids with breeding and shelter places, important especially if
the adjacent areas of arable land are characterized by a strongly intensified agricultural production.
Maintaining a stable population of Carabidae is recommended in the integrated agriculture model,
the assumptions of which include reducing the negative impact on the natural environment and
human life. Ground beetles play a crucial role in providing valuable ecosystem services. Moreover,
their services concern not only the energy willow plantations themselves, but also contribute to the
protection of adjacent annual crops. Carabidae communities are still not studied enough on SRC plants.
This is the result of, on the one hand, the small number of studies that have been carried out on these
crops, compared to, for example, rape cultivation, and on the other hand, the fact that many works
were not translated into English and appear only in local periodicals. Therefore, assessment of ground
beetle population on willow and poplar plants based on community structure is currently impossible.
For energy willow, there is still a lack of complete data at the regional scale, which would enable
us to create the ground beetle community model describing the level of naturalness of the habitat.
According to this, further investigations should be done to estimate community structure to obtain
additional data on the state of the habitat and diversity of species inhabiting poplar and willow plants.
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Agnieszka Dębczak 3, Mariusz Jerzy Stolarski 4, Michał Krzyżaniak 4and Ewelina Olba-Zięty 4
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20-093 Lublin, Poland; anna.malm@umlub.pl (A.M.); agnieszka.grzegorczyk@umlub.pl (A.G.)

2 Department of Pharmacognosy, Faculty of Pharmacy, Medical University of Lublin, Chodźki 1,
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Abstract: Extracts from the June collection of aerial parts of Helianthus salicifolius A. Dietr and
Helianthus tuberosus L. were obtained using carbon dioxide supercritical fluid extraction with water as
co-solvent. The antimicrobial effect in vitro of these extracts was then determined against reference
species of bacteria, as well as against fungi (represented by Candida spp.). Both extracts were found
to possess antimicrobial activity, with MIC = 0.62–5 mg mL−1 for bacteria and MIC = 5–10 mg mL−1

for yeasts, and both extracts demonstrated suitable bactericidal and fungicidal effect. The highest
activity was observed against S. aureus ATCC 29213 (MIC = 0.62 mg mL−1 for H. salicifolius extract;
MIC = 2.5 mg mL−1 for H. tuberosus extract) as confirmed by time–kill assay. Higher antioxidant
activity was found for H. tuberosus extract (EC50 = 0.332 mg mL−1) as compared to that of H. salicifolius
(EC50 = 0.609 mg mL−1). The total polyphenol content (TPC) expressed as gallic acid equivalents
(GAE) was 13.75 ± 0.50 mg GAE g−1 of H. salicifolius extract and 33.06 ± 0.80 mg GAE g−1 of H.
tuberosus extract. There was a relationship between the antioxidant potential of both extracts and
TPC, but not between antistaphylococcal activity and TPC. The ATIR–FTIR spectra of both extracts
showed similar main vibrations of the functional groups typical for phytoconstituents possessing
bioactivity. The obtained data suggest potential application of these extracts as natural antioxidants
and preparations with biocidal activity. Additionally, both extracts may be regarded as potential
natural conservants in cosmetics, as well as natural preservatives in food.

Keywords: willow-leaf sunflower; Jerusalem artichoke; supercritical extraction; water as co-solvent;
antimicrobial activity; biocidal effect

1. Introduction

Perennial herbaceous crops, including Helianthus tuberosus L. (also called Jerusalem
artichoke or topinambur) and Helianthus salicifolius A. Dietr, (willow-leaf sunflower) belong
to the group of plants of potentially high importance for energy use [1,2]. This is due to
high biomass production and limited cultivation requirements. It should be added that
these species are resistant to frost and possible infestation by diseases and pests. However,
when harvesting the aerial parts biomass of these species, there may be periodic lodging
problems, which may make harvesting difficult, but this occurs mainly at the end of the
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vegetation period [2]. While the biomass of these species can be a raw material for the
production of biogas, liquid biofuels, and solid biofuels [3–6], it should be emphasized
that the energetic use of biomass of these species maybe of the least value regarding their
production purposes.

Recently, much attention has been paid to various plants as a source of alternative
antimicrobial compounds and strategies. It is well-known that plants are valuable and rich
sources of a wide range of secondary metabolites that possess multidirectional biological
activity [7]. Studies suggest that H. tuberosus exerts antioxidant, anticancer, antidiabetic,
and α-glucosidase inhibitory activity and produces inulin. Indeed, studies have noted
the antimicrobial activity of H. tuberosus, e.g., against several fungal phytopathogens
such as Rhizoctonia solani, Gibberella zeae, Alternaria solani, Botrytis cinerea, Colletotrichum
gloeosporioides, and Phytophthora capsici Leonian [8–10]. However, no data concerning
antimicrobial (antifungal) properties of H. salicifolius are available. The possibility, therefore,
exists that Jerusalem artichoke and willow-leaf sunflower can be used as functional food
with many medical benefits [11,12]. Thus, new possibilities of using the biomass of these
species should be searched for in order to obtain bioactive substances from them and
ascertain their further application in the production of high-value bioproducts.

The aim of this study was to determine the antimicrobial properties of extracts ob-
tained from the aerial parts of H. salicifolius and H. tuberosus using carbon dioxide super-
critical fluid extraction with water as co-solvent. The biomass for the extraction purposes
was collected at the end of June. The extracts were assayed for their activity together
with the mode of action (bactericidal/fungicidal vs. bacteriostatic/fungistatic) against
Gram-positive (Staphylococcus aureus) and Gram-negative (Escherichia coli) bacteria and
against fungi (yeasts from Candida spp.)—these being the component of human skin,
oral, and gut microbiota, which under predisposing conditions can be considered human
pathogens [13–15]. The antimicrobial activity of these extracts was analyzed in a correlation
with their total polyphenol content (TPC) and antioxidant properties. Attenuated total
reflection–Fourier transform infrared (ATR–FTIR) spectra analyses of the extracts were
also performed in order to obtain preliminary data on the presence of functional groups
characteristic for bioactive phytoconstituents.

2. Materials and Methods

2.1. Plant Material

The green aerial parts biomass of H. salicifolius and H. tuberosus were collected on
June 24, 2019, from the experimental plantation owned by the University of Warmia and
Mazury in Olsztyn (Figure 1). This was biomass from the beginning of the growing season
(April–June) obtained from nine-year-old stools. The plot size was 20 m2. The plants were
harvested with a lawn trimmer and weighed on an electronic scales. During the harvest,
biomass samples were obtained in order to determine its moisture content. On the basis of
the yield of fresh biomass and its moisture content during harvest, the yield of dry biomass
was calculated and expressed in Mg ha−1. The number of replications was three. After
harvesting, the biomass of H. salicifolius and H. tuberosus was transported to the drying
plant. This biomass was then dried at 40 ◦C to a moisture level below 10%. After drying, it
was ground using a mill with 6 mm mesh sieves. Subsequently, the biomass was packed in
bags and transported to the supercritical extraction plant.
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(a) (b) 

Figure 1. (a) H. salicifolius and (b) H. tuberosus plants during the harvest period June 24, 2019, (photo:
M.J.S.).

2.2. Extraction Method

The ground material was extracted with supercritical carbon dioxide with the addition
of water as co-solvent in the amount of 1 wt%. The supercritical fluid extraction was
performed on a pilot plant produced by Natex, Austria, with two extractors of 40 dm3

each, working under the pressure of up to 1000 bar and temperature up to 90 ◦C. Each
raw material (5 kg for H. salicifolius and approx. 2 kg for H. tuberosus) was extracted with
co-solvent under parameters that were set as follows: temperature at 40 ◦C and pressure
at 330 bar. The extract obtained was in the form of an aqueous mixture. The water was
evaporated using a Buchi R-220SE vacuum evaporator. The extraction yield expressed
in % was determined for the dried extract in relation to the raw material as the ratio of
the amount of dried extract to the mass of raw material. These supercritical extracts were
named further as CO2 + H2O extracts.

2.3. Determination of Total Polyphenol Content (TPC)

The total phenolic content in CO2 + H2O extracts from H. salicifolius and H. tuberosus
was determined spectrophotometrically by a modified method previously described by
Clarke et al. [16] and Nickavar and Esbati [17]. A 20 μL of extract dissolved in DMSO (conc.
10 mg mL−1) and 100 μL of freshly prepared Folin–Ciocalteu reagent (diluted 1/10 with
redistilled water) were added to the wells of a 96-well plate. After 5 min, 100 μL of a 7.5%
Na2CO3 solution was added. The plates with the mixtures were incubated for 60 min. at
room temperature; the absorbance was then measured using an EPOCH spectrophotometer
(Biotek, USA, Software ver. 3.08.01) at a wavelength of 760 nm. The same method was
used to establish a calibration curve for the standard gallic acid in the concentration ranges
7.5–120.0 μg mL−1 (y = 0.054 x + 0.029, R2 = 0.996). The analysis was performed in triplicate
using DMSO as the blank. The content of total phenolic content expressed in equivalents
as mg GAE/g of extract was calculated according to the formula described elsewhere [18].

2.4. Determination of Antibacterial and Antifungal Activity

The assay of antibacterial and antifungal activity of CO2 + H2O extracts from H.
salicifolius and H. tuberosus was performed by the broth microdilution method according
to EUCAST (the European Committee on Antimicrobial Susceptibility Testing) recom-
mendations [19]. The following reference strains were used in the study: Staphylococcus
aureus ATCC 29213 (representative of Gram-positive bacteria), Escherichia coli ATCC 25922
(representative of Gram-negative bacteria), Candida albicans ATCC 10231, and Candida
glabrata ATCC 90030 (representatives of yeast fungi). All the used microbial strains were
first subcultured on Mueller—Hinton Agar (MHA for bacteria) or Mueller–Hinton Agar
with 2% glucose (MHA + 2% glucose for fungi) and incubated at 35 ◦C for 24 h. Microbial
colonies were collected and suspended in sterile physiological saline to obtain inoculum
of 0.5 McFarland standard, corresponding to 1.5 × 108 CFU (colony forming units) mL−1
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for bacteria and 5 × 106 CFU mL−1 for fungi. The CO2 + H2O extracts were dissolved in
DMSO to obtain the final concentration 100 mg mL−1.

The two-fold dilutions of the extracts in Mueller–Hinton Broth (MHB for bacteria) or
by Mueller–Hinton Broth with 2% glucose (MHB + 2% glucose for fungi) were prepared
in 96-well polystyrene plates. The final concentrations of the extracts ranged from 40
to 0.155 mg mL−1. Next, 2 μL of each bacterial or fungal inoculum was added to each
well containing 200 μL of the serial dilution of the extracts in the appropriate culture
medium. After incubation at 35 ◦C for 24 h, the MIC (Minimum Inhibitory Concentration)
was assessed spectrophotometrically as the lowest concentration of the extract showing
complete bacterial or fungal growth inhibition. Appropriate DMSO, growth, and sterile
controls were carried out. Vancomycin (range of 0.03–10 μg mL−1), ciprofloxacin (range
of 0.007–10 μg mL−1), and fluconazole (range of 0.03–10 μg mL−1) were included as the
reference antimicrobial substances active against Gram-positive bacteria, Gram-negative
bacteria, and yeasts. The MBC (minimum bactericidal concentration) or MFC (minimum
fungicidal concentration) were determined by removing 20 μL of the bacterial or fungal
culture used for MIC determinations from each well and spotting this onto appropriate agar
medium. The plates were incubated at 35 ◦C for 24 h. The lowest extracts concentrations
with no visible bacterial or fungal growth were assessed as MBC or MFC, respectively. The
experiments were performed in triplicate. Of the three MIC, MBC, and MFC values, the
most common representative value, i.e., mode was presented.

2.5. Determination of Antioxidant Activity

The antioxidant activity of CO2 + H2O extracts from H. salicifolius and H. tuberosus
extracts was determined using the method described by Gai et al. [20] with modifications.
Briefly, a starting solution was prepared by dissolving 10 mg of extract in 1 mL of DMSO
solution. A series of dilutions were then prepared in the same solvent at a concentration of
0.16–10 mg mL−1. Subsequently, 0.05 mL of each concentration was mixed with 0.15 mL
of DPPH methanol solution (0.078 mg mL−1). The 96-well plate with the mixtures was
incubated in the dark for 30 min in room temperature. Absorbance was measured at 515 nm
(Biotek, Epoch, Software Version 3.08.01). The extract concentration needed to capture 50%
of the initial DPPH (EC50) was determined automatically using four parameter logistic
regression (4LP) from the plate reader software Gen5. The experiments were performed in
triplicate.

2.6. Attenuated Total Reflection-Fourier Transform Infrared (ATR–FTIR) Spectra Analysis

ATR–FTIR spectra of CO2 + H2O extracts obtained from H. salicifolius and H. tuberosus
were recorded on a Bruker Tensor 27 FTIR spectrometer (Bruker Optic GmbH, Aetlingen,
Germany) equipped with single-bounce diamond ATR (Platinum ATR, Bruker Optic
GmbH, Aetlingen, Germany). The spectrometer was controlled with the software OPUS
6.5 (Bruker Optic). The scan number of the spectra was 16 recorded at 4 cm−1 resolution in
the wavenumber range from 4000 to 400 cm−1. A small amount of each extract (5 mg) was
placed on the ATR surface that was cleaned using ethanol to eliminate any contamination
by the previous sample. A new background was recorded between each replicate, and the
scans were run in triplicates.

3. Results

The height of the nearly three-month-old plants of both species was 1.1 m (Table 1).
H. salicifolius produced slightly thicker shoots, and therefore the yield of fresh biomass
for this species was higher and amounted to 12.9 Mg ha−1. Moisture of H. salicifolius
biomass was 79% and was almost two percentage points lower compared to that of H.
tuberosus. Therefore, the dry matter yield of H. salicifolius harvested at the end of June was
2.7 Mg ha−1 and was higher by 0.5 Mg ha−1 compared to the yield of H. tuberosus.
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Table 1. Biometric features, moisture content, and yield of fresh and dry biomass of H. salicifolius and H. tuberosus.

Species Plant Height (m) *
Shoot Diameter

(mm) *
Fresh Biomass

Yield (Mg ha−1) **
Moisture Content

(%) **
Dry Biomass

Yield (Mg ha−1) **

H. salicifolius 1.1 ± 0.9 7.0 ± 1.0 12.9 ± 2.2 79.1 ± 0.4 2.7 ± 0.4
H. tuberosus 1.1 ± 0.4 5.9 ± 0.6 11.6 ± 3.3 81.0 ± 1.1 2.2 ± 0.8

Mean values ± standard deviation were presented; * n = 30; ** n = 3.

The results presented in Table 2 show that the extraction efficiency of H. salicifolius
(4.97%) was much higher than that of H. tuberosus. Due to the fact that the yield of H.
salicifolius aerial parts biomass was also higher, the amount of extract that could be obtained
from the cultivation of this species was approximately 134 kg ha−1. On the other hand, the
production potential of H. tuberosus extract was almost 20 times lower.

Table 2. Extraction efficiency and extract potential yield of H. salicifolius and H. tuberosus from dry
biomass under supercritical conditions with the participation of water as a co-solvent (CO2 + H2O
extracts).

Plant Material Extraction Efficiency (%) Extract Potential Yield (kg ha−1)

H. salicifolius 4.97 134.19
H. tuberosus 0.31 6.82

As revealed in Table 3, the CO2 + H2O extracts obtained from H. salicifolius and H.
tuberosus showed differential activity against bacteria (MIC = 0.62–5 mg mL−1) and yeasts
(MIC = 5–10 mg mL−1). The highest activity of both extracts was observed against S. aureus
ATCC 29213 with MIC = 0.62 mg mL−1 for H. salicifolius extract and MIC = 2.5 mg mL−1 for
H. tuberosus extract. MIC for the reference antimicrobial substances were as the following:
MIC of vancomycin for S. aureus ATCC 29213 was 1 μg mL−1, MIC of ciprofloxacin for E.
coli, ATCC 25922 was 0.015 μg mL−1 and MIC of fluconazole for C. albicans, and ATCC was
1 μg mL−1. As presented in Table 3, both extracts possessed bactericidal (MBC/MIC = 1–4)
and fungicidal effect (MFC/MIC = 1–2). It is generally accepted that antimicrobials are
usually regarded as bactericidal or fungicidal if the MBC/MIC or MFC/MIC ratio is
≤4 [21].

Table 3. Antimicrobial activity of supercritical extracts obtained from H. salicifolius and H. tuberosus with water as a
co-solvent (CO2 + H2O extract).

Microorganisms
Extracts

H. salicifolius H. tuberosus

Bacterial
Strains

MIC
[mg mL−1]

MBC
[mg mL−1]

MBC/
MIC

MIC
[mg mL−1]

MBC
[mg mL−1]

MBC/
MIC

Staphylococcus aureus
ATCC 29213 0.62 2.5 4 2.5 5 2

Escherichia coli
ATCC 25922 5 10 2 5 5 1

Fungal (Yeasts)
Strains

MIC
[mg mL−1]

MFC
[mg mL−1]

MFC/
MIC

MIC
[mg mL−1]

MFC
[mg mL−1]

MFC/
MIC

Candida albicans
ATCC 10231 5 10 2 5 10 2

Candida glabrata
ATCC 90030 10 10 1 10 20 2

The representative data (mode) are presented.
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Time–kill assays were performed exposing S. aureus ATCC 29213 to various concentra-
tions of the CO2 + H2O extracts obtained from H. salicifolius and H. tuberosus in order to
confirm their bactericidal activity. S. aureus ATCC 29213 was chosen for this experiment
due to its higher sensitivity to both extracts in comparison to E. coli ATCC 25922 and the
yeast species. Moreover, it is a common human pathogen that causes a wide range of
clinical infections. It is assumed that bactericidal effect is defined as greater than 3 log10-
fold decrease in CFU mL−1 in the presence of antimicrobials as compared to the initial
inoculum [22]. As presented in Figure 2, bacterial killing by both extracts was found to be
a concentration-dependent process; some biocidal effect occurred even at sub-inhibitory
concentrations of both extracts, that was 0.1 mg mL−1 for H. salicifolius extract and 1 mg
mL−1 for H. tuberosus extract. Moreover, H. salicifolius extract was more active than that of
H. tuberosus.

 

  
(a) (b) 

  
(c) (d) 

Figure 2. Time–kill curves for S. aureus ATCC 29213 at various concentrations of supercritical extracts obtained from: (a)
H. salicifolius and (c) H. tuberosus with water as a co-solvent (CO2 + H2O extracts). Bacterial population density after 24 h
exposure to various concentrations of the CO2 + H2O extracts obtained from: (b) H. salicifolius and (d) H. tuberosus. Mean
values ± standard deviations are presented.

As presented in Figure 3, the CO2 + H2O extracts obtained from H. salicifolius and H.
tuberosus differed in the total polyphenol content (TPC) expressed as gallic acid equivalents
(GAE). This was 13.75 ± 0.50 mg GAE g−1 of H. salicifolius extract and 33.06 ± 0.80 mg
GAE g−1 of H. tuberosus extract. Both extracts showed different antioxidant activity. H.
tuberosus extract exhibited almost two-fold higher activity (EC50 = 0.332 ± 0.05 mg mL−1) as
compared to that of H. salicifolius (EC50 = 0.609 ± 0.29 mg mL−1). However, a relationship
was observed between the antioxidant potential of both extracts and TPC. It should be noted
that despite two-fold lower TPC in the H. salicifolius extract than that in the H. tuberosus
extract (Figure 3), activity of H. salicifolius extract against S. aureus ATCC 29213 was four-
fold higher compared to H. tuberosus extract with MIC of 0.62 mg mL−1 or 2.5 mg mL−1
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(Table 3), respectively. In contrast, activity of both extracts against E. coli ATCC 25922 and
Candida spp. strains was comparable (Table 3), irrespective of TPC (Figure 3).

Figure 3. The total polyphenol content (TPC) in supercritical extracts obtained from H. salicifolius and H. tuberosus with
water as a co-solvent (CO2 + H2O extracts) together with their antioxidant activity. Mean values ± standard deviation were
presented.

The ATR–FTIR spectra of CO2 + H2O extracts from H. salicifolius and H. tuberosus
are shown in Figure 4. Interpretation of these spectra was performed according to other
authors [23–25]. The main vibrations of the characteristic groups were similar in both
extracts; only slight diferrences were observed. At a wave-number of 3392 cm−1 for H.
salicifolius extract and 3401 cm−1 for H. tuberosus extract, characteristic stretching vibrations
were indicated that may have been induced from the OH group derived from carbohydrates
proteins and polyphenols. In both analyzed spectra, cis C=C stretching was observed for
both extracts at a wavenumbers of 3009 and 3008 cm−1. The absorption bands around
2918 and 2849 cm−1 in the H. salicifolius extract spectrum and 2921 and 2851 cm−1 in the
H. tuberosus extract spectrum may be due to asymmetric and symmetrical CH2 stretching
vibrations, respectively, while the band at a wavenumber of 1742 cm−1 is characteristic
of the C=O stretching vibrations of aldehydes, ketones, and carboxylic acids. In the H.
salicifolius extract, vibrations were recorded at a wavenumber of 1695 cm−1; this band is
characteristic of the vibrations of amide I (1600–1700 cm−1), and the effect is related to
the stretching vibrations of the C=O and C-N groups. Unconjugated stretching cis C=C
at 1657 cm−1 was also observed. The band at 1462 cm−1 wavenumber was probably
generated by a CH2 scissor vibration. In contrast, the presence of the band at wavenumbers
of 1369 cm−1 (H. salicifolius extract) and 1377 cm−1 (H. tuberosus extract) is characteristic of
CH3 symmetrical bending vibration. At wavenumbers 1239, 1167, 1096, and 1023 cm−1 and
1239, 1162, 1096, and 1030 cm−1, respectively, for H. salicifolius and H. tuberosus extracts,
stretching vibrations characteristic for the C-O groups were also seen. Furthermore, in
the range of 970–969 cm−1 wavenumbers, characteristic vibrations for the groups trans
double bonds (C=C) and cis double bonds (C=C) were revealed. In addition, the bands at
720 cm−1 are typical of the CH2 groups. Moreover, at the wavenumber of 1323 cm−1 in the
H. salicifolius extract, there was an absorption of the band that could be derived from amide
III (C-N stretch) with a significant share of CH2 carbohydrate residue. Table 4 shows major
band assignments for the ATR–FTIR spectra of both CO2 + H2O extracts.
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Figure 4. ATR–FTIR spectra of supercritical extracts obtained from H. salicifolius (HS) and H. tuberosus (HT) with water as a
co-solvent (CO2 + H2O extracts).

Table 4. Major band assignments for the ATR–FTIR spectra of supercritical extracts obtained from H.
salicifolius and H. tuberosus with water as a co-solvent (CO2 + H2O extracts).

Wavenumbers (cm−1)
Functional Group Vibration

H. salicifolius H. tuberosus

3392 3401 OH stretching (carbohydrates,
proteins and polyphenols)

3008 3009 cis C=C stretching

2918, 2849 2921, 2851 asymmetric and symmetric stretching
vibration of CH2 group

1742 1742 C=O stretching (aldehydes, ketones,
and carboxylic acids)

1695 - C=O and C-N stretching vibrations
1657 - unconjugated cis C=C
1462 1462 CH2 scissor vibration
1369 1377 CH3 symmetrical bending vibration

1239, 1167, 1096, 1023 1239, 1162, 1096, 1030 C-O stretching vibration

970 969 trans double bonds (C=C) and cis
double bonds (C=C)

720 720 bending (rocking) of -(CH2)n-, -HC-
CH-(cis)

4. Discussion

Data presented in this paper showed that CO2 + H2O extracts obtained from both He-
lianthus species possessed antimicrobial potential, including activity against Gram-positive
bacteria (S. aureus) and Gram-negative bacteria (E. coli), as well as yeasts (C. albicans and C.
glabrata). Both extracts exerted bactericidal and fungicidal effect. It should be noted that
the above microbial species, present within human skin, oral, and gut microbiota, may be
regarded as commensals or pathogens, depending on the host–microbe interactions [13–15].
Moreover, these microorganisms may be a cause of cosmetics or food contamination, hence
the need to protect these products by substances with antimicrobial activity—conservants
or preservatives, respectively [26,27]. According to the literature data [9–11], extracts from
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H. tuberosus leaves might be a promising source of natural fungicides active against several
phytopathogens, among them caffeoylquinic acid derivatives. However, Liu et al. [9] found
that the inhibitory effects of aqueous extracts were significantly less than those of extracts
of organic solvents, i.e., petroleum ether, ethyl ether, and ethyl acetate. Of note, there is
no literature data on bioactivity and chemical composition of the supercritical extracts
obtained from the aerial parts of H. tuberosus and H. salicifolius using water as co-solvent
(CO2 + H2O extracts). This is the first report.

The antistaphylococcal activity of CO2 + H2O extracts obtained from H. salicifolius and
from H. tuberosus should be underlined. S. aureus is known to be an important pathogen
related to skin and soft tissue, as well as to food-borne infections [28]. In this paper, we
found higher antistaphylococcal effect of H. salicifolius CO2 + H2O extract, as compared to
that of H. tuberosus CO2 + H2O extract. In contrast, it was found that TPC was higher in
H. tuberosus extract, in comparison to that in H. salicifolius extract. Yuan et al. [29] showed
that TPC in aqua ethanolic extracts from H. tuberosus leaves was 101.07 mg GAE g−1 of dry
extract. More detailed studies by Showkat et al. [30] revealed that TPC in H. tuberosus was
dependent on the plant organ. They determined higher TPC, expressed as mg GAE g−1 of
dry substance, in ethanolic extracts from leaves (7.9–11.1) than in flower (4.0–5.3), tuber
(2.8–3.8), and stem (0.9–1.7) extracts. However, these authors found the overestimation of
TPC in the extracts from various organs ranging from 65% (in flowers) to 94% (in stems)
and used the Folin–Ciocalteu assay, applying the correction for ascorbic acid.

It should be noted that polyphenols have been recognized as one of the largest and
most widespread group of plant secondary metabolites, responsible for both antimicrobial
and antioxidant activity [31]. Data presented in this paper suggest that the antistaphylo-
coccal activity of both CO2 + H2O extracts, especially that from H. salicifolius, may be due
to the content of other plant secondary metabolites such as sesquiterpene lactones [32].
These compounds can be regarded as one of the most prevalent and biologically significant
classes of plant secondary metabolites, including that in plants from Asteraceae family, e.g.
H. tuberosus [29]. Sesquiterpene lactones have been assumed to be potent antimicrobials.
Some are also considered to be antioxidants [33,34].

The antimicrobial properties of plant-derived products are generally accompanied by a
confirmed antioxidant capacity [29,31–34]. In this paper, we found higher antioxidant effect
of H. tuberosus CO2 + H2O extract together with its higher TPC, as compared to those of H.
salicifolius CO2 + H2O extract. These data suggest that the antioxidant properties of CO2 +
H2O extracts studied may be related to polyphenols content, which is in agreement with
the literature data [35,36]. The DPPH assay included in this study for the determination
of antioxidant activities of the CO2 + H2O extracts from both Helianthus species was also
used by other authors [30,37,38] in studying the radical scavenging activity of H. tuberosus.
Showkat et al. [30], for example, showed significant correlation between TPC and radical
scavenging activity of ethanolic extracts from H. tuberosus leaves. These authors revealed,
similarly to Yuan et al. [37] and Nizioł et al. [38], that aqua-ethanolic or ethanolic extracts
from H. tuberosus leaves, in comparison to those from other organs of this plant (e.g. tubers),
possessed higher radical scavenging activity (with EC50 about 0.075–0.25 mg mL−1) and
could be a potential source of natural antioxidants.

The ATR–FTIR spectroscopic imaging is a suitable technique, not only as a method
of identity confirmation, but also for detecting and identifying molecular components
in a complex plant matrix [23]. Preliminary phytochemical analysis of both CO2 + H2O
extracts by ATR–FTIR indicated the presence of similar main vibrations of the functional
groups typical for phytoconsituents possessing bioactivity such as polyphenols, aldehydes,
ketones, or carboxylic acids [23–25].

5. Conclusions

The presented data suggest that supercritical extracts with water as a co-solvent
obtained from the aerial parts of H. salicifolius and H. tuberosus collected in summer period
appeared to be a promising source of natural compounds with biocidal effect. They
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possessed antibacterial activity against Gram-positive (S. aureus) and Gram-negative (E. coli)
species (MIC = 0.62–5 mg mL−1), as well as antifungal activity against yeasts from Candida
genus (MIC = 5–10 mg mL−1). It is worth notifying their antistaphylococcal activity (MIC
= 0.62–2.5 mg mL−1). These extracts may be also regarded as natural potential antioxidants
(EC50 = 0.332–0.609 mg mL−1). The ATR–FTIR spectra of both extracts showed similar main
vibrations of the functional groups typical for phytoconstituents possessing bioactivity.
The obtained data, together with those from literature, suggest that these extracts and their
isolated bioactive compounds may be used as conservants in cosmetics and/or natural
preservatives in food. However, further studies are needed to confirm the obtained results,
to define and to quantify constituents present in both extracts, as well as to identify specific
applications of supercritical extracts and their phytoconstituents from biomass of these
two plant species.
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1. Rossini, F.; Provenzano, M.E.; Kuzmanović, L.; Ruggeri, R. Jerusalem artichoke (Helianthus tuberosus L.): A versatile and
sustainable crop for renewable energy production in Europe. Agronomy 2019, 9, 528. [CrossRef]
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Abstract: The cup plant (Silphium perfoliatum) is a new and promising bioenergy crop in Central
Europe. Native to North America, its cultivation in Europe has increased in recent years. Cup plant
is said to be highly productive, reproductive, and strongly competitive, which could encourage inva-
siveness. Spontaneous spread has already been documented. Knowledge about habitat requirements
is low but necessary, in order to predict sites where it could spontaneously colonize. The present
experimental study investigates the growth and reproductive potential of cup plant depending on soil
moisture, given as water table distance (WTD). In moist soil conditions, the growth and reproductive
potential of cup plant were the highest, with about 3 m plant height, 1.5 kg dry biomass, and about
350 capitula per plant in the second growing season. These parameters decreased significantly in
wetter, and especially in drier conditions. The number of shoots per plant and number of fruits per
capitulum were independent of WTD. In conclusion, valuable moist ecosystems could be at risk for
becoming invaded by cup plant. Hence, fields for cultivating cup plant should be carefully chosen,
and distances to such ecosystems should be held. Spontaneous colonization by cup plant must be
strictly monitored in order to be able to combat this species where necessary.

Keywords: bioenergy crop; cup plant; groundwater; growth; invasive potential; reproductive
potential; Silphium perfoliatum; soil moisture; water table distance

1. Introduction

In Europe, biogas is being increasingly produced as a renewable energy source to
replace fossil fuels [1]. Currently maize (Zea mays L.) is the most dominant biogas crop,
though its cultivation goes along with great ecological damage from the high application of
machines, fertilizer, and pesticides. Therefore, alternative bioenergy crops are being sought
that are more ecologically agreeable [2–5].

One promising alternative crop in this context is the cup plant (Silphium perfoliatum L.) [2].
This perennial, yellow-flowering C3-plant belongs to the Asteraceae family. It develops
stems and flowers from the second year onwards and persists many years [6]. Native in
the prairies of eastern North America, cup plant was introduced to Europe in the 18th
century as an ornamental plant [6]. Since 2004 it has been used as a bioenergy crop in
Germany [2], and as of 2019 about 4500 ha have been cultivated there [7]. Many other
European countries are cultivating this crop for bioenergy as well [3].

Cup plant has many ecological advantages over maize [2]: It can be harvested prof-
itably for more than 15 years [8], and the application of machines and pesticides is much
lower compared to maize, an annual plant [2]. In soil, higher portions of microbial biomass,
higher microbial diversity, and higher biological activity comparative to maize have been
proven [4]. Benefits for many pollinator species have also been detected: Insects are
strongly attracted to the flowers of cup plant, which have a long flowering period relatively
late in the year when most other floral resources have already finished blooming [9–11].
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Furthermore, cup plant is easy to cultivate, highly productive with a high biogas
yield, and it is competitive and very reproductive [2,6]. These traits make it an attractive
bioenergy crop. However, in combination with the fact that harvest in agriculture usually
takes place after flowering, they carry the risk of spontaneous spreading and settlement out
from the fields. Spontaneous colonization was already documented in Upper Franconia
(Germany) [12] and other parts of Germany as well as in other European countries (e.g.,
Austria, Switzerland, Poland) [13–16]. In the Netherlands and Russia, cup plant has already
been graded as “potentially invasive” [17,18]. Studies on the invasive potential of this
species are essential and should be of interest for all involved stakeholders before cup plant
is cultivated on a large scale.

For this purpose, comprehensive knowledge about site requirements is necessary
to allow predictions about where cup plant might establish itself. However, little is
known about its site preferences in Europe, especially regarding soil moisture. It is as-
sumed that cup plant prefers soils with good moisture provision but is also fairly drought
tolerant [3,5,19,20]. So far, there are mainly empirical data or assumptions and only few
experimental studies about the yield of cup plant in Central Europe depending on soil
moisture. In its native range in North America, cup plant colonizes moist bottomlands
and floodplains near streambeds [6]. Assuming that cup plant grows and reproduces in
Central Europe in the same way that it does in its native range, it carries a special risk of
invasion on moist sites. It is known that these are often ecosystems of high value for nature
conservation in Central Europe. To assess the risk of these ecosystems becoming colonized
by cup plant, we executed a growth experiment with cup plant over two years in tanks
similar to those of Ellenberg’s Hohenheimer groundwater table experiment [21–23] at the
Ecological Botanical Gardens of the University of Bayreuth, Germany. The question was:
How do growth and reproductive potential of cup plant differ depending on groundwater
level? This study will not only provide insights into the demands and autecology of cup
plant for the first time; the approach is also innovative because the findings are of great
interest for nature conservation as well for agriculture.

2. Materials and Methods

2.1. Experimental Setup

The experiment was carried out from May 2018 to September 2019 in tanks similar to
those of Ellenberg’s Hohenheimer groundwater table experiment [21–23] at the Ecological
Botanical Gardens of the University of Bayreuth (Germany, Bavaria). Temperature in the
first growing season (May to August 2018) ranged from 1 ◦C to 35 ◦C (mean 18 ◦C) and
precipitation sum was 151 mm, and in the second growing season (May to August 2019)
between −3 ◦C and 37 ◦C (mean 17 ◦C) and 195 mm, respectively. Seeds of cup plant
(Metzler & Brodmann Saaten GmbH, Ostrach, Germany, harvested 2016, pretreated) were
sown on 5 March 2018. Seedlings were pricked out three weeks later and cultivated in a
greenhouse. On 7 May 2018 the experiment started by planting the saplings into four tanks.
For pricking and planting we chose vital plants of equal and mean size.

Each of the four tanks was a south-exposed, 6.4◦ inclined concrete tank (8 m × 4 m),
with a constant soil depth of 90 cm (Figure 1). Substrate was a homogeneous mixture of
40% native soil, 40% compost and 20% quartz sand. In the lower part of each tank water
was supplied via a garden hose and a perforated plastic pipe. Excess water could drain
through a hole in the tank wall (Figures 1 and 2). The water table was held constant by
hand in the first season and automatically by a float switch in the second growing season.
Therefore, the plants in the tanks had different water table distances (WTD). In each tank,
plants were arranged in nine rows indicating different WTD and in each row, there were
nine plants. Distance between rows was 90 cm and between plants in a row 30 cm. For
data collection we excluded all margin plants, resulting in seven rows of 28 plants each,
divided across the four tanks. After the first growing season, we harvested in each row and
in each tank the aboveground biomass of the second, the fourth and the sixth plant (seen
from west), resulting in n = 12 per treatment (= row) (Figure 2). Afterwards, we removed
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the central part of the rootstock of these three and of the eighth plant. Consequently, in the
second growing season five plants per row were left with distances of 60 cm between the
plants. Excluding the margin plants, we had n = 12 per treatment (=row) again.

Figure 1. Scheme of a groundwater tank in longitudinal section.

Figure 2. Top view of a groundwater tank indicating the plant arrangement, the harvesting scheme, and the measuring
points for soil water content and water table.

2.2. Data Collection

In the first year, we harvested the living aboveground biomass on 9 August 2018,
dried it in an oven at 70 ◦C until weight was constant, and measured the biomass with
scales (PM 4600 Delta Range, Mettler-Toledo GmbH, Greifensee, Switzerland, same scales
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for all further weight measurement unless otherwise noted). Two samples of two different
treatments had to be discarded because of plant material loss; consequently, the sample
number for biomass of the first growing season was 82 instead of 84. In November 2018,
the number of shoots higher than 15 cm of the individuals left in the tanks was counted.

In the second year, sampling and harvesting were carried out between 10 and 13
September 2019. We measured plant height by calculating the mean of the five highest
shoots. The number of shoots higher than 50 cm was counted for each plant and was
assigned to one of the three stages (1) dead, when more than 50% of biomass was brown,
(2) vegetative, without capitula or with buds less than 1 cm in diameter, and (3) generative,
with buds of at least 1 cm diameter or flowering or fruiting capitula, respectively. We har-
vested a representative subsample of the shoots, noting the shoot stages of the subsample,
which included at a minimum one-third of the shoots from the original sample. Rosette
leaves and shoots lower than 50 cm were harvested completely. The subsamples of the
shoots higher than 50 cm were split in compartments of dead and living biomass whose
fresh weights were measured. If necessary, again a subsample was taken and its fresh
weight was measured before the biomass was dried in an oven at 90 ◦C until constant
weight. Dry weight of biomass was measured and extrapolated to total biomass per plant.
Before drying, capitula of the subsets were counted, assigned to the three phenological
stages (1) budding, from a diameter of 1 cm on, (2) flowering, when ray florets were
visible, and (3) fruiting, when ray florets were fallen off (comprising beginning of fruit
development until fallen-off fruits) and extrapolated to the whole plant.

Additionally, we harvested three ripe capitula of the remaining shoots of each plant
and dried them separately in paper bags at room temperature. We counted their num-
ber of fruits and weighed them with scales (AE 240, Mettler-Toledo GmbH, Greifensee,
Switzerland).

Since 12 July 2018, water table was automatically recorded in a perforated pipe
in the lower part of each of the four tanks (Figure 2) every 10 minutes by a pressure
sensor (BayEOS HX711 Board, BayCEER, Bayreuth, Germany). For data analyses, we
averaged water table for the time from the beginning of the water table measurement to
particular data sampling for each tank. WTD was calculated using the mean water table,
the inclination of the tanks (6.4◦), and the distances to water table sensor for each row of
each tank. Because soil depth was only 90 cm, plants with a calculated WTD larger than
90 cm had no vertical water access.

Soil water content was measured weekly in the second growing season (May to
September 2019) with a TDR probe (TRIME®-FM3, IMKO Micromodultechnik GmbH,
Ettlingen, Germany) in plastic pipes on three positions (Figure 2) and two depths (5–25 cm
and 40–60 cm) in each tank. In November 2019, we took soil samples in 30 cm soil depth
on two positions of each tank to assess the relationship between soil water content and
soil water tension. We took an undisturbed soil sample with a core cutter of 100 cm3 and
a disturbed soil sample of about 200 cm3. The undisturbed soil samples were saturated
with water over five days and afterwards dried in an oven at 105 ◦C until constant weight.
The disturbed soil samples were filled each in two sampling rings of 20 cm3, placed in a
pressure pot for 26 days at −15,000 hPa (pF = 4.2), and dried until constant weight. Before
and between these steps, all soil samples were weighed each time (PB 3002 DeltaRange,
Mettler-Toledo GmbH, Greifensee, Switzerland). After these steps, soil samples were
weighed again (PG 503-S DeltaRange, Mettler-Toledo GmbH, Greifensee, Switzerland).

