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Planet Earth is facing numerous imminent challenges, from climate change to ecologi-
cal dysfunction, which are largely attributed to anthropogenic activities. In the long term,
this puts humans as a species under threat. It is understandable that humanity’s survival
depends primarily on the provision of food, drinking water, and a safe habitable environ-
ment [1,2]. However, to ensure this, the current production methods employed in leading
sectors such as agriculture must adopt a more holistic approach rather than focusing only
on food production. On top of that, a large part (in the European Union, a whole 50%) of the
plant and animal kingdom is directly or indirectly linked with agricultural systems, making
agrobiodiversity a fundamental component of basic agricultural productivity [3]. It would
therefore be foolish not to consider the full repertoire of ecosystem services within safe
and just Earth system boundaries when developing social-ecologically more sustainable
agricultural systems, or at least to strive towards achieving a more holistic view [1,4,5].

Social-ecologically more sustainable agricultural production intends to (i) meet the
increasing food demand, (ii) reduce environmental degradation, and (iii) improve a number
of other ecosystem services such as the provision of medicinal resources, climate regulation,
erosion mitigation, groundwater protection, disturbance modulation, nutrient cycling,
habitat functioning, and aesthetic information. Given the importance and relevance of these
aspects, this Special Issue has been established to bring together the latest findings from
current research. Within the aforementioned overarching theme, this Special Issue received
a total of 21 contributions in forms of research articles, review articles, and communications.
To facilitate reading, these contributions are briefly presented below.

The first contribution to this Special Issue, a study by Von Cossel et al. [6], reported
on the potential trade-off between biomass provision and biodiversity support when
species-rich polycultures of perennial flowering wild plant species are cultivated instead of
maize (Zea mays L.) monocultures [6]. The biomasses of perennial flower-rich wild plants
mugwort (Artemisia vulgaris L.), brown knapweed (Centaurea nigra L.), and common tansy
(Tanacetum vulgare L.) were found to produce only 72 to 74% of methane compared to
maize. This knowledge can help biogas plant operators better implement these types of
more biodiversity-friendly biogas substrates to their biogas production value web. Future
research should look at the process-relevant biochemical and physical effects caused by
the admixture of wild plants as a co-substrate during anaerobic fermentation in the biogas
plant [7,8].

In terms of bioenergy crops for combustion, woody species such as aspen (Populus
tremula L.), Siberian elm (Ulmus pumila), and willow (Salix spp.) are among the commonly
used species [9,10], followed by perennial herbaceous crops such as miscanthus (e.g., Mis-
canthus × giganteus Greef et Deuter) [11–13] and Sida (Sida hermaphrodita L. var. Rusby) [14].
All of these perennial bioenergy crops have in common that they are potentially suitable
to grow on certain types of marginal land, that is, land that is only marginally suitable for
food crop cultivation [9,10,13–16]. Thus, the cultivation of perennial bioenergy crops on

Agronomy 2023, 13, 2818. https://doi.org/10.3390/agronomy13112818 https://www.mdpi.com/journal/agronomy1
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unused marginal agricultural land could expedite the development of the bioeconomy and
facilitate transition towards a fossil-free future without impeding food security.

For optimal cultivation of bioenergy crops, it is advisable to ensure that genetic mate-
rial is always adapted to the growing economic and environmental challenges [2]. In this
context, Liu et al. [11] applied a sampling strategy on a miscanthus primary core collection
to evaluate its role in reducing the size of the initial collection whilst retaining genetic diver-
sity in the collection. This approach was found to improve the range of the coincidence rate
without affecting the mean difference percentage. Overall, these findings could contribute
to a social-ecologically more sustainable agriculture by reducing the trade-off between
biomass provisioning and other ecosystem services through the efficient development of
novel miscanthus genotypes in the face of increasing environmental challenges such as
climate change-related impacts on agricultural production [2].

However, not only climate change but also soil-related marginality constraints might
affect future designs of social-ecologically more sustainable agriculture [15]. A particularly
important aspect in this context is the contamination of soil with heavy metals [13]. Liao
et al. [13] found that in regions with high concentrations of heavy metals in the soil, the
above-ground increment of miscanthus accumulates large amounts of heavy metals each
year. According to the authors, this means that if the miscanthus biomass is not used,
the heavy metals organically bound in the miscanthus can spread further and impair the
balance of natural nutrient cycles in surrounding ecosystems. From Liao et al.’s findings, it
can be concluded that, in terms of lower environmental impacts, it would, therefore, make
more sense to harvest the annual miscanthus biomass grown in such regions, use it as a
bioresource (e.g., for bioenergy purposes), and dispose of the heavy metals contained in
the remaining biomass residues in a controlled manner or use them elsewhere. The latter
would be a win–win scenario for the bioeconomy approach of growing miscanthus for
bioenergy or biobased products on marginal agricultural land.

In addition to nutrient cycling, biomass production systems on marginal land can also
affect plant diversity, according to Zuševica et al. [17]. This research group from Latvia
found that the establishment of woody crops on organic soils (from former peat extraction)
can positively affect plant diversity, whereby the application of ash-based fertilizers and
the distances to drainage ditches require special consideration [17]. Furthermore, a better
understanding of plant–root bacterial interactions may help to improve the nutrient use
efficiency in biomass production on low-yielding (poor) soils. This was found by Wu
et al. [18] using the example of ramie (Boehmeria nivea L.), which offers great breeding
potential for the more efficient use of soil nitrogen and phosphorus, subsequently increasing
and stabilizing long-term biomass yields. In addition, Kitzcak et al. [14] succeeded in
determining both the minimum organic fertilizer amounts and the optimal seeding rates
for the economically feasible cultivation of Sida on light (sandy) soils in Poland.

Beyond maintaining agricultural productivity, there are also many chances for its
recovery, for instance, through ameliorating contaminated or poor soils with the help of
dedicated crops, as was recently reported by Testa et al. [19] and Wu et al. [18]. Given
the ever-continuing degradation of agricultural soils worldwide [20], it would therefore
be of existential importance to further intensify research on the challenges in modeling
bioenergy crop performance, as highlighted by Haberzettl et al. [21], in order to adequately
plan and implement bioenergy cropping systems at the interface of provisioning and
regulating ecosystem services. Many of the problems for realistic and meaningful modeling
approaches lie in the fact that there are not yet sufficient empirical data on the long-term
performance of biomass crops on marginal land [21]. Neither for shallow soils [10] nor for
soils with adverse soil texture [22] is there sufficient information available to derive biomass
production projections for different site conditions worldwide, especially considering the
uncertain impacts of climate change on agricultural systems.

A very fundamental effect of climate change is the shift in the water supply and
available agricultural land, as reported by Li et al. [23] in their study on spatiotemporal
changes in the geographic imbalances between crop production and farmland–water
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resources in China from 1990 to 2015. From their study, it can be concluded that the
cultivation areas of the most important staple foods of rice, wheat, and maize in China will
have to be shifted significantly due to climate change-induced fluctuations in precipitation
distribution patterns in order to ensure a secure food supply in the future.

Looking at the cropping concept level, Zimmermann et al. [24] elaborated on an option
beyond organic and conventional farming that certainly deserves more attention to further
optimize the long-term sustainability of crop production. The approach is called mineral–
ecological cropping and it aims to increase the benefits of agricultural production for
agrobiodiversity whilst maintaining productivity. It builds on the many potential synergies
between traditional and modern agricultural practices in a cropping system that exclude
the use of synthetic chemical pesticides but allow the use of mineral fertilizers [24]. In
this way, Zimmermann et al. suggest that ecosystem services can be increased without
reducing productivity. However, further optimization is still needed to implement this new
cultivation concept, as it currently appears very difficult to maintain both food crop quality
and yield while dispensing with the usual synthetic chemical crop protection agents. In
contrast, a new farming concept reported by Arunrat and Sereenonchai [25] seems to be
more successful. It is a mixed farming system of rice and fish coculture, which is already
used on many farms in Thailand [25]. As the study reveals, the holistic ecosystem services
of rice and fish coculture can be increased by 14% in monetary terms compared to the
monoculture of rice [25]. Unlike the outdoor farming concepts addressed by Zimmermann
et al. and Arunrat and Sereenonchai, indoor farming concepts seem to be more focused
on the provision of biomass because they are much less interlinked with the nutrient-
and lifecycles of the natural environment. Here, Cichocki et al. [26] provided valuable
insights on the opportunities and challenges of providing food directly in and for office
buildings [26].

A more holistic recognition of the ecosystem services provided by agricultural value
webs could take the form of a true cost–benefit assessment, as Wagner et al. [16] have
shown using the example of growing miscanthus. Such insights into the true dimensions
of agricultural value webs that have so far been rather neglected could then ideally be
incorporated into the design of social-ecologically more sustainable certificates for food,
fodder, and other agricultural products in the long term. This would enable a fairer com-
pensation for any opportunity costs on the part of farmers and other involved stakeholders.
This is already being sought, for example, for viticulture and wine production worldwide,
according to Marques and Teixeira [27] and Wagner et al. [28].

Nevertheless, fairer remuneration must be preceded by the application of more sus-
tainable cultivation practices, and here the views and perceptions of the decision makers
directly or indirectly involved also play decisive roles, as Sereenonchai and Arunrat [29]
and Huang et al. [30] report. In terms of opportunities for farmer influence, Sereenonchai
and Arunrat [29] found that more sustainable cropping systems are usually implemented
only when farmers are also aware of the ecosystem benefits. Presenting non-burning uses of
rice straw and rice stubble as examples, Sereenonchai and Arunrat found that appropriate
communication strategies are needed to ensure that more sustainable farming practices are
implemented in a meaningful way in the long term [29]. A similar situation applies to the
management strategies of companies that have an indirect link to agricultural production,
according to Huang et al. [30]. In their communication article, based on a hierarchical
linear modeling approach, Huang et al. suggest to promote the implementation of more
sustainable environmental strategies through targeted increases in social responsibility [30].

However, all efforts to encourage farmers or gardeners (in urban areas) to implement
social-ecologically more sustainable agricultural production will fail unless the community,
as well as political decision makers, endorse it. In this area of research, Wu et al. [31] have
made great strides using the example of urban community gardens. Wu et al. [31] have
outlined new ways to create more clarity in communities about the potential advantages
and disadvantages of such social-ecologically more sustainable urban land use systems.
As also highlighted in the studies by Sereenonchai and Arunrat [29] and Huang et al. [30],

3



Agronomy 2023, 13, 2818

an appropriate communication strategy about the pros and cons seems to be the key to
success in implementing urban community gardens [31]. A trivial solution at first glance,
but its justification requires elaborate research adapted to local socio-political as well as
geophysical conditions [31].

In summary, this Special Issue offers a wide range of insights into problems, solutions,
and next steps towards social-ecologically more sustainable agricultural production. The
articles of this Special Issue cover almost at all levels of agricultural production and thus
make an important contribution to the agricultural systems of tomorrow.

Author Contributions: Conceptualization: M.v.C.; writing and original draft: M.v.C.; visualization:
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Abstract: The global demand for plant biomass to provide bioenergy and heat is continuously in-
creasing because of a growing interest among many industrialized and developing countries towards
climate sound and renewable energy supply. The exacerbation of land-use conflicts proliferates
social-ecological demands on future bioenergy cropping systems. Perennial herbaceous wild plant
mixtures (WPMs) represent an approach to providing social-ecologically more sustainably produced
biogas substrate that has gained increasing public and political interest only in recent years. The
focus of this study lies on three perennial wild plant species (WPS) that usually dominate the biomass
yield performance of WPM cultivation. These WPS were compared with established biogas crops
in terms of their substrate-specific methane yield (SMY) and lignocellulosic composition. The plant
samples were investigated in a small-scale mesophilic discontinuous biogas batch test for deter-
mining the SMY. All WPS were found to have significantly lower SMY (241.5–248.5 lN kgVS−1)
than maize (337.5 lN kgVS−1). This was attributed to higher contents of lignin (9.7–12.8% of dry
matter) as well as lower contents of hemicellulose (9.9–11.5% of dry matter) in the WPS. Only minor,
non-significant differences to cup plant and Virginia mallow were observed. Thus, when planning
WPS as a diversification measure in biogas cropping systems, their lower SMY should be considered.

Keywords: anaerobic digestion; Artemisia vulgaris L.; biodiversity; biogas production; brown knap-
weed; Centaurea nigra L.; common tansy; mugwort; perennial crops; Tanacetum vulgare L.

1. Introduction

Supplying “clean” energy is a major component of the growing bioeconomy, the core
goal of which is the complete replacement of fossil and nuclear resources with renewable
energy and bioenergy [1]. The full extent of this challenge can be seen in the fact that the
share of renewable energy in total global energy consumption seems to have stalled at
between 12 and 14% over the last 20 years, despite various efforts and scientific progress.
While the amount of renewable energy has increased from 54.4 to 82.7 EJ, the amount
of fossil fuels, such as coal, oil, and gas, has also increased significantly over the same
period, from 337.7 EJ to 486 EJ [1]. Apart from the end use sectors heat and transport,
bioenergy makes up only a small share of 2.4% of total renewable energy production [1].
However, bioenergy cropping systems are assumed to have a promising future for two
important reasons:

1. By growing bioenergy crops, unused land can be returned to agricultural produc-
tion and, if necessary, even protected from further degradation by adhering to best
management practices.

2. Bioenergy production enables a stable basis for the reliable provision of electricity
and heat compared to wind and solar energy, which are subject to strong fluctuations.

Many other ecosystem functions besides the provision of biomass are currently only
being discovered bit by bit or investigated in connection with bioenergy cropping sys-
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tems. The additional ecosystem services resulting from these ecosystem functions could
be a turning point in the history of bioenergy cropping systems, as monetization of them
could increase land conversion many times over. For example, the monetary value of all
ecosystem services of growing Miscanthus (Miscanthus ANDERSSON), a very well-known
perennial bioenergy crop [2–4], in a case study region in Germany varies between 1200 and
4183 € per hectare and year [5]. Several other perennial second generation lignocellulosic
crops such as switchgrass (Panicum virgatum spp.) [6,7], willow (Salix spp.) [8–11], cup plant
(Silphium perfoliatum L.) [12–16] and Virginia mallow (Sida hermaphrodita L. Rusby) [13,17]
have been intensively researched worldwide for decades [18]. All these bioenergy crop-
ping systems have one thing in common: they are monocultures. Therefore, it is to be
expected that agricultural biodiversity could be better promoted by a more diverse bioen-
ergy cropping system. In the search for more diverse bioenergy cropping systems, the
first reports were published during the last nine years on how species-rich flowering
mixtures of annual, biennial, and perennial wild plants can significantly enhance many
nursery services compared with the abovementioned mono-perennials [19–22]. These
so-called “perennial wild plant mixtures” (WPM) were investigated by several German in-
stitutions over the past decade for their use as second generation co-substrates in anaerobic
digestion [19–21,23–30]. Whether WPMs are also suitable for other bioenergy produc-
tion pathways such as combustion, pyrolysis or bioethanol production has not yet been
explored [22].

It was found that WPM cultivation for anaerobic digestion, under the best circum-
stances, provides both a notable farm productivity, as indicated by a five-year average
annual dry matter yield (DMY) of 12.5 Mg ha−1 at an annual nitrogen fertilization of
50 kg ha−1 [28,31,32], and an improvement of various social-ecological services [20,25,27,33–35].
However, the successful cultivation of WPMs strongly depends on several factors such
as the seed-bed preparation, the sowing procedure, the weather conditions, the soil het-
erogeneity and the weed pressure [22,23,31,36]. After successful establishment, WPM
cultivation provides high biomass yields each year accompanied by a dynamic change in
the WPM species composition over the years [31]. Annual species dominate the plant stand
in the first year of cultivation, biennial species in the second year, and perennial species
from the third year onwards [25,31,36]. Therefore, perennial wild plant species (WPS)
such as common tansy (Tanacetum vulgare L.), common knapweed (Centaurea nigra L.) and
mugwort (Artemisia vulgaris L.) have the highest impact on the overall yield performance of
the WPM in the long-term [22]. This is because the WPM can grow up to 5 years and even
longer [22,25,33–35], and the perennial WPS have the highest share of total accumulated
DMY [22,31,36].

Despite the fact that the DMY is the main determinant for the methane yield per
hectare (MYH) of biogas crops [37–39], the substrate-specific methane yield (SMY) also
plays a vital role in biogas plant management, with regard to (i) the organic loading
of the fermenter (the higher the SMY the better the organic loading efficiency), (ii) the
retention time of the co-substrate in the fermenter (the higher the SMY, the shorter the
retention time in the biogas plant), and (iii) the secondary effects on the digestibility
of the other fermentation substrate components, for example through the provision of
essential trace elements [22,25,40–42]. However, little is known about the substrate-specific
methane yield (SMY) of perennial WPS [19,43,44]. In most of the few studies on the
methane yield potential of WPM, the mixtures are considered as a whole (plant stand
level) and not examined for individual plant performance [21,23,36,45,46]. In addition,
there are large differences within the limited data available. For example, SMY values
from 287.5 [19] to 362.0 lN kgVS−1 [47] are reported for common and brown knapweed,
respectively. For the other promising WPS, only single values are available, accounting
for 233 lN kgVS−1 (common tansy) and 346 lN kgVS−1 (mugwort) [19]. Therefore, this
study aims at investigating the potential SMY of relevant perennial WPS and compare
them with relevant annual and perennial alternative biogas co-substrates. The results
are expected to help better understanding the relevance of the WPM species composition
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dynamics [31] towards the development of social-ecologically more sustainable bioenergy
cropping systems.

2. Materials and Methods

2.1. Origin and Harvest of Plant Material

The investigations in this study are based on above-ground biomass harvested from
common tansy, brown knapweed, mugwort, cup plant, Virginia mallow, and maize (Zea
mays L.) (Table 1). Cup plant, maize and Virginia mallow served as reference crops. All
biomass samples were taken from the same field trial in Hohenheim, southwest Germany
(407 m AMSL, N 48◦42′57.024′′, O 9◦12′52.956′′) (Figure 1).

Table 1. Overview of the crops (sorted alphabetically) used in this study.

Trivial Name Botanical Name Life Cycle Origin

Common knapweed Centaurea nigra L. Perennial Temperate Europe

Common tansy Tanacetum vulgare L. Perennial Temperate Europe and Asia

Cup plant Silphium perfoliatum L. Perennial Northern America

Maize Zea mays L. Annual Central America

Mugwort Artemisia vulgaris L. Perennial Temperate Europe, Alaska,
Northern Africa and Asia

Virginia mallow Sida hermaphrodita L. Rusby Perennial Northern America

 

Figure 1. Overview of the crop species investigated in this study: (a) common knapweed (b) common
tansy (c) cup plant (d) maize (e) mugwort and (f) Virginia mallow.
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This field trial was established in a randomized block design with three (maize,
Virginia mallow, cup plant) and five replicates (WPM), respectively, in 2014. The plots
were of square shape and their gross area was 36 m2. The distance between the plots
was 1.5 m, and the distance between the blocks was 5 m. The site is characterized by
homogeneous favorable abiotic growth conditions, such as (i) clayey loam (Luvisol) [36],
(ii) an average annual air temperature of 10.1 ◦C in 2016 (Figure 2), 1.4 ◦C higher compared
with long-term data, and (iii) an annual precipitation of 595 mm in 2016 (Figure 2), which
was 103 mm less compared with long-term data. The harvest dates of the biomass samples
for this study varied according to the crop-specific demands. The WPS (common tansy,
common knapweed and mugwort) and Virginia mallow were harvested in August 2016.
Cup plant and maize were harvested in October 2016. Only fully developed individual
plants from the WPM plots were selected for harvest of the WPS, with three plots each
found for common tansy and common knapweed, but only one plot for mugwort. For
cup plant, only plant samples of two randomly selected representative plots of the three
existing plots were chosen due to technical reasons. For all crops, harvesting was done by
hand using a pruning shear.

Figure 2. Overview of monthly precipitation and monthly average temperature conditions at the
field trial site (407 m AMSL, N 48◦42′57.024′′, O 9◦12′52.956′′) in the year of harvest (2016).

2.2. Determination of C- and N-Content, Fibre Analyses

After harvesting and drying to constant weight (at 58 ◦C), the samples were milled
using a cutting mill (SM 200, Retsch, Haan, Germany) with a 1 mm sieve for further analysis
(including the biogas batch test). For the following analyses, the plant sample material
was not pre-treated, e.g., through enzymatic hydrolysis. To measure nutrient detergent
fiber content (NDF), acid detergent fiber (ADF), lignin (ADL), total carbon (CT) and total
nitrogen (NT) all samples were prepared as follows: The ash content of plant samples
was estimated according to Kiesel and Lewandowski [48], by drying a 1 g subsample at
105 ◦C in a cabinet dryer (to determine residual moisture) and burning at 550 ◦C in a muffle
furnace to constant weight. After that, the contents of NDF, ADF and ADL were analyzed
according to VDLUFA Method Book III, methods 6.5.1, 6.5.2 and 6.5.3 [49]. The contents of
cellulose (CL) and hemicellulose (HC) were calculated using the following Equations:

CL = ADF − ADL (1)

HC = NDF − ADF. (2)

The contents of NT and CT were measured according to DIN ISO 5725 using the
elemental analyzer ‘Vario Max CNS’ (Elementar Analysensysteme GmbH, Langensel-
bold, Germany).
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2.3. Biogas Batch Test

The biogas batch test was conducted according to Von Cossel et al. [50]. The test
commenced on 8 April 2019 and ended on 13 May 2019 with the duration of the experiment
fixed in the implementation protocol of the biogas batch test. For the biogas batch test
(wet fermentation), 200 mg of organic dry matter of the plant samples was mixed with
30.0 ± 0.1 g inoculum (4% DMC, origins from a biogas plant, degassed under the conditions
intended for the biogas batch test) in 100 mL air-tight bottles and kept at 39 ◦C for 35 days, a
standard procedure according to VDI guideline 4630 [48,51,52]. The substrate to inoculum
ratio accounted for 1:3 on a volatile solids (VS) basis. The actual plant material per batch
flask ranged from 229.2 mg DM (Virginia mallow) to 234.5 mg DM (cup plant) due to
differences in ash content. Therefore, the DMC in the test bottles was about 4.7%. Each field
replicate of the plant samples was repeated four times within the biogas batch test, and
gas was collected a total of four times. After each gas collection, each bottle was emptied
with a hollow needle. A hand-held pressure gauge for external pressure sensors (HND-P
pressure gauge, Kobold Messring GmbH, Hofheim, Germany) was used to measure the
pressure rise in order to calculate the gas production, taking into account the respective
ambient air pressure. At the beginning of the biogas batch test, measurements were
taken daily, while towards the end measurements were taken every three days due to
decreasing gas production. The pressure increase was measured 19 times during the batch
test and converted into standardized values (standard conditions: 0 ◦C and 1013 hPa). The
control (inoculum without plant material) and ambient atmospheric pressure was required
to calculate the accumulated substrate-specific net biogas yield (SBY). This is because
biogas production still occurs even when the inoculum is starved, and its volume must
be subtracted from the total volume per plant sample. A thermal conductivity detector
(gas chromatograph GC-2014, Shimadzu, Kyoto) was used to determine the methane
content (MC) of the collected biogas at a detection temperature of 120 ◦C. Under an oven
temperature of 50 ◦C and the carrier gas argon, two columns (Haye-Sep and Molsieve
column) were used [48]. All gas samples were injected with a Combi-xt PAL autosampler
(CTC Analytics AG, Zwingen, Switzerland) [48]. The substrate-specific methane yield
(SMY) was calculated following Equation (3):

SMY = SBY × MC. (3)

2.4. Statistical Analysis

Data curation was conducted using MS Excel. The biogas batch test was analyzed
in accordance with [50]. The F-tests for the effects of the different crops on SMY and the
biochemical constituents were conducted as adapted from according to [50] following
Equation (4):

yi = μ + τi + ei (4)

where μ is the intercept and ei is the error of observation yi with crop-specific variance. τi
is the fixed effect for the ith crop species.

If differences were found, a multiple t-test was performed to create a letter display [53].
The assumptions of normality and homogeneous error variance were checked graphically.
The Akaike information criterion (AIC) [54] was used to selected the best model. All
analysis run using the PROC MIXED procedure of the SAS® Proprietary Software 9.4
TS level 1M5 (SAS Institute Inc., Cary, NC, USA). For the correlation matrix and SMY
prediction, PROC CORR and PROC REG (SAS® Proprietary Software 9.4 TS level 1M5, see
above) were used. Both degrees of freedom and standard errors were approximated using
the Kenward-Roger method [55].

3. Results and Discussion

Both the lignocellulose composition studies, and the biogas batch tests showed sig-
nificant differences between the WPS and the reference crop species. Only results from
one crop year are available here, which means that there is not yet any information on
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the possibility of an interaction between crop type and climatic variations with respect
to SMY. This could be assumed, since seasonal climatic conditions usually have a large
influence on crop-specific biomass yield and quality [51]. However, no information is yet
available on this with regard to WPS and it was not possible to investigate this in this study.
Therefore, the use of plant samples from two or more seasons would be appropriate in
future studies to examine the year effects on both specific biomass yield and quality of
different biogas crops or biogas cropping systems. In the following, the results of the two
categories lignocellulose and biogas batch test are presented and discussed separately.

3.1. Lignocellulosic Composition

The analyses of lignocellulosic composition revealed a large variation across plant
species in contents of DM of lignin (3.2–12.6%), cellulose (25.8–48.8%) and hemicellulose
(5.0–27.4%) (Table 2).

Table 2. Lignocellulosic composition of the biogas crops (sorted alphabetically) investigated in this
study. Additionally, the standard error is provided. The color scaling indicates per parameter the
meaning of the value for the use of biomass as biogas substrate from good (dark green) to bad
(deep red).

Crop
NDF

(% of DM)
ADF

(% of DM)
ADL

(% of DM)
Cellulose

(% of DM)
Hemicellulose

(% of DM)

Common
knapweed 57.6 + 1.9 ab 47.3 + 1.9 a 9.7 + 0.7 b 37.6 + 1.3 a 10.3 + 0.6 b

Common tansy 62.4 + 1.9 a 50.9 + 1.9 a 12.8 + 0.7 a 38.1 + 1.3 a 11.5 + 0.6 b
Cup plant 52.0 + 2.4 b 44.6 + 2.3 a 6.7 + 0.9 c 37.9 + 1.6 a 7.4 + 0.7 c

Maize 52.7 + 1.9 b 29.0 + 1.9 b 3.3 + 0.7 d 25.8 + 1.3 b 23.7 + 0.6 a
Mugwort 61.9 + 3.4 a 52.0 + 3.3 a 12.6 + 1.3 ab 39.4 + 2.3 a 9.9 + 1.0 bc
Virginia 58.7 + 1.9 ab 47.8 + 1.9 a 7.0 + 0.7 c 40.8 + 1.3 a 10.9 + 0.6 b

NDF = neutral detergent fiber, ADF = acid detergent fiber, ADL = acid detergent lignin, DM = dry matter,
n = number of field replicates. Different lower case letters denote for significant (p < 0.05) differences between
crops within parameter.

The C:N ratio was highest for mugwort (127.1) and lowest for maize (55.2) (Table 3).
Considering that a C:N ratio of 15–30:1 is required for a stable anaerobic digestion process
in the biogas plant [56], all crops show too high a C:N ratio (Table 4). While there are no
data in the literature for mugwort, common tansy and common knapweed that could be
used for comparison, the values for maize compare well with those in the literature [57],
although they appear somewhat too high (>36.2:1). This may be due to the difference in
sample preparation, as the values in the literature are based on maize silage [57], whereas
in this study dried maize samples were available that had not been ensiled beforehand. In
any case, it can be seen that with an increasing share of WPS in the biogas crop rotation [58],
attention should be paid to appropriate N supply to the fermenter in the biogas production
process, which can usually be realized by adding residues from animal husbandry (slurry,
manure). The C:N ratio of mugwort was thus much higher than that of straw, which is
69.5:1. But still, the SMY of mugwort was notable higher than that of straw, which is about
189 lN kgVS−1 [59]. This could be due to the low ash content and mediocre hemicellulose
content of mugwort (Tables 2 and 3) compared to the other crops studied. However, the
C:N-ratio alone does not allow an evaluation for or against one of these wild plant species
in comparison with maize.

The ash content of dry matter was highest for cup plant (9.7%) and intermediate in
wild plant species (5.2–6.4%) indicating the highest ash dry matter content (Table 3).
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Table 3. Contents of nitrogen, carbon, CT:NT ratio, ash and dry matter content (right before entering
the biogas batch test) within the plant material (sorted alphabetically). Additionally, the standard
error is provided. The color scaling indicates per parameter the meaning of the value for the use of
biomass as biogas substrate from good (dark green) to bad (deep red).

Crop
NT

(% of DM)
CT

(% of DM)
CT:NT Ratio

Ash
(% of DM)

DMCDS

(%)

Common
knapweed 0.7 + 0.1 bc 46.1 + 0.3 bc 68.3 + 4.2 bc 6.4 + 0.3 b 93.6 + 0.3 c

Common tansy 0.6 + 0.1 bd 47.3 + 0.3 a 75.5 + 4.2 b 6.1 + 0.3 bc 93.9 + 0.3 bc
Cup plant 0.6 + 0.1 cd 44.0 + 0.3 d 77.9 + 5.2 b 9.2 + 0.3 a 90.8 + 0.3 d

Maize 0.8 + 0.1 b 45.4 + 0.3 c 57.2 + 4.2 c 4.1 + 0.3 d 95.9 + 0.3 a
Mugwort 0.4 + 0.1 d 46.8 + 0.4 ab 127.1 + 7.3 a 5.2 + 0.4 cd 94.8 + 0.4 ab
Virginia 1.2 + 0.1 a 45.7 + 0.3 bc 38.0 + 4.2 d 6.7 + 0.3 b 93.3 + 0.3 c

NT = total nitrogen content, DM = dry matter, CT = total carbon content, DMCDS = dry matter of the dried plant
substrate right before entering the biogas batch test. Different lower case letters denote for significant (p < 0.05)
differences between crops within parameter.

Table 4. Methane content and substrate-specific methane yield of the crops (sorted alphabetically).
Additionally, the standard error is provided. The color scaling indicates per parameter the meaning
of the value for the use of biomass as biogas substrate from good (dark green) to bad (deep red).

Crop
CH4

(%)
SMY

(lN kgVS−1)

Common knapweed 53.7 + 0.2 ab 248.5 + 4.1 c
Common tansy 54.2 + 0.2 a 243.2 + 4.1 c

Cup plant 53.3 + 0.3 bc 264.7 + 5.0 b
Maize 52.9 + 0.2 c 337.5 + 4.1 a

Mugwort 53.5 + 0.4 ac 241.5 + 7.0 c
Virginia 54.1 + 0.2 ab 267.2 + 4.1 b

N = norm conditions, CH4 = methane content, SMY = substrate-specific methane yield, vs. = volatile solids.
Different lower case letters denote for significant (p < 0.05) differences between crops within parameter.

3.2. Methane Content and Substrate-Specific Methane Yield

The methane content of the substrate-specific biogas was highest for common tansy
(54.2%) and lowest for maize (52.9%) (Table 4). The SMY ranged from 241.5 lN kgVS−1

(mugwort) to 337.5 lN kgVS−1 (maize). The net velocity of biogas production was lowest
for the WPS compared with maize, Virginia mallow and cup plant (Figure 3). This resulted
in a lower slope of the accumulated substrate-specific net biogas production of the WPS
(Figure 4). For all crops however, the duration of the biogas batch test appears to have been
long enough to reach the maximum specific biogas yield potential because no significant
biogas production was observed after the 34th day of the biogas batch test (Figure 4).

Figure 3. Net velocity of biogas production per gram volatile solids from the crops tested in this study. For each measurement
and for each crop except mugwort, the error bars indicate the standard deviation for the replicates of the crop species in the
field trial.
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Figure 4. Accumulated substrate-specific net biogas production of the crops investigated in this study. For each measurement
and for each crop except mugwort, the error bars indicate the standard deviation for the replicates of the crop species in the
field trial.

Both, methane content and SMY are slightly lower than reported by [60,61]. This is
likely because of variations in pre-treatment; the plant samples were ensiled before biogas
batch test by [60]; whereas in our study, the plant samples were not ensiled. Ensilaging is
known to increase SMY to some extend [60,62,63]. However, the results of biogas batch tests
are generally not directly comparable due to large variations of methodological settings and
conditions [60]. Against this backdrop, it also makes sense to compare the ratios between
plant species within the studies. In [60] for example, the SMY of maize was about 1.6 times
higher than for cup plant. In this study, the SMY of maize was also notably (1.3 times)
higher compared with cup plant (Table 4). In [60], this was drawn back to differences in
biochemical composition. This also applies to the results in this study, because maize has
(i) significantly lower contents of lignin, which negatively correlates with the SMY (0.92,
p < 0.001), and (ii) higher contents of N, which positively correlates with the SMY (0.54,
p < 0.05) (Table 5).

Table 5. Pearson’s correlation coefficients matrix of substrate-specific biochemical compositions and the key parameters of
the biogas batch test. The levels of significance are indicated by asterisks. Significant Pearson’s correlation coefficients were
colorized to emphasize negative (dark red) and positive values (dark green).

NDF ADF ADL CEL HC Ash NT CT CNR SMY

ADF 0.78 **
ADL 0.83 *** 0.87 ***
CEL 0.65 * n.r. n.r.
HC n.s. n.r. −0.61 * −0.89 ***
Ash n.s. n.s. n.s. n.s. −0.80 **
NT n.s. −0.15 * −0.41 * 0.03 * n.s. n.s.
CT 0.67 ** n.s. 0.70 ** n.s. n.s. n.s. n.s.

CNR n.s. 0.33 * 0.54 * n.s. n.s. n.s. n.r. n.s.
SMY −0.66 * −0.96 *** −0.88 *** −0.89 *** 0.90 *** n.s. 0.26 * n.s. −0.39 *
CH4 n.s. 0.69 ** 0.59 * 0.66 ** −0.51 ** 0.32 * n.s. n.s. n.s. −0.64 **

NT = total nitrogen content, CT = total carbon content, CNR = CT:NT ratio, NDF = neutral detergent fiber, ADF = Acid detergent fiber,
ADL = acid detergent lignin, CEL = cellulose, HC = hemicellulose, CH4 = methane content, SMY = specific methane yield, * = p < 0.05,
** = p < 0.01, *** = p < 0.0001, n.s. = not significant, n.r. = not relevant.

The results from the lignocellulosic analyses (Tables 2 and 3) helped to interpret
the results of the biogas batch test. Across plant species, lignin content had the strongest
(negative) effect on SMY. This is in line with literature [43,64,65] (Table 5). Other correlations
between SMY and biochemical constituents of the crops were either weak or not significant
(Table 5). Regression analyses revealed a well-fitting (R2 = 0.9825, p < 0.0001) prediction
model shown in Equation (5):

SMY = 305.15579 + 2.94265 × NDF − 3.79094 × ADF − 4.20099 × ADL, (5)
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with NDF = neutral detergent fiber, ADF = acid detergent fiber, ADL = acid detergent lignin.
As expected, the strong negative influence of lignin on SMY also has a great significance in
this SMY prediction equation.

However, following the findings of [43], the high accuracy of this prediction model
is very likely due to the large variation of biochemical composition between the crops
(Tables 2 and 3). Overall, lignin was found to be most relevant for SMY prediction (Table 5).
But this is mostly the case for so-called “across-crop” prediction models [43,64–66]. Such
models may be useful for the prediction of the SMY of mixtures whose species compositions
of are known, for instance regarding crop rotation planning or national biomass potential
analyses [67]. But for selecting the best genotypes within individual crop species such as
WPS, species-specific prediction models would be required [43]. However, lignin content
is an important parameter for the SMY of WPS [43,64–66]. Therefore, it is necessary to
learn more about how to reduce the lignin content of WPS through advanced agronomic
practices, e.g., harvest determination and planting geometry, in the future. Breeding could
probably also help further improving WPS, which is currently being investigated in a
German research project that focuses on common tansy [68].

As Table 5 further shows, the SMY correlates strong positively (R = 0.90) and highly
significantly (p < 0.0001) with hemicellulose. Since hemicellulose is relatively low in WPS,
this is also another reason for the low slope of the accumulated substrate-specific net biogas
production of the WPS (Figure 4). This is also in line with expectations, since hemicellulose
is easily digestible in anaerobic digestion [43,64–66]. Thus, it seems reasonable to pay
attention to increasing the hemicellulose content for improving the biogas substrate quality
of WPS. Furthermore, lignin and hemicellulose were found to be significantly (p < 0.05)
moderately (R = |0.4| − |0.7|) correlated with methane content. For lignin, the correlation
was positive, and for hemicellulose, the correlation was negative. Therefore, it would be
expected that a decrease in lignin content combined with an increase in hemicellulosic
content could result in a reduction in methane content of the biogas produce. However, as
shown by the low methane content of maize (Table 4), this should not be a hindrance to
increasing the overall SMY of WPS.

If only relatively small areas, such as field margins, are to be managed with WPS in a
biogas scenario, only relatively small amounts of WPS silage would be available for biogas
production. These could then be mixed in the biogas plant with more fermentable biomass
from other biogas crops or manure. In this case, WPS would provide an opportunity to
promote agrobiodiversity in the biogas crop rotation, at least on a small scale, without
causing significant net income losses. If these small quantities were to be used in the
alternative utilization pathway of combustion, additional investments might be required
(e.g., for pellet production), which would not be worthwhile for small substrate quantities.
However, the currently still lower specific methane yield of WPS compared to maize
should be carefully considered for biogas plant management. It remains to be seen how
the development of new seed mixtures [58,69] or breeding of new genotypes [68] will help
reduce these qualitative differences between WPS and the more established biogas crops.

4. Conclusions

In this study, those WPS which most strongly contribute to the accumulated biomass
yield of WPM over the whole multi-annual growth period (five years and longer) were
analyzed for their specific biogas yield. All of them yield less biogas than the comparison
plant species: conventional annual (maize), or perennial (cup plant, Virginia mallow).
This is mostly due to the unfavorable ratio of lignin (too high) and hemicellulose (too
low) in the biomass of those perennial WPS. Therefore, other energetic end uses, such as
combustion, may be more appropriate. For combustion high lignin contents are desirable
and therefore the crops are harvested later and stay longer in the field [8,70,71]. This
brings additional positive effects in terms of other ecosystem services, such as (i) extended
protection for animals from the weather and from predators (nursery services), and (ii)
extended feed provision.
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Abstract: Agricultural land abandonment due to biophysical and socioeconomic constraints is
increasing across Europe. Meanwhile there is also an increase in bioenergy demand. This study
assessed woody crop performance on several relevant types of marginal agricultural land in Europe,
based on field experiments in Latvia, Spain and Ukraine. In Latvia, hybrid aspen was more productive
than birch and alder species, and after eight years produced 4.8 Mg ha−1 y−1 on stony soil with
sandy loam texture, when best clone and treatment combination was selected. In Spain, Siberian
elm produced up to 7.1 Mg ha−1 y−1 on stony, sandy soil with low organic carbon content after
three triennial rotations. In Ukraine, willow plantations produced a maximum of 10.8 Mg ha−1

y−1 on a soil with low soil organic carbon after second triennial rotation. The productivity was
higher when management practices were optimized specifically to address the limiting factors of a
site. Longer rotations and lower biomass yields compared to high-value land can be expected when
woody crops are grown on similar marginal agricultural land shown in this study. Future studies
should start here and investigate to what extent woody crops can contribute to rural development
under these conditions.

Keywords: abandoned agricultural land; bioeconomy; bioenergy; biophysical constraints; birch;
black alder; hybrid aspen; short-rotation forestry; Siberian elm; willow

1. Introduction

An increase in abandoned and marginal agricultural land area can be observed in
most parts of Europe [1,2]. In a large portion of Eastern Europe, land abandonment is
driven by socioeconomic factors, where landowners are often absent or uninterested in
pursuing conventional agronomical practices [3]. However, biophysical constraints and
inappropriate land management leading to degradation of the land are the main reasons
for land abandonment [4]. Such land is often referred to as marginal. Passive restoration
processes and natural succession happens on the abandoned land, if it is left unmanaged.
The succession and ecological value of the land can be very diverse depending on a wide
range of site conditions [5]. In cases where the natural vegetation cover development is
impeded by biophysical constraints or if there is a high risk of colonization by invasive
species, active restoration may be more suitable [6,7]. Such abandoned and marginal
areas could be purposefully utilized for tree plantations or woody crops and contribute to
meeting the bioenergy demand that is increasing throughout Europe [8]. Despite demand
for bioenergy being expected to rise and that solid biomass already makes up about half
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of renewable energy sources, energy crops take up only a small percentage of European
land [9–11]. While short- and medium-rotation tree plantations on agricultural land have
become common in some countries, there is a lack of knowledge regarding the yields that
can be expected from plantations established on unfavorable or marginal land. Knowledge
on associations between specific biophysical constraints, species and biomass accumulation
is also lacking. This complicates evidence-based decision-making for landowners. When
planting woody crops on agricultural land, stakeholders primarily turn to short-rotation
poplar and willow plantations, as these are well known for their rapid growth rate and are
easy to propagate via cuttings. However Salicaceae species are rather water demanding
and in areas with arid climatic conditions appropriate species for the region should be
favored to avoid irrigation costs [12–14]. Some such species with fast biomass accumulation
rates are Siberian Elm (Ulmus pumila), Black locust (Robinia pseudoacacia) and Eucalyptus
spp. [15,16]. In addition, species can be selected with intention to alleviate a particular land
constraint or to improve a specific ecological function of the land [17–20], thus, (unless
established on high nature-value land) ensuring ecosystem services of higher quality than
abandoned marginal land or marginal land that is under high input management [21–27].

While there is still ongoing discussion about a common definition of marginality
and lack of united marginality factor classification [28–35], the limiting factors are similar
across Europe; however, appropriate management practices are specific to each geographic
location. The aim of this study was to obtain yield data from field studies carried out on
marginal land in Latvia, Ukraine and Spain that represent the three environmental zones
of Europe–boreonemoral, Atlantic and Continental. The objectives were to evaluate the
survival of plantations on marginal land, and to summarize the yield results from these
case study sites in the context of other research carried out on marginal land across Europe.

2. Materials and Methods

2.1. Case Study Sites and Data Collection

Marginal land area was determined using MAGIC-Maps [36]. Local marginality factors
were assessed in accordance with Elbersen et al. [37] marginality factor classification thresholds.

Leading marginality factors in the case study countries are mainly associated with adverse
climate and low soil fertility and limitations in rooting (Table 1). Adverse climate in Latvia
refers to cold winters and short vegetation period (length of growing period ≤ 180 days; or
degree days ≤ 1500 days). In Spain and Ukraine it is associated with the lack of precipitation
in some areas (annual precipitation/potential evapotranspiration ≤ 0.5).

Table 1. Leading marginality factors affecting countries where case studies were carried out (accord-
ing to MAGIC-Maps [36,37]).

Country
Leading Marginality

Factors
Affected Area (km2)

Affected Area of Total
Utilized Agricultural

Area (%)

Latvia

Adverse climate 8980 30
Excessive wetness 3602 12

Limitations in rooting 1475 5
Total: 12,161 41

Spain

Adverse climate 77,490 23
Limitations in rooting 76,179 22

Low soil fertility 33,166 10
Total: 148,496 44

Ukraine

Low soil fertility 37,000 9
Adverse climate 30,000 7

Limitations in rooting 29,100 7
Total: 133,920 31
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2.1.1. Latvia

The field experiment was conducted in Skrı̄veri municipality, Latvia (coordinates
can be found in Table 2). Five fast-growing tree species were planted in the spring of
2011: hybrid aspen (Populus tremula L. × P. tremuloides Michx) clone 4 and clone 28,
gray alder (Alnus incana (L.) Moench.), black alder (Alnus glutinosa (L.) Gaertn.), hybrid
alder (A. incana × A. glutinosa) and birch (Betula pendula Roth) grown in different nursery
containers—type 1 (Lannen Plantek 35F) and type 2 (Rootrainers Sherwood). Hybrid aspen
clones were grown in three densities, with 2 × 2 m, 3 × 3 m and 2.5 × 5 m distance between
trees (planting density of 2500, 1273 and 1227 trees ha−1 respectively); alder and birch were
grown in plots with 2.5 × 2.5 m distance between trees (1636 trees ha−1). Hybrid aspen
was grown under four fertilization treatments applied prior to planting—control, wood ash
(6 MgDW ha−1, total N 2.6, total P 65, total K 190 kg ha−1), sewage sludge (10 MgDW ha−1,
total N 259, total P 163, total K 22 kg ha−1) and digestate (30 Mg ha−1, total N 65, total P
12, total K 100 kg ha−1) in four replications, with plot size of 240 m2 for spacing 2 × 2 and
3 × 3 m, and plot size 360 m2 for 2.5 × 5 m spacing.

Table 2. Summary of case study design considered in this article.

Country Location
Establishment

Year
Marginality

Density,
Plants ha−1 Species Treatment

Latvia
56.69 N,
25.14 E

2011
Poor rooting
conditions—unfavorable soil
texture and stoniness

2500;
1273;
1227;

Hybrid aspen

Control;
Wood ash;

Sewage sludge;
Digestate

1636 Gray alder
Control;

Wood ash;
Sewage sludge

1636 Black alder

1636 Hybrid alder

1636 Birch

Spain 41.36 N,
2.30 W 2009

Unfavorable soil texture,
stoniness and soil organic
carbon < 1%

6666 Siberian elm Rain-fed;
Irrigated

Ukraine
48.99 N,
27.46 E

2016 Soil organic carbon < 1%, soil
pH < 5

20,000 Willow

Fertilizer (N60)

2013 Soil organic carbon < 1%

Control

2016;
2011;

Clay soil (clay content > 50%),
soil organic carbon < 1%

2011;
2013;
2016;

None

Birch and alder species were grown under three fertilization treatments—control,
wood ash (6 MgDW ha−1, total N 2.6, total P 65, total K 190 kg ha−1), sewage sludge
(10 MgDW ha−1, total N 259, total P 163, total K 22 kg ha−1) in four replicates with plot size
of 240 m2.

Marginality of the site includes poor rooting conditions—unfavorable soil texture and
stoniness (Table 2). The type of soil was classified as Luvic Stagnic Phaeozem (Hypoalbic) or
Mollic Stagnosol (Ruptic, Calcaric, Endosiltic) according to the FAO [38] with the dominant
loam (at 0–20 cm depth) and sandy loam (at 0–20 cm and 20–80 cm depth) soil texture.
The climatic conditions of the site during the study period can be seen in Table A1 and
Figure A1.

Tree height and diameter at breast height (DBH) were measured for all species after
eight growing seasons. Biomass was calculated according to a methodology Liepin, š J. [39]
specifically developed for young tree stands in local conditions.
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2.1.2. Spain

The experimental fields are located in the north-central part of Spain, in Cubo de la
Solana municipality at an altitude of about 1100 m above sea level (coordinates can be
found in Table 2). Fields with a total area of 2500 m2 were established manually, using
Siberian elm (Ulmus pumila L.) rooted plants in 2009. The site was divided in to two plots,
rain-fed and under irrigation conditions. The average water supplied in the irrigated plot
was 1500 m3 ha−1 year−1 during the summer months (from June to September). Irrigation
was applied every year using a drip system. Density was 6666 trees per hectare. The
experimental duration was nine years. Siberian elm was harvested every 3 years. Therefore,
three harvests of the crop have been obtained.

The marginality factors of the planting site are unfavorable soil texture, stoniness and
low soil organic carbon (Table 2). The soil analysis was performed on samples collected at
depths of 0–30 cm. The soil has a sandy texture (sand 86%, lime and clay < 10%), about 28%
coarse elements with good drainage. Moreover, it has pH of about 6, content in oxidable
organic matter (0.4%), nitrogen content (0.03%) and its cation exchange capacity (CEC) is
3 cmol kg−1, field capacity 6.6%, water utility 3.9% and wilting point 2.7%. The climatic
conditions of the site during the study period can be seen in Table A2 and Figure A2.

Siberian elm trees were harvested by hand using a chainsaw. Each plant was cut down
to 10–15 cm above the ground level. The number of tree samples were 15 per treatment and
harvesting cycle. The fresh weight of each tree over the studied period was determined
by weighing whole plants immediately after harvesting at the field. The representative
biomass samples were taken to the laboratory to determine the dry matter content by
drying it in an oven at 60 ◦C. Dry biomass yield per hectare and mean annual increment
(MAI) was estimated from the harvest data of each plot.

2.1.3. Ukraine

Experiments were carried out at the Yaltushkiv Experimental Breeding Station, Cheresh-
neve, Vinnytsia region, Bar district (coordinates can be found in Table 2). The fields are
located in the forest steppe zone of sufficient moisture, which covers 33% of the territory of
Ukraine. The climatic conditions of the site during the study period can be seen in Table A3
and Figure A3.

Willow (Salix viminalis) variety Zbruch was used in the experiments. Willow planting
density was 20,000 plants ha−1. Experimental plots have various marginality factors and
were established in different years. One willow plot was established in 2011 on clay soil
with low soil organic carbon. In 2013, another willow plot was laid out on soil with low
soil organic carbon. In 2016, one more plot was laid out on clay soil with low soil organic
carbon and unfavorable soil texture and another on soil with low organic carbon and high
soil acidity (Table 2). In addition, in each establishment year, one plot was also established
on land with no marginality factors serving as a control. Weed control was carried out, and
fertilization with N rate of 60 kg ha−1 was done in plots established in 2016 on soil with
low organic carbon content and low pH. Willow was harvested triennially. Only the data
of latest harvest biomass yield was further assessed (first rotation data of plots established
in 2016, second rotation data of plots established in 2013 and third rotation data of plots
established in 2011).