Meteorological data were obtained by a weather station in the Ecological Botanical
Gardens 310 m away from the experimental site operated by the Micrometeorology group,
Prof. Dr. Thomas, BayCEER, University of Bayreuth.

The data on which calculations in this study are based are available in the supplemen-
tary materials (Tables S1–S7).
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2.3. Statistics

Data analysis and plot presentation were executed with R version 3.6.1 [24]. Cal-
culating means of data by treatment, we used the function “ddply” from the R package
“plyr” version 1.8.4 [25]. To read climate data and groundwater level data we used the R
package “bayeos” version 1.4.6 [26]. We used linear models (LM) and checked the diag-
nostic plots. In case of non-normal distribution or heteroscedasticity of residuals we tried
generalized linear models (GLM). If both LM and GLM were not possible, we executed
Spearman’s rank correlation analysis or the Kruskal–Wallis rank sum test (Kruskal test)
with the post-hoc test multiple comparison test after Kruskal–Wallis (KruskalMC) of the R
package “pgirmess” version 1.6.9 [27]. The four tanks were considered as four blocks in a
block design. We checked the influence of block (tank) with an LM respectively a GLM. In
case of non-significance we eliminated the block for the final model. In case of a significant
effect of block we exerted a mixed effect model with block as random factor using the R
package “lme4” version 1.1–21 [28]. Fits of mixed effect models were built using the mean
of intercepts. Level of significance was always 0.05.

3. Results

3.1. Soil Water Conditions

The treatments of the experiment created by the rows in the tanks with increasing
water table distance (WTD) described a wide range of soil water conditions (Table 1).
Because soil depth was only 90 cm the two driest rows (6 and 7, Figure 1) had no direct
vertical access to water table. Logically, soil water content decreased with increasing WTD,
as well near soil surface as in deep soil layer. Water content of waterlogged soil was
50 ± 2% vol (mean ± standard deviation). Permanent wilting point (pF-value = 4.2) was
reached at 9 ± 2%vol water content.

Table 1. Soil water conditions depending on the treatments. Row number in tank is counted from
the bottom up (Figure 2). Water table distance (WTD) is given as mean ± standard deviation for both
years separately. Soil depth was 90 cm. Soil water content was measured weekly only in the second
growing season (year 2019) at three positions in the tanks (see Figure 2). Given values for each row
were calculated by the models described in Figure 3.

Row Number
in Tank

First Year
(2018)

Second Year (2019)

Classification

WTD (cm) WTD (cm)

Soil Water Content (%vol)
in Depths

5–25 cm 40–60 cm

1 41 ± 7 40 ± 11 38 57 wet
2 51 ± 7 50 ± 11 31 48 very moist
3 61 ± 7 60 ± 11 26 40 slightly moist
4 71 ± 7 70 ± 11 22 33 fresh
5 81 ± 7 80 ± 11 18 28 slightly dry
6 91 ± 7 90 ± 11 15 23 medium dry
7 101 ± 7 101 ± 11 12 19 rather dry
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Figure 3. Soil water content in 5–25 cm (a) and 40–60 cm (b) soil depths depending on water table distance (WTD).
Data were collected weekly in the second growing season from May to September 2019 at three positions in each tank
(Figure 2). Lines are fitted by mixed effect LM: random effect = tank number (a): ln(y) = 4.39 − 0.02 x, p < 0.001, n = 216; (b):
ln(y) = 4.77 − 0.02 x, p < 0.001, n = 197.

3.2. Growth and Aboveground Biomass

WTD had a significant effect on living aboveground biomass per plant in both years,
although this effect was much smaller in the first than in the second year (Figure 4). Biomass
was the highest at a WTD of around 50 to 60 cm (very to slightly moist soil) and achieved
167 ± 49 g in the first and 1491 ± 410 g in the second year (means ± standard deviation,
dry weight). The latter was more than three times as high as in the driest treatment where
only 458 g (mean, dry weight) living aboveground biomass per plant was measured. Living
aboveground biomass was significantly determined by plant height (Spearman’s rho = 0.75,
p < 0.001) and not by number of shoots (Spearman’s rho = 0.14, p = 0.209), considering
the second year. Therefore, plant height was similarly affected by WTD as the living
aboveground biomass and was between 135 and 335 cm (Figure 5). Plant height also
reached its maximum at a WTD of around 50 to 60 cm (very to slightly moist soil) with
299 ± 18 cm in mean. Under wetter and drier soil conditions, plant height decreased.

Usually cup plant does not develop shoots before the second year [6]. However, in
our experiment some individuals (34 of 84) had already developed one or more shoots
(mean 1.6 ± 1.0) in the first growing season. This mainly occurred under moist soil con-
ditions. Indeed, there was a significant correlation between number of shoot-developing
individuals and row number of tank (Spearman’s rho = −0.92, p = 0.003). In the second
growing season, each individual independent of WTD developed from 8 to 32 shoots per
plant (mean 18 ± 5). There was no significant effect of WTD on shoot number per plant
(LM, p = 0.714).

All plants of all treatments grew and survived the two years of investigation in the
experiment. However, at the end of the second growing season, a high portion of dead
biomass in the three dry treatments was evident. There was in mean 23% and up to 73%
(maximum) dead biomass in contrast to 6% (mean) in the wet, moist, and fresh treatments
(Figure 6). There was a significant effect of WTD on the percentage of dead biomass.
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Figure 4. Living aboveground biomass (dry mass) per plant of cup plant, harvested (a): at the end of the first growing
season (August 2018) and (b): at the end of the second growing season (September 2019) depending on water table distance
(WTD). GLM: Gamma-distributed residuals, square function, (a): p = 0.007, n = 82; (b): p < 0.001, n = 84.

Figure 5. Plant height of cup plant at the end of the second growing season (September 2019) depending on water table
distance (WTD). Mixed effect LM: random effect = tank number, square function, n = 84.
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Figure 6. Portion of dead biomass of cup plant at the end of the second growing season (September 2019) depending on
water table distance (WTD). GLM: Gamma- distributed residuals, p < 0.001, n = 84.

3.3. Reproductive Potential

There was a significant effect of WTD on the number of capitula at the end of the
second growing season (Figure 7). The plants grown in very moist soil conditions (WTD
around 50 cm) had the most capitula (mean ± standard deviation was 349 ± 156), whereas
in wet soil conditions they developed slightly less (322 ± 143) and in rather dry soil
conditions only a fifth (66 ± 115). In maximum one single plant developed 841 capitula
(Figure 7). The number of fruits per capitulum was not affected by WTD (LM, p = 0.734)
and was in mean 27 ± 4. The thousand grain weight was also not affected by WTD (mixed
effect LM, p = 0.115) and was in mean 18.1 ± 3.9 g. Summing up, the plants grown in
very moist to fresh soil conditions had a higher reproductive potential than those in dry or
wet soil conditions because of a higher number of capitula. The number of capitula was
significantly correlated with plant height (Spearman’s rho = 0.64, p < 0.001) and not with
number of shoots (Spearman’s rho = −0.02, p = 0.849).

In September 2019, more than 90% of capitula of the plants grown in wet to fresh
soil conditions had completed their flowering period and were already developing fruits
(Figure 8). There was no significant difference between these four treatments regarding
developmental stages of capitula (KruskalMC, p > 0.05). With increasing WTD the devel-
opment slowed down. The drier the soil, the lower was the portion of fruiting capitula
at the time of harvest and the higher was the portion of budding and flowering capitula.
Regarding all treatments, there were significant correlations between row in tank and the
portion of the three developmental stages of capitula (Spearman’s rho for budding = 0.40,
flowering = 0.68, fruiting = −0.76, p always < 0.001). Thus, plants on drier soil conditions
not only produced less capitula (Figure 7) but took also longer to develop them.
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Figure 7. Number of capitula per plant of cup plant, regardless of their developmental stage, depending on water table
distance (WTD). Data were collected at the end of the second growing season (September 2019). GLM: Poisson-distributed
residuals, square function, p < 0.001, n = 84.

 
Figure 8. Portion of budding, flowering and fruiting capitula per plant of cup plant depending on water table distance
(WTD, given as mean for each row of the four tanks). Data were collected at the end of the second growing season
(September 2019). Note that the three different phenological stages of a treatment are always shown next to each other
with a slight offset. n = 12 (in 90 cm WTD n = 11; in 101 cm WTD n = 10, because these three plants did not develop any
capitulum at that time).

4. Discussion

4.1. Highest Yield on Moist Soil

Soil moisture conditions determined by water table distance (WTD) had a significant
impact on growth and development of cup plant. Plant height and living aboveground
biomass were the highest on moist soil with about 3 m and 1500 g dry weight per plant
and decreased on wetter and especially on drier soil. Therefore, the plant height measured
in our study reached the maximum published values for this species [19,29,30], indicating
that optimal growth conditions were included in our study.

Several field studies and one pot experiment in Central Europe confirm our re-
sults that highest growth is achieved in periodically waterlogged or well-irrigated soil
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conditions [5,31,32]. In general, highest yields of cup plant are described on soils with
good soil moisture; hydromorphic soils are unsuitable [3,6]. Cup plant is able to reach deep
water resources with its roots; therefore it is considered as certainly drought-tolerant [3].
Because of the limited soil depth in the present study, deep rooting was prevented and
cup plant suffered considerable damage in the dry treatments. The number of shoots per
plant was in mean 18 and not affected by soil moisture. This value is quite high compared
to other studies, which indicated 3.5 to 6.6 shoots per plant in the second growing sea-
son [33,34]. Essential for this parameter are stand density and age of the plants [33,34].
The fact that cup plant develops shoots already in the first year, as shown in our study,
has not been published so far. We assume that reasons are the sowing early in spring and
the precultivation under optimal conditions in the greenhouse before planting into the
experimental tanks.

A high yield of cup plant under moist soil conditions, as demonstrated in our study,
is desirable from the farmers’ point of view. However, from the perspective of invasion
biology, this might carry the risk that spontaneously grown and established cup plants
could also become such vigorous plants and might compete with native species. Studies
are lacking but necessary to assess the competitiveness of cup plant and its possible risk
of suppression of native species in case of spontaneous settlement. A species could be
classified as invasive if its spread threatens biodiversity (Article 3 No. 2 EU-Regulation
No. 1 143/2014).

4.2. High Reproduction and Rapid Development on Moist Soil

In the present study, cup plant produced the most capitula with about 350 on moist
soil, and their development there was faster in comparison to drier soil conditions. Another
study in Germany confirms our results, where the number of flowering capitula of cup
plant was higher under irrigated than under rainfed conditions [35]. This study also
agrees with ours concerning an independence of number of disc florets per capitulum in
respect to watering. Although fruits of cup plant are developed from ray florets and not
from disc florets [6], this agreement of results confirms that the composition of capitula is
independent of soil moisture conditions. The number of fruits per capitulum was about
27 in the present study and therefore in the upper range or even above the values of
other studies (10–20 or 20–30) [3,6]. Thousand grain weight varies widely in the literature
(14 to 21.5 g [3] and up to 23 g [6]). Our values are with a mean of about 18.1 g rather in
the middle.

The rapid development of fruits on moist soils leads to a high proportion of ripe fruits
at harvesting time. Together with the high fruit production under these conditions, there
is a higher risk of cup plant spreading from the fields—presupposed germination and
saplings’ establishment are likewise successful.

4.3. Consequences and Recommendations for Nature Conservation

Spontaneous occurrences of cup plant have already been documented in seven federal
states of Germany and in other European countries as well [13–16]. From the view of
nature conservation, the indication of colonized sites is important to assess the risk for
protected or otherwise valuable ecosystems. In its native range in eastern North America,
cup plant colonizes moist bottomlands, river valleys, and lakesides [3,6]. This is in line
with our results and confirms a possible risk that cup plant could colonize moist habitats
in Germany, too. So far, observations of spontaneous occurrences of cup plants in Germany
have shown a broader range of habitats. In addition to ruderal places and woody structures,
however, even moist ecosystems as perennial fields on river banks as well as bottomland
woods are colonized [12,36,37]. This circumstance holds together with the high growth
and reproductive potential on moist soils, as shown in our study a particular risk for
nature conservation. Moist ecosystems—such as riparian fringes, alluvial forests, fens, and
swamps—are valuable for nature conservation, because they are endangered according to
the German red list of threatened habitats [38] and protected according to §30 BNatSchG.
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Thus, an adequate distance of cup plant fields to moist ecosystems should be kept strictly
to prevent their spontaneous colonization by cup plant. Dispersal distance of cup plant
is 6 m in median but could be more than 10 m [12]. Therefore, we recommend for cup
plant fields distances of several 10 m from valuable ecosystems to preclude fruit dispersal
even under extreme wind events. However, dispersal vectors and distances of cup plant
fruits are not investigated, and studies are urgently required to be able to give more precise
recommendations for minimizing the risk of spreading. So far, it is also unknown whether
cup plant fruits can be spread by watercourses and remain viable. As long as this is not
examined, it is important to keep a sufficiently large distance to streams, even if they
are strongly anthropogenic shaped and not valuable for nature conservation. In order to
prevent fruit dispersal by agricultural machines, they should be cleaned before leaving the
field and the crop should be covered during transport.

Additionally, the number and size of cup plant fields play a decisive role for the inva-
sion potential because each newly cultivated field enhances the risk for further spontaneous
spreading [12,39]. In Germany, more than 1000 ha are newly cultivated with cup plant in
each of the recent years, while the older fields remain cultivated [40]. Consequently, further
spreading of cup plant is to be expected and needs to be observed. The areas surrounding
the cup plant fields and the roads from the fields to the farms should be continuously
screened for spontaneous occurrences of cup plant to be able to combat this species where
necessary.

5. Conclusions

In Central Europe, cup plant is a promising bioenergy crop that can achieve high
yields, especially on moist soils. Wetter and drier soils are less suitable, but cup plant is
able to survive on a wide range of soil moisture conditions.

However, a caution in respect to a possible invasiveness of cup plant is advised. The
highest risk for spontaneous colonization by cup plant is—similar to the highest yield—
supposed for ecosystems with moist soils, which are often valuable for nature conservation
in Germany. To assess the actual invasive potential of cup plant, more studies about habitat
requirements, competitiveness, and dispersal vectors of cup plant are urgently needed. If
precautionary measures are observed, cup plant can take a place in the Central European
agricultural landscape and make a valuable contribution to the conservation of biodiversity.
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pavelstrasil@mpsprojekt.cz

* Correspondence: weger@vukoz.cz; Tel.: +420-605-205-995

Abstract: Our article analyzes the main biological potentials and economic barriers of using Mis-
canthus as a new energy crop in agricultural practice in the Czech Republic and the Central-Eastern
European region. We have used primary data from long-term field experiments and commercial
plantations to create production and economic models that also include an analysis of competitive
ability with conventional crops. Our results showed that current economic conditions favor annual
crops over Miscanthus (for energy biomass) and that this new crop shows very good adaptation to
the effects of climate change. Selected clones of Miscanthus × giganteus reached high biomass yields
between 15–17 t DM ha−1 y−1 despite very dry and warm periods and low-input agrotechnology,
and they have good potential to become important biomass crops for future bioenergy and the bioe-
conomy. Key barriers and factors are identified, including gene pool and agronomy improvement,
change of subsidy policy (Common agriculture policy-CAP), climate change trends, and further
development of the bioeconomy.

Keywords: Miscanthus; energy biomass; yields; invasive behavior; economics

1. Introduction

From the enlargement of the European Union (EU) in 2004 and 2007 to include ten
Central and Eastern European (CEE) countries, the share of renewable energy sources in
final gross consumption in the EU27 countries has almost doubled from 113 to 220 Mtoe,
reaching 18.9% in 2018. Biomass continues to be the most important type of renewable
energy source (RES); it contributed 59.2% to the total share of RES in final gross energy
consumption in 2018 [1,2]. The total biomass utilization (for solid, liquid, and gaseous
biofuels) has been growing in absolute terms since the EU enlargement (from 69 to 135 Mtoe)
and is expected to continue to play a significant role in the gradual replacement of fossil
fuels [3,4]. For instance, the supply of biomass from agricultural and perennial energy
crops would need to increase by 29% to fulfill the ambitious goals of National Renewable
Energy Action Plans [2]. These trends are expected to continue under The European Green
Deal proposed by the current European Commission [5].

Of all the biomass types, solid biomass is currently most frequently used; in 2017, for
the EU as a whole, 69% of the total contribution of biomass for energy from RES was solid
biomass. One example of biomass being expected to contribute significantly to meeting
2030 targets is the Czech Republic, whose National Energy Action Plan foresees an increase
in the share of RES in final gross consumption from about 15% (2019) to 22% in 2030 and
the use of solid biomass for heating to increase by 26% (or 27 PJ) [3].
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In CEE countries, of all the renewables, the one with the highest potential is biomass,
especially when both residual and intentionally grown biomass sources on agricultural
land have been included in the calculations [6]. Second-generation energy crops are an
especially promising source for the future. These include selected clones or varieties of
fast-growing trees (poplar, willow), perennial and some annual grasses (reed canary grass,
Miscanthus ssp., triticale), and perennial rhizomatous plants (Schavnat—a spinach-sorrel
hybrid, Sida—Virginia mallow). These non-food and high yielding crops have a much
better energy input/output ratio (five to seven times) than first-generation crops like rape
or cereals in regards to how much energy biomass is produced per hectare [7–9].

1.1. Experience with Miscanthus and Energy Crops

In previous analyses, it was expected that second-generation energy crops would be
planted on larger areas of agricultural land [10–12] because of the growing demand for
energy biomass, and the available political and financial support, although mostly indirect,
e.g., subsidized price of electricity from intentionally grown biomass. It was expected that
sufficient agricultural land for these plantations, including less productive lands for food
crops [13], but also some better quality soils would be available because trends have shown
that there is an overproduction of food crops (especially cereals) in the Czech Republic and
other CEE countries [14,15].

Nevertheless, the potential of second-generation crops has not been realized as these
crops are currently grown only on 0.14% of agricultural land in the Czech Republic. A
similar situation can be found in other neighboring countries (Poland, Germany, Austria,
Slovakia). For instance, in Germany, the land area suitable for Miscanthus has been assessed
to be about 4 million ha [16], but the growing area is about 4000 ha [17], e.g., 0.03% of
agricultural land. In Poland, according to the Polskie Towarzystwo Biomasy (POLBIOM,
Warsaw) association a member of Bioenergy Europe (Brussels, Belgium), Miscanthus was
grown on approximately 2000 ha from 2009–2011, but this number decreased significantly
in the following years and was 733 ha in 2013 [18]. The current area could be even smaller
(below 500 ha) because many farmers decided to cease Miscanthus plantations for energy
biomass due to economic reasons [19]. From the experience of several European regions,
it seems that the less favorable economic profitability of growing perennial Miscanthus
for energy (direct burning) has been the crucial reason why many farmers have ceased
planting it and returned to growing annual food crops.

Since the 1990s, many bioenergy projects have focused on planting second-generation
crops for energy biomass (direct combustion or pyrolysis)—first, in Western and later,
Eastern European regions [20–24]. In the Czech Republic, planting first started in the early
2000s with energy crops that can be easily planted, respectively seeded with standard
agricultural mechanization, e.g., Schavnat and triticale (Figure 1) supported by relatively
high national subsidies for the establishment of non-woody energy crops. By 2007, there
were about 1200 hectares of these crops, but after full adoption of the EU’s financial support
scheme of the Common Agricultural Policy, when national subsidies no longer applied,
the area of planted energy crops decreased. There were also often high losses in newly
established plantations partially caused by the low quality of planting material and poor
agrotechnology, unsuitable site selection, and sometimes, by extreme climate conditions.

Development of fast-growing trees and Miscanthus started in CEE countries after
they entered the EU when legislative and ‘agro-logistical’ conditions (planting material,
mechanization) have improved for farmers interested in new biomass crops. While dynamic
planting of fast-growing trees (mainly poplar clone Max-4) continued until 2015 when new
legislation on soil protection and decreased biomass co-firing has stopped this development,
Miscanthus never became a ‘new biomass crop’ attractive enough for pioneering farmers
(see Figure 1). The only large Miscanthus project in the Czech Republic was carried out by a
joint-venture of Miscanthus Ltd., of the Pilsen energy company (Pilsen, Czech Republic)
and regional forest enterprise, which was terminated after 3–4 years for various reasons,
including failures in establishing Miscanthus plantations and slower growth than expected.
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The Czech Republic’s current planting area with Miscanthus is around 50 ha and is used
mostly to produce animal bedding material, including pellets [25].

Figure 1. Development of planting area of selected second-generation energy crops in the Czech
Republic (different sources compiled by Weger: primary data from annual reports of crops cultivated
on soil blocks [MS Excel] of The State Agricultural Intervention Fund, Prague, Czech Republic.

1.2. Miscanthus Resources and Services

The species and varieties of genus Miscanthus Andersson consist of 15 taxa of C4
rhizomatous grasses [26]. It naturally occurs in tropical and moderate climate regions
of eastern Asia and southeastern Africa. Miscanthus ssp. has been planted in many
different world regions for ornamental, material, and energy purposes. Commercial and
research organizations have produced many genotypes for these purposes. Present-day
clones and varieties yield over 55 tons of raw biomass per hectare per year in favorable
conditions [13,27]. Currently, the most commonly planted clone in Europe is M. × giganteus
Greef et. Deu ex Hodkinson et Renvoize. It is a sterile triploid hybrid between diploid M.
sinensis and tetraploid M. sacchariflorus [28,29].

Miscanthus straw contains about 41–45% cellulose, 20.6–33% hemicellulose and 19–23.4%
lignin [30,31] and has a good heating value (17.6 GJ t−1 at 0% moisture respectively 13.60 GJ
t−1 at average harvesting moisture of 20%). It is also a suitable source for the production of
pulp [32]. Miscanthus biomass can also be used to produce construction materials [21,33,34]
or composted together with cattle or pig slurry [35].

Due to Miscanthus’ environmental benefits (soil protection, crop diversification), it is
especially a suitable alternative in places where food crops are not productive or planted.
Miscanthus, similar to fast-growing trees [36], does not require high doses of industrial
fertilizers [37–39], nor does it tend to be susceptible to diseases or harmful organisms [40,41].
Lower levels of applied fertilizers and pesticides decrease the risk of soil and groundwater
contamination. The risk of soil erosion from water or wind in Miscanthus plantations is
serious only during the first year or two after establishment when the root system has
not fully developed, and production of phytomass, especially leaf litter, covering the soil
surface is limited. Miscanthus can also be planted on grasslands with no-tillage agronomy,
thus preventing the loss of biodiversity and soil carbon during establishment [42].

There are also ecological reasons for growing Miscanthus, e.g., decreasing the dif-
ference between the lowest and highest soil temperatures; facilitating better soil-water
management; reducing soil erosion from water and wind; possibly improving the content
of the soil’s organic matter [43–48].
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The main risks for the successful establishment of plantations include low quality of
rhizomes, insufficient weeding, site selection (dry or waterlogged) and extreme winter
temperatures below minus 3.5 ◦C in the rhizome zone of the soil [49].

1.3. Invasive Risks of Miscanthus

Miscanthus sinensis has been registered as a weedy or invasive plant in many regions
worldwide, e.g., the USA, Canada and Australia [50,51]. An example of its invasiveness can
be found in the results of [52], who state that in all experimental field plots, nearly all species
and cultivars in the Trinity College Botanic Garden collection in Dublin (Ireland) create
viable seeds. Seed viability was also confirmed in genotypes that were considered to be
sterile. Seed germination tests of selected decorative Miscanthus clones proved that not all
genotypes of Miscanthus sinensis [29] and other species have the same invasive potential [53].
For example, in eastern parts of the USA, the relatively high invasive potential of self-
established local populations of Miscanthus sinensis was thoroughly studied; at least four
of six populations have origins in nearby growths of ornamental Miscanthus plants that
were established 20 to 120 years before [54]. From the invasiveness perspective, Miscanthus
× giganteus, a sterile triploid hybrid, is not considered a risky crop [55,56]. Only a few
publications mention the uncontrolled spreading or escape of Miscanthus ssp. plants,
especially M. sinensis and M. sacchariflorus from field growths in the Czech Republic and
Central Europe [57–60], but more articles can be found in other mild-climate countries.

1.4. Objectives of the Article—Potentials and Barriers of Miscanthus as an Energy Crop

Despite the positive production and environmental characteristics partially described
above, several barriers and limitations have prevented Miscanthus from becoming suitable
as a (still) new crop for energy biomass in the Czech and European conditions.

Therefore, in the article, we have focused on the key aspects of Miscanthus plantations—
production, invasive risk, and economy—to identify the main potentials, barriers, and
recommendations for Miscanthus to develop as a standard agriculture crop in future farming
practice for energy or possibly other sectors of the bioeconomy.

The countries of the CEE region have similar economic conditions—especially the
cost of human labor, land costs, and at the same time, have similar conditions in terms
of agricultural subsidies. If we assume similar climatic conditions and the use of similar
agrotechnical procedures, then similar conclusions can be expected in terms of the economic
efficiency of Miscanthus cultivation.

2. Materials and Methods

Different methodologies, as described in the following chapters, were used to evaluate
the main potentials and risks of producing Miscanthus. We have mainly analyzed primary
data from our field experiments to evaluate production potential and invasive risk. These
data were then compared and confirmed with data from commercial plantations and
scientific literature from areas with similar growing conditions.

To analyze the economic efficiency of Miscanthus cultivation, we use a modeling
approach based on the real economic conditions in the Czech Republic at the price level of
2019. We have also added the aspect of competition with conventional agricultural crops
into our economic model.

Since 1989, numerous field experiments have been established to evaluate yield and
growth of Miscanthus species and genotypes in EU countries within European international
programs and projects (JOULE, FAIR) [49]. The European Miscanthus Improvement Project
(EMI, 1996–1999) also started a breeding program to improve yield and growth of this
‘novel crop’ for European conditions. Based on the EMI results and with support of the
consortium members, we have established experiments to evaluate Miscanthus potential
in Czech environmental and economic conditions—first, the genotype collection at the
Průhonice-Zelinářská zahrada location in 2002 and five years later, the clonal test at two
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locations: Průhonice-Michovky and Lukavec in 2007 (Figure 2). The distance between the
genotype collection and the clonal field experiment in Průhonice is 1.4 km.

Figure 2. Pictures of experimental sites with Miscanthus: (a) Genotype collection Průhonice-
Zelinářská zahrada with marked seedlings of Miscanthus sinensis invading the neighboring nursery
in 2008; (b) Clonal experiment in Lukavec before spring harvest 2019; (c) Clonal experiment in
Lukavec—lodging of Miscanthus sinensis (clone M4 GOFAL) under early snow in October 2009; (d)
Clonal experiment in Průhonice-Michovky in October 2014.

2.1. Climatic and Soil Conditions of Experimental Sites

Soil and climatic conditions at both locations, Lukavec and Průhonice, are described
in Table 1. Experiments in Průhonice are located between 310–330 m above sea level at
a flat area and without exposition. Soil is Cambisol [61]. The mean year temperature is
8.8 ◦C. Mean sum of precipitation is 580 mm. The Průhonice sites are in a region where
cereals are produced, while Lukavec is a potato-producing region. Changes in weather
parameters during the experiment and their comparison using long-term temperature and
precipitation averages (1961–1990) [62] are shown in Table 2.

Table 1. Site conditions at locations of experiments (before planting, 2007, respectively 2002).

Factor Průhonice Michovky Průhonice Zelinářská Zahrada Lukavec

Latitude 49◦59′ 49◦59′ 49◦34′
Longitude 14◦34′ 14◦34′ 14◦59′

Altitude (m) 332 310 570
Soil texture clay-loess clay-loess sandy-loam

Soil type Cambisol Cambisol Cambisol
Mean year temperature (◦C) 8.8 8.8 7.3

Mean year sum of precipitation (mm) 580 580 682
Agrochemical properties of soil (before establishment):

Content of humus (%) 1.0 1.3 3.4
pH (H2O) 6.22 7.11 6.14

Content of P (Mehlich III, mg.kg−1) 54 395 112
Content of Mg (Mehlich III, mg.kg−1) 179 190 114
Content of K (Mehlich III, mg.kg−1) 143 354 337
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Table 2. Annual temperatures and precipitations in Průhonice and Lukavec between 2007–2017.

No. Year Average Annual Temperature Annual Sum of Precipitation

- Průhonice Lukavec Průhonice Lukavec

(◦C) (◦C) (mm) (mm)

1 2007 10.2 8.5 517 777
2 2008 9.8 8.6 502 604
3 2009 9.4 8.4 599 788
4 2010 8.0 7.2 764 940
5 2011 9.6 8.4 563 670
6 2012 9.5 8.1 553 724
7 2013 9.0 7.3 667 876
8 2014 10.6 8.6 548 707
9 2015 10.7 8.7 427 576

10 2016 10.0 7.9 499 601
11 2017 10.0 7.9 553 777
12 2018 11.0 8.8 354 509
13 2019 10.7 9.1 521 680

Average 9.9 8.3 544 710

2.2. Assortment and Design of the Clonal Experiment

The clonal experiment was established with four clones of Miscanthus sinensis and two
clones of the triploid hybrid Miscanthus × giganteus. The clones come from the national
collection (Table 3). The experiment was planted using Miscanthus rhizomes that were
at least 70 mm long. As shown in Figure 3, the experiment’s design includes 4 random
repetitions, a 1 × 1 m planting scheme and a density of one plant per 1 m2. There are
18 plants of one clone in an individual plot, respectively 36 plants for clones M1 and M6
(double-sized plots). Additionally, the clone Miscanthus × giganteus (M12) from the Crop
Research Institute in Praha-Ruzyně was planted as an isolation row around the experiment.
Plants were measured every year: number and height of plants, number of stems, and
fresh weight of biomass (straw) of each plant. Twice as many rhizomes of clones M1 and
M6 were planted (36 plants per plot) to compare autumn and spring harvest.

Table 3. Assortment of Miscanthus clones included in the experiments.

Clone No. Clone Code
Taxonomical
Classification

Origin Number of Individuals
Number of
Individuals

- Clonal field experiment Průhonice Michovky Lukavec

M1 M-GigM53-003 M. × giganteus Germany 144 144
M2 M-GigFou-009 M. × giganteus Denmark 72 72
M3 M-sin902-005 M. sinensis Denmark 72 72
M4 M-sinGOF-002 M. sinensis Germany 72 72
M5 M-sin903-006 M. sinensis Denmark 72 72
M6 M-sinM43-004 M. sinensis Germany 144 144

M12 ** M-GigVUR-012 M. × giganteus Czech Rep. 100 100

- Genotype collection Průhonice Zelinářská zahrada -

M7 * M-sin101-007 M. sinensis Denmark 27 -
M8 * M-sin906-008 M. sinensis Denmark 27 -
M9 * M-GigFou-009 M. × giganteus Denmark 27 -
M10 * M-sacHon-010 M. sacchariflorus Denmark 27 -
M11 * ‘Goliath’ M. sinensis Czech Rep. 27 -
M13 * M-sinJes-001 M. sinensis Germany 27 -

* Additional clones in the genotype collection used for monitoring invasive behavior; ** used only in isolation row of clonal field experiment
(Průhonice-Michovky).
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Figure 3. Design of field experiments used for data collection: (a) Scheme of the clonal experiment
in Lukavec; (b) Scheme of the clonal experiment in Průhonice-Michovky; (c) Genotype collection
Průhonice-Zelinářská zahrada; rept.1–4 are repetitions of field experiments.

2.3. Establishment and Maintenance of the Clonal Experiment

The experimental field was plowed and harrowed in autumn 2006 and leveled in
spring 2007 to be ready for manual planting of Miscanthus rhizomes in May 2007. The
design of the experiment was in a semi-randomized block design (Figure 3). Rhizomes
were collected from the genotype collection a few days before planting and planted on the
4th May in Lukavec and 15th May 2007 in Průhonice.

For Miscanthus × giganteus, we used one standard rhizome (70–80 mm) and for
Miscanthus sinensis, which has thinner rhizomes, we used two rhizomes in one 3–5 cm deep
hole. In the first and second years after planting rhizomes, the plantations were weeded
manually. Herbicides were not used. Later, when the Miscanthus plants grew fast enough,
they did not need any weeding. Potential weeds were also suppressed by rich leaf fall.

As we aimed to study Miscanthus production with minimized inputs, no fertilizers
were used at the Průhonice sites before establishment and during growth at both sites. The
Lukavec site field was fertilized once before establishment using 70 kg ha−1 K (potassium
salt) and 40 kg ha−1 P (superphosphate).

2.4. Evaluation of Yield and Biometric Characteristics

The following biometric parameters were measured in the clonal experiment:
number of stems, the height of plants, and volumes of fresh biomass. The number of
plants was counted before harvests (autumn and spring). The height of individual
plants was measured from the ground surface to its highest point (of straw) in an upright
position. All biometric parameters were measured a few days before the autumn and
spring harvests.

Harvests were performed at both sites, usually between November–December for
autumn harvest and March–April for spring harvest. In autumn and spring, individual
plants were first cut down using a brush cutter, and immediately, each plant was
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weighed on digital scales with an accuracy of ±5 g to obtain fresh weight. One fresh
biomass sample was taken from each harvested clone to analyze moisture content and
calculate dry mass yield. These samples were dried at 105 ◦C until constant weight. At
this temperature, the energy (fuel) characteristics of biomass are not influenced. In our
conditions, drying usually lasted 1.5–2 days. Yields of dry biomass were calculated
from the field weight of fresh biomass multiplied by dry matter content in samples
from each clone. Harvested biomass was calculated in tons of dry biomass per hectare
and year [63,64].

2.5. Modeling the Economic Efficiency of Miscanthus Plantations

The life span of Miscanthus plantations is expected to range from 8–14 years. Mis-
canthus plantations characteristically have high costs of establishment and do not reach
maximum yields immediately after establishment, but only after several years. Thus,
simple calculation methods based on annual yields and costs, such as for conventional
crops, cannot be used to assess the economic efficiency of Miscanthus cultivation [65]. The
evaluation must include the whole, relatively long, life cycle of this energy crop—from
land preparation, stand establishment, crop maintenance throughout the life of the stand
(e.g., fertilization), to harvest of biomass and finally, stand eradication at the end of the
stand’s life followed by site restoration.

Using a methodology based on simulating net cash flows throughout the planted
energy crop’s life cycle is appropriate for assessing the economic efficiency of Miscanthus
cultivation [66]. This standard procedure is based on the calculation of the net present
value (NPV) of the project [67], not including the NPV directly, but rather, counting the
so-called minimum price of production (here, the minimum price of biomass produced),
which will provide the investor with the required return on his investment. Therefore,
the minimum price calculation is based on finding a biomass price such that NPV = 0
(see equation (1)). The investor then produces a return on the capital transferred at the
discount rate.

cmin : NPV =
Th

∑
t=1

CFt · (1 + rn)
−t =

Th

∑
t=1

(cmin,t · Qt + St − Et) · (1 + rn)
−t = 0 (1)

where

cmin,t—minimum price of biomass in year t (EUR/GJ)
Qt—biomass production measured in heat energy (GJ)
St—project subsidies in year t (EUR)
Et—project expenditure in year t (EUR)
rn—nominal discount (−)
Tn—evaluation period (here, 10 years)
CFt—cash flow in year t (EUR).

Note: For practical reasons, the minimum price of biomass is expressed in monetary
units per GJ (at moisture levels at harvest). This then also allows a direct comparison of the
minimum price of different energy crops, irrespective of their moisture levels.

For analysis purposes, we created a model of a 10 ha Miscanthus plantation that reflects
the typical conditions of growth of this energy crop in the Czech Republic. The model is
based on the assumption of a rigorous valuation of all costs at market prices (2019 price
level), an estimation of the scope of individual activities according to the data obtained in
field trials on experimental sites, and respecting the time value of money. The model uses
long-term average inflation of 2%, a nominal discount of 10%, and an income tax of 19%.
All the financing of the project is assumed to be from the investor’s own resources.

The model works with 6 different yield curves (Yc) reflecting expected yields at
different site conditions (climatic and soil)—see Figure 4.
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Figure 4. Dry biomass yields of Miscanthus × giganteus (average with standard error bars of clones
M1, M2) from plantations in Průhonice-Michovky and Lukavec, and yield curves (Yc 1–6) of expected
yields in commercial practice created for different growing zones for Miscanthus in the Czech Republic;
growing years (1–16) are considered as financial years (e.g., from January to December).

For modeling purposes, the Miscanthus crop processes have been divided into the
following:

1. Project and land preparation: Land preparation in the autumn before spring planting
includes moderate deep plowing and harrowing, fertilization with NPK (eventu-
ally, lime) according to the land’s condition. Pre-fertilization in the form of NPK is
equivalent to approximately 60 kg N/ha.

2. Costs of establishing a stand: Planting 8000 rhizomes per hectare using a potato
planter, post-emergence weeding using a herbicide (eradication of dicotyledonous
weeds after one year of Miscanthus growth).

3. Planting material: Price used is 0.12 EUR/Miscanthus rhizome, which has been typical
for a larger amount of purchased material.

4. Harvesting and processes between harvests: Harvesting (bales 80 × 90 cm) takes
place in the winter season, with a Miscanthus moisture content of 20% at harvest and a
calorific value of 13.75 GJ/t (raw biomass). Yield curves already respect the assumed
losses of biomass due to the winter harvest. Fertilizer costs (60 kg N/ha in NPK) are
estimated from experience with experimental plots once every three years. After the
fifth harvest, Ca fertilizing with approximately 2–2.5 tons of dolomitic limestone per
hectare is expected.

5. Crop management, subsidies, and land rent: Rent for land is assumed to be 200 EUR/ha/year
(approximate median Czech cost of land rent), and overheads are estimated at
40 EUR/ha/year.

6. Costs of stand eradication: After the tenth harvest, the crop is eradicated by deep
plowing.

7. Subsidy: Single Area Payment Scheme (SAPS), including a Greening Payment is
approximately 210 EUR/ha/year.

3. Results

3.1. Climatic Conditions During Experiments

From 2007 to 2019, the mean annual temperatures in Průhonice ranged between 8.0 ◦C
(2010) and 11.0 ◦C (2018), while in Lukavec, between 7.2 ◦C (2010) and 9.1 ◦C (2019). In
Průhonice during the same period, annual sums of precipitation ranged from 354 mm (2018)
to 764 mm (2010), while in Lukavec, it was 509 mm (2018) and 940 mm (2010). Compared
with the climatological long-term normal (1960–1991) from the Czech Hydrometeorological
Institute in Prague [68], temperatures in Průhonice were from normal to extraordinary
above normal, while for Lukavec, from normal to above normal. Precipitations ranged
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from very below normal to above normal in Průhonice, while in Lukavec, from normal
to very above long-term normal. The year 2018 was the driest at both localities during
the experiment (354 mm respectively 509 mm) and over the last 30 years. In comparison
with the long-term normal, the weather in Průhonice was warmer (annual average daily
temperatures +1.7 ◦C) and drier (deficit precipitations minus 661 mm), and the weather
in Lukavec was also warmer (annual average daily temperatures +1.1 ◦C) and precipita-
tion was higher than normal (surplus of precipitations 842 mm) within 13 years of the
experiment.

3.2. Survival and Lodging

The survival rate of tested Miscanthus clones was quite good on both sites, reaching
90% in Lukavec respectively 89% in Průhonice-Michovky, with only the M5 clone exceeding
20% losses in Lukavec. Survival rates remained stable after the first two years—percentages
of living plants are shown in Table 4. Some tested clones have shown insufficient adapt-
ability to winter snow cover, causing serious damage by lodging the whole plant. In the
case of clone M6, which has been preselected from the genotype collection as well growing,
lodging caused by snow led to reduced yields and loss of biomass quality (Figure 2b).