2.2. Statistical Analysis

Data analysis and visualization was done using R version 4.0.5 [40]. The Shapiro−Wilk
test was used to test normality of data and Levene’s test was used to test homogeneity of
variances assumptions. Data was not normally distributed; therefore, the Mann−Whitney
U test was used to compare the two groups for the case study in Spain and Kruskal−Wallis
and Dunnett’s multiple comparison tests were used to compare groups for the case study
in Latvia.
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3. Results

3.1. Latvia

The MAI of studied species is shown in Figure 1. In the studied conditions, fastest
biomass accumulation was achieved by the hybrid aspen clone 4 under digestate treatment
and in the densest planting density (2 × 2 m).

Figure 1. Mean annual increments (MAI) of dry above-ground biomass of eight-year-old fast-growing
tree species stands depending on fertilization treatment (boxes represent interquartile range; median
is shown as center horizontal line in the box; whiskers show minimum and maximum observed
values; dots show outliers; mean values are represented by the blue squares; different letters represent
significant (p < 0.05) differences among treatments within each species).

The hybrid aspen clone 4 showed significantly (p < 0.05) more rapid growth compared
to clone 28 across all treatments and had a better survival rate (94% and 89% respectively).
Across all treatments, the MAIs of hybrid aspen clones 4 and 28 were 3.7 and 1.1 Mg ha−1

y−1 after eighth growing season. Both clones responded in a similar pattern to stand density.
In this study, the highest stand density yielded the most biomass (Figure 2). Tree height
and mean breast height diameter followed the same pattern and were also the largest in
plots planted in a grid of 2 × 2 m (2500 trees ha−1).

Application of digestate had a positive effect on hybrid aspen yield, except in the cases
of the 3 × 3 m plots for both clones and the 2 × 2 m plot for clone 28. Plots where wood ash
was applied performed the worst in terms of biomass accumulation across all densities and
regardless of clone. Sewage sludge did not have a positive effect in most cases, compared
to the control—a positive effect on yield was observed only in planting density of 2.5 × 5 m
for both clones; however, this was more likely due to soil differences across fields rather
than interaction between density and fertilization treatment.

For birch, there were no significant differences between container types when initial
planting material height differences were taken into account (p = 0.09). Birch stands with
type 1 planting material produced an average of 1.5 Mg ha−1 y−1 and type 2 planting
material produced 1.3 Mg ha−1 y−1 after the eight growing season. Compared to control,
there was no evidence of a significantly positive effect of any of the fertilization treatments,
either on birch type 1 or birch type 2.
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Figure 2. Mean annual increments (MAIs) of above-ground biomass dry matter of eight-year-old
hybrid aspen stands depending on planting distance (boxes represent interquartile range; median is
shown as center horizontal line in the box; whiskers show minimum and maximum observed values;
dots show outliers; mean values are represented by the blue squares).

Similarly, neither of the fertilization treatments had a positive effect on any of the
alder species’ biomass accumulation rate. Hybrid alder, black alder and gray alder after
the eight growing season produced 2.0, 1.7 and 1.3 Mg ha−1 y−1, respectively, (mean of
all treatments).

From the studied species, hybrid aspens’, hybrid alders’, black alders’ and gray alders’
overall survival rate was higher than 88%. Birch had the lowest survival rate—73% and
76% (type 1 and type 2, respectively).

3.2. Spain

The Siberian elm plantation exhibited a 100% survival rate during the study period.
Irrigation had a statistically significant positive effect on biomass accumulation in Siberian
elm in the first and third rotation (p = 0.004 and p = 0.02, respectively) but not in the
second rotation (p > 0.05). The yield in irrigated plots was double of that in rain-fed plots.
MAI increased with every rotation; however, the difference between rotations was not
statistically significant. The increase from first to third rotation was from 1.79 to 3.66 and
from 4.54 to 7.05 Mg ha−1 y−1 in rain-fed and irrigated plots, respectively (Figure 3).

Figure 3. Mean annual increment (MAI) of Siberian elm above-ground biomass dry matter after
first, second and third triennial rotation depending on treatment (boxes represent interquartile range;
median is shown as center horizontal line in the box; whiskers show minimum and maximum ob-
served values; mean values are represented by the blue squares; different letters represent significant
(p < 0.05) differences between all treatments and rotations).
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The acquired MAI corresponds to total yield per area of 5.37 and 13.63 Mg ha−1 after
first rotation, 7.76 and 14.83 Mg ha−1 after second rotation and 10.97 and 21.14 Mg ha−1

after third rotation in rain-fed and irrigated plots respectively.

3.3. Ukraine

Willow plots established in 2016 yielded 8.35 and 8.63 Mg ha−1 y−1 during the first
three-year rotation in unfertilized plots of soil with low soil organic matter and unfavorable
soil texture and fertilized plots of soil with low soil organic matter and low pH, respectively
(Figure 4). In the plots established in 2013 on land with low soil organic matter, MAI was
10.82 Mg ha−1 y−1 in the second three-year rotation. The plot established in 2011 on soil
with low organic matter and unfavorable soil texture yielded slightly less—9.54 Mg ha−1

y−1 in the third three-year rotation. Survival rate was above 88% in all stands regardless
of stand age or treatment. In plots with no known marginality factors, survival rate was
above 94%. The yield was also higher in all plots on non-marginal land—12.66, 14.83 and
14.04 Mg ha−1 y−1 after first, second and third rotation, respectively.

 

Figure 4. MAI (mean annual increment) of willow above-ground biomass dry matter in Ukraine
after first, second and third rotation, under different marginality factors—no marginality (none), low
soil organic matter content (soil carbon), low soil pH (pH), unfavorable soil texture (texture) (boxes
represent interquartile range; median is shown as center horizontal line in the box; whiskers show
minimum and maximum observed values; mean values are represented by the blue squares).

Both total biomass per hectare and the weight of individual plant was the highest
(32.5 Mg−1 ha−1 and 1.8 Kg plant−1, respectively) after the second rotation, in the plots
that had only one marginality factor at play—low soil organic carbon—compared to plots
with two marginality factors.

4. Discussion

4.1. Yield Performance

Depending on the intended application, biomass yield and crop performance can
be measured in various ways. To alleviate the comparison between the case studies and
available literature, we focus on MAI expressed as MgDW ha−1 y−1 as it is one of the
prevailing measurements used in other studies regarding woody biomass.

Similarly to results of other studies (Table A4) on both marginal land and on land
with no known marginality, high variation in yield within a plantation was observed in
the case studies [41–45]. Yield results from the case study in Latvia show that at the age
of eight years, productivity of all planted species was low, compared to yields acquired
in other studies. This can mainly be attributed to relatively low initial stand density, as
the trees were grown for their trunks. Longer rotations (10 years and above) would be
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recommended in such a case, as is also recommended by other authors [46]. In similar
density stands, similar growth results have been obtained [44,47]. Planting density is
related to the target produce—lower stand density allows for thicker trunks and more dry
matter per tree, but denser stands typically output more biomass per ha [48,49]. Hybrid
aspen offers better financial returns, if grown for log production, according to Tullus
et al. [50]. Thus, lower stand densities and longer rotations are favored in the current state
of the market. Density effect on total biomass yield is more evident in the early age of
the stand, but later on in-group competition causes natural thinning and suppresses tree
growth, thus, in older stands density affects tree dimensions more than total yield per
area [51–53]. However, in relatively low-density hybrid aspen stands in Latvia, the densest
stand design (planted in 2 × 2 m) showed a slightly better survival rate; furthermore,
no in-group competition was observed, as both the height and the DBH was bigger in
the densest stand. This suggests that denser stands (≥2500 trees ha−1) of hybrid aspen
can be established without compromising wood quality. Survival of Siberian elm in a
short-rotation plantation (6666 plants ha−1) was 100% in trials based in Spain, and survival
did not decrease with stand age. Similarly, no effect of in-group competition on survival
was observed in high-density stands in Ukraine, where willow survived equally well in all
established plots (survival rate 88–90%), when planted in density of 20,000 plants ha−1. In
coppice systems, willow (or poplar) is typically grown in density of 10,000–20,000 plants per
hectare (with 10,000–15,000 plants per hectare being recognized as the highest yielding [54])
for up to a total of 25 years with typical rotation length being 3–5 years [55,56]. Rotation of
3–5 years is considered optimal for willow short-rotation coppice (SRC) plantations even on
marginal land [52]. MAI typically increases with stand density and stand age (up to certain
point), thus providing a basis to favor longer rotation periods for non-coppice woody
crops. However, in coppicing systems, the opposite trend can be observed, where MAI is
increasing during first rotations, but in the long term it is often negatively correlated to the
number of harvests, with some clones showing a decline in yield sooner than others [57–60].
Due to different establishment years and results from only three rotations, it is complicated
to assess the rotation count effect on yield in the case study based in Ukraine. In this study,
MAI was initially low in younger plots, established in 2016 (8.5 Mg ha−1 y−1) compared
to plots established earlier, in 2013 and 2011 (10.8 and 9.5 Mg ha−1 y−1). However, the
marginality and treatment of these plots also varied and therefore the differences in yield
cannot be clearly attributed to plot age, especially since the establishment year was not
the same for all plots. Regardless of the stand age, all plots established on marginal land
produced around 30% less biomass per year compared to plots established on non-marginal
land. On marginal land, total yield per hectare was the highest after the second harvest in
plots established in 2013, possibly due to being affected only by one marginality factor—low
soil organic matter—whereas other plots had two constraining factors—low soil organic
matter combined with low pH or unfavorable (clay) soil texture. The obtained yields are
within the range found in other studies on marginal lands (typically a wide range from
3 up to 12 Mg ha−1 y−1) and, possibly due to the small scale of the experiment, even exceed
the estimated bioenergy crop yields that can be achieved at a production scale (around 6 to
7 Mg ha−1 y−1) (Table A4) [61,62]. Vande Walle et al. [63] found lower yields under similar
soil conditions—on sandy soil with low organic matter and high acidity (3.4 Mg ha−1 y−1

after four growing seasons and 20,000 plants ha−1 density).
The biomass yield of Siberian elm trees depended on age and even more so water

regimen. Siberian elm produced twice as much biomass under irrigated conditions com-
pared to rain-fed, and the biomass accumulation increased with each rotation (even though
not significantly). Therefore, the regrowth capacity of Siberian elm after harvesting can be
considered as good. However, the biomass yields were lower than in the studies carried
out in Madrid and Teruel under rain-fed conditions. In Madrid with the same planting
density, the average biomass yield when elms finished the second cycle was estimated at
5.2 Mg ha−1 y−1 and after 3 years at 13.2 Mg ha−1 y−1 [64], while in Villarquemado (Teruel)
the biomass yield was 5.1 Mg ha−1 y−1 with a density of 3333 trees ha−1 [65], although the
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biomass yield was similar to that in Oropesa (Toledo) 1.86 Mg ha−1 y−1 in second cycle [66].
In eastern Kansas, elm biomass yield varied from 4.7 to 9.8 Mg DM ha−1 y−1 with planting
density of 1400–7000 trees ha−1, respectively, harvested 7 years after planting in rain-fed
conditions [67]. However, the biomass yield after 3 years ranged from 0.7 Mg ha−1 y−1

to 5.2 Mg ha−1 y−1 in different plots distributed throughout the state of Kansas [68] and
between 4.5 and 16.9 Mg ha−1 when elms were cut annually for 6 years using a spacing of
0.3 × 0.3 m2 in the same North American state [15].

According to available research (Table A4), on agricultural land that is simply classified
as abandoned or fallow, yields are higher compared to those on land with known and
defined land constraints. Comparison of marginality factor effect on yield is complicated as
there are multiple factors at play, and the marginality itself can be of various degrees. Woody
crop productivity is generally still good on sites with low soil organic matter. Spoil heaps
and extracted mining sites, on the other hand, are especially limiting for growth, as these
often include a combination of unfavorable soil qualities—adverse chemical conditions,
limitations in rooting, low soil fertility and also adverse terrain conditions [69–71].

Some research suggest that yields presented based on small-scale experimental planta-
tion sites are overly optimistic (due to increased edge effect, intense tending, limited pest
damage, etc.) [72,73]. However, it is not clear if the same is expected on marginal land, but
if the management practices are kept the same when upscaling the cultivation, results will
most likely be similar to what has been obtained in smaller-scale experiments.

4.2. Species Suitability

Due to numerous possible species and marginality factor combinations, there is still
lack of knowledge regarding each species’ performance under unfavorable conditions.
Attempts to narrow the knowledge gap can be made by compiling existing research on
marginal land and knowledge on growth requirements of particular species. However,
the intra-species variation can be high [52,74] as can also be seen from hybrid aspen clone
4 and clone 28 results from the case study in Latvia. Even more so for some clones, high
inter-replicate variation can be observed [75]. Besides yield, characteristics of each genotype
should be considered in context of the site. Depending on current and future risks, and
intended target produce-stress tolerance, chemical composition, physical properties and
disease susceptibility may be more important in planting material selection than tree
growth rate [76]. Mixed genotype stand composition can be expected to increase the overall
stand stability and resilience.

4.2.1. Willow and Aspen

Willow and hybrid aspen both are Salicaceae family species. The performance of
willow is more studied compared to hybrid aspen; however, in terms of growth require-
ments and recommended management practices hybrid aspen is similar to another widely
grown species from this family, poplar [47]. Compared to poplar, aspen is at higher an-
imal browsing damage risk, but can better withstand colder temperatures and poorer
site conditions [46]. It has been found that willow uptakes more nutrients from the soil
compared to poplar, but poplar uptakes more than eucalyptus or paulownia, which can
lead to faster soil depletion, and could be especially problematic if the land is initially low in
nutrients [77,78]. In general, these species are not suited for highly acidic soils, soils that are
poor in nutrients and sandy soils with low water availability [26,55,63,79,80]. Being water
demanding, these species can withstand moderate flooding, with some clones being more
tolerant than others [46,81]. The growth difference depending on clone was also evident
in the case study in Latvia; however, the response of both clones to fertilization treatment
and stand density followed the same pattern. The Salicaceae species can also be grown on
contaminated soils, but due to their phythoremediating properties (especially of willow),
accumulation of heavy metals in biomass can occur and compromise the quality and safety
of obtained feedstock [82]. Willow is better adapted to colder climates, where poplar can
suffer frost damage [62]. Overall, higher willow and poplar yields can be expected in
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milder climates—British Isles, Central and west Europe—but lower yields can be expected
in Northern and Eastern Europe due to a colder climate and in Southern Europe due to
limited precipitation, and thus, water availability [83].

4.2.2. Siberian Elm

Under arid climatic conditions, species such as Siberian elm, black locust and eucalyp-
tus can be grown on marginal land. There are limited data on Siberian elm cultivation for
biomass in Europe. In Spain, elm started to be studied as an energy crop in short-rotation
coppices (SRCs) around 2000 [65]. Siberian elm is a hard wooded and a fast-growing tree
that features greater resistance to Dutch elm disease than other species in genus Ulmus. Its
drought tolerance, adaptation to different environments and sprouting capacity determine
that this species grown as a SRC can produce high-biomass lignocellulosic yield under
low input management [84,85]. However, this species can have an invasive nature, as seen
in North America [86] and Serbia [87] and has a potential of hybridization with native
species [88]. So far there is limited data on its invasiveness in the conditions of Europe, and
in Spain it is not considered invasive at the moment [89]. Caution should be taken when
planning Siberian elm plantations. Siberian elm plantations can successfully be established
on unfavorably textured soil, as was also evident from the study case results. In the case
study, the survival rate was equal to that in trials in Madrid, 100%, and higher than that at
Villarquemado (Teruel), 96.5% [65], and Casale Moferrato (Alessandria), between 68–87%
(Pérez et al., 2012). It is suited to conditions where other species fail to thrive, especially
stony and coarse soil, as it is typically found occurring naturally in such soil [90], making
it a very suitable species for marginal lands. In addition, SRC plantation can enhance
soil carbon content. In a study carried out in Spain, the capacity to sequester C in the
uppermost layer of the soil (0–30 cm) of black locust, Siberian elm and Euroamerican
poplar was 0.36–0.83 Mg ha−1 y−1 of C [91]. Alternative species for warmer and dryer
climatic conditions are black locust and eucalyptus. Unfortunately, similar to Siberian elm,
these two species also possess the potential to become invasive in some areas of Europe.
Eucalyptus species vary in tolerance to different constraints. Most are heat and drought
tolerant and some can withstand saline soils, flooding relatively well [16]. The yield of
black locust is negatively affected by dryness during the initial planting and growth period;
under such conditions low yield has been found in Spain—0.91 Mg ha−1 y−1—ten times
higher biomass has also been obtained on well managed (weed control, fertilizer and
irrigation) sites with sandy soil and low organic matter—9.20 Mg ha−1 y−1 [92,93]. Black
locust is often found on well aerated, relatively dry and stony soil, but is not suited for
areas with compact or shallow soil and stagnant water. It can tolerate a broad range of soil
reactions [94]. As a benefit to soil, black locust is a nitrogen-fixing species and can grow on
nitrogen-poor soils [71,95].

4.2.3. Birch

Birch (B. pubescence and B. pendula) is another typically planted species across Europe
and, if left abandoned, natural afforestation of agricultural land in a large portion of Europe
happens with birch as a pioneer species. The high natural regeneration capacity of this
species suggest its suitability for growing under a wide range of site conditions. Due to
birches’ ability to effectively propagate via seeds, dense naturally afforested birch stands
can be used for biomass harvesting, thus avoiding the initial planting costs [96]. Compared
to the Salicaceae family, birch is better suited to acidic soils and lower moisture levels, but
due to its slower growth rate, should be grown in longer rotations if intended for bioenergy
production. In the Baltic region with assumed stand density of 2000 trees per ha, birch
stand MAI on marginal land can be expected to be 1.7 and 3.9 Mg ha−1 y−1 at the age
of 8 and 15 years, respectively, but on non-marginal land 2.9 and 4.7 Mg ha−1 y−1 (based
on Daugaviete et al., 2017). In the case study plot, an 8-year-old birch stand produced
1.4 Mg ha−1 y−1 due to a relatively low initial planting density and low survival rate of
around 73%. Even lower survival rates have been observed in 15-year-old birch stands in
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Latvia (both marginal and non-marginal) and in 4-year-old stands on a reclaimed oil shale
mining area in Estonia [70,97]. The survival of birch can be significantly affected by the
lack of sunlight, as it is light-demanding species [98].

4.2.4. Black and Gray Alder

Other pioneer species typical to Europe are black and gray alder. These species
are known to be tolerant of extended periods of flooding and can grow in a relatively
broad soil pH range [99]. Low soil pH and excess moisture is typical to the northern
part of Europe. Alder is suited to coppice systems and is fit for short-rotation forestry,
since it reaches half its mature height at around 25 years [48,81,100]. On marginal land
biological rotation can be expected to be reached later than on non-marginal land. The
most productive period is also reached later on marginal land, and longer rotation periods
are advisable [52]. Due to nitrogen fixing bacteria, alder has shown to be beneficial to
nitrogen-poor soil, and thus, to growth of admixed woody species [101–104]. Based on
performance data from stands established some 15–20 years ago in Latvia, on marginal
land black alder produced 2.1 Mg ha−1 y−1 at the age of 8 and 7.0 Mg ha−1 y−1 at the age
of 15 at assumed stand density of 2000 trees per hectare (based on Daugaviete et al. [97]).
MAI had almost tripled from 8 to 15 years, thus confirming that longer rotations are
better suited to low-density forest species stands. The results showed high variance
both within a stand and between the stands. In the experimental plot studied in this
research, trees were planted at a lower density (1636 trees ha−1) and the plantations of
black alder, gray alder and hybrid alder yielded 1.3, 1.7 and 2.0 Mg ha−1 y−1, respectively.
In studies conducted on abandoned agricultural land, but no defined constraints, gray
alder produced 15.86 Mg ha−1 (3.2 Mg ha−1 y−1) in Estonia after 5 growing seasons. On
average, the performance of plantations established on marginal land is around 60–80% of
that on non-marginal land, based on research done in Latvia [97]. However, due to high
variation, pests, lack of management or initially unidentified site constraints, some less
productive plantations on non-marginal land are comparable in terms of yield to promising
plantations on marginal land.

4.3. Treatment

Management practices determine the environmental impacts as well as the financial
feasibility of forestry. It has been shown that economically viable woody crop plantations
can be achieved by selection of appropriate planting material and management prac-
tices [16,46,105]. To secure profitability and more importantly, survival, on marginal land,
treatment, such as soil preparation, weed control, fertilization, liming, irrigation or animal
damage prevention is often necessary. Based on other research (Table A4), mechanical or
chemical weed control is most commonly applied treatment in the early stage of plantation
establishment [69,106–108]. Removal of competing vegetation has been shown to increase
the biomass production twofold in small-scale field trials in Latvia. Weed control by cov-
ering the surrounding area with plastic film had an adverse effect on tree survival, when
used for shallow-rooted trees [97].

Treatment is expected to be the most effective when it is selected to counteract the
main limiting factors. However, species vary in their sensitivity to site conditions [109]. A
particular marginality factor can have little effect on some species, but can be determining
to other. Treatment can have indirect effects as well. For example, in this study irrigation
had a significant positive effect on yield of Siberian elm planted in experimental plots
established in Spain, where soil texture was recognized as the main marginality factor.
Evidently, Siberian elm was also significantly affected by the water regimen of the site.
Siberian elm withstands high temperature periods by increasing its transpiration rate [90].
Therefore, despite it being drought tolerant, sufficient water supply is needed to support
the transpiration demand and to allow better nutrient uptake and resource allocation to
biomass accumulation instead of defense mechanism processes [110–113]. Irrigation has
also show a positive effect on willow plantations in more temperate climate [114,115].
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With unfavorable soil texture and stoniness at the experimental site in Latvia, the
fertilization effect was species-specific, with hybrid aspen being the only species showing a
clear positive response to fertilization with digestate. Even some negative growth response
to sewage sludge and wood ash was observed. This could be induced by changes in soil
that affect either nutrient availability by raising the pH or mycorrhiza of these species [116].
Other studies have also found that response to fertilization is clone-specific [69]. It is
important to consider the necessity of fertilizer application, as it does increase management
costs and pose environmental risks (surplus nutrient leeching), but does not always lead
to increased yield [57,69]. The effects of fertilization have shown to be more prominent
on land, where plant growth is directly limited by nutrient availability [117,118]. Even
in such cases, the lowest effective dose should be applied because increasing the dose
typically does not provide significant additional effect on yield. Multiple applications of
low-dose fertilizer are preferred over a single application of high-dose fertilizer in terms
of environmental safety. In the Ukraine-based case study of a willow plantation with low
soil organic matter, nitrogen fertilizer had minimal positive effect on yield. Just like in
the case study carried out in Latvia, fertilization did not address the main limiting factors.
Furthermore, high soil acidity was also present and could have an immobilizing effect on
the added nutrients. Thus, in case of acidic soils (for example peat soils in Northern Europe)
liming should be combined with fertilization. Liming agents often possess absorption and
adsorption properties—soil treatment with lime and bisphosphonates, as well as biochar
has shown a positive effect on willow growth on contaminated soils, most likely due to
sorbent properties [108,119]. If the soil is already alkaline, different sorbents should be
used. In addition, by promoting biomass accumulation, treatment can be used to improve
phytoremediation of such sites.

Treatment is crucial when trying to establish a tree plantation or woody crop on
especially challenging land, such as post-mining sites, spoil heaps and highly acidic soils
(Table A4) [71,120,121]. While acidity can be mitigated by application of liming material that
often also promotes nutrient availability, mining sites and spoil sites are more complicated
to recultivate.

There are also some unconventional tools to improve site conditions for growth of
woody crops, for example, utilization of other species as nurse plants that provide shade,
improve soil structure and water-holding capacity or nitrogen fixation in soil [101,122–124].

5. Conclusions

It was found that tree plantations and woody crops can be successfully established in
terms of survival on marginal land across Latvia, Spain and Ukraine. While the marginality
factors addressed in this article are similar across the study sites and countries, the man-
agement and species vary depending on specific soil and climatic conditions of each site.
In the more northern region, Latvia, hybrid aspen performed better than the indigenous
pioneer species birch and alder on a site with loam and sandy loam texture, but there
was significant difference between the hybrid aspen clones. Thus, the specific genetic
material might be even more determining than the species. In the warmer and dryer
climate of Spain, Siberian elm proved to be suitable for cultivation on stony soil with sandy
texture and low organic carbon content, where most other crops would fail to thrive. In
the continental agro-ecological zone of Ukraine, high-density stands of willow proved to
be tolerant to low soil organic carbon content and produced yields that can compete with
forest residues in terms of financially feasible biomass supply. This suggests high-density
SRC woody crops are more productive for cultivation on marginal land compared to tree
plantations. However, the feasibility strongly depends on the current state of legislation
and socioeconomic factors that are a subject to constant change. Future studies should
investigate the potential of growing woody crops and tree plantations on marginal land to
contribute to rural development, biodiversity conservation, environmental protection and
climate change adaptation.
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Appendix A

Table A1. Average climatic conditions of the study site located in Latvia during the study period.

Yearz Precipitation (mm) Mean Temperature (◦C) Maximum Temperature (◦C) Minimum Temperature (◦C)

2011 692.7 7.2 31.1 −24.7

2012 935.4 6.0 31.8 −29.6

2013 652.5 6.9 31.5 −21.1

2014 855.5 7.3 32.3 −18.8

2015 687.4 7.6 31.7 −18.2

2016 894.4 6.9 31.6 −24.4

2017 874.7 6.7 30.6 −28.1

2018 363.9 7.4 32.9 −23.8

Annual average 744.6 7.0 31.7 −23.6

Table A2. Average climatic conditions of the study site located in Spain during the study period.

Year Precipitation (mm) Mean Temperature (◦C)
Maximum

Temperature (◦C)
Minimum

Temperature (◦C)
Solar Irradiance

(kWh/m2)

2009 107.4 4.8 18.9 −12.8 98.0

2010 598.5 9.6 33.4 −11.0 1508.0

2011 379.6 11.1 35.7 −11.9 1629.2

2012 344.4 10.6 37.0 −10.3 1659.6

2013 594.5 9.5 33.8 −8.8 1547.8

2014 595.5 10.7 33.3 −6.7 1599.6

2015 488.1 11.0 36.0 −9.5 1605.8

2016 540.2 10.7 34.7 −7.5 1404.5

2017 314.8 11.9 35.3 −11.7 1654.6

2018 668.7 10.4 35.3 −8.3 1294.5

Annual average 463.2 10.0 33.3 −9.8 1400.2
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Table A3. Average climatic conditions of the study site located in Ukraine during the study period.

Year Precipitation (mm) Mean Temperature (◦C)
Maximum

Temperature (◦C)
Minimum

Temperature (◦C)

2011 446.0 8.3 30.8 −17.2

2012 497.4 8.4 36.8 −28.2

2013 618.2 8.6 29.7 −19.0

2014 549.0 8.5 32.9 −23.5

2015 372.0 9.8 35.2 −18.5

2016 466.5 9.0 33.1 −22.2

2017 538.1 9.0 33.4 −21.6

2018 566.1 8.8 30.0 −22.3

2019 535.8 9.9 33.1 −12.5

Annual average 509.9 8.9 32.8 −20.6

Figure A1. Average monthly climatic conditions of the study site located in Latvia during the study
period 2011–2018.

Figure A2. Average monthly climatic conditions of the study site located in Spain during the study
period 2009–2018.
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Figure A3. Average monthly climatic conditions of the study site located in Ukraine during the study
period 2011–2019.

Table A4. Results of woody crop above-ground biomass yield on marginal land based on research
done in Europe.

Species Site Condition
Planting
Density,

Plants ha−1

Rotation
Length,
Years

* Above-Ground
Biomass Yield, Dry

Weight,
Mg ha−1 y−1

** Treatment Location Source

Hybrid aspen
(2 clones)

Poor rooting
conditions—
unfavorable soil texture
and stoniness

1261–2500

8

0.9–4.8 depending on
clone and treatment

Fertilizer,
weed control,

animal
prevention

Latvia
Hybrid alder

1636;

2.0

Black alder 1.3

Gray alder 1.7

Birch 1.4

Siberian elm

Sandy soil with
unfavorable soil texture,
stoniness and low soil
organic carbon (<1%)

6666 3

1.8 rain-fed and 4.5
irrigated (first rotation);

2.6 rain-fed and 4.9
irrigated

(second rotation);
3.7 rain-fed and 7.1

irrigated (third
rotation);

Rain-fed and
irrigation Spain

Willow Clay soil with low soil
organic carbon 20,000 3; 8.4 (first rotation);

9.5 (third rotation); Ukraine

Willow Soil with low soil
organic carbon 20,000 3; 10.8 (second rotation) Ukraine

Willow
Soil with low soil
organic carbon and high
soil acidity

20,000 3; 8.6 (first rotation) Fertilizer Ukraine

Poplar (12 clones)
Former agricultural
land with sandy soil
and limited drainage

8000 2

1.5–7.2 (3.0–14.4 Mg
ha−1) (first rotation) and
7.4–16.2 (14.8–32.4 Mg
ha−1) (second rotation)

depending on clone

Weed control Belgium [45,76]

Poplar (17 clones)

Former waste disposal
site covered with a 2 m
thick layer of sand, clay
and rubble

10,000 4 2.2–11.4 depending
on clone Weed control Belgium [75]

Birch
Former agricultural
land, sandy soil with
soil organic matter <1%
and pHKCl 4.5

6667 (birch,
maple); 20,000

(poplar, willow)
4

2.6

Belgium [63]
Maple 1.2

Poplar 3.5

Willow 3.4
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Table A4. Cont.

Species Site Condition
Planting
Density,

Plants ha−1

Rotation
Length,
Years

* Above-Ground
Biomass Yield, Dry

Weight,
Mg ha−1 y−1

** Treatment Location Source

Willow Contaminated, dry,
nutrient poor,
sandy soils

18,000 3
4.2–6.6

Weed control Belgium [26]
Poplar 1.1–1.5

Willow Former
agricultural land

14,800;
17,800; 5

3.1 (15.4 Mg ha−1)
control and 4.9–5.3
(24.7–26.3 Mg ha−1)

irrigated

Irrigated Estonia [114]

Birch
Naturally afforested
abandoned agricultural
land (and 1 planted site)

36,200

8

2.9 (22.8 Mg ha−1)

Estonia [53]

13,900 2.8 (22.0 Mg ha−1)

28,260 1.3 (10.2 Mg ha−1)

3060 0.8 (6.0 Mg ha−1)

4400 (planted) 1.7 (13.3 Mg ha−1)
(planted)

Birch

Leveled quarry spoil

1017
7

0.02 (0.2 Mg ha−1)

Estonia [121]Alder 2100 0.36 (2.6 Mg ha−1)

Pine 3042 0.27 (1.9 Mg ha−1)

Willow Restored landfill 1000–10,500 3 10.5;
18.8–22.6 (irrigated); Irrigation Finland [115]

Birch and willow Naturally afforested
cut-away peatland 12,800 14 2.7–4.4 Fertilizer Finland [117]

Hybrid aspen Fallow agricultural land 900
1 5.2; Fertilizer (in

second season) Finland [125]

2
8.7 (17.4 Mg ha−1)

control and 9.95 (19.9
Mg ha−1) fertilized

3
7.9 (23.9 Mg ha−1)

control and 9.5 (28.9 Mg
ha−1) fertilized

Birch
Organic soils—cutaway
peatlands—naturally
afforested

10–27 3–4 Finland [126]

Poplar (14 clones) Trace element
contaminated site 7 3.1–8.5 France [82]

Poplar Abandoned agricultural
land 7272 2

1.9 (3.7 Mg ha−1) (first
rotation)

4.3 (8.6 Mg ha−1)
(second rotation)

Weed control France [77]

Willow Abandoned agricultural
land 9697 2

2.07 (4.1 Mg ha−1) (first
rotation)

11.0 (21.9 Mg ha−1)
(second rotation)

Weed control France [77]

Poplar (8 clones) Disturbed, marginally
fertile post-mine site 8333 8 0.4–6.0

(3.5–46.7 Mg ha−1) Fertilizer Germany [120]

Black locust

Post-mine site with
substrate from
overburden sediments
dumped during
opencast lignite mining
and low nitrogen
content

6579; 14 2.7

Fertilizer Germany [71]10,929; 3
1.9, 2.5 and 1.8 (first,

second and third
rotation)

9200; 4 0.5

8736; 4 -

Willow, poplar and
black locust

Land with high sand
content 6700 2

4.3, 7.7 and 9.2 (first,
second and third

rotation)
Italy [57]

Willow, poplar and
black locust

Land with low soil
organic matter 6700 2

3.3, 12.9 and 12.2 (first,
second and third

rotation)
Italy [57]

Birch;
Pine;

Unfavorable soil texture,
limited drainage

3300 (birch);
5000 (pine)

8 0.7 (birch) and 0.3 (pine) Weed control,
animal

prevention
Latvia [97]

15 1.9 (birch) and 3.8 (pine)
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Table A4. Cont.

Species Site Condition
Planting
Density,

Plants ha−1

Rotation
Length,
Years

* Above-Ground
Biomass Yield, Dry

Weight,
Mg ha−1 y−1

** Treatment Location Source

Aspen Limited soil drainage, periodic
flooding, low temperatures 3300

8 0.5 Weed control,
animal

prevention

Latvia [97]
15 4.5

Spruce Acidic soil 3300

8 0.5–1.5 (depending
on site) Weed control,

animal
prevention

Latvia [97]
15 2.8–8.4 (depending

on site)

Black alder Acidic soil 3300

8 1.3–3.3 (depending
on site) Weed control,

animal
prevention

Latvia [97]
15 2.5–15.9 (depending

on site)

Birch Acidic soil 2000–3300

8 0.7–4.0
(depending on site) Weed control,

animal
prevention

Latvia [97]
15 2.4–7.4 (depending

on site)

Birch;
Spruce;

Acidic soil, excess moisture,
low P and N content, low
temperatures 3300 (spruce)

8 2.1 (birch) and 1.0
(spruce) Weed control,

fertilizer, animal
prevention

Latvia [97]
15 4.9 (birch) and 4.5

(spruce)

Willow Marginal gley soils 20,000 3 12–15 Weed control Northern
Ireland [56]

Siberian elm
Heavy black soil with a heavy
clay granulometric
composition

3448–51,282 7 5.2 (first rotation) Rain-fed Poland [127]

Willow Poor agricultural soils (loose,
sandy soil with periodical
dryness)

11,000 4

5.1–10.3
Weed control,

fertilizer Poland [118]Poplar 5.5–10.5

Black locust 1.6–3.7

Siberian elm

Sandy soil with low organic
matter content (0.92%), low
nitrogen (0.03%), many gravels
(39.9%) and pH 5.90

3333 3 1.18 rain-fed and 2.43
irrigated (first rotation)

Rain-fed and
irrigation (4167

m3 ha−1y−1)
Spain [110]

Siberian elm

Sandy soil with low organic
matter content (0.92%), low
nitrogen (0.03%), many gravels
(39.9%) and pH 5.90

6666 3
1.63, 5.19 rain-fed and

4.93 irrigated (first
rotation)

Rain-fed and
irrigation (2250
m3 ha−1y−1 and

4167 m3

ha−1y−1)

Spain [110]

Siberian elm
Sandy soil with unfavorable
soil texture, stoniness 28% and
low soil organic matter content
(0.4%)

3333
4

2.6 rain-fed and 6.0
irrigated (first rotation)

Rain-fed and
irrigation

(3400 m3 ha−1

y−1)

Spain [84]

6666 2.5 rain-fed and 6.5
irrigated (first rotation)

Siberian elm

Sandy clay loamy texture, pH
8.30, organic matter 4.0%, total
nitrogen 0.35%, 27 ppm P
(Olsen) and extreme climate

3333 3 5.1 (first rotation) Rain-fed Spain [65]

Siberian elm
Basic soil with an excess of
calcium. Entisol orden and
Xerofluvent greatgroup.

6666
2 5.2 (first rotation)

Rain-fed Spain [64]
3 13.2 (first rotation)

Siberian elm
Sandy loam texture, low
organic matter content (0.75%),
nitrogen 0.08% and pH 5.87

6666
2.5 3.46 (first rotation)

Rain-fed Spain [66]
2 1.9 (first rotation)

Poplar

Sandy soil with low organic
matter content in semi-arid
climatic conditions

10,000 3 (for
9 years)

12

Fertilizer Spain [58]
Willow 9

Black locust 7

Sycamore 3
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Table A4. Cont.

Species Site Condition
Planting
Density,

Plants ha−1

Rotation
Length,
Years

* Above-Ground
Biomass Yield, Dry

Weight,
Mg ha−1 y−1

** Treatment Location Source

Willow (3 clones) Former mining area 9876;
14,815; 5

0.3, 0.7, 1.7 (1,.3, 3.6, and
8.6 Mg ha−1) depending

on clone,
0.2, 1.1, 1.3 (1.1, 5.4, 6.6

Mg ha−1) depending on
treatment,

0.8, 1.0 (4.0 and
5.2 Mg ha−1) depending

on density

Fertilizer,
weed control Spain [69]

Poplar

Degraded soils 5000 3

12.3–17.9
(36.9–53.8 Mg ha−1) Fertilizer,

irrigation Spain [78]
Eucalyptus 14.7–18.3

(44.2–55.0 Mg ha−1)

Paulownia

Degraded, acidic soils 5000 3

1.1–1.7
(3.3–5.1 Mg ha−1) Fertilizer,

irrigation Spain [78]
Eucalyptus 13.5–19.7

(40.4–59.2 Mg ha−1)

*- If yield is measured as Mg ha−1 in the source, the values are given in parentheses. **- Treatment for all or part
of the experimental site (control plots are also present in most cases).
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Abstract: Agricultural land in Europe is affected by low rooting depth (LRD) on 27.9 Mha. This
marginal agricultural land can potentially be used to grow industrial crops without directly threaten-
ing food security or biodiversity conservation. However, little is known about the yield performance
of industrial crops at LRD conditions. This study therefore compiles and discusses the meaningful
data available in scientific literature. Twelve relevant industrial crops were identified for Europe.
Currently, robust information on good growth suitability for LRD conditions is available for only one
industrial crop, namely reed canary grass (RCG). Because this information was taken from field trial
results from a single site, it remains unclear what role other growing conditions such as soil quality
and climate play on both the yield level and the biomass quality of RCG under LRD conditions. These
uncertainties about the quantitative as well as qualitative performance of industrial crop cultivation
on marginal agricultural land characterized by LRD represent a major agronomic knowledge gap.
Here, more knowledge needs to be compiled through both expanded crop science activities and
improved international information exchange to make more optimal use of the large LRD areas
available for the transition to a bioeconomy.

Keywords: annual crops; low rooting depth; marginal land; perennial crops; shallow rooting depth;
unfavorable growth conditions

1. Introduction

More than 47% of agricultural land in Europe is characterized by low rooting depth
(LRD) [1]. This so called marginal agricultural land is deemed available for the cultiva-
tion of herbaceous and woody industrial crops for various biomass utilization pathways.
Availability is based on the assumption that the cultivation of herbaceous and woody
industrial crops on marginal agricultural land does not conflict with food production or
nature conservation and can thus potentially contribute to a social-ecologically more sus-
tainable utilization of these areas [2,3]. However, methods for regional assessment of the
actual utilization status of European marginal land affected by LRD and other constraints
are still under development [4]. This is necessary because not all of this land is actually
abandoned and not used for agricultural production. In exceptional cases, such unproduc-
tive agricultural areas are in fact used for the cultivation of food crops through irrigation,
which can be determined, for example, through satellite imagery [4]. On such land, there
would therefore be a certain conflict of use between the cultivation of industrial and food
crops, which must be taken into account when determining the actual available area of
marginal agricultural land with LRD conditions. Nevertheless, the utilization of marginal
agricultural land affected by LRD represents a tremendous potential for the production of
biomass [5] that is urgently required to successfully and promptly manage the transition to
a bioeconomy [6,7].

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

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

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

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

2. Material and Methods

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

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

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

2.2. Literature Search

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

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

• camelina: Camelina;
• cardoon: Cynara cardunculus, artichoke thistle,
• cardoon; crambe: crambe;
• cup plant: Silphium perfoliatum, cup plant;
• giant reed: Arundo donax, giant reed;
• hemp: Cannabis sativa, hemp;
• Miscanthus: Miscanthus;
• poplar: Populus, poplar;
• reed canary grass: Phalaris arundinacea, reed canary grass;
• sorghum: Sorghum bicolor;
• switchgrass: Panicum virgatum, switchgrass;
• willow: Salix, willow.

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

2.3. Suitability Ranking of the Identified Crops

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

3. Results and Discussion

According to the methodology described above, seven sites were found in seven
papers that comply with the threshold values for LRD as defined by Rossiter et al. [11]
(Figure 2, Table 1). Further details on the field trials of the identified references are provided
in the annex (Tables A3 and A4). Some sites and their respective tests, which also meet the
criteria for LRD, could not be identified using the methodology described. The reason for
this was that in order to classify a site into marginal, certain information about the site was
required. However, this information is often missing in papers.

 

Figure 2. Overview of the field trial locations of the studies identified in the literature review. Colors
indicate the respective industrial crops investigated in the field trials. The numbers (1–7) denote for
the site numbers as presented in Table 1. Map created using GPSvisualizer (www.gpsvisualizer.com).

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

Constraints Other Than LRD

Site Number Crop Country City m a.s.l. UST Steep Slope Reference

1 Poplar Germany Göttingen 206 [29]
2 Poplar Czech Republic Domanínek 578 1 [30]
3 Miscanthus Germany Durmersheim 118 1 S [31]
4 Miscanthus Great Britain Aberystwyth 39 1 St [32]
5 Hemp Italy Udine 109 [33]
6 Giant reed Turkey Sakarya 244 [34]
7 Reed canary grass Ireland Carlow 15 1S St [35]

LRD = low rooting depth, UST = unfavorable soil type (S = coarse sand, St = stoniness).
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3.1. Field Trial Observations

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

3.1.1. Giant Reed

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

One experiment was found for giant reed cultivation on marginal agricultural land
with LRD (Table 2). This experiment was carried out on a site that is marginal due
to its eroded flat soil profile. It is located in Sakarya, Turkey. In Ozdemir et al. [34],
unfortunately, no information is given on the exact rooting depth of the Sakarya site.
However, the experiment shows that giant reed produces a yield of 8.3 Mg ha−1 DM on
marginal agricultural land with this factor without fertilization and irrigation. Compared to
favorable sites, this is much lower [39,40]. In a further test variant on this site, fertilization
with poultry slaughter sludge was applied, which led to a higher yield (16.5 Mg ha−1 DM
in the second–third year of cultivation at the highest fertilization level 200 N kg ha−1).
In comparison to a fertile location, however, this yield is also lower. To develop a good
rhizome system a deep soil is required. On a soil with a low root depth the establishment
of giant reed is therefore limited, as is the agricultural cultivation of giant reed [13]. A
location with a root depth of <35 cm is challenging and according to Parenti et al. [13]
unsuitable for the cultivation of giant reed, while Von Cossel et al. [23] consider this kind
of location slightly suitable for cultivation. A location with a root depth of 35–80 cm has a
medium suitability for cultivation [23]. The test results of Ozdemir et al. [34] confirm the
low suitability of giant reed for cultivation on sites with LRD.

3.1.2. Hemp

On favorable sites, fiber hemp achieves a stem yield of 10 Mg ha−1 DM [41]. Struik
et al. [42] investigated five different varieties of hemp grown for fiber on three favored
sites in Europe (Italy, United Kingdom, and the Netherlands) over three years with dif-
ferent fertilization and plant density variants. A maximum aboveground biomass yield
of 22.5 Mg ha−1 DM and a stalk yield of 18.5 Mg ha−1 DM were achieved. The average
aboveground biomass DM yield over all locations, years, varieties, and trial variants was
14 Mg ha−1 and the stem DM yield 11 Mg ha−1 [42]. In addition, on a sandy loamy soil in
Foulum, Denmark, an aboveground biomass DM yield of 13–15 Mg ha−1 was achieved [43].

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

Table 2. Annual stalk and biomass yields of monoecious giant reed (Arundo donax L.), hemp (Cannabis sativa L.), Miscanthus
(Miscanthus x giganteus Greef et Deuter), poplar (Populus L.), and reed canary grass (Phalaris arundinacea L.) on marginal
agricultural land characterized by low rooting depth (LRD).

Site Number Crop
Year of Cultivation (Poplar: Age

of Trunk)
Dry Matter Stem
Yield [Mg ha−1]

Dry Matter Yield
[Mg ha−1]

Source

1 Poplar 3 0.1 [29]
2 Poplar 7 11.7 [30]
3 Miscanthus 4 8.9 [31]
4 Miscanthus 4 16 [32]
5 Hemp 6.1 [33]
6 Giant reed 2–3 8.3 [34]
7 Reed canary grass 2–3 13 [35]

3.1.3. Miscanthus

It was found that 50% of all yield data of Miscanthus on favored sites are in the range of
13–28 Mg ha−1 DM [37]. With irrigation, yields of over 30 Mg ha−1 DM can be achieved on
sites in Southern Europe (average temperatures of 15.4 ◦C) [45]. In Central and Northern
Europe (from Austria to Denmark), where global irradiation and average temperatures
are lower (7.3–8.0 ◦C), yields without irrigation are typically 10–25 Mg ha−1 DM [45].
In a long-term test of Angelini et al. [39] without irrigation on a favored site near Pisa,
the average yield over the 2nd–12th year of cultivation was 28.7 Mg ha−1 DM. As with
Amaducci et al. [46], the yield of the first year of cultivation of this experiment was much
lower than in the following years. From the first to the second year the yield increases,
in the 3rd–8th year the highest yields are achieved and from the 9th–12th year the yield
decreases [39]. The complete establishment of a Miscanthus population takes three to five
years [45]. Under optimal location conditions, the full yield potential is achieved after three
years, under suboptimal conditions only after five years [47].

Two sites were found that fulfill the criteria of the agricultural marginality constraint
LRD (Table 2). The Durmersheim site also fulfilled the criterion [11] for unfavorably high
soil content of sand (UST_S) and at the Aberystwyth site, the criterion [11] for stoniness
(UST_St) in the topsoil was fulfilled. Miscanthus achieved a yield of 8.9 Mg ha−1 DM in the
fourth year of cultivation in Durmersheim. This is less than on favorable sites in Central
and Northern Europe [45]. The summer of the fourth year of cultivation on this site was
exceptionally dry. In addition, the two agricultural marginality constraints, UST-S and
LRD, have a negative influence on each other [48]. Sandy soils are generally characterized
by low fertility, high nutrient leaching, and low water retention capacity. A low soil depth
increases these effects, as the volume of water storage in the soil is limited [48]. This
could explain the positive effect of fertilization on this site; the stated yield is from a trial
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variant with 50 kg N ha−1, another variant with 100 kg N ha−1 yielded 13.7 Mg ha−1

DM, which is in the lower stated yield range in Central and Northern Europe [31]. The
Aberystwyth site has a rooting depth of 30–50 cm. In the fourth year of cultivation the
yield of Miscanthus in Aberystwyth was 16 Mg ha−1 DM. This yield corresponds to the
yield range in Northern Europe [49]. This site has high rock content (35%) in addition
to the shallow depth. These two agricultural marginality constraints create a negative
synergy, since a high stone content further reduces the effective soil volume for rooting,
water storage, and nutrient supply in a shallow soil [48]. Following Von Cossel et al. [23],
the cultivation of Miscanthus is unsuitable on sites with soil depths below 35 cm, mediocre
on soils that are 35–80 cm deep, and good at 80–120 cm. Findings in Ramirez-Almeyda
et al. [5] slightly deviate from this classification; at a soil depth of 40–80 cm the suitability
for cultivation of Miscanthus is low, at 80–120 cm it is average, and similar to Von Cossel
et al. [23], it is unsuitable for a depth of less than 40 cm. According to Ferrarini et al. [50],
Miscanthus has a deep fine root system on profound soils. Although Miscanthus produces
lower yields on shallow soils than on deep soils [51], these are still comparable with yields
on favored sites (rather lower half of the yield range), provided there is sufficient water
supply and fertilization. For this reason, a medium suitability for cultivation on sites with
LRD can be assumed for Miscanthus.

3.1.4. Poplar

In a systematic literature search and meta-analysis on poplar yields [37], it was found
that 50% of all yield data are in the range 7–10 Mg ha−1 DM. Berendonk et al. [52] indicate
that a yield of 8–12 Mg ha−1 DM can be expected for short rotation plantations. On a
favorable location in Mira in Northern Italy, a yield of 20 Mg ha−1 DM in the second
rotation and 15 Mg ha−1 DM in the first rotation was achieved [53].

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

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

3.1.5. Reed Canary Grass

Reed canary grass achieves dry matter biomass yields of 5–13 Mg ha−1 under favorable
conditions [49,55,56]. For example, reed canary grass achieved an average dry matter yield
of 8 Mg ha−1 (yields of 3.9–13.8 Mg ha−1 were measured) on four different favored sites in
the Czech Republic from the second to the sixth year of cultivation [57].