Table 4. Survival rates (%) of tested Miscanthus clones in clonal experiments in Průhonice-Michovky
and Lukavec in the year of establishment (2007) and after ten years (March 2017).

Clone
Průhonice
Michovky
2007 (XII)

Průhonice
Michovky
2017 (III) *

Lukavec
2017 (III)

M1 84 88 85
M2 88 99 85
M3 88 100 96
M4 93 88 79
M5 85 99 99
M6 95 99 94

Average 89 96 90
* After the first year, dead plants were replaced in the experimental plantation in Průhonice-Michovky.

3.3. Biomass Yields

The mean yield of dry biomass of all clones of Miscanthus after 13 (spring harvests)
from both sites was 10.03 t dry matter (DM) ha−1 y−1, respectively 10.80 t DM ha−1 y−1

at Průhonice-Michovky and 9.27 t DM ha−1 y−1 at Lukavec. Yields from spring harvests
of all clones in the experiment are shown in Table 5. Yields from the establishment year
(2007, harvested in spring 2008) were not calculated because the development of Miscanthus
plants was slow (1–3 stems below 1 m per plant), and biomass harvests are not performed
in practice.

The best yielding clones were M2 with 14.7 t DM ha−1 y−1 and M1 with 13.5 t DM
ha−1 y−1 after 12 spring harvests from the Průhonice-Michovky site. Both clones are
Miscanthus × giganteus. At the Lukavec site, the same clones M1 and M2 reached yields
of 10.8 t DM ha−1 y−1 (M1) and 10.4 t DM ha−1 y−1 (M2). The best yielding Miscanthus
sinensis clones were M4 and M5. After the last harvest in spring 2020, M5 is the highest
yielding Miscanthus sinensis clone at Lukavec (10.2 t DM ha−1 y−1), while M4 is the highest
yielding clone at the Průhonice site (12.7 t DM ha−1 y−1).

At the Průhonice-Michovky site, yields of clones M1, M2, M4 and M5 continuously
increased for four years. At the Lukavec site, harvests of clones M5 and M6 increased for
three years, while clones M1, M2, M3, M4 increased for four years.

Our statistical examination provided the following results: At the Lukavec site, even
though Miscanthus × giganteus had higher yields than Miscanthus sinensis, no statistical
difference was found between yields of these species due to the high variability of data. At
the Průhonice-Michovky site, clones of Miscanthus × giganteus (M1, M2) grew better than
those of Miscanthus sinensis (M3, M5, M6, M4).

264



Agriculture 2021, 11, 40

During the experiment’s existence at the Lukavec site, the highest harvest yield of dry
biomass was reached in autumn (19.1 t DM ha−1 y−1 in 2011) by clone M1. The highest
yield of dry biomass at the Průhonice-Michovky site (21.1 t DM ha−1 y−1) was reached in
autumn 2011, also by clone M1.

Table 5. Dry biomass yields (t DM ha−1 y−1) of Miscanthus clones in spring harvest in clonal experiment at Lukavec and
Průhonice-Michovky (2008–2017).

Lukavec

Year † M1 s M2 s M3 s M4 s M5 s M6 s
2008 * - - - - - - - - - - - -
2009 1.2 AB 0.45 1.4 ABC 0.86 2.3 C 0.94 1.1 A 0.73 2.3 BC 0.58 1.9 ABC 0.62
2010 9.3 A 3.63 10.4 4.69 7.7 3.18 7.5 5.03 10.5 0.54 10.0 A 1.44
2011 11.2 A 0.75 14.2 1.35 9.4 0.80 10.9 3.33 11.3 0.57 14.0 B 1.62
2012 19.1 D 1.74 18.5D 2.75 10.9 A 1.45 16.2 CD 3.49 14.3 BC 1.06 12.4 AB 0.54
2013 14.2 B 0.91 13.8 1.73 10.2 1.51 12.8 2.88 17.1 6.72 11.0 A 1.75
2014 16.3 E 1.46 14.9 DE 2.16 8.0 A 1.75 12.4 CD 2.71 11.5 BC 1.84 9.4 AB 1.37
2015 11.6 C 1.32 11.0 C 1.82 6.4 A 1.34 9.6 BC 2.10 10.3 C 1.99 7.3 AB 0.66
2016 8.5 A 2.13 8.6 A 1.57 7.9 A 0.45 11.4 BC 2.42 14.2 D 1.93 10.4 B 0.78
2017 12.4 D 2.5 11.1 C 1.9 6.2 A 1.7 9.8 C 1.0 8.8 BC 4.3 7.7 B 0.9
2018 13.8 B 2.21 11.0 AB 1.03 7.9 A 3.06 10.8 AB 3.62 13.3 B 2.64 9.0 A 0.94
2019 9.3 AB 1.68 8.3 A 1.66 8.0 A 2.02 7.8 A 1.54 11.8 B 3.01 7.8 A 1.42
2020 13.2 B 2.75 12.2 B 0.67 7.6 A 1.23 13.1 B 1.00 11.8 B 1.60 8.2 A 0.95

Average ** 10.8 10.4 6.9 9.2 10.2 8.1

Průhonice-Michovky

Year M1 s M2 s M3 s M4 s M5 s M6 s

2008 * - - - - - - - - - - - -
2009 2.1 AB 0.93 1.4 A 0.86 1.9 AB 1.14 1.3 A 0.78 1.5 A 0.59 3.5 B 1.59
2010 12.2 B 2.64 10.6 AB 2.47 7.7 A 1.76 9.2 AB 3.09 8.0 A 1.36 11.7 B 1.54
2011 17.5 D 2.10 19.9 D 1.36 6.0 A 0.95 14.1 C 1.77 8.1 AB 0.44 9.9 B 2.33
2012 18.8 B 1.48 21.1 B 1.97 8.6 A 0.87 19.3 B 3.24 10.5 A 1.04 10.8 A 1.63
2013 15.4 B 2.19 16.9 B 1.60 9.1 A 1.16 16.1 B 2.40 9.9 A 1.04 9.2 A 1.41
2014 15.8 CD 1.91 17.9 D 2.22 8.6 AB 0.86 14.0 C 1.28 10.6 B 1.02 8.0 A 1.25
2015 15.9 CD 2.00 17.3 D 1.18 7.9 AB 0.68 14.9 C 1.36 10.0 B 1.18 7.3 A 2.18
2016 14.4 C 0.97 16.1 C 0.86 7.1 A 1.52 14.1 C 1.21 10.3 B 1.26 10.0 B 0.97
2017 18.4 CD 2.1 20.7 D 0.99 9.1 A 0.8 15.5 C 1.39 11.6 B 1.36 9.3 A 1.89
2018 14.5 CD 1.89 17.6 DE 1.60 7.5 A 1.59 18 E 3.25 12.4 BC 2.56 9.7 AB 1.12
2019 14.9 B 1.94 16.7 B 1.54 7.5 A 1.61 14.4 B 2.60 9.7 A 2.06 8.5 A 0.64
2020 15.3 B 2.06 14.9 B 3.46 9.8 A 0.73 14.3 B 1.36 10.0 A 2.24 9.3 A 1.34

Average ** 13.5 14.7 7.0 12.7 8.7 8.3

Table legend: s—standard deviation; * yield was not evaluated due to slow growth in the year of the experiment establishment (2007); †

considered as financial years from January to December (e.g., yield from spring harvest in 2008 represents biomass from the 2007 vegetative
period); A–E indexed capital letters show results of statistical analysis of yields of tested clones in individual years (MANOVA–Duncan;
homogenous groups); ** average yields from 12 harvests are calculated for 13 years of the experiment.

The expected yields of Miscanthus, expressed in yield curves (Figure 4), are linked to
the site’s soil and climatic conditions. The expected yield can be understood as the long-
term average yield at the given age of the crop plantation in areas with similar climatic-soil
conditions while respecting proper cultivation conditions.

Yield curves and growing zones for Miscanthus as well as other energy crops in
the Czech Republic were created by energy crop experts. These experts used field data
(yields) from long-term experimental plots and commercial plantations, and the Czech
typology of agricultural land for agriculture production [69] that contains climatic, soil
and site conditions of each farm field in the Czech Republic, i.e., the Valuation soil
ecological unit. By combining these characteristics with empirically measured yields, six
land suitability types and growing zones have been deduced for Miscanthus. Yield curves
for each growing zone were then created using yields from consecutive harvests from
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long-term experimental plots and commercial plantations. A more detailed description
of the methodology used to create yield curves and growing zones for Miscanthus can be
found in [10,66,70–72].

3.4. Biomass Parameters in Autumn and Spring Harvests

Comparison of dry biomass yields (t DM ha−1 y−1) from the autumn and spring harvests
for Miscanthus clones M1 (Miscanthus × giganteus) and M6 (Miscanthus sinensis) at Průhonice-
Michovky and Lukavec in consecutive harvests have shown that spring harvest yields are
between 18–31% lower than the autumn harvest yields, depending on the clone and site (see
Table 5 for spring harvest and Table 6 for autumn harvest). Differences between autumn
(November) and spring (April) yields in individual harvests of both clones have been diverse,
predominantly because of the course of winter weather and the occurrence of biotic and
abiotic damage (lodging by snow, animals—Figure 2b) in the individual years.

Moisture content in harvested biomass varied between 7–36% (Ø 15%) in the spring
harvest and between 20–62% (Ø 43%) in the autumn harvest depending on clone (M1 and
M6) and year (weather before harvest) (see Table 6).

Table 6. Dry biomass yields in the autumn harvest and moisture content in biomass from autumn and
spring harvests of Miscanthus clones M1 and M6 in the clonal experiment (Lukavec, Průhonice-Michovky).

Biomass yields in the Autumn Harvest (t (DM)ha−1 year−1)

Lukavec Průhonice-Michovky

Year † M1 s M6 s M1 s M6 s

2008 3.0 A 1.18 3.7 A 0.73 3.1 A 1.53 4.5 A 1.74
2009 10.1 A 0.87 12.3 B 2.69 13.0 A 2.74 13.2 A 0.19
2010 19.1 A 4.81 15.9 A 1.19 19.6 B 2.57 13.2 A 2.76
2011 23.6 B 1.34 14.8 A 0.84 21.3 B 3.68 13.7 A 1.68
2012 21.6 B 1.07 16.2 A 1.18 19.2 A 5.62 12.2 A 2.21
2013 29.1 B 1.26 17.8 A 1.52 21.4 B 4.29 12.4 A 2.51
2014 21.5 B 1.85 13.5 A 1.86 18.2 A 4.30 13.8 A 1.28
2015 14.0 A 1.20 12.6 A 1.00 16.8 A 3.45 12.7 A 3.05
2016 13.0 A 1.47 13.2 A 2.37 22.4 B 3.30 16.0 A 2,52
2017 16.4 B 1.23 12.4 A 0.84 19.9 B 3.93 11.9 A 1,51
2018 12.8 A 2.25 14.1 A 1.30 17.0 B 2.09 11.6 A 2,52
2019 12.2 A 2.07 10.1 A 1.57 20.3 B 1.23 11.1 A 1.79

Average 15.1 12.0 16.4 11.1

Moisture content in harvested biomass (%)

Lukavec Průhonice-Michovky

M1 M6 M1 M6

Year Autumn Spring Autumn Spring Autumn Spring Autumn Spring
2008 38 35 53 59
2009 51 11 54 10 50 28 44 13
2010 41 9 34 10 56 20 62 17
2011 49 33 47 22 41 25 34 24
2012 43 8 42 5 37 17 51 20
2013 25 7 20 7 26 14 39 19
2014 45 11 41 10 44 21 35 31
2015 42 9 35 9 50 18 42 36
2016 57 8 42 6 35 21 31 12
2017 71 8 68 6 47 16 32 29
2018 32 8 37 6 50 22 51 15
2019 32 9 37 8 41 20 28 29
2020 9 9 10 11

Average * 44 11 41 9 44 19 42 21

Table legend: s—standard deviation; † years are considered as financial years (I-XII); * average yields from
12 harvests are calculated for 13 years of the experiment; A–B indexed capital letters show results of statistical
analysis of yields (MANOVA–Duncan; homogenous groups) in individual years and sites.
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3.5. Invasive Behavior

Observations of experimental sites in Průhonice (Michovky, Zelinářská zahrada) re-
sulted in important findings confirming the ability of selected Miscanthus clones to spread
from the original planting site spontaneously (Figure 2a). We have found relatively large
volumes of tens to hundreds of well-growing seedlings of Miscanthus sinensis and/or Mis-
canthus ssp. with one individual found ca. 60 m from the experimental site on permanent
grassland. By the end of the growing season, around 200 new Miscanthus seedlings were
found in surrounding growths up to 80 m away. These seedlings were confirmed only on
cultivated sites with bare soil. These rooted seedlings were one or two years old, from 5 to
20 cm tall with 1–4 stems. In 2009, samples of 35 individuals of rooted seedlings were taken
to find their parental plants. All Miscanthus sinensis and Miscanthus ssp. clones selected
for experimental germination verification could germinate, although in varying volumes
depending on the clone. This ability appears more or less risky from the perspective of
standard sexual reproduction and potential spreading in neighborhoods. Clones classi-
fied as Miscanthus × giganteus and Miscanthus sacchariflorus were sterile in our climatic
conditions. For Miscanthus sacchariflorus, sterility can be caused locally by the absence of
suitable pollinating plants in the time of flowering or unfavorable temperatures—the tested
clone flowers very late. Miscanthus sacchariflorus had intensive vegetative reproduction via
rhizomes. During our experiment, rhizomes spread 1.5–2 m within a season, presenting a
risk in terms of nature protection and field management.

Based on the evaluated experimental results, i.e., the combination of triploidy and
verification of the seeds’ inability to germinate—the least risky clones, if we consider
invasive behavior, are clones M1, M2 (Miscanthus × giganteus), and also, the triploid
genotype M9 (Miscanthus sinensis ‘Goliath’). However, when seed germination tests were
repeated, the M9 clone showed a slight but certain ability to germinate (similar results
were published by [53]).

3.6. Economic Analysis

Results of the calculation of the minimum price with and without subsidies (SAPS-
Single Area Payment Scheme) are shown in Table 7. The minimum price of Miscanthus
biomass was calculated to be between 3.0–15.2 EUR/GJ for the subsidized variant and
4.3 to 23.1 EUR/GJ for the variant without subsidies, in both cases, depending on the yield
curve. The project’s cost structure for the entire lifespan of the Miscanthus stand (in current
values) is shown in Figure 5.

Table 7. Results of minimum price modeling of biomass of Miscanthus × giganteus for six yield curves
(Yc 1–6) with and without subsidies (SAPS).

Yield Curve Average Yield *
Minimum Price with

SAPS **
Minimum Price
without SAPS **

t DM ha−1 y−1 EUR/GJ EUR/GJ
Yc 6 12 3.0 4.3
Yc 5 10 3.4 5.0
Yc 4 8 4.2 6.2
Yc 3 6 5.4 8.0
Yc 2 4 7.8 11.8
Yc 1 2 15.2 23.1

Table legend: * average yield is the average of expected yields during 10 (winter) harvests after establishment;
** the economic model was calculated in Czech Crowns (CZK), and the results recalculated to EUROs using the
exchange rate of 1 EUR = 25 CZK.
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Figure 5. The cost structure of the Miscanthus biomass production divided into categories (in current
values, with a nominal discount of 10%, Yc 5 = 10 t DM ha−1 y−1).

Thus, the minimum price is the price of (raw) biomass after removal from the field
to the storage location (distance up to 10 km). Additional costs related to the storage of
biomass and delivery to the final consumer (e.g., to the heating plant) or its supply for
reprocessing into solid biofuels (pellets, briquettes) are not included. The minimum price
also reflects only the losses of biomass in harvesting and transport to the place of storage,
but not from storage, or subsequent transport or eventually, processing. Information on
the impact of biomass losses and storage of biomass on the minimum price can be found,
e.g., in [73].

The costs of establishing a plantation, including planting material, are high and
significantly affect the minimum price. Figure 5 shows that this represents 44% of all
project expenditure (in present value). Some reduction in the minimum price can be
achieved by extending the life of the plantation, which then spreads the cost of establishing
the plantation over a longer period. This can be documented with the variant of the
calculation, where the lifetime of the stand is assumed to be 15 years and the continuation
of a gradual decrease in yields (by about 1/3 in the 15th year compared to 10 years). The
minimum biomass price for the Yc-4 yield curve decreases from 4.2 EUR/GJ to 3.9 EUR/GJ.
Similarly, in the Yc-5 yield curve, there is a slight decrease from 3.4 EUR/GJ to 3.2 EUR/GJ
(both calculations assume SAPS subsidy). This small reduction in the minimum price is
mainly because the high costs of establishing a stand are spent at the beginning of the
plantation project, while the maximum yields and thus, sales, are achieved only over time.
Similarly, extending the life of a plantation generates additional cash flows, but the value
of these contributions has little weight on the project’s overall effectiveness. The key aspect
of improving the economic effectiveness of Miscanthus is to reduce the cost of establishing
plantations.

The above mentioned process used to determine the minimum price of biomass
presents only one of three possible ways to look at the price of biomass.

The second perspective would be to look at it from the producer’s point of view
(supply side), where, in practice, the producer growing biomass for energy purposes would
accept only a price for this biomass that would ensure, at least, a similar economic effect as
growing conventional crops. Due to the high subsidies for growing conventional crops and
the relatively high prices given for these conventional crops, the price, then, that producers
would require for intentionally grown biomass is thus significantly higher. A detailed
discussion of this aspect can be found, e.g., in [74]. According to the latest calculations
carried out by the authors (price level 2019), high revenues from conventional crops lead to
a biomass price increase from the minimum price for biomass from Miscanthus crops in
comparison to the values given in Table 7, approximately in the range from 12–70%, with
an average value of about 42% for all areas.

The third point of view on the price of biomass is that of the buyer (demand). Here,
the price that the purchaser is willing to pay for intentionally planted biomass from energy
crops does not exceed the price of other fuels (e.g., biomass from other sources such as
forest biomass). In many cases, using (burning) raw biomass directly in bale form is
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not possible and can only be expected for larger heating plants or those equipped with
the appropriate technology. For smaller or local heating plants, such biomass must be
transformed into solid biofuels—pellets or briquettes. However, manufacturing pellets
and briquettes significantly increases the price of biomass, e.g., the cost of pelletization
in the Czech Republic is about 4.5–5.0 EUR/GJ, which further significantly increases the
(minimum) price of biomass [73].

The limit price of raw biomass from Miscanthus plantations in Czech conditions is
estimated to range from 6–8 EUR/GJ, assuming price acceptability from the demand side.
This is especially valid if the biomass is further processed into solid biofuel, and therefore,
the price has been increased due to pelletization. The limit price of biomass in pellet form
is, here, the price of wood pellets, i.e., 11.2 EUR/GJ minus the cost of pelletization—for
more information, see [75]. If we consider the direct combustion of biomass (straw bales)
in large power plants or cogeneration plants, the limit of the biomass price here will be
influenced by the amount of support for electricity from direct combustion of biomass that
varies according to the year of commissioning and category, see [76]. From the current
amount of electricity support in the form of FIP (feed-in-premium) tariffs for intentionally
grown biomass combustion, it is possible to estimate a biomass limit price of 6–7 EUR/GJ.

4. Discussion

After twelve consecutive harvest years, results on our two sites show yields similar to
those in other experimental plantations in Central-Eastern European conditions and low-
input agronomy [9,39,77,78]. For instance, [39] observed a mean yield of dry biomass of
13.7 t DM ha−1 y−1 in a non-fertilized variant of an 11-year experiment with Miscanthus ×
giganteus in southern Germany. The mean biomass yield of M1 and M2 clones (Miscanthus
× giganteus) during spring harvests in Lukavec was 10.8 resp. 10.4 t DM ha−1 y−1. In the
Průhonice-Michovky site, it was 13.5 respectively 14.7 t DM ha−1 y−1. These yields are
comparable, if not slightly better than other new lignocellulose energy crops like poplar,
willow, reed canary grass, or Schavnat in Czech conditions [79–81].

Even though spring harvests have lower yields than in autumn, they can be rec-
ommended because the concentrations of potassium, chlorine, nitrogen, and sulfur in
Miscanthus biomass decreases significantly due to the translocation of nutrients to the
root part and its leaching during winter [82]; a similar result was also recently confirmed
by [83]. In comparison with woody energy crops (poplar, willow), Miscanthus’ spring
harvest biomass is less suitable for direct burning in some, especially smaller boilers, where
it can create slagging in the heat exchanger. The effectiveness of Miscanthus biomass can be
improved by mixing it with woodchips to produce pellets [84].

Miscanthus, however, can also be important as an effective source of commodities
and materials, e.g., chipboard, pellets for animal (pet) bedding, cement particle boards,
biocomposite automotive component, or biogas production from autumn (green) harvest,
that have higher added value than energy biomass [85–87].

Knowledge about the invasiveness of some genotypes, resp. species of Miscanthus in
European conditions, have been taken into account [88] by breeders, and it can be expected
that new varieties will be ‘minimum or zero invasive’ for both generative and vegetative
ways of reproduction and dispersal into the surrounding fields and countryside. In the
Czech Republic, only clones of Miscanthus × giganteus, a non-invasive triploid, can be used
in agriculture practice [56]. Since 2010, all clones of Miscanthus sinensis have been excluded
from the “List of plants suitable for cultivation of energy biomass from the point of view
of minimizing risks to nature and landscape protection” [89], which is a methodological
support tool for decision making in nature protection regarding the use of non-native
energy crops in the landscape.

At present, there are economic barriers to the faster development of Miscanthus cul-
tivation. Competition with conventional (annual) crops is the main barrier that has the
following aspects:
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(1) In contrast to conventional crops, Miscanthus plantations have high one-off costs for
stand establishment. These one-off costs represent around 1/3 of the total cost for the
Miscanthus stand (in present value) over its entire life cycle (10 years). In this way, the
grower must, at the outset, invest significantly more money per unit of area than in
the case of conventional agricultural production.

(2) The maximum production of biomass is reached up to 2–3 years after establishment,
which, from the producer’s point of view, means that cash flow is initially worse.

(3) Having multiyear plantations of energy crops is significantly riskier for producers,
both in terms of the higher one-off costs of establishing the stands and losses after
establishment due to crop damage or possible changes in the biomass market. An
investor or farmer of perennial energy crops cannot react as quickly to market changes
as someone who has invested in conventional crops with a one-year production cycle.
One reason for this is that most agricultural land in the Czech Republic is still farmed
on leased land (about 70%—see [90]), and rental periods are generally shorter than
the life cycle of the energy crop plantation, thus further increasing the risk.

Another significant economic barrier is the relatively high costs related to growing
biomass in a Miscanthus plantation. The minimum price of produced biomass (with a 10%
nominal discount) assumed using average to less fertile soils ranges from 5.4–7.8 EUR/GJ,
i.e., 57–73 EUR t−1 of fresh matter [87] have calculated prices of 35–47 EUR t−1 for
Miscanthus biomass for direct combustion in German conditions, but for higher yields
(15–25 t DM y−1), intensive agronomy (fertilization, density), and much longer plantation
lifetime (20 years). Farmers, however, in practice, would demand an even higher price that
would at least give them the same economic effect that they would have from growing con-
ventional crops, thus increasing the price of raw biomass by, approximately, an additional
43% (on average).

The price of raw Miscanthus biomass (without transport, storage, or processing costs
(into pellets or briquettes) significantly exceeds the limit of the competitive price of raw
biomass estimated at 6 (max. 8) EUR/GJ in the Czech Republic. This limit is important,
as can be seen from the results of the authors’ analyses, which show that because the
minimum price of biomass increases due to the competition from conventional energy
crops, there is no land on which any farmer would want to establish Miscanthus stands
and accept 6 EUR/GJ or less. If the limit price would be 8 EUR/GJ, then producers would
consider establishing Miscanthus stands on approximately 27% of the Czech Republic’s
agricultural land.

Another barrier is on the consumers’ side and their technological limitations. To
date, it has been technologically easier for consumers to focus on woody biomass rather
than straw biomass that would need further investment into a suitable boiler using straw
fuel. Otherwise, straw biomass would need to be made into pellets or briquettes, which
significantly increases the price of the produced biofuel.

Economic barriers to the development of Miscanthus plantations (or other perennial
crops) can be reduced by the following:

• Providing targeted subsidies for plantation establishment to decrease the investor’s risk.
• Supporting long-term contracts to purchase biomass for energy crops using a price formula.
• Using plantations of perennial energy crops for additional benefits, i.e., non-production

functions (e.g., decreasing soil erosion, phytoremediation, increasing the soil’s humus
content and water capacity).

Another measure that would significantly increase, albeit indirectly, the competitive
ability of intentionally grown biomass against conventional fuels is to increase markedly
the carbon costs (e.g., in the form of an emission allowance or carbon tax) included in the
price of fossil fuels.

5. Conclusions

Average yields of Miscanthus × giganteus clones tested in our experiment
(M1, M2 ≥ 10–15 t DM ha−1 y−1) are comparable, if not slightly better than other new
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lignocellulose energy crops (poplar, willow, or Schavnat) in Czech conditions. Miscanthus
× giganteus clones have good potential for commercial production of energy biomass, espe-
cially in warmer regions of Central and Eastern Europe (average annual daily temperature
◦t ≥ 9–10 ◦C) with an annual sum of precipitation above 500–550 mm.

Results of monitoring Miscanthus × giganteus yields and the course of weather during
our experiment (13 years) have shown that Miscanthus × giganteus adapts well to dry years
(or its parts) characterized by low precipitation (∑P = 350–450 mm y−1) and increasing
annual daily temperatures (average annual daily temperature ◦t ≥ 10.5 ◦C).

Clones of Miscanthus sinensis tested in our experiment could not be recommended for
energy biomass production due to their strong invasive ability. The sterile triploid clones of
Miscanthus × giganteus, however, have been recommended with minimum risks for nature
and landscape. Some clones of M. sinensis have shown the potential to be bred for colder
conditions.

Results of economic modeling have shown that there are significant economic barriers
to the development of perennial energy crops, especially those resulting in straw biomass.
These barriers not only include the current and relatively high profitability of conventional
annual crops, which in turn increases the expected price of biomass from energy crops, but
also the economic risk associated with the large portion of one-off initial establishment
costs. The competitive ability of straw biomass is significantly lower because of the
consumers’ technological limitations that usually do not enable them to burn straw biomass
directly. Burning straw biomass then is taken into consideration only by larger heating
or cogeneration plants. Smaller or local plants need biomass in pellet or briquette form,
which means an increase in price and a decrease in competitive ability. At these smaller
plants, biomass (processed into pellets or briquettes) can be competitive if natural gas is
not available or where using a heat pump instead of a coal furnace is not relevant due to
the high costs of reconstructing the heating system.

Regarding the article’s question, “Can Miscanthus fulfill its potential as a new biomass
crop—for energy and material in the Czech Republic (and CEE countries)?”, our team
would answer positively, but only if the following conditions and steps would materialize
in the upcoming years:

• Improvement of Miscanthus × giganteus gene pool (new varieties) and agrotechnology
(to lower establishment cost, prolong production period to 15–20 years, improve the
precision of fertilization, minimize the invasive risk) continues.

• Climate change trends continue with growing effects of weather extremes and changes
(droughts, temperature growth) in CEE countries, which may improve growing condi-
tions for Miscanthus (C4 plant) over conventional crops (mostly C3 plants).

• A new approach of EC or member states to current agriculture subsidy policy (CAP),
which would evaluate environmental services of Miscanthus and other new biomass
crops, is implemented.

• Further development of the bioeconomy in the EU occurs, thus increasing demand
for Miscanthus biomass for utilization in products with higher additional value, e.g.,
construction materials, industrial products, and second-generation biofuels.
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44. Raus, A.; Čechová, V.; Šabatka, J. The Effect of Soil Protection Treatment on Soil Organic Matter. Úroda 1999, 47, 16–17.
45. Strašil, Z. Study of Miscanthus sinensis—Source for energy utilization. In Proceedings of the 15th European Biomass Conference

and Exhibition, From Research to Market Deployment, Berlin, Germany, 7–11 May 2007; pp. 824–827.
46. McCalmont, J.P.; Hastings, A.; McNamara, N.P.; Richter, G.M.; Robson, P.R.H.; Donnison, I.S.; Clifton-Brown, J. Environmental

costs and benefits of growing Miscanthus for bioenergy in the UK. GCB Bioenergy 2017, 9, 489–507. [CrossRef] [PubMed]
47. Sage, R.B.; Cunningham, M.; Haughton, A.J.; Mallott, M.D.; Bohan, D.A.; Riche, A.; Karp, A. The environmental impacts of

biomass crops: Use by birds of Miscanthus in summer and winter in southwestern England. IBIS 2010, 152, 487–499. [CrossRef]

273



Agriculture 2021, 11, 40

48. Kalinina, O. Potential Ecological Impacts of Miscanthus, a Prospective Bioenergy Crop, in Agro- and Natural-Ecosystems. In
Proceedings of the Book of Abstracts of the 43rd Annual Meeting of the Ecological Society of Germany, Austria and Switzer-
land, Potsdam, Germany, 9–13 September 2013. Available online: https://www.researchgate.net/publication/258225927_
Potential_ecological_impacts_of_Miscanthus_a_prospective_bioenergy_crop_in_agro--_and_natural_ecosystems (accessed on 29
September 2020).

49. Lewandowski, I.; Clifton-Brown, J.; Scurlock, J.; Huisman, W. Miscanthus: European experience with a novel energy crop. Biomass
Bioenergy 2000, 19, 209–227. [CrossRef]

50. Global Invasive Species Database Species Profile: Miscanthus Sinensis. 2011. Available online: http://www.iucngisd.org/gisd/
speciesname/Miscanthus+sinensis (accessed on 29 September 2020).

51. Global Compendium of Weeds Miscanthus Sinensis (Poaceae). 2007. Available online: http://www.hear.org/gcw/species/
Miscanthus_sinensis/ (accessed on 29 September 2020).

52. Scally, L.; Hodkinson, T.; Jones, M.B. Origins and Taxonomy of Miscanthus. In Miscanthus for Energy and Fibre; Jones, M., Walsh,
M., Eds.; Routledge: London, UK, 2007; pp. 1–9.

53. Meyer, M.H.; Tchida, C.L. Miscanthus Anderss. Produces Viable Seed in Four USDA Hardiness Zones. J. Environ. Hortic. 1999, 17,
137–140. [CrossRef]

54. Quinn, L.D.; Allen, D.J.; Stewart, J.R. Invasiveness potential of Miscanthus sinensis: Implications for bioenergy production in the
United States. GCB Bioenergy 2010, 2, 310–320. [CrossRef]

55. Barney, J.N.; Ditomaso, J.M. Nonnative Species and Bioenergy: Are We Cultivating the Next Invader? Bioscience 2008, 58, 64–70.
[CrossRef]
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75. Tzbinfo. Porovnání Nákladů na Vytápění Podle Druhu Paliva—TZB-Info (Comparison of Heating Costs by Type of Fuel). 2020.
Available online: https://vytapeni.tzb-info.cz/tabulky-a-vypocty/139-porovnani-nakladu-na-vytapeni-podle-druhu-paliva
(accessed on 4 October 2020).
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Repšienė, R.; Skuodienė, R. The Effect

of Mineral and Organic Fertilization

on Common Osier (Salix viminalis L.)

Productivity and Qualitative

Parameters of Naturally Acidic

Retisol. Agriculture 2021, 11, 42.

https://doi.org/10.3390/agriculture

11010042

Received: 9 November 2020

Accepted: 7 January 2021

Published: 9 January 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional clai-ms

in published maps and institutio-nal

affiliations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).
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Abstract: One of the potential options for sewage sludge as an alternative organic material is the fer-
tilization of energy crops. To evaluate the effect of granulated sewage sludge and mineral fertilization
N60P60K60 on common osier’s (Salix viminalis L.) biomass productivity and soil parameters, field
trials were held in Western Lithuania’s naturally acidic Retisol (WB 2014; pHKCl 4.35–4.58). After four
years of cultivation and dependent on fertilization type, common osier dry matter (DM) yield varied
from 49.60 to 77.92 t ha−1. Higher DM yield was related to an increased number of stems/plants.
The application of a 90 t ha−1 sewage sludge rate had a significant and positive impact on common
osier productivity, as well as on the increment of soil organic carbon, total N, and mobile P2O5

content in the upper 0–30 cm soil layer. The use of both sewage sludge rates (45 and 90 t ha−1) had a
similar impact on soil bulk density, water-stable aggregates, and the active soil microbial biomass.
Annual mineral fertilization had little effect on the parameters studied. When growing common
osier in Retisol, 45 t ha−1 of a single sewage sludge rate was enough to maintain both plant and soil
productivity.

Keywords: common osier; fertilization; dry matter yield; soil chemical parameters; soil bulk density;
water-stable aggregates; soil microbial carbon

1. Introduction

Sludge is a byproduct of domestic or industrial wastewater treatments. Recycling
sewage sludge has remained a significant problem in many countries worldwide [1–4].
By containing a high concentration of organic carbon, nitrogen, phosphorus, and other
nutrients, sewage sludge serves as a good organic matter source for plants, either providing
the soil with beneficial physical and microbial properties [5–7]. As a sewage sludge
substrate is of organic origin, the use of the substrate might maintain soil productivity
for several consecutive years. Börjesson and Kätterer point out that the application of
12 t ha−1 sewage sludge every four years represents a valuable resource for improving soil
fertility vis-à-vis soil organic matter and soil structure; however, its efficiency for nutrient
(particularly phosphorus, nitrogen) cycling is very low within this timeframe [8]. Most
improvement for the soil aggregate stability is associated with an increase in soil organic
carbon content [9,10]. However, other sewage sludge constituents (e.g., heavy metals,
pathogens) could be harmful to the environment and human health [11].

According to Polish research, the cultivation of willow on soil treated with 3 and
9 t ha−1 sewage sludge results in a gradual increase of humus fractions, total organic
carbon content, and bacterial abundance, and a large increase of willow biomass. Organic
compounds and high content of sewage sludge nutrients activate soil microbial activity [12].
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Low rates of sewage sludge increase soil microbial activity; however, some other research
indicates that the excessive application of sewage sludge can cause the accumulation
of both organic and inorganic pollutants, which may cause a negative effect on the soil
ecosystem [13,14]. It is important to keep in mind that the application of sewage sludge can
also result in environmental problems. Apart from organic content and nutrients, sludge
also includes toxic compounds, heavy metals, dissolved inorganic salts, chlorinated lignin,
and phenolic derivatives [15,16]. The application of sewage sludge can cause a negative
ecological impact on terrestrial ecosystems and pose a human health risk [11,17]. For
this reason, the use of sewage sludge as an organic fertilizer is limited in many countries
worldwide [2,5,18].

Since sewage sludge contains unwanted pollutants, its utilization for traditional crop
fertilization is problematic. Yet, to reduce cultivation costs, sewage sludge might be an
appropriate alternative fertilizer for energy crops. Many authors have noted that to avoid
competition with traditional food crops, energy crops (as well as other non-food crops)
should be grown in less productive soils, polluted soils, brownfields, marginal, set-aside,
and abandoned lands, all of which might be appropriate for energy crop cultivation [19–22].
For example, Retisols and Fluvisols are typically found in Western Lithuania. However, due
to these soils’ high acidity and worsening physical, chemical, and microbial properties,
traditional farming is often unprofitable [23]. With increased biomass being used for
alternative energy purposes, a share of such fertile land could be assigned for energy crop
cultivation.

Salix species are fast-growing and high-yielding; therefore, they can be widely cul-
tivated worldwide. Many studies have assessed the impact of sewage sludge on both
common osier (Salix viminalis L.) productivity and qualitative indicators [24,25]. However,
before our field experiment, we found scarce information on how a common osier (Salix
viminalis L.) is suitable for cultivation in highly acidic Retisol and how sewage sludge affects
soil parameters in the common osier growing site.

By executing the experiment, we set a goal complex to evaluate the impact of single
sewage sludge on Salix viminalis productivity, and changes of soil chemical, physical, and
microbial properties of acid moraine loam soil in Retisol.

2. Materials and Methods

2.1. Location of the Experimental Site

The experiment with an energy crop common osier (Salix viminalis L.) was established
at the Vėžaičiai Branch of the Lithuanian Research Centre for Agriculture and Forestry. The
site was located at the eastern edge of a seaside lowland area (Western Lithuania, 55◦43′ N,
21◦27′ E).

2.2. Soil Characteristics

The soil type was a naturally acid moraine loam Bathygleyic Dystric Glossic Retisol (WRB
2014). The following soil chemical parameters (in upper soil layer) were evaluated prior to the
experiment: pHKCl was 4.27–4.59, mobile aluminum was 13.69–34.21 mg kg−1, total nitrogen
was 0.11–0.12%, total carbon was 1.19–1.25%, mobile P2O5 was 50.3–68.3 mg kg−1, and mobile
K2O was 251–303 mg kg−1.

2.3. Mineral Fertilizers and Granulated Sewage Sludge

Mineral fertilizers. The annual application rates for nitrogen, phosphorus and potas-
sium were equal: 60 kg ha−1 N, P2O5, and K2O (N60P60K60) (in active ingredient).

Sewage sludge. The chemical composition of the granulated sewage sludge was
as follows: pH—5.56, total nitrogen—33.4 g kg−1, total phosphorus—5.02 g kg−1, total
potassium—2.80 g kg−1, organic matter—64.97%. The sewage sludge contained the follow-
ing heavy metals concentrations: lead (Pb)—14.47 mg kg−1, cadmium (Cd)—0.44 mg kg−1,
chromium (Cr)—11.51 mg kg−1, copper (Cu)—47.8 mg kg−1, nickel (Ni)—8.22 mg kg−1,
zinc (Zn)—287mg kg−1, and mercury (Hg)—0.96 mg kg−1.
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Using 45 t ha−1 sewage sludge rate, the following amounts of nutrients were inserted
into the soil: 1503 kg of total nitrogen, 230 kg of total phosphorus, and 126 kg of total
potassium. Accordingly, by the use of 90 t ha−1 sewage sludge rate, 3006 kg of total
nitrogen, 460 kg of total phosphorus, and 252 kg of total potassium were inserted into the
soil.

2.4. Experimental Design

Field research began in 2013. Common osier’s (cv. “Tordis”) cuttings of about 0.30 m
long were planted in the soil on 5 May 2013. Each treatment was composed of two parallel
10 m long rows. The distance between the rows was 0.75 m, the distance between each
plant was 0.50 m, the distance between the rows of different treatments was 1.25 m. Next
year, i.e., on 23 April 2014, to increase the branching ability, common osier’s stems were cut
at ~5 cm height. The weight of the first-year stems was not calculated.

The experiment was composed of four treatments: (1) Control (not fertilized); (2)
N60P60K60 (mineral fertilization) (in active ingredient); (3) 45 t ha−1, and (4) 90 t ha−1

sewage sludge rates. All four treatments were randomly allocated. The number of
replications–3. The fertilization of granulated sewage sludge was done once in the 2nd
growing year (on 6 May 2014). The granules were immediately inserted into the soil
by tillage implements. NPK fertilization was done each year at the beginning of spring
vegetation.

2.5. Sampling and Analytical Methods

Common osier yield was harvested after four years of cultivation (2014–2017) on
19 September 2017. The following structural parameters were evaluated: the number of
stems per plant stems height, and biomass yield. To evaluate these parameters, five typical
plants were chosen from each treatment from all three replications. The common osier dry
mass (DM) mass yield was measured by drying plant samples at 105 ◦C to the constant
weight. Dried plant samples were weighed and recalculated into dry matter (DM) yield
(t ha−1).