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

3.2. Presumptions on Crops Where No Studies Were Found

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

3.2.1. Camelina

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

3.2.2. Cardoon

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

3.2.3. Crambe

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

3.2.4. Cup Plant

Cup plant has a deep and extensive root system [47,65]. At the Braunschweig site, the
maximum root depth was 80–240 cm [66,67]. These data suggest that cup plant cannot grow
well on sites with LRD and therefore has a low suitability for cultivation on shallow soils.

3.2.5. Sorghum

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

3.2.6. Switchgrass

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

3.2.7. Willow

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

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

Following the approach by Ramirez-Almeyda et al. [5], herbaceous and woody indus-
trial crops whose suitability for cultivation on sites with a certain marginality is rated as
good or very good may be recommended for cultivation. Good and very good suitability
for cultivation means that the biomass yields are comparable or even better than under
favorable growth conditions. After a thorough literature search, it was found that this
seems to apply only to a few herbaceous and woody industrial crops, such as reed canary
grass, camelina, and crambe (Figure 3). This assumption could also only be confirmed
for reed canary grass by field trial data, where an expected yield level of 13–15 Mg ha−1

was found. For camelina and crambe, it remains open whether or not the assumptions
derived from the related literature can be confirmed by future field trial data. For all other
herbaceous and woody industrial crops, either no field trial data were available or the
suitability value was less than three (Figure 3).

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

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

Table A1. Industrial crops investigated in EU projects that were started or finished in the period from 1 January 2014
to 12 June 2019: a = MAGIC, b = PANACEA, c = SEEMLA, d = GRACE, e = Multihemp, f = FIBRA, g = COSMOS, h =
MULTIBIOPRO, i = LIBBIO, j = GRASSMARGINS, k = OPTIMA, l = OPTIMISC, m = Becool, n = WATBIO, o = PHYSIO-POP,
p = COMETHA, q = DENDROMASS 4EUROPE, r = SUNLIBB, s = FIRST2RUN, t = EUPOBIOREF, u = FORBIO, v = SWEET
fuel, w = BIO4A, x = Mediopuntia.

Industrial Crop
(Common Name)

Sum a b c d e f g h i j k l m n o p q r s t u v w x

Miscanthus 12 X X X X X X X X X X X X
Giant reed 9 X X X X X X X X X

Poplar 7 X X X X X X X
Hemp 6 X X X X X X

Switchgrass 6 X X X X X X
Camelina 5 X X X X X
Cardoon 5 X X X X X
Sorghum 5 X X X X X
Willow 5 X X X X X
Crampe 4 X X X X

Reed canary grass 4 X X X X
Black locust 3 X X X

Castor 3 X X X
Eucalyptus 3 X X X

Kenaf 3 X X X
Lupin 3 X X X

Safflower 3 X X X
Cup plant 2 X X

Ethiopian mustard 2 X X
Flax 2 X X

Sunflower 2 X X
Alfa-alfa 1 X

Cocksfoot 1 X
Columbus grass 1 X
Common reed 1 X

Cuphea 1 X
Festulolium 1 X

Giant Knotweed 1 X
Guayule 1 X

Indian fig opuntia 1 X
Jatropha 1 X

Jerusalem artichoke 1 X
Lavender 1 X
Lesquella 1 X

Paulownia 1 X
Pennycress 1 X
Peppermint 1 X

Pine 1 X
Rapeseed (HEAR) 1 X

Rosemary 1 X
Russian dandelion 1 X

Siberian elm 1 X
Sugarbeet 1 X
Sugarcane 1 X
Tall fescue 1 X

Tall wheat grass 1 X
Tobacco 1 X

Tree of heaven 1 X
Triticale 1 X

Virginia mallow 1 X
Wild sugarcane 1 X
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Table A2. Overview of the selected industrial crops, sorted alphabetically by common name (adapted from [2]).

Botanical Name Trivial Name Life Cycle
Photosynthetic

Pathway
Use Projects

Frequency of
Studies

Arundo donax L. Giant reed Perennial C3 L 9 8
Camelina sativa (L.) Crantz Camelina Annual C3 O 5 6

Cannabis sativa L. Hemp Annual C3 L/O 6 10
Crambe abyssinica Hochst ex R.E.Fr. Crambe Annual C3 O 4 3

Cynara cardunculus L. Cardoon Perennial C3 L/O 5 5
Miscanthus Andersson Miscanthus Perennial C4 L 12 13

Panicum virgatum L. Switchgrass Perennial C4 L 6 10
Phalaris arundinacea L. Phalaris Perennial C3 L 4 6

Populus L. Poplar Perennial C3 W 7 11
Salix L. Willow Perennial C3 W 5 13

Silphium perfoliatum L. a Cup plant Perennial C3 L/C 2 4
Sorghum bicolor L. Moench Sorghum Annual C4 L/C 5 7

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

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

Field Trial
Period

Sowing or
Planting
Density

Irrigation
N Fertiliza-

tion Per
Year

Reference
Number

Begin End Sowing Harvest Variety Precrop
[Seeds or

Pants m−2]
[mm] [kg ha−1]

1 2011 2014 March
2011

Heights and basal
diameter were

measured bevor the
growing season in 2014;

harvest were carried
out when the terminal
buds of main shoots of

poplars had been
formed

Max 1 (P. nigra
× P.

maximowiczii)
and H275 (P.

trichocarpa × P.
maximowiczii)

unmanaged
grassland 13,333

Watered
just after
planting
and in

August
2011

0

2 2009 2015 April
2001

2015 (first harvest later
in autumn 2008)

Populus nigra ×
P. maximowiczii

potatoes
and cereals 9316 0 0

3 1991 1995 May 1991 February 1995
First two

vegetation
periods

0

4 2012 2015 May 2012 February to April
Miscanthus ×

giganteus Greef
et Deu.

grassland
(low

quality)
1.96 0 60

5 2016 2017 April
2016 8 varieties

2016:
wheat;

2017: Oat
130 45 80

6 2015 2017 1 0 0

7 2012 2014 May 2012

(4–7 June, 29–31 July,
24–23 September) 2013,
(27–29 June, 29–31 July,

18 September) 2014
(end of 2012 growing
season pruning took

place).

Bamse,
Cheifton

long term
cereal

cultivation
30 0 325
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Table A4. Overview of yield relevant data from the field trials of the studies identified in the literature search.

Aboveground
Biomass Dry
Matter Yield

Grain
Yield

Stem Dry
Matter

Oil Yield
Thousand

Kernel
Weight

Reference
Number

Number of
Vegetation
Periods or
Number of

Cuts

Year of
Cultiva-

tion

Age of the
Tree

[Mg ha−1]
[Mg

ha−1]
[Mg ha−1] [L ha−1] [g]

1 1 3 0.1 0.17
2 1 7 11.7
3 4 8.9
4 4 16.0
5 2 0.55 6.1 110 7.6
6 2–3 8.3
7 2–3 13
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Abstract: Core collections can act as a genetic germplasm resource for biologists and breeders. Thirty-
seven phenotypic traits from 471 Miscanthus accessions in China were used to design 203 sampling
schemes to screen the genetic variations in different sampling strategies. The sampling was analyzed
using the unweighted pair group method with arithmetic mean (UPGMA) and the Euclidean distance
(Euclid). Several parameters including the variance of phenotypic value (VPV), Shannon–Weaver
diversity index (H), coefficient of variation (CV), variance of phenotypic frequency (VPF), ratio
of phenotype retained (RPR), the mean difference percentage (MD%) and the variance difference
percentage of traits (VD%), the range coincidence rate (CR%) and the variable rate of quantitative traits
(VR%) were used to evaluate the level of representation of the primary core collections developed by
the different sampling schemes. Based on the optimal sampling strategies of prior selecting accessions,
a primary core collection was constructed that maintained > 99.5% of the VPV and a CR% of 100%.
This study indicates that the optimal sampling scheme consisted of prior and deviation sampling
methods (PD) combined with a logarithmic proportional sampling strategy (LG) of 37.4% of the
actual sampling ratio. Sampling before clustering can improve several parameters including the H,
CV, RPR, VPF, and CR%. Sampling strategies including the genetic diversity index (G), logarithmic
proportional (LG) and the square root proportional strategy (SG) can improve the H, whilst the
constant strategy (C) can improve the RPR and VPF when the sampling scale was >30%. Furthermore,
the proportional strategy (P) can improve the VPV.

Keywords: core collection; flora distribution; Miscanthus phenotypic trait

1. Introduction

Environmental concerns including the greenhouse effect and increasing demands
for fossil fuels have stimulated research into renewable energy resources [1]. Indigenous
materials have the potential to supply energy with lower emission of greenhouse gases
and are more environmentally favorable [2]. One promising plant material that can be
used to produce efficiently and economically biofuels with a lower land requirement is
Miscanthus [3–5]. Miscanthus is a raw material candidate of lignocellulosic biomass [6] that
is a perennial C4 tall grass of the Gramineae Family, Miscanthus spp. It belongs to subtribe
Saccharinae Griseb., tribe Andropogoneae Dumort., Subfam. Panicoideae A. Braun of Poaceae [7].
Miscanthus Andersson grows widely in Eastern and Southeastern Asia, the Pacific Islands,
and Africa [8,9]. Fourteen different species of Miscanthus Andersson are found around the
world of which seven different species are native to various provinces in China [8]. China
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is the distribution center of the genus Miscanthus, and M. lutorioriparius Andersson is the
endemic species of China [10].

Miscanthus is used in various industries including papermaking, animal feeds, and
soil and water conservation [11]. Studies by the Miscanthus Research Institute of Hunan
Agricultural University (HUNAU) have identified >3000 wild Miscanthus populations in
>800 counties of 30 provinces in China since 2006. There are more than 1000 representative
accessions for the seven native species that have been collected and grown in the Miscanthus
germplasm garden in HUNAU. However, there is a need for a germplasm collection that
can be used to improve the utilization and management of plant germplasm resources.
Core collections can conserve germplasm collections and inform optimized plant breeding
strategies. Whilst there have been extensive core collection efforts in species including
wheat, rice, soybean, maize, sesame, and barley [12–18], there have been no reported
studies on the core collection methods of Miscanthus.

Core collections can improve the conservation, evaluation and utilization of germplasm.
Core collections selected as subsets can represent the maximum genetic diversity of the
initial collection with the minimum redundancies [19]. The development of core collections
includes the collection and analysis of data obtained from fields or greenhouses, implement-
ing the principle of stratified sampling by dividing the accessions into different groups,
determining the sampling proportion of each group within the core collection, the selection
of samples at random or based on representative criteria and evaluating the diversity and
representativeness of the core collection. Furthermore, for studies conducted using core
collections, the most important procedure is the development of a robust sampling strat-
egy including sampling scale, stratified principle, sampling proportion and the sampling
method. In this study, we report on the sampling strategy of a Miscanthus primary core
collection and its role in reducing the size of the initial collection whilst retaining genetic
diversity in the collection.

2. Materials and Methods

2.1. Plant Materials

The research materials used in this study were a subset of Miscanthus collected by the
Miscanthus Research Institute of HUNAU from different areas across China from 2006 to
2008. The collection consisted of >1000 accessions including M. sinensis, M. floridulus,
M. sacchariflorus, and M. lutarioriparius. The materials were planted in red soil at the Mis-
canthus Germplasm Garden of HUNAU, Changsha, China (Lat. 28◦11′ N, Long. 113◦4′ E).
Each accession was grown on a 2 m × 2 m plot. More than 60 quantitative traits relating
to different developmental phases and various uses of the plant were measured annually.
Four hundred and seventy-one accessions were used for sampling of the primary core
collection that were originally located in 3 Kingdoms, 4 Sub Kingdoms, and 11 regions of
China according to the Floristics of Seed Plants [20]. The numbers of accessions in each
flora region are presented in Table S1.

2.2. Evaluation of Phenotypic Traits

Thirty-seven phenotypic traits were studied including 14 qualitative traits and 23 quan-
titative traits. The biological and agronomic trait data (Traits 1–25: Table 1) were collected
during the reproductive stage. Yield and energy-related quality data (Traits 26–37: Table 1)
were collected during the harvest season in December. The quantitative traits were used to
calculate the mean (X) values and standard deviation (σ) to quantify the observation values
(Xi) into categories. Each category represented one specific phenotype. The subdividing
range of quantitative traits ranged from the category where Xi > X − n·σ to Xi < X + m·σ
(m > n), with the interval between the two neighbor categories being 0.5 σ (Table 2).
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Table 1. The description and classes of the Miscanthus Phenotypic traits.

Traits Abbreviation Description and Classes

1 Date of bud emergence DBE Emergence date of second leaf
2 Date of beginning flowers DBF Flowering date of first flower
3 Days to beginning flowering DsBF Days from bud emergence to any plant produces flower
4 Plant height PH Height of largest over-ground complete plant
5 Stem length SL Length of over-ground complete stem
6 First internode length FIL First complete internode length of above-ground stem
7 stem axis long diameter of FIL SALD stem axis long diameter of FIL’s middle
8 Node number of per stem NS Node number of per over-ground complete stem
9 Largest leaf length LL Length of visual largest leaf
10 Largest leaf width LW Width of visual largest leaves
11 Fresh weight of per stem FWS Fresh weight of stem after reproductive stage
12 Dry weight of per stem DWS Weighted after fresh stem was dried three days at 45 °C
13 Node hairiness NH Does node have hairiness? (No = “0”, Yes = “1”)
14 Leaf back hairiness LBH Does leaf back have hairiness? (No = “0”, Yes = “1”)
15 Sheath hairiness ShH Does sheath have hairiness? (No = “0”, Yes = “1”)
16 Sheath mouth hairiness ShMH Does sheath mouth have hairiness? (No = “0”, Yes = “1”)
17 Internode waxiness IWa Does internode have waxiness? (No = “0”, Yes = “1”)
18 Node waxiness NWa Does node have waxiness? (No = “0”, Yes = “1”)
19 Leaf waxiness LWa Does leaf have waxiness? (No = “0”, Yes = “1”)
20 Sheath waxiness ShWa Does sheath have waxiness? (No = “0”, Yes = “1”)

21 Stem color StC
0 = Yellow, 1 = Light green, 3 = Green, 5 = Dark green,

7 = lilac or pale-purple speckles interspersed;
9 = purple-red speckles interspersed

22 Leaf color LC 1 = Light green, 3 = Green, 5 = Dark green

23 Sheath color ShC
0 = Yellow, 1 = Light green, 3 = Green, 5 = Dark green,

7 = lilac or pale-purple speckles interspersed;
9 = purple-red speckles interspersed

24 Axillary bud on culm ABC 0 = No, 1 = Yes Does node have waxiness?

25 Angle of Stem AS
1 = Erect or θ ≥ 80◦, 3 = 80◦ > θ ≥ 60◦, 5 = 60◦ > θ ≥ 40◦,

7 = 40◦ > θ ≥ 20◦, 9 = θ < 20◦or Prostrate
(Angle between plant outside stem and ground)

26 Tillers number per plot TNP Total number of tillers to plant on one plot

27 Dry matter content DM Dry matter content after fresh stem was dried to constant
weight at 45 °C and at 105 °C

28 Neutral detergent fiber content NDF Determined with detergent fiber analysis
29 Acid detergent fiber content ADF Determined with detergent fiber analysis
30 Hemi-fibre content HF Determined with detergent fiber analysis
31 Fibre content FC Determined with detergent fiber analysis
32 Acid dissoluble lignin content ADL Determined with detergent fiber analysis
33 Acid insoluble ash content AIA Determined with detergent fiber analysis

34 Total ash content TA Ash content of matter incinerated in muffle furnace
at 550 °C three hours

35 Total moisture content TM Total water content after fresh matter was dried to constant weight
at 45 °C and at 105 °C

36 Total biomass per plot TMP Total biomass production of plants in one plot
37 Withered state WiS 0 = No, 1 = Yes (Have the plants begun to wither?)

2.3. Sampling Strategy

The primary core collection was constructed using several methods based on grouping
and ungrouping strategies (Figure 1). The ungroup-based strategy randomly selected
three replicates from the initial collections. The primary core collection sampled using the
random strategy was labeled as the non-group random sampling group (NGR). The group-
based strategy involved a hierarchical two-level grouping approach in which each type of
variety was grouped by flora after being grouped by species. In the hierarchical two-level
grouping strategy, the accessions were divided into 23 hierarchical groups (Table S1).

Hierarchical two-level grouping methods and different sampling strategies were
combined in this study. The primary core collections were selected from each group based
on the given number of different sampling strategies. The clustering sampling methods
were based on a stepwise clustering sampling method. A prior strategy of selecting
accessions with the traits expressing maximum or minimum values as the primary core
collections before clustering was used. The following sampling methods were used:
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(1) A non-group random sampling method (NGR): In this method, the primary core
collection was randomly selected from every subgroup with two germplasms at
the lowest standard of categorizing. When one germplasm was in the subgroup, it
was immediately selected for the cluster analysis. The procedures for the clustered
and selected germplasms were repeated until the group scale was reduced to a
given number.

(2) Deviation sampling (D): In this method, the degree of deviation degree of two
germplasms were contrasted in each subgroup at the lowest standard of catego-
rizing. The germplasm with the higher degree of deviation was selected for the
following cluster analysis. When one germplasm was present in the subgroup, it
was immediately selected for cluster analysis. The subsequent germplasms were
processed similarly to the preceding step. The other procedures were similar to the
stepwise clustering method.

Table 2. The number of Category for each trait.

Quantitative Trait Number of Category Qualitative Trait Number of Category

DBE 7 NH 2
DBF 26 LBH 2
DsBF 29 ShH 2
PH 10 ShMH 2
SL 15 IWa 2
FIL 13 NWa 2

SALD 12 LWa 2
NS 14 ShWa 2
LL 10 StC 6
LW 13 LC 3

FWS 12 ShC 6
DWS 12 ABC 2
TNP 13 AS 5
DM 14 WiS 2
NDF 11 - -
ADF 12 - -
HF 14 - -
FC 10 - -

ADL 12 - -
AIA 11 - -
TA 14 - -
TM 13 - -

TMP 12 - -

The degree of deviation of each quantitative trait was confirmed by the equation:

Si
2 = ∑ m

j=1
gij

2

σj
2 i = 1, 2, . . . , n, j = 1, 2, . . . , m (1)

where gij represents the ith value of the jth trait, and σj
2 represents the variance of the jth

trait [21].

(3) Prior sampling (PR): Germplasms with the traits expressing the maximum or mini-
mum values were chosen as core collections before clustering. The residual germplasms
were processed using a method similar to the random clustering method.

(4) Prior and Deviation sampling (PD): This strategy was based on the prior sampling
method. Germplasms were processed in a similar way to the deviation sampling
method after the germplasms with the traits expressing the maximum or minimum
values were selected as the core collections.
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Figure 1. Sampling schemes of developing Miscanthus primary core collection. Constant strategy
(C), Proportional strategy (P), Logarithm strategy (L), Square root strategy (S), Genetic diversity
index strategy (G), Genetic diversity index adjusted with logarithmic proportional strategy (LG),
Genetic diversity index adjusted with square root proportional strategy (SG). (1) Constant strategy
(C)—the number of selected accessions sampled from each group was an equal number of accessions
randomly; (2) Proportional strategy (P)—the number of selected accessions sampled from each group
was proportional to the group size in the basic collection; (3) Logarithm strategy (L)—the number
of selected accessions sampled from each group was proportional to the logarithmic group size
in the basic collection; (4) Square root strategy (S)—sampling core collection from each group was
proportional to the square root group size in the basic collection; (5) Genetic diversity index strategy
(G)—sampling core collection from each group with proportional to genetic diversity index of the
group in basic collection; (6) Genetic diversity index adjusted with logarithmic proportional strategy
(LG)—sampling core collection from each group with the proportional to Shannon–Weaver diversity
index was adjusted with logarithmic proportion; (7) Genetic diversity index adjusted with square
root proportional strategy (SG)—sampling core collection from each group with the proportional to
Shannon–Weaver diversity index was adjusted with square root proportion.

In the four clustering sampling methods, to reserve important biological types, it was
decided that the groups including only one accession were selected as the primary core
collection, e.g., two accessions of M. floridulus from the flora region of IIID12 and IVG22,
one accession of M. sinensis from the flora region of IIIE14. Three accessions were selected
as the primary core collections prior to clustering. Other groups were sampled using four
clustering sampling methods. For comparison, the NGR was used to select a candidate
primary core collection. Finally, 203 different sampling schemes were designed to develop
a primary core collection of the Miscanthus in China.

To determine the optimal scale of a primary core collection, 20–50% ratios from
the initial collections were considered as the ideal proportions for sampling. The actual
numbers of selected accessions were calculated using different sampling proportions and
combined with different sampling strategies and methods (Table 3).

2.4. Evaluating the Parameters for the Core Collection

Five parameters including H, CV, VPV, VPF, and the RPR were used to evaluate
203 sampling schemes [16].
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Table 3. The sampling number of the primary core collections within different sampling strategies.

Sampling
Strategy

Ideal Actual

Number Ratio (%) Non-prior Ratio (%) Prior Ratio (%)

C 92 20 81 17.2 134 28.5
115 25 98 20.8 141 29.9
138 30 115 24.4 150 31.8
161 35 131 27.8 159 33.8
184 40 146 31.0 167 35.5
207 45 161 34.2 177 37.6
253 50 187 39.7 197 41.8

G 96 20 99 21.0 138 29.3
119 25 120 25.5 150 31.8
142 30 140 29.7 161 34.2
165 35 160 34.0 174 36.9
186 40 178 37.8 189 40.1
212 45 198 42.0 203 43.1
234 50 213 45.2 216 45.9

L 95 20 98 20.8 134 28.5
116 25 119 25.3 145 30.8
144 30 147 31.2 163 34.6
163 35 166 35.2 177 37.6
189 40 189 40.1 194 41.2
211 45 210 44.6 210 44.6
237 50 231 49.0 231 49.0

LG 93 20 96 20.4 130 27.6
118 25 121 25.7 144 30.6
142 30 145 30.8 159 33.8
166 35 169 35.9 176 37.4
188 40 191 40.6 194 41.2
214 45 217 46.1 217 46.1
235 50 237 50.3 237 50.3

P 95 20 98 20.8 127 27.0
118 25 121 25.7 138 29.3
142 30 146 31.0 157 33.3
164 35 167 35.5 177 37.6
187 40 190 40.3 198 42.0
211 45 214 45.4 220 46.7
244 50 244 51.8 248 52.7

S 97 20 97 20.6 131 27.8
116 25 116 24.6 140 29.7
143 30 140 29.7 155 32.9
165 35 162 34.4 170 36.1
186 40 181 38.4 185 39.3
212 45 206 43.7 208 44.2
236 50 227 48.2 228 48.4

SG 95 20 98 20.8 129 27.4
120 25 123 26.1 142 30.1
143 30 146 31.0 157 33.3
164 35 167 35.5 174 36.9
188 40 191 40.6 194 41.2
213 45 216 45.9 218 46.3
234 50 237 50.3 238 50.5

Note: Constant strategy (C), Proportional strategy (P), Logarithm strategy (L), Square root strategy (S), Genetic
diversity index strategy (G), Genetic diversity index adjusted with logarithmic. Proportional strategy (LG),
Genetic diversity index adjusted with square root proportional strategy (SG).
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The mean percentage difference (MD%), variance percentage difference (VD%), range
coincidence rate (CR%) and variable rate (VR%) of the quantitative traits were compared
by assessing the optimal sampling strategy [22]:

CR% = 1
m

m
∑

j=1

RC
RI

× 100

VR% = 1
m

m
∑

j=1

CVC
CVI

× 100
(2)

where MC = the mean of the core collection, MI = the mean of the initial collection, RC = the
average scope of the quantitative traits of core collections, RI = the average range of the
quantitative traits of the initial collections, CVC = the coefficient of variation of traits for the
core collections, CVI = the coefficient of variation of traits for the initial collection, m = the
number of the quantitative traits.

Core collections are required to meet two criteria to accurately represent the genetic
diversity of the initial collection. Specifically, core collections should include ≤20% of the
traits possessed by diverse means (α = 0.05) between the core and initial collections, and
the core collection should retain a range coincidence rate (CR%) ≥80% of the traits [23,24].

In developing the primary core collection, the four sampling methods (i.e., R, D, PR,
and PD), seven sampling strategies (i.e., C, P, L, S, G, LG, and SG), and seven different
sampling proportions (20%, 25%, 30%, 35%, 40%, 45%, and 50%) were applied. Then,
203 potential primary core collections were constructed and denoted as R-C20, D-P25, PR-
L30, PD-LG35, etc. In contrast, seven non-group primary core collections were constructed
using a combined proportional strategy (P) with different sampling proportions that were
denoted as NGR20 to NGR50.

3. Results

3.1. The Tendency of Parameters for Sampling Methods in Different Sampling Scales

The variation tendency of the five parameters obtained using five sampling methods
at seven sampling scales was processed (Figure 2). The group-based strategy was shown to
be superior to the non-group strategy, and the methods of sampling before the clustering
methods (PD and PR) were superior to the other clustering methods. The prior sampling
strategy was potentially optimal for sampling. The variances of phenotypic value (VPV)
of the primary core collections increased when reducing the sampling scale. The primary
core collections constructed by the group strategy had similar VPV. Furthermore, the VPVs
were all higher compared to the primary core collections constructed by NGR (Figure 2a).
The H of the PD and PR methods increased with reducing sampling scale, yet the H of
the method of deviation sampling (D) and random clustering (R) decreased with reducing
sampling scale. The VPV of the NGR method showed no obvious regularity (Figure 2b).
The coefficient of variation (CV) of the primary core collections constructed using various
sampling methods showed undulating changes at a high sampling scale that then declined
at a lower scale (Figure 3c). The ratio of phenotype retained (RPR) of the PD and PR
methods was similar to the different sampling scales. The RPR of other methods decreased
with reducing sampling scale (Figure 2d). The tendency of the ratio of variance of the
phenotypic frequency (VPF) increased with a reducing sampling scale (Figure 2e). The H,
CV and RPR of the PD and PR methods were similar or higher than the parameters of the
other methods. The H, CV and RPR of the D and R methods were similar and higher than
the NGR method. The VPFs of PD and PR methods were almost the same and lower than
methods D and R. The group strategy was superior to the NGR, and the VPV of the prior
strategy was superior to those of other strategies. In conclusion, the clustering methods of
the P and D sampling methods were optimal.
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(c) (d) 

 

(e) 

Figure 2. Tendency of parameters for sampling methods in different sampling scales. (a) Tendency
of VPV; (b) Tendency of H; (c) Tendency of CV; (d) Tendency of RPR; (e) Tendency of VPF. H:
Shannon–Weaver diversity index, CV: coefficient of variation, VPV: variance of phenotypic value,
VPF: variance of phenotypic frequency, RPR: ratio of phenotype retained. D, PD, PR, R, and NGR
stand for deviation sampling (D), prior and deviation sampling (PD), prior sampling (PR), random
clustering (R), and non-group random sampling method (NGR), respectively.

3.2. The Tendency of the Parameters for Sampling Strategies in Different Sampling Scales

The five parameters obtained from the seven sampling strategies at the seven sam-
pling scales were compared (Figure 3). The VPV for various core collections increased
with a reduced sampling scale. The VPV of the core collections was highest when con-
structed using the constant strategy (C) and lowest when using the proportional strategy (P)
(Figure 3a). The general tendency of H increased with reduced sampling scales. The value
of H fluctuated when the sampling scale was <30% (Figure 3b). The tendency of the CV
had no obvious regularity and mostly increased at a high sampling scale and decreased at
a lower scale (Figure 3c). The RPR of all methods was similar and decreased with reducing
sampling scales (Figure 3d). The VPF increased with reduced sampling scales and the
C strategy was inferior to other strategies (Figure 3e). The RPR and VPF of the C strategy
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and the VPV and H of the P strategy performed the worst. These data indicated that the
two sampling strategies were not applicable. Sampling strategies G, LG, SG, L, and S could
potentially be used.

  

(a) (b) 

  
(c) (d) 

 

(e) 

Figure 3. Tendency of parameters for sampling strategies in different sampling scales. (a) Ten-
dency of VPV; (b) Tendency of H; (c) Tendency of CV; (d) Tendency of RPR; (e) Tendency of VPF.
Shannon–Weaver diversity index (H), coefficient of variation (CV), variance of phenotypic value
(VPV), variance of phenotypic frequency (VPF), and ratio of phenotype retained (RPR). C, G, L, LG, P,
S, and SG stand for Constant strategy (C), Genetic diversity index strategy (G), Logarithm strategy (L),
Genetic diversity index adjusted with logarithmic proportional strategy (LG), Proportional strategy
(P), Square root strategy (S), Genetic diversity index adjusted with square root proportional strategy
(SG), respectively.

3.3. The Relationship of the Parameters between Different Sampling Strategies and Methods

The five parameters obtained from the four clustering methods used in the different
sampling strategies were compared at different sampling scales (Figure 4). From the results,
the prior sampling strategy methods led to improved effectiveness in H, CV, RPR, and VPF
amongst the different sampling strategies. The VPV values calculated for the four sampling
methods were similar (Figure 4a). The H, CV, and RPR calculated from the primary
core collections using the prior sampling strategy were higher than those for the other
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sampling strategies. The VPF calculated from the core collections using the prior sampling
strategy was lower than for the other sampling strategies (Figure 4b–e). There were no
significant differences in the five parameters between the PD and PR clustering methods.
Prior sampling before clustering resulted in higher H, CV and RPR but a lower VPF of the
primary core collections compared to the other two sampling methods. These data indicate
that the methods of prior sampling before clustering were superior to directly clustering.

 
(a) (b) 

  
(c) (d) 

 

(e) 

Figure 4. Difference of parameters for sampling strategies in different sampling scale. (a) Difference
of VPV; (b) Difference of H; (c) Difference of CV; (d) Difference of RPR; (e) Difference of VPF.
Shannon–Weaver diversity index (H), coefficient of variation (CV), variance of phenotypic value
(VPV), variance of phenotypic frequency (VPF), and ratio of phenotype retained (RPR). D, PD, PR,
R stand for deviation sampling (D), prior and deviation sampling (PD), prior sampling (PR), random
clustering (R), respectively.

3.4. Comparison of the Sampling Strategies and Methods

The five parameters of the different sampling proportions, strategies and methods
within the group were compared using Duncan’s multiple range tests. The results are pre-
sented in Table 4 where the same ranking score implies that the data were not significantly
different. The different ranking scores indicate superior to inferior assets.

Seven types of sampling strategies were compared across the groups using hierarchical
cluster sampling. The results indicated that sampling according to the genetic diversity
index strategy (G) was optimal, followed by the genetic diversity index adjusted with
logarithmic proportional strategy (LG) and the genetic diversity index adjusted with a
square root proportional strategy (SG). The square root strategy (S) gave the worst results.
The ranking of the sampling schemes strategies from superior to inferior was G > LG
> SG > C > L > P > S. In the same table, five sampling methods were compared. The
results indicated that the hierarchical cluster methods were superior to the NGR methods.
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The non-group-based strategy was performed worst. The prior sampling strategies, PD
and PR, performed better than the non-prior sampling strategies (D, R and NGR). The
superior-to-inferior order of the sampling schemes was PD > PR > D > R > NGR.

Table 4. The rank of sampling strategies, sampling methods and sampling scales within group in
203 primary core collections.

Parameter
Sampling Strategy Sampling Method

C G L LG P S SG PR PD R D NGR

VPV 1 2 4 5 7 3 6 4 3 2 1 5
H 4 1 6 3 7 5 2 2 1 3 4 5

VPF 1 3 5 6 2 7 4 1 2 4 3 5
RPR 7 5 4 2 1 6 3 1 2 5 4 3
CV 7 4 2 1 6 5 3 2 1 4 3 5

Sum of rank 20 15 21 17 23 26 18 10 9 18 15 23

Note: Shannon–Weaver diversity Index (H), coefficient of variation (CV), variance of phenotypic value (VPV),
variance of phenotypic frequency (VPF), and ratio of phenotype retained (RPR), Constant strategy (C), Proportional
strategy (P), Logarithm strategy (L), Square root strategy (S), Genetic diversity index strategy (G), Genetic diversity
index adjusted with logarithmic proportional strategy (LG), Genetic diversity index adjusted with square root
proportional strategy (SG). PR, PD, R, D, NGR stand for prior sampling, prior and deviation sampling, random
clustering, deviation sampling, and non-group random sampling method (NGR), respectively.

The averages of the ranking scores of the five parameters of all 203 sampling schemes
combining the different sampling strategies with different sampling methods are summa-
rized in Table 5. When comparing the 203 sampling schemes based on sampling strategies,
we found that the L and LG sampling methods of PD had the highest scores. The sampling
scheme of PD-LG resulted in the highest score among all schemes.

Table 5. Comparison of the average ranking scores of the five parameters for sampling strategies
with methods.

Sampling Strategies
Sampling Methods

Average
D R PD PR NGR

C 19.0 16.2 8.8 10.2 - 13.55
G 17.6 15.6 8.4 11.2 - 13.20
L 19.6 16.2 8.2 8.2 - 13.05

LG 17.6 17.4 7.8 9.4 - 13.05
P 25.0 25.6 11.8 10.0 25.8 19.64
S 22.8 19.0 9.2 10.8 - 15.45

SG 23.6 18.6 10.2 10.6 - 15.75
Average 20.74 18.37 9.20 10.06 25.80 14.81

Note: Random clustering (R), Deviation sampling (D), Prior sampling (PR), Prior and Deviation sampling (PD),
non-group random sampling method (NGR). Constant strategy (C), Proportional strategy (P), Logarithm strategy
(L), Square root strategy (S), Genetic diversity index strategy (G), Genetic diversity index adjusted with logarithmic
proportional strategy (LG), Genetic diversity index adjusted with square root proportional strategy (SG).

3.5. Comparison of the Sampling Scale of the Core Collection

Comparison between the seven sampling scales showed that scales of 25%, 30% and
35% performed significantly better than the other sampling scales and followed the order of
30% > 25% = 35% > 40% > 20% = 45% > 50% (Table 6). The CR% increased with increasing
sampling scale except for the CR% from 20% and 25% sampling proportions combined
with sampling methods (Table 7). Furthermore, the sampling strategies did not influence
the CR% results. The CR% values reached 100% when the sampling scales were >35%.

3.6. Assessment of the Core Collections with 21 Quantitative Traits

The results from different sampling schemes are summarized in Table S2. Of these,
176 primary core collections had 100% VD%. The MD% of these accessions was significantly
different (MD% ≥ 33.3%) from the initial collections. All the CR% values were >80% and
96 of those reached 100% indicating a high range of variation of the traits. Prior sampling
before clustering gave the largest CR% values. The VD% of deviation sampling strategies
combined with prior sampling were lower than the random sampling strategies. The
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VR% of the grouped sampling core collections were >100% and 53 VR% of the primary
core collections had >110%. These data may be caused by the increased variation of
traits after removing redundant germplasms by sampling germplasms with the traits
expressing maximum or minimum values prior. Twenty (PD-LG35, PD-S35, PR-LG30,
PD-P30, PD-SG30, PR-P30, PR-SG25, PD-P25, PR-P25, PD-L20, PR-C20, PR-L20, PD-S20,
PR-S20, PD-LG20, PR-LG20, PD-SG20, PR-SG20, PD-P20, PR-P20) core collections had the
highest VD% and CR% values, the lowest MD%, and the higher VR% in which PD-LG35
had the largest number of accessions.

Table 6. Sum of the rank of sampling scales within groups in 203 primary core collections.

Parameter
Sampling Scale

20% 25% 30% 35% 40% 45% 50%

VPV 1 2 3 4 5 6 7
H 2 1 3 4 5 6 7

VPF 5 3 1 2 4 6 7
RPR 7 6 5 4 3 2 1
CV 7 6 5 4 3 2 1

Sum of rank 22 18 17 18 20 22 23

Note: Shannon–Weaver diversity index (H), coefficient of variation (CV), variance of phenotypic value (VPV),
variance of phenotypic frequency (VPF), and ratio of phenotype retained (RPR).

Table 7. Comparison of the range coincidence rates (CR%) of the primary core collections.

Sampling Scale

20% 25% 30% 35% 40% 45% 50%

Sampling Method

D 90.24 96.40 91.18 96.28 100.00 100.00 100.00
R 92.35 97.53 92.46 97.32 100.00 100.00 100.00

PD 94.38 98.01 93.85 100.00 100.00 100.00 100.00
PR 95.67 89.76 95.30 100.00 100.00 100.00 100.00

Sampling Strategy

C 94.09 95.14 96.18 96.37 97.22 98.13 98.40
G 95.45 96.28 96.69 98.13 98.28 98.40 98.95

LG 94.91 95.98 96.35 97.81 97.96 98.76 98.95
SG 95.54 96.29 96.87 97.10 98.04 98.91 99.03
L 95.18 95.97 97.32 98.15 98.39 98.82 99.01
P 94.91 95.56 96.34 96.74 97.25 97.48 98.60
S 94.91 95.98 97.21 97.36 98.32 98.68 98.89

Note: Random clustering (R), Deviation sampling (D), Prior sampling (PR), Prior and deviation sampling (PD),
Constant strategy (C), Proportional strategy (P), Logarithm strategy (L), Square root strategy (S), Genetic diversity
index strategy (G), Genetic diversity index adjusted with logarithmic proportional strategy (LG), Genetic diversity
index adjusted with square root proportional strategy (SG).

3.7. Determination of the Sampling Scheme of the Core Collection

The H, CV and RPR of the primary core collections developed according to the com-
bined PD and PR and G and LG strategies within all the sampling proportions are compared
in Table 8. From Table S3, the RPR of all the candidate core collections were reduced by
reducing the proportion of sampling, whilst the H and CV increased by reducing the sam-
pling proportion. The RPRs were about 98.8%, 99.2%, 99.4%, 99.5% and 99.6%, respectively,
two of which have reached 99.6%. No significant difference between those of all candidate
primary core collections. The H and CV were larger compared to the initial collections.

The results of the sampling schemes were grouped using hierarchical clustering
methods of the PD and PR and G and LG sampling strategies as summarized in Table S3.
The rank of VPV, H, CV, VPF and RPR of all the sampling ratios from the whole collections
indicated that the PD sampling method combined with the LG sampling strategy performed
best at a sampling proportion of 35%. This sampling scheme developed a core collection
with 176 accessions in which the actual sampling ratio is 37.4% (Table S3).
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Table 8. Comparison of the sampling rations in candidate primary core collections.

Parameter Sampling Scheme
Sampling Scale

20% 25% 30% 35% 40% 45% 50%

H

PD-G 1.719 1.716 1.710 1.708 1.705 1.700 1.698
PD-LG 1.724 1.725 1.721 1.716 1.706 1.698 1.699
PR-G 1.713 1.709 1.702 1.704 1.702 1.704 1.701

PR-LG 1.722 1.717 1.714 1.713 1.709 1.705 1.702

CV

PD-G 46.764 46.513 46.566 46.267 46.186 45.938 45.802
PD-LG 46.717 46.409 46.087 46.066 45.961 45.745 45.193
PR-G 46.726 46.637 46.793 46.122 46.179 45.869 45.511

PR-LG 46.932 46.359 46.369 45.858 45.775 45.489 45.147

RPR

PD-G 98.900 99.300 99.400 99.400 99.400 99.500 99.500
PD-LG 98.900 99.300 99.400 99.500 99.500 99.500 99.500
PR-G 98.800 98.800 99.300 99.400 99.400 99.500 99.600

PR-LG 98.700 99.100 99.300 99.500 99.500 99.500 99.600

Note: Shannon–Weaver diversity index (H), coefficient of variation (CV), and ratio of phenotype retained (RPR).
PD-G, PD-LG, PR-G, PR-LG stand for prior and deviation sampling method combined with genetic diversity index
strategy, prior and deviation sampling method combined with logarithmic proportional strategy, prior sampling
method combined with genetic diversity index strategy, prior sampling method combined with logarithmic
proportional strategy, respectively.

4. Discussion

4.1. Phenotype Data Construction of a Primary Core Collection

The aim of developing a core collection is to build a population with minimal samples
whilst maintaining maximum genetic diversity. Many core collections of crop germplasms
have been successfully constructed including rice, wheat, soybean, and other commercial
crops [14–30]. Currently, several types of data are used to construct core germplasm collec-
tions including habitat, phenotypic, and genomic data [31]. The distribution information
and biological and agronomic traits were used in this study. It is difficult to establish core
collections by assessing the genetic diversity of a whole germplasm resource using pheno-
type traits. Although molecular markers have been used for evaluating genetic diversity
at the DNA level in crop germplasm resources [32], the application of such approaches
to entire collections is laborious and costly. The development of primary core collections
based on phenotype traits could reduce the scale of entire collections along with labor
intensity and costs.

Phenotypic data has been previously used to build core collections in Miscanthus [33].
This approach showed that the grouping method based on the original geography data was
the best strategy compared with the other grouping methods such as single phenotypic,
random, administrative province, and non-grouping methods. In this study, we used
phenotype data to establish core collections using different strategies in Miscanthus. We
used five parameters including H, CV, VPV, VPF, and RPR to screen 203 candidate core
collections. Our results showed that the PD-LG35 sampling strategy (prior and deviation
sampling method, genetic diversity index adjusted with logarithmic proportional strategy,
and 35% sampling ratio) was used to develop a core collection with 176 accessions, had the
highest genetic diversity and optimum number of samples. Considering the data collected
from the same observation station named Miscanthus germplasm garden built in 2006 in
Hunan agricultural university [34], theoretically believe that all germplasm growth was in
the same environment, therefore, the difference of phenotype traits able to stand for the
genetic variation among individuals.

4.2. The Method to Establish the Primary Core Collection

Sampling strategies are a key factor in establishing a primary core collection. Studies
have used different approaches to construct primary core collections such as the propor-
tional strategy (P) in the apricot germplasm in China [28] and the genetic diversity index
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strategy (G) in safflower germplasm [35]. The scale of the sampling ratio is also an im-
portant factor that impacts the efficiency of primary core collections. Moreover, the scale
of the primary core collection to the whole collection should be determined according to
the size of the initial collection group. The sampling proportions may vary depending
on the size of the initial collections. In spite of previous studies not suggesting any refer-
able ration or any appropriate size for the primary core collection of Miscanthus, the ratio
of the core collection to the whole collection for core collections established worldwide
for different species is around 5–30% [26,36,37]. According to our preliminary study of
the sampling strategy of Miscanthus in China, core collections of sampling before select-
ing core collections strategies retain a higher proportion of the phenotype characteristics
(RPR > 98.8%). The PD-LG at 35% sampling proportion had the highest H and CV in the
schemes compared to the PD-LD at 40%, 45%, and 50% which had the same or larger RPR.

Our data show that the group-based strategy was superior to the non-group strategy in
different sampling scales or sampling strategies. Germplasm materials with similar heredity
characteristics can be classified as one group using the group-based strategy. The methods
of prior sampling before clustering methods were superior to the other clustering methods
in different sampling scales because the germplasms with greater research value and
special traits were not excluded. The VPV calculated based on the four sampling methods
on different sampling scales or using sampling strategies were very similar and may be
attributed to the rich genetic diversity of Miscanthus caused by intraspecific crossing. The
constant strategy performed the worst at different sampling scales and may be attributed to
the nonuniform genetic diversity of the intra-group Miscanthus as well as the proportional
strategy (P). The sampling according to G, LG, and SG gave better results probably due to
the affirmation of sampling ratio according to genetic diversity.

5. Conclusions

The PD-LG35 sampling strategy was used to develop a primary core collection with
176 accessions that had the best performance in this study. The actual sampling ratio was
37.4% suggesting that this was the optimal sampling scheme for selecting core collections.
With such a moderate number of Miscanthus in China, PD methods combined with the
LG at 37.4% of the actual sampling ratio was the optimum strategy. Furthermore, prior
sampling before clustering could improve H, CV, RPR and VPF, with little impact on VPV.
This sampling strategy also could improve the range of the CR% without affecting on the
MD%. The sampling strategies using G, LG, and SG could improve H. Meanwhile, the
C had the disadvantage of improving the RPR and VPF when the sampling scale was more
than 30%, whilst the P had the disadvantage of improving the VPV.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy12030678/s1, Table S1: The number of accessions in each
flora and species; Table S2: Comparison of the percentages for the differences between the primary
core collections and the initial collections; Table S3: Rank of the integrative score of 5 parameters
from candidate core collections. Shannon–Weaver diversity index (H), coefficient of variation (CV),
variance of phenotypic value (VPV), variance of phenotypic frequency (VPF), and ratio of phenotype
retained (RPR).
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Abstract: Miscanthus lutarioriparius has a growing area of 100,000 ha and an annual biomass produc-
tion of 1 Mt around Dongting Lake. However, due to serious soil pollution, there is a concern that the
M. lutarioriparius biomass could have high heavy metal (HM) concentrations. This necessitates inves-
tigation of biomass quality to find the appropriate end use. Thus, this study aims to investigate the
dynamics of HM elements in the M. lutarioriparius biomass and their impact on biomass quality across
different growing areas and harvest times. We analyzed the HM concentrations in soil and biomass
from 11 sites under different harvesting times (April, August and December). Results showed that
Cd in soil samples was 9.43-fold higher than the national standards. The heavily polluted soil caused
a high HM concentration in the biomass and the accumulation increased with the delayed harvest.
The fresh young shoots in April met the food limitation for Cd and Cr, whereas Pb concentration was
slightly higher than the threshold limit. The mature biomass from the southern part had higher Mn,
Cd and Pb, but lower Cu, Zn and Cr concentrations than that from the eastern part. These results
can provide guidance for guaranteeing the consistent quality of the M. lutarioriparius biomass for
bio-based industry.

Keywords: biomass quality; eco-industrial crop; heavy metal; Miscanthus; phytoremediation; wetland
plant

1. Introduction

Dongting Lake, the second largest freshwater lake in China, plays a vital role in main-
taining the ecosystem functioning of the Yangtze River Basin. This is mainly achieved
through supporting the wild Miscanthus lutarioriparius community with an area of approxi-
mately 100,000 ha [1]. M. lutarioriparius is a perennial herbaceous plant characterized by tall
stems, high biomass yield and extensive belowground systems [2]. The developed rhizome
network can reduce soil erosion and simultaneously adsorb and accumulate contaminants
from soil or water [3,4]. In addition, its high biomass can sequester a great amount of
atmospheric CO2 with a potential of approximately 100 t CO2 ha−1 annually [5]. The
tall stems provide an ideal shield for wild animals, indicating a biodiversity-increasing
potential. Moreover, the M. lutarioriparius community also supports the biomass-based
industry in the Dongting Lake region through production of 1 Mt cellulose-rich biomass.
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Since the 1950s, this biomass feedstock has been used to produce pulp [6,7]. However,
due to the serious water pollution concerns associated with the paper mills, almost all the
paper-making plants have been closed by the Hunan provincial government since 2019.
At present, there are still no appropriate alternate pathways identified for the commercial
utilization of the Miscanthus biomass. With the closure of paper mills and lack of industrial
demand, management practices and harvesting of the M. lutarioriparius biomass has been
almost abandoned. Thus, there is an increasing concern that the unharvested plants will
cause a series of ecological problems such as water eutrophication caused by the leaching
of nutrients and an increasing risk of wildfire causing negative impacts on biodiversity. The
aforementioned issues indicate that harvesting and commercial utilization of the biomass
are the key management measures to preserve the M. lutarioriparius community and the
Dongting Lake wetland ecosystem [4].

Compared to the most prevalent herbaceous plant species, the biomass of M. lutariori-
parius is characterized with high contents of lignin (132 g kg−1) and cellulous (620 g kg−1)
and a low content of ash (84 g kg−1) [8]. These biomass components can be utilized to
produce a wide range of biobased products such as biofuel [9], light-weight concrete [10],
biochar and mushroom growth substrate [1], etc. Of all these utilization possibilities,
biochar production and use as growth substrate for mushroom and bio-fertilizer are mainly
recommended because of the availability of well-established methods and matured tech-
nology. In the short term, these utilization pathways can immediately accommodate huge
quantities of available unharvested Miscanthus biomass and address the aforementioned
imminent ecological challenge. Furthermore, the young shoots of M. lutarioriparius har-
vested in early spring can be used to produce pickles. The production of pickled shoots
has reached approximately 20,000 t with production values of about CNY0.5 billion [2],
which can also contribute toward overcoming the ecological problem and maintaining the
ecosystem functioning.

The main water sources of the Dongting Lake are the Xiangjiang River, Yuanshui River,
Zishui River and Lishui River [11], which flow through the main mining area of Hunan.
Consequently, the water and soil around Dongting Lake are contaminated by heavy metal
(HM) elements such as Cd, Cu, Mn, Zn, Cr and Pb [3,11]. The miscanthus species, especially
Miscanthus floridulus, is known for their high HM adsorption and accumulation capabilities
and is considered as a promising candidate plant for phytoremediation [12]. From this, it
can be deducted that the M. lutarioriparius biomass from Dongting Lake is contaminated
by the HM elements. Currently, M. lutarioriparius-based bioproducts (e.g., biochar-based
fertilizer, pickles and mushroom growth substrate) are mainly used in agriculture and food
production. Therefore, there is a growing concern about the safety of these bioproducts,
especially their impact on food safety. This is also the main barrier in the development and
expansion of bio-based industries.