Soil chemical analyses at the growing site of common osiers were done in 2013 (at the
beginning of the experiment) and 2016 (in the 3rd experimental year). In both cases, soil
samples (in 0–30 cm upper soil layer) were taken in October. The following parameters were
evaluated: pHKCl was measured by a potentiometric method in 1 M KCl (1:2.5, w/v) extract
(ISO 10390:2005); organic C (Corg) content-by a spectrophotometric measurement at 590 nm
after dichromatic oxidation using glucose as a standard (ISO 10694:1995), total N (Ntot)
content—by the Kjeldahl method (ISO 11261-1995), mobile P2O5, and K2O contents-by
extraction (A-L) method (both by LVP D-07:2016).

Soil samples for soil physical analysis were taken from the topsoil in 2015 and 2017.
Soil samples for soil physical analysis were taken from the topsoil in 2015 and 2017. Dry
aggregates size distribution was determined by the standard dry and wet sieving Savinov
method [26]. Briefly, 1000 g of air-dried, soil sample is sieved through a nest of sieves
having 10, 5, 3, 2, 1, 0.5, and 0.25 mm square openings so eight aggregate size classes are
obtained (>10, 10–5, 5–3, 3–2, 2–1, 1–0.5, 0.5–0.25, and <0.25 mm. The soil of each aggregate
size classes is weighed separately, and the percentage of the fraction is calculated from
the total soil weight. A sample of 50 g is taken from the aggregate fractions in proportion
to their percentage composition for wet sieving analysis. By the wet sieving procedure 6
classes were separated >3, 3–2, 2–1, 1–0.5, 0.5–0.25, and <0.25 mm. The soil bulk density
(100 cm3) was estimated according to the Kachinsky method. Soil moisture content was
measured by the weighting method.

Soil samples for microbial analysis were taken twice per 2014–2016 in spring and
autumn for three treatments (Control, 45 t ha−1, and 90 t ha−1 sewage sludge) in 0–30 cm
upper soil layer. The chloroform fumigation-extraction (CFE) method was used to evaluate
soil microbial biomass carbon (μg g−1 C) [27].
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2.6. Statistical Analysis

To evaluate the significance of the obtained biomass productive parameters (i.e.,
number of stems/plants, stems height, stems diameter, and dry mass yield), a one-way
statistical analysis was performed on the fertilization rate, using analysis of variance
(ANOVA) at LSD05 and LSD01 (95% and 99% probability levels).

3. Results

3.1. Common Osier Yield and Structure

The biometric parameters for the common osier yield are presented in Table 1. Biomass
yield was harvested after 4 years of cultivation.

Table 1. The structural parameters of the common osier’s yield after 4 years of cultivation.

Treatments
Number of

Stems/Plants
Stems Height,

cm
Stems

Diameter, mm
DM Yield,

t ha−1

Control 2.34 567 29.98 49.60

N60P60K60 2.80 552 29.12 52.00

45 t ha−1 sewage
sludge

2.87 554 30.80 65.68 **

90 t ha−1 sewage
sludge

3.47 * 528 31.60 77.92 **

LSD05/01 1.12/ns ns/ns ns/ns 6.90/10.45

*,** significant at 95% and 99% probability levels, respectively; ns—not significant.

In comparison with the unfertilized plot (in control treatment), fertilizing 90 t ha−1

of sewage sludge caused the number of stems/plants too, on average, increase to 3.47.
Irrespective of fertilization type, the stem height varied from 528 to 567 cm. The use of
sewage sludge also increased stem diameter, though the increment was not statistically
substantial. Both (45 and 90 t ha−1) sewage sludge rates increased total dry matter (DM)
yield (accumulated per 4 growing years) to 65.68 and 77.92 t ha−1, respectively (signifi-
cant at 99% probability level). Thus, compared to the control treatment (when growing
without fertilization), DM yield increased by 32.4–57.1%. There was a positive average
correlation (+0.66) between the number of stems/plants and DM yield: Y(DM yield) = 24.67 +
0.0008x(number of stems/plants). The other two parameters had a weak correlation with DM
yield.

It should be noted that the annual use of mineral NPK fertilizers had a weak impact
on common osier’s DM yield; the increase was not significant. Earlier studies in Sweden
showed that nitrogen fertilizers had a positive effect on common osier’s yield during the
2nd and 3rd growing years [28].

3.2. Soil Chemical Properties

During the experimental years, soil pHKCl values remained substantially unchanged
(Table 2). In 2013, the average soil pH in the common osier’s growing site was 4.40 ± 0.16.
After three experimental years (in September 2016), irrespective of fertilization type, soil
pHKCl varied from 4.41 to 4.49. Thus, the application of sewage sludge had no impact on
soil acidity level.
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Table 2. Soil chemical content at the growing site of a common osier, specifically for the 0–30 cm
upper soil layer (2013 and 2016).

Treatments pHKCl
Organic

C (%)
Total
N (%)

Corg:Ntot

Mobile

P2O5

(mg kg−1)
K2O

(mg kg−1)

2013 (before the experiment)

4.40 ± 0.16 1.18 ± 0.06 0.07 ± 0.01 16.51 ± 0.98 59.3 ± 13.6 277 ± 0.02

2016

Control 4.44 1.16 0.07 15.69 69.4 296

45 t ha−1

sewage
sludge

4.41 1.34 * 0.09 * 14.92 332 226

90 t ha−1

sewage
sludge

4.49 1.52 ** 0.11 ** 13.74 * 816 251

LSD05/01 ns/ns 0.15/0.23 0.02/0.03 2.71/ns 146/222 ns/ns

*,** significant at 95% and 99% probability levels, respectively; ns—not significant.

In 2013, the average organic C (Corg) content in the topsoil layer was 1.18 ± 0.06%.
Over three years of research, the application of 45 and 90 t ha−1 sewage sludge rates caused
a substantial increase of organic C content (at 95% and 99% probability levels, respectively).

Before the experiment, the average Ntot content was 0.07 ± 0.01%. The application of
both sewage sludge rates significantly increased Ntot content to 0.09–0.11% (at 99% proba-
bility level). In the control treatment, even though the common osier utilized high amounts
of N for biomass accumulation, the total N content in the topsoil did not significantly
change throughout the experimental period.

The application of both sewage sludge rates decreased Corg:Ntot ratio from 16.51 ±
0.98 (in 2013) to 13.74 (in 2016).

In 2013, the amounts of phosphorus (P2O5) and potassium (K2O) at the experimental
site were 59.3 ± 13.6 and 277 ± 0.02 mg kg−1, respectively, indicating that soil reserves
were low. On the contrary, potassium concentration in the upper soil layer was sufficient.
In 2016, at the end of the growing rotation, mobile P2O5 content in the topsoil sharply
increased to 332–816 mg kg−1 (significant at the 99% probability level). Meanwhile, at the
end of the field experiment study, mobile K2O content in the upper soil layer remained
largely unchanged.

3.3. Soil Aggregate Composition and Aggregate Stability

The obtained research data revealed that during the research period the majority
(66–73%) of aggregates in the moraine loam soil were composed of agronomically and
ecologically valuable mesoaggregates (0.25–5 mm) (Table 3).
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The amount of these aggregates varied slightly from year to year, depending on
climatic conditions and fertilization. In 2017, the share of mesoaggregates was 4% higher
than in 2015. Compared to the unfertilized soil (i.e., the control), the most valuable
mesoaggregates were formed in the common osier growing site three years after the
application of the lower sewage sludge rate (45 t ha−1). Sewage sludge had a positive
effect not only on the formation of aggregates of different sizes but also on their stability.
One year after 45 t ha−1 of sewage sludge application, ecologically valuable water-stable
aggregates (>1.0 mm and >0.25 mm) accounted for 21.4 and 64.6%, respectively.

In comparison to the unfertilized soil (i.e., the control treatment), the application of 45
and 90 t ha−1 increased the amount of water-stable aggregates by 38 and 26%, respectively;
and by 45% and 26% in comparison to NPK application. In 2017, three years after the
application of sewage sludge (45 t ha−1), the amount of water-resistant aggregates in the
soil (>1.0 mm and >0.25 mm) was 5 and 10% lower, respectively, than those determined
one year after the application of sludge. This indicates that sewage sludge did not have a
long-lasting effect on the stability of aggregates.

According to the average data of 2015 and 2017, in the soil where sewage sludge
was used for fertilization, the water-stable aggregates was 9–16% (>0.25 mm) and 4–18%
(>1.0 mm) higher compared to the soil in which the sewage sludge was not applied (Control)
(Figure 1).

0
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40
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Control 45 t 
sewage
sludge

90 t 
sewage
sludge

LSD05

16.0 18.9 16.6
6.48

51.5 59.6 56.0

8.93

Water stable aggregates

>1.0 mm >0.25 mm

%

Figure 1. The dependence of soil water-stable aggregates on the fertilization type at the common
osier growing site. Average data for 2015 and 2017.

3.4. Soil Bulk Density and Moisture

During the study period, in the common osier growing site, soil bulk density values
fluctuated in the range of 1.19–1.32 Mg m−3 (Table 4).

The lowest bulk density value was determined in the soil where the lower rate of
sewage sludge (45 t ha−1) was applied. Sewage sludge substantially reduced soil bulk
density. On average, the soil bulk density was 6.0–7.5% lower compared to unfertilized
soil (i.e., the control). The application of sewage sludge (especially its highest 90 t ha−1

rate) caused a higher accumulation of soil moisture (by 11.2%) than the control treatment
(without fertilization). Compared to soil fertilized with mineral fertilizers, fertilization
with organic fertilizers (sewage sludge) accumulated a higher amount of organic carbon in
the soil. It was a result of higher organic C content and moisture content in the soil applied
by sewage sludge.
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Table 4. Soil bulk density and moisture in relation to fertilization type at the common osier growing
site in 2015 and 2017.

Treatment

2015 (One Year after
Sewage Sludge

Application)

2017 (Three Years after
Sewage Sludge

Application)
Average Per 2015–2017

Bulk
Density
Mg m−3

Moisture %
Bulk

Density
Mg m−3

Moisture %
Bulk

Density
Mg m−3

Moisture %

Untreated 1.32 22.13 1. 32 17.87 1.32 20.00

NPK 1.33 21.65 - - - -

45 t ha−1

sewage
sludge

1.19 * 20.56 1.28 20.42 * 1.24 * 20.49

90 t ha−1

sewage
sludge

1.22 * 23.29 1.23 21.33 * 1.22 * 22.31

LSD05 0.09 ns 0.09 1.90 0.60 ns

*—significant at the 95% probability level; ns—not significant.

3.5. Microbial Activity

The biomass of microorganisms in the soil is expressed as the amount of organic
carbon (C) in the biomass, known as microbial biomass carbon [29,30]. The results are
presented in Table 5.

Table 5. The changes in soil microbial biomass carbon (μg g−1 C) in humus horizon (0–30 cm depth)
at the common osier’s site from 2014 to 2016.

Treatments
Soil Microbial Biomass Carbon (μg g−1 C)

Spring Autumn

2014

Control 423.1 ± 21.7 a 420.9 ± 14.7 a

45 t ha−1 sewage sludge 434.7 ± 21.7 a 432.1 ± 14.5 a

90 t ha−1 sewage sludge 457.0 ± 13.5 a 480.0 ± 24.0 b

On average per year 445.8 ± 12.7/ 456.1 ± 14.8

2015

Control 432.4 ± 18.1 a 434.4 ± 19.2 a

45 t ha−1 sewage sludge 451.2 ± 12.9 ab 455.3 ± 20.7 a

90 t ha−1 sewage sludge 472.9 ± 16.1 b 492.3 ± 11.0 b

On average per year 462.1 ± 10.3/ 473.8 ± 12.2

2016

Control 421.6 ± 8.0 a 433.2 ± 19.9 a

45 t ha−1 sewage sludge 539.1 ± 31.4 b 625.2 ± 22.1 c

90 t ha−1 sewage sludge 625.3 ± 20.6 c 625.6 ± 21.3 c

On average per year 582.2 ± 21.0/ 625.4 ± 14.9

Mean values ± standard deviation. The differences between values by different letters are significant.

To evaluate the soil microbial biomass carbon (μg C g−1), we sampled soil before the
application of sewage sludge (at the beginning of May 2014). In autumn 2014, microbial
biomass carbon in the 0–30 cm upper soil layer significantly increased up to 480 μg C g−1 only
where the 90 t ha−1 sewage sludge rate was applied. Similar results were obtained in 2015; in
comparison to 2014, soil microbial biomass carbon increased slightly (particularly using the
90 t ha−1 sewage sludge rate). Thus, soil microbial biomass carbon during both the 2014 and
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2015 seasons (both in spring and autumn) increased only slightly. Nevertheless, during the
3rd year of investigation (in 2016), soil microbial biomass carbon increased significantly in
both sewage sludge application sites-in autumn, soil microbial biomass carbon in both sites
(applied by 45 t ha−1 and 90 t ha−1 rates) reached up to 625 μg C g−1. This study showed
that the consistent increase in soil microbial biomass during three investigation years could
be indicated as a result of the ecophysiological approach of soil microorganisms to adapt to
changing soil physical properties and fluctuation of nutrients after sewage sludge application
in the common osier’s sites.

4. Discussion

Our field and laboratory results revealed that other than a substantial increase in
common osier dry matter (DM), the single use of sewage sludge had a positive effect on
changing the chemical, physical, and microbiological properties in Retisol. Since sewage
sludge is an alternative organic matter that contains high amounts of macro- and mi-
cronutrients, it might be a successful substitute for mineral fertilization of energy crops
and particularly common osier. According to the research data, the use of high 90 t ha−1

granulated sewage sludge significantly increased plant biomass. Further, N60P60K60 fertil-
ization had a rather weak impact on DM yield. Irrespective of fertilization type, common
osier DM yield varied from 49.60 to 77.92 t ha−1 (or 12.4–19.5 t ha−1 per year). Canadian
authors noted that regarding Salix cultivars and the number of growing rotations, the
application of sewage sludge caused the dry mass yield to increase from 15 to 22 t ha−1 per
year [31]. Other research data conducted in Denmark showed that the application of very
high sewage sludge rates (i.e., increasing N amount from 120 to 240 kg ha−1) did not have
any impact on common osier productivity [32]. Comparing these data with other experi-
mental data in which Salix viminalis was annually fertilized with NPK fertilizers, it could
be seen that annual mineral fertilization does not have any advantage over organic sewage
sludge [33]. We estimated that the productivity of common osier (cv. “Tordis”) depended
mainly on the number of stems/plants. Neither branch height nor stems diameter had a
reliable correlation with DM yield. Based on the literature data of other authors, it can be
observed that common osier growth parameters such as the number of stems/plants, stem
diameter, stems height, as well as their correlation with DM yield, depending on genotype,
growth location, harvest rotation, and their correlation [34].

The application of sewage sludge had no significant impact on soil pHKCl. In contrast
to our results, other authors emphasized that sewage sludge substantially decreased soil
acidity [35,36]. Other authors state that there is a direct relevance between soil pH and
calcium carbonate content of sewage sludge [36]. The application of a 90 t ha−1 sewage
sludge rate significantly increased Corg, Ntot, and mobile P2O5 content in the 0–30 cm
upper soil layer. Other authors have reported the significant impact of sewage sludge on
soil Corg content and Ntot content, as well as on the fastening of C and N mineralization
processes [37–39]. The lower is C:N ratio, the more intense are N mineralization rates in
soils [39,40]. Since mineral phosphorus resources are a limited resource, sewage sludge is a
promising secondary source containing considerable amounts of phosphorus [41,42].

Water aggregate stability is considered an important indicator of soil physical quality,
as it impacts soil functions such as soil aeration, the movement and storage of soil water,
soil erodibility, and carbon sequestration. Soil aggregate stability is an important aspect
of soil ecological services and health [36,43]. Fertilization with an organic amendment
including sewage sludge could potentially alert soil physical properties and thereby affect
aggregate stability [8,9]. According to our results, both 45 and 90 t ha−1 sewage sludge
rates had a positive impact on increasing water-stable aggregates and decreasing soil bulk
density. The effect of mineral fertilization on soil quality was insignificant.

Changes in microbial biomass carbon indicated that the increase in microbial carbon
was not only due to the providing of the high content of available nutrients in sewage
sludge but also due to the intensified rooting system of energy crops that could potentially
stimulate microbial biomass increment [44–46].
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An increase in soil microbial biomass carbon indicated that microbial activity could
indirectly depend on sewage sludge application but either effected by intensified rooting
of the energy crops with potential stimulation of microbial biomass increment

Although the 90 t ha−1 sewage sludge rate had a significant impact on DM productiv-
ity and soil chemical content, the parallel experiments indicated that sewage sludge might
be energetically and environmentally inexpedient [7,47]. Thus, to improve soil qualitative
parameters and obtain a high common osier DM yield, the application of 45 t ha−1 single
sewage sludge rate might be sufficient.

Not only from the point of view of plant productivity and soil quality but also from
the economic point of view, sewage sludge is a cost-effective organic matter, therefore it is
superior to more costly mineral fertilization.

The positive effects of single sewage sludge application on common osier productivity
and soil qualitative parameters should remain in the future growing seasons. The most
important disadvantage of sewage sludge is its high concentration of heavy metals. We
will soon publish another article detailing the dynamics of heavy metal concentration in
soil (or its decontamination process) in Salix viminalis biomass during the experimental
period. Further, field and laboratory experiments are continuing until 2022.

5. Conclusions

The studies conducted in naturally acid Retisol revealed that the single application of
sewage sludge had a significant impact on plant and soil productivity. The use of 90 t ha−1

sewage sludge rate had the highest impact on common osier (Salix viminalis L.) dry matter
(DM) yield per four years growing rotation. By contrast, the effect of annual mineral
fertilizers on DM yield was significantly inferior. As concerning soil parameters, the use of
sewage sludge did not change soil pHKCl level, whereas the application of 90 t ha−1 rate
significantly increased organic C, total N, and mobile P2O5 content in the upper 0–30 cm
soil layer over three years of research. Irrespective of sewage sludge application rate, the
amount of water-stable aggregates increased, while soil bunk density tended to decrease.
It was estimated that the significantly higher microbial biomass carbon content in soil was
indicated only in the third year after sewage sludge application. This alteration showed that
sewage sludge amendment effect on soil microbial biomass was prolonged and positive
with stimulated soil microbial adaptation.
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Abstract: Ten willow cultivars grown in experimental plots were evaluated for performance, attrac-
tiveness to foragers, and the content and composition of soluble carbohydrates. The survival of
willow cuttings in a thicket and in browse plots differed subject to cultivar, soil quality, and soil
moisture content. The number of stump sprouts varied considerably, from 1.1 shoots in the weakest
soils in Słonin, Poland, to 3.43 in the plot in Czempin, Poland. Browse plots were established in 2017.
They were cut, and fencing was removed in early spring of 2019. Young shoots (10 cm shoot tip with
buds, preferably eaten by animals) were sampled for analyses of soluble carbohydrates as potential
attractors for foraging cervids. All willow cultivars contained the same soluble carbohydrates: glu-
cose, fructose, galactose, sucrose, myo-inositol, galactinol, and raffinose. Total carbohydrate content
ranged from 21.31 (S. amygdalina 1045) to 69.37 mg/g−1 DM (dry matter) (S. purpurea). Glucose
was the predominant soluble sugar in the shoots of all willow cultivars, excluding S. viminalis.
The fructose content of the shoots was approximately twice lower than their glucose content in all
willow cultivars. Smaller differences were observed in the content of myo-inositol, which ranged
from 4.61 (S. amygdalina 1045) to 8.26 mg/g−1 DM (S. fragilis cv. Kamon/Resko). The phloem of all
willow species contained small quantities of galactinol and trace amounts of raffinose. Weak negative
correlations were noted between total carbohydrate content, the content of glucose, fructose, and
galactose vs. the attractiveness of willow shoots to foraging cervids. The remaining carbohydrates
that occurred in smaller quantities in willow shoots were not correlated with their attractiveness
to cervids.

Keywords: willow browse; soluble carbohydrates; browsing damage; cervids; gas chromatography

1. Introduction

Animals, including wild animals, are guided by the senses of smell and taste when
selecting food [1]. The taste and aroma of potential food sources play a secondary role
only in extreme situations, such as drought, deep snow cover, or the risk of hunger.
Such extreme conditions persisted in Poland in the winters of 1962/63, 1978/79, 1986/87,
and 2005/06, when roe deer, red deer, elk, as well as hares foraged on the young and
green plant parts protruding above the deep snow cover. In those years, animals caused
considerable damage to young forests and nurseries of forests, orchards, and ornamental
trees and shrubs. Cervids also cause considerable browsing damage in years with less
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severe weather conditions, which forces forest managers to implement costly protective
measures. In 2018, the total area affected by the foraging and browsing behavior of game
animals, including red deer, fallow deer, roe deer, wild boars, and hares, in Poland was
estimated at 56,300 ha, including 27,500 ha of agricultural land, 21,500 ha of young forests,
and 7300 ha of mature forests. According to State Forests data [2], around €44.8 million
was spent on protecting forests against foraging animals in 2019. Chemical and mechanical
protection of seedlings and fencing generate the highest costs. In 2018, seedlings were
protected in a total area of 91,500 ha, and 22,600 ha of forest nurseries were fenced. In
Germany, €11 million was spent on forest nurseries and forest protection, of which €3.2
was dedicated to combating woodworm infestations. Considerable funds are also allocated
to the protection of young forests against wild animals [3].

European foresters and hunters have long expressed an interest in experiments where
alternative food sources for cervids, including mixed willow, sycamore, beech, oak, and
linden stands, as well as pure willow stands, are grown in food plots, unused forest
enclaves, browse plots, and on fallow land by forest and orchard nurseries [4]. The
cultivation of willow browse is relatively problem-free. Willows (genus Salix) can be
planted in a wide variety of soils, but only selected cultivars, such as S. alba cv. Tristis, S.
integra cv. Hakuro Nishiki, S. purpurea cv. Gracilis, S. purpurea cv. Nana, or other cultivars
of S. purpurea perform well on sandy and dry soils [5,6]. S. acutifolia is the most drought-
resistant cultivar that is used to stabilize sand dunes on the Baltic coast and in the Błędów
desert in Poland [7,8]. However, its attractiveness to foraging animals has never been
studied. Some of the above willow cultivars (S. acutifolia) proved to be highly invasive, and
their cultivation was discontinued.

The attractiveness of willow browse is a complex problem that is influenced by various
factors. In a study performed by Drogoszewski and Wlazełko [9], only 6 out of 133 tested
willow cultivars were not browsed by roe deer. Four of those were S. purpurea cultivars
(out of the analyzed 18). Willow cultivars that are not attractive to foraging animals usually
contain bitter inorganic salts, tannins, salicin, alkaloids, and other phenols in the leaves and
bark. It is also possible that wild animals are able to detect the presence of substances with
medicinal properties in willow shoots [10,11]. On the other hand, plants contain attractants
such as complex carbohydrates—starches, soluble sugars, vitamins, mineral salts with
essential macronutrients and micronutrients, proteins, fat, and fiber. Not all animal species
have a preference for the same plant substances. For example, aspartame, an artificial
sweetener composed of two amino acids, tastes sweet to humans, but not to mice [1].
Bears, monkeys, dogs, wild boars, squirrels, ants, and other animals have a preference for
sweet foods. Cervids’ preferences for sweet-tasting foods have never been investigated,
and the extent to which the chemical composition of trees and shrubs contributes to their
attractiveness to wild animals remains unknown. On the other hand, getting to know the
preferences of cervids with regard to the feeding attractiveness to various species, varieties,
or clones of willow might be for them an indicator of the quantity and quality of substances
contained in these plants. In view of the above, the aim of this study was to determine the
content and composition of soluble carbohydrates in ten willow cultivars, and to evaluate
their attractiveness to cervids.

2. Materials and Methods

2.1. Experimental Plots

In the spring of 2015, a willow thicket was established at the research station of
the Polish Hunting Association in Czempiń near Poznań, Poland. Willow cuttings were
obtained from experimental nurseries in the Resko Forest Inspectorate (Region of Western
Pomerania), and field-plots established at experimental stations (owned by the University
of Warmia and Mazury in Olsztyn) in Obory, Poland (Region of Pomerania), and Bałdy,
Poland (Region of Warmia and Mazury) (Table 1). Weeds were removed only mechanically
and manually in July of 2015 and 2016. The survival of willow cuttings and shoot growth
were evaluated in September 2015. The willow thicket in Czempiń, Poland, was cut
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in the spring of 2016 and in early March 2017, and one-year-old shoots were used to
establish three experimental browse plots near Grzybno, Poland (X: 482950.30; Y: 351700.42),
Bieczyny, Poland (X: 484298.21; Y: 345303.04), and Słonin, Poland (X: 475485.18; Y: 344974.35)
(Figure 1).

Willow varieties, breeding lines, and cultivars (collectively referred to as cultivars in
the study) for the establishment of the willow thicket at the research station in Czempiń,
Poland, were selected based on their availability and the results of previous research on
willow browse [3,8,9]. Based on the numerous studies investigating willow browse and the
medicinal properties of willows, S. purpurea 1126, which was completely or partly ignored
by wild animals during previous observations, was introduced as the control cultivar on
account of its high salicin content [8,9,12–15].

Table 1. Cultivar designations used later in the work in the tables and figures.

Name of the Cultivar Willow Species Cultivar No. Used in Tables and Figures

Resko Forest Inspektorate S. amygdalina cv. Dunajec 1
Resko Forest Inspektorate S. amygdalina cv. Krakowianka 2

Experimental Station of University of Warmia
and Mazury in Obory S. amygdalina 1045 3

Experimental Station of University of Warmia
and Mazury in Obory S. amygdalina 1102 4

Experimental Station of University of Warmia
and Mazury in Obory S. amygdalina 1036 5

Experimental Station of University of Warmia
and Mazury in Obory S. fragilis cv. Kamon 6

Resko Forest Inspektorate S. fragilis cv. Kamon 7
Experimental Station of University of Warmia

and Mazury in Bałdy S. laurina 220/225 8

Experimental Station of University of Warmia
and Mazury in Bałdy S. pentederana 9

Experimental Station of University of Warmia
and Mazury in Obory S. purpurea 1126 10

 

Figure 1. Location of the experimental willow plots.
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Willows were planted in 2017, with inter-row spacing of 75 cm and intra-row spacing of
30 cm. The area of the plot established in 2015 in Czempiń was 2500 m2, where 5045 cuttings
were planted. Respectively, the plots established in spring 2018: Bieczyny—800 m2 and
2800 cuttings; Grzybno—870 m2 and 3080 cuttings; and Słonin—920 m2 and 3430 cuttings.
The number of individual cultivars planted in a plot depended on their availability on the
market in 2015 and was as follows (according to the numbering from Table 1): Cultivar No.
1-50; 2-1000; 3-1000; 4-1000; 5-1000; 6-110; 7-400; 8-45; 9-40; and 10-400 cuttings. Each of the
cultivars numbered 2, 3, 4, 5, 7, and 10 were randomly planted in several rows. Thus, e.g.,
S. amygdalina cv. Krakowianka was planted in 5 rows separated by other cultivars. The
planting of cuttings on the mother plot was completely random, as well as on the occlusal
plots established two years later.

Browse plots were fenced with wire mesh to a height of 2.5 m, for two years, and
weeds were removed mechanically each year in July. The performance of the willow thicket
was evaluated in September of 2017 and 2019, and the survival of the willow cuttings in
browse plots was evaluated in September 2019.

2.2. Browsing Damage Assessment

In the fall of 2017 and 2019, the damage caused by wild animals in browse plots after
fencing had been removed was assessed on a 5-point scale proposed by Bukiewicz [12],
with some modifications, where 1 point—absence of damage, no traces of shoot, bud or leaf
browsing; coefficient for calculating browsing damage—0.00 (0%); 2 points—minor damage
to selected shrubs, with full recovery; coefficient for calculating browsing damage—0.05
(5%); 3 points—moderate damage to the top part of the main shoot or side shoots; signs of
foliage browsing; bark stripping on short stem segments; absence of terminal buds, which
can inhibit shoot growth and weaken willow shrubs; coefficient for calculating browsing
damage—0.15 (15%); 4 points—considerable damage to the main shoot, side shoots and
buds; complete or partial loss of foliage; damage to stump sprouts; bark stripping on
more than half of stem length, which can significantly inhibit shrub growth and lead to
tissue necrosis in stumps under unfavorable conditions; coefficient for calculating browsing
damage—0.50 (50%); and 5 points—absence of shoots, damaged and necrotized shoots;
coefficient for calculating browsing damage—1.00 (100%).

When assessing the browsing damage, five repetitions were made, each with 20
consecutive seedlings in a row. For cultivars with less than 200 plants per plot (cultivars
No. 1, 6, 7, and 8), all seedlings were assessed.

2.3. Analysis of the Content of Soluble Carbohydrates

At the end of July 2017, ten one-year old shoots with leaves grown from two-year-old
stool were obtained from each willow cultivar (three replicates) in the thicket in Czempiń,
Poland, and the harvested material was analyzed for the content of soluble carbohydrates.
A total of 30 samples of 10 cm tops of one-year-old shoots were analyzed. Each sample of
10 stems was analyzed separately. Since S. pentederana and S. amygdalina cv. Krakowianka
did not survive in the three-year-old thicket in Czempiń, Poland, shoot samples from these
cultivars were obtained from the experimental plots in Bałdy, Poland.

Shoot samples (10 cm tips with the buds of one-year old shoots) were weighed, frozen
in liquid nitrogen, and lyophilized. Dry tissues were crushed in a mixer mill MM200
(Retsch, Katowice, Poland). Soluble carbohydrates were extracted from 40 mg of dry
material using 800 μL of 50% ethanol (containing 100 μg of xylitol, as an internal standard)
and analyzed by gas chromatography method on the ZEBRON ZB-1 capillary column
(Phenomenex, CA, USA), as described previously [16]. The carbohydrate content was
calculated using the internal standard method. Standards of carbohydrates (xylitol, fructose,
galactose, glucose, myo-inositol, sucrose, galactinol, raffinose, 1-kestose, stachyose, and
verbascose) were purchased from Sigma (USA). The amount of unknown carbohydrates
with retention times (Rt) of 6.52 and 7.39 was calculated based on the nearest known
standards (1-kestose and stachyose, respectively).
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2.4. Experiment with Farmed Red Deer and Fallow Deer

In January 2020, twenty one-year-old shoots grown from leafless three-year-old stool
were harvested from each willow cultivar (in three replicates) and fed to European red deer
at the research station in Czempiń, Poland, and red deer and fallow deer at the research
station of the Polish Academy of Sciences in Kosewo Górne, Poland. Both deer species
were kept separately. The shoots came from the plot located in Bieczyny, Poland. One
hundred and twenty shoots were cut from each cultivar and divided into 6 bunches, three
for each town (Czempiń and Kosewo Górne). All bunches from all cultivars were collected
at the same time and their fresh weight was determined. All bunches were tied to the
fence where the animals were kept. The decrease in shoot mass caused by browsing was
determined after 3 days. The degree of browsing damage was determined after the loss of
fresh weight. All tests were subjected to the same atmospheric conditions.

The analysis of correlations between the relative sweetness of the total carbohydrates
and severity of browsing damage on willow shoots was performed. The sweetness of
the individual sugars and total carbohydrates was determined by multiplying the sugar
content of the willow tissues (mg g−1 DM) by the relative sweetness (RS) indicators (Table 2)
given in the literature. Galactinol and sucrose are non-reducing disaccharides because both
galactose and myo-inositol have α-(1-1)-glycosidic bonds; therefore, an RS index of 0.6 was
adopted for galactinol [17–19].

Table 2. Sweetness of the selected carbohydrates relative to sucrose (see the source in the refer-
ence list).

Sugar [20] [21] Average

Glucose–fructose
syrup/relative sweetness 100 100 100

Sucrose 100 100 100
Fructose 173 180 176.50
Glucose 74 75 74.50

Galactose 32.1 32 32.05
Maltose 32 30 31

Mannose - 30 30
Lactose 16 25 20.5

Raffinose 10 - 10
Myo-inositol 50 - 50
Galactinol 60 - 60

2.5. Statistical Analysis

The results were processed statistically in the Statistica program (v. 13.1, Dell Inc.,
Tulsa, OK, USA). The least significant difference was calculated at p ≤ 0.01, with the use
of Tukey’s test. The relationships between the carbohydrate content of the shoots and the
severity of browsing damage caused by cervids were determined based on the calculated
values of Pearson’s linear correlation coefficient R (p ≤ 0.05; p ≤ 0.01).

3. Results

3.1. Soil Analysis

Soil samples for laboratory analyses were collected from the experimental plots where
the evaluated willow cultivars were grown. The soil acidity (KCl), content of organic
carbon, total nitrogen, and major macronutrients (P, K, and Mg) were determined in
100 g soil samples (Table 3). Soil samples from the willow thicket in Czempiń, Poland,
were acidic, moderately abundant in phosphorus, highly abundant in potassium, and
moderately abundant in magnesium. The content of total organic carbon was determined
at 1.15%, which, when converted to humus content (1.15 × 1.7 = 1.96), is a satisfactory
(average) result for slightly loamy sand. The experimental plot in Słonin, Poland, was
established on slightly alkaline soil with a moderate phosphorus and potassium content,
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which was highly permeable due to an 80 cm-deep layer of loose sand. The experimental
plots were established in the following types of habitats: Czempiń, Poland—fresh forest
established on former agricultural land (Category 2); Bieczyny, Poland—dehydrated humid
forest established on former agricultural land (Category 2); Grzybno, Poland—fresh mixed
coniferous forest with low groundwater levels (Category 1); Słonin, Poland—fresh forest
with very low groundwater levels (Category 1). Categories 1 and 2 characterize the degree
of moisture in the soil in which the forest grows, where Category 1 indicates poor soil
irrigation and Category 2 good soil irrigation.

Table 3. Soil parameters in the experimental willow plots.

Plot Soil Type
pH (in
KCl)

Soil Content (Average of Three Replicates)

P205

(mg/100 g
of Soil)

K20
(mg/100 g

of Soil)

Mg
(mg/100 g

of Soil)

N Total
(%)

C Organic
(%)

Czempin Loamy
sand 4.98 14.8 14.0 3.6 0.086 1.98

Bieczyny Sandy
loam 7.60 7.3 7.44 4.6 0.35 1.62

Grzybno
Slightly
loamy
sand

6.42 12.0 3.1 1.9 0.07 1.02

Słońsk
Slightly
loamy
sand

7.31 13.8 8.2 2.1 0.098 0.75

3.2. Willow Performance (Survival)

Willow survival in the first and third year of growth were high (above 60%) in the
thicket and in the experimental plots in Bieczyny and Grzybno, Poland (Figure 2). In
Słonin, Poland (Figure 2D), the survival exceeded 80% in three cultivars only. Two years
after establishment, numerous stumps were lost in all plots due to drought, and the
highest losses were noted in Słonin, Poland (Figure 2D). Losses ranged from 80% to 95%,
depending on the cultivar (applies to Cultivars No. 1, 2, 4, and 8). In 2017, 2018, and 2019,
the Wielkopolska Region in Poland was affected by soil drought, which led to a massive
loss of willow stumps in browse plots and partial losses in the thicket. Willow survival
in the plots was evaluated for the second time in September in the third year of growth,
whereas the thicket was assessed three times during the experiment. Browsing damage
was most extensive in the experimental plot in Słonin, Poland, where willows were grown
on sandy and highly permeable soil. S. laurina 220/225 (cv. No. 8) was nearly completely
eliminated, and less than 5% of the S. amygdalina 1102 (cv. No. 4), S. amygdalina cv. Dunajec
(cv. No. 1), and S. amygdalina cv. Krakowianka (cv. No. 2) shrubs survived (Figure 2). In
the browse plot in Grzybno, Poland, S. amygdalina cv. Dunajec (cv. No. 1) was infested with
dock bugs (Coreus marginatus L.), which damaged nearly 80% of the leaves and developing
buds. The above cultivar survived the infestation.

3.3. Analysis of Shoot Browsing

The quality of willow cultivars and the survival differed across the plots after fencing
had been removed (Figure 3). Willow performance was largely influenced by the type of
habitat, in particular in dry years. The plot in Słonin, Poland, was established on highly
permeable soil of the lowest quality (classes IV–VI). In the north, the plot was bound by a
fresh mixed forest and a fresh forest composed of pines, birches, and, sporadically, oaks,
with a dense undergrowth of black cherry and hazel. Signs of foraging by fallow deer
and roe deer (which permanently inhabited the region), as well as mouflons (which were
periodically observed in the region) were noted (Figure 3).

In comparison with the remaining two plots, the plot in Bieczyny, Poland offered the
optimal habitat for red deer and roe deer. The plot in Grzybno, Poland, was characterized
by medium-quality soils, and it was visited mainly by roe deer. Signs of foraging and
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tracks of other animal species were observed sporadically after fencing had been removed.
In the willow thicket, two cultivars (S. amygdalina cv. Krakowianka and S. pentederana)
were also lost due to drought, but only in the fourth and fifth year of growth (Figure 2).

Figure 2. Willow survival (%) in the experimental plots in the first (2015), second (2017), and third (2019) year of vegetation in
(A) Czempiń-backwoods; (B) Bieczyny; (C) Grzybno; and (D) Słonin. All stumps were counted. For the cultivar explanation,
see Table 1.

Figure 3. Severity of browsing damage to the analyzed willows cultivated in (A) Bieczyny;
(B) Grzybno; and (C) Słonin. The mean values for three localization (A–C) are shown in box (D).
Data were processed by analysis of variance. Bars with the same letters did not differ significantly
(p ≤ 0.01) in Tukey’s test. For the cultivar explanation, see Table 1.

3.4. Content of Soluble Carbohydrates

The shoots of all analyzed willow cultivars contained the same soluble carbohydrates:
glucose, fructose, sucrose, myo-inositol, galactinol, and raffinose. Total carbohydrate
content ranged from 21.31 (S. amygdalina 1045) to 69.37 mg/g−1 DM (S. purpurea).

Glucose was the predominant sugar in most cultivars, accounting for more than 50%
of the identified soluble carbohydrates (Figure 4). Glucose levels were highest in S. purpurea
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(45.93 mg/g−1 DM), S. pentaderana (35.08 mg/g−1 DM), and S. fragilis (29.19 mg/g−1 DM
on average), and lowest in S. amygdalina 1045 (11.61 mg/g−1 DM on average). The fructose
content of the shoots was approximately two-fold lower than their glucose content in all
willow cultivars, whereas the galactose content was approximately 10-fold lower than the
fructose content. Most cultivars contained even less sucrose than galactose, excluding
S. purpurea 1126 (0.55 mg/g−1 DM). Smaller differences were noted in the content of
myo-inositol, which ranged from 4.61 (S. amigdalina 1045) to 8.26 mg/g−1 DM (S. fragilis
cv. Kamon/Resko). The phloem of all willow species also contained small quantities of
galactinol (0.07–0.55 mg/g−1 DM) and trace amounts of raffinose (0–0.13 mg/g−1 DM).
Raffinose was not detected in Cultivars No. 2, 3, 4, and 6 (Figure 4).

Figure 4. The content of soluble carbohydrates in the shoots of the analyzed willow cultivars: (A) total soluble carbohydrates;
(B) glucose; (C) fructose; (D) myo-inositol; (E) galactose; (F) sucrose; (G) galactinol; and (H) raffinose. Values marked with
different letters (a to e) are significantly different at p ≤ 0.01. For the cultivar explanation, see Table 1.
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3.5. Shoot Sweetness and Browsing Damage

The extent to which browsing damage was correlated with the sweetness of the
evaluated willow cultivars was evaluated in a statistical analysis using Pearson’s linear
correlation coefficient R (p ≤ 0.05; p ≤ 0.01).

The analysis revealed weak negative correlations between the RS of total carbohy-
drates (R = −0.28) (Figure 5A), the RS of glucose (R = −0.26) (Figure 5B), and the RS of
fructose (R = −0.27) (Figure 5C) vs. the severity of browsing damage on willow shoots. No
such correlations were observed for the remaining carbohydrates that were less abundant
in willow tissues (Figure 5D–H).

M y o

Figure 5. The analysis of correlations between the relative sweetness of the total carbohydrates and severity of browsing
damage on willow shoots: (A) total soluble carbohydrates; (B) glucose; (C) fructose; (D) myo-inositol; (E) galactose;
(F) sucrose; (G) galactinol; and (H) raffinose. R—Pearson’s linear correlation coefficient.
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Farmed red deer and fallow deer did not express particular interest in one-year-old
shoots harvested from the studied willow cultivars (Table 4). The animals had the greatest
preference for S. cordata and S. laurina (red deer), as well as S. cordata, S. amygdalina cv.
Dunajec, S. amygdalina cv. Krakowianka, and S. laurina (fallow deer), but intensive foraging
behavior was not observed. It should also be noted that the content of soluble sugars in
overwintered shoots increased by 52.3% relative to the shoots harvested in the middle
of the growing season (July). An analysis of S. cordata tissue samples also demonstrated
changes in the proportions of soluble carbohydrates. The content of fructose decreased,
whereas sucrose levels increased between July and January (Table 5).

Red deer expressed varied interest in willow shoots, which generally differed between
the studied locations. The animals in both stations had a greater preference for S. cordata,
but fallow deer were less discriminating in their choice of willow cultivar than red deer
(Table 4).

Table 4. The attractiveness of the analyzed willow cultivars to red deer and fallow deer at the
research station of the Polish Hunting Association in Czempiń and the Cervid Farm of the Pol-
ish Academy of Sciences in Kosewo Górne, based on the average decrease in shoot mass (%) of
duplicate measurements.

Cultivar No.
Deer

Czempiń
Deer

Kosewo G.
Fallow Deer
Kosewo G.

1 10.76 0 5.94
2 3.91 0 6.44
3 4.48 0 3.00
4 18.50 1.02 4.25
5 14.49 13.54 8.90
6 8.58 0 6.39
7 8.99 0 2.18
8 18.32 6.92 4.80
9 16.76 0 0.07
10 4.49 0 4.72

Table 5. Average sugar content (mg/g−1 DM) of Salix cordata shoots harvested in July and January
(n = 3 for each species and sugar) with the standard deviation.

Cultivar

S. cordata UWM 1036
(July 2019)

S. cordata UWM 1036
(January 2020)

Fructose 14.37 ± 1.50 2.92 ± 0.03
Galactose 1.25 ± 0.02 0.00
Glucose 21.00 ± 1.02 2.04 ± 0.01

Myo-inositol 5.70 ± 0.07 0.43 ± 0.01
Sucrose 0.01 ± 0.01 37.85 ± 0.48

Galactionol 0.24 ± 0.10 0.00
Raffinose 0.05 ± 0.00 14.18 ± 0.68
Stachyose 0.00 5.28 ± 0.20
Verbascose 0.00 0.34 ± 0.02
Total sugars 41.37 ± 2.40 63.03 ± 1.25

4. Discussion

Human interventions in reducing damage to forests, such as the use of fencing and
chemicals, should be minimized or completely eliminated in order to preserve the biodi-
versity of natural habitats. Artificial structures and chemicals should be replaced with trees
and shrubs that, at least partially, protect valuable crops from damage and reduce crop
losses to an economically acceptable level.
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The attractiveness of willow shoots to herbivores is determined by various factors,
in particular the chemical composition of willow cultivars and their growth stage. The
survival and growth rates of willows and, to a certain extent, the chemical composition
of the shoots is correlated with the soil quality and soil moisture content (Figures 2 and 4;
Table 3). In the present study, the willow thicket and the experimental plots differed
significantly in soil parameters. The soil in Słonin, Poland, was susceptible to dehydration
due to low water-holding capacity and the absence of capillary action. In this experimental
plot, the performance of willows was completely dependent on precipitation, in particular
in the dry years 2017–2019. The survival was very low in the first year after planting,
and only 21.7% of the planted cuttings survived the dry years 2018 and 2019. S. laurina
was the least resistant to drought (only 3.2% of stumps survived), whereas S. amygdalina
1045, S. amygdalina cv. Kamon/Resko, and S. pantederana were least susceptible to water
deficit (50.1% of stumps survived). The results of the study clearly demonstrate that soil
parameters and habitat type significantly influence root establishment and sprouting.

The content and composition of soluble carbohydrates in willows remain insuffi-
ciently investigated. Aliferis et al. [22] identified glucose, fructose, galactose, myo-inositol,
trehalose, and sugar alcohols—arabitol, mannitol, and glycosides—in fully developed
leaves of 6- to 8-week-old S. purpurea L. (cv Fish Creek) plants. Sucrose, galactinol, and
raffinose were not detected. Similar to this study, the predominant sugars in the leaves
of hydroponically grown S. viminalis were sucrose, glucose, and fructose (Figure 4) [23].
However, the sucrose, glucose, and fructose concentrations were more than twice higher
in the cited experiment than in this study. In the leaves harvested from the top shoots of
two S. viminalis × S. schwerinii hybrid cultivars grown in a field, the glucose and sucrose
concentrations were similar and significantly higher than the fructose levels [24]. The sugar
concentrations were lower in older than in younger plants, and similar observations were
made in the hybrid poplars Populus deltoides × P. nigra [25]. Corol et al. [24] also identified
small quantities of raffinose and stachyose in the leaves of S. viminalis × S. schwerinie.
In the present study, raffinose (but not stachyose) was detected in most willow cultivars
(excluding S. amigdalina), and it was most abundant in S. cordata (0.05 mg g−1 DM). The
presence of galactinol (a precursor of raffinose and its higher homologs) in all willow
species indicates this oligosaccharide is synthesized in tissues in response to water and
temperature stress (drought) [26]. Unlike glucose and fructose, galactinol does not appear
to increase the sweetness of willow shoots, due to its low content. However, galactinol acts
as a donor of the galactosyl groups for other sugars, and therefore its presence can enhance
sweetness [27]. The statistical analysis revealed significant differences in the concentrations
of individual soluble carbohydrates and in the total sugar content between the evaluated
willow cultivars. The differences in the content of soluble carbohydrates between the
cultivars studied here could be associated with the rate of the plant’s growth, and/or rate
of shoot tip elongation. In our study, the much higher concentration of monosaccharides
(glucose and fructose) (Figure 5B,C) than that of sucrose, found for all cultivars, could be
an indirect confirmation of the role of the shoot tips as the major sink tissues of willow
plants, as in other species [28]. Sucrose is the major photoassimilate distributed from the
leaves (sources) to the sinks [29], where it is hydrolyzed (presumably by invertases) into
monosaccharides and serving as the carbon and energy sources for fast-growing tissues.

According to research, sweet taste perception differs considerably among animal
species [30]. Foods rich in soluble carbohydrates are attractive to many animals and
promote foraging behavior. The presence of sugars is responsible for sweet taste perception,
but perceived sweetness can also be enhanced or reduced by phenols and other compounds.
These compounds can exert a greater effect on sweetness in combination than alone.

In the current study, an experiment involving farmed red deer and fallow deer was
carried out to determine whether the concentration of soluble sugars influences the attrac-
tiveness of willow shoots to cervids. One-year-old shoots of the analyzed willow cultivars
harvested in mid-January were less attractive to the animals than the shoots harvested in
spring and summer. Red deer and fallow deer had the greatest preference for S. cordata
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and S. laurina (signs of browsing damage were observed on up to 30% of the shoots). Sugar
content could play a role in the foraging preferences of cervids because shoots harvested
in January contained significantly more soluble carbohydrates (approx. 52% in S. cordata)
than those harvested in late July. However, the statistical analysis revealed no significant
correlations between the severity of browsing damage in spring and summer and the
content of soluble sugars in the evaluated willow cultivars. These findings suggest that
soluble carbohydrates do not act as typical attractants for red deer and fallow deer. Further
research is needed to determine whether a sweet taste is not perceived by fallow deer and
red deer due to the absence of the respective receptors [31], too low sugar concentrations in
willow shoots, or the presence of other compounds, such as phenols, that mask the sweet
taste of willow shoots.

5. Conclusions

The data presented in this work show that success in the cultivation of willow depends
on the chosen cultivar and soil quality, especially its hydration. Young shoots of the
analyzed cultivars contained from 2.1% to 6.9% soluble sugars, among which quantitatively
dominated glucose. These sugars did not have a significant impact on the attractiveness of
willows for cervids, which means that other chemical compounds are such a factor. It is
possible that there are quantitative relationships between soluble sugars, phenolics, and
other compounds that determine food attractiveness for cervids. Roe deer, fallow deer, and
European deer do not have identical preferences for all willow cultivars, but they are those
that are eaten very willingly by all of these animal species. This fact should be taken into
account when selecting species for established plantations.
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21. Sweet Life of a Chemist [Słodkie Życie Chemika]. Available online: https://mlodytechnik.pl./eksperymenty-i-zadania-szkolne/
chemia/29068-slodkie-zyciechemika?highlight=WyJzXHUwMTQyb2R5Y3oiXQ (accessed on 10 July 2020).

22. Aliferis, K.A.; Chamoun, R.; Jabaji, S. Metabolic responses of willow (Salix purpurea L.) leaves to mycorrhization as revealed by
mass spectrometry and 1H NMR spectroscopy metabolite profiling. Front. Plant Sci. 2015, 6. [CrossRef]
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Abstract: Fertilisation has a significant impact not only on the yielding, but also on the quality of the
harvested biomass. Among energy crops, Miscanthus × giganteus are some of the most important
plants used for combustion process. The chemical composition of biomass has significant impact on
the quality of combustion biomass. The effect of nitrogen fertilisation (with dose of 60 kg N ha−1)
in different terms of biomass sampling on the content and uptake of crude ash, potassium, calcium
and sulphur by rhizomes, stems, leaves and the aboveground part of miscanthus was evaluated in
the paper. Nitrogen fertilisation contributed to the increase of ash content in the rhizomes and the
aboveground part of plants. Independently of nitrogen fertilisation potassium content decreased in
the whole vegetation period; in the case of stems this decrease amounted 60%. Calcium content in
various parts of plants was highly differentiated compared to potassium content. Average calcium
content in the aboveground parts was 2.68 higher compared to rhizomes. Nitrogen fertilisation
affected significantly on potassium, calcium and sulphur uptake in all examined parts of plants
(except stems in the case of calcium uptake). Uptake of crude ash under nitrogen fertilisation was
significantly higher in all examined parts of plants during the whole vegetation period.

Keywords: aboveground; belowground part of Miscanthus × giganteus; ash; potassium; calcium;
sulphur content; uptake

1. Introduction

The need to counteract and prevent increasingly rapid climate change is leading to the
implementation of processes that will reduce greenhouse gas emissions by replacing fossil
fuels with renewable energy sources. Besides the continued use of non-renewable fossil
fuels, which include hard coal, lignite, natural gas and oil, energy from renewable sources
is increasingly used. The acquisition of renewable energy sources is currently directed
towards agriculture [1–8].

Energy from plant biomass is mainly obtained by pyrolysis, gasification or direct
combustion of appropriately ground or granulated mass [9,10]. Miscanthus (Miscanthus
× giganteus Greef et Deuter) can play a significant role as a source of renewable energy
for Europe [11–13]. Obtaining high quality biomass for the combustion process depends
on the quality of the raw material (biomass) [14,15], while the quality of the raw material
depends on the content of various elements (for example, high lignin content is desirable
for thermochemical and undesirable for biochemical processes) [16,17].

The content of elements in the biomass is significantly influenced by genetic proper-
ties [14,18] which can be modified by environmental conditions, such as soil properties, pH,
weather conditions (precipitation, temperature), as well as agrotechnical treatments—mainly
fertilisation [19–23]. Date of harvest (late winter or spring) can also contribute to the
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reduced content of nutrients that results from their translocation from aboveground part
of plant to rhizomes or natural leaching of components from leaves and stems [23–25].
Appropriate chemical composition, especially low content of contaminants in biomass,
is desirable during harvest, especially for biomass for thermal combustion, as it contributes
to the minimisation of their emissions [23].

Most of the available studies on the content and nutrient uptake of miscanthus concern
nitrogen, phosphorus, potassium and magnesium [25–28], while only a few works concern
calcium and sulphur content [29,30]. An innovative part of the study was to examine
the dynamics of sulphur uptake during the whole vegetation period, taking into account
nitrogen fertilisation in various parts of plants.

Crude ash content and examined macroelements have a significant impact on the
quality of biomass combustion; therefore, the relevance of these elements is discussed.
High ash concentration decreases the heating value [31,32]. Potassium, alongside silicon,
is the main component of ash [12]. The potassium content of biomass is very important
because its high content can increase the corrosion effect in heating systems and lower the
melting point of ash [31], and is regarded as a critical element in ash-related problems [32].
Therefore, the potassium content should be as low as possible [32]. For optimal plant
growth, the potassium content should be 10–50 g of DM [31]. Sulphur also plays an
important role during the combustion process. Sulphur compounds that are formed during
this process lead to corrosion and are emitted into the atmosphere [30]. In turn, calcium can
inhibit the occurrence of silicate melt-induced slagging and bed agglomeration, as a result of
forming melting calcium potassium phosphates and silicates at high temperatures [30–32].

The work hypothesis assumes that fertilisation in a of dose 60 kg ha−1 will contribute
to changes in content an uptake of selected macronutrients and ash. It has been estimated
that particular parts of the plant (rhizomes, stems, leaves) will be characterised by different
ash, Ca, K, and S accumulation. Additionally, fertilisation at a dose 60 kg ha−1 N causes
the increase in uptake of ash and selected macroelement.

The aim of the study was to determine the effect of nitrogen fertilisation on the content
and uptake of ash and selected macroelements in Miscanthus × giganteus.

2. Materials and Methods

2.1. Study Site and Materials

The experiment with miscanthus and nitrogen fertilisation started by separating plots
on the plantation carried out in 2004. Detailed information is contained in the article by
Bogacz et al. 2020 [33]. The study with miscanthus was conducted in the years 2014–2016 at
Experimental Station belonging to Wroclaw University of Environmental and Life Sciences,
Pawlowice (geographical location 17◦7′ E and 51◦08′ N in the Lower Silesian Voivodship
(Figure 1)). The tested factor was nitrogen fertilisation (0, 60 kg ha−1 N). Miscanthus
sampling started from the 30th day of the vegetation period and was done every 30 days
until the end of the vegetation period (June, July, August, September, October, November
and December). At each date of sampling, a plant sample of the aboveground part of
the plant and rhizomes was sampled from an area of 0.25 m2. Samples for chemical
analysis were reduced according to the standard requirements of PN-EN 96 ISO 14780:2017-
07 [34] (which defines methods for reducing combined samples to laboratory samples
and laboratory samples to sub-samples and general analysis samples, and is applicable to
solid biofuels). Plant samples were sampled from the area of 0.25 m2 by gentle extraction
of rhizomes from the soil with the whole stems. Dry mass for laboratory samples was
determined by air-drying the dry mass at 105 ◦C for three hours according to Polish
standard (PN-R-04013:1988).
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Figure 1. Location of experiment.

The weather and soil condition, experiment design and agrotechnical treatments are
described in research by Bogacz et al. [33].

2.2. Chemical Analysis of Plant Material

The content of ash and macroelements in plant material was determined in the lab-
oratory belonging to the Institute of Agroecology and Plant Production. The content of
crude ash and macroelements in the aboveground part was calculated on the basis of the
content of these elements in the leaves and stems, taking into account the structure of the
dry matter yield.

Chemical analyses comprised:

- crude ash by burning dry plant material at 600 ◦C in an electric furnace: incineration of
plant material and combustion 1/2 g weighing the analytical sample of plant material
in the muffle furnace at 600 ± 15 ◦C and baking the remaining ash;

- potassium and calcium on the flame photometer (BWB Technologies UK LTD), using
flame photometry; mineralization of plant material through the use of sulphuric acid
and perhydrol and subsequent determination on a flame photometer;

- total sulphur by nephelometric method, after wet mineralisation with concentrated
sulphuric acid with 30% perhydrol, by the Bradley–Lancaster nephelometric method.

Uptake of crude ash and selected elements vas calculated based on yield biomass and
chemical content of the examined parts of plants.

2.3. Statistical Analysis

The experiment was conducted in four replications in order to test the effects of N
fertilisation on the content and uptake of ash and macroelements in Mischanthus giganteus.
The analysis of variance (ANOVA) and the mixed model with repeated measurements
were used. Doses of nitrogen fertilisers were assumed to be a fixed factor, while years was
assumed to be random. The results of chemical analysis of the Mischanthus were analysed
by ANOVA in the Statistica program (13.1 StatSoft, Kraków, Poland). One-way ANOVA
(nitrogen fertilisation, then year of experiment) was performed including post-hoc analysis.
The level of significance was determined as p < 0.05.

Homogeneous groups were determined on the basis of the Tukey test. The groups were
determined from the lowest to the highest value. The correlation of repeated measurements
was performed as the average value over the three-year growing season of each month.
The p-value concerns the subsequent months.
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3. Results

3.1. Crude Ash Content and Uptake

The effect of nitrogen fertilisation on ash content in the rhizomes (p = 0.0035), stems
(p = 0.0002) and aboveground part of Miscanthus × giganteus (p < 0.001) except for the
leaves was found. Even though rhizomes are not involved in the combustion process,
knowledge of the ash content of rhizomes allowed the ash content to significantly increase
from 2014 to 2016 in rhizomes (p = 0.0156), whereas the highest content was found in the
leaves (p = 0.0312) in 2015 (the lowest annual sum of precipitation—392 mm). The highest
content of ash was observed in the aboveground part of plants in the first year (p = 0.0047).
The highest content of this component was found in leaves, which is particularly bene-
ficial as the stem has the greatest share in the process of biomass combustion (Table 1).
The highest content of crude ash was found at the beginning of the vegetation period,
and as the plants developed (and also as a result of the ageing processes), its content
decreased. The decrease in ash content in stems was greater than in leaves at the beginning
of the vegetation period (Figure 2). The figures show the significance values of differences
(p-values) of ash content in subsequent months of observation for control and dose 60
(Figure 2).

Table 1. Crude ash content in dry matter of miscanthus in g kg−1 (average for the years 2014–2016).

Dose kg ha−1 N Rhizomes Stems Leaves Aboveground Part

0 43.6 a 37.6 a 56.7 a 53.6 a
60 46.5 a 42.2 a 58.3 a 57.6 a

p-value 0.0035 0.0002 0.2418 <0.001

2014 43.3 a 39.7 a 58.6 a 57.3 a
2015 45.2 a 39.0 a 59.3 a 54.5 a
2016 46.7 a 41.0 a 54.7 a 55.1 a

p-value 0.0156 0.1980 0.0312 0.0047

Figure 2. Crude ash content in examined part of miscanthus (g kg−1) (three-year average content
from measurements during the growing season every 30 days).
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The crude ash uptake through individual elements of the plant was significantly
dependent on the nitrogen fertilisation (p ≤ 0.001). The highest uptake in the rhizomes (p <
0.001) was found in the third year, whereas the highest uptake in the stems (p ≤ 0.001) and
aboveground part of plants (p = 0.0467) was found in the second year of the experiment
(Table 2). Crude ash accumulation by Miscanthus × giganteus per 1 m2 in rhizomes increased
throughout the entire vegetation period, while in stems and aboveground parts of the
plant, it decreased at the end of the vegetation period. Nitrogen fertilization caused
greater uptake of crude ash in all examined parts of plants during the whole vegetation
period (Figure 3). The p-values presented on the figure concern the date of plant material
sampling. The figures show the significance values of differences (p-values) of ash uptake
in subsequent months of observation for control and dose 60 (Figure 3).

Table 2. Crude ash uptake by g·m−2 (average for 2014–2016).

Dose kg ha−1 N Rhizomes
Aboveground Part Rhizomes and

Aboveground
Part

Stems Leaves All Together

0 44.8 a 46.0 a 33.9 a 74.4 a 119.2 a
60 54.3 b 60.1 b 46.3 b 99.0 b 153.3 b

p-value <0.001 <0.001 <0.001 <0.001 <0.001

2014 48.5 a 49.8 a 40.8 a 85.5 a 134.0 a
2015 47.7 b 57.9 a 39.1 a 89.1 a 136.8 a
2016 52.6 b 51.4 a 40.3 a 85.5 a 138.1 a

p-value <0.001 <0.001 0.3064 0.0467 0.1679

Figure 3. Crude ash uptake in examined part of miscanthus (g m−2) (three-year average content from measurements during
the growing season every 30 days).
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3.2. Potassium Content and Uptake

The potassium content in leaves (p = 0.0085) was significantly dependent on the nitro-
gen fertilisation. In the stem of Miscanthus × giganteus, the highest content of potassium
was found in the third year of the study (p = 0.0032), and in the second year in rhizomes (p
= 0.0219) and leaves (p < 0.001) (Table 3).

Table 3. Potassium content in dry matter of miscanthus g kg−1 (average for the years 2014–2016).

Dose kg ha−1 N Rhizomes Stems Leaves Aboveground Part

0 12.7 a 11.6 a 12.3 a 12.0 a
60 11.9 a 11.6 a 13.9 a 12.6 a

p value 0.1455 0.9491 0.0085 0.1643

2014 12.7 a 11.0 a 13.6 a 12.1 a
2015 13.0 a 10.3 a 15.1 ab 12.1 a
2016 11.1 a 13.5 a 10.6 a 12.7 a

p value 0.0219 0.0032 <0.001 0.4601

A decrease was observed in potassium content in the leaves, stems and aboveground
part of Miscanthus × giganteus since August to the December. The lowest level of this
element was found in December, when the potassium content in the aerial part of plants
was on average about twice as low as in June. In turn, a decrease in potassium content in the
rhizomes was found from the beginning of vegetation period until November. The increase
in potassium content in the rhizomes from November to the end of the vegetation period
(Figure 4) might be the result of translocation of this element from the aboveground part of
plants to the rhizomes. The figures show the significance values of differences (p-values) of
potassium content in subsequent months of observation for control and dose 60 (Figure 4).

Figure 4. Potassium content in examined part of miscanthus (g kg−1).

Potassium uptake (g m−2) by Miscanthus × giganteus was dependent on nitrogen
fertilisation and the years of the experiment. Nitrogen fertilisation caused an increase in
potassium accumulation (g m−2) in all examined parts of plants. The highest potassium
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uptake was found in the rhizomes (p < 0.001) and the aboveground part of plants (p < 0.001)
in the first year of research (Table 4).

Table 4. Potassium uptake of the giant miscanthus in g m−2 (average for 2014–2016).

Dose kg ha−1 N Rhizomes
Aboveground Parts Rhizomes and

Aboveground
Part

Stem Leaves Together

0 13.3 a 17.9 a 7.6 a 22.5 a 35.8 a
60 13.9 a 19.1 a 11.4 b 27.1 b 41.0 a

p-value 0.0064 0.0021 <0.001 <0.001 <0.001

2014 15.1 b 19.7 a 10.2 b 26.5 a 41.6 a
2015 14.3 b 16.9 a 10.4 b 24.1 a 38.4 a
2016 11.4 a 18.9 a 7.8 a 23.8 a 35.1 a

p-value <0.001 <0.001 <0.001 <0.001 <0.001

Rhizomes accumulated potassium until the end of vegetation (increasing trend).
Without nitrogen fertilization in the aboveground part of plants, the peak potassium
uptake was observed in November, whereas the highest accumulation was seen earlier on
the plots with nitrogen fertilization (Figure 5). The figures show the significance values of
differences (p-values) of potassium uptake in subsequent months of observation for control
and dose 60 (Figure 5).

Figure 5. Potassium uptake in examined part of miscanthus (g m−2) (three-year average content
from measurements during the growing season every 30 days).

3.3. Calcium Content and Uptake

Nitrogen fertilisation had no significant effect on the calcium content in the examined
parts of plants (Table 5). The year of the experiment had a significant effect on calcium
content in rhizomes (p < 0.001), stems (p = 0.0036) and leaves (p < 0.001) (Table 5).
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Table 5. Calcium content in dry matter of the giant miscanthus in g·kg−1 (average for the years
2014–2016).

Dose kg ha−1 N Rhizomes Stems Leaves Aboveground Part

0 0.58 a 1.34 a 1.78 a 1.52 a
60 0.55 a 1.24 a 1.93 a 1.51 a

p-value 0.5401 0.2250 0.1717 0.8787

2014 0.64 b 1.24 a 1.80 a 1.51 a
2015 0.79 b 1.11 a 2.31 a 1.50 a
2016 0.27 a 1.52 a 1.45 b 1.54 a

p-value 0.0000 0.0036 <0.001 0.8886

An increase in the content of this element in rhizomes was found until August and in
the stems to the end of the vegetation period (Figure 6). The figures show the significance
values of differences (p-values) of calcium content in subsequent months of observation for
control and dose 60 (Figure 6).

Figure 6. Calcium content in examined part of miscanthus (g kg−1) (three-year average content from measurements during
the growing season every 30 days).

Calcium uptake depended on nitrogen fertilisation in all parts of plants (p < 0.001)
except stems. Significant changes in calcium uptake were found during the years of
research in the rhizomes (p ≤ 0.001), stems (p ≤ 0.001), leaves (p ≤ 0.001) and the whole
plants (p ≤ 0.001) (Table 6).
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Table 6. Calcium uptake by the giant miscanthus in g·m−2 (average for the years 2014–2016).

Dose kg ha−1 N Rhizomes
Aboveground Parts Rhizomes and

Aboveground
Parts

Stems Leaves All Together

0 0.56 a 2.80 a 1.20 a 3.51 a 4.07 a
60 0.61 a 2.80 a 1.71 b 3.98 a 4.59 a

p-value <0.001 0.9045 <0.001 <0.001 <0.001

2014 0.64 b 2.81 a 1.44 ab 3.76 a 4.40 a
2015 0.83 c 2.41 a 1.73 a 3.64 a 4.47 a
2016 0.28 a 3.18 a 1.19 b 3.84 a 4.12 a

p-value <0.001 <0.001 <0.001 0.0573 <0.001

An increase in calcium uptake was seen in the stems and aboveground part of plants
through the entire vegetation period. Changes in calcium uptake in the rhizomes were
lower in this period compared to aerial parts of Miscanthus × giganteus (Figure 7). The fig-
ures show the significance values of differences (p-values) of calcium uptake in subsequent
months of observation for control and dose 60 (Figure 7).

Figure 7. Calcium uptake in examined part of miscanthus (g m−2) (three-year average content from measurements during
the growing season every 30 days).

3.4. Sulphur Content and Uptake

Nitrogen fertilisation had a significant impact on sulphur content in the stems (p = 0.0485)
and aboveground parts (p = 0.0067). Significant changes in sulphur content were found in
the different years of the experiment for rhizomes (p = 0.0345), stems (p < 0.001), leaves
(p < 0.001) and aboveground parts of plants (p = 0.0219). The highest sulphur content in
the rhizomes and stems was seen in the first year of field experiments and in the leaves
and aboveground part of plants in the third year (Table 7).
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Table 7. Sulphur content in dry matter of miscanthus in g kg−1 (average for years 2014–2016).

Dose kg ha−1 N Rhizomes Stems Leaves Aboveground Parts

0 0.78 a 0.62 a 0.63 a 0.69 a
60 0.81 a 0.67 a 0.64 a 0.75 a

p-value 0.4928 0.0485 0.5357 0.0067

2014 0.90 b 0.71 b 0.56 a 0.71 a
2015 0.77 ab 0.55 a 0.66 ab 0.69 a
2016 0.72 a 0.67 b 0.69 b 0.76 a

p-value 0.0345 <0.001 <0.001 0.0219

The sulphur content in the aboveground parts, stems and leaves decreased with the
development of plants. The dynamic changing of sulphur content in the aerial part of
Miscanthus × giganteus was the highest at the beginning of the vegetation period. The lowest
sulphur content in the rhizomes was found in October (Figure 8). The figures show the
significance values of differences (p-values) of sulphur content in subsequent months of
observation for control and dose 60 (Figure 8).

Figure 8. Sulphur content in examined part of miscanthus (g kg−1) (three-year average content from measurements during
the growing season every 30 days).

Sulphur uptake (g m−2) by Miscanthus × giganteus was significantly dependent on
nitrogen fertilisation and year of the experiment (Table 8). The highest sulphur uptake
was found on plots with nitrogen fertilisation in all examined parts of plants (p < 0.001).
The highest sulphur accumulation per m2 in the rhizomes and aboveground part of plants
was observed in the first year of the field experiment (Table 8).
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Table 8. Sulphur uptake by the giant miscanthus in g·m−2 (average for the years 2014–2016).

Dose kg ha−1 N

Number of Days
after the Start of
the Vegetation

Rhizomes

Aboveground Part
Rhizomes and

Aboveground Parts
Stems Leaves All Together

0 0.87 a 1.03 a 0.39 a 1.27 a 2.14 a
60 0.99 b 1.28 b 0.53 b 1.63 b 2.62 b

p-value <0.001 <0.001 <0.001 <0.001 <0.001

2014 1.06 c 1.36 b 0.40 a 1.57 a 2.63 a
2015 0.89 ab 0.99 a 0.45 a 1.30 a 2.19 a
2016 0.83 a 1.12 ab 0.52 b 1.48 a 2.31 a

p-value <0.001 <0.001 <0.001 <0.001 <0.001

The highest sulphur uptake by rhizomes and stems was found in December. It should
be noted that stems accumulated over 2–3 times more sulphur than leaves. Sulphur uptake
in Miscanthus × giganteus increased with the progressing vegetation period in all parts of
the field experiment (Figure 9). The figures show the significance values of differences
(p-values) of Sulphur uptake in subsequent months of observation for control and dose 60
(Figure 9).

Figure 9. Sulphur uptake in examined part of miscanthus (g m−2) (three-year average content from measurements during
the growing season every 30 days).

4. Discussion

Mineral concentration plays an essential role in biomass combustion quality [14,35].
To improve biomass quality of Miscanthus × giganteus, cultivation practice should be based
on keeping the nitrogen fertilisation rate as low as possible and delaying harvest until the
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spring following growth, as this will allow nutrient remobilisation and leaching of soluble
minerals like K and Cl through rainfall [35,36].

Nutrient remobilisation seems to be a good strategy for perennial rhizomatous
grasses [37,38] and represents an environmentally friendly strategy to reduce fertiliser ap-
plications [36]. When calculating the nutrient balance and fertiliser recommendations,
the remobilisation of nutrients within the plant must be taken into account [25]. Septem-
ber and March are irrelevant for nutrient remobilisation [28]. The increase in nutrient
content found in rhizomes in autumn and winter may be caused by remobilisation from
the aboveground parts to the underground part [25]. In our research, generally, nutrient
concentrations were highest at the beginning of the growing period and decreased clearly
during the growing season. There were no significant differences caused by N fertilisation
(except for potassium in leaves and sulphur in stems). The large loss of K from shoots
between September and harvest can be attributed to leaching from the senescent plant
material as K is not organically metabolised [39]. Some leaves fell after the end of the
growing period, contributing to improved properties of soil by increasing the contents of
elements and organic matter, thereby leading simultaneously to a decrease in ash uptake
by plants [24]. The mineral concentration of aerial biomass is at its highest during spring
and early summer and then declines, probably as a result of remobilization [24]. These
results are also confirmed by own research in the aboveground parts of plants. It is docu-
mented that mineral concentration in the aboveground biomass of Miscanthus × giganteus
decreases gradually from autumn to winter [24,28]. Our results highlight a decline in the
concentration of crude ash and macronutrients in aboveground parts of plants from spring
to autumn.

The average ash content in Giant Mischanthus according to Borkowska (2007) [31] is
about 27.6 g kg−1. In the study Baxter et al. (2014) [15], the average ash content in leaves
was between 40 and 60 g kg−1 DM, and in stems the mean value was lower, between
10 and 30 g kg−1 dm. In our research the highest average ash content was found in leaves
(57.5 g kg−1), less in rhizomes (45.1 g kg−1) and the lowest in stems (39.9 g kg−1). In the
research by Lewandowski and Heinz (2002) [36], the content of ash in the aboveground part
of plants decreased from December to February. Ash content decreased also from autumn
to spring in the study of Lewandowski et al. (2003) [40]. Similarly, delayed harvesting in the
research of Lewandowski and Heinz (2003) [36] contributed to a reduction in ash content
by 28% on average in Portugal and Great Britain, by 42% in Germany, by 50% in Sweden
and by 54% in Denmark. Kotecki et al. (2010) [41] found that nutrient and crude ash yields
were higher during the autumn harvest compared to the winter harvest, rising from 31 to
69%, while nitrogen fertilisation contributed to an increase in ash content. In our research,
the ash content depended on nitrogen fertilisation and years of experiment in the rhizomes
and aboveground part of miscanthus. Ash content decreased during the whole vegetation
period. Studies by Lewandowski and Kircherer (1997) [42] showed that miscanthus leaves
have a higher ash content than stems, which is also confirmed by own research.

The content of potassium in the aboveground part of plants ranges from 4.3 to
10.5 g kg−1 DM [22]. According to Borzęcka-Walker’s (2010) [31] study, the potassium
content in the aerieal parts of miscanthus plants ranged from 2.7 to 9.9 g kg−1 DM on
heavy black soil and from 1.6 to 9.4 g kg−1 DM on medium heavy black soil, depending
on the genotype and year of cultivation. In the research of Kalembasa et al. (2019) [22] the
mean potassium content in mischanthus grass biomass was 15.66 g kg−1 D.M. Further-
more, Lewandowski et al. 2000 [43] presented a review of potassium content obtained in
field studies by several authors for some locations in Europe. Potassium concentration
was significantly influenced during harvest time. According to Jensen et al. (2017) [38],
potassium content decreased over the three harvests from June (2009) to February (2010)
with the highest concentration during the summer. As expected, delaying the harvest by
three to four months improved the combustion quality by reducing potassium content
from 9 to 4 g kg−1 DM.
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Their experiment indicated that many genotypes of Mischanthus are characterised by
higher concentrations of potassium in autumn. According to Beale and Long (1997) [24],
potassium concentrations in the aboveground dry matter decreased from 32 to 12.0 g kg−1

during whole vegetation period. In our study, the potassium content also decreased
from summer till the end of vegetation in aboveground part of plants. Kalembasa et al.
(2019) [22] proved that potassium was transferred from the aboveground parts of plants to
rhizomes at the end of the growing season. According to Christian et al. (2008) [44] transfer
of potassium from leaves and stem to rhizomes is 14–30%.

The uptake of macronutrients is strongly dependent on the yield. The higher obtained
yield, the higher the uptake of the following element [44]. In the Christian et al. (2008) [44]
experiment between 1993 and 1995, the mineral uptake increased when the yield increased
rapidly. The translocation of the elements during harvest depends on many external factors,
especially weather conditions. While Mischanthus is characterised by higher dry yields
(about 30 Mg ha−1) from a three-year old crop, Beale and Long (1997) [24] found high
potassium uptake gaining 38.0 g m−2. Nassi o Di Nasso et al. (2011) [45] obtained potassium
uptake of around 27.0 g m−2. In our research potassium uptake was around 24.8 g·m−2.
Greater uptake of potassium in the Roncucci et al. (2015) [28] study was found in autumn
(16.0 g·m−2), and uptake was lower during wintertime. In this research, potassium uptake
by the aboveground part of miscanthus at wintertime had values corresponding to around
33% of those recorded at autumn harvest. The time of harvest was the most relevant factor
influencing miscanthus nutrient uptake in own experiments and those by Roncucci et al.
(2015) [28].

Aerial parts of grasses accumulated mostly calcium, potassium and magnesium.
The issue of calcium content in the rhizomes was undertaken by Stypczyńska et al.
(2017) [21]. The concentration of this element in their study in the rhizomes was 1.5 g kg−1

DM. In turn, Nassi di Nasso et al. 2010 [45] studied calcium content in the rhizomes and
obtained values of 0.5–1.4 g kg−1 DM which are confirmed in our research. The content
of calcium was affected by the following factors: genotypes, geographical location of
plantation and weather conditions, according to Helios (2018) [46]. In the lack of calcium
fertilisation the content of this element relies on age of the plantation. In a 12-year study by
Helios (2018) [46], the calcium content ranged from 3.1 g kg−1 DM while calcium uptake
amounted to 0.45 g m−2 in the first year of experiment to 0.5 g kg−1 DM, while the calcium
uptake was 1.2 g m−2 in the tenth year of cultivation. In studies by Baxter et al. (2014) [15]
and Stypczyńska et al. (2017) [21], leaves of miscanthus were characterised by higher
calcium content compared to the stems, which is confirmed by our research. In conducted
experiments by Lewandowski and Kicherer [42], the calcium concentrations in the leaves
ranged from 2.3 to 3.7 g kg DM while that in the stems ranged from 0.5 to 1.1 g kg DM.

In our research, the trends of changes in calcium content during vegetation were
similar to those of Kotecki et al. (2010) [41] who showed that the content of this element in
the aboveground part of the plant was decreasing until summer and then it increased.

Sulphur plays an important role during the combustion process. Sulphur compounds
that are formed during this process lead to corrosion and are emitted into the atmo-
sphere [30]. In Lewandowski and Kicherer’s [42] research no definite effect of nitrogen
fertilisation on sulphur concentration in the leaves and stems was found. In our experiment,
the content of this element in the stems was dependent on examined factor (p = 0.0485)
while the nitrogen fertilisation had no significant impact on sulphur content in the leaves.
For the entire vegetation period of miscanthus, Spiak et al. (2012) [29] showed that almost
half the sulphur content is present in the stems compared to that in the leaves. In the
study by Baxter et al. (2014) [15], on the other hand, the opposite results were obtained.
In our study, the highest sulphur content was found in the rhizomes and there was less
in the leaves and stems. The sulphur content in the leaves (0.64 g kg−1 DM) and stems
(0.65 g kg−1 DM) was similar. Concentration of this element in aboveground parts of mis-
canthus amounted to 0.72 g kg−1 DM. In research by Kotecki (2010) [41], sulphur content
in aerial parts of plants was 0.5–0.8 g kg−1 DM.
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In our field experiment, the highest content of this component was found in young
plants. As the vegetation progressed, the sulphur content decreased in the aboveground
part of plants by around 50%. In contrast to the content, the sulphur uptake was signifi-
cantly higher in stems than in leaves. The uptake of sulphur in the aboveground part and
whole plants with an increased trend was observed until the end of the vegetation season.
A similar tendency was observed in rhizomes from July to December.

5. Conclusions

Because of the need to reduce emissions, and to avoid worsening the air quality by
producing the compounds during combustion of, e.g., hard coal for heating purposes in
many Polish cities and other Central and Eastern European countries, the low content of
mineral components in Miscanthus × giganteus biomass is very desirable and may constitute
an alternative source of biomass for energy purposes.

While the research hypothesis was verified, it should be stated that only ash content in
rhizomes and aboveground part of plants depended significantly on nitrogen fertilisation,
while potassium (except in leaves), calcium and sulphur content (except in stems and
aboveground parts) were not significantly influenced by this factor. The uptake of the
studied elements was significantly dependent on nitrogen fertilisation in the case of ash,
potassium, sulphur and calcium (except for stems). K and S concentrations were highest at
the beginning of the growing period and decreased clearly during the growing season.