M. lutarioriparius is a perennial herbaceous plant with three main growth phases,
including seedling, mature and senescence. There are differences in the ability to bio-
accumulate HM elements by the plant organs [3]. However, it is still unclear how they
vary and what determines the uptake of HM elements in M. lutarioriparius over different
growing phases. In addition, M. lutarioriparius is a plant with a nutrients re-translocation
ability at the end of the growth [13]. It is still not known if HM elements in the leaves
and stems also return back into the underground organs or not. The aim of this study is
to investigate the dynamics of HM elements in the M. lutarioriparius biomass and their
impact on biomass quality across different growing areas and harvest times. Based on the
outcomes of this study, recommendations will be formulated to ensure the efficient and
safe use of the M. lutarioriparius biomass around the Dongting Lake area.

2. Materials and Methods

2.1. Study Area and Sampling Strategy

The total water-flooded area in the Dongting Lake region (28◦38’–29◦45’ N, 111◦40’–
113◦10’ E) is approximately 20,000 km2 during the wet season (from April to September),
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whereas during the dry season (from November to next March) it shrinks to 16,400 km2.
This region is characterized by a subtropical monsoon climate with a mean annual tem-
perature of 17 ◦C and precipitation of 1200–1400 mm. The study area was comprised of
11 sampling sites evenly distributed across the whole Dongting Lake region as shown in
Figure 1. There are six sampling sites locating in the southern Dongting Lake (S1–S6) and
five in the eastern Dongting Lake (S7–S11). Each sampling site was comprised of evenly
distributed areas of more than 1 ha of M. lutarioriparius.

 

Figure 1. Location of the 11 in situ sampling sites within the Dongting Lake area.

Plant and soil sampling were conducted in 2018 at three different harvest times
(3–8 April, 20–25 August and 15–20 December). Prior to the sampling, three 1 × 1 m
quadrats were randomly selected at each site. The distance between each sampling quadrat
was set to be more than 100 m. For each sampling, all the aboveground plants within
the quadrat were harvested and weighed; then stems and leaves were separated; the
belowground rhizomes and roots within the depth of 0–30 cm were collected, washed and
weighed. About 500 g of fresh stems, leaves and underground organs (rhizomes and roots
together) were collected and then taken to the laboratory for biomass yield determination
and quality analysis. Afterward, all the plant samples were oven-dried at 80 ◦C until
constant weight [8] and then milled to a powder (100 mesh) for the HM concentration
determination. For soil sampling, five points were randomly selected within each sampling
quadrat by following the “S”-shape principle. Five soil cores (0–30 cm) within the quadrat
were mixed thoroughly to prepare a composite sample (approximately 500 g) and taken to
the laboratory. The soil samples were air dried and then ground to pass through a 100-mesh
sieve for the soil chemical analysis and HM concentration determination.

2.2. Chemical Analysis of Soils and Plants

Soil pH and electrical conductivity were determined using a portable pH meter (Bante-
221, BANTE, Shanghai, China) and a conductivity meter (Bante-950-UK, BANTE, Shanghai,
China), respectively. The soil suspension was prepared at soil: distilled water (w/v) of 1:2.5.
Soil organic matter (SOM) was determined by the K2Cr2O7–H2SO4 oxidation method. Soil
total nitrogen (TN) was determined using the Kjedahl method. Both total phosphorous
(TP) and available phosphorous (AP) of the soil were determined using the molybdenum
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antimony colorimeter method after samples were digested in HClO4–H2SO4 (1:10, v/v)
and extracted in NaHCO3 (0.5 mol L−1), respectively. Soil total potassium (TK) and
available potassium (AK) were determined using the flame photometry method after soil
samples were digested in HClO4–H2SO4 (1:10, v/v) and extracted in NH4OAc (1.0 mol L−1).
Plant and soil samples were digested by HClO4/HNO3 (1:4, v/v) and HCl/HNO3 (1:3,
v/v), respectively. The concentrations of Cu, Mn and Zn were determined by a flame
atomic absorption spectrometer (TAS-A3, PERSEE, Beijing, China) with air-acetylene, while
concentrations of Cd, Cr and Pb were determined by an inductively coupled plasma
spectrometer (ICAP-7200, Thermo Fisher Scientific, Waltham, MA, USA). The procedures
of soil and plant chemical analysis followed in this study are described in detail by Bao [14].

2.3. Data Analysis

The bioaccumulation factor (BF) is used to evaluate capability to absorb a specific HM
element from soils by a plant [15,16], while the translocation factor (TF) is a measure of the
internal mobility of a given HM element across plant organs [17]. They are calculated by
the following equations:

BF = Cunderground/Csoil (1)

TFstem/underground = Cstem/Cunderground (2)

TFleaf/underground = Cleaf/Cunderground (3)

TFleaf/stem = Cleaf/Cstem (4)

where Csoil, Cstem, Cleaf and Cunderground are the concentrations (mg kg−1 DW) of a given HM
element in soils, stems, leaves and underground organs (rhizomes and roots), respectively.

For each HM element, its total amount of element bioaccumulation (TAB) by each
plant part (stem, leaf, rhizome and root) was calculated based on the following Equation (5):

TABHM =
organ=3

∑ BWorgan × Corgan (5)

where BWorgan is the dry weight of the stems, leaves and underground organs (rhizomes
and roots), which was calculated based on fresh weight and their corresponding water
content; Corgan is the HM concentrations in the corresponding organs of stems, leaves and
underground organs.

The statistical analysis was based on log-transformed data. A one-way ANOVA
followed by pairwise t-tests was used to assess the effects of sampling location on soil
chemical properties and HM concentrations. The significances of variance in terms of
HM concentration in biomass among different sampling months and plant organs were
determined using a one-way ANOVA followed by Duncan’s post hoc test. The significances
of variation in terms of soil chemical properties, HM concentrations in soils and biomass
among different sampling months, sites and plant organs were evaluated using a two-
way ANOVA. Pearson’s coefficient analysis was used to reveal relationships between
soil chemical properties and HM absorption-translocation capability and changes of HM
concentrations in plant organs over growing seasons. Statistical analysis was performed
using the statistical software IBM SPSS Version 22.0 (IBM, Armonk, NY, USA).

3. Results

3.1. Variation in Soil Chemical Properties and HM Concentrations across 11 Sampling Sites within
the Dongting Lake Region

Results presented in Table 1 showed the variation in soil chemical properties and
HM concentrations among the 11 sampling sites. The data supported that there was
less variation in soil chemical properties than HM concentrations. The average variation
coefficient of the eight soil chemical properties was 38.93% (10.68–69.82%), while it was
43.41% (22.18–95.17%) of the HM concentrations. Of the eight soil chemical properties,
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different sites had significant differences in terms of TN (p = 0.001), TP (p = 0.047), AP
(p = 0.026), AK (p = 0.023) and SOM (p = 0.016). There was a general trend that the sites in
the southern Dongting were characterized to have higher TN (0.10 vs. 0.06%), TP (0.07 vs.
0.06%), AP (26.67 vs. 16.99 mg kg−1), AK (172.55 vs. 112.17 mg kg−1) and SOM (2.72 vs.
2.11%) than that in the eastern Dongting. This trend was stable across different sampling
months as indicated by the nonsignificant (p > 0.05) effect of ‘Month’ and the interaction of
‘Month × Site’. Also, the southern Dongting sites generally had more serious HM pollution
problems than the eastern Dongting sites. For example, the average Mn concentration of the
southern Dongting sites (368.38 mg kg−1) was 1.63-fold higher (p = 0.001) than that of the
eastern Dongting sites (226.65 mg kg−1). The significant differences between sampling sites
in terms of Zn, Cd, Cr and Pb concentrations were recorded as indicated by their p values of
<0.001. The variation coefficient of soil Cd concentration was the highest (95.17%), followed
by soil Mn (37.89%), Cu (36.58%), Pb (34.47%), Cr (23.56%) and Zn (22.18%). Soil from
Dongting Lake had 9.43-fold higher concentration of Cd than the national standards of
China (GB15618-2018) for HM contamination. Although soil Cu concentration was still
high in the southern Dongting sites, these differences were not significant (p = 0.346). The
above results analysis suggest that the southern Dongting area is characterized by more
fertile and seriously polluted soil than the eastern Dongting area.

Table 1. Soil chemical properties and heavy metal concentrations in the study area.

Parameter a

Location b Statistic Sources of Variance in ANOVA (p-Value)

Southern
Dongting

Eastern
Dongting

Mean
Variation

Coefficient
(%)

Month Site
Month ×

Site

Chemical
properties

pH 7.34 7.62 7.47 10.68 0.106 0.350 0.131
EC (μs cm−1) 425.83 367.89 399.49 36.63 0.961 0.487 0.994

TN (%) 0.10A 0.06B 0.08 37.70 0.984 0.001 0.997
TP (%) 0.07a 0.06b 0.06 28.45 0.668 0.047 0.378
TK (%) 1.12 1.05 1.09 34.24 0.397 0.435 0.826

AP (mg kg−1) 26.67a 16.99b 22.27 69.82 0.993 0.026 0.680
AK (mg kg−1) 172.55a 112.17b 145.11 61.03 0.341 0.023 0.340

SOM (%) 2.72a 2.11b 2.44 32.85 0.339 0.016 0.094

Heavy metal
concentra-

tion
(mg kg−1)

Cu 32.14 29.94 31.14 36.58 0.995 0.346 0.995
Mn 368.38A 226.65B 303.96 37.89 0.998 0.001 0.997
Zn 190.77A 141.44B 168.35 22.18 0.882 <0.001 0.867
Cd 4.06A 1.37B 2.83 95.17 0.715 <0.001 0.903
Cr 78.00A 57.89B 68.86 23.56 0.997 <0.001 0.999
Pb 78.87A 51.21B 66.30 45.10 0.245 <0.001 0.730

a pH—soil pH; EC—soil electrical conductivity; TN—soil total nitrogen content; TP—soil total phosphorous
content; TK—soil total potassium content; AP—soil available phosphorous content; AK—soil available potassium
content; SOM—soil organic matter content. b Values are means of three sampling times (April, August and
December) in 2018. Different lowercase and uppercase letters within the same row indicate significant differences
at p < 0.05 and at p < 0.01 for the same indicators, respectively.

3.2. Seasonal Changes in HM Concentrations in Different Plant Organs

The pattern of the HM concentrations in the plant organs over the growing season
was complex and varied for each HM element (Figure 2). Except for Zn and Pb, there was a
general trend that HM concentrations in the underground organs decreased toward the
end of the growing season. This was particularly true for Mn (Figure 2d) with significant
changes in concentrations in the underground organs. However, a general opposite trend of
dynamics through the growing seasons was observed for the HM concentrations in leaves
and stems. This was especially true for Mn (Figure 2d) and Zn (Figure 2f) with a significant
decrease in stems and a significant increase in leaves over the growing season. For example,
the Mn concentrations in stems in April (49.66 mg kg−1) were 33.7% and 49.7%, higher
than that in August (32.91 mg kg−1) and December (25.00 mg kg−1), respectively. The
Mn concentrations in leaves increased from 34.24 mg kg−1 in April to 39.74 mg kg−1 in
August and then finally reached to 75.97 mg kg−1 in December. At the end of growth
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(December), there was a significant increase in the HM concentrations in leaves, especially
for Cd (Figure 2b), Mn (Figure 2d), Pb (Figure 2e) and Zn (Figure 2f).

Figure 2. Seasonal changes of heavy metal concentrations in the underground organs, stems and
leaves. M and O and represent sampling months and plant organs. Bars indicate standard errors of
means. Different English letters indicate significant differences among the three sampling months
at p < 0.05. Different Greek letters indicate significant differences among the underground organs,
stems and leaves at p < 0.05.

April is the harvest time of aboveground young shoots for pickle production and De-
cember is the harvest time for mature biomass (Table 2). Based on dry weight, young shoots
from only two sites (S5 = 0.05 mg kg−1, S9 = 0.04 mg kg−1) met the food safety standard
(<0.05 mg kg−1) of China (GB 2762–2017) for Cd concentration (Table 2). Furthermore, the
young shoots in all sites had two- to fourfold higher Cr concentrations (0.84–1.78 mg kg−1)
and nine- to nineteenfold higher Pb concentrations (0.86–1.85 mg kg−1) than the standard
limitation (0.5 mg kg−1 for Cr, 0.1 mg kg−1 for Pb) (Table 2). The young shoots harvested
during April are generally used to produce pickles or eaten freshly. Therefore, it is more
practical to assess the quality of the April-harvested biomass based on the fresh weight in-
stead of dry weight. Based on the fresh weight (converted by 85% water content), the young
shoots from all the sampling sites met the food safety standards for Cd and Cr, but not for
Pb. The fresh young shoots had varied Pb concentrations (0.13–0.28 mg kg−1), which was
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still one- to threefold higher than the standard limits. For the mature biomass harvested
in December, the concentrations of different HM elements were shown in a descending
order as Mn (36.32 mg kg−1), Zn (27.89 mg kg−1), Cu (4.92 mg kg−1), Pb (3.18 mg kg−1), Cr
(2.74 mg kg−1) and Cd (0.22 mg kg−1) (Table 2). In comparison with eastern Dongting Lake,
the mature biomass in southern Dongting Lake was generally characterized to have higher
Mn, Cd and Pb concentrations (Table 2). For example, the average Mn concentration in the
harvested biomass was 40.73 mg kg−1 in southern Dongting Lake, which was 21.7% higher
than that of eastern Dongting Lake (31.91 mg kg−1). In addition, the produced biomass
in southern Dongting Lake had a higher Cd concentration than that of eastern Dongting
Lake by 9.1% (0.22 vs. 0.2 mg kg−1) (Table 2). The average Pb concentration (3.21 mg kg−1)
in the harvested biomass from southern Dongting Lake was slightly higher (1.6%) than
that in eastern Dongting Lake (3.16 mg kg−1) (Table 2). A different trend was found in
terms of Cu, Zn and Cr concentrations. In particular, biomass in eastern Dongting Lake
had higher Cu, Zn and Cr concentrations than that in southern Dongting Lake by 28.1%
(5.73 vs. 4.12 mg kg−1), 6.9% (28.89 vs. 26.89 mg kg−1) and 35.2% (3.32 vs. 2.15 mg kg−1),
respectively (Table 2).

Table 2. Heavy metal concentration of the April-harvested stems and December-harvested above-
ground biomass (stems and leaves together) across the 11 sampling sites.

Sampling Sites
April (mg kg−1) December (mg kg−1)

Cu Mn Zn Cd Cr Pb Cu Mn Zn Cd Cr Pb

S1 7.64 28.36 37.09 0.13 1.20 1.13 4.02 38.15 33.58 0.26 1.45 3.34
S2 7.82 92.72 45.80 0.12 0.84 0.95 3.55 56.29 31.87 0.17 1.53 3.43
S3 10.96 76.75 62.50 0.31 1.46 1.02 3.80 42.13 26.72 0.36 4.77 2.93
S4 11.13 42.29 46.74 0.07 0.91 0.91 4.62 13.13 15.33 0.12 1.71 2.48
S5 10.84 29.28 49.88 0.05 1.14 0.86 3.87 43.66 19.66 0.12 1.52 2.49
S6 10.95 42.70 50.36 0.09 1.49 1.20 4.85 51.02 34.17 0.33 1.94 4.58
S7 n/a n/a n/a n/a n/a n/a 4.59 35.33 17.35 n/a n/a n/a
S8 12.25 50.12 54.58 0.09 1.29 1.85 5.15 46.10 33.10 0.12 1.73 2.89
S9 7.69 60.44 26.37 0.04 1.25 1.38 5.05 22.07 14.99 0.14 7.85 2.81

S10 13.06 22.85 44.61 0.13 1.78 1.65 5.06 31.15 20.95 0.19 1.95 3.55
S11 14.13 51.08 60.86 0.08 1.17 1.03 8.78 24.92 58.08 0.38 1.74 3.38

Southern Dongting 9.89 52.02 48.73 0.13 1.17 1.01 4.12 40.73 26.89 0.22 2.15 3.21
Eastern Dongting 11.78 46.12 46.61 0.09 1.37 1.48 5.73 31.91 28.89 0.20 3.32 3.16

Overall mean 10.65 49.66 47.88 0.11 1.25 1.20 4.92 36.32 27.89 0.21 2.74 3.18

Note: n/a represents the data unavailable because of the missing samplings. Southern Dongting includes
sampling sites S1–S6 and eastern Dongting includes sampling sites S7–S11.

3.3. Adsorption and Translocation Characteristics of HM Elements in Different Organs

The average TF values of all HM elements were higher than that of BF during the
whole growth season (Figure 3). Among the three sampling dates, the BFunderground/soil
value of Cu was higher than that of the other HM elements (Figure 3a). It is particularly
true for the BFunderground/soil value (0.32) of Cu in April, suggesting a strong Cu absorption
ability of the underground organs during this time period. The BFunderground/soil value
of Pb (0.016–0.037) was always the lowest among all the HM elements. For all the HM
elements except Cu, no variations were observed between different sampling dates in terms
of the BFunderground/soil value. More HM elements absorbed by the underground organs
were transformed to leaves than stems. In April, a higher TFleaf/underground value (Figure 3c)
was observed for the most HM elements than the TFstem/underground value (Figure 3b).
For example, the TFleaf/underground values for Pb, Cu, Cd and Cr in April reached to 5.46,
1.16, 1.04 and 0.76, respectively, whereas values for TFstem/underground were 1.82, 1.15, 0.56
and 0.17, respectively. Toward the end of the growing season, more HM elements were
transformed to leaves than stems. The average TFleaf/underground value for all the HM
elements was 2.36, whereas for the TFstem/underground it was only 1.13. At the end of the
growing season (December), the highest TFleaf/stem value (10.16) for Pb was recorded.
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Figure 3. The bioaccumulation factor (BF) and translocation factor (TF) in the different parts (under-
ground organs, stems and leaves) of Miscanthus lutarioriparius for Cu, Mn, Zn, Cd, Cr and Pb across
different sampling time. Bars indicate standard errors of means.

3.4. Factors Contributing to the Variation in HM Absorption and Translocation Capabilities of
M. lutarioriparius

Pearson’s analysis results presented the contributions of soil chemical properties and
HM absorption-translocation capability on the changes in HM concentrations in different
plant organs over different harvest times (Figure 4). For the effects of the initial soil HM
concentrations, the Cd concentrations in the underground organs were positively correlated
with the soil Zn (r = 0.62, p < 0.01), Cd (r = 0.72, p < 0.001) and Cr (r = 0.50, p < 0.05) concen-
trations. The Mn and Pb concentrations in the underground organs positively (r = 0.56–0.60,
p < 0.05) correlated to soil Cd concentration. The Mn, Zn, Cr and Pb concentrations in the
underground organs were also found to be positively (r = 0.52–0.88, p < 0.05) associated
with their bioaccumulation factors. However, to assess the contribution of the translocation
factor, the Mn, Cd, Cr and Pb concentrations in the underground organs were negatively
(r = 0.65–0.73, p < 0.01) correlated with the TFleaf/underground of the corresponding HM
elements. The Cu, Mn, Zn, Cr and Pb concentrations in stems were positively (r = 0.53–0.91,
p < 0.05) associated with the TFstem/underground of the corresponding HM elements. The
concentrations of the HM elements except Pb in stems showed negative (r = 0.70–0.81,
p < 0.001) relationships with the TFleaf/stem of the corresponding HM elements. The Mn,
Zn, Cr and Pb concentrations in leaves were positively correlated with the translocation
capability of the corresponding HM elements from the underground organs (r = 0.60–0.78,
p < 0.01) and stems (r = 0.53–0.87, p < 0.05) to leaves. Furthermore, the Zn and Cd con-
centrations in leaves were positively correlated with the translocation capability of Mn
(r = 0.62–0.71, p < 0.01) and Pb (r = 0.73–0.79, p < 0.001) from stems to leaves.
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Figure 4. Pearson’s coefficient analysis of heavy metal concentrations in different plant organs, soil
chemical properties and heavy metal absorption-translocation capability. The first letters of the
vertical axis indicate: ‘l’ represent plant leaves, ‘s’ indicates stems and ‘u’ for underground organs
followed by the chemical symbol of each heavy metal. In the horizontal axis, pH—soil pH; EC—soil
electrical conductivity; TN—soil total nitrogen; TP—soil total phosphorous; TK—soil total potassium;
AP—soil available phosphorous; AK—soil available potassium; SOM—soil organic matter. Moreover,
the indicators of “BF + heavy metal chemical symbol” represent the bioaccumulation factor of the
corresponding heavy metal. TFSUCu, TFSUMn, TFSUZn, TFSUCd, TFSUCr and TFSUPb represent
translocation factor for Cu, Mn, Zn, Cd, Cr and Pb from underground organs to stems, respectively.
It is same for TFLUCu, TFLUMn, TFLUZn, TFLUCd, TFLUCr, TFLUPb, TFLSCu, TFLSMn, TFLSZn,
TFLSCd, TFLSCr and TFLSPb, where LU and LS represent translocation from the underground organs
to leaves, and stems to leaves, respectively. Asterisks indicate significance: * p < 0.05, ** p < 0.01,
*** p < 0.001.

4. Discussion

4.1. Factors Affecting the Seasonal Dynamics of HM Concentrations in M. lutarioriparius Biomass

Miscanthus, a rhizomatous perennial herbal species, is characterized by the translo-
cation of nutrients back to rhizomes before harvest to be used in next growth season [2].
Cu, Mn and Zn, as micro-nutrients, participate in plant growth and metabolism [17]. This
can explain that why more Cu, Mn and Zn were transferred from the underground organs
to stems and leaves at the seedling stage (Figure 2). For a compartmentalization tolerance
strategy [16], nonessential phytotoxic elements Cd and Cr were mainly stored in the under-
ground organs (rhizomes and roots) (Figure 2) and enabled M. lutarioriparius to tolerate
a high level of HM contamination. During the growth season, substantial amounts of
essential nutrients are consistently taken up by the plant for photosynthesis, growth and
reproduction [13], which lead to a co-transfer of HM elements to aboveground organs [18].
At the end of the growth season, unlike the macro-nutrients of N, P and K, the HM elements
(especially for Zn, Mn, Cd and Pb) in the aboveground were not re-transferred to the un-
derground but accumulated in leaves of M. lutarioriparius (Figure 2). These HM elements in
leaves may be stored in the cell wall structure and retained by secondary metabolites [19].

The outcomes of correlation analysis between soil HM concentration and plant HM
tolerance ability indicate that there is no consistent trend. A few studies have reported that
soil HM concentration is positively correlated with the HM uptake amount by miscanthus
plants [20,21]. The difference in genetic make-up could be the leading factor in terms
of defining the ability to absorb, accumulate and tolerate. In the present study, the Cd
concentrations in the underground organs were positively correlated with the soil Cd
concentration (Figure 4). Previous studies indicated that HM elements might be co-taken
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with other essential elements [18,22]. In contrast with this, our results showed that HM
uptake by M. lutarioriparius had no significant correlations with soil nutrients, but sig-
nificantly correlated to other soil HM elements (Figure 4). For example, the Mn and Pb
concentrations in the underground organs positively correlated to the soil Cd concentration
and the Cd concentrations in the underground organs positively correlated with the soil Zn
and Cr concentrations. Overall, the uptake of a specific HM element by the underground
organs of M. lutarioriparius can be promoted by other HM elements. More HM elements
are transferred and stored in the leaves during the whole growth season.

4.2. Recommendations for the Utilization of M. lutarioriparius Biomass Based on the Seasonal
Dynamics of HM Concentrations

In our study, the sampling sites suffer different extents of HM contamination. Most
sampling sites have high soil HM concentrations by exceeding the sediment background
values, which is consistent with most previous studies [23–25]. High translocation potential
from the underground to the aboveground organs would pose serious food safety risk
and also negatively affect other industrial applications. At the seedling phase (in April),
there were relatively high stem–underground translocation potentials for Cd, Cr and
Pb (Figure 3), which would increase their concentrations in plant shoots (Figure 2 and
Table 2) and consequently influence pickle quality. For pickled shoot manufacturing,
the Pb concentrations in fresh young stems across the sampling Dongting Lake areas
slightly exceeded the limitation set by the food safety standard of China (GB 2762–2017).
The young shoots are generally comprised of sheath and unelongated stems. For pickle
production, only the unelongated stems are used. It is evident from the literature that a
high HM concentration is observed in sheaths [26]. This indicates that the young shoots
with slightly excessive Pb can still be used for pickle processing. The processed sheath and
substandard young shoots can be used as superior raw materials for silage production,
according to the China Hygienical Standard for Feed GB13078-2017 (1, 30 and 5 mg kg−1

set limitations for Cd, Pb and Cr, respectively). The mature M. lutarioriparius biomass
produced in Dongting Lake can be used for biogas production because of its high cellulose
content [7] and the biogas residues with HM elements can be further processed safely
as biofertilizers [15]. According to the current standards for fertilizers NY/T 3618-2020,
permissible values for Cd, Pb and Cr are 3, 50 and 150 mg kg−1, respectively. The M.
lutarioriparius biomass produced within the Dongting Lake area is safe to be exploited to
produce biofertilizers [6,27]. However, one must be careful not to exploit such contaminated
biomass as substrate for mushroom cultivation because edible fungi have a high ability to
absorb HM elements, which can consequently pose serious health risks [28]. As no HM
elements in the aboveground organs were transferred back to the underground organs
of M. lutarioriparius at the end of growth (Figure 2), this suggests that a delayed harvest
will not improve the biomass quality in terms of HM contents. In addition, the delayed
harvest will reduce the biomass yield because of the foliage falling [13]. For these reasons,
the optimal harvest time for M. lutarioriparius in Dongting Lake is in August because of the
high biomass yield and relatively low HM contents.

4.3. Potential Ecological Risks Posed by the Unharvested M. lutarioriparius Biomass around the
Dongting Lake

Although M. lutarioriparius is not a hyperaccumulator, a great amount of HM elements
is removed annually by the aerial shoots with the harvested biomass. It is estimated that
2.02–2.64 × 104 kg Cu, 1.54–1.77 × 105 kg Mn, 1.02–1.19 × 105 kg Zn, 0.56–0.84 × 103 kg Cd,
0.79–1.05 × 104 kg Cr and 0.62–1.24 × 104 kg Pb can be absorbed by the plants annually
and removed from the soil (Table S1). These potentials are achieved by harvesting the M.
lutarioriparius biomass and using it to produce bio-products (mainly making paper during
last decades). However, since 2019, all the paper mills around Dongting Lake were closed
because of the concerns that they are obstacles to improving the water quality of Dongting
Lake. With the shutdown of the paper mills and a lack of cost-effective and environmentally
friendly techniques, M. lutarioriparius biomass utilization is impeded. In addition, during
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recent years, a lack of management practices and harvesting of the M. lutarioriparius
biomass have posed serious ecological threats, such as water eutrophication risks [29]. The
unharvested biomass would submerge into the water and become a source of soil and water
contamination from decomposition and the leaching of biomass constituents. In addition,
carbon sequestered by the M. lutarioriparius biomass would be released into the atmosphere
in the form of greenhouse gases (CO2 and CH4) because of microbial decomposition
under aerobic and anaerobic conditions, consequently reducing the carbon sequestration
potential of the Dongting Lake wetland ecosystem [30,31]. Dead plant biomass releases
large amounts of dissolved organic resources into waters and affects microbial communities’
diversity [32]. From this it can be concluded that the unharvested M. lutarioriparius biomass
will induce a series of ecological issues in the Dongting Lake wetland. Thus, cost-effective
and environmentally friendly techniques are needed to expand the applications of the
miscanthus biomass.

5. Conclusions

Across the Dongting Lake area, the soil is facing a severe Cd contamination problem.
The heavily polluted soil finally results in a high HM concentration of the M. lutarioriparius
biomass. The HM concentrations in the aboveground organs, except Mn and Zn in stems,
do not reduce but keep increasing with the ongoing growing season. This is particularly
true for the HM concentrations in leaves. The young shoots harvested in April can meet
the food safety standard limitation of Cd and Cr, but not Pb. For the mature biomass
harvested in December, the concentrations of different kinds of HM elements show in a
descending order as Mn, Zn, Cu, Pb, Cr and Cd. For differences between southern and
eastern Dongting Lake, the mature biomass from the southern part generally has higher
Mn, Cd and Pb, but lower Cu, Zn and Cr concentrations than that from the eastern part.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy12051188/s1, Table S1: Average amounts of heavy metal bioaccumulated by
M. lutarioriparius at different harvest time.
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Abstract: Sida hermaphrodita (L.) Rusby is a promising perennial biomass crop to provide sustainable
bioenergy via combustion. This study investigated cultivation practices for Sida hermaphrodita (L.)
Rusby on light soils in temperate climates. Therefore, two cultivation factors were varied over
8 years in a field trial: (i) fertilization with compost from urban green spaces (0, 10 and 20 t ha−1),
and (ii) seeding amount (1, 2 and 3 kg ha−1). Compost fertilization and high seeding amount
contributed to an increase in the number and height of Sida shoots while their thickness decreased.
The applied compost fertilization increased the dry matter yield (DMY) of the plants by 24.9% and
50.7%, respectively, in all experimental years compared to the control. Compared to the lowest
seeding rate, increasing the seeding rate to 2 and 3 kg ha−1 increased the DMY by 35.0% and 71.6%,
respectively. Thus, the highest energy value of DMY of Sida hermaphrodita plants per unit area was
also obtained for combining the highest organic compost fertilization and seeding strength. From
this, it can be deduced that on light soils, it does not seem reasonable to choose a compost fertilizer
rate below 20 kg ha−1 and a seeding amount below 3 kg ha−1.

Keywords: bioenergy; biomass yield; low-input cultivation; perennial crop; sustainable agricultural
intensification

1. Introduction

The growing demand for energy and the need to protect the environment and the
independence of man from the effects of limited resources of fossil fuels means that in the
energy development strategies of many countries, especially the European Union, despite
numerous discussions on economic profitability, more and more emphasis is placed on
obtaining energy from renewable sources [1–3]. Obtaining energy in this way, according to
many authors [4–9], results in increasing the energy security of a region (especially areas
with underdeveloped energy infrastructure), the reduction of greenhouse gas emissions,
gradual replacement of conventional fuels with renewable energy sources, revitalisation of
the rural economy and economic recovery by creating new jobs and new technologies.

In Poland, due to the favourable climate and good geographical location and habitat
conditions, biomass is considered as one of the essential components of future supplies
for the bioeconomy [9–11]. In Poland, biomass for energy originates mainly from forest
residues and the wood industry [12]. The continuous increases in energy demand and
the implementation of EU commitments necessitate obtaining it from specially cultivated
plants [12,13].

So far, the most popular among growers are perennial plants such as willow (Salix
viminalis), poplar (Populus L.), sugar miscanthus (Miscanthus sacchariflorus) and giant mis-
canthus (Miscanthus × giganteus), as well as species containing sufficient amounts of oil
and carbohydrates necessary to obtain energy carriers [14,15]. Little attention is paid to the
cultivation of Virginia fanpetals (hereafter referred to as Sida) which can be established by
sowing (most species introduced into Poland must be planted from prepared cuttings) and
the use of compost from a waste of green areas for cultivating them as fertilizer. Currently,
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Sida is grown in Central Europe, mainly in experiments in research centres and universi-
ties, and small areas for production purpose are found in Austria, Romania, Lithuania,
and Hungary, as well as in Poland (approximately 300 ha) and Germany—approximately
100–150 ha [14,16].

Sida develops an extensive root system allowing access to water and nutrients and
grows well on light soils (marginal lands) [8,10,17,18]. Sida’s biomass dry matter yields
(DMYs) vary between 9 t ha−1 on light soils and 25 t ha−1 on rich soils [16,17]. Energy
crops should be located on poor-quality soils to avoid competition with food production.
In such conditions, biomass DMYs range from 10 t ha−1 to 12 t ha−1 [16,19–21] after
the first two years of growth in various mineral fertilization variants. Generally, plants
respond well to nitrogen fertilization, which significantly increases biomass yield, while
phosphorus fertilization promotes better stem formation and yield, especially in poor
soils [22,23]. Biomass dry matter production of Sida depends on several factors: soil quality,
climatic conditions, cultivation, fertilization, plant density and establishment method
(seeds, seedlings, root cuttings) [16,22]. Sowing seeds is the most cost-efficient method
for growing Sida but the germination rate can be very low (even 5–15%) and slow. This
unpredictable germination rate can cause weed growth and low biomass yield [16,21,22]. A
useful number of seeds for Sida plantation establishment is considered to be approximately
200,000–300,000 seeds per hectare or 1 kg ha−1 [21,22]. As Cumplido-Marin [22] indicated
on the basis of her research review, the number of seeds used ranged from 1.5 to even
9 kg ha−1, and usually, a higher seedling amount results in higher yields. Seed preparation
methods such as extension of the storage period, scarification of seeds, or pretreatment in
hot water is used to increase the germination rate up to 90% [16,21,22]. In the case of energy
crops grown in marginal soils (light soils), fertilization can substantially increase biomass
DMY [19]. Research indicates that Sida is efficiently applicable using the nutrients from
alternative sources such as sewage sludge [24], sludge compost [25], and digestates from
anaerobic digestion [17,23,26,27]. Research conducted in Germany by Veste et al. [28] and in
Poland by Ociepa-Kubicka and Pachura [29] on the influence of differentiated fertilization
on the DMY of Sida indicates the possibility of using a combination of different doses
of compost and mineral fertilization, which significantly influences the increase in DMY.
However, few studies report a period longer than four years of cultivation of Sida, which is
vital for plants with the highest DMY after the second year of use and alternative sources
of nutrients in the fertilization of poor-quality soils intended for energy crops.

The work aimed to determine the effect of organic fertilization with urban green
compost and mineral NPK fertilization on the DMY of Sida cultivated under varying sowing
densities for energy purposes in light soil conditions. The underlying research question was
whether the establishment via sowing is suitable for cultivating Sida on light soils.

2. Materials and Methods

2.1. Study Site and Experimental Design

A Sida field trial was established in the West Pomeranian region of Poland, in Lipnik,
near Stargard (N 53◦20′35.8′′, E 14◦98′10.8′′), in 2009, using the random sub-block (split-
plot) method in triplicate with a single plot area of 12 m2. Sida was sown on 5 May 2009
with a row seeder with an inter-row spacing of 0.5 m in the amount assumed in the second
study factor. The seeds came from another plantation of energy crops in Poland (West
Pomeranian voivodeship), and the seed germination capacity before sowing was 49%.

The soil in the experiment was made of loamy sand, and, according to the WRB,
represented Haplic Luvisols (Humic) [30].The content of total macroelement forms in
the soil before the experiment was as follows: C—8.10 g kg−1 DM, N—0.92 g kg−1 DM,
S—0.02 g kg−1 DM, P—0.45 g kg−1 DM, K—0.66 g kg−1 DM, Mg—0.91 g kg−1 DM. The
soil reaction was acid (pHKCl—5.2). The observation period ranged from years 2009 to
2016. The experiment was established in a post after oats were harvested for seeds. Before
planting, the following agrotechnical operations were carried out: post-harvest tillage and
medium ploughing. In the spring, before sowing, compost fertilization mixed with the soil
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was applied in the amount assumed in the first factor of the study. The compost was made
from waste from the care of urban greenery in Szczecin, which included: a green mass of
cut plants, leaves (of trees and shrubs), cones and other plant waste. Immediately before
sowing the plants in the first year of the experiment, mineral fertilization with phosphorus
and potassium in 80 kg ha−1 and 100 kg ha−1 was applied to all the study objects, and in the
full years of cultivation, fertilization with phosphorus and potassium was applied before
starting the plant vegetation Phosphorus was used as 19% superphosphate (phosphorus
in the form of P2O5) and potassium as 60% potassium salt (potassium in the form of
K2O). Nitrogen fertilization in the form of ammonium nitrate was used in the amount of
100 kg ha−1 (every year of cultivation) in the year of establishment in two equal doses (the
first month after sowing the plants, while the second one was used six weeks later), and in
the years of full use, once in spring, before starting the plant vegetation. The tested factors
included: factor I—compost doses: 0, 10 and 20 t ha−1 of dry matter and factor II—seeding
amount: 1, 2 and 3 kg ha−1.

2.2. Physicochemical Properties of the Compost

Basic physicochemical parameters were determined in the compost. The compost
reaction (pH in 1M KCl and in H2O) was determined potentiometrically, and the specific
electrical conductivity was performed conductometrically in a water suspension. Total
carbon, nitrogen and sulphur content were determined by means of elementary analyser
COSTECH ECS 4010. The content of macroelements (P, K, Mg, Na) and microelements
(Fe, Mn, Cr, Zn, Cd), soluble in the mixture of concentrated acids HNO3 + HClO4, was
determined by compost mineralisation in this mixture, using atomic absorption spectropho-
tometer Unicam Solaar 929. Phosphorus was obtained colorimetrically. From the analysis
of the chemical composition of the compost, it should be stated that the compost reaction
was neutral, the total carbon, total nitrogen and magnesium content was low, and phospho-
rus, potassium, sulphur, calcium, and sodium were high (Table 1). The contents of trace
elements in the compost (Cu, Fe, Mn, Cr, and Zn) did not exceed their permissible amounts
adopted in the industry standard (BN–89/9103–09).

Table 1. Physicochemical properties of the compost used in this study and total doses of minerals
brought in with compost fertilization.

Parameter
pH in

1M
KCl

pH
in

H2O

EC 1 Ctot 2 Ntot 3

C/N 4

Total Content of Elements

P K Ca Mg Na S Cu Fe Mn Cr Zn Cd

μS cm−1 g kg−1 g kg−1 mg kg−1

Value 6.78 7.08 624.10 142.01 9.52 14.93 1.95 3.54 34.973 2.91 0.34 0.74 26.39 8698.30 312.18 12.13 172.50 1.26

Total doses of minerals brought in with the compost in kg ha−1

N P K Ca Mg Na S Cu Fe Mn Cr Zn Cd

Compost doses 10 t ha−1 95.2 19.5 35.4 349.73 29.1 3.4 7.4 0.26 86.98 3.12 0.12 1.73 0.01
Compost doses 20 t ha−1 190.4 39 70.8 699.46 58.2 6.8 14.8 0.53 173.97 6.24 0.24 3.45 0.03

1 electrical conductivity, 2 total carbon, 3 total nitrogen, 4 total carbon and total nitrogen ratio.

2.3. Observations of Plant Development and Plant Harvests

During the study period, observations of plant development and growth were carried
out (Figure 1), and biometric measurements were made on 25 plants or shoots, which
included: length (cm) and thickness of shoots (mm), number of shoots on one plant (pcs)
and harvested biomass DMY (t ha−1). The length, thickness of shoots and number of
shoots per plant were carried out at the time of harvesting the plants for biomass. The
yield of green and dry matter (t ha−1) was determined on all plots. Plants for biomass were
harvested after the end of vegetation in the March of the following year of the study (i.e.,
on 24 March 2010, 1 March 2011, 8 March 2012, 6 March 2013, 11 March 2014, 5 March 2016,
9 March 2016, and 8 March 2017).
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Figure 1. Sida in various stages of development.

The energy value of dry plant matter was determined in the laboratory of the De-
partment of Environmental Management, West Pomeranian University of Technology in
Szczecin, using the KL-10 calorimeter manufactured by the Cooperative PRECYZJA from
Bydgoszcz following PN-81/G-04513 as well as the technical and operational documenta-
tion of the KL-10 automatic calorimeter.

2.4. Statistical Analysis

The obtained study results were statistically processed by applying classic analysis
of variance using the ANAWAR 5.3 software (developed by Professor Franciszek Rud-
nicki) and correlation analysis. Software ANAWAR 5.3 is used to analyse variance with
the regression of source data from agricultural experiments. It contains computational
programs for orthogonal data from single and multiple single-, double- and three-factor
experiments. It considers the experimental systems most often used in experimental agri-
cultural research. The significance of result diversity was determined by the Tukey test at
the level of p = 0.05. Using Software Statistica 12.5, multivariate analysis was performed
using principal component analysis (PCA).

2.5. Characteristics of Climatic Conditions during the Study

According to research [11,20–22], the amount of precipitation and temperature distri-
bution is one of the most critical factors modifying the development of plants and, thus,
their DMY. Meteorological data were obtained from the Agricultural Experimental Station
in Lipnik for the years 2009–2016 and 1980–2008 (Table 2), and they indicate differences in
air temperatures and the amount of precipitation during the study.

The average air temperature and the amount of atmospheric precipitation throughout
the growing season during the study years were higher than in the corresponding period
over the years (Table 2).

Within the study years, the warmest years were 2009, 2014, 2013 and 2016, in which
the average air temperature during plant growth was 14.7, 16.7, 16.4 and 15.5 ◦C, which
exceeded the average value over many years. The warmest months in 2009 were July
and August, in which the average temperature was 19.4 and 19.6 ◦C; in 2014, they were
July, August and September; in 2013, they were June and July; and in 2016, they were
May–September, in which the average temperatures were higher than the average for the
same period over many years.

In the years of the study, atmospheric precipitation was characterised by significant
differentiated distribution in individual months and years. The most considerable pre-
cipitation was observed in 2010—755.1 mm; the lowest was in 2016—473.7 mm. In 2010,
the highest rainfall was recorded during the growing season (IV–X), which was 481.1 mm;
20.0 mm less rainfall during plant vegetation was recorded in 2014, 122.1 and 109.6 mm
higher than the multiannual average for this period, respectively. The lowest rainfall
during the growing season was recorded in 2015—300.2 mm (Table 2), while the month
with the lowest rainfall was November in 2011—1.0 mm, and the highest was August in
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2010—184.4 mm. In 2015, 2016 and 2013, the sums of rainfall during the growing season
were 283.6, 304.7 and 343.8 mm, respectively, and they were significantly lower than in
2010 and lower by 75.4, 54.3, 19.7 and 15.2 mm than in the same period of many years.

Table 2. Average monthly air temperature and monthly total rainfall in the years 2009–2016.

Year

Month

I II III IV V VI VII VIII IX X XI XII
Total for
the Year

IV–X

Temperature [◦C]

Multi-year
Average −1.1 −0.3 2.8 7.4 12.7 16.0 17.6 17.2 13.3 8.8 3.8 0.4 9.6 15.0

2009 −3.1 1.5 −3.9 12.3 13.4 15.4 19.4 19.6 14.7 7.8 6.7 −0.2 12.1 14.7
2010 −5.5 −0.6 3.8 8.7 11.1 17.0 22.2 18.5 13.2 7.5 4.7 −4.7 8.0 14.0
2011 0.7 −0.9 3.9 11.9 14.3 18.2 17.7 18.3 14.9 9.5 4.1 3.9 9.7 15.0
2012 1.5 −2.3 6.3 8.8 15.5 16.2 18.6 18.1 14.5 8.7 5.1 −0.7 9.2 14.3
2013 −3.5 4.0 3.5 11.4 17.5 20.3 21.2 18.5 14.8 11.1 5.2 3.0 10.6 16.4
2014 −0.5 1.7 6.4 11.1 14.0 16.9 21.8 21.5 20.2 11.1 6.2 2.0 11.0 16.7
2015 1.1 0.0 3.9 9.7 11.9 14.5 17.6 20.1 13.0 7.3 5.6 5.3 9.2 13.4
2016 −1.2 3.2 4.2 8.9 16.9 19.2 19.4 18.2 17.1 8.8 3.9 2.7 10.1 15.5

Precipitation [mm]

Multi-year
Average 54.6 31.6 25.5 20.8 88.1 112.5 50.4 35.9 43.9 45.8 37.8 37.7 584.6 397.4

2009 19.4 49.4 53.4 16.6 70.3 60.7 61.9 58.0 45.4 82.7 46.9 32.7 597.4 395.6
2010 36.1 21.2 43.8 16.8 91.6 10.6 86.7 184.4 56.3 34.7 100.3 72.6 755.1 481.1
2011 31.0 33.4 23.9 12.5 27.9 44.8 148.5 57.7 52.2 37.9 1.0 70.8 541.6 381.5
2012 64.7 41.1 18.0 32.4 21.1 45.8 103.4 90.2 25.1 53.5 40.5 39.1 574.9 371.5
2013 54.6 31.6 25.5 20.8 88.1 112.5 50.4 35.9 43.9 45.8 37.8 37.7 584.6 397.4
2014 39.6 14.6 25.3 39.1 94.0 45.0 100.6 88.1 59.3 35.0 7.7 74.0 622.3 461.1
2015 71.0 4.9 39.3 18.3 42.6 51.3 68.0 17.8 66.1 35.8 53.2 35.3 503.9 300.2
2016 32.6 34.5 25.7 25.7 43.7 70.6 68.7 41.2 9.7 45.1 50.5 25.7 473.7 304.7

3. Results and Discussion

3.1. Plant Density

The analysis of results of plant density on the surface in full performance years was
relatively stable and was at the level obtained in the sowing year; hence, the paper presents
only their average density from the years of study (Table 3).

Table 3. Effects of seeding amount and fertilization with compost on the Sida plant density during
the years of full use (2010–2016).

Seeding Amount (kg ha−1)

Compost Fertilization (t ha−1)

Average Plant Density (Plants m−2)0 10 20

Plant Density (Plants m−2)

1 6.8 12.0 13.1 10.6
2 10.3 12.7 13.7 12.2
3 11.1 14.7 16.7 14.2

Average 9.4 13.1 14.5 12.4

LSD0.05 for: 2009–2016

Compost fertilization—I 1.46
Seeding amount—II 0.63
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It should be noted that emergence uniformity on the surface occurred at their seeding
in the amount of 3 kg of seeds per hectare, and the lowest density and the least uniformity
occurred at the objects where 1 kg of seeds was sown. This density status continued until
the last year of the study. On average, from the years of the study, the density at seeding
2 kg of seeds was higher by 15.1%, and at seeding 3 kg of seeds it was higher by 39.9%
compared to the density at objects where 1 kg of seeds was sown. The obtained plant
density was similar to that recommended by Borkowska and Styk [31]. Often, the reason for
the low plant density when establishing plantations by sowing, according to Tworkowski
et al. [32], Kurucz et al. [33] and Packa et al. [34], is the low germination capacity of seeds
in the sowing year, which results, among others, from the occurrence of “hard seeds” in
the seeding material, characterised by the presence of an impermeable seed coat for water
and gases. The density of plants planted directly into the ground was stable in the first and
subsequent years of the study. Bury et al. [11] and Tworkowski et al. [32] found results of
falling out in a significant number of plants sown into the ground in comparison planted
ones (germination capacity, preparation of seeds, rainfall in the period of emergence and
early development). The plant population of Sida should be 20–60 thousand plants per 1 ha
when grown for biomass on good soils [11,31], thus showing that higher seeding of Sida
seeds allows for higher DMY and better quality [8].

In the case of poor soils, the fertilization of the Sida crop positively affects the density
of the sown plant. Molas et al. [35] indicated that fertilization in the amount of 20 N, 20 P
and 40 K in kg ha−1 increased the plant density by more than 5 plants per 1 m2 compared
to the combination without fertilization. Therefore, the use of alternative nutrient sources
such as compost or sewage sludge can also have beneficial effects, which was confirmed by
the obtained results. The assessment of the impact of applied pre-sowing doses of compost
(0, 10 and 20 t ha−1) on plant density showed that the use of compost contributed to an
increase in the density of Sida plants by 39.4% and 54.3%, respectively, in relation to the
number of plants not fertilized with compost.

3.2. Plant Development and Morphology

Depending on the applied fertilization level and seeding amount in the first year of
the study (year of plant establishment), plants produced from 1.1 to 2.2 shoots. In the years
of full use of the plants (2010–2016), the number of shoots produced by plants was many
times higher (Table 4), which is typical of this species [11,20]. In the case of the research
of Tworkowski et al. in 2014 [32], plants sown from seeds in the first year of cultivation
with mineral fertilization had only one shoot. In the following year, the number of shoots
increased to 7, while in the case of seedlings, the number of shoots even reached 15 [36].
Research shows that in the case of plants from seedlings, more significant amounts of
plant shoots are recorded, especially in the first and second years of cultivation [11,32].
A significant increase in the number of shoots per plant under the influence of compost
fertilization was found in the subsequent years of use. On objects fertilized with compost at
10 and 20 t ha−1, the number of shoots per plant was 14.6% and 23.6% higher, respectively,
compared to the object not fertilized with the compost. Similar effects were also obtained
in the case of mineral fertilization [31].

Applied standards for Sida seeding 1, 2 and 3 kg ha−1 in the years of full use con-
tributed to a significant increase in the number of shoots on one plant. Plants produced
more shoots on objects where a higher seeding standard was used by 13.5% and 23.7%,
respectively, compared to the number of shoots produced by plants on the object with the
lowest seeding standard. The results are consistent with those obtained by Tworkowski
et al. [32], in which the number of stems on the plant grown from root cuttings and seedlings
was more remarkable than those from seed seeding.
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Table 4. Effects of seeding amount and fertilization with compost on the number of Sida shoots
during the years of full use (2010–2016).

Seeding Amount (kg ha−1)

Compost Fertilization (t ha−1)

Average0 10 20

Number of Shoots

1 7.9 9.0 9.9 8.9
2 8.9 10.4 11.1 10.1
3 9.8 11.3 12.1 11.1

Average 8.9 10.2 11.0 10.0

LSD0.05 for: 2009–2016

Compost fertilization—I 1.46
Seeding amount—II 0.63

The productivity of Sida crops and the quality of the biomass obtained for combustion
were tested by Chołuj et al. [37], Szyszlak-Bargłowicz et al. [38], Borkowska et al. [39]
Bilandžija et al. [40], and Możdżer et al. [41], who claim that the productivity and quality
depend on many factors. One of them is the morphological structure (e.g., height and
diameter of shoots) of the plant affecting the productivity of the biomass obtained. PCA
analysis (Figure 2) showed the relationship between Sida morphological parameters: plant
height, number of shoots and thickness, which modify the energy yield.