The ash content was significantly higher under the influence of nitrogen fertilisation
in leaves at 58.3 g m−2 and the lowest in stems at 42.2 g m−2, and the highest intake by
stems at 60.1 g m−2 and the lowest in leaves at 46.3 g m−2. Significantly higher sulphur
uptake was found in stems under the influence of nitrogen fertilisation at the amount of
1.28 g m−2.
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Abstract: The Polish agricultural economy has a chance to dynamically develop and influence the in-
novation policy in the EU model of bioeconomy. The research aims to assess the spatial diversification
of the level and structure of spending funds for two Rural Development Program (RDP) measures:
agri-environment-climate measures (AECM) and organic farming scheme (OFS) aimed at supporting
proenvironmental forms of agricultural management in the context of bioeconomy development.
The EU financial perspective determined the time range for 2014–2020. The study was conducted on
the example of Poland in two spatial scales: regional (province) and local (community). The analysis
was based on partial indicators, which were then subjected to the standardisation procedure and
included in the total as a synthetic indicator of the utilisation of RDP 2014–2020 funds aimed at
supporting proenvironmental forms of farming. The following information was included in the
evaluation: the number of farms, the size of utilised agricultural area (UAA) covered by support and
the amounts of payments made under the two analysed RDP measures. In the research, the size and
distribution of farms benefiting from AECM and OFS were determined. Besides, the relationship
between funds absorption and socioeconomic development, as well as natural and non-natural con-
ditions, were identified. The synthetic indicator of AECM/OFS usage showed a strong spatial
differentiation, determined by the impact of several conditions: the level of socioeconomic develop-
ment, the level of agriculture development, natural conditions of agriculture, land with significant
natural and ecological values, and proenvironmental forms of land use on farms. Spatial diversifica-
tion is more often the result of the impact of proenvironmental or natural-ecological factors than of
socioeconomic conditions, or the level of agricultural development.

Keywords: bioproduction; CAP payments; sustainable agriculture; Poland

1. Introduction

Poland ranks third in Europe after France and Spain in terms of the share of agri-
cultural land in the total area of the country (56%). In 2018, the global production value
(in current prices) of Polish agricultural holdings ranked the country’s agriculture 7th in the
European Union, behind France, Germany, Italy, Spain, the UK, and the Netherlands [1,2].
Following the definition of the European Commission (EC) bioeconomy is “one of the
oldest economic sectors known to humanity, and the life sciences and biotechnology are
transforming it into one of the newest” [3,4]. Bioeconomy, i.e., industry based on bio-based
raw materials and biotechnology, is concentrated around traditional sectors: agriculture,
forestry, and food processing [5–7]. Polish agriculture may become an essential element in
the development of the bioeconomy by supplying critical resources [8–10]. Bioeconomy is
an important branch of the Polish economy, responsible for about 20% of the employment
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and 10% of the total production volume [11]. The development of bioeconomy is deter-
mined by the depletion of available natural resources, climate change and the need to
implement sustainable agriculture [12–14]. The key determinants of bioeconomy develop-
ment are the adopted legal regulations implementing international obligations in the form
of the UN sustainable development goals and climate and energy policy combined with
innovation [15–17]. The Polish bioeconomy was formed under the commitments resulting
from the membership in the European Union, the communication of the European Com-
mission to the European Parliament and the Council of Europe titled “Innovation in the
service of sustainable growth: bioeconomy for Europe” contributed to the development of
bioeconomy in Poland [8,18,19]. References to bioeconomy are found in documents such as
Strategy for Innovation and Efficiency of the Economy [20], Strategy for Sustainable Rural
Development [21], and the Energy Security and Environment Strategy, all of which promote
growing efficiency of the use of natural resources and raw materials [22]. The Organization
for Economic Cooperation and Development (OECD) has produced a “policy agenda”
pushing for biotechnology as a new “bioeconomy” [3,23–26].

Traditional bioeconomy includes primary production, i.e., agriculture, the devel-
opment of which in Poland follows two tracks. The areas with a favourable agrarian
structure are dominated by intensive agriculture with high rates of plant and animal pro-
duction [23,27,28]. At the same time, it is accompanied by extensive, traditional agriculture
and organic farming predominantly located in naturally valuable areas [29]. Bearing in
mind that agricultural production is based on natural resources and its durability depends
on the state of the natural environment, the type of agricultural production is of great
importance (including industrial and bioenergy types), not only due to the quantity and
quality of production, but also its impact on the natural environment and climate [30,31].
Bioeconomy, based on biodiversity, is of particular importance in agricultural areas which
are protected and financially supported by EU programs [32]. One of the challenges for
agriculture is to ensure food security while maintaining the postulates contained in the
concept of bioeconomy [8]. Agricultural production has a significant impact on the natural
environment, including responsibility for a significant part of greenhouse gas emissions [33]
and at the same time is a sector susceptible to climate change [34]. These relationships
are two-sided: environmental resources determine the size and directions of agricultural
production; at the same time, agriculture changes the existing ecosystems, shapes the
landscape and affects the individual components of nature [35–37].

Increased competition on the market and pressure to increase the agricultural pro-
duction efficiency in the EU contribute to the loss of biodiversity, the disappearance of
traditional forms of farming and local varieties of crop plants [38]. Therefore, it becomes
essential to reconcile the increase in agricultural productivity and its competitiveness with
the simultaneous reduction of its negative impact on the environment. Therefore, agricul-
tural production must use energy, water and soil in a more effective and proenvironmen-
tal way, while reducing greenhouse gas emissions [19,39–41].

The answer to the above challenge is more sustainable agriculture, which combines
production, economic, social, and ethical priorities with ecological safety [42,43]. The con-
cept of sustainable development postulates the simultaneous implementation of goals
relating to three independent but related areas: environmental (ecological), social and
economic [44,45]. Sustainable agriculture could become an essential element in the devel-
opment of the bioeconomy [46–49]. According to Kłodziński [50], it should be remembered
that sustainable development of rural areas requires, above all, a compromise between
agricultural producers, whose aim is to maximise the effects of their activities, and the
interests of society, for which protection and management taking into account the state
of the natural environment is becoming more and more critical. In the conditions of the
Common Agricultural Policy (CAP), this leads to a redefinition of the concept of agriculture:
from a narrow, productive approach, to holistic, sustainable and rational management of
natural resources recognised as particularly protected public goods [51].
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From the beginning of Poland’s membership in the EU, i.e., 2004, the most effective
CAP program aimed at minimising the negative impact of agriculture on the environment
was the Agro-environmental Program. It had three goals: protection of the environment
and landscape, development of organic farming and preservation of biodiversity. Imple-
mented in the first (incomplete) financial period (2004–2006), it continued in 2007–2013,
and now functions under the Rural Development Program (RDP, 2014–2020 perspective).
In the concept of multifunctional and sustainable agricultural development adopted for
implementation, two measures are of particular importance for shaping the relationship
between agriculture and the environment—agri-environment-climate measures (AECM)
and organic farming scheme (OFS; in previous EU financial periods, these measures
were included in one agri-environmental program). It should be emphasised that agri-
environment-climate measures of the RDP are one of the financial instruments of the
bioeconomy and are part of its development trend [52–54]. These activities are mainly
aimed at strengthening two nonmarket functions of agriculture:

• Green—related to the management of land resources in order to maintain their valu-
able properties, with the creation of conditions for wild animals and plants, protection
of animal welfare, maintenance of biodiversity and improvement of the circulation of
chemicals in agricultural production systems [11,55];

• blue—related to water resources management, water quality improvement, flood pre-
vention, hydropower and wind energy generation [5].

When considering the multifunctionality of agriculture, support for farms in areas with
unfavourable farming conditions is aimed at securing their possibility of further operation.
Land management and land use should be based on environmentally friendly principles,
while supporting functions other than food production, thus preventing trends of marginal-
isation and degradation of these areas [43,56]. The answer to the problems related to
sustainable development is to improve the methods of managing the environment and
natural resources. In this context, social-ecologically sustainable agricultural management
is gaining more and more importance [40,57].

The European Bioeconomy Strategy developed by the EC (adopted on 13 February 2012)
is based on three pillars [58], that is the support from EU and national funds, providing
knowledge for sustainable production growth and the creation of a bioeconomy panel and
bioeconomy observatory. Bearing the above in mind, the article presents and describes
the first pillar of the strategy, i.e., supporting the bioeconomy with EU funds from the
RDP [59].

The main objective of the research is to assess the spatial diversity of farms acquiring
CAP funds aimed at supporting sustainable agriculture, i.e., concerning two RDP mea-
sures 2014–2020, “Agri-Environment-Climate Measures” and “Organic Farming Scheme”.
The second aim of the study is an attempt to delimit the determinants affecting the level
of use of the researched funds, and thus the possibilities of sustainable agricultural de-
velopment.It was assumed that the identification of such targeted activity of farmers is
a sine qua non condition for broader inclusion of agriculture in the framework of bioe-
conomy [60].The research goals set in this way will help to answer the question “Can the
spatial diversification of the use of proecological CAP funds be the key to a more regionally
and locally optimised development of the bioeconomy in Polish agriculture?”

The research used an indicator of the share of completed applications of the measures
mentioned above in the total number of farms to assess the level of interest of farmers
towards proenvironmental forms of agricultural management along with its spatial diver-
sification. Additionally, the strength of the relationship (correlation) between the level of
activity determined in this way and the adopted conditions thus identified i.e., the levels of
socioeconomic and agricultural development, and two environmental determinants related
to the assessment of the natural conditions of agriculture and the share of proenvironmental
forms of land use.

Earlier studies [61–65] indicate territorial disparities in obtaining CAP funds, result-
ing from the characteristics of a given area, both human (socioeconomic) and environmental.
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2. Materials and Methods

2.1. Study Area and Materials

Taking up the above topic was motivated by the need to summarise the effects of two
RDP measures of 2014–2020 AECM and OFS, which taken together constituted the basis
for recognising the strength of the relationship between the different level of absorption of
funds from the measures as mentioned earlier and the level of natural and non-natural con-
ditions. The spatial scope of the research covered the territory of Poland (NUTS 0) in the
system of province (16 NUTS 2 units) and communities (2477 units; the third-order admin-
istrative division of the country sometimes referred to as “communes” or “municipalities”,
until 2016—according to Local Administrative Units—LAU level 2).

Data on the implementation of AECM/OFS were obtained from the Agency for
Restructuring and Modernisation of Agriculture (ARMA; Warsaw, Poland). They took into
account the number of beneficiaries, the area covered by the payment and the amounts of
payments made. The second leading source of data was the Local Data Bank of the Central
Statistical Office (Warsaw, Poland) [66–68]. The obtained data from the ARiMR related to
two RDP 2014–2020 measures (AECM, OFS), including:

• the number of completed applications—97,200, which constituted 10.4% of the total
number of farms;

• the surface of the subsidised area—1,259,600 ha, which constituted 10.8% of the total
agricultural area of farms;

• the realised payments—EUR 933.8 million (at the rate of PLN 4.295 to EUR 1), which
was EUR 1190 per farm.

The data concerned a wide range of issues that allowed for spatial assessment,
among others, of the level of socioeconomic development, the level of agricultural de-
velopment or natural and ecological valorisation, which were adopted as the level of
conditions for the sustainable development of bioagriculture (see Table 1).

The main criteria for assessing spatial differentiation were the number of farms,
the area of UAA covered by the support and the amounts of AECM/OFS payments made.
The research assumptions included analysis in two spatial scales:

• macroscale—comprehensive nationwide analysis;
• microscale—enabling the identification of specific areas in which activities aroused

extreme interest and areas in which farmers showed passivity in applying for funds
for agri-environment-climate activities. Such an approach is an advantage of the work,
as most of the analyses related to the evaluation of the implementation of EU funds
are conducted only on a regional scale, without in-depth analysis at the local level
(LAU 2 units).

The primary analysis was based on the number of applications completed within
the framework of the said measures and the volume of funds obtained. Both elements
allow assessing the scale of farmers’ interest in activities aimed at diversifying the sources
of income. The empirical nature of the article, to a large extent, contributes to the develop-
ment of the cognitive thread in the field of the impact of EU funds on the diversification of
farmers’ income sources and the development of entrepreneurship in rural areas towards
the development of nonagricultural activities, with particular emphasis on the bioeconomy.

2.2. Methods

The implementation of the set research goal required the adoption of an appropriate
research procedure and the construction of a whole set of indicators. The research was
conducted in several stages (cf. Figure 1). In the first one, three partial indicators (IAF,
ITR, IFSF) were used to assess the spatial level of the use of proenvironmental CAP funds
(IUF-RDP). ARMA data and normalisation methods were used. The aim of the second stage
was spatial delimitation of selected determinants (LSED, LAO, APS, NEA), which should
determine the scale and directions of using the researched funds (IUF-RDP). They were
defined on the basis of 12 partial indices. The last stage was a comparative analysis of
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both planes, which allowed to assess the role of individual determinants in the level of the
use of proenvironmental CAP funds.

 

Figure 1. Research procedure.

2.2.1. Stage 1. Indicator of the Use of Proenvironmental CAP Funds

The basis for assessing the use of proenvironmental CAP measures were normalised
values of three indicators illustrating:

• (IAF) the activity of farmers in terms of obtaining funds (ratio of the number of
applications to the total number of farms expressed in percentages);

• (ITR) territorial rank (the ratio of the number of applications to the area of agricultural
land expressed in percentages);

• (IFSF) impact on the financial situation of a farm (ratio of obtained subsidies in
EUR per farm). The above indicators were subjected to the normalisation procedure
following the formula [69–71].

Zij =
Xij − av.Xi

δi
(1)

where:

Zij—standardised value of the diagnostic feature ‘i’ in spatial unit ‘j’
Xij—value of diagnostic feature ‘i’ in spatial unit ‘j’
av.Xi—average value of diagnostic feature ‘i’
δi—standard deviation of diagnostic feature ‘i’.

The next step was to calculate the synthetic indicator for the use of proenvironmental
RDP funds (IUF-RDP), according to the formula:

G =
1
M

(
Zi1 + Zi2 + . . . + Zij

)
(2)

where:

G—average standardised value of selected diagnostic features within the respective group
of features
Zij—standardised value of diagnostic feature ‘i’ in spatial unit ‘j’
M—number of diagnostic features.
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The zero values (national means) of the indicators, assuming a standard deviation
threshold of +/−0.5, were the basis for distinguishing three classes characterised by low
(below −0.50 δ), medium (from −0.50 to 0.50 δ), and high (above 0.50 δ) level of the
phenomenon.

2.2.2. Stage 2. Assessment Planes—Determinants of Sustainable Development of
(Bio)Agriculture

The spatial distribution of the level of the use of proenvironmental CAP funds
was compared to synthetic indicators illustrating the level of socioeconomic develop-
ment (LSED), the level of agricultural development (LAD), the quality of agricultural
production space (APS), and the natural and ecological quality of areas (NEA). The in-
dicators were constructed based on normalisation and then averaging of several partial
indicators and division into units with the low, medium and high level of the studied phe-
nomenon (the same as in the case of IUF-RDP). The basis for delimiting selected indicators
is presented in Table 1.

Table 1. Assessment planes—determinants of development of sustainable agriculture in Poland characteristics. Source:
own elaboration on [66–68,72,73].

Assessment Plane Delimitation Indicators Data Source

The level of socioeconomic development (LSED)

(x1) business entities in the REGON register per 10,000
population

[70]

(x2) unemployed per 10,000 population (destimulant) [70]
(x3) population with the access to the sewage network as a
percentage of the total population

[70]

(x4) own incomes of communities in PLN per capita [70]

The level of agricultural development (LAD)

(x5) the average area of a farm in ha (2018, according to
ARMA)

[70]

(x6) farmers with secondary and higher education as a
percentage of the total number of farmers

[66]

(x7) young farmers (up to 34 years of age) as a percentage of
the total number of farms

[66]

(x8) noncereal crops as a percentage of the total sown area [66]

The quality of agricultural production space (APS) (x9) indicator of the quality of agricultural production space [67]

The natural and ecological quality of areas (NEA)

(x10) forests and wooded and bushy land as a percentage of
the total area

[70]

(x11) grasslands, water bodies, and the legally protected
areas as a percentage of the total area (2018, according to
CSO BDL)

[70]

(x12) priority zones of the agri-environmental program
delimited in the period 2004–2006 as a percentage of the
total area

[68]

2.2.3. Stage 3. Assessment of IUF-RDP in the Context of Conditions

The assessment of IUF-RDP in the context of separate groups of conditions for sus-
tainable agricultural development was carried out in two ways. Firstly, it will support the
calculation of the average values of LSED, LAD, APS, NEA indicators for each category
(low, medium, high) for the level of use of IUF-RDP funds. In the analysis aimed at de-
termining the strength and direction of the relationship between the synthetic index of
the use of proenvironmental RDP measures and the conditions of sustainable agricultural
development, the linear Pearson correlation coefficient (according to the product-moment)
was used. Correlation factor took numerical values from (−1) to (+1), where the value with
zero indicates no statistical relationship.Additionally, in order to better illustrate the rank of
the studied group of funds, an indicator of the ratio (IR) of the value of proenvironmental
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EU funds to the size of commune budgets (EU payments as % of the commune budget in
2015–2019) was introduced.

3. Results and Discussion

The research questions and adopted methods mean that the discussion of the results
is preceded by explanatory background. It is a theoretical framework on the essence and
importance of agri-environment-climate action for the development of bioeconomy and
implementation of the agri-environmental program in Poland in 2007–2013 against the
European Union.

3.1. The Role and Importance of Agri-Environment-Climate Action

One of the objectives of the EU’s Common Agricultural Policy is to promote environ-
mentally friendly agricultural practices. This goal is being implemented, among others,
by implementing agri-environment-climate measures in all EU member states. These mea-
sures are part of the Rural Development Program for 2014–2020 (RDP 2014–2020) and
are mostly a continuation of the previous measure, RDP agri-environmental program for
2007–2013 [73]. It was planned as one of the components implementing strategic EU and
national environmental goals, taking into account the economic and social importance of
agriculture in the context of the growing demand for agricultural raw materials, including
for the bioeconomy, and the still high importance of agricultural activity for employ-
ment and territorial development in Poland [74,75]. The agri-environmental program is
a financial instrument aimed at encouraging farmers to continue or apply agricultural
practices leading to the greening of agricultural production. The implementation of the
agri-environmental program contributes to the sustainable development of rural areas and
the preservation of biodiversity in these areas. The primary assumption of the program is
to promote agricultural production based on methods consistent with the requirements of
environmental and nature protection [76–78]. An additional goal of the program is to in-
crease the environmental awareness of the rural community. According to research [47,79],
the agri-environmental program has become an impulse mainly for the development of
multifunctional agriculture.

In the period 2004–2006, the agri-environmental program included seven packages,
while in the years 2007–2013, nine packages were implemented (RDP 2004–2006 and RDP
2007–2013). The agri-environment-climate measure (RDP 2014-2020) consists of seven pack-
ages: (1) Sustainable agriculture, (2) Soil and water protection, (3) Preservation of orchards
with traditional varieties of fruit trees, (4) Valuable habitats and endangered bird species
in Natura 2000 areas, (5) Valuable habitats outside Natura 2000 areas, (6) Conservation
of endangered plant genetic resources in agriculture, and (7) Preservation of endangered
animal genetic resources in agriculture.

The limit of funds for Poland for 2014–2020 for this priority was approximately EUR
4.2 billion [80] and addressed the implementation of the following specific objectives:

• restoring, protecting, and enhancing biodiversity, including in Natura 2000 sites and
areas facing natural or other specific constraints, and HNV farming and the state of
European landscapes;

• improving water management, including fertilisation and pesticide use,
• preventing soil erosion and improving soil management [81].

The limit of funds allocated to Poland for this measure for 2014–2020 is approximately
EUR 1.4 billion, which constitutes 33% of Priority 4. These measures (excluding Package 2.
Organic farming under the agri-environment-climate measures) were implemented for a
total of 11.6% of the area reported for direct payments (as of 2015). In subsequent cam-
paigns, this area was systematically decreasing, and in 2018 the estimated area amounted
to 7.1% of the area reported for direct payments. In the context of specific Priority 4:
Preventing soil erosion and improving soil management, the most crucial action is the
organic farming scheme (OFS). The total funds allocated for this purpose amount to less
than EUR 700 million, which constituted approximately 17% of Priority 4 funds. In total,
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by the end of 2018, based on issued decisions granting ecological payment, the size of the
physical area covered by support was 531,816 ha, which was 3.7% of the area reported for
direct payments. Although this is a highly unsatisfactory effect, in the years 2016–2018,
a reasonably stable increase (approximately 12% per year) of the agricultural area on which
this measure is implemented was observed.

As part of agri-environmental programs, which are followed by specific financial
support, farmers are encouraged to act to protect the natural environment, biodiversity,
and preserve landscape values. The beneficiary may join the measure, first of all, if the
farm has at least 1 ha of UAA (3 ha in Package 1. Sustainable agriculture) or at least 1 ha
of natural areas and has the producer’s identification number assigned by the Agency for
Restructuring and Modernisation of Agriculture.

3.2. Implementation of Proenvironmental CAP Funds in Poland in 2014–2020

In Poland, in 2014–2020, 97,200 projects were implemented as AECM/OFS activi-
ties, including 67,200 for the operation of AECM and 30,100 of OFS. These ranged from
less than 1000 in Opolskie (700) and Śląskie (900) to over 10,000 in Lubelskie (13,300),
Podlaskie (11,700), and Warmińsko-Mazurskie (10,400; see Table 2, Figure 2a). The re-
searched group of farms accounted for 10.4% of the total number of farms in Poland (IAF;
according to the register of agricultural producers by the ARMA).

Table 2. Proenvironmental instruments of the Rural Development Program (RDP) 2014–2020 in Poland—together agri-
environment-climate (AECM) and organic farming (OFS) measures—selected elements. Source: own elaboration on
[66–68,72,73].

Specification

Number of Applications Subsidised Area Payments Made
IUF-RDP

**In Total Thousand
Requests *

IAF
**

In Thousand ha *
ITR
**

In Million Euros
IFSF

**

POLAND 97.2 10.4 1259.6 10.8 933.8 1.190 0.00

I Dolnośląskie 5.1 10.0 77.6 9.2 64.7 1.259 −0.03

II Kujawsko-
Pomorskie 3.8 6.3 68.7 6.7 37.2 623 −0.26

III Lubelskie 13.3 7.9 119.3 8.8 87.8 522 −0.19
IV Lubuskie 4.7 24.4 98.4 24.1 83.2 4.304 1.05
V Łódzkie 2.6 2.2 20.4 2.2 12.9 112 −0.52
VI Małopolskie 3.8 3.3 18.7 3.8 17.1 150 −0.46
VII Mazowieckie 7.4 3.7 57.0 3.1 40.4 204 −0.46
VIII Opolskie 0.7 2.6 17.2 3.4 8.1 302 −0.46
IX Podkarpackie 9.8 8.8 64.1 11.9 66.9 600 −0.10
X Podlaskie 11.7 14.9 102.9 10.1 82.1 1.051 0.07
XI Pomorskie 6.1 16.2 109.9 15.2 70.6 1.889 0.33
XII Śląskie 0.9 2.1 9.9 3.0 6.5 159 −0.50
XIII Świętokrzyskie 4.1 5.0 26.0 5.3 18.3 223 −0.38

XIV Warmińsko-
Mazurskie 10.4 24.6 195.2 20.1 145.8 3.460 0.85

XV Wielkopolskie 5.3 4.5 76.2 4.4 48.7 419 −0.38
XVI Zachodniopomorskie 7.8 28.2 198.4 23.5 143.6 5.173 1.25

* annual average values 2015–2019, (for 2281 communities); ** IAF—the activity of farmers; ITR—territorial rank; IFSF—impact on the
financial situation of a farm; IUF-RDP—indicator for the use of proenvironmental RDP (more about indicators: see methodology).
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(a) (b) 

Figure 2. Number of submitted applications (a) and the synthetic indicator of the utilisation of the Rural Development
Program (IUF-RDP-indicator for the use of proenvironmental RDP (b)). *1 dot = 10 applications. Source: own elaboration
on [66–68,70,71].

In the province system, the most significant activity was recorded by Zachodniopo-
morskie (28.2%), Warmińsko-Mazurskie (24.6%), and Lubuskie (24.4%), the lowest by
Śląskie (2.1%), Łódzkie (2.2%), and Opolskie (2.6%). The UAA covered by the cofinancing
was 1,284,900 ha, while the ITR was 10.8%. The spatial analysis showed that the highest
ITR was recorded in Lubuskie (24.1%) and zachodniopomorskie (23.5%), while the lowest
in Łódzkie (2.2%) as well as Mazowieckie (3.1%) and Śląskie (3.0% each).

The AECM and OFS funds are commonly used in communities with natural and
ecological values (X4, X5). The communities showing high interest in proenvironmental
forms of EU support include Gołdap (534 applications), UstrzykiDolne (506), UjścieGor-
lickie (386), and DrawskoPomorskie (379). Generally, however, the group of the most
active communities is relatively small. More than 100 applications were implemented
only in 261 communities (10.5% of the total). The group of communities where the bene-
ficiaries showed passivity and distance to the implementation of proecological activities
is much more numerous. It is confirmed by this study, as it shows that in 338 com-
munities, only 1–5 applications were implemented, while in another 304 communities,
6–10 applications. In total, these administrative units constitute as much as a quarter
of all communities in Poland. Besides, there is a relatively large group of communities
(198, i.e., 8%) in which none of the farmers took advantage of the possibility of obtaining
EU payments for proecological activities. Thus, the activity rate of beneficiaries is relatively
low. Statistically, the leaders among local authorities in implementing solutions supporting
the bioeconomy are found in one in 10 communities in Poland.

Bioeconomy, based on biodiversity, is of particular importance in areas used for agri-
culture, which are covered by EU payments for proenvironmental measures, i.e., in this
case from AECM and OFS. Hence, one of the essential measures in the spatial dimen-
sion is the UAA to which payments under the instruments above have been granted.
This indicator shows extensive spatial spans. From this perspective, the leading com-
munities in Poland include Gołdap (the area covered by AECM and OFS payments is
8885 ha), Szczecinek (8617), DrawskoPomorskie (7035), Słońsk (6388), Bobolice (6322), and
BiałyBór (6290). In total, in 387 communities, more than 1000 ha of UAA were qualified
for the subsidies. In the next 299 communities it was 500–999 ha, and in as many as
918 from 100 to 499 ha. In total, the area eligible for support for proecological activities
in Poland, i.e., AECM and OFS, amounts to 1.259 million ha, i.e., approximately 10.8%
of the total UAA. For comparison, in Germany—the most developed EU country in this
respect—subsidies to the area covered by the agri-environmental program were granted to
nearly 5.3 million ha, i.e., about one-fourth of the total UAA [81].
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The total value of cofinancing was EUR 933.8 million (on average, EUR 145 per farm),
the majority of which was related to the AECM (68.6%). In terms of the volume of the pay-
ments, it was shown that an average farm received almost EUR 1200 (IFSF). This type
of impact on the financial situation of farms was the highest in Zachodniopomorskie
(EUR 5173). At the community level, the threshold of EUR 10,000 was exceeded in 34
of them, while two communities (Stepnica in Zachodniopomorskie and Lutowiska in
Podkarpackie) exceeded EUR 19,000.

It was assumed that IUF-RDP (average IAF, ITR, IFSF) is a determinant of proenvi-
ronmental preferences of farms, therefore recognising its spatial diversity is an essential
element of bioeconomy development opportunities.

The synthetic indicator of the utilisation of the AECM and OFS resources (nor-
malised average) showed high spatial differentiation. In terms of regions, the leader in the
use of funds was Zachodniopomorskie (1.25), followed by Lubuskie (1.05) and Warmińsko-
Mazurskie (0.85), which achieved the highest values in the system of partial indicators
(i.e., activity and absorption). Low values of the AECM/OFS utilisation rate were noted in
Łódzkie (−0.52) and Śląskie (−0.50). Such a territorially oriented implementation of AECM
and OFS measures shows that the use of biodiversity in agriculture is pragmatic, which
increases the possibilities for sustainable use and good management of environmental re-
sources. On the other hand, it also helps to strengthen the environmental ecosystem, which
will help preserve biodiversity at the farm level and beyond. Appropriate (i.e., in line with
environmental preferences, as well as agricultural and economic opportunities) territorially
oriented AECM and OFS activities should significantly strengthen the desired economic
profile, i.e., aimed at the bioeconomy. However, it should be noted that the implementation
of proecological activities by farmers is not only motivated by care for the environment.
As such, no other behaviours are mainly due to the economic factor associated with the
possibility of obtaining subsidies from the CAP funds. It is evidenced by the fact that the ac-
tivities of AECM and OFS in Poland are used mainly by large farms located in the northern
and western parts of the country (Zachodniopomorskie, Warmińsko-Mazurskie, Lubuskie).
Thus, it points to the opposite relationship than, for example, in neighbouring Germany,
where smaller farms, focused on more extensive forms of management, are more eager to
use funds from proecological activities.

In the system of communities, the highest level of activity in the use of EU funds was
found in Dziwnów (8.6), Zachodniopomorskie and GórowoIławeckie (7.90), Warmińsko-
Mazurskie. The remaining clusters of communities are located in the coastal and lake dis-
trict regions, within the Natura 2000 areas, within the territory of national parks, e.g., Słow-
iński (NP communities of Łeba 5.62, Smołdzino 5.2) and Bieszczady NP (community of
Lutowiska 4.9) (cf. Figure 2b).

The value of IUF-RDP was the basis for the classification of communities into three groups,
namely with the low, medium, and high levels of absorption of proenvironmental RDP
funds (see Figure 2b).

3.3. An Attempt at Spatial Delimitation of Conditions for the Development of Sustainable
Agriculture in Poland

Apart from recognising the spatial differentiation of the use of proenvironmental
RDP funds, one of the objectives of the study was an attempt to delimit the spatial condi-
tions influencing the sustainable development of agriculture, and thus the absorption of
these funds. The analysis of the values of synthetic indicators (LSED, LAD, APS, NEA)
both on a regional (see Table 3) and local scale (see Figures 3 and 4) shows that the poten-
tial factors determining the sustainable development of agriculture create an extremely
complex system.
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Table 3. Selected conditions for the development of sustainable agriculture in Poland (indicators in the form of a normalised
value). Source: own elaboration on [66–68,72,73].

Province

The Level of
Socioeconomic
Development

The Level of
Agricultural

Development

The Quality of
Agricultural

Production Space

The Natural and
Ecological Quality

of Areas

LSED * LAD * APS * NEA *

I Dolnośląskie 0.30 0.21 0.39 −0.12

II Kujawsko-
Pomorskie −0.35 0.36 0.39 −0.27

III Lubelskie −0.66 −0.04 0.97 −0.27
IV Lubuskie 0.00 0.24 −0.54 0.20
V Łódzkie −0.16 −0.11 −0.27 −0.41
VI Małopolskie −0.03 −0.24 0.03 0.17
VII Mazowieckie 0.51 −0.04 −0.59 0.13
VIII Opolskie −0.11 0.17 0.72 −0.52
IX Podkarpackie −0.61 −0.29 0.27 0.40
X Podlaskie −0.43 0.17 −1.09 0.28
XI Pomorskie 0.30 0.21 0.44 −0.05
XII Śląskie 0.13 −0.36 0.15 −0.25
XIII Świętokrzyskie −0.57 −0.21 −0.03 0.29

XIV Warmińsko-
Mazurskie −0.46 0.36 0.15 0.17

XV Wielkopolskie 0.20 0.14 −0.28 −0.10
XVI Zachodniopomorskie 0.20 0.71 −0.02 0.13

* LSED—the level of socioeconomic development; LAD—the level of agricultural development; APS—the quality of agricultural produc-
tion space; NEA—the natural and ecological quality of areas.

 
(a) (b) 

Figure 3. The level of socioeconomic development ((a) LSED) and the level of agricultural development ((b) LAD). Source:
own elaboration on [66–68,70,71].
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(a) (b) 

Figure 4. The quality of agricultural production space ((a); APS) and the natural and ecological quality of areas ((b); NEA).
Source: own elaboration on [66–68,72,73].

The analysis showed a considerable spatial differentiation of the level of socioeconomic
development at the level of communities, confirming two basic rules indicated in numerous
studies dealing with the problem under consideration [82–84]. The first rule results from
historical conditions and is related to the differences between communities in eastern and
western Poland. The second one stems from the differentiation of the level between the
centre (agglomerations) and the periphery (rural areas; cf. Figure 3a). The indicated factors,
especially the old political and historical divisions, play a significant role in the case of
differentiation in the level of agricultural development (cf. Figure 3b) [66]. It is confirmed
by the lowest ratings of this sector in Podkarpackie (−0.29) and Małopolskie (−0.24;
Austrian partition). The low rating of Śląskie (−0.36) is associated with the domination of
the industry (Upper Silesian Industrial District; cf. Figure 3b).

The natural conditions (APS and NEA) refer primarily to the differentiation of soils,
which in turn is the result of soil-forming processes dependent on bedrock, climate, water,
living organisms, including humans, as well as topography and the passage of time.
The quality and usefulness of soils is the most crucial component in the valorisation of the
quality of agricultural production space (cf. Figure 4a) [85–87]. Soil production capacity is
later reflected in the land use; therefore, high scores of the APS index inversely correlate
with NEA (cf. Figure 4b). The high value of the latter should be associated with the
areas which show an above-average share of forests, grasslands, water bodies, and legally
protected areas in the total area.

3.4. Spatial Assessment of the Use of Proenvironmental RDP Funds in the Context of the
Conditions of Sustainable Agricultural Development

The conducted spatial analysis allows concluding that proenvironmental activities are
more willingly implemented in peripheral (border) regions, mainly in northern, as well
as western and eastern parts of Poland. These are the provinces with lower urbanisation
levels than the more centrally located ones, more often characterised by high natural
and ecological values and proenvironmental forms of land use (NEA = 0.44; see Table 4).
In terms of the land use structure, significant areas are covered by forests (Lubuskie)
or grasslands (Podlaskie). In some of these areas, more extensive forms of farming are
preferred. From the point of view of enhancing natural ecosystems and biodiversity,
these are, therefore, preferable areas for such projects.
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Table 4. Conditions for sustainable agricultural development against the level of use of proenviron-
mental RDP funds. Source: own elaboration.

Level of IUF-RDP
Conditions

LSED LAD APS NEA

Low −0.62 −0.07 0.08 −0.43
Average −0.76 0.05 −0.06 −0.13

High −0.62 0.32 −0.51 0.44

The directions of spatial differentiation of the implemented applications from the
AECM and OFS also refer to the areas covered by the NATURA 2000 program. These spa-
tially oriented activities of the beneficiaries help to maintain a balance between environmen-
tal resources and the requirements of the economy [7]. Thus, this trend is a strong element
of the concept of sustainable development [88] and brings benefits to the natural environ-
ment and society. Moreover, the high level of use of proenvironmental RDP measures
should be associated with the areas of low natural suitability for agricultural production
(APS = −0.51) as well as with a relatively well-developed agricultural sector (LAD = 0.32;
see Table 4). On the other hand, the areas with low activity of farmers in introducing pro-
environmental management methods show a relatively low average level of agriculture
(LAD = −0.07) in the conditions of above-average natural predispositions for agricultural
production (APS = 0.08) and very low natural and ecological quality (NEA = −0.43).

Such a territorially oriented implementation of activities shows that the use of biodiver-
sity in agriculture is pragmatic [89], which increases the possibilities of sustainable use and
good management of environmental resources [76]. On the other hand, it also contributes
to strengthening the environmental ecosystem, which will help preserve biodiversity at the
farm level and beyond [90]. Appropriate (i.e., in line with environmental, ecological and
agricultural preferences, as well as economic opportunities) territorially oriented activities
of AECM and OFS should significantly strengthen the desired economic profile, i.e., aimed
at bioeconomy. However, it should be noted that the implementation of proecological
activities by farmers is not only motivated by care for the environment. As such, no other
behaviours are primarily due to the economic factor related to the possibility of obtaining
subsidies from the CAP funds. It is evidenced by the fact that large farms located in the
northern and western part of the country (Zachodniopomorskie, Warmińsko-Mazurskie,
Lubuskie) benefit to a large extent from the activities of the AECM and OFS in Poland.
Thus, this indicates the opposite relationship than, for example, in neighbouring Germany,
where smaller farms, focused on more extensive forms of management, are more eager to
use funds from proecological activities [39,81].

In the context of bioeconomy development, the economic factor is of crucial impor-
tance. One of the three pillars of the European Bioeconomy Strategy is the support of EU
funds for proenvironmental forms of farming. The results of the analyses of the authors so
far [63,73,77] indicate that it is an important, if not the essential motive that guides Polish
farmers in implementing proecological solutions on their farms. The financial factor is also
of fundamental importance from the point of view of influencing the broadly understood
socioeconomic development of rural areas, mainly since it includes the inflow of funds
supporting local economies. From this point of view, funds aimed at the development of
proecological activities had an unusually high rank in the communities of Trzcianne—EUR
7.3 million (data for 2015–2019) and Szczecinek—EUR 6.7 million. In both communities,
the level of payments was higher than in all communities of Śląskie taken together (a total
of EUR 6.5 million). It proves the scale of the inflow of EU funds and the importance of
proecological activities, thus supporting the economic development of these communities
towards the broadly understood bioeconomy.To better illustrate the rank of this group
of funds the ratio (Wr) of the value of proenvironmental EU funds to the size of commu-
nity budgets (EU payments as percentage of the community budget in 2015–2019) was
used. Such targeted analysis confirmed the importance of AECM and OFS measures and
their impact on the economic situation of communities. In the Community of Trzcianne,
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the ratio as mentioned above was Wr = 0.31 (i.e., the amount of EU payments corresponds
to 31% of the community’s budget). These funds are of a slightly lower rank in Szczecinek
community (ratio IR = 0.15), but their importance for the economic situation of the commu-
nity is still significant. The communities mentioned above are not the only examples of
high positioning of proenvironmental activities in the local economy. In four more admin-
istrative units of this level, funds directed at proecological forms of agricultural activity
exceeded the level of EUR 5 million: Gołdap (EUR 6.2 million, IR = 0.06), Słońsk (EUR
5.9 million, IR = 0.23), Komańcza (EUR 5.8 million, IR = 0.29), and Drawsko Pomorskie
(EUR 5.4 million, IR = 0.06). In total, the value of subsidies in 276 communities exceeded
EUR 1 million. On the other hand, in 924 communities (37%) the level of payments did
not exceed EUR 100,000. From the economic and bioeconomic development perspective,
these funds are of crucial importance in 41 communities (IR > 0.10), and in another 134
they play an essential role (IR 0.05 < 0.10). It can be said that those communities mentioned
above are avant-garde in the implementation of proecological solutions strengthening
the biodiversity of the natural environment and thus directing development towards the
bioeconomy. Nevertheless, the majority of beneficiaries still do not see the potential of
ecological solutions that can stimulate the development of local economies. It is confirmed
by the fact that in 65% of communities the ratio IR < 0.010 (excluding 191 communities
where AECM and OFS activities were not implemented).

The indicator of the use of proenvironmental RDP funds is distinguished by a signif-
icant spatial differentiation resulting from the impact of several conditions. The spatial
distribution of the indicator was compared to the indicators (expressed in the form of the
average normalised value) illustrating the general level of socioeconomic development,
level of agriculture, quality indicator of agricultural production space and land use, both at
the community level (land with significant natural and ecological values as a percentage of
the total community area) and a farm (share of proenvironmental forms of land use in the
total area of farms).

The analysis of the correlation of the AECM and OFS utilisation rates showed a rel-
atively weak correlation (−0.5 to +0.5) concerning the adopted indicators (see Table 5).
The highest value of the correlation was recorded concerning the index (land with signifi-
cant natural and ecological values − r = 0.282), which proves a low environmental pressure
and concerning the index (agricultural development level (0.233). It proves that the interest
among farmers in the implementation and use of funds from agri-environment-climate
measures is more significant in areas of natural value and those with a high level of agri-
cultural development. Low values of the correlation were recorded concerning the index
(level of socioeconomic development − r = 0.046).

Table 5. Dependencies between selected conditions for the development of sustainable agriculture
and the level of use of proenvironmental RDP funds. Source: own elaboration.

Specification LSED LAD APS NEA IUF-RDP

LSED 1 0.105 −0.025 −0.078 0.046
LAD 0.105 1 0.309 −0.172 0.233
APS −0.025 0.309 1 −0.514 −0.203
NEA −0.078 −0.172 −0.514 1 0.282

IUF-RDP 0.046 0.233 −0.203 0.282 1
Nonsignificant correlations are marked in grey (α = 0.05).

Therefore, the above results confirm the fact that the socioeconomic conditions do
not have such an enormous impact on the territorial orientation of the implementation
of proecological activities as environmental factors. In the context of activities aimed
at directing the development of local and regional economies towards the bioeconomy
profile, this is of great importance. It clearly shows that the territorialisation of AECM and
OFS actions should be related to local conditions (mainly environmental). Then, profil-
ing for the bioeconomy has a chance for sustainable development, which will be sustained
by grassroots activities of farmers with the support of the CAP funds. More urbanised,
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industrialised regions with a higher level of socioeconomic development base their eco-
nomic profile more on other industries (e.g., automotive, electromechanical, IT sector,
highly specialised services).

The results of the correlation analysis and the distribution of the values of synthetic
indicators (see Tables 4 and 5) show that particular attention should be paid to the regional
component, as each province shows its specificity, potential and conditions. Thus, it cre-
ates different possibilities from the point of view of bioeconomy development. In order
to effectively manage and influence the rationality of spending funds from AECM and
OFS activities, in line with the objectives of the EU environmental policy (including en-
hancing biodiversity and bioeconomy), the funds should include a regional component,
as is the case in Germany, where each state has specific autonomy in the field of creating a
development policy taking into account the existing conditions [91].

Generally, it should be noted that in the whole EU the rank of proecologically ori-
ented activities is gradually increasing, which is a derivative of the change of priorities
and the successive strengthening of this direction of development. As a result, in the
EU countries, over the last three decades, public funds allocated to the development of
organic farming have been gradually increasing and becoming more available [92]. Despite
the change of direction in the ecological policy strengthening the bioeconomy, there is
still a large gap between funds aimed at conventional agriculture and expenditure on
agri-environmental measures, including organic farming (they accounted for about 7%,
i.e., nearly EUR 20 billion, of total EU funding for the CAP 2014–2020; European Commis-
sion, 2013). Even in the countries with the highest input rates for organic farming in the
EU (Germany), this represents only a small part of the total expenditure on agricultural
policy [93,94].

4. Conclusions

The aim of the study was to identify the spatial level of the use of proenvironmental
CAP funds, which constitute an important element in the sustainable development of
agriculture, and thus the bioeconomy. Analyses carried out in high spatial resolution
allowed showing areas where the proenvironmental management system is widely ac-
cepted by farmers and applied on the majority of farmland, thus significantly affecting
farm income. It was natural to try to look for factors influencing the differentiation of the
studied phenomenon. The detected relationships indicate the complexity of the problem,
with stronger relationships related to environmental determinants.

Considering strengthening natural ecosystems and biodiversity, such targeted terri-
torialisation of activities has a solid foundation. It is conducive not only to maintaining
the balance between environmental resources but also meeting economic needs, and thus
building the foundations for the development of the bioeconomy.

However, the adopted set of conditions does not sufficiently explain the complexity
of the process of absorption of proenvironmental RDP funds. Therefore, further research
explaining the mechanisms of sustainable agriculture development is essential.

In future activities, it is recommended to strengthen the territorialisation of proe-
cological activities (AECM and OFS, but also others), which should be strongly related
to local conditions, mostly natural and ecological. It will provide a stable foundation
for sustainable development kept and reinforced by bottom-up activities. The cyclical
approach, in line with the current fashions, but not based on local resources, does not create
opportunities for the stable long-term development of bioeconomy.

Considering Polish conditions and economic profile, i.e., a significant share of the
agricultural sector, from the point of view of bioeconomy, they predispose to the develop-
ment based on the agricultural and natural potential. It applies primarily to development
towards bioenergy, organic food production, and ensuring food security, as well as sustain-
able agricultural production, which combines production, economic, social, and ethical
priorities with environmental security.
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The empirical nature of the article contributed to the development of a cognitive
thread regarding the impact of EU funds on the development of proenvironmental forms
of agricultural management as an element of bioeconomy. The conducted research is also
of great application value. It enriches works in the field of bioeconomy, spatial planning,
and strategic agriculture with knowledge about the impact of the CAP instruments on the
multifunctional and sustainable development of agriculture.
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Roku. Available online: Europa.eu/rapid/press-release_IP-12-124_pl.htm (accessed on 7 November 2020).
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Spisu Rolnego 2010. Rocz. Nauk. Stowarzyszenia Ekon. Rol. I Agrobiz. 2015, 17, 337–343.

65. Rudnicki, R. The Spatial Structure of Polish Agriculture Conditioned by Common Agricultural Policy Instruments; Wydawnictwo Naukowe
Uniwersytetu Mikołaja Kopernika: Toruń, Poland, 2016; p. 208.
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84. Stanny, M. Przestrzenne Zróżnicowanie Rozwoju Obszarów Wiejskich W Polsce; IRWiR PAN: Warszawa, Poland, 2013; p. 329,

ISBN 978-83-89900-53-1.
85. Rudnicki, R. Spatial Differences in the Use of European Funds by Agricultural Holdings in Poland in the Years 2002-2010. In
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Abstract: Agricultural land abandonment is a process observed in most European countries. In
Poland and other countries of Central and Eastern Europe, it was initiated with the political trans-
formation of the 1990s. Currently, in Poland, it concerns over 2 million ha of arable land. Such a
large acreage constitutes a resource of land that can be directly restored to agricultural production or
perform environmental functions. A new concept for management of fallow/abandoned areas is to
start producing biomass for the bioeconomy purposes. Production of perennial crops, especially on
poorer soils, requires an appropriate assessment of soil conditions. Therefore, it has become crucial
to answer the question: What is the real impact of the fallowing process on soil, and is it possible to
return it to production at all? For this purpose, on the selected fallowed land that met the marginality
criteria defined under the project, physicochemical tests of soil properties were carried out, and
subsequently, the results were compared with those of the neighboring agricultural land and with
the soil valuation of the fallow land, which was conducted during its past agricultural use. The work
was mainly aimed at analyzing the impact of long-term fallowing on soil pH, carbon sequestration
and nutrient content, e.g., phosphorus and potassium. The result of the work is a positive assessment
of the possibility of restoring fallowed land for agricultural production, including the production of
biomass for non-agricultural purposes. Among the studied types of fallow plots, the fields where
goldenrod (Solidago L.—invasive species) appeared were indicated as the areas most affected by
soil degradation.

Keywords: unutilized agricultural areas (uUAA); abandoned areas; land use and land-use change;
carbon sequestration; soil properties (physical and chemical)

1. Introduction

1.1. The Process of Setting Aside/Fallowing Land in the Political and Environmental Context

The time of political transformations that took place in Poland in the 1980s and 1990s
significantly contributed to changes in land use [1]. The process of agricultural land
abandonment on large scale became visible then. Besides the economic effects resulting
from abandoning agricultural activity, also structural and functional transformations of
landscape units took place [2,3]. The first visible effect of land abandonment is regrowth
of vegetation through natural secondary succession [4]. In many regions of the country,
as a result of land use discontinuation and succession of natural vegetation, a significant
part of the agricultural plots became permanently covered with trees and bushes. At the
same time, regional nature of this process became apparent [5]. It is difficult to assess
unequivocally whether it is a negative or a positive phenomenon, it depends mainly on
the local environmental, political, or social conditions. In some cases, such a change may
result in restoration of the old ecosystem or emergence of completely new landscape or
utility functions [6], and in the case of mountain areas, it may also affect the functioning
of valley ecosystems [7]. Currently, in order to identify abandoned areas, a number of
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remote sensing methods are being developed, using satellite photos or Airborne Laser
Scanning (ALS), which allows for precise identification of the size of areas covered with
high vegetation and the dynamics of changes over time [8]. According to some researchers,
tree stands resulting from spontaneous succession are much more abundant in elements of
environmental value than conifer monoculture stands [3]. Natural succession also creates
ecological corridors, prevents soil erosion thanks to vegetation cover, increases carbon
sequestration in the soil, and can be a stronghold of biodiversity in intensively utilized
agriculturally areas [9,10]. On the other hand, uncontrolled succession may pose a threat
to the biodiversity in open areas and the species occurring there, e.g., by the invasive
plants entering those areas, causing the loss of cultural landscapes [6,11]. Invasive plants
have a negative effect on native species, not only by displacing them from their growing
area, but also by modifying soil conditions [12]. For example, in Poland, we can observe
how the goldenrod species (Solidago L.) enters after the segetal phase of natural succession
as an invasive plant, creating dense fields [13]. Just as it is difficult to unequivocally
assess the process of farmland abandonment, so are the decisions on how to manage it.
Bell [14] identified three main categories of strategies that are undertaken in the process of
abandoned land management in relation to its new functions:

1. Naturality (with or without controlled natural succession),
2. Multi-functionality (e.g., extensive agricultural production, hobby farming (tradi-

tional, small-scale food production, agri-tourism),
3. Productivity—sustainable agricultural production or bioenergy and renewable en-

ergy sources.

The researchers also admit that implementing the most appropriate post-abandonment
strategy will be based on a number of variables. The aforementioned production func-
tion related to the acquisition of biomass has recently gained particular importance in
formulating bioeconomy development strategies. The research shows that the cultivation
of perennial industrial plants on marginal lands can represent a significant potential in
obtaining biomass [15–19].

In addition to the many challenges associated with this issue, some opportunities
were also recognized for the sustainable management of fallow land to compensate for the
consequences of climate change. This is because soils, in addition to the basic functions
of food production and ensuring food security, also provide ecosystem services that are
necessary for the functioning and resilience of the environment on Earth. The main non-
agricultural functions are: (i) Storage of massive amounts of carbon, which helps to regulate
CO2 emissions and shape climate processes; (ii) functioning as the largest water filter and
storage tank on Earth, which ensures control of its circulation, retention, and quality
of freshwater resources; and (iii) storage of nitrogen, phosphorus, and other essential
nutrients [20].

1.2. Testing Conditions of the Fallow Soil

The possibility of carbon sequestration in soil was and still is widely discussed in
many publications, also in the context of abandoned agricultural land. Among other
things, the effect of converting agricultural land into other forms of land use (arable land to
grassland, arable land to abandoned agricultural land, and arable land to afforested land),
and the possibility of SOC sequestration in the topsoil were investigated. Kazlauskaite-
Jadzevice et al. [21] showed, among others, that carbon sequestration in the Arenosol soil
layer was positively influenced by long-term fallowing and transformation into grassland.
Abandoned land or fertilized grassland accumulated significantly more CO2 (48% and
38%—respectively), compared to arable land. Whereas the potential of “mature” forest
succession in terms of CO2 sequestration was confirmed by the studies conducted by Foote
and Grogan [22], showing that the total contents of organic carbon and nitrogen in soil at a
depth of 10 cm were lower in arable fields compared to forests with secondary succession,
by about 32% and 18%, respectively.
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Studies on the impact of the natural succession diversity on the storage capacity and
rate of C accumulation in soil over a period of two decades were conducted by Yang
et al. [23]. The authors concluded that the annual rate of carbon storage was higher in the
second period of the study (years 13–22), in the same time suggesting that restoring high
plant diversity could significantly increase carbon capture and storage on degraded and
abandoned agricultural land. The impact of afforestation and deforestation on soil carbon
content was also investigated [24]. The impact of land use change in Mediterranean areas
on the processes of co-carbonization, decarbonization, and recarbonization was taken up
by researchers Lozano-García et al. [25], anticipating at the same time the possibility of soil
regeneration and climate change. The topic of reclamation of degraded agricultural land
by changing the variety of vegetation and restoring organic matter was also discussed by
researchers Zhang et al. [26].

In publications concerning fallow land, the influence of land use change on physical
and chemical properties of soils is often discussed. The negative influence of relatively
young (5–10 years) fallow land on the properties of the soil environment was found by
Strączyńska et al. [27]. It was manifested in the unfavorable change in pH and reduction
of humus resources in silty and clay soils, while in light soils, the humus content slightly
increased. Moreover, Tomaszewicz and Chudecka [28] did not find any enrichment of
fallow rusty soils with humus either. At the same time, fallow soil was characterized by a
lower content of plant-available forms of magnesium, potassium, and phosphorus. On the
other hand, the positive effect of setting aside on the properties of the soil environment
was observed by Włodek et al. [29]. In their research, the authors observed that after
several years of excluding the field from agricultural production, there was a significant
increase in the content of carbon, phosphorus, potassium, and magnesium in the soil. In
the study of the physicochemical properties of soils, a detailed analysis of changes in the
quantitative and qualitative composition of humus compounds is of key importance. Based
on their research results, Licznar et al. [30] concluded that the fractional composition of
humus compounds in fallow soils shows strong relationships with their physicochemical
properties. They also noticed that in set-aside light soils, the process of organic matter
accumulation occurs, thus showing a lower degree of humification than in a cultivated soil.

The results presented in this paper were obtained as part of the BioMagic [31] project,
whose main objective is to develop bioproducts from lignocellulosic biomass obtained
from marginal soils to fill the gap in the national bioeconomy. On the selected fallow
land, meeting the marginality criteria defined in the project, physicochemical tests of soil
properties were carried out, the results of which were then compared with the neighboring
utilized agricultural lands. The main aim of the study is to answer the question, whether
it is possible to restore weak and marginal soils to biomass production after a long-term
abandonment. The obtained results, within the BioMagic project, were also used to estimate
the technical and economic potential of fallow soils to be used for the production of
perennial industrial plants.

2. Material and Methods

2.1. Main Assumptions

The following research hypothesis was assumed: Fallowing process does not cause a
significant deterioration of soil conditions, which would be a problem when they are re-
turned to agricultural production. An alternative to the research hypothesis is to show that
long-term set aside affects the soil in such a negative way that its restoration to agricultural
production requires expensive agrotechnical treatments. The following properties were
considered essential for soil fertility: Carbon content in the topsoil, soil pH, phosphorus,
and potassium content. The nitrogen content in the soil was not analyzed, because this
element is not stable (its content changes rapidly during vegetation period, especially in
case of intensive agricultural production).

In this study, it was assumed that the necessity to use “expensive treatments” to restore
the soil to agricultural production will occur if the tested soil parameters for fallowed land
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deteriorate so that the ranges adopted in the determination of soil fertility in Poland will
be exceeded twice. In the case of soil carbon, it is a 1.7% decrease in its content (compared
to the content determined for the sample from arable land). For pH, it is an increase in soil
acidity by two units. In the case of phosphorus and potassium, it is a reduction of 10 mg
per 100 g of soil (forms: P2O5 and K2O).

In order to assess the impact of fallowing on soil conditions, the following work was
carried out:

• A region representative of the country was selected, where fallowing agricultural land
is a serious problem for agriculture.

• Materials were collected to track the course and dynamics of the fallowing process.
• Basic types of fallow land were defined with their location on the map of the re-

search area.
• For selected sites, the impact of fallowing on the soil condition was analyzed—by

determining its chemical properties and comparing it with soil samples collected in
adjacent agricultural fields.

2.2. Area of Research

The research was carried out in the area of Puławy municipality (gmina), Local
Administrstive Unit (LAU code:1006061121409) according to the Eurostat nomenclature,
located in the north-western part of the Lubelskie Voivodeship (NUTS-2: PL81). This
municipality is directly adjacent to the city of Puławy and constitutes its suburban area,
which is visible, among others, in employment the structure: In 97% of farms, at least 1
person has an additional non-agricultural source of income [32]. The economic situation
and the large fragmentation of farms in this region determine the high percentage of fallow
land in the agricultural landscape.

For soil sampling 17 sites were chosen. Research area and locations of sampling plots
were shown on the Figure 1. The article’s supplement includes a download link of the
KLM file, which contains the location of the sampling sites, enabling their identification
in the Google Maps/Earth application, which visualizes this region on high-resolution
orthophotomaps (like in the right picture on Figure 1).

 

Figure 1. Research area—locations of sampling sites.

2.3. Spatial Data Collection

In the study, the following types of spatial data were used:

• Cadastral maps showing the range of cadastral parcels and classifications of agricul-
tural usefulness of soils (source: GUGiK [33], SIP Pulawy [34]).

• Historical orthophotomaps from the years: 1997, 2006, 2010, 2017–2018—Figure 2
(source: GUGIK [33]).
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• Geo-referenced photos taken in-situ during visits at the selected sites (for examples,
see Section 2.4).

 

Figure 2. Time sequence of aerial photographs, showing the approximate moment of the entry of
natural succession (1997, 2006, 2010, after 2017). Source: GUGIK [33].

The above data fed the geographic information system, which was built in the QGIS
(open source environment).

2.4. Definition of Fallow Types

Due to the diversity of natural succession within the selected plots, the investigated
areas of fallow plots have been divided into:

• Grassland (FGL)—mostly newly abandoned agricultural land, possibly fallow land,
with a predominance of grassland vegetation, with only a few plantings of later
succession, e.g., goldenrod (Solidago L.) (Figure 3).

  

Figure 3. Example of photos on-site No. 2 (left side) and No. 5 (right side).

• Goldenrod (FG)—areas with a predominance of plants of later succession stages,
mainly goldenrod (Solidago L.), tansy (Tanacetum vulgare L.). Criterion: Over 80% share
of goldenrod or tansy in land cover (Figure 4).

Figure 4. Example of photos on-site No. 1 (left side) and No. 16 (right side).
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• Bushy (FB)—areas where apart from ruderal plants, such as goldenrod (Solidago L.),
there are bushes, e.g., in the form of blackberries (Rubus L.), blackthorn (Prunus spinosa L.)
and single self-seeded trees. Criterion: Over 30% share of bushes in land cover
(Figure 5).

 
Figure 5. Example of photo on-site No. 8.

• Wooded/afforested (FW)—areas with trees, dense shrubs, advanced succession. Cri-
terion: Samples were taken in places where young forest covered at least 0.10 ha
(Figure 6).

  

Figure 6. Example of photos on-site No. 10 (left side) and No. 14 (right side).

2.5. Field Work, Soil Sampling and Laboratory Tests

Selection of 17 sites for the comparison of soil samples collected from fallow land
with samples from neighboring utilized agricultural fields was carried out according to the
following assumptions:

• Each tested fallowed parcel has to have a fallowing period documented on the aerial
photographs, and meet the marginality criteria for agricultural plots, defined by
Pudełko et al. [5].

• In the immediate vicinity of the fallow plot, there are agricultural plots with similar site
conditions (soil class, topography, water conditions), with no episodes of fallowing.

• One site must consist of at least one fallow plot and one utilized agricultural plot
(arable land). However, most often chosen sites offered several types of succession in
the unutilized field and both types of land use the utilized field (arable and grassland)—
see Figure 7.
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Figure 7. Example of soil sampling strategy—site 17, where in the close vicinity were sampled: Two
arable plots and three fallowed plots covered by goldenrod, wood, and bushes.

In total, 72 soil sampling points were identified for the 17 selected sites. Soil samples
were taken from the top soil layer, 0–20 cm, where the reaction to the change in land use
should be clearly visible. For each sample, the following characteristics were determined:
Physical and chemical properties of soil, type of land use (arable land, grassland, and
fallow type), and site affiliation.

The valuation class of the soil sampling site was preliminary determined based on
the utilization class map available in the Spatial Information System of the Puławy poviat
(SIS Pulawy) [34] and then verified by laboratory methods. National soil classification
used in this work focuses on soil suitability for agricultural purposes, taking into account
the morphological features and physicochemical properties of the soil, such as location
and structure of the soil profile, water relations/conditions, and pH [35]. For better soil
characteristics, each sample was described by its granulometric properties: pl (loose sand),
pg (clay sands), ps (weak loamy sand), gp (sandy loam), and pyg (clay dust) [36,37].
Relation between the (Polish) classification used in this study and the international USDA
classification was shown on Figure S1 (in the Supplementary part).

The scope of the performed analyses of soil samples included the basic physico-
chemical properties, including: pH in a 1-molar KCl solution, granulometric composition
according to the norm: BN-78/9180-11 and PTG (2008) [38], which were determined by the
laser method. The Egner–Riehm method was used to determine the content of assimilable
forms of nutrients (phosphorus, potassium). The Egner–Riehm method is a chemical
laboratory method. It involves extraction of the available forms of nutrients from the soil
by means of special solutions, usually a buffer one. The same extraction solution is used
for phosphorus and potassium. It is lactic acid buffered with calcium lactate, pH = 3.6.
This solution is obtained by dissolving calcium lactate with hydrochloric acid. It is well
buffered against both hydrogen ions and calcium ions—two factors significantly affecting
the solubility of phosphorus compounds in the soil. Organic carbon (Corg) and Humus
were determined using the modified Tiurin method [39].

2.6. Statistical Analyses

In order to verify the working hypothesis, the results of determination of the chemical
properties of soils between the adjacent fallowed and used plots were compared. In the
first step, corresponding pairs were selected (classes of pairs):
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• 8 pairs of arable (AL) and grassland, former arable (GL),
• 6 pairs of arable and fallow grassland (FGL),
• 17 pairs of arable and fallow goldenrod (FG),
• 15 pairs of arable and fallow bush (FB),
• 13 pairs of arable and fallow wood (FW).

For all classes of pairs, differences in carbon content in soil, pH, and potassium and
phosphorus content were assessed in comparison to arable plot. If there were more than
one arable plot sampled on the site, then higher values were taken into account. Choosing
the highest value in the significance test introduces a more restrictive approach because the
working hypothesis is always rejected when the upper-tailed critical region is exceeded.
In the first step of statistical analyses, the significance level (α) at which the criteria of the
research hypothesis are met was estimated.

Principal component analysis (PCA based on correlations) was also used to capture
the correlation between particular parameters in different types of land use [40]. This
approach was to test whether the change in land use may affect the relationship between
the parameters. Principal components analysis creates new artificial variables (principal
components) based on the variables (features) that we analyze. Its main assumption was
the possibility of visualizing the relationships of individual variables on a two-dimensional
graph, which shows the coordinate system representing the first two principal components.
Based on the position of the vectors in space, it can be determined which features are corre-
lated with each other. The smaller the angle between the vectors, the stronger the positive
correlation. When vectors are aligned on the same line but in opposite directions, there is a
strong negative correlation between the variables. However, when the vectors are at an
angle close to 90 degrees, no correlation occurs. Statistical analyses were performed using
Statistica software package Statistica v13.1 (TIBCO Software Inc., Palo Alto, CA, USA).

3. Result

The summarized results of field work, remote sensing and laboratory tests are listed
on Figure S2 (see Supplementary). For each site, it is specified: Chemical and physical
properties for each tested land cover, soil granulometric type and fallow period. The
conducted research confirmed the influence of the change in the use of agricultural land
on its physicochemical properties. It should be noted that the specific granulometric
composition and the valuation class within each of the sites were similar, which made it
possible to attempt a comparison of the results of chemical analyses at the sites level. The
vast majority of the tested samples belonged to the granulometric group of sandy loam—gp
(31 samples) and clay sands—pg (25 samples). Only in sites no. 1, 12, 14, and 15 were the
sampled soils classified as lighter groups such as: Loose sand—pl, weak loamy sand—ps
and heavy group such as clay dust—pyg in site no. 4 (Figure S2). Detailed characteristics
of the granulometric fractions are presented on the Ferret’s triangle (see Supplementary,
Figure S1).

3.1. Changes in Carbon Content

The conducted research showed differences in the content of organic carbon within
the sites in relation to different types of land use. The content of organic carbon in arable
land ranged from 0.63% to 1.42%. It can be seen that a relatively high percentage of Corg
was determined for site No. 12 despite its poor valuation soil class, which is associated
with straw management in this field and manure fertilization. Newly abandoned land
(FGL) with a predominance of grassy vegetation and several goldenrod instances showed
an increased % Corg content, compared to arable land, on average by 32%, even up to 46.5%.
Similar results were obtained by comparing arable land and permanent grassland (GL),
where % of carbon content increased by max. 71.2%. In these soils, similar to meadow
soils, the increase in carbon content is associated with the year-round cover of vegetation
forming a compacted turf, which promotes binding of carbon from the atmosphere in the
process of CO2 assimilation by these plants [41]. Different tendencies are observed in the
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case of abandoned land dominated by species of later succession, in this case by goldenrod
(Solidago L.). FGL species, for in this type of abandoned land one can see a clear decrease in
carbon content even by 23.7% compared to arable land. On abandoned lands of the later
succession, overgrown with FB bushes or trees, in sites similar to the FW forest, the carbon
content in the studied samples is quite diversified. The highest increase, by 103.6%, was
recorded for sites no. 14 and no. 7 and 10, by 95.2% and 90.4%, respectively. However, in
addition to the increase in carbon content in this type of fallow land, we can also notice a
decrease in carbon content in comparison with arable soils, which applies to sites no. 1, 3,
and 17. In the case of site no. 1, carbon loss amounted at 52.3%, and the sample from this
area was taken six months after the removal of bushy vegetation with single trees.

In general, it can be stated that in all researched sites, no case was observed in which
the carbon content determined in the fallow fields, in relation to arable land, fell below the
adopted critical value (1.7%). However, in most cases (except for fallow goldenrod—FG)
an increase in the content of organic matter was noted. It should also be noted that in each
considered case of the fallow type, values of standard deviations in the sample set (SD
C%—presented in Table 1) are significantly smaller than the adopted critical value (1.7). A
low variance in this case confirms that the observed relationships are not accidental.

Table 1. Standard deviations (SD) of chemical soil properties in various types of land use and various
types of fallow land.

Land Use SD (C%) SD (pH) SD (P2O5) SD (K2O)

arable land (AL) 0.25 0.80 7.45 5.70
grassland (GL) 0.71 0.86 4.54 3.06

grassland fallow (FGL) 0.07 0.75 3.19 5.79
goldenrod fallow (FG) 0.27 0.83 6.28 5.29

bushy fallow (FB) 0.41 1.11 5.92 7.23
wooded (afforested)—FW 0.26 0.86 4.89 16.41

3.2. Changes in pH

The pH indicator in the top layer of the investigated arable lands was mostly very
acidic < 4.6 and acidic 4.6–5.5, only in sites 3, 7, 12, and 17 the soil pH was more favorable—
slightly acid 5.6–6.5 (Figure S2). Comparing the average values of this parameter in
individual types of use (Figure 8), we notice that the most favorable values were found
in grasslands and grasslands fallow (pH = 5.3 and 5.1), besides with increasing pH, the
percentage of organic carbon also increased.

 

Figure 8. Average chemical soil properties in various types of land use and various types of fal-
low land.
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In the case of the remaining types of fallow land, the mean pH is lower in relation to
arable land, and the lowest for perennial fallow land covered with older trees, where the
beginning of natural succession is determined for the years 1996, 2006. Despite the lower
pH in these lands, the average organic carbon content is about 30% higher than in arable
land. The amount of organic carbon was restored through the annual deposition of organic
matter from tree leaves.

In general, it can be stated that in all researched sites, four cases were observed in
which the pH value determined in the fallow fields, in relation to arable land, fell below
the adopted critical value (2). In three cases it was the site no. 17, which may indicate the
specificity of this site and its lack of representativeness in relation to other sampling sites.
If we reject these outliers, we can conclude that the research hypothesis has been rejected
for 1.8% of cases (α < 0.05). Similar to the carbon content, in each considered case of the
fallow type, values of standard deviations in the sample set (SD pH—presented in Table 1)
are smaller than the adopted critical value (2.0). A low variance confirms that the observed
relationships are not accidental.

3.3. Changes in K2O and P2O5 Content

Potassium and phosphorus are, besides nitrogen, macronutrients of essential impor-
tance in plant nutrition. Phosphorus is one of the compounds building plant cells. Its
presence in the soil and absorption by plants determines the absorption of other nutrients,
mainly nitrogen. Phosphorus plays an important role in various plant life processes (regu-
lates cell division, root development, flowering processes, seed setting, and maturation
processes). The factor that strongly limits phosphorus absorption is the low pH of the soil,
and the content of organic matter also plays an important role in this process [35,42,43].
On the other hand, potassium, unlike nitrogen and phosphorus, does not form basic
organic substances of the plant. The natural content of potassium in soils depends on
their mineralogical structure and granulometry, especially the content of clay minerals,
the presence of which is reflected in the share of floated parts in the soil composition. In
light soils, the natural potassium content is usually lower than in more compact soils, but
with the increase in the share of colloidal parts, the absorption of potassium decreases,
because it is strongly bound in the inter-packet spaces of clay minerals. The available
forms of potassium are subject to losses due to plant uptake and leaching, especially in
light soils. [35,42,43]. Average content of available forms of potassium and phosphorus in
relation to the land use type are presented in Figure 8.

In general, it can be stated that in all researched sites, nine cases were observed for
phosphorus and six cases for potassium, in which the content of these elements determined
in the fallow fields, in relation to arable land, fell below the adopted critical value (10 mg
per 100 g of soil). We can conclude that the research hypothesis has been rejected for 15%
of cases (α ~ 0.15) and 10% (α ~ 0.1) respectively for each of these elements.

Contrary to carbon content and pH, potassium and phosphorus are the more labile
elements in the soil. In this case, the greater variance in the sample set is expected and
natural. Despite this feature, only in one case (Table 1: SD of K2O for wooded) the values of
the standard deviation exceeded the critical value (10), and in others they are close to half
of its value. It should be noted, however, that in the case of potassium, the mean values of
its content in fallow soils are most often higher than in arable soils (Figure 8).

3.4. Principal Component Analysis (PCA)

The analysis showed different relations between individual parameters depending on the
land use type. In the case of arable agricultural land (AL), the positively correlated parameters
are: Corg content and pH, which are not related to the other group of parameters: content of
floatable parts < 0.002 mm and available form of potassium. In case of this group, a negative
correlation with the content of available phosphorus can be observed (Figure 9A).
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Figure 9. Variables charts showing relationships between different parameters depending on landuse
types. Subfigures: (A)—arable land, (B)—grassland, (C)—grassland fallow, (D)—goldenrod fallow,
(E)—bushy fallow, (F)—wooded/afforested.

In the case of grassland (GL), the variables form two groups. The first group of
correlated parameters is pH, the content of potassium and, to a lesser extent, of phosphorus.
The second group, on the other hand, is the Corg content and the share of fraction 0.05–
0.002 and < 0.002 (Figure 9B). A similar correlation between the Corg content and the
granulometric composition can be observed in bushy fallow land—FB (Figure 9E), where
we can also see a relationship between whose parameters and the content of potassium.

Grassland fallow (FGL) shows correlation between the content of Corg and pH, which
demonstrates in high values of those parameters compared to the other groups (Figure 9C),
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as it is in the case of grassland, where the content of potassium and phosphorus is negatively
correlated with the content of floatable parts < 0.002 and fraction 0.05–0.002.

Moreover, in this group it can be observed that the first two principal components
(PC1 and PC2) explain the largest percentage of the total variation, respectively (58.1% and
41.9%). Goldenrod fallow (FG) shows some similarities in relation of some factors with
regard to arable land (AL), and afforested fallow areas (FW), applying mainly to potassium,
which depends on the content of fraction < 0.002 and fraction 0.05–0.002. The content of
Corg, on the other hand, is not correlated with any other parameter (Figure 9D).

The last group, which represents advanced succession with trees (FW), shows correla-
tion between the content of Corg and phosphorus, which at the same time are negatively
correlated with pH (Figure 9F). In this case, the higher content of Corg the lower pH value
(Figure S1).

4. Discussion

4.1. Impact of Fallowing on Soil

The obtained results generally show that fallowing on weak soils does not lead to
such deterioration of chemical properties, which would make it difficult to restore plant
production. In the case of fallowing agricultural land as grassland—without allowing
secondary succession, even an improvement in the condition of the soil can be observed,
i.e., no tendency to soil acidification, high humus and potassium content, which confirms
the results published by Kazlauskaite-Jadzevice et al. [21]. Similar consistency with the
results described by Foote and Grogan [22] was obtained for the assessment of the impact
of mature succession (afforestation), but in this case, the effect of carbon sequestration was
not so noticeable, which could have been influenced by the selection of sites for testing
(poor and very poor soils).

Another important research result is the negative impact of goldenrod (Solidago L.)
succession. This invasive species is now common in the agricultural landscape of the
country and, as shown in the research of Orczewska [12], Sekutowski and his team [13], as
well as this work—it has a negative effect on soil and environmental conditions. For this
reason, one of the recommendations for maintaining the soil in good condition should be
the requirement to mow fallow land with this type of succession.

The works carried out by the teams of Stolarski [15] and Matyka [10,18] prove that
plantations of perennial energy crops can be established even on the weakest soils, classified
as marginal soils. This work proves that setting aside agricultural land with poor soils is
not an obstacle in restoring it to the production of this type of biomass. This applies in
particular to the goldenrod succession sites—in such case, conversion may also contribute
to a more sustainable use of agricultural production space.

4.2. Possibility of Returning Fallow Land to Agriculture

Michna et al. [1] wrote about the purposefulness of restoring fallow land to agricultural
production. To the conclusion that: “Land of individual farmers may be transformed or
used for other purposes only with the consent of the owners. Thus, there is the ownership
barrier to transformation and changes in the forms of land use of all, including fallow,
soils”, we can now add the fact that over the three decades of intensified changes in
agricultural production in Poland, which unfortunately show the constantly growing trend
of abandoning agricultural land, not much intervention by the administration has taken
place. Also, the expected changes after Poland’s accession to the EU structures in 2004 did
not result in any visible process of returning fallow land to production, but only slowed
down the trend of land abandonment [5].

Moreover, the subsequent solutions in the field of bioeconomy, promoting an increase
in the share of biomass in the energy mix, did not change the observed situation. Although
the RED Directive [44] obligated EU countries to increase the sustainable use of biomass,
it was not reflected in the relevant national regulations, which would provide tangible
support to farmers and target recipients of the biomass produced [45]. This resulted in
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a lack of response from industry and energy, which could lead to the creation of a stable
biomass market and allow the recovery of fallow land for the production of this raw
material, or, alternatively, the resumption of food production.

The new concept of the Green Deal is another attempt to draw attention to the sus-
tainable use of biomass in agriculture and bioeconomy [46]. These activities once again
stimulate the interest of the energy and industry sectors in biomass of agricultural origin.
This was manifested by the need to estimate the raw material potentials reported to the
Ministry of Agriculture and Rural Development and the need to regulate the possibility of
non-agricultural use of biomass along with the possibility of reusing waste from biomass
processing as fertilizer for soil conservation. The solutions can directly contribute to the
greater use of straw, hay, and manure in the bioeconomy, but they can also have a significant
impact on the consolidation of fallow land and their recovery to biomass production.

In the BioMagic project, which financed this work, the presented results were used
to estimate the theoretical, technical, and economic potentials of producing perennial
industrial plants on fallow soils. In subsequent works carried out on this subject, a remote
sensing tool will be developed for the remote sensing recognition of the degree of natural
succession, and the density and type of biomass on the analyzed land plot.

5. Conclusions

Fallow land in Poland constitutes a significant percentage of agricultural land. Most
of it has great potential to be restored for food or biomass production for bioeconomy
purposes—such as providing raw materials for the chemical and pharmaceutical industries
and energy. The observed effects of fallowing are not an agro-technical problem in this
case. Based on the obtained results, it can be concluded that:

• Basic soil parameters, such as the content of organic matter and its acidity—do not
deteriorate noticeably during the process of setting aside. In this case, the research
hypothesis is accepted at a significance level α < 0.05.

• Fallowing shows significant effect on the content of potassium and phosphorus in
the soil. In this case, the research hypothesis is satisfied at a significance level α ~
0.15 (P2O5) and α ~ 0.1 (K2O). However, fertilization with these components is, in the
case of agricultural use, a typical agrotechnical treatment that effectively increases
soil fertility.

• Among the examined types of fallow, maintaining it with succession of goldenrod
(Solidago L.) is the least favorable.

• Changes in the dependence and correlation of the analyzed soil properties are ob-
served in the tested types of use and fallowing. Long-term fallow, which develops
mature forms of succession (trees, shrubs), diversifies the carbon content and the
acidity of the soil. In this case, a positive aspect is the increase in the content of organic
matter in the soil, but at the same time increases also its acidity.

• For agricultural plots where the deterioration of soil conditions has been observed,
these conditions can be quickly restored for the selected type of biomass production
by applying agro-technical practices in accordance with the recommendations of the
Code of Good Agricultural Practices [47].

Supplementary Materials: The following are available online at https://www.mdpi.com/2077-047
2/11/2/148/s1, Figure S1: A ternary diagram of the soil texture triangle showing the USDA-based
soil texture classifications [S1]., Figure S2: Primary results characterizing each tested site.
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Abstract: The bio-based economy concept requires using biomass not only for energy produc-
tion but also for bioactive compound extraction, application or biotransformation. This study
analyzed the possibility of obtaining bioactive compounds from biomass before its transforma-
tion into biofuel. This involved an analysis of the total content of polyphenols (TPC), flavonoids
(TFC), and spectral analysis using Fourier transform infrared spectroscopy (QATR- FTIR) as well
as analysis of the antioxidant activity of extracts from selected perennial herbaceous crops culti-
vated on marginal lands in Poland. The extracts were obtained by supercritical carbon dioxide
extraction (scCO2) or scCO2 with water as a cosolvent (scCO2/H2O) from biomass of the follow-
ing plants: Helianthus salicifolius, Silphium perfoliatum, Helianthus tuberosus, Miscanthus × giganteus,
Miscanthus sacchariflorus, Miscanthus sinensis and Spartina pectinata. The biomass was harvested twice
during the growing period (June and October) and once after the end of the growing period (Febru-
ary). For most of the analyzed extracts obtained from biomass at the growing stage using scCO2 or
scCO2/H2O, a higher TPC was noted than for samples of semi-wood or straw biomass obtained
after the end of the growing period. Higher contents of polyphenolic compounds were recorded in
extracts obtained using scCO2/H2O. A positive correlation between TPC and antioxidant activity
was noted for the analyzed substrates. Flavonoid contents varied in the analyzed samples, and higher
contents were generally obtained in scCO2 extracts from biomass harvested at the beginning of the
growing period. A high diversity of extract compositions was confirmed by spectral analysis. The
presented data can be used at the initial stage of planning a biorefinery.

Keywords: polyphenols; supercritical CO2 extraction; perennial industrial crops; antioxidant activity;
silvergrass; Jerusalem artichoke; willowleaf sunflower; cup plant; prairie cordgrass

1. Introduction

One of the most attractive renewable sources of energy is plant biomass, particu-
larly perennial plants that are not used in food production [1–3]. However, as the data
show, the profitability of producing energy from plant biomass is not always satisfactory.
Therefore, consideration should be given to both its multidirectional use and solutions
appropriate for sustainable technologies [4]. Perennial plants, including perennial herba-
ceous crops, offer a wide variety of environmental benefits when compared with annual
species. Due to economic reasons resulting from the single-purpose use of perennial plants
as solid biofuel, they are currently mainly cultivated on an experimental scale (excluding
Miscanthus × giganteus). However, the possibility of multidirectional use of these species
as substrates for biogas plants, second-generation biofuels or bioproducts (with regard to
the content of specific compounds) has been increasingly more frequently indicated.
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The great diversity of polyphenolic compound structures determines their varied
biological activity. Polyphenols are widespread compounds that are safe, cheap and
effective for many applications. The contribution of polyphenols to the prevention of
cardiovascular diseases, neoplasms, prostate diseases and osteoporosis has been confirmed,
and their role in the prevention of diabetes mellitus and neurodegenerative diseases
has been suggested [5–7]. Polyphenols can also be used in the food industry as natural
antioxidants that delay food spoilage [8]. There has been great interest in the use of plant
extracts or selected polyphenols in the synthesis of metal nanoparticles [9]. It is also possible
that the poor stability, solubility and bioavailability of polyphenols could be solved by the
application of encapsulation, e.g., synthetic polyphenol-loaded nanoparticles [10].