Yield
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Precip. year

Temp. year
Temp. IV-X

Precip. IV-X

Plant density

Calorific  value
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Figure 2. The principal component analysis (PCA) for Sida DMY, biometric parameters, energetic
parameters and climatic conditions.
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On objects not fertilized with compost, the average height of shoots was 249.3 cm,
while the height of Sida plants on objects fertilized with compost in the amount of 10
and 20 t ha−1 (Table 5) was not significantly differentiated: only the trend of increasing
the height of shoots was noted—by 1.5% and 2.8%. Similarly to the level of compost
fertilization, the impact of the seed sowing amount on the height of Sida shoots was shaped,
the differences between the objects were not statistically significant, and only a slight
lengthening occurred with the increase in the seeding amount. Similarly, no significant
effect of fertilization and seeding amount on the average thickness of shoots was found
(Table 6). Veste et al. [28], in the studies on the effect of fertilization with compost, indicated
an increase in the height of fertilized plants compared to the control, while in the first
year of the experiments, the plants reached the height of 120 cm, and strong effects were
also obtained in the fertilization with digestate [17]. The obtained average plant height
results were similar to the results of Borkowska et al. [19] in the case of plants fertilized
with nitrogen in a dose of 100 and 200 kg ha−1 and phosphorus in a dose of 39.28 and
52.38 kg ha−1 and the same level of K fertilization on light sandy loam. With similar
fertilization but on better soil (composed of dust and clay), Borkowska et al. [17] obtained a
higher average plant height, more than 290 cm in the fourth year of production, while the
plants fertilized with sewage sludge in Croatia reached an average height of 310 cm [42],
although weather conditions could also have a significant impact.

Table 5. Effects of seeding amount and fertilization with compost on the average height of the Sida
shoots (cm) during the years of full use (2010–2016).

Seeding Amount (kg ha−1)

Compost Fertilization (t ha−1)

Average Height of Shoots (cm)0 10 20

Height of Shoots (cm)

1 249.3 254.0 258.0 253.8
2 255.7 259.1 263.2 259.3
3 258.9 262.2 264.1 261.7

Average 254.6 258.4 261.7 258.3

LSD0.05 for: 2009–2016

Compost fertilization—I i. d. *
Seeding amount—II i. d. *

* insignificant difference.

Table 6. Effects of seeding amount and fertilization with compost on the average thickness of the
Sida shoots (mm) during the years of full use (2010–2016).

Seeding Amount (kg ha−1)

Compost Fertilization (t ha−1)

Average Thickness of Shoots (mm)0 10 20

Thickness of Shoots (mm)

1 16.2 16.2 16.0 16.1
2 16.0 15.9 15.9 16.0
3 15.9 16.0 15.8 15.9

Average 16.1 16.0 15.9 16.0

LSD0.05 for: 2009–2016

Compost fertilization—I i. d. *
Seeding amount—II i. d. *

* insignificant difference.
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The assessment of the Sida shoots’ thickness indicates that they were not significantly
dependent on the factors studied (Table 6). Organic compost fertilizers applied to the
ground (10 and 20 t ha−1) and seeding amount influence a slight decrease in the thickness
of produced shoots of the plant; on average, from the years of the research, the thickness of
the shoots decreased by 0.2 and 0.3 mm, i.e., by 1%, 2% and 1.8% relating to the thickness
of shoots produced on the object not fertilized with compost and with the lowest seeding
amount. The number of shoots and their length and thickness influence the overall DMY [16,36].

3.3. Dry Matter Yield

The applied research factors (organic compost fertilization and seeding amount) af-
fected the amount of DMY of Sida plants (Table 7). The applied levels of compost fertiliza-
tion (10 and 20 t ha−1) positively affected the obtained DMY. In all the years of the study,
the increase in DMY was significant, and compared to the DMY from an object not fertilized
with compost, it was was 24.9% and 50.7%, respectively, on average during all the years of
observation (2009–2016).

Table 7. Effects of seeding amount and fertilization with compost on the DMY (t ha−1) of Sida during
the years of observation.

Year Compost Fertilization (t ha−1)

Seeding Amount (kg ha−1)

Average Dry Matter Yield
(t ha−1)

LSD0.051 2 3

Dry Matter Yield (t ha−1)

2009

0 0.50 0.94 1.64 1.03
I—i.d. *
II—0.34

10 1.05 1.38 1.91 1.45
20 1.24 1.69 2.01 1.65

Average 0.93 1.34 1.85 1.37

2010

0 5.88 8.63 12.69 9.07
I—0.89
II—0.96

10 8.00 11.63 16.38 12.00
20 13.38 13.94 22.69 16.67

Average 9.09 11.40 17.25 12.58

2011

0 5.63 8.75 10.31 8.23
I—1.53
II—1.86

10 7.81 12.19 13.44 11.15
20 9.06 13.75 16.25 13.02

Average 7.50 11.56 13.33 10.80

2012

0 3.75 5.00 6.25 5.00
I—1.79
II—0.50

10 6.25 8.00 10.00 8.08
20 9.62 11.94 15.00 12.19

Average 6.54 8.31 10.42 8.42

2013

0 4.21 5.26 6.46 5.31
I—0.14
II—0.18

10 5.23 7.46 8.26 6.98
20 5.68 8.24 9.24 7.72

Average 5.04 6.99 7.99 6.67

2014

0 6.12 8.46 10.28 8.29
I—0.18
II—0.16

10 7.21 9.24 11.28 9.24
20 7.86 10.43 11.68 9.99

Average 7.06 9.38 11.08 9.17

2015

0 5.86 8.28 11.24 8.46
I—0.16
II—0.15

10 6.48 8.42 11.84 8.91
20 7.26 9.36 12.24 9.62

Average 6.53 8.69 11.77 9.00

2016

0 5.26 7.68 9.23 7.39
I—0.16
II—0.14

10 6.12 8.24 10.41 8.26
20 6.74 8.67 10.89 8.77

Average 6.04 8.20 10.18 8.14
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Table 7. Cont.

Year Compost Fertilization (t ha−1)

Seeding Amount (kg ha−1)

Average Dry Matter Yield
(t ha−1)

LSD0.051 2 3

Dry Matter Yield (t ha−1)

Average
(2010–2016)

0 5.24 7.44 9.49 7.39
I—0.95
II—0.33

10 6.73 9.31 11.66 9.23
20 8.51 10.90 14.00 11.14

Average 6.83 9.22 11.72 9.25

* insignificant difference.

When assessing the impact of seeding amount on the DMY, it should be stated that
increasing the seeding amount significantly increased the DMY by 35.0% on average at the
2 kg ha−1 and 71.6% when seeding 3 kg ha−1 compared to the lowest seeding rate (Table 7).
PCA analysis (Figure 2) showed that Sida’s DMY depends on the seeding amount and the
subsequent plant density and fertilization. The influence of the amount of precipitation in
individual years and growing seasons was also noticeable.

Analysis of the DMY of Sida plants in years of use shows that the lowest DMY was
produced by plants in the sowing year (2009), which ranged from 0.5 to 2.0 t ha−1. In the
years of full use, the DMY was many times higher and ranged from 3.75 to 22.69 t ha−1,
depending on the factors studied and the year of the experiment. The highest DMY in the
tested conditions was obtained in the first year of full use (2010), which on average for the
examined factors was 12.58 t ha−1, which was higher by 14.1% in the second, 33.1% in the
third, 47.0% in the fourth, 27.1% in the fifth, 28.5% in the sixth and 35.3% in the seventh
year of the full use.

The DMY of crops grown for energy purposes is influenced not only by agrotechnical
factors (e.g., fertilization, soil tillage, cultivation) but also by weather in the subsequent
years of plantation use [7,40–45]. The course of meteorological conditions affects the
condition of plants; they can determine their performance and the quality of harvested
DMY in subsequent years. The results of previous studies confirmed low DMYs in the first
year and much higher DMYs in the second and subsequent years of use. Perennial species
usually reach their full DMY in the third–fourth year after sowing or planting [40,41]. The
annual DMY of Sida plant biomass ranges from 8.7 to 20.3 t ha−1 DM. In most studies, the
annual capacity of Sida exceeded 10 t ha−1 after the first two years of growth, harvested from
October [45] until February [32]. The diversity of cultivation technologies and variability
of habitat conditions cause significant differences in the DMY of energy crops, including
Sida [6,45–48]. Average crop DMYs under real EU production conditions are 10–12 t ha−1,
with fluctuations 6–15 t ha−1 [8,20,34,45,49–53]. In our research, the highest DMY of Sida
was obtained in the second year after sowing, but in subsequent years, the obtained DMY
coincided with those obtained by other authors [7,16,20,32,39]. Borkowska et al. [20] report
that in the second year, under favourable habitat conditions, a significant DMY of Sida
can be harvested, and in subsequent years, the DMYs reach maximum values, and the
average DMYs from eight years of cultivation exceeded 11 t ha−1 DM. During the eight
years of research—from the second to the ninth year of cultivation—the highest DMYs
were obtained significantly in the eighth (2010), fifth (2006) and sixth (2007) years of
use [20]. Results of the personal research in time-space were slightly different, but their
DMY was comparable. The research confirms that compost from municipal waste with
additional NPK fertilization can be successfully used to cultivate energy crops on poor and
marginal soils. The increase in DMYs after the use of substitutes for mineral fertilization
was also confirmed in other studies, although the effects were varied [17,23,27–29,41].
Veste et al. [28], in the combination of compost fertilization (which constitutes 20% of the
substrate) and nitrogen fertilization (100 kg ha−1), obtained an almost eight-fold increase
in the DMY of Sida in the first year of cultivation, while in the case of using only compost
(which constitutes 50% of the substrate), the increase in the DMY compared to control was
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almost two-fold. Interesting results were obtained by Barbosa et al. [27] and Nabel et al. [17],
and Nabel et al. [18], who showed that fertilization with the digestate brings better results
on poor soils (marginal) compared to the use of NPK fertilization with fertilizer doses of
160 kg N ha−1. Similar relationships were also shown by earlier pot tests on light soils,
where sewage sludge in the highest doses of 40 and 60 t ha−1 had the greatest positive
effect on the mallow DMYs compared to mineral fertilization and compost from various
sources [29]. Šurić et al. [42] also noted the positive effect of fertilization with sewage
sludge and noted that these effects were significant when using sufficiently high doses of
sludge (more than 10 t ha−1).

3.4. Energy Yield and Calorific Value

The energy yield of Sida plants in light soil conditions was modified by the examined
factors and years of research, but its height was closely correlated with the impact of the
studied factors on the DMYs of plants (Table 7, Figure 2).

The applied compost fertilization increased the energy yield of the obtained biomass of
Sida plants in all the years of the research. The average energy yield of plants fertilized with
compost in the amount of 10 and 20 t·ha−1 was higher by 12.1% and 21.0% than the energy
yield of plants not fertilized with compost (Table 8). The obtained energy yield results for
plants under the influence of the applied seeding amount (1, 2 and 3 kg ha−1) prove that
it was significantly higher for plants from objects with higher seeding amount than for
plants from objects with the lowest seeding amount. On average, from the research years,
the increase in energy yield at objects with higher seeding amount increased by 14.9% and
22.6%, respectively. The cultivation and seeding amount method influences the energy yield
and is directly related to the DMY [33]. According to Šiaudinis et al. [51] and Jankowski
et al. [52], the energy yield of Sida plants is favourable for combustion compared to the
biomass of other herbaceous plants, and according to Jablonowski et al. [8], its combustion
properties are similar to those of wood biomass, while their values range from 105 to
236 GJ ha−1 [20,39,54–56]. The energy yield of Sida in our research was consistent with the
results mentioned above which were obtained under conditions of different fertilization
levels of plants with compost and different norms of Sida seeding. Energy yields determined
for Sida by Šiaudinis et al. [51] and Jankowski et al. [52] are much lower than those reported
by Jablonowski et al. [8]. The difference in energy yield that the authors reported was due
to the amount of DMY obtained rather than its energy value. The most significant interest
in Sida lies in its potential as a renewable energy source.

Table 8. Effects of seeding amount and fertilization with compost on the average energy yield
(GJ ha−1) of Sida during the years of full use (2010–2016).

Seeding Amount (kg ha−1)

Compost Fertilization (kg ha−1)

Average Energy Yield (GJ ha−1)0 10 20

Energy Yield (GJ ha−1)

1 136.94 153.08 165.38 151.80
2 155.60 177.35 190.08 174.34
3 168.79 186.87 202.56 186.07

Average 153.78 172.43 186.01 170.74

LSD0.05 for: 2009–2016

Compost fertilization—I 6.03
Seeding amount—II 11.30

Therefore, research on this species was focused on its thermophysical and biochemical
properties in the context of direct combustion and biogas production. The parameters
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determining its energy usefulness are higher heat values (HHVs) and lower heat values
(LHVs).

In the literature, the HHVs for Sida were between 16.5 and 19.5 MJ kg−1 DM
(average 18.4 MJ kg−1 DM), while the LHVs were between 14.0 and 17.2 MJ kg−1

(average 16.1 MJ kg−1 DM) [7,8,21,26,40,43].
The calorific value of the harvested biomass in the years of the study ranged from

16.8 to 17.4 MJ kg−1 DM, and no significant influence of the examined factors on its
concentration in plants was found (Table 9). The obtained values of the calorific value of
Sida were similar to the results indicated in the literature [8,39,40,43]. It is worth noting
that the quality of the biomass improves when the harvest date is delayed, which affects
the composition of the main elements (C, H, N, O, S), lignocellulose and moisture in
plants [8,27,33] which determines the energy value, however, no significant impact of the
method of establishing the cultivation and sowing density on the quality of the biomass
was confirmed [32,33].

Table 9. Effects of seeding amount and fertilization with compost on the average calorific value
(MJ kg−1 DM) of Sida during the years of full use (2010–2016).

Seeding Amount (kg ha−1)

Compost Fertilization (kg ha−1)

Average Calorific Value (MJ kg−1 DM)0 10 20

Calorific Value (MJ kg−1 DM)

1 17.4 17.2 16.9 17.2
2 17.3 17.1 16.8 17.1
3 17.1 16.9 16.8 16.9

Average 17.3 17.1 16.8 17.1

LSD0.05 for: 2009–2016

Compost fertilization—I i. d. *
Seeding amount—II i. d. *

* insignificant difference.

4. Conclusions

The applied levels of compost fertilization (10 and 20 t ha−1) increased the plant DMY
in all the years of the research compared to plants not fertilized with compost, and their
DMY was 24.9% and 50.7% higher, respectively, on average from the years of the study.
Analysing the impact of the applied seeding amount (1, 2 and 3 kg ha−1) on the DMY
of Sida in light soil conditions, it should be stated that this factor significantly increased
the crop DMY in all the years of the research and on average, it increased by 35.0% and
71.6% compared to the lowest seeding rate. Analysis of the DMY of Sida in the years of use
shows that the lowest DMY was obtained by plants in the sowing year (2009), which is
typical for Sida. In the years of full use, the DMY was many times higher and ranged from
3.75 to 22.69 t ha−1, depending on the factors studied and the year of the research. The
highest energy value of Sida was observed under the highest organic compost fertilization
and highest seeding amount. It can therefore be concluded that this study confirms the
suitability of establishment via sowing for cultivating Sida on light soils. Furthermore, the
use of organic fertilization with urban green compost and nitrogen allows for a biomass
yield at a level similar to mineral fertilization described in other studies [16,19,32,57].
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14. Igliński, B.; Piechota, G.; Buczkowski, R. Development of biomass in polish energy sector: An overview. Clean Technol. Environ.
Policy 2015, 17, 317–329. [CrossRef]
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Abstract: Agroecosystems provide numerous ecosystem services (ESs) such as provisioning, regu-
lating, habitat and cultural services. At the same time, the management of these agroecosystems
can cause various negative impacts on the environment such as the generation of greenhouse gas
emissions. However, the way humans manage agroecosystems often focuses only on the production
of agricultural goods, which yield monetary benefits in the short term but do not include the positive
and negative external effects on ESs. In order to enable a holistic assessment of the economic and en-
vironmental costs and benefits, the current study combines the production costs, the monetary value
of the ESs provided and the monetization of the environmental impacts caused by the management
of agroecosystems using the perennial crop miscanthus as an example. Depending on the scenario
assessed, the cultivation of miscanthus leads to a net benefit of 140 to 3051 EUR ha−1 yr−1. The
monetary value of the ESs provided by the miscanthus cultivation thereby considerably outweighs
the internal and external costs. The approach applied allows for a holistic assessment of the benefits
and costs of agroecosystems and thus enables management decisions that are not only based on the
biomass yield but include the various interactions with the environment.

Keywords: life-cycle assessment; ecosystem services; true cost accounting; monetization; bioeconomy;
miscanthus

1. Introduction

Ecosystems provide numerous benefits for humans, such as food and air to breathe,
without which survival would not be possible [1–3]. Agroecosystems play a crucial role
in the preservation of the provision of these services, as in Germany for example, more
than 50% of the land area is used for agriculture [4]. The incorporation of perennial crops
such as miscanthus (Miscanthus ANDERSSON) or cup plant (Silphium perfoliatum L.) into
the predominately annual monoculture cropping systems offers the chance to increase the
provision of various ecosystem services (ESs), including water purification, pollination and
biological plant protection in addition to the provision of biomass [5–8]. Von Cossel et al.
(2020b) [9] showed for miscanthus, a multipurpose industrial perennial crop for providing
biomass for bioenergy and biobased products [10,11], that the monetary value of the ESs
provided can be more than three times the profit a farmer earns for just selling the biomass.

However, the way humans manage ecosystems is often focused only on the production
of agricultural goods, including biomass, and less attention is paid to the complexity of
the long-term factors underlying ESs, especially with regard to their mutual interactions
(synergies, trade-offs, etc.) [12]. For example, agricultural activities often lead to a decline
in biodiversity despite the potential importance of biodiversity for the resilience of the
agroecosystem [13]. In addition, the existence of many indirect ecosystem factors, some
of which are still unknown in their importance for provisioning ESs, like faunal species
diversity, is just taken for granted [13]. The main reason is that in the management of
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conventional cropping systems, usually only ESs with monetary benefits in the short term
are considered, such as biomass provision [14]. On the other side, despite levels being
usually lower than annual cropping systems, miscanthus cultivation can cause various
negative impacts on the environment, such as the generation of greenhouse gas emissions
(GHG) through the combustion of fossil fuels or nutrient leaching through the application
of mineral and organic fertilizers [15]. These emissions cause considerable external costs,
which at the moment are usually disregarded or not adequately taken into account [16].
In summary, the cultivation of agroecosystem may lead to various positive and negative
external effects, which are currently not included in the management process.

So far, true-cost-accounting approaches usually only focus on costs without taking
benefits into account. Therefore, this paper aims to apply a new expanded approach by
taking a more holistic look at both benefits and costs (the sum of which would result in
“true costs and benefits”) of cropping systems using miscanthus (Miscanthus ANDERSSON)
cultivation as an example for a perennial, industrial crop. This assessment combines the
production costs, the monetary value of the ESs provided as well as the monetization of
the environmental impacts caused by the cultivation and the harvest of the biomass. The
combination of these analyses allows for a holistic assessment of the true economic and
environmental value provided by cropping systems in monetary terms.

2. Materials and Methods

2.1. Goal and Scope

The goal of the current study is the holistic assessment of the economic and environ-
mental costs and benefits of miscanthus cultivation for society. The current study focuses,
therefore, on crop cultivation, harvest, and transport of the biomass to the farm gate. The
costs and benefits occurring in the further downstream value chain are not assessed. In
addition, social costs and benefits are not included in this study. The economic costs of
miscanthus cultivation are assessed based on the production costs. The environmental
benefits are represented via the monetized ESs provided by miscanthus, including the
revenue of the biomass sale. The environmental costs of miscanthus cultivation are assessed
by conducting a life-cycle assessment (LCA) and monetizing the identified environmental
impacts. This allows us to internalize these previously external costs. However, there are
various monetization approaches available that differ substantially in their monetization
factors, for example, due to differences in the selected cost approach or the area of refer-
ence [17,18]. Therefore, the influence of the selected monetization approach is critically
analyzed and discussed.

2.2. Production Costs

The production costs of miscanthus cultivation in Germany are based on Winkler
et al. (2020) [19] and comprise average machine, material, energy and labor costs as well
as interest. Winkler et al. (2020) [19] calculated the production costs for two different
cultivation systems (conventional and organic), two yield levels, field sizes and farm-field
distances, as well four utilization pathways differing in harvest regimes and methods. In the
present study, a conservative approach was selected, setting the field-farm distance at 10 km
and the field size at 1 ha with an annual average dry matter (DM) yield of 15 Mg ha−1. The
miscanthus harvest was considered annually via direct cutting and chipping on the field by
a forage harvester in March, which is the standard harvest procedure for miscanthus in
Germany, as combustion is still the most common form of use [20,21].

In the production costs calculated by Winkler et al. (2020) [19], land costs were not
included. According to the German Federal Office for Agriculture and Food, the annual
lease prices for agricultural land per hectare in the year 2020 amounted to 375 EUR (BLE
2021). For a holistic assessment, the costs of land have to be included in the production costs.
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2.3. Monetization of Ecosystem Services

The ESs assessed, as well as their monetary value, are based on von Cossel et al.
(2020b) [9] (Figure 1). The revenues generated by the biomass sale are based on Winkler et al.
(2020) [19], assuming biomass prices between 65 to 95 EUR per Mg chopped miscanthus
material and a biomass yield of 15 Mg DM ha−1 yr−1. In von Cossel et al. (2020b) [9], the
calculation of the environmental benefits provided by the sequestration of CO2 in the soil is
based on a CO2 emission certificate price of 26.83 EUR per Mg CO2. In order to be consistent
with the monetization factors used for the LCA results, the approach of avoidance cost
was applied, as presented in Trinomics (2020) [22]. Therefore, an environmental benefit
of 102.50 EUR per Mg CO2 sequestered in the soil is applied in the current study. The
CO2 emissions, which can be substituted by the miscanthus-based products [23,24], are
not included because the current study only focuses on the cultivation of miscanthus and
not on the entire miscanthus-based value chain. In addition, the monetary values of both
N2 fixation and nutrient recycling are excluded from the current study because these two
ESs lead to a reduction in the amount of mineral fertilizer required [25,26] which is already
included in the production costs. Furthermore, the ES waste treatment—reduced nutrient
leaching is based on a reduction in nitrate leaching when comparing the cultivation of
miscanthus and maize [9]. As the current study focuses on the assessment of the costs and
benefits of one cultivation system and does not apply a comparison, this ES is not included.

 

Figure 1. Overview of the main ecosystem services considered in this study in accordance with
von Cossel et al. (2020b) [9]. Provisioning ecosystem services (in red): (1) raw material, (2) genetic
resources, (3) fresh water/groundwater, (4) ornamental resources; Regulating ecosystem services (in
orange): (5) air quality regulation, (6) climate regulation, (7) improvement of soil fertility, (8) erosion
prevention, (9) moderation of extreme events; habitat ecosystem services (in green): (10) pollination
and biocontrol; cultural ecosystem services (in blue): (11) aesthetic information and (12) recreation
and tourism.

For several ESs, the monetary value in EUR h−1 yr−1 is given by von Cossel et al.
(2020b) [9] as a range with minimum and maximum values. In the current study, the
mean of these values is used to display the average benefit of the ESs provided. The
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influence of this assumption is analyzed in a scenario analysis, applying the minimum and
maximum values.

2.4. Assessment and Monetization of the Environmental Impacts of Miscanthus Cultivation

In order to assess the environmental performance of the miscanthus cultivation a
cradle-to-farm-gate LCA was conducted following the structure of the ISO standards
14040 and 14044 [27,28]. In the current study, the 16 impact categories and assessment
methods were applied, which are included in the Product Environmental Footprint (PEF)
methodology of the European Commission [29]. The selected functional unit (FU) is 1 ha
under miscanthus cultivation with an average yield of 15 Mg DM ha−1 yr−1. An area-based
FU is chosen so that a consistent comparison is possible between production costs, benefits
provided, in form of ESs, which are given on a hectare basis and the results of the LCA.

The data used for modeling the foreground system is based on the miscanthus cultiva-
tion system described in Winkler et al. (2020) [19], which also provides the basis for the
calculation of the production costs (see Section 2.2). Summaries of the agricultural opera-
tions conducted during the cultivation period and the main in- and outputs are presented
in Tables 1 and 2. Inputs that are only applied in the establishment or the harvest phase,
such as pesticides or fertilizer, are converted to the entire cultivation period of 20 years.
Nitrous oxide (N2O), nitrate (NO3

−) and phosphorus emissions due to the use of mineral
fertilizers are modeled according to the recommendations of Pant and Zampori (2019) [29].
N2O emissions from harvest residues were modeled according to IPCC (2019) [30]. The
proportion of harvest residues in the form of leaves and stubbles is taken from Lask et al.
(2021) [31]. Heavy metal emissions to agricultural soils caused by the application of fer-
tilizers and pesticides are estimated based on Freiermuth (2006) [32]. It is assumed that
90% of the pesticides are released into agricultural soils, 9% into air and 1% to water [29].
Background data on emissions associated with the production of the input substrates such
as fertilizers or pesticides are based on the ecoinvent database 3.8 using the cut-off system
model [33]. In the current study, market datasets are used in order to include average
transport impacts [33]. The software openLCA 1.10.3 is applied for the modeling and the
calculation of the impacts using the integrated PEF method EF 3.0 (adapted).

Table 1. Agricultural operations during a 20-year miscanthus cultivation period (adapted from
Winkler et al. (2020) [19]).

Agricultural Operation Frequency per Cultivation Period

Plowing 2
Rotary harrowing 1

Planting 1
Mulching—first year 1
Herbicide spraying 2

Fertilizing 18
Harvesting 19

Table 2. Main inputs and outputs of miscanthus cultivation per year (adapted from Winkler et al.
(2020) [19]).

Input/Output Amount Unit

N 47 kg ha−1 yr−1

P 5 kg ha−1 yr−1

K 82 kg ha−1 yr−1

Herbicides 0.34 kg ha−1 yr−1

Biomass dry matter yield 15 Mg ha−1 yr−1

The monetization factors for the respective impact category are based on the central
values stated in the report prepared by Trinomics (2020) [22] (see Table 3), as this is the
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only study that suggests a set of monetization factors which are explicitly meant to be
used in combination with the PEF method applied in the current study [34]. In order
to test the influence of the monetization factors, a sensitivity analysis was conducted,
applying, in addition to central values, a low and high monetization value, as shown by
Trinomics (2020) [22]. For terrestrial eutrophication, no satisfactory monetization approach
is available at present, which could be applied to the PEF method at this early development
stage [22,34]. Therefore, the external costs of this impact category are not included in the
current study.

Table 3. Monetization factor for the impact categories assessed in EUR2018 per unit impact based on
Trinomics (2020) [22].

Environmental Impact
Category

Unit
Monetization Factor

[EUR2018 per Unit Impact]

Acidification mol H+ eq. 0.344
Climate change kg CO2 eq. 0.1025

Ecotoxicity, freshwater CTUe 0.0000382
Eutrophication, freshwater kg P eq. 1.92

Eutrophication, marine kg N eq. 3.21
Eutrophication, terrestrial mol N eq. -

Human toxicity, cancer CTUh 902,616
Human toxicity, non-cancer CTUh 163,447

Ionizing radiation kBq U-235 eq. 0.0012
Land use Pt 0.000175

Ozone depletion kg CFC11 eq. 31.4
Particulate matter disease inc. 784,126

Photochemical ozone
formation kg NMVOC eq. 1.19

Resource use, fossils MJ 0.0013
Resource use, minerals and

metals kg Sb eq. 1.64

Water use m3 water eq. 0.00499

3. Results

The following sections describe the results of the analyses of (i) the monetary values
provided by miscanthus cultivation and (ii) the environmental and economic costs of
miscanthus cultivation.

3.1. Monetary Values of the ESs Provided by Miscanthus Cultivation

The estimated average monetary values of the ESs provided annually by cultivating
miscanthus on 1 ha sum up to 3118 EUR (see Table 4). In the current study, the average
monetary values for the ESs provided by miscanthus cultivation were applied, as explained
in Section 2.3. In case the minimum monetary values of the ESs were used, that excluded
location-specific ESs (e.g., flood plain management, erosion prevention, provision of drink-
ing water through sediment passage), the ESs combined were worth 1985 EUR ha−1 yr−1.
Assuming the maximum monetary values of the ESs provided (including location-specific
ESs) they would account for 4250 EUR ha−1 yr−1 [9].

105



Agronomy 2022, 12, 3071

Table 4. Single monetary values and total value of the ESs in EUR ha−1 yr−1 provided by miscanthus
cultivation adapted from Winkler et al. (2020) [19] and von Cossel et al. (2020b) [9]. For those ESs
in which ranges of variation are given in von Cossel et al. (2020b) [9], the arithmetic means were
calculated. Some ESs (e.g., nutrient cycling, N2 fixation) shown in von Cossel et al. (2020b) [9] were
excluded in this study, as explained in Section 2.3.

ES Category ES Value (EUR ha−1 yr−1)

Provisioning services

Raw material 1200
Genetic resources 18

Fresh water/groundwater 56
Ornamental resources 17

Regulating services

Air quality regulation 64
Climate regulation 828

Improvement of soil fertility 23
Erosion prevention 22

Moderation of extreme events 386

Habitat services Pollination and biocontrol 50

Cultural services
Aesthetic information 429

Recreation and tourism 27

Total - 3118

3.2. Environmental and Economic Costs of Miscanthus Production

In the scenario described, the annual production costs amount to 1010 EUR ha−1,
including the lease price for agricultural land. Besides the land costs, the establishment of
the miscanthus plantation in the first year of cultivation is one of the main cost drivers [19].

In Table 5, the LCA results of the miscanthus cultivation per ha in the analyzed impact
categories are displayed.

Table 5. Environmental impact of miscanthus cultivation per environmental impact category and ha
and year.

Environmental Impact Category Impact Result Unit

Acidification 22.98 mol H+ eq.
Climate change 1248.01 kg CO2 eq.

Ecotoxicity, freshwater 3.11 × 104 CTUe
Eutrophication, freshwater 0.42 kg P eq.

Eutrophication, marine 16.24 kg N eq.
Eutrophication, terrestrial 94.00 mol N eq.

Human toxicity, cancer 1.51 × 10−6 CTUh
Human toxicity, non-cancer 3.49 × 10−5 CTUh

Ionizing radiation 42.79 kBq U-235 eq.
Land use 5.10 × 105 Pt

Ozone depletion 8.82 × 10−5 kg CFC11 eq.
Particulate matter 0.00015 disease inc.

Photochemical ozone formation 4.98 kg NMVOC eq.
Resource use, fossils 9949.30 MJ

Resource use, minerals and metals 0.02 kg Sb eq.
Water use 394.86 m3 water eq.

In Table 6, the monetized environmental impacts are shown applying the low, central
and high monetization factors. The costs of the environmental impacts are, to a great
extent, caused by the impact categories climate change (fossil fuel combustion and fertilizer
production, as well as fertilizer-induced emissions), land used for agricultural production,
and particulate matter formation (fertilizer-induced ammonia emissions).
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Table 6. Monetized environmental impact of miscanthus cultivation applying the monetization
factors by Trinomics (2020) [22].

Environmental Impact
Categories

Monetized Environmental Impacts (EUR2018)

Low Central High

Acidification 4.04 7.90 37.16
Climate change 76.75 127.92 241.61

Ecotoxicity, freshwater 7.44 × 10−20 1.19 5.85
Eutrophication, freshwater 0.11 0.81 0.92

Eutrophication, marine 52.13 52.13 52.13
Eutrophication, terrestrial 0 0 0

Human toxicity, cancer 0.26 1.36 4.21
Human toxicity, non-cancer 1.05 5.70 26.36

Ionizing radiation 0.03 0.05 1.97
Land use 44.39 89.29 178.07

Ozone depletion 2.01 × 10−3 2.77 × 10−3 0.01
Particulate matter 99.30 117.62 180.69

Photochemical ozone formation 4.34 5.93 9.47
Resource use, fossils 0 12.93 67.66

Resource use, minerals and
metals 0 0.03 0.11

Water use 1.65 1.97 93.15

Total (EUR ha−1 yr−1) 284.06 424.84 899.36

Figure 2 shows the “Standard scenario” in which average ESs are provided by the
miscanthus cultivation and central monetization factors are applied. The ES provided
are divided into provisioning services, which are mainly dominated by revenues gen-
erated through the sale of the biomass, regulating and habitat services, and cultural
services. In the standard scenario, the monetarized benefits of miscanthus cultivation
considerably outweigh the economic and environmental costs resulting in a true benefit of
1762 EUR ha−1 yr−1.

Figure 2. True costs and benefits in the standard scenario, assuming average ESs provision and
central monetization factors for environmental impacts.
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Figure 3 shows the “Best-case scenario”, in which maximum ESs are provided by the
miscanthus cultivation (including location-specific ESs) and low monetization factors are
applied. The substantially higher location, specific ESs and the low environmental costs
lead to a total benefit of miscanthus cultivation of 3051 EUR ha−1 yr−1 (see Figure 3).

Figure 3. True costs and benefits in the best-case scenario assuming maximum ESs provision and low
monetization factors for environmental impacts.

Figure 4 shows the “Worst-case scenario”, in which minimum ESs are provided by the
miscanthus cultivation (excluding location-specific ES) and high monetization factors are
applied. This still leads, in total, to a benefit of 140 EUR ha−1 yr−1 (see Figure 4).

Figure 4. True costs and benefits in the worst-case scenario assuming minimum ESs provision and
high monetization factors for environmental impacts.
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4. Discussion

4.1. Discussion of the Data Used and the Methodologies Applied

In the following, the influence of the data used and the methodologies applied on
the results are critically discussed. In particular, the biomass selling price is an important
factor in the assessment of the economic costs and benefits of miscanthus cultivation. In
the current study, a conservative biomass selling price of 80 EUR Mg−1 DM was applied.
If the miscanthus is cultivated for other utilization pathways, the selling price could
be substantially higher (105–600 EUR Mg−1 DM) [19]. As a result, the monetary value
provided by the cultivation of 1 ha miscanthus would increase significantly. Besides
the selected utilization pathway, also the annual fluctuations in biomass demand have a
considerable influence on the biomass selling price. For a realistic evaluation of the costs
and benefits of different cropping systems, it has, therefore, to be emphasized that it is
crucial to use average data and to assess and discuss the uncertainty included in the results.

Besides the availability of reliable data, one significant barrier to the implementation
of the approach described is the variety of methods available for assessing the economic
costs, the environmental benefits and impacts, as well as their monetization, which hinders
the comparability of the results. For example, no standardized life-cycle costing (LCC)
framework is available for the agricultural and food sector [35]. According to Degieter et al.
(2022) [35], it is crucial to include all cost categories (e.g., inputs, labor) and to report all
methodological choices made during the preparation of the study to provide comparable
and comprehensible results.

In addition to the method used to estimate the costs, the selected life-cycle impact
assessment (LCIA) method and the chosen monetization approach significantly influence
the results [17,18]. In order to evaluate this impact, the monetized environmental impacts
of the miscanthus cultivation were also assessed in the current study applying the LCIA
method Recipe 1.13 Midpoint (Hierarchist) and the monetization approach described in
the Environmental Prices Handbook [36,37]. Using these two approaches, the monetized
environmental impacts of 1 ha miscanthus cultivation amount to 1266 EUR ha−1 yr−1 (see
Table S1 in the supplementary material) and are therefore slightly higher than the values
applied in the worst-case scenario (899 EUR ha−1 yr−1). Applying the costs assessed in the
sensitivity analysis in the standard scenario, would still yield a significant benefit. Only the
worst-case scenario would lead to net costs due to the cultivation of miscanthus.

The values from the study by von Cossel et al. (2020b) [9], which were used for the
assessment of the monetary values of the ESs, are subject to a large degree of uncertainty.
One reason is the large temporal and spatial variability of the assessed Ess, for instance,
due to variations in the biomass yield. These might be caused by climate change-induced
variations in growing conditions such as drought periods [38,39], changes in precipitation
distributions [40], or frost damage due to lack of a snow cover [41]. In addition, temporal
and spatial variations may also occur in the synergies and trade-offs between individual
ESs. The age of the miscanthus stand has, for example, a significant influence on erosion
control [42] due to better ground cover and biomass yield. After the establishment phase,
both increase significantly. However, there are also trade-offs between different ESs, such
as biomass yield and pollination. Gaps in the miscanthus stand could lead to an increased
appearance of wild plants, which on the one hand, provide the fauna with an additional
food spectrum [43,44]. However, on the other hand, the gaps could permanently worsen
the biomass yield performance of miscanthus in the following years [19,44].

A more accurate and reliable assessment of the overall monetary value of the ESs
provided by different agroecosystems, therefore, requires region- and year-specific calcula-
tion. Nevertheless, despite the uncertainty included in the calculation of the ESs monetary
values, the overall values considered here in the best-, standard- and worst-case scenar-
ios provide a reliable basis to serve as a benchmark for future studies, as also critically
discussed by von Cossel et al. (2020b) [9].

In a combined assessment of environmental impacts and ESs, as was undertaken in the
context of the present study, it is crucial to ensure that double counting of environmental
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impacts is avoided. One example of this is the ES carbon sequestration and the LCA impact
category of climate change. Various LCA studies include the carbon sequestered in the soil
in their LCIA results [45]. In case the carbon sequestered in the soil is already accounted
for in the LCIA results in the impact category climate change, it cannot be accounted for in
the monetization of the ESs. The same could be the case for the ES improvement of the soil
quality, for which LCIA methods also already exist or are in development [46]. Alejandre
et al. (2019) [47] analyzed which ESs can be evaluated via existing LCIA methods and
which have to be evaluated by other ES assessment methods. Their study could be used to
identify possible areas of overlap between ESs and LCA results and thus reduce the risk of
double counting.

In addition, it has to be emphasized when discussing the different assessment ap-
proaches that the evaluation of the economic and environmental costs of miscanthus
production includes the whole previous value chain (e.g., production of the input sub-
strates). The evaluation of the environmental benefits, however, only focuses on the field
level and excludes the upstream processes since there is not enough information available
for a holistic ESs assessment across the entire whole value chain. Another methodological
consideration is the inclusion of social costs and benefits in the future to complement the
economic and environmental towards a holistic true cost accounting approach for the
assessment of agricultural production systems.

4.2. Discussion of the Results and Applicability in Practice

The results of the current study demonstrate a clear total benefit of the miscanthus
cultivation independently of the scenarios assessed. However, as also discussed in the
section above, these results are associated with a high degree of uncertainty. Increased
harmonization and standardization regarding the monetization of the LCA results and
especially the assessment of ESs is needed to reduce this uncertainty and to ensure compa-
rability within studies, but also with other true-cost accounting studies in the agricultural
sector [48]. In order to use these results in the decision process or for the development
of subsidies, comparable assessments for other cropping systems are needed. Only by
comparing the local costs and benefits of different cropping systems well-founded decisions
about the advantageousness of the respective systems can be made. Thereby it is crucial to
apply a holistic view of the cropping systems under study, especially when evaluating the
costs and benefits of annual crops, and to include crop interactions in the assessment, such
as positive effects between different crops in a crop rotation [49].

In the current study, a cradle-to-farm gate approach was applied. However, depend-
ing on the goal of the study, other system boundaries may be more suitable because
the selection of the system boundaries can have a significant influence on the results.
Von Cossel et al. (2020b) [9], for example, showed in their publication that the substi-
tution of the fossil alternatives by miscanthus-based isobutanol could lead to CO2 sav-
ings of 19.1 Mg CO2-eq. ha−1 a−1. This would correspond to an additional benefit of
1958 EUR ha−1 yr−1.

The results presented here demonstrate that ESs provided by miscanthus cultivation
have a significant value besides the sole provision of biomass. However, these ESs are
currently not included in the management process. One possibility to holistically include
the ESs provided by the cultivation systems into the farmer’s management process is
to encourage sustainable agricultural practices via subsidies [50] or direct payments for
ecosystem services (PES) [51]. Miscanthus, for example, has been included on the positive
list for cultivation in ecological focus areas by the European Commission in 2018 [52]. For
farmers, this means that they can receive an extra subsidy for cultivating miscanthus. The
careful development of subsidies could thereby lead to crop selection and rotation planning,
which is not only based on the sale price of the biomass but also on much-needed and
wanted ESs. Knowing the true costs and benefits of different cropping systems could be a
valuable basis for making decisions about the development of such subsidies.
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5. Conclusions

The approach applied in the current study allows for a holistic assessment of the bene-
fits and costs of agroecosystems through the inclusion of the monetary value of various ESs,
the production costs as well as the monetized environmental impacts. For miscanthus, it
could be shown that the monetary value of the ESs provided by its cultivation considerably
outweigh the internal and external costs. This approach thereby enables management
decisions, which are not only based on the biomass yield but include the various interac-
tions with the environment. In addition, the results of such an approach provide valuable
insights for the development of environmental incentives and the determination of the
amount of payment farmers receive for environmental-friendly farming practices.

However, there is still considerable uncertainty associated with the results. Stan-
dardized ES assessment and monetization methods are required in order to enable sound
comparison between different cultivation systems in terms of economic and environmental
sustainability. Furthermore, the approach has to be applied using local data because ESs
provided by agroecosystems can vary greatly locally, for example, in regard to erosion
control or flood prevention.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12123071/s1, Table S1: Monetized environmental
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Abstract: Cutaway peatland is a marginal land, which without further management is an un-
favourable environment for plant growth due to low bearing capacity, high acidity and unbalanced
nutrient composition of the soil. After wood-ash application, the soil becomes enriched with P and K,
creating better conditions for tree growth. In addition to being economically viable, tree plantations
ensure long-term carbon storage and promote habitat restoration. In a three-year term, we studied
how distance from a drainage ditch and three different doses of wood-ash—5, 10, and 15 tons per
hectare—affect the diversity of vascular plants in a tree plantation on a cutaway peatland. Plant
species richness, vegetation cover and composition were positively affected by the distance from the
drainage ditch and application with fertiliser, but in most cases, fertiliser dose had no significant effect.
Both cover and species diversity were not affected by the planted tree species. In a tree plantation,
herbaceous plants provide soil fertility by decay and recycling, and reduce mineral leaching in the
long term. Since vascular plants play an important role in both the development of habitats and tree
growth, it is important to know how multiple factors influence the development of vegetation in
tree plantations.

Keywords: cutaway peatlands; ecosystem services; peat; plant growth forms; reforestation;
restoration; vegetation

1. Introduction

It is estimated that peatlands occupy 2.84 percent [1] of the land area globally. These
areas provide long-term carbon storage because the existing environmental conditions
prevent plant material from decaying, causing accumulation in the ecosystem of a large
amount of vegetation debris relative to the proportion of primary production [2]. During
peat extraction, biomass accumulated as peat is removed from storage and used for either
horticulture or energy production purposes [3]. In recent years, peat has been extracted in
Latvia only for horticulture purposes [4]. After peat extraction, the previous mire ecosystem
is completely changed and, without further management, the potential for habitat recovery
is very low [5]. Without vegetation in cutaway peatland, no further carbon accumulation
occurs, while oxidation reactions occur in the peat [6]. In Latvia there are 18,000 ha of
abandoned milled peatlands, and the licenses for extraction of peat in peatland requires
that the area must be restored or reclaimed after cessation of extraction [7]. Marginal land
management also helps to mitigate greenhouse gases and later it is possible to gain financial
income from land with low agricultural value [8]. Suitable uses of cutaway peatland include
afforestation, rewetting, and use for the cultivation of crops or fodder plants [9]. In areas
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where ecological restoration is not possible because the water table cannot be raised, tree
stands after soil improvement can be grown [10–12]. This process can be carried out in two
ways: either by establishing a financially valuable tree plantation that has already shown a
significant increase in growth and survival after wood-ash application, or by letting the
area to restore naturally after soil improvement [13,14].

Although peat has large nitrogen reserves, which are beneficial for biomass production,
vegetation naturally develops in cutaway peatland very slowly due to the following factors:
fluctuating water level, lack of a viable seed bank in the ecosystem and unfavourable soil
chemical properties, such as low pH values, and low levels of phosphorus and potassium,
which adversely affect the fertility of the soil [6,15]. Drainage ditch systems in peatlands
lower the water table, but the water table is not even in all drained areas, depending on
the distance to the drainage ditch [16,17]. In mechanically managed peat fields, vegetation
is usually sparse, but the natural occurrence of vascular species can be supported by the
application of phosphorus fertilisers or wood-ash fertilisers that increase phosphorus and
potassium uptake by plants [13,18]. The application of wood-ash fertiliser in cutaway
peatland firstly increases biological activity, thereby increasing CO2 emissions, but with a
successful recovery of vegetation, a significant amount of carbon is accumulated in plants,
thereby compensating for the emissions [19,20].

Many studies have shown that herbaceous plants are a key part of conservation of
species diversity and maintaining the forest ecosystem [21–23]. In forest stands, understorey
vegetation, together with tree litter, is the most important source of nutrients, which is
particularly important during early ecosystem succession when there is a lack of nutrients in
the soil and risk of soil erosion [24,25]. Herbaceous plants also play a key role in preventing
nutrient leaching in tree stands after fertilisation [26]. In addition, perennial herbaceous
plants have the highest mineral storage capacity in the spring period, which coincides with
the time when mineral leaching from the soil is the highest [27]. It is important to add
that plant composition mainly depends on soil properties, but forest soil properties are
determined by the dominant tree species [28]. Understorey plant species’ richness and
biomass productivity are also influenced by overstorey tree species [29]. In comparison to
deciduous tree stands, the litter in the coniferous forests has lower pH and the top layer
of soil has limited plant-available nutrient content, but the pH of deeper layers of the soil
does not differ significantly between stands [30].

In the case of secondary succession, vegetation plays an important role, both at the
very beginning of succession, to store nutrients and reduce their leaching, and in the further
stages, as one of the main sources of nutrients. In the case of cutaway peatland, it is
important to clarify how combinations of factors such as the dose of wood-ash fertiliser and
the distance from a drainage ditch, change the composition of natural plant communities,
as this information is needed to determine the best management in terms of financial
income and afforestation quality. This study addresses the following research questions:
(1) Does application of wood-ash fertiliser in cutaway peatland affect the abundance and
richness of naturally colonising vascular plant species and does increasing the amount
of the dose of fertiliser increase plant diversity? (2) Does the distance from a drainage
ditch affect the number and composition of species? (3) Does the planted tree species affect
the composition of ground vegetation within the same wood-ash fertiliser group? Based
on previous studies, it was assumed that increasing the amount of wood-ash fertiliser
applied per hectare would increase the richness of vascular plants. As the drainage ditch
is associated with higher soil moisture, which is one of the limiting factors in cutaway
peatland, we hypothesised that the highest plant species number and abundance will be
closer to the ditch. It is known that, in forests, the chemical composition of tree litter affects
the chemical properties of soil, and thus the composition of understorey plant communities
should be related to tree species.
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2. Materials and Methods

Study Site and Design

The study site is located in central Latvia (N 56◦43′41.35′ ′ E 23◦34′39.61′ ′) in a cutaway
peatland where active peat extraction is still ongoing in other parts of the area. Peat
extraction was for horticulture. The residual peat layer consisted of acidic raised bog, fen,
and transitional mire peat with variable depth of at least 50 cm. The upper part of the peat
was acidic, moderately decomposed, raised bog peat [14].

The research field was established within the “Sustainable and responsible manage-
ment and re-use of degraded peatlands in Latvia” (LIFE14 CCM/LV/001103) project [31].
At the beginning of the vegetation season in 2016, the study site was prepared for tree
planting by sequentially performing milling, cleaning of drainage ditches, and wood-ash
application [31]. Milling was performed to remove all vegetation, which mainly consisted
of sparse Phragmites australis. The forest stand adjacent to one side of the study site and
large remnants of wood exposed after the removal of the upper peat layer suggest that the
study site had been a forest ecosystem at some time. The applied wood-ash was unpro-
cessed and had a small particle size. To prevent the effect of wind on the spread of ash,
water was added before application. The wood-ash consisted of K 24.7, Mg 18.2, Ca 120.4
and P 6.6 g·kg−1 [14]. The study site was fertilised in sectors with three different doses
(5, 10, and 15 tons per hectare), and one control sector left without fertilisation (control).
After the application, soil pH value changed from 3.5 in the control group to 5.9 in sectors
with 15 tons per hectare [14]. All sectors were established in three replicates with size
of 236 × 20 m. Drainage ditches separated each sector along the two longest sides. Peat
extraction for horticulture in this site was carried out by vacuum harvesting, which requires
an extensive network of shallow drainage ditches. After cleaning, the ditch dimensions
were 50 cm wide and 100 cm deep; Figure 1. The total study site area was 8 ha. Each sector
was divided into five parts with size of 900 m2, where in four randomly selected parts,
four economically significant tree species (Pinus sylvestris, Alnus glutinosa, Poplar clone
Vesten (Biopoplar s.r.l., Cavallermaggiore, Italy) (Populus v. Vesten), and Betula pendula)
were planted. In one part, no trees were planted, but natural reforestation from 2016 was
observed. In each part, 95 trees were planted (equal to 1055 trees per hectare). In each part,
three 2.5 × 3.5 m sampling plots were established—0.5 to 4 m, 4 to 7.5 m and 7.5 to 11 m
from the drainage ditch. The total number of sampling plots was 180; Figure 2.

  
(a) (b) 

Figure 1. Drainage ditch in the study site: (a) drainage ditch before cleaning; (b) drainage ditch
after cleaning.
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Figure 2. Plan of one repetition in research area.

The vegetation was surveyed three times over a period of three years, identifying
all species in the sampling plots once annually in the middle of the growing season. No
vegetation management was implemented before and after the vegetation survey. The
understorey species canopy cover (%) was recorded to the nearest 5% once during the
vegetation season in July. We used Ellenberg’s indicator values [32] for the Czech Republic
to determine plant functional traits such as light, temperature, moisture, reaction, nutrients,
and salinity [33]. Experimental studies have found that Ellenberg’s indicator values for
nutrients (N), moisture (M), and soil reaction (R) are well correlated with real field data,
including for areas outside the Central Europe region [34], and therefore could be applied
in this study. The LEDA Traitbase: A database of life-history traits of Northwest European
flora was used to determine plant functional traits [35] for each species. Cover-weighted
average Ellenberg’s indicator values Fm were calculated by summing each species i indicator
value Fi and weight Wi, calculated for species based on its percentage cover Ci : Wi = f (Ci),
for all species n in each sampling plot:

Fm = ∑
i=1,n

FiWi/ ∑
i=1,n

Wi

The species were divided into groups based on plant life form [36]: hemicrypto-
phyte, therophyte, phanerophyte, geophyte; and Universal Adaptive Strategy Theory
(UAST) [37]: competitor, stress-tolerant, and ruderal. The mean percentage cover for plant
life forms and USAT classes was calculated for each sampling plot.

The computer package R Statistics 4.0.5 for Windows was used for two-way analysis of
variance (ANOVA), Principal Component Analysis (PCA) and Tukey HSD analyses [38,39].
The independent two-sample Student’s t-test was used to determine significant differences
in plant functional traits between years. The effects of fertiliser dose, distance from the
drainage ditch, and planted tree species on species richness were tested using ANOVA.
Before preforming ANOVA, the Shapiro–Wilk test showed that the data did not differ
significantly from a normal distribution. The Tukey HSD test was used to determine signif-
icant differences in variables between treatments. Each variable of plant functional trait
data (plant growth form, ecological strategies) was analysed individually using ANOVA
and the Tukey HSD test and visualised with PCA.
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PCA was used to determine plant functional parameters that were significantly af-
fected by fertiliser or ditch effect. All sampling plots, including the control group, were
included in PCA analyses. Before analyses, the Kaiser–Meyer–Olkin (KMO) test for sam-
pling adequacy was used to determine if the data fit the assumptions of PCA. The KMO
test output was 0.6. The analyses were performed using the rda function from the vegan
package [40]. The decostand function with the Hellinger method was used to standardise
the data, as the data were not linear. The scaling method was used to observe differences
between plots. The cumulative value of the eigenvalues for the first two axes was 63 percent.
The ordiellipse function was used to visualise groups of plots by drawing polygons from
standard error of the (weighted) average of scores.

3. Results

Over the three-year period, 84 herbaceous and woody plant species were observed
in the study area (see Table A1). The overall trend shows that in most sectors, number
of species (richness) continued to increase over the three-year period; Figure 3. In all
three years of the study, both the distance from the ditch (2nd year p = 0.001; 3rd year
p = 0.001; 4th year p = 0.001) and the fertiliser dose (2nd year p = 0.001; 3rd year p = 0.001;
4th year p = 0.001) had significant effects, but the planted tree species did not significantly
affect species richness. The only exception was in the second year after the application of
wood-ash, a higher number of species occurred in plots where Alnus glutinosa was planted
compared to plots with Betula pendula (p = 0.02). During all three years, species richness
was higher in the fertilised plots compared with the control group (2nd year p = 0.001, 3rd
year p = 0.001, 4th p = 0.001), while it did not differ between fertiliser doses. In the third and
fourth year of the study, species richness was significantly higher in the plots 0.5–4 m from
the ditch than that at 4–7.5 and 7.5–11 m (0.5–4 and 7.5–11 m from the ditch 2nd p = 0.001,
3rd p = 0.001, 4th p = 0.001; 0.5–4 and 4–7.5 m from the ditch 2nd p = 0.001, 3rd p = 0.003,
4th p = 0.001), but no significant difference was observed between the sampling plots 4–7.5
and 7.5–11 m from the ditch.

Figure 3. Species richness depending on the distance from the drainage ditch and wood-ash fertiliser
dose during second to fourth vegetation season following the application of fertiliser. Different letters
(a, b, c, d) indicate significant differences between groups, p < 0.05 according to the Tukey HSD test.
Error bars represent standard deviation.
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The total vegetation cover continued to increase over the three-year period and, similar
to the number of species, developed more quickly in fertilised groups, regardless of wood-
ash fertiliser dose Figure 4. In the fourth year after fertilisation, vegetation cover was
significantly higher in plots 0.5–4 m from the ditch compared to 4–7.5 and 7.5–11 m from
the ditch (p = 0.001)—Figure 4c.

Figure 4. Plant growth form proportion from total vegetation cover depending on different doses of
wood-ash fertiliser and distance from the drainage ditch: (a) second year after fertilisation; (b) third
year after fertilisation; (c) fourth year after fertilisation.

Moreover, the structure of vegetation according to plant functional trait classes
changed over the three-year ecological succession and was affected both by fertilisation
and distance from the drainage ditch but was not affected by tree species; Figures A1–A11.
During the three-year period, the cover of ruderal species in the plant community de-
creased, and the cover of competitor species and species with no specific plant adaptive
strategy (CSR) increased; Tables 1 and 2. Higher cover of plants with the CSR strategy in
the second year was found 0.5–4 m from the ditch, but during the three-year study, these
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strategies’ plant cover significantly increased in plots 4–7.5 and 7.5–11 m from the ditch;
Table 2. There was a tendency for geophyte cover to be lower under the highest fertiliser
dose, independent of location; Figure A1. Although no significant changes occurred, the
mean hemicryptophyte cover was higher in the plots 0.5–4 m from the ditch.

Table 1. Relative cover (proportion of total cover) of plants by strategy (UAST) and growth form and
community weighted mean values for Ellenberg’s indicator values in plots depending on the dose of
wood-ash fertiliser during the observation period. Underlined text indicates significant differences
in 3rd and 4th year of research with previous season and bold text indicates significant differences
between 2nd and 4th year of research (Student’s t-test (p < 0.05)).

Plant Functional Traits

Wood-Ash Dose (t/ha)

0 5 10 15 0 5 10 15 0 5 10 15

2. Year 3. Year 4. Year

U
A

S
T

(%
)

Competitors 50.4 53.8 47.1 44.9 27.8 34.6 35.9 26.7 51.7 53.0 45.5 46.4
Ruderals 5.5 9.2 8.2 12.3 7 6.4 3.5 12.4 0 1 1.7 1.4

Competitors/Ruderals
Ruderals

5.3 7.6 5.3 9.1 7.3 6.8 7.3 6.4 10.2 9.7 8.8 11.1

Competitors/Stress tolerant
Stress tolerant

6.2 11.6 11.7 10.4 13.5 17.4 16.9 17.9 14.6 13.2 16.6 13.5

Competitors/Stress
tolerant/Ruderals

17.9 15.7 19.9 22.6 39.6 31.3 32.0 32.0 22.6 20.6 27.3 27.5

G
ro

w
th

fo
rm

(%
) Geophyte 23.7 26.7 24.6 13.2 15.5 16.2 18.6 12.5 19.2 23.8 22.9 17.5

Therophyte 8.3 13.7 9.7 18.1 10.0 9.2 4.6 16.4 0.6 0.4 0.8 0.6
Hemicryptophyte 30.5 35.7 40.9 40.3 33.7 42.6 42.2 38.6 43.3 46.1 51.3 47.0

Phanerophyte 22.7 22.1 17.5 28.2 39.7 30.5 32.1 31.3 36.9 27.3 25.0 34.9

E
ll

e
n

b
e
rg

’s
v

a
lu

e Moisture 6.6 6.9 6.5 6.2 6.5 6.5 6.2 6.6 6.9 6.8 6.9 7.0

Nitrogen 5.0 5.3 5.1 5.3 5.4 5.4 5.3 5.4 5.9 5.5 5.6 5.8

Table 2. Relative cover (proportion of total cover) of plants by strategy (UAST) and growth form
and community weighted mean values for Ellenberg’s indicator values in plots depending on the
distance from the drainage ditch during the observation period. Underlined text indicates significant
differences in 3rd and 4th year of study with the previous season and bold text indicates significant
differences between 2nd and 4th Year (Student’s t-test (p < 0.05)).

Plant Functional Traits

Distance from Drainage Ditch (m)

0.5–4 4–7.5 7.5–11 0.5–4 4–7.5 7.5–11 0.5–4 4–7.5 7.5–11

2. Year 3. Year 4. Year

U
A

ST
(%

)

Competitors 52.6 45.3 48.8 37.6 28.4 27.9 49.6 49 48.8
Ruderals 9.1 10.2 8 3.1 9.7 9.2 1.9 1.1 0.8

Competitors/Ruderals 4.6 8.5 7.8 8.5 6 6.5 8.5 10.8 10.7
Competitors/Stress

tolerant 11.6 10.3 9 20 15.1 14.7 15.6 13.7 14.1

Competitors/Stress
tolerant/Ruderals 19.4 20.2 17.9 28.1 36.1 36.8 25.5 25.4 23.8

G
ro

w
th

fo
rm

(%
) Geophyte 27.9 16.4 21.3 17.7 14.74 14.6 22.7 21.8 18

Therophyte 11 15 12.5 4.3 13.2 12.8 0.5 0.5 0.7
Hemicryptophyte 40.6 37.6 34.1 48.2 34.8 43.9 51 44.7 45.1

Phanerophyte 19.2 25.2 23.6 27.6 35.6 36.9 25.8 32 34.4

El
le

nb
er

g’
s

va
lu

e Moisture 7 6.1 6.5 6.2 6.6 6.6 6.8 7 7

Nitrogen 5.4 5 5.2 5.3 5.5 5.4 5.5 5.9 5.8
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Between the second and fourth research years, community weighted mean Ellenberg’s
moisture values increased in all study areas, but significantly only in highest fertiliser doses.
In the second year, the moisture value was higher in plots 0.5–4 m from the ditch, but in the
fourth year of research, it increased significantly in plots 4–7.5 and 7.5–11 from the ditch
and was similar in all locations. The community weighted mean nitrogen indicator value
was lower in the control group in the second year, but in the fourth year of the research it
increased significantly in both control and fertilised groups, except for 5 t/ha. Nitrogen
value was higher in plots 0.5–4 m from the ditch in the second year, but significantly
increased in plots 4–7.5 and 7.5–11 m from the ditch, and did not differ between locations
in the fourth year of research. Overall, the relative cover of therophytes and plants with
ruderal strategy decreased over time, whereas phanerophyte and hemicryptophyte cover
and community weighed mean Ellenberg’s indicator moisture and nitrogen value increased.

In the control group, the changes in plant functional properties over time were less
evident than in the fertilised plots. In general, vegetation in the control plots clearly differed
from all fertilised plots; Figures 5a and A12. Although here were some differences in plant
functional traits between years and less frequently between fertiliser doses, the overall
trend in the development of vegetation was similar in all fertilised plots. Greater relative
cover of geophytes, plant species with high Ellenberg’s moisture indicator value, and
relative cover of plants with a competitor strategy were found in the control plots. Distance
from the drainage ditch was not as important in the formation of vegetation structure as
the effect of fertiliser; Figure 5b.

Figure 5. Principal Component Analysis of plant functional trait values that differ significantly: (a) be-
tween fertilised and non-fertilised plots; (b) depending on distance from the drainage ditch.
Plant functional traits: Geophyte; Hemicryptophyte; Phanerophytes; Therophyte; C—competitors;
S—stress tolerant; R—ruderal. Ellenberg’s indicator values: N—Nitrogen, M—Moisture. Cumulative
% variance for PC1 and PC2 explain 90.4%.

4. Discussion

It was found that both the wood-ash treatment and distance from the drainage ditch
had a significant effect on plant species richness. In all years, there were significant
differences in species richness between non-treated sampling plots and treated sampling
plots, which shows that wood-ash fertiliser had a significant positive effect on recolonising
species richness, even when used at a low dose. During the three-year period, species
richness was higher in plots 0.5–4 m from the ditch, which is most likely due the higher soil
moisture closer to the ditch, as water accessibility is one of the limiting factors for natural
revegetation in cutaway peatland [6]. In meliorated peat soils in wet conditions, the soil
moisture increases with distance to the ditch, but decreases in drier conditions [41]. As this
area had been afforested, the hydrology of study area represented drier conditions. An
abundant network of shallow drainage ditches, which were made during peat vacuum
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harvesting, may have a beneficial effect on revegetation in a tree stand because the water
table depth is not as variable as in sites with a sparse ditch network. The effect of the dose
of wood-ash fertiliser was greater than the effect of the distance from the ditch, as the effect
of the latter was not very noticeable when fertilisation was applied. Natural revegetation
can mitigate the negative effect of the melioration system, since plant root systems can
decrease hydraulic conductivity and increase soil moisture [42,43]. The number of observed
species also increased during the three-year period, which indicates that the vegetation
structure is still changing from one ecosystem, a cutaway peatland, to a planted forest. To
obtain a full picture of the revegetation under the influence of fertilisation and the distance
from the ditch, it is necessary to observe vegetation over an even longer period, but with
a wider interval of time between the surveys, since the changes will not be so noticeable
within one growing season, but rather between several seasons.

Similar to the results for species richness, there were also major successional changes
of plant functional traits in the treated plots, which were less evident in non-treated plots.
Again, this confirms that wood-ash treatment accelerates the succession process in the
cutaway peatland [18]. During all study times, phanerophyte cover was higher in the
control plots, compared to the treated plots. In fertilised plots with higher dose (10 and
15 t/ha), plants with the CSR strategy, which are usually late successional species, had
higher cover during all three years. In the control group and 5 t/ha, vegetation cover
was sparser; therefore, in these plots, plants are exposed to a number of factors that
may adversely affect revegetation—the erosion of the soil top layer, increased risk of the
soil moisture level fluctuation, especially the top layers, and minerals leaching [6,26,44].
Wood-ash acts as a liming agent in acidic soils, therefore enhancing nutrient availability
to plants. Wood-ash fertiliser may contribute understorey vegetation growth, which is
more demanding for nutrients than phanerophytes and, after the first years, competes
less with planted trees than naturally regrowing phanerophytes; Figure 6. In the control
group, where vegetation was also sparse during the fourth season, geophytes such as
Phragmites australis, Tussilago farfara, and Taraxacum officinale were more abundant than
under higher fertiliser doses; Figure A1. These species indicate that, after four years,
unfertilised cutaway peatland does not have optimal growth conditions because geophytes
form underground organs for storage of water or nutrient reserves, thereby maintaining
the availability of these stores under adverse environmental conditions [45]. This tendency
was mostly significant in plots 0.5–4 m from the ditch because a large number of geophytes
found in the study area grow not only under poor nutrient growing conditions, but also on
sites where water is not a limiting factor, as in plots closer to a ditch [46,47].

   
(a) (b) (c) 

Figure 6. Vegetation cover four years after treatment with wood-ash fertiliser in different
doses: (a) control group; (b) 10 tons per hectare; (c) 15 tons per hectare.

The community weighted mean Ellenberg’s indicator values showed significant differ-
ences between treated groups and the control group in moisture and nitrogen values, which
both have a major role in natural vegetation formation in cutaway peatlands [6]. A higher
Ellenberg’s moisture value was observed in the non-fertilised plots in the second and third
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study year, but in the last study year it was higher in plots fertilised with 10 and 15 t/ha.
In the first years in control plots, there tended to be a few ruderal species with a high
Ellenberg’s indicator value, such as Phragmites australis and Tussilago farfara, explaining
the high moisture value in these plots. In fertilised plots with higher species richness,
these values may be more reliable. As discussed before, vegetation cover development
can raise soil moisture by decreasing water infiltration and soil conductivity. In fertilised
plots, during the three-year period, species richness, total vegetation cover, and Ellenberg’s
moisture value increased. In the second year, the nitrogen indicator value was higher in
fertilised plots, but in the fourth year it significantly increased both in fertilised and control
groups. The distance from the drainage ditch has a greater influence on Ellenberg’s nitrogen
value than fertiliser. An experimental study showed that the Ellenberg’s nitrogen value
had a fairly poor correlation with soil N content, but represented overall productivity [48].
In the study area, vegetation cover and species richness were higher in plots 0.5–4 m from
the ditch; Figure 4. It is possible that the Ellenberg’s nitrogen values did not represent the
amount of nitrogen in the soil, but the total productivity, which was higher in plots 0.5–4 m
from the ditch.

Wood-ash fertiliser and distance from the drainage ditch have a more significant
impact on the species richness and vegetation cover, but ecological successions have
a stronger impact on species composition. In all the treated groups, during the first
vegetation survey season, the dominated functional traits were typical of the early stages
of primary successions—a large number of therophytes (annual plant species), in addition
to plants with ruderal and stress-tolerant strategies. Such vegetation structure is usually
combined with barren vegetation, which explains the lower CSR plant cover. During the
four-year succession, in many parts, a large number of the therophytes were replaced by
hemicryptophytes. As the vegetation structure stabilised, more plants that have no special
strategy (CSR), thus indicating a later stage of habitat succession, were more common.
During the time between the 2nd and 4th years after application of wood-ash, in fertilised
plots the Ellenberg’s moisture value increased due to the increase in the vegetation cover.

5. Conclusions

This study showed that both wood-ash fertiliser and distance from the drainage ditch,
in addition to time after treatment application, have an impact on plant species richness,
cover, and vegetation composition. Wood-ash fertiliser positively affects vascular plant
species richness, but during the first growing years, there are no significant differences
between treatment doses. Species richness is higher closer to the drainage ditch, most likely
due to a higher water level, which is one of the limiting factors in a cutaway peatland.
Consequently, it can be concluded that appropriate management of cutaway peatland
provides the area with the nutrients it needs, thereby allowing colonisation of vegetation.
In the first growing seasons, planted tree species have no significant effect on vegetation
composition, richness, and distribution. Planted and naturally regrown trees on marginal
land contribute to the overall development of the habitat by increasing the biodiversity
due to interaction with other species. This restoration practice also increases the financial
value of otherwise agronomically low-value land. Vascular plant diversity and cover is
essential as it reduces nutrient leaching, thus improving growth conditions for planted trees.
Along with the herbaceous species, tree species such as Betula pendula, Betula pubescens, and
Salix spp. also naturally regrow in the area therefore the area has the potential to become a
silvopastoral agroforestry system or naturally reforested site. Further research is needed to
determine how different doses of fertiliser affect the development of vegetation over time
and when planted tree species begin to affect the plant communities.
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Appendix A

Figure A1. Relative cover of plants with geophyte growth form of the total vegetation cover, depend-
ing on the distance from the drainage ditch and the dose of wood-ash fertiliser. Different letters (a, b,
c, d) indicate significant differences between groups, p < 0.05 according to the Tukey HSD test.

Figure A2. Relative cover of plants with hemicryptophyte growth form from the total vegetation
cover, depending on the distance from the drainage ditch and the dose of wood-ash fertiliser. Different
letters (a, b, c, d) indicate significant differences between groups, p < 0.05 according to the Tukey
HSD test.
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Figure A3. Relative cover of plants with therophyte growth form from the total vegetation cover,
depending on the distance from the drainage ditch and the dose of wood-ash fertiliser. Different
letters (a, b, c) indicate significant differences between groups, p < 0.05 according to the Tukey
HSD test.

Figure A4. Percentage of plants with phanerophyte growth form from the total vegetation cover,
depending on the distance from the drainage ditch and the dose of wood-ash fertiliser. Different
letters (a, b, c, d, e) indicate significant differences between groups, p < 0.05 according to the Tukey
HSD test.
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Figure A5. Relative cover of plants with competitor/ruderal universal adaptive strategy from the
total vegetation cover, depending on the distance from the drainage ditch and the dose of wood-ash
fertiliser. Different letters (a, b, c, d) indicate significant differences between groups, p < 0.05 according
to the Tukey HSD test.

Figure A6. Relative cover of plants with competitor/stress tolerant universal adaptive strategy
from the total vegetation cover, depending on the distance from the drainage ditch and the dose of
wood-ash fertiliser. Different letters (a, b) indicate significant differences between groups, p < 0.05
according to the Tukey HSD test.
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Figure A7. Relative cover of plants with competitor/stress tolerant/ruderal (no-specific strategy)
universal adaptive strategy from the total vegetation cover, depending on the distance from the
drainage ditch and the dose of wood-ash fertiliser. Different letters (a, b, c, d) indicate significant
differences between groups, p < 0.05 according to the Tukey HSD test.

Figure A8. Relative of plants with competitor universal adaptive strategy from the total vegetation
cover, depending on the distance from the drainage ditch and the dose of wood-ash fertiliser. Different
letters (a, b, c) indicate significant differences between groups, p < 0.05 according to the Tukey
HSD test.
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Figure A9. Relative of plants with ruderal universal adaptive strategy from the total vegetation cover,
depending on the distance from the drainage ditch and the dose of wood-ash fertiliser. Different
letters (a, b) indicate significant differences between groups, p < 0.05 according to the Tukey HSD test.

Figure A10. Community weighted mean Ellenberg’s indicator Moisture value depending on the
distance from the drainage ditch and the dose of wood-ash fertiliser. Different letters (a, b, c) indicate
significant differences between groups, p < 0.05 according to the Tukey HSD test.
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Figure A11. Community weighted mean Ellenberg’s indicator Nitrogen value depending on the
distance from the drainage ditch and the dose of wood-ash fertiliser. Different letters (a, b, c) indicate
significant differences between groups, p < 0.05 according to the Tukey HSD test.

Figure A12. Scree plot from PCA analyses.

Table A1. Observed species in study area during the three-year study.

No. Species 2019 2018 2017 No. Species 2019 2018 2017

1. Agrostis capillaris x x x 43. Luzula pilosa x

2. Arabidopsis thaliana x x 44. Lycopus europaeus x x x

3. Arctium lappa x x 45. Matricaria perforata x x
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Table A1. Cont.

No. Species 2019 2018 2017 No. Species 2019 2018 2017

4. Arctium tomentosum x 46. Mycelis muralis x

5. Barbara stricta x 47. Persicaria maculosa x

6. Betula pendula x x x 48. Petasites hybridus x

7. Betula pubescens x x x 49. Phragmites australis x x x

8. Bidens tripartita x x x 50. Picea abies x x x

9. Brassica campestris x x 51. Picris hieracioides x x x

10. Calamagrostis canescens x x x 52. Pinus sylvestris x x x

11. Calluna vulgaris x x 53. Plantago lanceolata x

12. Carex cespitosa x x x 54. Plantago major x x

13. Carex hirta x 55. Poa palustris x x x

14. carex pseudocyperus x 56. Polygonum sp. x

15. Carex vesicaria x 57. Polytrihum sp. x x

16. Cerastium holosteoides x x 58. Populus tremula x x x

17. Chamerion angustifolium x x x 59. Rubus idaeus x x x

18. Chenopodium album x x 60. Rumex acetosa x x

19. Cirsium arvense x x x 61. Rumex acetosella x x x

20. Cirsium aucale x 62. Rumex longifolius x

21. Cirsium oleraceum x x 63. sagina nodosa x

22. Cirsium palustre x 64. Salix alba x

23. Crepis biennis x x 65. Salix caprea x x x

24. Echinochloa crusgalli x x 66. Salix myrsinifolia x

25. Eirophorum polystachion x 67. Salix rosmarinifolia x

26. Epilobium parviflorum x x x 68. Salix sp. x x

27. Equisetum arvense x 69. Salix starkeana x

28. Equisetum fluviatile x 70. Salix triandra x

29. Equisetum sylvaticum x 71. Salix viminalis x

30. Erigon canadesis x x x 72. Scirpus sylvaticus x

31. Eriophorum vaginatum x x x 73. Senecio sylvaticus x x

32. Eupatorium cannabinum x x x 74. Silene vulgaris x

33. Festuca rubra x 75. Solidago cannadensis x x x

34. Fragaria vesca x x x 76. Sonchus asper x x

35. Frangula alnus x x 77. Stellaria media x x

36. Gnaphalium uliginosum x 78. Taraxacum officinale x x x

37. Hieracium pilosella x x x 79. Trifolium repens x

38. Juncus articulatus x x x 80. Tripleurospermum
inodorum x

39. Juncus effusus x x x 81. Tussilafgo farfara x x x

40. Juncus tenuis x x x 82. Typha latifolia x x x

41. Lamium album x x 83. Utrica dioica x

42. Linaria vulgaris x x 84. Valeriana officinalis x
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Abstract: The N-fixing and P-solubilization functions of soil microbes play a vital role in plant adap-
tation to nutrient-deficiency conditions. However, their exact roles toward the adaptation of ramie
to poor soil conditions are still not clear. To fill this research gap, the N-fixing and P-solubilization
efficiencies of soils derived from the rhizosphere of several ramie genotypes with different levels of
poor soil tolerance were compared. Correlations between the N-fixing, P-solubilization efficiency, and
the poor soil tolerable index were analyzed to quantify their contributions towards the adaptation of
ramie plants to poor soil conditions. To explore how the microorganisms affected the potential of
N-fixing/P-solubilization, the activities of the nutrients related the soil enzymes were also tested
and compared. The results of this study confirm the existence of N-fixing and P-solubilization
bacteria in the ramie rhizosphere of the soil. The number of N-fixing bacteria varied from 3010.00
to 46,150.00 c.f.u. per gram dry soil for the ramie treatment, while it was only 110.00 c.f.u. per
gram dry soil for treatment without ramie cultivation. The average P-solubilization efficiency of
ramie treatment was almost five times higher than that of the control soil (0.65 vs. 0.13 mg mL−1).
The significant correlations between the poor soil tolerance index and the N-fixing bacteria number
(r = 0.829)/nitrogenase activity (r = 0.899) suggest the significantly positive role of N-fixing function
in the adaptation of ramie plants to poor soil. This is also true for P-solubilization, as indicated by
the significant positively correlation coefficients between the ramie poor soil tolerance index and
P-solubilization efficiency (0.919)/acid phosphatase activity (0.846). These characteristics would
accelerate the application of “holobiont” breeding for improving ramie nutrient use efficiency.

Keywords: fibrous crop; rhizosphere soil; soil enzyme; tolerance strategy; infertile soil

1. Introduction

Ramie (Boehmeria nivea L.) is a perennial fiber yielding crop, which generally requires
high inputs to achieve potential yield and maintain a good fiber quality [1]. The nutrient
requirements for ramie production are generally two to four times higher than that of the
normal field crops. For example, the recommended demands of N, P2O5, and K2O for the
production of 100 kg ramie fiber are 8.00 kg, 2.00 kg, and 9.00 kg [2], respectively, while
they are only 2.56 kg, 0.77 kg, and 2.53 kg for the production of 100 kg corn grains [3].
Actually, during the farmer’s production process, higher amounts of fertilizer are usually
applied as most Chinese farmers believe the higher the fertilizer application, the higher the
crop yield. Over-fertilization exists in almost all the agricultural production fields in China,
which results in the crops’ nutrient uptake efficiencies being generally lower than 30% or
even 20% [4]. This over-fertilization has caused a series of problems such as surface and
groundwater pollution, as well as increasing greenhouse gas emissions. To address these
problems, the Chinese government has implemented a strategy of “agricultural transfor-
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mation and upgrading”. One important task of the strategy is to establish a sustainable
agricultural production system with special emphasis on low input cropping systems.

When implementing such a system in ramie production, the key aspect is to minimize
the use of production inputs, especially use of synthetic fertilizers [5]. One way to reduce
fertilizer input is through optimization of the cultivation techniques [2]. However, it is
still advised to breed new ramie varieties that are characterized by high NUE (nutrient
utilization efficiency). Traditionally, plant breeding was conducted by altering the plant’s
own genomic information. Recently, a new perspective of “holobiont” breeding has
emerged and been accepted [6], which claims “plant breeding goes microbial” [7]. The
holobiont considerers the plant and its associated microbiome as an evolutionary unit,
which together transmit the genetic information to next generation [8]. Therefore, future
breeding should set the selection targets not only in terms of plant materials, but also for
the associated microbes.

Soil microorganisms play a vital role in nutrient recycling [9]. During our previous
research, the helpful roles of soil microbes in the adaptation of the ramie to poor soil
conditions were confirmed [10]. This is generally achieved through enrichment of the
beneficial bacteria and through a reduction of harmful fungi simultaneously. The current
results indicate that ramie’s NUE can be improved through holobiont breeding. However,
the premise for achieving this potential lies in understanding how the microorganisms
improve the ramie’s NUE.

Therefore, the current study is designed with an overall aim to explore the role of
soil microbes for improving the NUE of the ramie plant. The improvement in NUE by
microorganisms is mainly evaluated through their potential for increasing the amount of
nutrients available for plant uptake and subsequent utilization [9]. For example, in legume
species, the high NUE is attributed to the N-fixing characteristic, which is also true for some
non-legume species such as miscanthus [11,12]. Phosphate solubilizing microorganisms
(PSM) can convert immobilized inorganic P to soluble organic P (i.e., P-solubilization),
which increases the bioavailable P for plant uptake and utilization [13]. Our previous
work already detected the N-fixing bacteria of Bradyrhizobium from the rhizosphere soil
of ramie using sequencing technology [10]. However, the exact N-fixing potential is not
clear. Therefore, the first objective (Objective I) of this study is to quantitatively assess
the N-fixing potential of the ramie rhizosphere soil and to evaluate the contribution of
the N-fixing characteristic in the poor soil tolerance of the ramie plant. Next to nitrogen,
phosphorus is the second most important element for plant growth. Thus, the second
objective (Objective II) of this study is to explore the role of P-solubilization, which is
similar to N-fixing, and its potential contribution towards adaptation of the ramie plant
to poor soil conditions. Another key aspect is the role of soil enzymes, which act as a
bridge between the microorganism and N-fixing/P-solubilization [14]. To explore how
the microorganisms affect the potential of N-fixing/P-solubilization (Objective III), the
activities of the nutrient-related soil enzymes are also monitored and compared as a part
of this study. Furthermore, based on the outcomes of the former research work [10], it
is revealed that the harmful fungal communities (e.g., Cladosporium) can be enriched in
the ramie rhizosphere soil, which can kill the beneficial bacteria and limit the N-fixing
potential. Therefore, the fourth objective (Objective IV) is to verify the inhibitory effect of
fungal communities on N-fixing bacterial communities in the rhizosphere.

2. Materials and Methods

The N-fixing and P-solubilization potential of soils derived from the rhizosphere of
several ramie genotypes have different tolerance levels to poor soil conditions. The toler-
ance level is expressed by the overall plant field performance under poor soil conditions, as
a higher field performance will have a stronger poor soil tolerance ability. The overall field
performance was normalized (detail calculation process shown in [10]) and then expressed
to a field performance index (NFPI). The N-fixing potential was quantified by the number of
nitrogen-fixing bacteria in the soil and the related nitrogenase activity. The P-solubilization
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quantity was measured as the available phosphorus (AP) content in the TCP (tricalcium
phosphate) liquid medium after microbial cultivation. Other than nitrogenase, the activ-
ity of acid phosphatase (S-ACP), urease (S-UE), and sucrase (S-SC) were also tested and
compared in this study. Their contributions for helping the ramie plant adapt to poor
soil conditions were evaluated through the correlation analysis between the soil enzyme
activity and the corresponding NFPI value. Quantification of the anti-N-fixing-bacteria
activity by fungal communities was conducted using the inhibition-zone assay.

2.1. Materials and Sampling Strategies

All of the above-described tests were conducted using the fresh soil samples collected
in December 2020. Soil samples of four ramie genotypes and one blank control CK (i.e.,
without ramie cultivation) were compared. The four ramie genotypes, namely Xiangzhu
XB (XZ-XB), Zhongzhu 1 (ZZ-1), Xiangzhu X2 (XZ-X2), and Xiangzhu 3 (XZ-3), were
established in 2010 at the experimental station of Huarong (29◦32′46” N, 112◦39′57” E,
73 m a.s.l.). The CK was set as the weed free bare ground, which was adjacent to the
ramie cultivation block. Without ramie cultivation, the CK block was dominated by the
species of Chrysanthemum indicum L. and Humulus scandens (Lour.) Merr. The field soil is a
poor sandy red soil that was found to have a total nitrogen content of 0.69 g/kg, available
phosphorus content of 9.62 mg/kg, and exchangeable potassium content of 56.53 mg/kg.
According to the field evaluation results [10], the poor soil tolerance ability of the four
tested genotypes were shown as XZ-XB (NFPI = 0.953) > ZZ-1(NFPI = 0.701) > XZ-X2(NFPI
= 0.452) > XZ-3 (NFPI = 0.000). More detailed information about the experiment design and
the field performance of the genotypes can be found in our previously published work [10].
The rhizosphere soil samples of the ramie plants were collected in the field and transported
to the laboratory in an ice box. The rhizosphere soil samples, defined as the soil remaining
attached to the roots after shaking plants vigorously [15], were collected according to the
“air shaking method”. The rhizosphere soil samples of five plants within one block were
randomly selected in an “S” pattern and then mixed to one composite rhizosphere sample.
Five soil cores (0–20-cm depth) within the CK block were collected according to the “S”
pattern and were mixed to be the composite CK sample. All the samples were sieved
through 50-mesh sieves and stored at 4 ◦C until the start of the test (less than 30 days here).

2.2. Quantification of the Number of Soil N-Fixing Bacteria

The number of the N-fixing bacteria was quantified using the spread plate method,
with a detailed procedure comprised of following steps:

(a) Preparation of the soil suspension by adding 10.00 g of the fresh soil sample to
90 mL sterile distilled water and then shaking at 30 ◦C at 150 rpm for 30 min. (b) Preparation
of the diluted soil suspension by 10-, 102-, 103-, 104-, and 105-fold dilutions of the sus-
pension, which was prepared by adding 1 mL previous-level-fold suspension to 9 mL of
sterile distilled water. (c) Determination of the N-fixing bacteria number of 103-, 104-, and
105-fold diluted suspensions were plated onto Petri plates containing Ashby nitrogen-free
solid medium. This was followed by 3 d incubation at 30 ◦C and the number of N-fixing
bacteria in each plate was counted. Afterwards, the counted number was converted to the
comparable number, expressed as log c.f.u. per gram of dry soil.

The above steps of each soil sample were repeated four times. The composition of
the Ashby nitrogen-free solid medium included 10.00 g mannitol, 0.20 g KH2PO4, 0.20 g
MgSO4, 0.20 g NaCl, 0.30 g K2SO4, 5.0 g CaCO3, 1000.00 mL distilled water, and 18.00 g
agar. At first, these components were mixed and adjusted to a pH of 7.0, followed by
sterilization at 121 ◦C for 30 min.

2.3. Quantitative Assay to Determine the P Solubilization Efficiency of Rhizosphere Microbes

In this assay, each 250 mL Erlenmeyer flasks containing 90.00 mL TCP liquid medium
was inoculated with 10.00 mL soil suspension (see Step A in Section 2.2) and then shook
at 30 ◦C at 150 rpm for 72 h. To eliminate the background effect, a control treatment was
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carried out simultaneously without the soil suspension and adding only the corresponding
sterilized (at 121 ◦C for 30 min) suspension. At the end of incubation time, 5 mL cultures
were sampled and centrifuged at 12,000 rpm for 5 min. Afterwards, the supernatants
were used to determine the AP contents by the molybdenum blue method. The net P-
solubilization quantity of each sample was the difference of AP content between the normal
treatment and control treatment. Each soil sample had four replications. The composition
of the TCP liquid medium included 0.30 g NaCl, 0.30 g MgSO4·7H2O, 0.50 g (NH4)2SO4,
0.30 g KCl, 0.03 g FeSO4·7H2O, 0.03 g MnSO4·4H2O, 5.00 g Ca3(PO4)2, 10.00 g glucose,
and 1000.00 mL distilled water. In addition, prior to microbial cultivation, the pH of the
aforementioned medium was adjusted to 7.0 and sterilized at 121 ◦C for 30 min.

2.4. Quantitative Estimation of the Soil Enzyme Activity

The nitrogenase activity was measured using an acetylene reduction assay (ARA)
and was expressed by the conversion efficiency of acetylene (C2H2) to ethylene (C2H4).
The detailed description of ARA method is as follows: (1) adding 0.50 mL soil suspension
to each serum bottle (100 mL) containing 50.00 mL nitrogen-free Ashby liquid medium;
(2) sealing the bottle by cotton plugs and incubation at 30 ◦C and 150 rpm for 72 h;
(3) replacing cotton plugs with air tight serum stopper; (4) removing 5.00 mL atmospheric
air from the tube and injecting same volume of acetylene; and (5) afterwards, continue
with incubation for another 72 h and draw 1 mL gas sample from the tube to measure the
C2H4 concentration using gas chromatography. Based on this measured concentration, the
amount of C2H4 produced per gram of dry soil per 24 h is the nitrogenase activity, which
was calculated according to the method described in the study of Haskett [16].

The activities of S-ACP, S-UE, and S-SC were determined using the Solarbio detec-
tion kits (Solarbio Technology Co., Ltd., Beijing, China) of BC0140, BC0120, and BC0240,
respectively, as per the manufacturer’s instructions. The S-UE activity was expressed as
the amount of NH3-N, the S-ACP activity as the amount of phenol, and the S-SC activity as
the amount of reducing sugar produced per gram of dry soil after 24 h at 37 ◦C.

2.5. Antagonistic Test to Quantify the Effect of Fungal Communities on N-Fixing Bacteria

Quantification of the anti-N-fixing-bacteria activity by fungal communities was con-
ducted using an inhibition-zone assay. In this assay, the dot culture of the fungal colony on
the N-fixing bacteria grown in Petri plates was carried out. The inhibition efficiency was
calculated as halo zone diameter/colony diameter (HD/CD). The procedure comprised
the following: (a) enrichment of the N-fixing bacteria by adding 5.00 mL soil suspension to
95.00 mL sterilized liquid N-fixing bacteria enrichment medium (15.00 g glucose, 0.80 g
KH2PO4, 0.20 g MgSO4, 0.20 g NaCl, 1.00 g CaCO3, 1.00 mL Na2MoO4 (mass fraction of
1%), 1.00 mL H3BO3 (mass fraction of 1%), 1.00 mL MnSO4 (mass fraction of 1%), 1.00 mL
FeSO4·7H2O (mass fraction of 1%) and 1000.00 mL distilled water) and then incubated
at 30 ◦C and 150 rpm for 3 days, then taking 5.00 mL of the bacterial culture and enrich-
ing again by following the same procedure. (b) Preparation of the N-fixing bacteria to
be cultured in petri plates by plating 1.00 mL dule-enriched N-fixing bacterial culture
to the surface of petri plates containing a solid LB (Luria-Bertani) medium followed by
incubation at 30 ◦C for 3 days. (c) Preparation of the fungal colony by plating 1 mL ten-
fold diluted (10−1) soil suspension on the surface of Petri plates containing a solid PAD
medium, followed by incubation at 28 ◦C until the whole surface was covered by mycelium.
Afterwards, a fungal colony was cut using a 5 mm cork borer. (d) Co-incubation of the
fungal colony and N-fixing bacteria in Petri plates by spotting three fungal colonies and one
control colony (prepared according to the same method for fungal colony with replacing
1 mL soil suspension to 1 mL distilled water) on the surface of N-fixing bacteria grown at
four equidistant points near the Petri center in four directions, followed by co-incubation
of the paired plates at 30 ◦C for 3 days. (e) At the end of incubation, the diameter of the
halo and the colony were measured.

All of the above steps for each sample were carried out in four replications.
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2.6. Statistical Analysis

Data are presented as mean ± SD. Differences in terms of the tested parameters
as described above among the different ramie genotypes were analyzed using one-way
ANOVA (analysis of variance) in SAS 9.4 software (SAS Institute, Cary, NC, USA). The
mean values of these parameters were compared using Duncan’s multiple range tests at
both a p < 0.05 and p < 0.01 level. If 0.01 < p < 0.05, the significance was marked by p < 0.05,
otherwise by p < 0.01. A correlation analysis was performed between the activities of the
four tested soil enzymes and the poor soil tolerance ability of ramie plants (expressed by
the NFPI).

3. Results

3.1. Comparison of the N-Fixing and P Solubilization Efficiencies between Different Ramie
Germplasms

The results shown in Figure 1 indicate that the N-fixing and P-solubilization efficiency
of the ramie rhizosphere soil was significantly stronger (p < 0.05) than that in the blank
control CK soil without ramie. The number of N-fixing bacteria in the ramie rhizosphere
soil, which was pooled of 30,822.00 c.f.u. per gram dry soil for all the four genotypes,
was 280-times higher than that of the CK (110.00 c.f.u. per gram dry soil) without ramie
cultivation (Figure 1a). This was also true for the P-solubilization efficiency, as the AP
content (Figure 1b) in the incubation culture of the ramie rhizosphere (four genotypes
pooled) was almost five-times higher than that of the CK soil (0.65 vs. 0.13 mg mL−1).
To compare the tested genotypes, there is a general trend that genotypes with a better
adaptability to poor soil conditions are characterized by a high N-fixing and P-solubilization
efficiency. For example, XZ-XB, as the most tolerable genotype, had the second highest
N-fixing bacteria number (46,150.00 c.f.u. per gram dry soil), which was just slightly
lower than that (53,060.00 c.f.u. per gram dry soil) of XZ-X2 (p > 0.01), but significantly
(p < 0.01) higher than that of ZZ-1 and XZ-3. In particular, XZ-XB showed 15.3-times more
N-fixing bacteria (46,150.00 vs. 3010.00 c.f.u.) compared with the poorest tolerable genotype
(XZ-3). The correlation results show that the N-fixing bacteria number was significantly
positively correlated with the poor soil tolerance index NFPI (r = 0.829, p < 0.01). In
terms of differences in the P-solubilization efficiency, the genotypes from a high to low P
solubilization ability were XZ-XB (AP content of 0.85 mg mL−1), ZZ-1 (0.85 mg mL−1),
XZ-3 (0.47 mg mL−1), and XZ-X2 (0.41 mg mL−1). Although the order of XZ-3 and XZ-
X2 for P solubilization ability was against that of NFPI, the difference in the AP content
between XZ-3 and XZ-X2 did not reach a significant level (p > 0.01). The positive correlation
(r = 0.919) between the P-solubilization efficiency and NFPI was also significant (p < 0.01).

 
Figure 1. Variations of the rhizosphere soil content nitrogen-fixing microbe numbers (a), P-solubilization efficiency of
the soil microbes (b) and anti-N-fixing-bacteria activity by fungal communities (c) between different ramie germplasms.
Different capital letters within each measured trait indicate the least significant differences at a p < 0.01 level. N/A means
not available. XZ-XB, Xiangzhu XB; ZZ-1, Zhongzhu 1; XZ-X2, Xiangzhu X2; XZ-3, Xiangzhu 3. CK is the control without
ramie cultivation. HD/CD represents the halo zone diameter/colony diameter that measured in the antagonistic test.
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3.2. Effects of Fungal Communities on N-Fixing Bacteria

The results of this study confirm that the ramie rhizosphere soil derived fungal
communities have an inhibitory effect on N-fixing bacteria. The halo zone was observed
for all of the ramie treatments except for the CK treatment (Figure 1c). This inhibitory effect
weakened the ramie poor soil tolerance ability, as indicated by the significantly negative
relationship (r = −0.995, p < 0.01) between HD/CD and NFPI. More precisely, the highest
HD/CD ratio of 3.42 was observed in the rhizosphere soil of XZ-3 (the worst performing
genotypes under poor soil condition), followed by XZ-X2 (2.39), ZZ-1 (2.00), and XZ-XB
(1.72). This trend was opposite to the order of the poor soil tolerance ability. Additionally,
the halo zone boundary of the XZ-XB treatment was not fixed and some sporadic N-fixing
bacteria colonies were observed within the halo zone. This also indicates that the fungal
communities from XZ-XB rhizosphere soil had a relatively weak inhibitory effect on the
growth of N-fixing bacteria. In contrast, XZ-3 treatment had a large halo zone and obvious
boundary, suggesting a strong inhibitory effect. However, the poor ramie soil tolerance
was not fully attributed to the inhibitory effect of the fungal communities on the N-fixing
bacteria. For example, the genotype of XZ-X2 had the second-highest HD/CD, but also the
highest number for the N-fixing bacteria. Furthermore, the number of N-fixing bacteria in
XZ-X2 was 2.5-times higher than that of ZZ-1, despite no significant differences in terms of
the HD/CD ratio between these two genotypes.

3.3. Comparison of the Soil Enzyme Activity between Different Ramie Germplasms

The results presented in Figure 2 compare the differences in terms of the activities
of nitrogenase, S-ACP, S-UE, and S-SC among the soils cultivated with different ramie
genotypes and the control without ramie cultivation. The activities of the tested enzymes
in the ramie cultivation treatments were all higher than that of the CK treatment. In
particular, the difference in terms of nitrogenase activity was the most significant, as
the average activity in ramie cultivation treatment (287.60 μ mol (C2H4) g−1 d−1) was
15-times higher than that of the CK (19.13 μ mol (C2H4) g−1 d−1), whereas the S-SC activity
(23.39 mg (reducing sugar) g−1 d−1) was 13.4-times higher than the CK treatment (1.75 mg
(reducing sugar) g−1 d−1). The S-ACP activity only had a difference of 1.86-times (64.19
vs. 34.41 μ mol (phenol) g−1 d−1). For the activity of S-UE, the ramie treatment (four
genotypes pooled) was only 34.3% higher (0.27 vs. 0.18 μg (NH3-N) g−1 d−1) than that
of CK.

To compare the ramie genotypes, significant (p < 0.01) differences were observed
in terms of nitrogenase, S-ACP, and S-SC activities, but not in case of the S-UE activity
(p > 0.05). The nitrogenase activity showed a completely consistent trend with the poor
soil tolerance ability of the ramie plant. The nitrogenase activity (Figure 2a) in the XZ-XB
treatment (353.30 μ mol (C2H4) g−1 d−1) was significantly (p < 0.05) higher than that of XZ-
X2 treatment (259.33 μ mol (C2H4) g−1 d−1) and the XZ-3 treatment (194.10 μ mol (C2H4)
g−1 d−1), whereas the difference was not significant for the ZZ-1 treatment (343.47 μ mol
(C2H4) g−1 d−1). The differences in S-ACP activity (Figure 2b) among the genotypes were
generally consistent with the ramie’s poor soil tolerance ability. The best performing XZ-XB
treatment had the highest S-ACP activity of 75.45 μ mol (phenol) g−1 d−1, whereas the
lowest activity of 53.28 μ mol (phenol) g−1 d−1 was recorded in the worst performing
XZ-3. In the better performing ZZ-1 treatment, the S-ACP activity was lower than the
XZ-X2 treatment (63.72 vs. 64.30 μ mol (phenol) g−1 d−1), but these differences were not
significant. The S-UE activities (Figure 2c) of the four genotypes ranged from 0.25 to 0.29 μg
(NH3-N) g−1 d−1, which were not significantly different. For the S-SC activity (Figure 2d),
the XZ-X2 treatment had the highest activity of 43.02 mg (reducing sugar) g−1 d−1, which
was 36.50% higher (p < 0.01) than that of the second-highest treatment of ZZ-1 (27.34 mg
(reducing sugar) g−1 d−1). However, the best-performing XZ-XB had the lowest S-SC
activity of only 8.51 mg (reducing sugar) g−1 d−1.
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Figure 2. Comparison of the soil enzyme activity of nitrogenase (a), acid phosphatase (b), urease (c), and sucrose (d) between
different ramie germplasms. Different capital letters within each measured trait indicate least significant differences at
p < 0.01 level. XZ-XB, Xiangzhu XB; ZZ-1, Zhongzhu 1; XZ-X2, Xiangzhu X2; XZ-3, Xiangzhu 3. CK is the control without
ramie cultivation.

The contribution of the soil enzyme to improve the ability of ramie to tolerate poor soil
conditions was expressed by the relationship between the soil enzyme activity and the poor
soil tolerance index NFPI. The results (Table 1) show that the adaptability of ramie to poor
soil was significantly and positively correlated with the nitrogenase activity, S-ACP activity,
and S-UE activity, but not with the S-SC activity (r = 0.256, p = 0.421). According to the
Pearson correlation coefficient, the adaptability of the ramie plant to poor soil was mostly
correlated with the nitrogenase activity, as indicated by the highest correlation coefficient
of 0.899 (p < 0.001), followed by the S-ACP activity (r = 0.846, p = 0.005) and then the
S-UE activity (r = 0.698, p = 0.012). Besides, a significantly negative correlation (r = −0.995,
p < 0.001) was observed between the nitrogenase activity and HD/CD, indicating an
inhibitory effect of the fungal communities on the N-fixing bacterial activity.