Antioxidants can be synthesized in vivo or taken as dietary antioxidants in the form of
mainly phenols and polyphenols from plants, i.e., from the stems, roots, bark, leaves, fruits
and seeds [11]. It is estimated that two-thirds of the world’s plant species display medicinal
importance, and almost all of these have excellent antioxidant potential. The antioxidant
activity of polyphenols results from a direct reaction with ROS or the stimulation of
natural processes that contribute to an improvement in the cellular resistance to oxidative
stress [12].

These compounds reduce the virulence of microorganisms, inhibit biofilm forma-
tion [13], inhibit quorum sensing [14] and neutralize bacterial toxins [15].

There is no information on extracts obtained using supercritical carbon dioxide (scCO2)
from perennial industrial crops (PIC), particularly from herbaceous crops. These plants can
be used for the production of food and pharmaceuticals and as renewable energy sources.
However, no analyses are available on the effects of the growing phase on the efficiency of
polyphenolic compound extraction using scCO2. The cultivation and application of new
plants could influence and protect the natural environment [16]. For example, H. tuberosus
exhibits varied pharmacological properties. It displays, inter alia, aperient, cholagogue,
diuretic, spermatogenic, stomachic and tonic effects and has been used in folk medicine for
the treatment of diabetes and rheumatism [17]. Moreover, extracts of H. tuberosus L. exhibit
antibacterial, antifungal and antineoplastic activities. The leaves and tubers of Jerusalem
artichoke are rich sources of phenolic and flavonoid compounds. The leaves contain
much higher concentrations of those substances compared to the tubers [18]. Research on
the biological activity of S. perfoliatum extracts has confirmed their antifungal as well as
wound healing accelerating properties. Their antibacterial activity against Gram-positive
(Enterococcus faecalis and Staphylococcus aureus) and Gram-negative (Escherichia coli and
Pseudomonas aeruginosa) bacteria has also been noted [19], along with the positive effect of
S. perfoliatum extracts on the stability of sunflower oil fatty acid composition [20].

The cultivation conditions and the harvesting period affect the chemical composition
of plant biomass, including polyphenolic compounds [21]. The large number of compo-
nents of plant extracts requires the selection of appropriate extraction techniques, which
play a crucial role in the qualitative and quantitative characterization of the product. To the
authors’ knowledge, there are no studies on the general characteristics of bioactive polyphe-
nolic compounds obtained by green extraction technique using scCO2 from S. pectinata
and H. salicifolius, and there is limited information on polyphenols from other analyzed
biomasses. The presented data can be used at the initial stage of planning a biorefinery.
Lignocellulosic biomass was delignified during extraction using organic solvents and
scCO2 at temperatures above 150 ◦C. A higher degree of lignin removal was demonstrated
in extractions using pure scCO2 than with scCO2/water [22].

The current study aimed to screen the polyphenolic compound content and antioxi-
dant activity in extracts obtained using supercritical carbon dioxide from the biomass of
perennial herbaceous crops collected in three different phases of plant growth. Attenuated
total reflection Fourier transform infrared (QATR-FTIR) spectral analyses of the selected
extracts were performed to obtain data on the general characteristics of functional groups
of bioactive compounds.
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2. Materials and Methods

2.1. Chemicals

The following chemical reagents were used in the experiments: dimethyl sulfox-
ide (DMSO, ≥99%, Stanlab, Lublin, Poland), methanol (≥99%, Stanlab), Folin–Ciocalteu
reagent (Aktyn, Suchy Las, Poland), sodium carbonate (≥99%, Stanlab), gallic acid (≥98%,
Sigma Aldrich, Poznan, Poland), 2,2-diphenyl-1-picrylhydrazyl, (DPPH, Sigma Aldrich),
quercetin (≥95% Sigma Aldrich) and 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic
acid (Trolox, ≥98%, Sigma Aldrich).

2.2. Harvesting of the Plant Material

The biomass of the following species of herbaceous (semi-woody) crops was ex-
tracted: Helianthus salicifolius A. Dietr, Silphium perfoliatum L., Helianthus tuberosus L.,
Miscanthus × giganteus J.M. Greef & M. Deuter, Miscanthus sacchariflorus (Maxim.) Hack,
Miscanthus sinensis (Thunb.) Andersson and Spartina pectinata Bosc ex Link. Perennial
crops were obtained from the experimental fields of the University of Warmia and Mazury
in Olsztyn, located in north-eastern Poland. The details of the sample preparation and
extraction were presented by Stolarski et al. [22] and recently by Malm et al. [23] and
Ostolski et al. [24]. Entire plants were harvested three times in one year (2018) within
one field experiment, where plants regrew following consecutive harvests. One-year-old
plants that grew throughout the entire vegetation period of 2017 were harvested in the
third decade of February 2018 (biomass C). The collected biomass was in the form of straw
or semi-wood featuring a moisture content of approximately 20%. In the third decade of
June 2018 (biomass A), a three-month-old biomass in the form of young green shoots was
collected from the previously (February 2018) harvested field. Finally, in the third decade
of October 2018 (biomass B), crop regrowth in the form of young green shoots was gathered
from the plots harvested in June 2018. The moisture content of the biomass obtained in
June and October ranged from 60% to 70%. Each biomass was dried in a convection dryer
(Memmert, Schwabach, Germany) at 40 ◦C for 7 consecutive days to achieve a moisture
content below 10%, followed by grinding in a hammer mill using a 1 mm sieve.

2.3. Extraction Conditions

The experiments were carried out in a pilot plant extractor with two high-pressure
extraction vessels, each with a capacity of approximately 40 dm3 (NATEX, Ternitz, Austria).
Biomass batches of 5 kg were prepared, and supercritical extraction was performed under
the following conditions: 40 ◦C and 33 MPa using scCO2 or scCO2 and 40% (w/w based on
biomass weight) water (scCO2/H2O) [23,24]. The water from the collected extracts was
evaporated using a vacuum evaporator at 50 ◦C.

To prepare the working solution, 50 mg of the extracts was mixed in 1 cm3 of DMSO
(24 h, 1400 rpm, 22 ◦C). A 9 cm3, 5% (w/v) aqueous solution of DMSO was added to
the obtained solution, which yielded the final extract concentration of 10 mg/cm3. The
samples prepared in this manner were mixed for 1 h to dissolve the extract. Afterwards,
the samples were filtered through a cellulose filter and used for analyses or stored at 4 ◦C
until further analyses.

2.4. Determination of Total Polyphenol Content

The total polyphenol content (TPC) was measured using a modified method described
by Singleton and Rossi [25]. Briefly, 0.1 cm3 of extract, 0.5 cm3 of Folin–Ciocalteu reagent
and 0.4 cm3 of 7.5% (w/v) aqueous sodium carbonate solution were added to 5 cm3 Eppen-
dorf tubes. Samples were degassed by vigorous mixing (IKA MS3 basic). After 30 min
incubation in the dark, counted from the moment sodium carbonate solution was added,
absorbance was measured at λ = 756 nm (Beckman DU 650 spectrophotometer, Fullerton,
CA, USA). The results were expressed as gallic acid equivalent (mg GAE/g d.m. of extract).
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2.5. Determination of Total Flavonoid Content

The total flavonoid content (TFC) was measured using the method described by
Lamaison and Carnat [26]. Briefly, 0.4 cm3 of extract and 0.8 cm3 of 2% (w/v) AlCl3 × 6H2O
methanol solution were added to 2 cm3 Eppendorf tubes. After 10 min of incubation in
the dark, counted from the moment the complexing reagent (AlCl3 × 6H2O) was added,
absorbance was measured at λ = 430 nm (Beckman DU 650 spectrophotometer). The results
were determined as quercetin equivalent (QE) and expressed in mg QE/g d.m. of extract.

2.6. Antioxidant Capacity Assay (DPPH Test)

The radical scavenging activity was determined using a modified method described
by Blois [27]. To 2 cm3 Eppendorf tubes, 1 cm3 of extract solution and 1 cm3 of DPPH
radical solution (0.05 mM) were added. After 30 min incubation in the dark, counted from
the moment DPPH was added, absorbance at λ = 517 nm was measured. The results were
expressed as Trolox equivalent antioxidant capacity (mg Trolox/g d.m. of extract).

2.7. Fourier Transform Infrared Spectroscopy (QATR-FTIR) Analysis

Spectroscopic measurements were performed by an attenuated total reflectance (ATR)
method. The transmittance of plant extract samples (5–6 mg) was measured using a
FTIR (IRSpirit-T, Schimadzu, Duisburg, Germany) spectrometer equipped with a QATR-S
accessory with a diamond crystal and a DLATGS detector with a germanium-coated KBr
beam splitter. Each sample was scanned 25 times within the wavelength range of 4000.0
to 400.0 cm−1 at the resolution of 4.0 cm−1 using the Happ–Genzel function. Sample
spectra obtained with the application of LabSolutions IR software (ver. 2.23, Shimadzu,
Duisburg, Germany) were corrected, smoothed with the seven-point Savitzky–Golay
algorithm and normalized.

2.8. Statistical Analysis

All analyses were carried out in triplicate. The results were expressed as mean values
± standard deviation (SD). The same letter indicated results that were not statistically
different within the parameter under analysis, Bonferroni ANOVA test, p < 0.05. A multidi-
mensional principal component analysis (PCA) with varimax rotation was also applied.
All analyses were performed using the STATISTICA, ver. 13.3 (TIBCO Software Inc., Palo
Alto, CA, USA).

3. Results and Discussion

3.1. Total Polyphenols and Flavonoids

Phenolic compounds are essential for plant functions because they are involved in
oxidative stress reactions, defensive systems, growth and development [28]. The problem
with phenolic compound definition, classification and chemical characterization was pre-
sented in a review by Quideau et al. [29]. It has already been shown that raffinate obtained
after extraction of polyphenols using scCO2 could be used as a stable and valuable substrate
in a biorefinery or for energy production [22]. The scCO2 extraction removes significant
amounts of lipids, terpenes, steroids and resin acids that easily undergo autoxidation,
which consequently improves both the quality of biofuel and pyrolysis [30–32]. The results
of the current study indicate varied polyphenol content in extracts obtained during a one-
year-long experiment depending on both the harvest period and the extraction conditions
(Table 1). The aim of crop harvesting at different times was to compare the obtained extract
activities in relation to the biomass harvest time and to demonstrate the plant’s ability to
regrow after harvest at different times of the year (in different growth phases). The study
presented in this paper focused only on assessing extract activity. To the best of the authors’
knowledge, there is limited information on polyphenols from other analyzed biomasses.
The highest polyphenol content (p < 0.05) was obtained in the scCO2/H2O extract from
S. pectinata (168.18 ± 6.26 mg GAE/g d.m.) harvested in June, i.e., at the beginning of the
vegetation period, while the lowest content was noted for the extract of M. giganteus straw
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harvested in February, obtained by extraction using only scCO2 (1.24 ± 0.06 mg GAE/g
d.m. of the extract). For most of the analyzed extract samples (scCO2 or scCO2/H2O)
obtained from biomass harvested during the growing period, a statistically significantly
higher polyphenol content was noted than those for the semi-wood or straw samples
collected in February. Only the extracts from S. perfoliatum semi-wood biomass (scCO2) and
H. tuberosus, M. × giganteus straw (scCO2/H2O) were characterized by higher polyphenol
content than the extracts from biomass harvested during the growing period (p = 0.05)
(Tables 1 and S1). In another study, the highest polyphenol content in an ethanol extract of
Jerusalem artichoke leaves was 4.5–5.7 mg GAE/g d.m. [33], i.e., approximately 2–6-fold
lower than the polyphenol content in a supercritical extract of biomass of this species in
the current study (Table 1). The contents of polyphenols in scCO2/H2O extracts from
H. salicifolius and H. tuberosus obtained by Malm et al. [23] under the same conditions were
similar to those reported in the present study, i.e., the values were lower for the former
(13.75 mg GAE/g of extract) and higher for the latter (33.06 mg GAE/g of extract) plant.

Table 1. Influence of extraction conditions (scCO2 or scCO2/H2O) and harvest time ((A) June, (B) October and (C) February)
on total polyphenol content (TPC)* in extracts from herbaceous species.

Plant Material

TPC (mg GAE/g d.m.)
scCO2 scCO2/H2O

A B C A B C

Helianthus salicifolius 20.22 ± 0.20 d 25.02 ± 0.31 a 11.92 ± 0.16 i 27.51 ± 0.11 h 36.08 ± 0.15 g 15.2 ± 0.62 j

Silphium perfoliatum 11.33 ± 0.07 j 13.99 ± 0.24 h 17.37 ± 0.54 f 58.37 ± 1.11 e 21.59 ± 0.15 i 18.25 ± 0.32 i,j

Helianthus tuberosus 16.50 ± 0.06 g 16.01 ± 0.23 g 8.47 ± 0.11 k 27.57 ± 0.38 h 18.34 ± 0.23 i,j 26.26 ± 0.36 h

Miscanthus × giganteus 22.17 ± 0.18 c 12.2 ± 0.19 i 1.24 ± 0.06 o 73.91 ± 0.96 c 51.33 ± 0.69 f 90.75 ± 0.71 b

Miscanthus sinensis 19.01 ± 0.20 e 17.11 ± 0.28 f 8.84 ± 0.35 k 90.98 ± 2.05 b 65.36 ± 1.26 d 26.61 ± 0.60 h

Miscanthus sacchariflorus 19.55 ± 0.17 d,e 5.95 ± 0.23 l 4.86 ± 0.09 m 64.64 ± 0.97 d 21.91 ± 0.59 i 14.43 ± 0.51 j

Spartina pectinata 23.93 ± 0.14 b 23.46 ± 0.22 b 3.82 ± 0.16 n 168.18 ± 6.26 a 92.47 ± 1.46 b 6.17 ± 0.07 k

* Mean values of three different determinations followed by standard deviation are presented. The different letters in the same group
indicate statistically significant differences between the samples (p < 0.05).

A low content of polyphenols was identified in a water extract of the aboveground
parts of M. sinensis at the flowering phase (1.1795 ± 0.1608% (% d.m. equivalent of
pyrogallol)) [34]. A high content of polyphenolic compounds is not a prerequisite for
the development of a biorefinery concept. Substrates for biotechnological processes with
a low polyphenol content or effective methods of polyphenol extraction preceding the
bioprocess are often sought. Based on the analysis of cinnamates in the leaves, stems and
flowers of M. sinensis and M. sacchariflorus, it is suggested that an assay could be useful for
selecting plants with low contents of antimicrobial phenols that may be a good feedstock
for fermentation [35].

Higher contents of polyphenolic compounds were noted in extracts obtained using
scCO2/H2O (Figure 1a, marked area, unfilled triangles). The application of this extrac-
tion type resulted in an increase in polyphenol content, particularly in the extracts from
biomass harvested during the growing period, i.e., in June and October (Table 1). Super-
critical fluid extraction is an environment-friendly technology used for the extraction of
bioactive compounds from natural products and may provide an alternative to conven-
tional extraction methods. Supercritical fluids exhibit unique characteristics, good solvent
properties, a high diffusion coefficient, low viscosity and negligible value of the surface
tension coefficient. Modifications of the pressure or temperature produce considerable
changes in the fluid properties, including selectivity. These properties enable rapid mass
transfer and an increased capability to penetrate the sample matrix, which yields rapid and
efficient extraction [36]. The advantage of scCO2 is its ability to produce extracts free of
solvent residue. Because CO2 is a gas at ambient temperature and pressure, it is capable
of minimizing the thermal degradation of bioactive compounds. Supercritical CO2 is safe
for human health and the environment and is reusable, inert, nontoxic, nonflammable and
noncorrosive [37]. However, CO2 is a weak solvent for the extraction of polar compounds,
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including polyphenolic compounds. A frequently proposed solution to this problem is
the use of a cosolvent, a modifier that changes the solvent properties. For the extraction
of polar compounds such as alkaloids, glycosides, saccharides and cyclitols, water and
various organic solvents that are soluble in supercritical fluid have been used as a cosolvent,
e.g., methanol, ethanol, acetone and acetonitrile. This modification usually requires the
adaptation of extraction conditions to the new solvent composition and its critical parame-
ters. The addition of water as a cosolvent modifies the polarity of the mixture and increases
the efficiency of extraction of polar polyphenolic compounds. For the first time, scCO2
was used for the extraction of polyphenols from grape marc, but the effective and selective
extraction of proanthocyanidins required a 15% addition of water to the scCO2 [38]. The
antioxidant and biocidal properties of extracts obtained from H. salicifolius and H. tuberosus
with scCO2/H2O were presented in [23]. Generally, higher contents of polyphenols were
obtained in willow and poplar biomass samples after extraction with scCO2 and water
compared to extraction with scCO2 alone [24].

Figure 1. Interaction between (a) total polyphenol content (TPC), (b) total flavonoid content (TFC) and antioxidant
activity determined in scCO2/H2O (Δ) and scCO2 (•) extracts from perennial herbaceous crops. DPPH - 2,2-diphenyl-1-
picrylhydrazyl.

The highest TFC was obtained in the scCO2 extract from M. × giganteus harvested at
the beginning of the growing period (June) (10.62 ± 0.09 mg QE/g d.m.) (p < 0.05) (Table 2).
The application of scCO2 extraction enabled an increase in flavonoid content compared
to extraction using scCO2/H2O when biomass from the beginning of the growing period
(June) was used as the substrate. However, when biomass from October and February was
used as the extraction substrate, no correlation was found between the solvent used and the
selective flavonoid extraction (Table 2 and Figure 1b). Moreover, it was demonstrated that
flavonoids from pomelo peel were preferentially separated by scCO2 at 80 ◦C and a pressure
of 39 MPa with 85% aqueous ethanol as a modifier [39]. The lowest statistically significant
(p < 0.05) flavonoid content was obtained following extraction using scCO2/H2O from
all of the plants harvested at the beginning of the growing period except for S. pectinata
(Tables 2 and S2).
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Table 2. Influence of extraction conditions (scCO2 or scCO2/H2O) and harvest time ((A) June, (B) October and (C) February)
on total flavonoid content (TFC)* in extracts from herbaceous species.

Plant Material

TFC (mg QE/g d.m.)
scCO2 scCO2/H2O

A B C A B C

Helianthus salicifolius 2.41 ± 0.06 m 1.29 ± 0.07 o 3.80 ± 0.04 i 0.95 ± 0.02 l,m 5.62 ± 0.01 d 2.99 ± 0.09 g,h

Silphium perfoliatum 2.05 ± 0.05 n 2.90 ± 0.03 k 7.28 ± 0.09 b 1.39 ± 0.02 k 5.92 ± 0.05 c 6.95 ± 0.11 a

Helianthus tuberosus 4.79 ± 0.02 g 5.57 ± 0.05 e 3.03 ± 0.11 j,k 1.11 ± 0.05 l 5.54 ± 0.04 d 5.56 ± 0.64 d

Miscanthus × giganteus 10.62 ± 0.09 a 3.14 ± 0.03 j 1.19 ± 0.03 g 1.87 ± 0.03 i 6.25 ± 0.11 b 3.46 ± 0.06 f

Miscanthus sinensis 6.05 ± 0.05 d 6.12 ± 0.03 d 4.31 ± 0.01 h 1.91 ± 0.03 i 6.97 ± 0.11 a 3.71 ± 0.12 f

Miscanthus sacchariflorus 6.61 ± 0.07 c 2.23 ± 0.02 m,n 3.07 ± 0.03 j,k 1.46 ± 0.02 j,k 4.38 ± 0.06 e 3.16 ± 0.07 g

Spartina pectinata 5.15 ± 0.11 f 6.62 ± 0.05 c 2.64 ± 0.06 l 1.71 ± 0.03 i,j 0.78 ± 0.01 m 2.78 ± 0.08 h

* Mean values of three different determinations followed by standard deviation are presented. The different letters in the same group
indicate statistically significant differences between the samples (p < 0.05).

The chemical composition of the studied plants depend on the environmental condi-
tions, growing period, etc. [40]. Changes in the chemical composition affect the biological
activity of a plant and the possibility of obtaining active compounds. The effect of the
season on the chemical composition, and thus bioactivity, can be attributed to climate
change, i.e., the temperature, the soil moisture content, precipitation and the plant growth
period [41]. A significant seasonal variation of phenolic compounds was observed in
the leaves of Cyclocarya paliurus (Batal.) Iljinskaja, and the highest phenolic content was
recorded in May, July and November [42]. A seasonal variation was observed in the syn-
thesis of secondary metabolites in Phillyrea angustifolia, and the highest oleuropein content
was confirmed during the winter period [43]. Similarly, Pacifico et al. [44] demonstrated
that an extract of Calamintha nepeta harvested during the winter period was characterized
by a higher acacetin content. The season can affect the chemical composition of plants in
different ways, and the possible changes in the chemical composition can occur over several
years. A quantitative analysis of phenolic compounds in extracts of Vaccinium myrtillus
demonstrated relatively small seasonal variations in the composition of phenolic com-
pounds or their absence, while significant changes in the composition were observed over
two successive years [45].

The availability of water can also impact the synthesis of polyphenolic compounds
by the plants. The relationships between the synthesis of polyphenolic compounds by
the plants and the hydration are unclear and are determined by their parameters. High
temperatures (30–40 ◦C) can prevent flavonoid synthesis by inhibiting gene expression and
enzyme activity [46], while low temperatures can induce flavonoid biosynthesis (although
in the absence of light, the synthesis of these compounds is inhibited) [47].

3.2. Antioxidant Activity

The extracts obtained using a mixture of scCO2/H2O, in which an increased
polyphenolic compound content was also noted, exhibited the highest antioxidant
activity (Tables 3 and S3, Figure 1a). The highest antioxidant activity (p < 0.05) was
noted for the extract from S. pectinata (1289.5 ± 34.35 mg Trolox/g d.m.) harvested at the
beginning of the growing period, and the lowest was in the extract from S. perfoliatum
semi-wood biomass (22.85 ± 0.62 mg Trolox/g d.m.). Regardless of the biomass species
or the extraction technique applied, the extracts obtained from plants harvested in June
(the beginning of the growing period) were characterized by the highest antioxidant
activity (Table 3).
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Table 3. Influence of extraction conditions (scCO2 or scCO2/H2O) and harvest time ((A) June, (B) October and (C) February)
on antioxidant activity (DPPH assay)* in extracts from herbaceous species.

Antioxidant Activity Using the DPPH Method (mg Trolox/g d.m.)
Plant Material scCO2 scCO2/H2O

A B C A B C

Helianthus salicifolius 183.04 ± 7.77 f 9.04 ± 1.95 n 34.02 ± 0.21 m 582.50 ± 34.76 h 420.78 ± 2.94 i 23.01 ± 0.13 n

Silphium perfoliatum 215.55 ± 4.54 e 28.62 ± 1.01 m 136.47 ± 0.59 j 1110.64 ± 47.27 c 383.25 ± 3.17 j,k 22.85 ± 0.62 n

Helianthus tuberosus 290.43 ± 2.25 d 139.48 ± 4.82 i,j 167.18 ± 2.25 g 980.24 ± 25.15 d 389.94 ± 0.51 j 305.99 ± 0.67 l

Miscanthus × giganteus 104.83 ± 2.97 k 56.31 ± 1.52 i 31.56 ± 0.24 m 1134.86 ± 33.73 c 919.02 ± 1.48 f 359.16 ± 20.86 k

Miscanthus sinensis 384.94 ± 5.52 b 146.69 ± 1.20 h,i 369.83 ± 3.76 c 1170.19 ± 17.96 b 958.81 ± 1.87 d,e 368.78 ± 5.65 j,k

Miscanthus sacchariflorus 399.41 ± 2.67 a 57.20 ± 4.56 i 382.05 ± 2.67 a 805.72 ± 31.51 g 426.86 ± 1.94 i 276.91 ± 2.10 m

Spartina pectinata 208.44 ± 5.21 e 150.07 ± 2.74 h 166.43 ± 0.85 g 1289.50 ± 34.35 a 953.15 ± 1.66 e 37.85 ± 0.16 n

* Mean values of three different determinations followed by standard deviation are presented. The different letters in the same group
indicate statistically significant differences between the samples (p < 0.05). DPPH - 2,2-diphenyl-1-picrylhydrazyl.

The accumulation, quantity and activity of phenolic compounds in the plant raw
material are determined by the previously mentioned factors, primarily the substrate, plant
species, the method of biomass preparation and the growth conditions. Antioxidant activity
is primarily determined by the content of bioactive phenolic compounds. The current
study found a positive correlation between the polyphenolic compound content and the
antioxidant activity (r = 0.80), regardless of the type of raw material, the harvest date or the
extraction conditions. In other studies, the antioxidant activity was closely related to the
TPC and TFC in Nyctanthes arbor-tristis (Harsingar) leaf extracts used in Indian traditional
medicine [48]. Zhang et al. [49] analyzed differences in the contents of polyphenols and
flavonoids as well as the antioxidant activity in pomegranate leaves. In the period between
April and September, the polyphenol and flavonoid contents decreased and then gradually
increased. The antioxidant activity of extracts was also significantly correlated with the
polyphenolic compound content (r = 0.80).

In the extracts obtained using scCO2/H2O, a high polyphenol content of over 40 mg
GAE/g d.m. was obtained from S. perfoliatum and M. sacchariflorus harvested in June,
from M. sinensis and S. pectinata harvested during the growing period (June and Octo-
ber) and from M. × giganteus harvested at each of the analyzed dates (Figure 1a). No
statistical relationship was found between TFC and antioxidant activity (Figure 1b). The
antioxidant activity over 600 mg Trolox/g d.m. was obtained for extracts with a flavonoid
content of approximately 2, or over 6 mg QE/g d.m. (Figure 1b, marked area, unfilled
triangles). The scCO2 extract with the highest flavonoid content (from M. × giganteus) from
biomass obtained at the beginning of the growing period (June) was characterized by a
low antioxidant activity of 104.83 Trolox/g d.m. Therefore, it can be initially concluded
that it is the qualitative composition rather than the content that probably determines the
antioxidant activity.

The principal components PC1 and PC2 for extracts obtained using scCO2 (Figure 2a)
or scCO2/H2O (Figure 2b) explained 86.5% (53.8% and 32.7%) and 91.5% (68.3% and 23.2%)
of data sets, respectively. However, a great dispersion of the results based on the previous
analyses was noticeable. PC1 represents TPC and the PC2 represents antioxidant activity
(DPPH). The TPC and TFC values in the extracts obtained using scCO2 were positively
correlated with the antioxidant activity (Figure 2a). A negative correlation for TFC and a
positive correlation for TPC were demonstrated with the antioxidant activity in the extracts
obtained using scCO2 and water.
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Figure 2. Principal component analysis of total polyphenol content (TPC), total flavonoid content (TFC) and antioxidant
activity (DPPH) of extracts obtained with (a) scCO2 or (b) scCO2/H2O. Points 1–21 present samples obtained from Helianthus
salicifolius, Silphium perfoliatum, Helianthus tuberosus, Miscanthus × giganteus, Miscanthus sacchariflorus, Miscanthus sinensis
and Spartina pectinate harvested in June (A), October (B) and February (C).

There are many parameters that influence this assay of antioxidant capacity. Lignin is
a polymer constructed of aromatic subunits that account for its radical scavenging activity
and was not analyzed in the studied samples [50]. A high content of lignin was determined
in an extract from M. × giganteus and Panicum virgatum L. obtained by different methods
in [51]. The presence of residual carbohydrates as well as aliphatic hydroxyls, along with
lignin structural monomers, can cause an overestimation of antioxidant capacity.

3.3. FTIR Analysis

Selected extracts (scCO2 and scCO2/H2O) from the plants harvested in June and
characterized by a high content of phenolic compounds were used for the identification of
functional groups present in extract components. Peak characteristic of functional group
bonds in FTIR spectra were identified (Figures S1–S14 and Table S4), classified into nine
types groups and assigned a functional group based on data presented in the literature
(Table 4) [52–57]. An analysis of FTIR spectra indicated absorption within the wavelength
region corresponding to vibrations of bonds present in the principal components of lig-
nocellulose biomass, i.e., saccharides, lignins, proteins and lipids. Absorption within the
wavelength region from 3421 to 3335 cm−1, characteristic of O–H and N–H stretching
bonds occurring in saccharides, proteins and polyphenols (Table 4) [55–57], was noted in
scCO2 and scCO2/H2O extracts from H. salicifolius, H. tuberosus and M. sinensis, scCO2
extracts from M. × giganteus and scCO2/H2O extracts from S. perfoliatum and S. pectinata.
All of the examined extracts displayed absorption within the wavelength region from
3070 to 2849 cm−1, corresponding to vibrations of the C–H stretching bonds present in the
functional groups of CH2 and CH3 as well as in aromatic rings and the O–CH3 bonds in
lipids, lignins, saccharides and esters (Table 4) [52–57]. The existence of ester bonds in all
of the studied extracts was confirmed by the excitation in the wavelength region from 1748
to 1648 cm−1, which corresponds to polyesters and lignins (Table 4) [55–57]. This region is
also characteristic of vibrations of the C–N stretching bonds present in proteins and the
unconjugated cis C=C bonds in alkenyl groups (Table 4) [52,54,57]. The FTIR spectra of
scCO2 extracts from H. salicifolius, scCO2 and scCO2/H2O extracts from H. tuberosus and
scCO2/H2O extracts from S. pectinata displayed absorbance within the wavelength region
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from 1602 to 1514 cm−1, corresponding to vibrations of the C–C and C=C stretching bonds
occurring in aromatic rings and the COO− stretching bonds in phenols, pectins and lignins
(Table 4) [53,55,56].

Table 4. Identification of functional groups of supercritical plant extracts (scCO2 and scCO2/H2O) harvested in June
(analysis based on literature [52–57]).

Group Wavenumbers
(cm−1)

Plant Extract
Bond Type Functional Group

scCO2 scCO2/H2O

1 4000–3100 H. salicifolius, H. tuberosus,
M. × giganteus, M. sinensis

H. salicifolius, S. perfoliatum,
H. tuberosus, M. sinensis,

S. pectinata
O–H, N–H stretching

Polyphenolic,
carbohydrates,

proteins

2 3100–2800

H. salicifolius, S. perfoliatum,
H. tuberosus, M. × giganteus,
M. sinensis, M. sacchariflorus,

S. pectinata

H. salicifolius, S. perfoliatum,
H. tuberosus, M. × giganteus,
M. sinensis, M. sacchariflorus,

S. pectinata

C–H stretching in
CH2 and CH3;
C–H aromatic

stretching; O–CH3

Lipids, lignins,
carbohydrates, esters

3 1750–1650

H. salicifolius, S. perfoliatum,
H. tuberosus, M. × giganteus,
M. sinensis, M. sacchariflorus,

S. pectinata

H. salicifolius, S. perfoliatum,
H. tuberosus, M. × giganteus,
M. sinensis, M. sacchariflorus,

S. pectinata

C=O ester stretching;
C–N stretching;

cis C=C unconjugated

Polyesters, lignins,
proteins,

alkenyl groups

4 1610–1500 - H. salicifolius, S. perfoliatum,
H. tuberosus, S. pectinata

C–C, C=C aromatic
stretching;

COO− stretching

Phenolic groups,
pectins, lignins

5 1500–1290

H. salicifolius, S. perfoliatum,
H. tuberosus, M. × giganteus,
M. sinensis, M. sacchariflorus,

S. pectinata

H. salicifolius, S. perfoliatum,
H. tuberosus, M. × giganteus,
M. sinensis, M. sacchariflorus,

S. pectinata

CH2 scissoring,
bending, out of plane;
C–H in >CH–; C–H

in –CH3;
C–H, CH2, CH3
deformations;

C=C–C aromatic ring
stretching;

O–H bending; N–H,
C–N

triterpenoids, phenyl
groups,

polysaccharides,
pectins, lipids,
lignins, tertiary

alcohols, proteins

6 1260–1100

H. salicifolius, S. perfoliatum,
H. tuberosus, M. × giganteus,

M. sinensis, M.
sacchariflorus, S. pectinata

H. salicifolius, S. perfoliatum,
H. tuberosus, M. × giganteus,
M. sinensis, M. sacchariflorus,

S. pectinata

C–O, C–N, C–C,
>PO2 stretching;

O–H bending; C–O
ring vibrations

Phenyl groups,
lignins, pectins,
triterpenoids,

polysaccharides,
phospholipids,

proteins

7 1100–1000

H. salicifolius, S. perfoliatum,
H. tuberosus, M. × giganteus,
M. sinensis, M. sacchariflorus,

S. pectinata

H. salicifolius, S. perfoliatum,
H. tuberosus, M. × giganteus,
M. sinensis, M. sacchariflorus,

S. pectinata

C–O, C–N stretching;
C–H aromatic

stretching; >PO2
stretching

Phenolic groups,
phospholipids,

polysaccharides,
pectins,

aliphatic amines

8 1000–510

H. salicifolius, S. perfoliatum,
H. tuberosus, M. × giganteus,
M. sinensis, M. sacchariflorus,

S. pectinata

H. salicifolius, H. tuberosus,
M. × giganteus, M. sinensis,
M. sacchariflorus, S. pectinata

C–H aromatic
stretching; –CH2–;

–HC–;
cis –CH; trans C–H

out of plane

Isoprenoids

9 510–400 H. salicifolius, H. tuberosus H. tuberosus, S. pectinata S–S stretching;
C–OH3 torsion

Aryl disulfides,
polysulfides,

methoxy groups

An excitation within the wavelength region from 1464 to 1291 cm−1 was recorded for
all of the analyzed extracts, which confirms the presence of the functional groups occurring
in the compounds, including triterpenoids, polysaccharides, pectins, lignins, lipids, tertiary
alcohols, proteins and phenols (Table 4) [52–57]. The largest number of peaks within this
wavelength region was noted for scCO2 extracts from S. perfoliatum (1464, 1445, 1377, 1310
and 1291 cm−1), while the lowest number of peaks was recorded for scCO2/H2O extracts
from H. tuberosus (1374 cm−1). Vibrations of the C–O, C–N, C–C and >PO2 stretching bonds,
O–H bending bonds and aromatic C–O bonds (Table 4) [52–57] within the wavelength from
1271 to 1117 cm−1, occurring in triterpenoids, phospholipids, polysaccharides, pectins,
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lignins, proteins and phenolic groups, were detected in all extract samples. However, for
extracts obtained from M. sinensis, M. × giganteus and M. sacchariflorus, only one peak was
detected (approximately 1170 cm−1) regardless of the solvent used. Excitation within the
region from 1104 to 1013 cm−1, caused by vibrations of the C–O, C–N and >PO2 stretching
bonds and aromatic C–H stretching bonds characteristic of phospholipids, polysaccharides,
pectins, aliphatic amines and phenols (Table 4) [54–57], was recorded in all analyzed
extracts. The FTIR spectra indicated that the number of excitations recorded for isoprenoid
bonds was greater for scCO2 extracts than for scCO2/H2O extracts, and this was the case
for all the analyzed extracts except for extracts from S. pectinata. The scCO2/H2O extract
from S. perfoliatum did not display the presence of isoprenoids. Within the wavelength
region from 501 to 427 cm−1, absorbance corresponding to vibrations of the S–S stretching
bonds and C–OH3 torsion bonds occurring in polysulfides, aryl disulfides and methoxy
groups (Table 4) [52,53] was detected for extracts from H. salicifolius (scCO2), H. tuberosus
(scCO2 or scCO2/H2O) and S. pectinata (scCO2/H2O).

4. Conclusions

The presented data indicate varying contents of polyphenolic compounds in the
biomass extracts of perennial herbaceous crops depending on the harvest term in the
growing period. The varying quality of extract compositions determined by FTIR analysis
was noted, which depended on the performance of extraction using scCO2 or the same
supercritical solvent combined with water. This information can enable the utilization of
the studied biomass for not only the production of bioenergy but also to obtain valuable
components of foodstuffs, medicines and cosmetics. However, a comprehensive analysis
of the properties and chemical composition (particularly the flavonoid content) of the
extracts as well as the relationship between the composition and the properties of the
extracts is necessary. Moreover, it is important to study the influence of the extracts on
microorganisms and enzymes to determine the cytotoxicity, apoptotic effect and safety of
their use. Further development of selective techniques for the extraction of polyphenols,
hydrocarbons, fatty acids and acylglycerols from biomass (particularly using scCO2) or of
the extract fractioning method is also possible.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agriculture11060488/s1, Table S1. The results of ANOVA (p < 0.05) for the influence of sub-
strate, extraction conditions and harvest time (A) June, (B) October, (C) February on total polyphenol
concentration (TPC), Table S2. The results of ANOVA (p < 0.05) for the influence of substrate, extrac-
tion conditions and harvest time (A) June, (B) October, (C) February on total flavonoid concentration
(TFC), Table S3. The results of ANOVA (p < 0.05) for the influence of substrate, extraction conditions
and harvest time (A) June, (B) October, (C) February on antioxidant activity (DPPH assay), Table S4.
Wavenumbers of QATR-FTIR peaks of supercritical plant extracts (scCO2 and scCO2/H2O) harvested
in June, Figure S1. QATR-FTIR spectrum of the scCO2 extract from H. salicifolius harvested in June,
Figure S2. QATR-FTIR spectrum of the scCO2/H2O extract from H. salicifolius harvested in June,
Figure S3. QATR-FTIR spectrum of the scCO2 extract from S. perfoliatum harvested in June, Figure
S4. QATR-FTIR spectrum of the scCO2/H2O extract from S. perfoliatum harvested in June, Figure S5.
QATR-FTIR spectrum of the scCO2 extract from H. tuberosus harvested in June, Figure S6. QATR-
FTIR spectrum of the scCO2/H2O extract from H. tuberosus harvested in June, Figure S7. QATR-
FTIR spectrum of the scCO2 extract from M. × giganteus harvested in June, Figure S8. QATR-FTIR
spectrum of the scCO2/H2O extract from M. × giganteus harvested in June, Figure S9. QATR- FTIR
spectrum of the scCO2 extract from M. sinensis harvested in June, Figure S10. QATR-FTIR spectrum
of the scCO2/H2O extract from M. sinensis harvested in June, Figure S11. QATR- FTIR spectrum
of the scCO2 extract from M. sacchariflorus harvested in June, Figure S12. QATR-FTIR spectrum of
the scCO2/H2O extract from M. sacchariflorus harvested in June, Figure S13. QATR-FTIR spectrum
of the scCO2 extract from S. pectinata harvested in June, Figure S14. QATR-FTIR spectrum of the
scCO2/H2O extract from S. pectinata harvested in June.
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Kamiński, P.; et al. How does extraction of biologically active substances with supercritical carbon dioxide affect lignocellulosic
biomass properties? Wood Sci. Technol. 2020, 54, 519–546. [CrossRef]

23. Malm, A.; Grzegorczyk, A.; Biernasiuk, A.; Baj, T.; Rój, E.; Tyśkiewicz, K.; Dębczak, A.; Stolarski, M.J.; Krzyżaniak, M.; Olba-Zięty,
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