Table 1. Correlations between the soil enzyme activity (nitrogenase, acid phosphatase, urease, and sucrase) and the ability
of ramie to tolerate poor soil, expressed by the normalized field performance index (NFPI).

Nitrogenase Activity
Acid Phosphatase

Activity
Urease Activity Sucrase Activity

r 0.899 0.846 0.698 0.256
p <0.001 0.005 0.012 0.421

Note: Detail information of NFPI is shown in the published study of [10]; r: Pearson’s coefficients; p: p-values of the Pearson’s coefficients.

4. Discussion

Historically, research in terms of N-fixing microbes was only conducted on legume
species due to the specific characteristics of the rhizobia. However, recently, an increasing
number of studies have also shown the existence of N-fixing bacteria on non-legume
species, such as corn [17], miscanthus [12], and sugarcane [18]. N-fixing bacteria can reduce
N2 in the air to a form (mainly NH4

+) that can be absorbed and utilized by plants, especially
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under the N-deficiency condition [19]. This explains the positive correlation between the
poor soil tolerance ability of the ramie plant and the N-fixing efficiency of the rhizosphere
microbes. The N-fixing efficiency is co-contributed by the N-fixing bacteria number and
nitrogenase activity. The different N-fixing bacteria number between genotypes can be
explained by the plant that controls the N-fixing bacteria number by controlling the type
and amount of root exudates [20,21]. Besides, the results of present study indicate the
harmful fungal communities is also a factor in determining the N-fixing bacteria number.
Additionally, the N-fixing efficiency is more related with the nitrogenase activity. Wang [22]
found bacterial strains with nearly 10-times difference of nitrogenase activity in potato
rhizosphere soil. Although the N-fixing potential is confirmed by ramie, there is still a
large gap compared with legume species. For example, the highest N-fixing potential in
this study is only 10–20% of that by soybean [23]. In the future, more studies are required
to close the gap. Moreover, this paper only generally describes the existence of N-fixing
bacteria in the ramie rhizosphere soil and its positive contribution in help ramie plant
adapting to the poor soil condition. To apply this characteristic in future holobiont breeding,
it is necessary to identify the specific species of the N-fixing bacteria and then create a stable
genetic holobiont group of ramie plant-nitrogen fixing bacteria. For nitrogen cycling, urease
also plays an important role in affecting the hydrolysis process of urea [24]. However, there
is no significant difference in the urease activity among the tested genotypes, indicating
that ramie plants did not adapt to a poor soil environment by affecting the utilization
of urea.

This study also found that the P-solubilization by soil microorganisms makes a posi-
tive contribution to the adaptation of the ramie to poor soil. The soil microorganisms can
secrete organic acids, protons, polysaccharides, and other substances. These substances
could accelerate the conversion of insoluble P (e.g., rock P) to soluble form, which prevents
the phosphorus availability and absorption by plants [25,26]. This explains the positive
role of soil microorganisms in promoting the growth of ramie under poor soil conditions.
The P-solubilization efficiency of the microorganism is mainly controlled by the generated
phosphatase activity [27]. In this paper, the P-solubilization efficiency of the microorgan-
ism is consistent with the corresponding acid phosphatase activity, which also proves
the applicability of this view in ramie plants. This study also finds that although there
are significant differences in sucrase activity among different ramie genotypes, it is not
significantly correlated with the adaptability of the ramie to poor soil. As an important
material for catalyzing the decomposition of organic matter, the sucrase activity is closely
related to the soil fertility [28]. However, the soil fertility is mainly increased in terms of
organic matter, but not in the mineral elements such as N, P, and K.

The results of this study confirm the N-fixing and P-solubilization potential of the
ramie rhizosphere soil microbes, especially from the poor soil tolerable genotype. In
addition, the negative effects of the rhizosphere soil fungal community on the N-fixing
bacterial are confirmed. These results are summarized based on the artificial experiments
that were conducted in the sterilized conditions with only one or a few microbial strains.
However, in reality, soil microbes grown in an unsterilized condition encounter a more
diverse microbial community. The diverse condition suggests a more serious interaction
potential between different microbes [29]. This could weaken or also strengthen the
microbe’s effect tested in the artificial conditions. For this reason, a more realistic test
of the N-fixing and P-solubilization potential of the ramie rhizosphere soil microbes is
required. This can be conducted by isolating the N-fixing, P-solubilization microbes firstly,
then adding the isolation inoculum to unsterilized soil and evaluating their potential on
the growth and NUE improvement of the ramie plant. In future isolation research, the
effect of the cultivation medium should be taken into consideration to get high selectivity
and reliability. In this study, the Ashby medium was used in the N-fixing cultivation as
it is one of the most common and suitable media for diazotrophs co-cultivation [30–32].
Actually, diazotroph is not only one kind of prokaryote, but includes several different kinds
such as Rhizobium, Ensifer, Azospirillum [33,34]. Each kind of diazotroph has its own most
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suitable media as, in general, Ashby for Azotobacter [35] and yeast extract mannitol agar
(YMA) for Rhizobium [31]. The exact species of the ramie rhizosphere contented N-fixing
bacteria are still not confirmed. To isolate the N-fixing bacteria more effectively in the
future study, different cultivation mediums, e.g., Beijerinckia medium and Derxia medium,
should be compared.

5. Conclusions

This study confirms the existence of N-fixing and P-solubilization in the rhizosphere
soil of ramie plants. These characteristics of rhizosphere soil microbes help ramie plants
adapt to poor soil conditions. The N-fixing efficiency is co-contributed by the N-fixing
bacteria number and strong nitrogenase activity. One reason for the low N-fixing efficiency
of intolerable genotypes is that the fungal communities in the corresponding rhizosphere
soil strongly reduce the nitrogenase activity, also in terms of N-fixing bacteria number.
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Abstract: The restoration of polluted soils is crucial for ecosystem recovery services. Evidently,
phytoremediation is a biological and sustainable technique that includes the use of plants to remediate
heavy-metal-contaminated land; the plants should be tolerant to the contamination and capable of
uptake or immobilization of the heavy metals in the soil. Moreover, defining an economically efficient
approach to the remediation of a contaminated area, with the possibility of further utilization of
phytoremediation biomass, renders energy crops a great option for this technique. Energy crops, in
fact, are known for their ability to grow with low agricultural input, and later, the biomass product
can be used to produce biofuels, bioenergy, and bioproducts in a sustainable and renewable way,
creating economic potential, especially when these crops are cultivated in marginal lands. The aim of
this work is to test two monoecious industrial hemp varieties in different levels of Cd, Pb, and Ni in
soil. Both varieties were tolerant to levels of Cd and Pb contamination that were higher than the limit
for commercial and industrial use, while Ni showed a significant effect at all the tested concentrations.
The variety Futura 75 performed better than Kc Dora in terms of productivity and tolerance.

Keywords: heavy metal; contaminated soil; Cannabis sativa L.; phytoextraction

1. Introduction

The challenges that agriculture will face in the near future will be determined by the
growth of the world’s population, which is directly linked to the increase in the use of
natural resources, the finite availability of agricultural land, and climate change, which is
leading to higher temperatures and greater variability in precipitation, with an increase
in extreme weather events [1]. Therefore, lands that are suitable for food production can
be hindered by soil contamination [2]. In this context, the adoption of sustainable farming
systems to restore ecosystems while sequestering atmospheric carbon will be necessary to
overcome these challenges [3].

Human activities are the primary source of soil contamination with heavy metals. For
example, the residues from mining, pesticides, and herbicides that are used in agricultural
activities; residues from the petroleum industry or its derivates; residues from battery
production; and the inappropriate discard of electronic components are some of the human
actions that result in soil contamination with heavy metals [4]. Among all the contaminants
that can compromise the quality of the soil, heavy metals can be hazardous for human health
and the ecosystem in general, despite some of the heavy metals being used by humans
and animals as micronutrients due to the process of bioaccumulation in the food chain and
the impossibility of degradation [5]. The most common heavy-metal pollution that has
originated from agriculture concerns Zn, As, Cd, Pb, Cu, Se, and U. Soil contamination
of Cd, Pb, As, and Hg originates from mining and smelting activities, while Cd, Hg, Cr,
As, Cu, Co, Ni, and Zn contamination originates from waste disposal. Another source of
heavy metal contamination is atmospheric deposition in proximity to urban areas, which
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is relevant for As, Pb, Cu, Cd, Cr, Zn, and Hg. Overall, the most common cases of soil
pollution from heavy metals concern As, Pb, Cr, Hg, Cu, Cd, and U [6]

Furthermore, excess absorption of heavy metals by humans and animals can cause
serious health problems, for example, by damaging the nervous system or generate tu-
mors [7]. Metal toxicity is due to the ability of these metals to alter biological mechanisms
at the cellular and the molecular level. For example, Cr, Be, As, V, Cu, Ni, are genotoxic,
i.e., they cause DNA mutation. Pb and Cd increase the incidence of tumors and cancers
indirectly, decreasing the efficiency of the immune system in repairing chemical damage
affecting the DNA [8,9]. A European commission report estimated a total number of
2.5 million potentially contaminated sites in Europe, and it is expected that 340,000 of these
sites are contaminated and likely to require remediation, showing the significance of this
problem [10]. The most frequent contaminants are heavy metals, affecting 35% of European
soils [11,12].

Soil decontamination can be attained by following different paths: using chemical,
physical, or biological techniques or a mix of them [13]. Phytoremediation is a biological
technique for decontaminating the soil that uses plants to extract or stabilize the contam-
inants [14]. The plants are selected based on several criteria, such as tolerance to heavy
metals, high biomass yield, deep and extensive root system, and awareness of using low
agronomic inputs [15].

Many energy crops meet these requirements, and the biomass that they obtain on
contaminated soils can be used as a feedstock for energy production (heat, biofuels, biogas)
or in the bioproducts field (textile, paper, mats, bioplastics) with low environmental and
health risks [16].

Currently, the use of land to cultivate crops for bioenergy has become an important
policy objective, set out in RED II (Renewable Energy Directive, 2018 EU) [17]. Several
industrial crops have been evaluated, such as giant reed [18], switchgrass [19], castor [20],
safflower [15], camelina [21], flax [22], and kenaf [23]. Among all these crops, hemp appears
to show a phytoremediation potential, with the possibility of reusing the biomass in several
methods of conversion [24].

Various studies on industrial hemp (Cannabis sativa L.) have demonstrated the ability
of this plant to accumulate toxic trace metals such as lead, cadmium, magnesium, copper,
chromium, and cobalt and, therefore, reclaim contaminated soil while offering different
end uses for its biomass. Mihoc et al. (2012), Canu et al. (2022), De Vos et al. (2023), and
Shi et al. (2012) observed that hemp can offer a sustainable and economic solution for soil
decontamination [25–28].

Historically, hemp has been grown for its long bast fibers and seeds, although, in
modern times, it can also be grown for energy production [29]. Its high cellulose content
renders hemp an attractive annual crop for second-generation bioethanol production [30].

Hemp can be grown under various agroecological conditions, varying in temperature,
photoperiod, and soil water availability, by choosing planting date and variety according
to the local condition [31,32]. In addition, hemp varieties can be classified according to
several attributes such as geographic origin, end use (fiber or seed), ripening time, and
reproductive system (dioecious or monoecious) [31].

As reported by the European Environmental Agency in the industrial pollution profiles
of countries, the most abundant heavy metals from industrial waste in Italy, considering
the period from 2007 to 2016, were cadmium, lead, and nickel [33,34]. For this reason, this
research aims to evaluate the adaptability of two monoecious industrial hemp varieties:
Futura 75, a French late-ripening cultivar which is one of the most cultivated varieties of
industrial hemp in South Europe due to its excellent acclimatization to high temperatures;
and KC Dora, a Hungarian variety that can achieve high biomass and seed yield in a broad
spectrum of climatic conditions, including those of the Mediterranean area.

Both varieties were tested under three different levels of cadmium, lead, and nickel
soil contamination in order to assess their phytoremediation potential and the effects of the
pollutants on the yield of hemp in the southern Mediterranean area.
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2. Materials and Methods

A two-year experiment (2020/2021) was carried out at the Department of Agriculture,
Food and Environment—University of Catania (Sicily, Italy). In a block-randomized
experimental design, the following factors were studied in pots with three replications in
order to evaluate the tolerance of two varieties of Cannabis sativa L. (Futura 75 and KC
Dora) in soils contaminated with three heavy metals (Ni, Cd, Pb) that were applied in the
soil as nitrate (Cd (NO3), Pb (NO3), Ni (NO3)). The amount of the single contaminant in
the soil was decided according to the Italian law limit, which was referred to in sites for
commercial and industrial use, as reported in D.Lgs 3 April 2006 n.152 (2006) [35] (Table 1).

Table 1. Heavy metal concentration at the legal limit for commercial and industrial sites and the
levels of contamination applied to the experimental pots.

Contaminant Cd Pb Ni

Legal limit (mg kg−1) 15 1000 500
Concentration I (mg kg−1) 60 1000 500
Concentration II (mg kg−1) 90 1500 1000
Concentration III (mg kg−1) 120 2000 1500
Concentration IV (mg kg−1) 150

The non-contaminated soil was investigated as a control group.
The soil (Andisol, USDA) that was used was taken from the area of Mount Etna and

was sampled at a depth of 30 cm.
At the start of the experiments, the soil was analyzed by collecting 1 kg of soil that

had been dried in an oven (Herather, Thermo Fisher Scientific Inc., Waltham, MA, USA), at
a temperature ranging from 25 to 30 ◦C and then sieved through a 2 mm mesh.

The sample size was measured, and electrical conductivity was measured in 1:1
soil/distilled water suspensions after 1 h by using conductivity electrodes (Hydros 21,
Meter Group Inc., Pullman, WA, USA).

For the measurement of pH (H2O), a pH meter P.H. 7 Vio (XS Instruments, Carpi, Italy)
was used. Soil organic matter was determined via the Walkley–Black procedure [36].

Quantification of the total metal content (Cd, Ni and Pb) of the soil was performed
by using the aqua regia digestion samples according to ISO 11466 (ISO, 1998) [37], and
after filtration, the heavy metals in the soil were detected by flame atomic absorption
spectrometry (AAnalyst 200 AA spectrometer, PerkinElmer, Waltham, MA, USA).

Furthermore, heavy metal bioavailability in the soil was determined according to
ISO 17402 [38], by using an EDTA (Merck KGaA, Darmstadt, Germany) concentration of
0.05 M, pH 7.5 (close to soil pH) to a volumetric ratio of 1:20 in 1 g of soil, which was
agitated for 24 h. Atomic absorption spectrometry was performed on the filtrate solution to
quantitatively determine the available heavy metals.

Seeds were germinated in petri dishes, and each germinated seed was planted in peat
pots and was transferred two weeks later to a contaminated pot (three plants per pot).
Throughout the growing cycle, the seedlings were kept in well water. A nearby weather
station recorded the main meteorological parameters. Over the 2 growing seasons (April–
September), the range of the minimum temperatures was 6.7 ◦C to 19.8 ◦C and 5.3 ◦C to
21.1 ◦C in the 1st and 2nd years, respectively, while the range of maximum temperatures
was 14.9 ◦C to 31.9 ◦C and 17.4 ◦C to 35.7 ◦C in the 1st and 2nd years, respectively.

The plants in each of the pots were harvested and fractionated into stems, leaves, and
seeds. The biomass was then weighed and dried in an oven at 65 ◦C to a constant weight.

Roots were also collected, washed with ultrapure water to remove soil particles, freshly
weighed, and oven-dried at 65 ◦C to obtain a stable weight.

After each sample was ground with a mill on a 1 mm sieve (IKA M20), 1 g of biomass
was combusted in a muffle furnace at 550 ◦C for 5 h. Digestion of the biomass samples for
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heavy metals was performed with 10 mL of 1:1 nitric acid solution (65% nitric acid, Merck
KGaA, Darmstadt, Germany).

Atomic absorption spectrometry (AAnalyst 200 AA Spectrometer, PerkinElmer, Waltham,
MA, USA) was used to quantify the total heavy metals in the extract [19].

Data Analysis

The tolerance index (TI), bioconcentration factor (BCF), accumulation index (mAI),
and translocation factor (TF) were calculated in order to evaluate the tolerance of the two
industrial hemp varieties [19].

The tolerance index (TI) was calculated to assess the tolerance of the plants at the
increasing levels of contaminants in the soil [14,19,39]. The TI was obtained by dividing
the dry aboveground biomass of contaminated plants (g pot−1) by the dry aboveground
biomass of control plants (g pot−1).

TI =
dry aboveground biomass weight of contaminated plants, g pot−1

dry aboveground biomass weight of control plants, g pot−1 (1)

The modified accumulation index (mAI) was calculated to assess the ability of the plant
to absorb the heavy metal from the soil [14,19]. It was obtained via the ratio between the
metal accumulation in the contaminated plant (mg kg−1) and the heavy metal accumulation
in the control plants (mg kg−1).

mAI =
metal accumulation in the contaminated plants, mg kg−1

metal accumulation in the control plants, mg kg−1 (2)

The ability of the plant to uptake and accumulate the metal in the biomass was deter-
mined via the modified bioconcentration factor (mBCF). Soil bioavailable metal content, as
determined by EDTA extraction, represents the level of heavy metal potentially extracted
by the plant. Thus, this factor may represent the ability of the metal to be translocated in
plants [14,19,40]. This was determined as the relationship between the heavy metal in the
plant fraction (mg kg−1) and the bioavailable metal in the soil (mg kg−1).

mBCF =
metal concentration in the plant f raction, mg kg−1

bioavailable metal concentration in the soil, mg kg−1 (3)

The translocation factor (TF) is expressed as the relationship between the concentration
of metal in the aboveground fraction of the plant (mg kg−1) and the concentration of metal
in the root fraction of the plant (mg kg−1) [19,41]. It was established as the concentration of
metals in the aboveground plant fraction (mg kg−1) divided by the concentration in the
belowground plant fraction (mg kg−1).

TF =
metal concentration in the aboveground plant f raction, mg kg−1

metal concentration in the belowground plant f raction, mg kg−1 (4)

Potentially suitable for phytoextraction are plants with mBCF and TF indices greater
than one (>1) [42].

Data were statistically analyzed by using R-4.2.3 software (R Core Team, 2013). The
pollutants and their levels were treated as the main factors, and Tuckey’s HSD test was
used to isolate the means. The normality of the residual distribution was tested by using
the Shapiro test. Differences in productivity and heavy metal concentrations between years
were tested by using ANOVA.

Person’s correlation matrix, based on the yields of the biomass fractions and the heavy
metal concentrations in the fractions of the plants, was applied to interpret and visualize
the multivariate data [15,43].

146



Agronomy 2023, 13, 995

3. Results

3.1. Soil Characterization

The soil was characterized as sandy soil (Andisol, USDA), with neutral pH, low
nitrogen, and high iron content (Table 2).

Table 2. Physical and chemical characteristics of the soil.

Physical Characteristics

Clay (%) 3.0
Silt (%) 4.1

Sand (%) 92.9
Texture Sandy

Conductivity (μS/cm) 34.2

Chemical Characteristics

pH 7.4
Organic matter (%) 0.86

Fe (mg kg−1) 23.6
P (mg kg−1) 7

Mn (mg kg−1) 0.1
Cu (mg kg−1) 21.8

Soil bioavailable Cd, Ni, and Pb concentrations at the sowing time showed no differ-
ences between the pots that were used for Futura 75 and KC Dora (Table 3).

Table 3. Total and available heavy metal (mg kg−1) in the soil.

Total Available

H.M. in soil
(mg kg−1)

H.M. in soil
(mg kg−1)

Cd

Control 1.7 ± 0.1 1.1 ± 0.1
60 59.0 ± 2.3 36.0 ± 2.1
90 88.2 ± 1.4 55.3 ± 2.0

120 119.4 ± 1.4 80.2 ± 2.3
150 150.5 ± 2.6 112.9 ± 1.5

Pb

Control 39.6 ± 0.0 19.3 ± 0.0
1000 1075.5 ± 46.9 570.9 ± 7.1
1500 1546.6 ± 11.9 1116.2 ± 57.9
2000 1808.1 ± 32.3 1465.9 ± 53.7

Ni

Control 40.3 ± 5.7 8.7 ± 1.9
500 508.2 ± 43.1 331.0 ± 14.4

1000 1047.3 ± 44.5 753.6 ± 29.5
1500 1491.5 ± 18.7 1153.9 ± 16.1

In Cd-contaminated soil, the bioavailability ranged from 60.2% at the lowest level of
Cd-contamination (Cd60) to 75.0% at the highest level of contamination. The bioavailability
of Ni in soil underwent a considerable increase from a low to a high level of contamination,
ranging from 21.7% to 77.4%. In Pb-contaminated soil, the bioavailability ranged from
48.7% to 81.1%.

3.2. Morphological Measurement

The two studied hemp varieties differed in morphology but showed similar behavior
in response to the heavy metal contamination (Table 4). All the plants of both Futura 75
and KC Dora varieties that were sown in uncontaminated soil survived until harvesting,
while the plant survival rate decreased at high levels of contamination, particularly at Cd150
and Ni1500, with the rate of survival approaching 50%. In uncontaminated soil, Futura
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75 grew taller than KC Dora. Cd contamination did not reduce plant height and basal
diameter, except for the highest concentration (Cd150) in Futura 75 and at concentrations
higher than 120 mg/kg in KC Dora. Ni-contamination induced the largest plant height
and basal diameter reduction in both varieties. Both varieties were little affected by the
lowest level of Pb contamination (Pb1000), but a significant reduction in plant height and
basal diameter was observed at the two higher concentrations (Pb1500, Pb2000).

Table 4. Plant survival per pot, height of the plant, and basal diameter. Multiple comparisons
between means were performed within the different morphological measurements. Different letters
indicate significant differences between the means (according to HSD at p ≤ 0.05).

Variety Cont Conc.
Plant

Survival (%)
Average

Height (cm)
Avarage Diameter

(mm)

Futura 75

Control 100 a 81.9 ± 9.6 a 4.8 ± 1.0 a
Cd 60 100 a 88.3 ± 7.3 a 4.6 ± 0.2 a
Cd 90 93 ab 75.4 ± 7.7 a 4.6 ± 0.3 a
Cd 120 73 ab 80.1 ± 10.3 a 4.5 ± 0.8 a
Cd 150 57 b 72.3 ± 7.3 a 4.3 ± 0.4 a
Ni 500 93 ab 66.3 ± 4.1 a 3.6 ± 0.3 a
Ni 1000 87 ab 63.0 ± 2.3 a 3.7 ± 0.3 a
Ni 1500 53 b 64.9 ± 18.6 a 3.7 ± 0.8 a
Pb 1000 87 ab 78.3 ± 16.4 a 4.8 ± 1.5 a
Pb 1500 80 ab 60.4 ± 3.4 a 3.7 ± 0.6 a
Pb 2000 73 ab 63.2 ± 9.5 a 3.5 ± 0.6 a

KC Dora

Control 100 a 77.9 ± 10.2 a 4.2 ± 1.9 a
Cd 60 93 a 76.7 ± 5.1 a 4.9 ± 0.5 a
Cd 90 93 a 77.3 ± 14.9 a 4.5 ± 1.1 a
Cd 120 73 ab 65.3 ± 2.3 a 4.1 ± 0.8 a
Cd 150 6 ab 55.3 ± 16.2 a 3.6 ± 1.3 a
Ni 500 87 a 71.0 ± 8.4 a 4.4 ± 0.9 a
Ni 1000 87 a 62.1 ± 12.7 a 4.0 ± 0.5 a
Ni 1500 47 b 47.4 ± 11.4 a 3.0 ± 0.6 a
Pb 1000 80 ab 76.5 ± 8.9 a 4.8 ± 0.9 a
Pb 1500 87 a 75.4 ± 11.4 a 4.9 ± 0.2 a
Pb 2000 73 ab 69.9 ± 4.6 a 3.8 ± 2.5 a

3.3. Plant Biomass Production

Biomass production can be observed in Figure 1. The two hemp varieties did not differ
in biomass productivity on uncontaminated soil. However, in heavy-metal-contaminated
soil, Futura 75 showed greater tolerance than KC Dora, in particular at Cd150, Ni1500, and
Pb2000, for which the biomass yield reduction in comparison with the uncontaminated
control was 32%, 38%, and 38%, respectively, for Futura 75 and 47%, 71%, and 44%,
respectively, for KC Dora. Both industrial hemp varieties recorded the greatest reduction in
biomass yield in Ni-contaminated soil.

Regarding the biomass production, a significant difference was observed in both
varieties for the dry weight of stems and leaves, whereas a not significant difference was
observed in the dry weight of the roots and seeds (Table 5).
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Figure 1. Aboveground biomass of Futura 75 (A) and KC Dora (B). Different letters indicate significant
differences between the means (according to HSD at p ≤ 0.05).

The biomass of the stems was significantly reduced at the concentration of Ni1500 and
Pb2000 for Futura 75 and Ni1000 and Ni1500 for KC Dora. The production of leaves in the
two varieties was affected by the concentration of the heavy metals: a significant reduction
was observed in Cd120 for Futura 75 and in Ni1500 for KC Dora. Seed yield ranged between
0.4 and 1.5 g pot−1 for Futura 75, while in KC Dora, seed yield ranged between 0.3 and
1.2 g pot−1. In both varieties, the highest productivity of seeds was recorded in the untreated
pots.
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Table 5. Average of the weight of the different compounds of the biomass (roots, stems, leaves, and
seeds) in relation to different contaminants and concentrations. The multiple comparisons were
performed within the fractions of the plants. Different letters indicate significant differences between
the means (according to HSD at p ≤ 0.05).

Variety Cont. Conc.
Average

Roots
Biomass (g)

Average Stems
Biomass (g)

Average
Leaves

Biomass (g)

Average
Seeds

Biomass (g)

Futura 75

Control 1.6 a 6.4 ab 3.5 a 1.5 a

Cd

60 3.2 a 6.9 a 2.7 ab 0.6 a
90 1.4 a 5.2 ab 3.8 ab 0.9 a

120 1.2 a 5.3 ab 3.3 b 0.4 a
150 1.3 a 4.3 ab 3.1 ab 0.7 a

Ni
500 1.1 a 4.0 ab 3.8 ab 0.6 a

1000 1.2 a 4.1 ab 1.9 ab 0.9 a
1500 0.9 a 3.0 b 1.6 ab 0.7 a

Pb
1000 1.2 a 5.7 ab 2.7 ab 0.7 a
1500 1.6 a 3.9 ab 2.5 ab 0.8 a
2000 1.0 a 3.4 b 2.8 ab 0.8 a

KC Dora

Control 2.0 a 6.6 a 4.0 a 1.2 a

Cd

60 1.6 a 5.5 ab 3.3 ab 1.3 a
90 1.6 a 5.2 ab 2.3 ab 0.8 a

120 0.9 a 4.2 ab 1.7 ab 0.8 a
150 1.1 a 3.9 ab 2.1 ab 0.3 a

Ni
500 0.9 a 2.8 ab 2.2 ab 0.6 a

1000 0.7 a 2.5 b 1.5 ab 0.6 a
1500 0.6 a 2.0 b 1.2 b 0.3 a

Pb
1000 1.8 a 4.2 ab 2.0 ab 0.7 a
1500 1.6 a 4.3 ab 2.3 ab 1.0 a
2000 1.6 a 3.8 ab 2.0 ab 0.9 a

3.4. The Concentration of Heavy Metals in the Different Parts of the Plants

At low levels of cadmium contamination, the highest Cd concentration among plant
organs in Futura 75 was observed in the leaves. At high levels of contamination, above
Cd120, the plants decreased the translocation of the heavy metal from the roots toward
the aboveground organs, leading to a higher concentration of cadmium in the roots. KC
Dora showed a larger translocation tendency for cadmium than Futura 75, which led to
similar concentrations in roots and leaves at all levels of soil contamination. Cadmium
concentration in the aboveground organs did not increase linearly with the concentration
in the soil, suggesting the existence of a limitation factor for the translocation. Cadmium
concentration in the seeds was lower than 3 μg g−1 at any level of soil contamination.

Futura 75 showed a higher nickel uptake and translocation than KC Dora: nickel
concentration in the plant tissues was higher in Futura 75 than in KC Dora in roots, leaves,
stems, and seeds. A significant difference was observed in all the concentrations. Regarding
the aboveground biomass, the highest concentration was observed in the leaves of Futura
75, with a concentration of 26%, 57%, and 87% for Ni500, Ni1000, and Ni1500, respectively. In
comparison, the concentration of Ni in the leaves increased in KC Dora, with a percentage
of 16%, 30%, and 31% in Ni500, Ni1000, and Ni1500.

Lead translocation potential from the roots to the aboveground organs was low for
both Futura 75 and KC Dora. Both varieties showed higher lead concentration in the roots,
reaching over 100 μg g−1 at Pb2000. Lead concentration was lower in the aboveground
organs, staying below 40 μg g−1 in the stem and the leaves and below 20 μg g−1 in the
seeds at the highest level of lead soil contamination for both varieties. The concentration of
the contaminants can be observed for cadmium in Figure 2, for nickel in Figure 3, and for
lead in Figure 4.

150



Agronomy 2023, 13, 995

Figure 2. Concentration of cadmium (μg g−1) in roots, stems, leaves, and seeds in Futura 75 and KC
Dora. The comparisons were performed within the fractions of the plants. Different letters indicate
significant differences between the means (according to HSD at p ≤ 0.05).
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Figure 3. Concentration of nickel (μg g−1) in roots, stems, leaves, and seeds in Futura 75 and KC Dora.
The comparisons were performed within the plant fractions. Different letters indicate significant
differences between the means (according to HSD at p ≤ 0.05).
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Figure 4. Concentration of lead (μg g−1) in roots, stems, leaves, and seeds in Futura 75 and KC
Dora. The comparisons were performed within the fractions of the plant. Different letters indicate
significant differences between the means (according to HSD at p ≤ 0.05).

3.5. Evaluating the Tolerance and the Potential Phytoextraction by Phytoremediation Index
and Factors

The several indices and factors can be calculated to evaluate the adaptability to soil
contamination (TI) and the phytoextraction potential (mAI, aboveground and belowground
mBCF and TF) (Table 6). The TI shows the adaptability of the two industrial hemp varieties
for growing in soils that were contaminated with progressive levels of cadmium, nickel,
and lead.
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Table 6. Phytoremediation indices and factors of phytoremediation extraction of Futura 75 and Kc Dora.

Varieties H.M.—Conc TI mAI mBCF
Aboveground

TF mBCF
Belowground

Futura 75

Cd

60 0.90 3.66 0.28 3.32 0.09
90 0.87 4.06 0.20 2.47 0.08

120 0.79 5.26 0.16 1.62 0.10
150 0.72 5.58 0.13 1.38 0.09

Ni
500 0.73 6.55 0.34 1.76 0.20
1000 0.60 10.90 0.26 2.07 0.13
1500 0.46 14.92 0.16 2.38 0.07

Pb
1000 0.81 3.68 0.05 0.50 0.10
1500 0.64 5.71 0.03 0.52 0.07
2000 0.62 8.94 0.05 0.55 0.08

KC Dora

Cd

60 0.84 3.45 0.14 1.54 0.09
90 0.63 5.03 0.14 1.74 0.08

120 0.57 6.72 0.15 2.44 0.06
150 0.53 8.40 0.15 2.04 0.07

Ni
500 0.62 6.02 0.12 0.71 0.17
1000 0.51 12.27 0.11 1.14 0.10
1500 0.35 26.79 0.15 1.41 0.11

Pb
1000 0.75 8.12 0.04 0.49 0.09
1500 0.64 13.39 0.04 0.58 0.07
2000 0.56 20.19 0.06 0.60 0.09

The tolerance index decreased for the increasing level of soil contamination for both
hemp varieties and all the heavy metals that were tested. The lowest TI score was observed
at Ni1500 (0.46 and 0.35 for Futura 75 and KC Dora, respectively). Futura 75 showed higher
TI than KC Dora for all the heavy metals at all the levels of contamination.

The mAI, which assesses the amount of the heavy metal uptake, increased for the
increasing level of soil contamination for Futura 75 and KC Dora, indicating that the
plants can phytoextract a higher amount of heavy metals from soil with high heavy metal
concentrations. The highest mAI score was observed in KC Dora at Ni1500 e Pb2000. KC
Dora showed higher values of mAI than Futura 75. The comparison of aboveground and
belowground mBCF gives insight into the heavy metal partitioning between plant organs.
Both factors tend to decrease at high contamination levels. Under cadmium and nickel
contamination, Futura 75 showed a higher aboveground mBCF than KC Dora, suggesting
a better suitability for the uptake and removal of the heavy metal from the soil.

Under lead and nickel contamination, both Futura 75 and KC Dora had increasing TF
scores for increasing soil concentrations. Under cadmium contamination, only KC Dora
had increasing TF scores for the increasing soil Cd concentration, while the TF of Futura
75 decreased.

3.6. Correlation of the Main Factor between the Two Varieties of Industrial Hemp

A multivariate analysis was carried out to assess the effect of metal contaminants at
different concentrations on variables for cadmium, nickel, and lead (Figures 5–7).
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Figure 5. Correlation matrix of Cd of Futura75 and KC Dora, using as the variable the biomass yield
of roots, stems, leaves, and seeds, and the concentration of the heavy metal measured in each part of
the plant. The numbers within the circles represent the Pearson correlation coefficient.

Figure 6. Correlation matrix of Ni of Futura 75 and KC Dora, using as the variable the biomass yield
of roots, stems, leaves, and seeds, and the concentration of the heavy metal measured in each part of
the plant. The numbers within the circles represent the Pearson correlation coefficient.
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Figure 7. Correlation matrix of Pb of Futura 75 and KC Dora, using as the variable the biomass yield
of roots, stems, leaves, and seeds, and the concentration of the heavy metal measured in each part of
the plant. The numbers within the circles represent the Pearson correlation coefficient.

Specifically, the components of biomass yield (stems, leaves, and roots) were correlated
with each other and negatively correlated with the contaminant concentration in the plant
fractions (stems, leaves, seeds, and roots yield).

In fact, in cadmium-contaminated soil, in Futura 75, only the biomass of the stems and
the seeds was strongly negatively affected by the concentration of cadmium in the different
parts of the plant. In contrast, in KC Dora, all the biomass of the plants was strongly
negatively correlated with the concentration in the various parts of the plants. Similar
behavior was obtained in nickel-contaminated soil in the correlation matrix of Futura 75
and KC Dora. However, in lead-contaminated soil, the biomass of stems and leaves in KC
Dora was strongly negatively correlated with the concentration of Pb in the different parts
of the plant. In Futura 75, the stem biomass was strongly negatively correlated with the
concentration of the heavy metal in the plant.

4. Discussion

Industrial hemp can be grown in most of the world for its high environmental adapt-
ability [31]. The selection of the best-suited genotype for a specific environment, climatic
condition, and agronomic management is crucial for crop success [32,44]. Various studies
carried out on C. sativa have shown its potential as an accumulator for different toxic traces
of metals such as lead, cadmium, magnesium, copper, chromium, and cobalt, which pose a
great risk to the ecological system [24,30], making it possible to reclaim contaminated soil
while it yields fiber and/or seeds [29].

All over the world, for the problem of soil contamination, hemp can provide a solution
that is both economical and sustainable [22,25].

In this study, the productivity of stems in both varieties of hemp was affected by the
increasing level of heavy metal, while no significant difference was observed in the seed
production. However, low levels of contamination were not detrimental to the overall
aboveground biomass; morphologic parameters were not affected by the heavy metal in
the soil.
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A similar result was observed by De Vos et al. (2023) [27], Pietrini et al. (2019) [45],
and Guidi Nissim et al. (2018) [46], who reported no differences in stem height and
stem diameter between the control and plants that were cultivated in a low level of soil
contamination.

The present study found that Futura 75, a late ripening variety, was more tolerant
than KC Dora, an early ripening variety, to high concentrations of cadmium, lead, and
nickel [26,31,47].

Cadmium is considered to be one of the most phytotoxic heavy metals [27]. Linger et al.
(2002) [36] showed that the photosynthetic pathway in hemp was affected by cadmium
indirectly, with the uptake of water and ions by the plant, and directly in the chloroplast
apparatus after entering the leaf cells. Cd concentrations up to 72 mg kg−1 (soil) had
no negative effect on the germination of hemp. Shi et al. (2012) [28] compared 18 hemp
accessions cultivated on cadmium-contaminated soils for biodiesel production. It was
found that below 25 mg of cadmium per kg of dry soil, most varieties of hemp could
grow quite well. Under this condition, the tolerance factor observed in hemp was high
(68.6–92.3%), and the ability to store cadmium in the aerial fraction of biomass was suitable
for phytoextraction, indicating that the production of this crop can be an alternative to
valorize and remediate cadmium-contaminated soils.

Hemp productivity was less affected by lead contamination when compared with the
highest concentration of cadmium or nickel. The translocation of lead from roots to the aerial
biomass was low; therefore, the highest concentration was observed in the roots. A similar
result was observed by Ahmad et al. (2016) [48] and Angelova et al. (2004) [49], who reported
Pb concentrations in hemp plants in the following order: roots > stems > leaves > seeds; and
by Pietrini et al. (2019) [45], who reported that hemp tends to accumulate lead mainly
in the roots, with minimal translocation to the aboveground biomass, which explains the
relatively low BCF for Pb that was observed in the present study.

Nickel soil contamination induced the highest reduction in biomass production among
the heavy metals that were tested. Ferrarini et al. (2021) [50] reported that hemp had a re-
duced yield in soil that was contaminated by nickel (>500 mg kg−1). Zhao et al. (2022) [22]
reported a reduction in germination and biomass production even at low nickel concen-
trations (110 and 220 mg kg−1), and both higher concentration in plant organs and higher
translocation factor (TF) than the value observed for lead.

For cadmium and nickel, with the exception of Ni500, the translocation factor was
higher than 1, indicating the high suitability of hemp for the phytoextraction processes,
thanks to the accumulation of the heavy metals in the aerial part of the plant.

Although the soil analysis indicated that the bio-availability of cadmium was low, the
actual availability of cadmium can increase over time due to the low tendency of this metal
to form complexes, while the bio-availability of lead and nickel have a higher complex rate,
which reduces the bio-availability.

However, the high tolerance of hemp toward certain heavy metals in the soil renders
this plant a suitable alternative for contaminated soil valorization and remediation [27].

5. Conclusions

This research highlighted the different phytoextraction capabilities among the two
industrial hemp varieties and demonstrated the capability of industrial hemp to translocate
metals from the soils to the aerial parts of the plants, suggesting a good potential for the
phytoextraction process. Hemp showed the ability to complete its life cycle until seed
ripening in heavily contaminated soils.

The two varieties were tolerant to levels of Cd and Pb contamination above the limit for
commercial and industrial use, while Ni showed a significant effect at all the concentrations
tested. Futura 75 performed better than Kc Dora in terms of productivity and tolerance.

The low heavy metal concentration in hemp seeds enables the utilization of this plant
as a source of oil for bioenergy conversion purposes, avoiding the concerns about contami-
nant dispersion. The remaining biomass such as stems and leaves can be further valorized
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through conversion into bioenergy, raising the interest of industrial hemp. Future investi-
gation on the bioconversion processes and on the economic viability of the entire supply
chain would be useful to assess the suitability of the entire phytoremediation process.

Author Contributions: Conceptualization, G.T. and B.R.C.; methodology, G.T., B.R.C. and S.L.C.;
formal analysis, B.R.C. and S.A.C.; investigation, B.R.C., G.T. and S.A.C.; data curation, B.R.C.,
G.T. and S.A.C.; writing—original draft preparation, B.R.C., G.T. and S.A.C.; writing—review and
editing, B.R.C., G.T. and S.A.C.; supervision, S.L.C. and G.T.; project administration, S.L.C. and G.T.;
funding acquisition, S.L.C. and G.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Shen, X.; Dai, M.; Yang, J.; Sun, L.; Tan, X.; Peng, C.; Ali, I.; Naz, I. A Critical Review on the Phytoremediation of Heavy Metals
from Environment: Performance and Challenges. Chemosphere 2022, 291, 132979. [CrossRef] [PubMed]

2. Scordia, D.; Cosentino, S.L. Perennial Energy Grasses: Resilient Crops in a Changing European Agriculture. Agriculture 2019,
9, 169. [CrossRef]

3. Tóth, G.; Hermann, T.; Da Silva, M.R.; Montanarella, L. Heavy Metals in Agricultural Soils of the European Union with
Implications for Food Safety. Environ. Int. 2016, 88, 299–309. [CrossRef] [PubMed]

4. Jaskulak, M.; Grobelak, A.; Vandenbulcke, F. Modelling Assisted Phytoremediation of Soils Contaminated with Heavy Metals
–Main Opportunities, Limitations, Decision Making and Future Prospects. Chemosphere 2020, 249, 126196. [CrossRef] [PubMed]

5. Citterio, S.; Santagostino, A.; Fumagalli, P.; Prato, N.; Ranalli, P.; Sgorbati, S. Heavy Metal Tolerance and Accumulation of Cd, Cr
and Ni by Cannabis sativa L. Plant Soil 2003, 256, 243–252. [CrossRef]

6. Khalid, S.; Shahid, M.; Khan, N.; Murtaza, B.; Bibi, I.; Dumat, C. A Comparison of Technologies for Remediation of Heavy Metal
Contaminated Soils. J. Geochemical. Explor. 2017, 182, 247–268. [CrossRef]

7. Manno, E.; Varrica, D.; Dongarrà, G. Metal Distribution in Road Dust Samples Collected in an Urban Area Close to a Petrochemical
Plant at Gela, Sicily. Atmos. Environ. 2006, 40, 5929–5941. [CrossRef]

8. Beyersmann, D.; Hartwig, A. Carcinogenic Metal Compounds: Recent Insight into Molecular and Cellular Mechanisms. Arch.
Toxicol. 2008, 82, 493–512. [CrossRef]

9. Cristaldi, A.; Oliveri, G.; Hea, E.; Zuccarello, P. Environmental Technology & Innovation Phytoremediation of Contaminated Soils
by Heavy Metals and PAHs. A Brief Review. Environ. Technol. Innov. 2017, 8, 309–326. [CrossRef]

10. EEA (European Environment Agency). Progress in Management of Contaminated Sites; European Environment Agency: Copenhagen,
Denmark, 2014; ISBN 9789279348464.

11. Fagnano, M.; Visconti, D.; Fiorentino, N. Agronomic Approaches for Characterization, Remediation, and Monitoring of Contami-
nated Sites. Agronomy 2020, 10, 1335. [CrossRef]

12. Sur, I.M.; Micle, V.; Polyak, E.T.; Gabor, T. Assessment of Soil Quality Status and the Ecological Risk in the Baia Mare, Romania
Area. Sustainability 2022, 14, 3739. [CrossRef]

13. Shah, V.; Daverey, A. Phytoremediation: A Multidisciplinary Approach to Clean up Heavy Metal Contaminated Soil. Environ.
Technol. Innov. 2020, 18, 100774. [CrossRef]

14. Barbosa, B.; Boléo, S.; Sidella, S.; Costa, J.; Duarte, M.P.; Mendes, B.; Cosentino, S.L.; Fernando, A.L. Phytoremediation of
Heavy Metal-Contaminated Soils Using the Perennial Energy Crops Miscanthus spp. and Arundo donax L. Bioenergy Res. 2015, 8,
1500–1511. [CrossRef]

15. Ciaramella, B.R.; Corinzia, S.A.; Cosentino, S.L.; Testa, G. Phytoremediation of Heavy Metal Contaminated Soils Using Safflower.
Agronomy 2022, 12, 2302. [CrossRef]

16. Fernando, A.L.; Duarte, M.P.; Vatsanidou, A.; Alexopoulou, E. Environmental Aspects of Fiber Crops Cultivation and Use. Ind.
Crops Prod. 2015, 68, 105–115. [CrossRef]

17. EU Directive (EU) 2018/2001 of the European Parliament and of the Council on the Promotion of the Use of Energy from
Renewable Sources. Off. J. Eur. Union 2018, 2018, 82–209.

18. Papazoglou, E.G.; Arundo Donax, L. Stress Tolerance under Irrigation with Heavy Metal Aqueous Solutions. Desalination 2007,
211, 304–313. [CrossRef]

19. Gomes, L.; Costa, J.; Moreira, J.; Cumbane, B.; Abias, M.; Santos, F.; Zanetti, F.; Monti, A.; Fernando, A.L. Switchgrass and Giant
Reed Energy Potential When Cultivated in Heavy Metals Contaminated Soils. Energies 2022, 15, 5538. [CrossRef]

20. Bauddh, K.; Singh, R.P. Growth, Tolerance Efficiency and Phytoremediation Potential of Ricinus communis (L.) and Brassica juncea
(L.) in Salinity and Drought Affected Cadmium Contaminated Soil. Ecotoxicol. Environ. Saf. 2012, 85, 13–22. [CrossRef]

21. Dimitriu, D. Restoration of heavy metals polluted soils case study—Camelina. AgroLife Sci. J. 2014, 3, 29–38.

158



Agronomy 2023, 13, 995

22. Zhao, X.; Guo, Y.; Papazoglou, E.G. Screening Flax, Kenaf and Hemp Varieties for Phytoremediation of Trace Element-
Contaminated Soils. Ind. Crops Prod. 2022, 185, 115121. [CrossRef]

23. Chen, P.; Chen, T.; Li, Z.; Jia, R.; Luo, D.; Tang, M.; Lu, H.; Hu, Y.; Yue, J.; Huang, Z. Transcriptome Analysis Revealed Key
Genes and Pathways Related to Cadmium-Stress Tolerance in Kenaf (Hibiscus cannabinus L.). Ind. Crops Prod. 2020, 158, 112970.
[CrossRef]

24. Golia, E.E.; Bethanis, J.; Ntinopoulos, N.; Kaffe, G.G.; Komnou, A.A.; Vasilou, C. Investigating the Potential of Heavy Metal
Accumulation from Hemp. The Use of Industrial Hemp (Cannabis sativa L.) for Phytoremediation of Heavily and Moderated
Polluted Soils. Sustain. Chem. Pharm. 2023, 31, 100961. [CrossRef]

25. Mihoc, M.; Pop, G.; Alexa, E.; Radulov, I. Nutritive Quality of Romanian Hemp Varieties (Cannabis sativa L.) with Special Focus
on Oil and Metal Contents of Seeds. Chem. Cent. J. 2012, 6, 122. [CrossRef]

26. Canu, M.; Mulè, P.; Spanu, E.; Fanni, S.; Marrone, A.; Carboni, G. Hemp Cultivation in Soils Polluted by Cd, Pb and Zn in the
Mediterranean Area: Sites Characterization and Phytoremediation in Real Scale Settlement. Appl. Sci. 2022, 12, 3548. [CrossRef]

27. De Vos, B.; De Souza, M.F.; Michels, E.; Meers, E. Industrial Hemp (Cannabis sativa L.) Field Cultivation in a Phytoattenuation
Strategy and Valorization Potential of the Fibers for Textile Production. Environ. Sci. Pollut. Res. 2023. Online ahead of print.
[CrossRef]

28. Shi, G.; Liu, C.; Cui, M.; Ma, Y.; Cai, Q. Cadmium Tolerance and Bioaccumulation of 18 Hemp Accessions. Appl. Biochem.
Biotechnol. 2012, 168, 163–173. [CrossRef]

29. Tang, K.; Struik, P.C.; Yin, X.; Calzolari, D.; Musio, S.; Thouminot, C.; Bjelková, M.; Stramkale, V.; Magagnini, G.; Amaducci, S.
A Comprehensive Study of Planting Density and Nitrogen Fertilization Effect on Dual-Purpose Hemp (Cannabis sativa L.)
Cultivation. Ind. Crops Prod. 2017, 107, 427–438. [CrossRef]

30. Rheay, H.T.; Omondi, E.C.; Brewer, C.E. Potential of Hemp (Cannabis sativa L.) for Paired Phytoremediation and Bioenergy
Production. GCB Bioenergy 2021, 13, 525–536. [CrossRef]

31. Salentijn, E.M.J.; Zhang, Q.; Amaducci, S.; Yang, M.; Trindade, L.M. New Developments in Fiber Hemp (Cannabis sativa L.)
Breeding. Ind. Crops Prod. 2015, 68, 32–41. [CrossRef]

32. Wang, X.; Li, Q.X.; Heidel, M.; Wu, Z.; Yoshimoto, A.; Leong, G.; Pan, D.; Ako, H. Comparative Evaluation of Industrial Hemp
Varieties: Field Experiments and Phytoremediation in Hawaii. Ind. Crops Prod. 2021, 170, 113683. [CrossRef]

33. Fiorentino, N.; Mori, M.; Cenvinzo, V.; Duri, L.G.; Gioia, L.; Visconti, D.; Fagnano, M. And Degraded Land on Er Al. Ital. J. Agron.
2018, 13, 34–44.

34. Fagnano, M. The Ecoremed Protocol for an Integrated Agronomic Approach to Characterization and Remediation of Contami-
nated Soils. Definition of a Site as Contaminated: Problems Related to Agricultural Soils. Ital. J. Agron. 2018, 13, 1–68.

35. della Repubblica, I.P. DECRETO LEGISLATIVO 3 Aprile 2006, n. 152 Norme in Materia Ambientale. Gazz. Uff. 2006, 1, 172.
36. Nelson, D.W.; Sommers, L.E. Total Carbon, Organic Carbon, and Organic Matter. In Methods of Soil Analysis; John Wiley & Sons,

Ltd.: Hoboken, NJ, USA, 1983; pp. 539–579; ISBN 9780891189770.
37. ISO 11047; Soil Quality—Determination of Cadmium, Chromium, Cobalt, Copper, Lead, Manganese, Nickel and Zinc—Flame

and Electrothermal Atomic Absorption Spectrometric Methods. Vernier: Geneva, Switzerland, 1998.
38. 61010-1©Iec2001; ISO 707: 2008 International Standard International Standard. Vernier: Geneva, Switzerland, 2003.
39. Yadav, S.K.; Juwarkar, A.A.; Kumar, G.P.; Thawale, P.R.; Singh, S.K.; Chakrabarti, T. Bioaccumulation and Phyto-Translocation

of Arsenic, Chromium and Zinc by Jatropha curcas L.: Impact of Dairy Sludge and Biofertilizer. Bioresour. Technol. 2009, 100,
4616–4622. [CrossRef]

40. Mattina, M.J.I.; Lannucci-Berger, W.; Musante, C.; White, J.C. Concurrent Plant Uptake of Heavy Metals and Persistent Organic
Pollutants from Soil. Environ. Pollut. 2003, 124, 375–378. [CrossRef]

41. Malik, R.N.; Husain, S.Z.; Nazir, I. Heavy Metal Contamination and Accumulation in Soil and Wild Plant Species from Industrial
Area of Islamabad, Pakistan. Pakistan J. Bot. 2010, 42, 291–301.

42. Salt, D.E.; Blaylock, M.; Kumar, N.P.B.A.; Dushenkov, V.; Ensley, B.D.; Chet, I.; Raskin, I. Phytoremediation: A Novel Strategy for
the Removal of Toxic Metals from the Environment Using Plants. Bio/Technology 1995, 13, 468–474. [CrossRef]

43. Pidlisnyuk, V.; Erickson, L.; Stefanovska, T.; Popelka, J.; Hettiarachchi, G.; Davis, L.; Trögl, J. Potential Phytomanagement of
Military Polluted Sites and Biomass Production Using Biofuel Crop Miscanthus x Giganteus. Environ. Pollut. 2019, 249, 330–337.
[CrossRef]

44. Cosentino, S.L.; Testa, G.; Scordia, D.; Copani, V. Sowing Time and Prediction of Flowering of Different Hemp (Cannabis sativa L.)
Genotypes in Southern Europe. Ind. Crops Prod. 2012, 37, 20–33. [CrossRef]

45. Pietrini, F.; Passatore, L.; Patti, V.; Francocci, F.; Giovannozzi, A.; Zacchini, M. Morpho-Physiological and Metal Accumulation
Responses of Hemp Plants (Cannabis sativa L.) Grown on Soil from an Agro-Industrial Contaminated Area. Water 2019, 11, 808.
[CrossRef]

46. Guidi Nissim, W.; Palm, E.; Mancuso, S.; Azzarello, E. Trace Element Phytoextraction from Contaminated Soil: A Case Study
under Mediterranean Climate. Environ. Sci. Pollut. Res. 2018, 25, 9114–9131. [CrossRef]

47. Cosentino, S.L.; Riggi, E.; Testa, G.; Scordia, D.; Copani, V. Evaluation of European Developed Fibre Hemp Genotypes (Cannabis
sativa L.) in Semi-Arid Mediterranean Environment. Ind. Crops Prod. 2013, 50, 312–324. [CrossRef]

48. Afzal, O.; Hassan, F.; Ahmed, M.; Shabbir, G.; Ahmed, S. Determination of Stable Safflower Genotypes in Variable Environments
by Parametric and Non-Parametric Methods. J. Agric. Food Res. 2021, 6, 100233. [CrossRef]

159



Agronomy 2023, 13, 995

49. Angelova, V.; Ivanova, R.; Delibaltova, V.; Ivanov, K. Bio-Accumulation and Distribution of Heavy Metals in Fibre Crops (Flax,
Cotton and Hemp). Ind. Crops Prod. 2004, 19, 197–205. [CrossRef]

50. Ferrarini, A.; Fracasso, A.; Spini, G.; Fornasier, F.; Taskin, E.; Fontanella, M.C.; Beone, G.M.; Amaducci, S.; Puglisi, E. Bioaugmented
Phytoremediation of Metal-Contaminated Soils and Sediments by Hemp and Giant Reed. Front. Microbiol. 2021, 12, 645893.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

160



agronomy

Review

A Critical Review on Lignocellulosic Biomass Yield Modeling
and the Bioenergy Potential from Marginal Land

Jan Haberzettl †, Pia Hilgert † and Moritz von Cossel *

Citation: Haberzettl, J.; Hilgert, P.;

von Cossel, M. A Critical Review on

Lignocellulosic Biomass Yield

Modeling and the Bioenergy Potential

from Marginal Land. Agronomy 2021,

11, 2397. https://doi.org/10.3390/

agronomy11122397

Academic Editor: Susanne Barth

Received: 23 October 2021

Accepted: 22 November 2021

Published: 25 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

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/).

Biobased Resources in the Bioeconomy (340b), Institute of Crop Science, University of Hohenheim,
Fruwirthstr. 23, 70599 Stuttgart, Germany; jan.haberzettl@uni-hohenheim.de (J.H.);
pia.hilgert@uni-hohenheim.de (P.H.)
* Correspondence: mvcossel@gmx.de
† Authors contributed equally to this work.

Abstract: Lignocellulosic biomass from marginal land is needed for a social–ecologically sustainable
bioeconomy transition. However, how much biomass can be expected? This study addresses this
question by reviewing the limitations of current biomass yield modeling for lignocellulosic crops on
marginal land and deriving recommendations to overcome these limitations. It was found that on
the input side of biomass yield models, geographically limited research and the lack of universally
understood definitions impose challenges on data collection. The unrecognized complexity of
marginal land, the use of generic crop growth models together with data from small-scale field trials
and limited resolution further reduce the comparability of modeling results. On the output side of
yield models, the resistance of modeled yields to future variations is highly limited by the missing
incorporation of the risk of land use changes and climatic change. Moreover, several limitations come
with the translation of modeled yields into bioenergy yields: the non-specification of conversion
factors, a lack of conversion capacities, feedstock yield–quality tradeoffs, as well as slow progress
in breeding and the difficulty of sustainability criteria integration into models. Intensified political
support and enhancement of research on a broad range of issues might increase the consistency of
future yield modeling.

Keywords: bioeconomy; black locust; eucalyptus; giant reed; miscanthus; reed canary grass; Siberian
elm; switchgrass; poplar; willow

1. Introduction

Global agriculture in the 21st century is facing a multitude of challenges, especially
the drastically growing demand for food, fodder and industrial biomass for an increasing
population [1]. This population growth is expected to increase the need for food and
animal feed from today’s 2.1 to 3 billion t in 2050. Compared to 2007, a rise in the global
food production by 70% until 2050 is necessary [2]. This growing demand for biomass,
the intensifying impacts of climate change and incremental water scarcity require more
sustainable agricultural production systems. It is estimated that the expansion of agri-
cultural production until 2050—of which 80% is expected to take place in developing
countries—demands higher yields, intensified cropping and land expansions of around
70 million ha globally. As the future availability of arable land is expected to decline
in developed countries, the necessary land expansion will need to take place mostly in
developing countries, especially in sub-Saharan Africa and Latin America [3]. At the same
time, the transition of the global fossil-based economy towards a bio-based economy, a
so-called ‘bioeconomy’, demands industrial biomass in large quantities for conversion
into bioenergy and bio-based materials [4]. Projections suggest a total biomass demand
of 6.7 to 13.4 billion t p.a. in 2050, amounting to a 198 to 396% increase compared to 2011
(3.4 billion t p.a.) [5].
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A highly promising strategy to avoid the accretive competition of food and non-food
crops for land is the cultivation of lignocellulosic biomass on marginal agricultural land
(hereinafter referred to as “marginal land”). Agricultural land that is not suitable for the
cultivation of food crops is used for growing selected industrial crops [6]. This becomes
even more promising when considering that in sub-Saharan Africa and Latin America—the
hotspots of future land expansions—a high share of the land potential is subject to physical–
chemical limitations or lacking input factors and thus is not suitable for high-demanding
food or fodder crops [3]. Two second-generation bioenergy feedstocks are of special in-
terest for cultivation on marginal land: non-edible oilseed crops (e.g., Millettia pinnata L.;
Jatropha L.) and lignocellulosic biomass crops (e.g., Miscanthus (Miscanthus Andersson)) [7].
In addition to lignocellulosic crops’ adaptability to marginal land, further important bene-
fits are their high energy yield and density per unit biomass and volume [8]. Furthermore,
the low cultivation costs and reduced environmental impacts of perennial lignocellulosic
crops are outstanding [9]. The high energy density is also the reason why lignocellulosic
crops are recommended to not be primarily used for the production of platform chemicals
for bio-based materials [9]. The cultivation of annual and perennial lignocellulosic crops
on marginal land might allow an expanded production of bioenergy without endangering
food security [10]. The International Energy Agency evaluates the cultivation of lignocellu-
losic feedstock and their transformation into biofuels as one of the best options for reducing
greenhouse gas emissions. Lignocellulosic biomass can be cultivated on soils of different
quality, while providing a remarkably high biomass output. This is one of the reasons for
the increasing political support for the conversion of lignocellulosic feedstock to bioenergy:
for instance, in the United Kingdom, double Renewable Transport Fuel Certificates are
granted for lignocellulosic biofuels [11].

The growing political and economic interest in lignocellulosic feedstock cultivation on
marginal land necessitates precise biomass and bioenergy yield estimations and forecasts.
Reliable and science-based biomass and bioenergy estimates and projections are essential
for societal, political and economic decision-making, as well as for the development,
adaption and refinement of climate mitigation scenarios and strategies [12]. This review
holistically assesses the current practice of lignocellulosic crop yield modeling within the
scope of marginal land (Figure 1). Thereby, the focus is on the cultivation of lignocellulosic
crops on marginal land for a future bioeconomy, specifically the conversion into bioenergy.

Firstly, the question will be addressed whether globally and trans-nationally consistent
definitions and data available for the cultivation of lignocellulosic crops on marginal
land exist.

Secondly, this review aims to reveal the predominant shortcomings limiting the
informative power of biomass yield modeling on marginal land and the translation of
lignocellulosic biomass yields into bioenergy potentials.

This review does not focus on socio-economic restrictions (e.g., food sovereignty), which
could limit the use of the land, the biomass obtained and the energy yield. Nevertheless,
reference is made to key techno-economic aspects when applicable, providing a holistic
view on the underlying issues. From an economic perspective, this review only considers
low- and medium-input cultivation practices on marginal land [13] and thus excludes
high-input cropping systems.
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Figure 1. Schematic overview of the subject of this study using the example of the cultivation of different Miscanthus
Andersson genotypes whose performance has been tested on a shallow stony soil in southwestern Germany since 2014.
Clear differences in aboveground biomass growth can be seen here (photograph was taken in winter 2019–2020). These result
not only from climatic and soil physical site influences but also from the physiological and morphological characteristics of
the genotypes.

Regarding the geographical boundaries, urban marginal lands are excluded from the
review. Within the scope of this research, a literature review was performed. Literature on
lignocellulosic crops, industrial biomass feedstock, marginal land and crop-specific mod-
eling studies on lignocellulosic feedstock were researched via Scopus, Google Scholar,
Wiley and Web of Science. To derive shortcomings and limitations from a broad number
of conducted yield modeling studies (Table 1), the authors not only researched general
lignocellulosic yield modeling approaches, but also crop-specific modeling such as yield
modeling of Miscanthus [14] (Figure 1) and Populus L. on marginal land [15].

In the following sections, first a contextualization of lignocellulosic crops and bioen-
ergy will be given, including an overview on applied definitions, as well as statistical data
for the global cultivation and usage. Secondly, the main characteristics of marginal land
are summarized, and the ways these terms are defined in different disciplines on marginal
land are analyzed. In the third part, shortcomings and limitations within the current yield
modeling practice will be assessed, revealing major unknown factors today’s methodology
does not take into account.

2. Contextualization of Lignocellulosic Crops, Bioenergy and Marginal Land

2.1. Definitions of Lignocellulosic Crops

Lignocellulosic crops are characterized by a content of about 80% lignocellulose (the
sum of celluloses, hemicelluloses, pectins and lignins), and thus could be defined as a
subgroup of industrial crops, as they are not suitable for human or animal consumption
and are thus cultivated exclusively for industrial use [16,17]. The European Technology and
Innovation Platform for Bioenergy defines lignocellulosic crops as species containing vary-
ing contents of lignin, different chain lengths and varying degrees of polymerization [18].
The three constituents are cellulose, hemicellulose and lignin, together building the so-
called microfibril [19]. Lignocellulosic crops are the most abundant renewable feedstock
on this planet, and compared to crude oil, biofuels from lignocelluloses show enormous
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cost advantage potentials [20] Lignocellulosic crops can either be used as feedstock for
renewable energy production or the lignocellulosic fibers can be used for the production of
various (bio-based) materials and platform chemicals (e.g., organic acids, furfurals, sugar
alcohols or 5-Hydroxymethylfurfural) [10,20,21]. Regarding the biochemical production
of fuels, ethanol and butanol are the most interesting pathways [22]. For both energetic
and chemical application, cellulose and hemicellulose need to be converted chemically
or by (hemi-)cellulolytic enzymes to produce sugars (predominantly glucose and xylose).
These sugars are then fermented by yeasts or bacteria to either ethanol/butanol or other
platform chemicals [23]. A second possible bioenergy pathway—producing electricity and
heat as well as liquid and gaseous fuels—is thermochemical conversion, especially via
combustion, gasification, pyrolysis, liquefaction, carbonization and co-firing [24]. In the
production of bioenergy from lignocellulose, lignin is the main by-product. Among other
options, the production of phenols (e.g., vanillin or ferulic acid) and carbon additives or
the direct usage of lignin as an additive (e.g., in the paper industry) is possible [23].

Nearly all lignocellulosic crops are perennial crops, so a re-cultivation or sowing is
not necessary after cutting and harvesting for a certain number of growing cycles [17].
Lignocellulosic crops include perennial herbaceous grasses, also called grass-like crops (e.g.,
Miscanthus, Panicum virgatum L. (switchgrass), Phalaris arundinacea L. (reed canary grass),
Arundo donax L. (giant reed), Lolium perenne L. (perennial rye grass)), as well as fast-growing
tree species, so-called short rotation coppice or woody biomass (e.g., Salix L. (willow),
Eucalyptus L’Hér (eucalyptus), Paulownia (Siebold & Zucc.), Populus L. (poplar)) [17,25]. The
latter are usually cultivated in relatively short rotation cycles, and more precisely, either
in coppicing systems (the stump is left for regrowth) or replanted after each harvest [10].
The European Technology and Innovation Platform for Bioenergy also includes wood from
forestry in their definition of lignocellulosic crops, but does not consider it as a sustainable
feedstock for bioenergy [18]. From a biochemical point of view, lignocellulosic crops can
be distinguished by lignin and nutrient content; higher in lignin but lower in nutrients is
woody biomass, mostly low in lignin and showing a higher nutrient content is associated
with herbaceous biomass (mostly grasses) [26].

2.2. Statistics and Forecasts

Neither the Food and Agriculture Organization of the United Nations (FAO) nor other
governmental or non-governmental organizations record coherent data for the cultivation
and/or usage of lignocellulosic biomass on a global scale. The FAO collects data for
the cultivation and harvest of different industrial and non-industrial crops, but usually
does not consider their final usage (e.g., food, feed or energy) [27]. The FAO lists crops
in different categories (e.g., primary crops, fiber crops), and data are collected at farm
level, not considering any processing steps [28]. Having a more detailed view on fiber
crops, the FAO includes different lignocellulosic crops, for instance, China grass, Indian
hemp, agave or Mauritius flax [29]. As fiber-rich crops are unsuited for human or animal
consumption, their industrial usage can be assumed, but there is no final evidence included
in the FAO metadata [17]. Moreover, only estimations of global land use for industrial
lignocellulosic feedstock cultivation are available, of which a large share is outdated and/or
inconsistent [30]. Piotrowski et al. estimated a global biomass production (agriculture
and forestry) of 12.1 billion tons in 2011, of which 16% were used for heat and power
generation, 10% for bio-based materials and 1% for biofuels [5]. The latter is in accordance
with the International Energy Agency (IEA), which estimated that in 2010, less than 1% of
global agricultural land was used for cultivating feedstock for biofuels [31]. Nevertheless,
these numbers might have changed since then due to rapidly increasing biofuel conversion
capacities. Estimations of the land used for bioenergy feedstock cultivation resulted in a
2.7% share of global land in 2008. It is obvious that this percentage is based on outdated
data and furthermore varies throughout the literature [5,30]. Data availability for feedstock
production considering the type of energy carrier is similarly of poor quality (with an
exception for biogas) [17,32].
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When it comes to statistical data for the national or regional cultivation of industrial
and/or lignocellulosic crops, the data are also insufficient. A positive exception is the
European Union (EU); Eurostat not only tracks and documents the total national area
dedicated to industrial crops, but also the production of industrial crops on the EU country-
specific NUTS 2 scale (basic regions). According to Eurostat, the used agricultural area
in the EU consists of 61% arable land, which contains a 7% share of land dedicated to
industrial crops [33]. Eurostat provides data for industrial crops in 13 specific crop groups
(e.g., rape and turnip rap, other oilseed crops, fiber flax). Some of these crops, parts of
them or their by-products can be characterized as lignocellulosic crops, for instance, cotton,
hemp, fiber flax, oil palm frond and empty fruit bunch as well as tobacco stalks and other
residues [34]. In 2008, approximately 5.5 million hectares within the EU-27 were dedicated
to the cultivation of bioenergy feedstock, having a 1% share in the total used agricultural
area, equaling 50,000 to 60,000 ha of total landmass [17]. The largest share of the used
agricultural area was dedicated to oil crops (82%; for biodiesel), followed by sugar and
starch crops (11%; for bioethanol). The largest areas of industrial lignocellulosic cropping
are in the United Kingdom (mainly willow and Miscanthus), Sweden (willow and reed
canary grass), Finland (reed canary grass), Germany (Miscanthus and willow), Spain and
Italy (Miscanthus and poplar) [17]. The literature shows that there are almost no further
statistics of industrial lignocellulosic crops available for European countries [17]. One of the
countries with sufficient data availability is the United Kingdom, publishing yearly data on
crops grown as bioenergy feedstock, recording, for instance, the cultivation of Miscanthus,
short rotation coppice and straw crops. In 2018, 1.9% of the United Kingdom’s arable land
was used for the cultivation of bioenergy feedstock (94,000 ha), of which 29% was dedicated
to biofuel feedstock. A total of 7000 ha were dedicated to Miscanthus (0.1% of arable land)
and 3000 ha (<0.1%) were used for the cultivation of short rotation coppice [11].

When it comes to the supply of industrial biomass for the future bioeconomy, the
largest feedstock volume will be demanded by the global bioenergy sector, playing an
essential role in a future low-carbon economy. For the year 2020, a usage of 84 million tons
of energy crops for the production of bioenergy was estimated for Europe [35]. This equals
more than a doubling in comparison to 2012 (40 million tons). Looking at the status
quo regarding lignocellulosic feedstock, in 2019 only 10 million out of 5505 million liters
of bioethanol produced in the EU came from lignocelluloses. In 2019, there were only
two European refineries with a total capacity of 60 million liters of cellulosic ethanol
production [36]. Regarding estimations of the future demand for industrial (including
lignocellulosic) energy crops, a wide-ranging spectrum of biomass-based energy potential
estimates is available in the literature. Starting from 2017’s global energy use of 1500 EJ,
the IEA estimates a possible add-on of 100 to 300 EJ from bio-based resources in 2060.
A total of 60 to 100 EJ could be potentially derived from agricultural land, which does not
conflict with food safety, leads to only low land use change emissions and complies with a
range of sustainability criteria. The IEA considers an additional primary biomass supply of
145 EJ in 2060 as necessary to achieve the Paris climate mitigation goals. This agricultural
biomass supply is evaluated as challenging, but achievable [37]. The Intergovernmental
Panel on Climate Change assumes a bioenergy contribution of 120 to 160 EJ in their
2050 scenarios [38]. Studies consistently show that globally large areas of marginal and/or
degraded land are available and are not suited for food or feed production, but can be used
to feed the growing demand for (lignocellulosic) bioenergy feedstock [39].

2.3. Definitions of Marginal Land

The characteristic aspects of marginal land depend highly on the disciplinary termi-
nology, which differs between the environmental biological–ecological, economic, political
(legal) and social perspectives. The adjective ‘marginal’ commonly refers to something
‘situated at a margin or border’, which is therefore ‘not of central importance’ and ‘close to
the lower limit of qualification, acceptability, or function: barely exceeding the minimum
requirements’ [40]. A clear definition of ‘marginal’ is context-dependent and subjective to
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the overall aim of declaration [41]. Marginal land in the context of cultivating industrial
crops for bioenergy or biochemical production without threatening food production is
often associated with unused, under-utilized, idle, spare, abandoned, degraded, fallow or
set-aside land [42]. These descriptions highlight the low quality of marginal land due to
challenging climate conditions and soil characteristics, which limit its productivity and
therein its suitability for food crop cultivation. This generic definition is relatively consis-
tent across studies with different scopes and disciplines, while the working definitions of
marginal land across different studies vary depending on the geographic location in focus,
the background of the authors and the aim of the study [43].

2.3.1. Food vs. Fuel Definition

A very broad definition of marginal land is ‘land that has bio-physical and/or socio-
economic constraints for food production’ [44]. Land with easily improvable soil conditions
by measures such as irrigation, fertilization or drainage is usually excluded in marginal land
definitions to avoid competition with food on that land [41,44]. Marginal land is therefore
closely associated with low input and reduced management as economic efficiency is the
main determinant of the suitability of cultivation on marginal land [45]. This concept of low
input and reduced management has to be distinguished from low-input framing systems,
which aim to close input and output cycles to maximize the use of resources produced
on the farm site, while minimizing off-farm inputs such as purchased fertilizers and
pesticides [46]. Compared to the first definition of von Cossel et al. [44], which highlights
the lower productivity of food crops on marginal land, Shortall classifies marginal land
as a place ‘where food production cannot take place because the land is not productive
enough’. Both of these definitions are normative, stating that the land is not suitable for
efficient food crop cultivation but assuming that it is technically possible and economically
feasible to produce industrial crops there [42]. These definitions, furthermore, indirectly
assume that farmers would be willing to dedicate marginal land to industrial crops instead
of cultivating these on prime land to avoid indirect land use change (iLUC), a frequently
cited negative impact of energy crop cultivation [42,47].

Elbersen et al. go even further and define marginal land as land that has limited
agricultural productivity due to negative human interventions that have made this land
highly sensitive to degradation [41]. Some authors also include fallow land, which is
arable but not cultivated during one cropping season, in their definition of marginal
land as it is ‘assumed to be kept out of food production in the future with regard to its
lower-than-average quality’ [48].

2.3.2. Environmental and Biological Definition

There are two main fields of environmental definitions on marginal land: one deals
with the soil and climatic conditions (including natural or man-made conditions) of the land,
while the other focuses on issues beyond the given conditions and assesses the ecological
importance of marginal land. The environmental conditions that make a soil marginal
are well defined and were extensively researched with respect to the growth of industrial
crops in recent decades [9,41,44]. Most prominent soil and climate conditions leading to
marginal land are—amongst others—drought/dryness (<200 mm per growth season), low
temperatures (<5 ◦C), excessive soil moisture/waterlogging, soil texture, shallow rooting
horizons (<35–80 cm), soil quality (chemical conditions: salinity > 4 dS m−1, sodicity, acidity
pH < 4), soil contamination (natural or human-made toxicity by pollutants, e.g., heavy
metals or calcium) and steep slopes (>15–30◦) [9,41,44,49]. Especially combinations of these
limiting soil conditions, so called negative synergies, impose challenges for the cultivation
of industrial crops on this type of land. There are few combinations of the individual
factors that cancel each other out, resulting in positive synergies with improved conditions,
and the interaction of some characteristics is still unclear [49]. The negative synergies of
soil characteristics often favor soil erosion by wind and rain, for example, in Mediterranean
countries where high temperatures, limited annual rainfall, steep slopes and low vegetative
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soil cover prevail [12]. This imposes challenging conditions on the farmers and requires
adequate knowledge regarding the right time for tillage and fertilization to minimize
soil erosion. Apart from the environmental conditions, biological–ecological conditions
are important for assessing the marginality of land as natural vegetation and existing
ecosystems can provide habitats for agricultural fauna and contribute to biodiversity [50].

2.3.3. Socio-Economic Definition

A broad economic definition characterizes marginal land by its often poor infras-
tructure, which leads to limited market access of the goods that could be produced on
that land [41] and thereby affects mostly rural areas in regions with difficult accessibility.
In more concrete economic terms, marginal land can be utilized ‘at the margin of eco-
nomic viability’ [51], meaning that the profit obtained from these lands is close to zero.
This definition is prescriptive compared to the environmental ones, as it suggests that
under the given set of conditions this land should be used for industrial crop cultivation
rather than for food crop cultivation to increase its economic viability [42]. The economic
perspective on marginal land is not directly based on the fertility or the conditions of
the soil but rather on the relation of inputs and outputs to and from the land. From this
perspective, the degree of marginality can only be assessed based on the comparison of
different crop production systems on this land as they have varying break-even points due
to different inputs and outputs [52]. This understanding of marginality implies that food
crops that could be grown on that land might not be cultivated there when a better, more
economically beneficial alternative is present, leading to land use change [47].

2.3.4. Political and Legal Definition

As national tendencies and strategies for the mitigation of fossil fuel emissions in the
form of energy consumption differ, the boundaries of marginal land change from country
to country. For the national assessment of greenhouse gas emissions from land use, land
use change and forestry, national subcategories of the six main Intergovernmental Panel on
Climate Change categories are determined and evaluated [53]. Regulations regarding the
distance between agricultural production and urban areas as well as fresh water sources
further limit the availability of marginal land but are often not accounted for, causing
an overestimation of marginal land [54]. These different definitions make a comparison
between countries difficult [9], and even within Europe a common definition has not been
established so far [55]. However, recent studies on marginal land in the EU are trying to
establish common ground [41,44,48,49]. In 2019, the EU established criteria for identifying
high indirect land use change (iLUC) feedstocks to decrease their use for bioenergy [56].
High iLUC feedstocks describe feedstocks where ‘significant expansion of the production
area into land with high-carbon stock is observed’ [56], which are therefore a threat to the
environment. The new directive only allows for an increase in the share of the high iLUC
feedstocks’ contribution towards the national renewable energy targets for biofuels and
biomass from food and feed crops of 1%, based on 2020′s national contribution of food
and feed crops to the final energy consumption in transportation by road and rail (ibid.).
By 2030, feedstocks with a high risk of iLUC are not allowed to be included in the national
calculation of renewable energy in the transportation sector anymore. Nevertheless, the
member states are still allowed to import and use high iLUC risk feedstocks [56]. To avoid
iLUC, land where no feed and food crops can be grown could be used for the cultivation of
industrial crops for bioenergy [57].

2.3.5. Social Definition

The social dimension of marginal areas is very diverse and, like the ecologic-biological
dimension, often neglected [43]. Marginal land can serve many purposes other than crop
cultivation, such as biodiversity conservation (providing a balanced environment to live
in), subsistence agriculture (which generates income and can reduce poverty), educational
purposes, the provision of firewood and food in some parts of the world (allowing for a
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human livelihood) as well the provision of ecosystem services and maintenance of cultural
heritage [42,43,58]. Due to lacking measurement methods and the intangibility of many of
these social values, their assessment is usually only performed on a very reduced regional
scale, if at all [58].

3. Limitations of Current Yield Modeling Approaches on Marginal Land

Several studies assessed in this paper conduct or combine previous yield modeling re-
sults to evaluate regional, national or global biomass and/or bioenergy potentials (Table 1).
A recent example is the study of Pancaldi and Trindade, concluding that between 28 and
85% (for the 6.7 billion t scenario [5]) and between 14 and 42% (13.4 billion t scenario [5]) of
the global biomass demand in 2050 could be met by lignocellulosic crops [59]. The base of
this calculation was the yield modeling of Nijsen et al., calculating a global average yearly
yield of lignocellulosic crops on marginal land of 7.9 tons per hectare as well as an overall
bioenergy potential between 150 and 190 EJ per year [60]. In this review, the input data
of biomass yield models for marginal land, their results (output), as well as their general
methodology and the interpretation of results were critically analyzed.
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3.1. Overview on Yield Modeling Practice and Approaches for Marginal Land

Most studies assessed in this review focus on a select few regions/countries, mainly
China, Germany, Greece, Italy, Sweden and the United States, where the cultivation poten-
tial of the most common perennial crops including Miscanthus, switchgrass, poplar and
willow is assessed. The studies frequently use crop yield data from 2000 to 2015 as input pa-
rameters, while for the climatic data usually more historical information from 1960 to 1990
is used as this time horizon is commonly provided within the different databases. Several
databases are used in yield models to provide all information needed in order to adequately
calculate the biomass growth. This includes, for instance, topological data, including soil
classification according to different limiting factors, as well as data on crop demands and
their development along the growth cycle [65]. This information for each parameter is then
transferred onto the respective map of the region(s) under study. Thereby, several maps
with different information are generated. Through laying the different maps on top of each
other and analyzing overlapping areas, the suitable marginal area for lignocellulosic crop
cultivation is determined [45]. Some of the studies additionally assessed estimated future
yields, for instance, under different climatic conditions [63]. Another common approach is
the comparison of the average biomass yield for a specific region (calculated by a generic
model) with empirical regional data to highlight important input parameters that have to
be adjusted in the generic models to enable a suitable assessment [25]. For this purpose,
these studies make use of generic or crop-specific biomass yield models that go beyond the
creation and stacking of maps. In cases where the suitability of cultivating different crops
on the same marginal area is compared, authors often have to refer to different generic
biomass yield models as only few crop-specific models are currently available (cf. Zhang
et al. using MiscanFor, GAEZ and GEPIC [74]).

If different crops in different regions are to be compared, often primary data that
have been collected over short or medium time spans are inserted into equations for
biomass growth calculation. The limited long-term data availability makes modeling future
situations with the current biomass yield models challenging as the increased variance
between the different locations and crops cannot be represented sufficiently [61]. The same
holds true for models that take multiple ecological, economic and social constraints into
consideration, especially if the assessment takes place at field or farm level [65,75].

Depending on the focus of the study, additional disciplinary perspectives might be
included: Ramirez-Almeyda et al. [45] extended their study to account for the economic
costs associated with cultivating switchgrass and Miscanthus in the Mediterranean. Gu and
Wylie [64] also assessed the possibility to grow switchgrass on marginal land in the Great
Plains (United States) from an economic perspective [64]. Based on the value of the
indemnity that has to be paid when cultivating common crops on that land, a threshold
was derived that serves as an indicator for the suitability of marginal land for switchgrass
cultivation. Harvolk et al. [65], assessed the technical potential to cultivate Miscanthus
on an area in a small municipality in Hesse (Germany) under consideration of different
ecological situations.

Most of the studies reviewed use different sources from the literature, varying databases
and sometimes expert opinions when sufficient data are lacking. Due to their different foci,
assumptions and boundaries, the results obtained differ widely and provide an adequate
snapshot of the current heterogeneity within the field of biomass yield modeling.

3.2. Overview on Limitations and Shortcomings

A summary of the identified challenges and limitations on the input and output side
of biomass yield modeling is given in Figure 2. All these factors decrease the comparability
of the results from different studies, limiting their interpretation and contextualization [76].
A typical yield modeling sequence starts with the definition of scope and the basic terms
and continues with the selection of the model and the input parameters. The resilience of
the modeling results can be controlled by means of a comparison with future variations.
In addition, several yield modeling studies translate the biomass yields into bioenergy
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potentials. The final predictions of the yield modeling have to be constantly revised by
making use of new models or by updating existing ones. In both cases, the modeling cycle
is repeated.

 
Figure 2. Overview on the most relevant limitations on input and output side of the modeling cycle (RED = Renewable
Energy Directive, LUC = land use change).

3.3. Challenges on the Input Side of Biomass Yield Modeling

On the input side, limitations of the current yield modeling practice (including the
models applied) can be grouped into two categories: (i) the scope and basic definitions
underlying the biomass yield assessment, and (ii) the models and input parameters applied
in the modeling (Figure 2). The second category is subdivided into shortcomings related to
general aspects of the model while a second category focuses specifically on the challenges
of the input parameters used by the models.

3.3.1. Scope and Basic Definitions

The scope of the current research undertaken in biomass yield modeling is geograph-
ically narrow and focuses mostly on member states of the Organization for Economic
Co-operation and Development, especially North America, Europe and China [58,77].
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Models and approaches developed there are presently state-of-the-art and applied in
studies conducted all over the world. Due to the varying environmental conditions
within and between different countries, models calibrated with data from the North-
ern Hemisphere are only limitedly suitable for other regions such as Africa or Latin
America [25]. Many countries are therefore still unconsidered in biomass yield modeling
research. The lack of geographical coverage limits the holistic assessment of the global
potential of biomass yield from lignocellulosic crops and might lead to forgone potentials.

To ensure comparable, realistic and detailed results from biomass yield leading to
suitable decisions on the spatial and temporal distribution of biomass cultivation, the
underlying basic definitions of the input parameters have to be coherent [42]. Currently,
there are no standardized globally accepted definitions of the most important inputs to
the modeling process including marginal land and industrial and lignocellulosic crops.
These definitions are highly contextual and study-dependent, and even though most
of them share a common core, variances in the wording and the conscious inclusion or
exclusion of certain aspects lead to very different perceptions and interpretations [43].
For example, while a common guideline to assess marginal land in Europe exists [49], the
amount of land classified as marginal varies widely between studies. This implies that
the validity and reliability of studies calculating the global marginal land availability are
reduced because they do not account for differences in local definitions. Instead, they
often apply the same definition to all locations, which can result in an overestimation
or underestimation of the actual potential. To avoid this problem, some studies assess
marginal land from the perspective of the current use of the land and the potential to
change this land use to favor lignocellulosic crop cultivation. This approach does not
consider the reasons for a certain current land use and will lead to inadequate results,
which can only be corrected if biophysical data are additionally considered [55]. In the
case of crops, the lack of coherent definitions leads to vague distinctions of the different
types as few classification criteria exist [78]. In some statistical assessments, for example,
corn is classified as an industrial crop for animal feed but it can also be destined for
human consumption (with or without refinement), which would then convert it into a food
crop. The same holds true for other multipurpose crops such as soybean, sorghum and
cotton. Without a precise, internationally agreed definition (or a fixed set of definitions) of
industrial, lignocellulosic and food crops, the underlying competition for land between
these crops cannot be evaluated.

The lack of definitions further imposes challenges on the data collection of marginal
land availability and biomass yield achievability. On a global scale, accurate statistical
data are often missing [79], and even between the different European countries the quality
and quantity of datasets vary widely (for instance on soil conditions) [55]. This leads
to situations where the input parameters date back to different years, increasing the
uncertainty and inaccuracy of the final result, especially for climate data where values
from the 1960 to 1990s are often used. Comparisons of studies thereby become more
challenging, and especially for promising lignocellulosic crops such as Miscanthus, very
few long-term yields are available at national or international level. This might be due to
the recent interest in Miscanthus as a bioenergy crop and the complex interactions between
a number of factors such as planting method, species and site conditions [45]. Not only
for cultivation on marginal land, but also for growth on arable land, no data are (publicly)
available for Miscanthus from Eurostat, FAO or USDA. Assessing if yields on marginal land
are significantly lower than on arable land is nearly impossible then and might lead to less
accurate definitions of marginal land, their estimated future availability and the amount
of biomass yields that can be achieved from that land. Overall, the contextualization of
biomass yield modeling results becomes more difficult if the availability of representative,
high-quality data, which is based on the same definitions at regional, national and global
scale, is limited [61].
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3.3.2. Models and Input Parameters

Modeling approaches also need to shift their focus towards a more detailed and holistic
evaluation of biomass growth, as currently used biomass yield models are mostly generic.
Generic models such as the frequently used GAEZ or GEPIC model are based on average
growth data for a variety of crops [74]. Zhang et al. in their study on Miscanthus growth on
marginal land in China calculated an average annual dry matter yield of 0.318 Mg ha−1

with the GAEZ model, while the MiscanFor model predicted annual dry matter yields of
14.6 Mg ha−1. MiscanFor is a software for biomass yield modeling (developed in Europe)
that is specifically calibrated for the Miscanthus genotype Miscanthus × giganteus [74].
The differences in the yield might not only be caused by the different types of models,
but it is reasonable to assume that the more detailed MiscanFor estimations lead to more
precise results [61]. Nevertheless, no specially tailored models for biomass growth on
marginal land exist currently [55]. The results obtained from the applied models are thus
based on information from arable land. Some marginal land parameters—such as specific
soil and climatic conditions—can be inserted into models, yet they cannot be represented
in their whole complexity.

Besides having arable land as a basis for biomass yield modeling, most crop growth
models are compiled software packages that do not provide open access to the source
code used [80]. The model users can therefore not trace and reproduce the calculations
performed by the model. This reduced transparency increases model uncertainty as
the influence of the model’s internal structure on the simulation output cannot be fully
assessed and the chosen input parameters might only be limitedly related to the calculated
output [81]. Semenov and Porter [82] additionally highlight the limited range of data
on which the calculations were based and the increased amount of assumptions and
hypotheses underlying the biomass yield models. These input uncertainties together
with the model uncertainty increase the output uncertainty and the reliability of the
results [83]. Holzworth et al. [84] mention the lack of focus on universal software platforms
as a reason for the reduced efficiency in agricultural modeling. This also leads to an
increased gap between the software industry and agricultural production researchers [84].
This lacking connection between the two most important actors within the biomass yield
model sphere promotes inadequate representations of the growth process. For example,
the MiscanFor model calculates biomass yields of Miscanthus based on yields of mature
rhizomes, which are usually only achieved after three to five years [79]. In the first years
after the establishment, Miscanthus yields are much lower, which should be adequately
represented in the models to avoid an overestimation of the results [61]. However, the
relatively stable yields after the establishing period allow predictions of biomass yields from
perennial crops if adequate data for all input parameters are available [25]. The sequence
in which the different input parameters and their thresholds accounting for the marginality
of the land are inserted into the model is also important. Different data compiling methods
and pre-selections alter the amount and characteristics of marginal land estimated [74].
The points mentioned above provide reasons for the very limited comparability of the
results obtained from biomass yield models and the huge variations in marginal land, yield
and energy potential estimations.

The concrete input parameters used in biomass yield models on marginal land are
often grounded on short-term field trial data [85]. These data are not representative,
as only certain management practices and few soil characteristics are included, which
insufficiently account for the complexity of marginal land [45]. In addition, the whole
growth cycle cannot be assessed by means of three-year trials and the use of average yield
data further reduces the accuracy of the model outputs [79]. This puts the importance of
local environmental and climatic conditions into focus [74]. One of the most important
parameters is the soil, as it provides the basis for biomass growth. The interactions within
the soil and between the soil and the other environmental parameters are highly complex
and site-specific. The combination of individual marginal soil characteristics can create
positive, negative or unclear synergies [49]. Unclear synergies were reported for the
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combinations of excess soil moisture and stoniness, organic soil texture and steep slope,
stoniness and heavy clay texture, sandy texture and heavy clay as well as heavy clay and
steep slope [49]. As the interactions between soil, crop and climate are very complex, it is
difficult to assess the performance of a crop on marginal land, especially when negative
synergies are present. These mutual influences increase the complexity of soil systems even
further, making a detailed assessment of the soil necessary for an adequate representation
in the model. Many models neglect this complexity by determining a land’s marginality
based on only one threshold or a few averaged values. For instance, on marginal land
where low crop management and no/very limited irrigation are prevailing, the various
soil conditions influencing the water holding capacity (e.g., slope, soil texture and soil
cover) need to be assessed in conjunction with each other to assess if sufficiently high
yields can be achieved [76]. Miscanthus, as one of the most promising future bioenergy
crops, is often given as an example for cultivation on marginal land due to its reduced
environmental and management demands. Nevertheless, Miscanthus has a low resistance
to drought and abiotic stress [86]. This reduces its suitability to be grown on marginal
land, for example, on steep slopes in the warm Mediterranean regions, because abiotic
stresses are often present in combinations, for example, drought coming along with heat,
or in successions as in the case of waterlogging followed by drought [87]. As not all crops
are equally suitable for the same soil and environmental conditions, the assessment of
only one type of crop on marginal land might not be sufficient to identify the best land–
environment–crop fit [74]. As important as a detailed environmental assessment is, it is
often practically difficult to model certain physical constraints such as damages from strong
winds. Apart from modeling the damage, a probability for the damaging event as well as a
recovery period with lower growth would additionally have to be modeled, which further
increases complexity. Depending on the specific location, for example, coastal areas, it is
useful and necessary to take these aspects into consideration [88]. Overall, the degree of
detail of each study depends on its objective as well as time and financial constraints.

In addition to input data, the modeling process needs to be conducted at high resolu-
tion [74]. The resolution of the results depends on the lowest resolution of the input data
and studies highlight the assessment at a 1 km2 scale as most adequate [55,65]. For example,
Richter et al. [89] calculated an average dry matter yield of 9.6 t ha−1 for Miscanthus culti-
vated in the United Kingdom, while Aylott et al. [90] modeled a combined short rotation
coppice yield (willow and poplar) of 9.7 DM t ha−1 for the same area. Bauen et al. [88],
however, using a 1 km2 grid resolution, predicted an average yield of 11.9 DM Mg ha−1

for the United Kingdom when selecting the highest yielding crop (Miscanthus, poplar or
willow) for each grid. Schorling et al. [91] in their study on Miscanthus yields on marginal
land in Germany also obtained more accurate results compared to a Europe-wide study
assessing the same. Their detailed geographical, climatic and geological data input allowed
for the avoidance of an overlap in the types of areas (e.g., rural villages and marginal land)
and accounted in detail for areas where the soil composition changed [91].

The time dependency of the yields calculated by the models is an additional source of
uncertainty [55]. Changes in the climatic data have a severe influence on the yields, but
few studies predict future yields based on future data, instead using past data, though
valid predictions exist, e.g., from Intergovernmental Panel on Climate Change for climatic
data [74]. Most studies therefore claim to make an ex ante assessment but make use
of ex post data, which provide only limited suitability and reduce the study’s validity.
This insufficient long-term orientation of the input data is caused by a combination of all
the aforementioned factors.

With regard to the extensiveness and inclusion of different perspectives, biomass
yield models have to be improved. Many studies model the technical potential of biomass
cultivation on marginal land but lack a practical orientation. Yields are thereby calculated
based on input environmental data (especially area) that do not take the social, cultural
and ecological value of the land into consideration [77]. The estimated yields from these
models are therefore theoretically and technically available, but not practically feasible
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as they might come along with great socio-economic changes and distortions. Therefore,
calculating the technical potential provides a rough overview of the spatial distribution
of biomass cultivation potentials and highlights areas that might be worth further inves-
tigation [74]. To avoid an overestimation of biomass yields and to adequately assess the
long-term feasibility of perennial crop cultivation on marginal land, taking socio-economic
and political criteria into consideration is necessary [61].

Marginal lands provide ecosystem services that are positively or negatively influenced
by the crop cultivated and the applied management system [92]. These changes drastically
affect the local population, their lifestyle and livelihoods and should therefore be assessed
as part of a realistic biomass yield model. In addition, the land that is considered marginal
is frequently privately owned, so including this land in the calculation is only suitable
if the owner is willing to cultivate the selected crop on their land [45]. Apart from land
availability, crop cultivation also requires labor. Beyond the recurring crop management
activities such as fertilization and harvesting, labor is especially needed for the initial field
preparation and the planting of the Miscanthus rhizomes as this is usually performed by
hand [93]. Recently, many people moved from rural areas, where marginal land is located,
to cities, leading to a decrease in the rural labor force, which in the long run can impose
challenges on the crop cultivation on marginal land [3].

Biomass growth is an investment, and planting costs, in particular for crops such
as Miscanthus that cannot be sown, are high and likely to increase if perennial crops are
cultivated on marginal soils [45]. These planting costs are sunk costs, which cannot be
recovered by the farmer and might deter marginal landowners from investing in Miscanthus
cultivation, especially because the yield obtained is rather lower in the first years, which
increases risk. Considering the economic perspective of biomass growth on marginal land
is also important because the stable long-term yields (starting from the fourth or fifth
year of cultivation) reduce the farmers’ flexibility to grow other crops when the market
conditions for the perennial crops negatively change [45].

The aspects considered above are closely related to the political and institutional
environment. Policy support for the industrial use of biomass is needed to increase the
cultural and social acceptability of biomass as an energy feedstock [74]. To convince the
local society that crop cultivation on marginal land is useful, more long-term data over the
whole growth cycle of the crop must be generated and made available. This is difficult
when the funding for most studies is limited to two to three years [55]. Furthermore,
current research is mostly conducted on field trial areas with a limited amount of different
environments available, which further decreases the validity and thereby society’s trust in
the obtained results [74]. Another challenge is the limited transnational cooperation, which
reduces the exchange of experience and the potential to develop a standardized framework
that is applied consistently [55]. In addition to data generation, the implementation and
promotion of the studies’ recommendations throughout the different sectors is an important
task where political guidance can still be improved [57].

3.4. Challenges on the Output Side of Yield Modeling

The following chapter will shed light on the limitations and shortcomings related to
the output side of yield modeling (Figure 2). Therefore, the suitability of selected yield
modeling to incorporate future variations and issues related to the translation of yield
modeling results into bioenergy potentials and the incorporation of Renewable Energy
Directive-related sustainability criteria into models will be critically assessed.

3.4.1. Challenges Due to Future Variations

Yield modeling studies are often conducted for only a certain crop or species on a
defined area of land, ignoring future variations (Figure 2). The modeling results cannot be
considered as a sufficient statistical base for biomass yield predictions, as also marginal
land, crop rotation and partially also intercropping can play an important role [12,13].
The failure to incorporate the necessity of crop rotations and the potentials of intercropping
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is a common problem of yield modeling studies. Miscanthus, for instance, cannot be grown
alone over decades with consistently high yields [74]. That a long-term mono-cropping
of lignocellulosic crops should be avoided is part of the Renewable Energy Directive
and thus a criterion for the sustainable production of biofuel feedstocks. To support
agro-biodiversity within the EU, a mix of at least three perennial crops (covering both
herbaceous crops and short rotation coppice) per region is required according to the
guideline EU 2018/2001 [94]. With this in mind, the extensive modeling of single crops or
single crop categories for whole regions or even whole agricultural zones within the EU is
unfavorable [25,65,70]. Furthermore, it needs to be considered that farmers might also leave
marginal land fallow within their lignocellulosic crop rotation systems [57]. Marginal land
might not be agriculturally used for one cropping season to recover, or because of several
socio-economic decisions (e.g., lacking market opportunities). The critical issue is that this
practice would influence the overall yield, which would then differ from the modeled yield
(if no crop rotations, intercropping or fallow periods are assigned). Especially in the case of
biomass and bioenergy potential predictions for several decades, the lack of modeling crop
rotations might subvert the mid- and long-term validity. This becomes even more alarming
when considering that crop rotations were neither mentioned nor incorporated in any of the
studies assessed within the scope of this research, even though there are some promising
tools available such as CropSyst (http://modeling.bsyse.wsu.edu/CS_Suite/index.html
(accessed on 22 November 2021)).

Depending on the definition of marginal land—especially if fallow land is declared as
marginal land—and depending on the intensity of crowding out effects, iLUC and direct
land use changes (dLUC) can occur. Firstly, these might undermine the ecological benefits
of lignocellulosic crops cultivated on marginal land. Secondly, they might subvert the
results of biomass yield modeling. Crowding out effects might occur when marginal land
was originally defined as economically marginal, but a higher demand for food crops
revokes economic marginality. Furthermore, there is the possibility to use marginal land
as food crop land after a certain period of energy crop cultivation, during which the soil
quality has improved sufficiently. Zhang et al. suggest a period of 15 years as a sufficient
timespan for soil amelioration [74]. It is reported in the literature that the cultivation of
perennials can reduce soil erosion, capture nutrients, stabilize the soil through rooting,
maintain a more firm structure, provide a habitat for wildlife and boost biodiversity, and
moreover store carbon in the soil (soil-carbon sequestration) [92]. These beneficial effects
might lead to a sufficient remediation of marginal land and allow future food production.
This would reduce the mid- and long-term biomass potential on the affected marginal land.
These possible shifts are not at all incorporated in the assessed biomass yield modeling
studies, even though the risk of drastic changes in the future land availability is high.
Two conceivable scenarios might come with the remediation of marginal land: in the
first case, improved soils continue to be used for lignocellulosic feedstock cultivation.
Assuming an increasing demand for food and feed, food production might be displaced
to other areas, resulting in iLUC. In the second case, the cultivation of lignocellulosic
crops might be relocated to new land, causing dLUC. This presupposes that the originally
environmentally marginal land has sufficiently improved and is again used for food
cultivation. If in both scenarios the sum of LUC equals the sum of re-improved land, the
land available for biomass cultivation might remain unchanged. Nevertheless, significant
greenhouse gas emissions might occur due to land use changes [95]. If the land dedicated
to lignocellulosic crops shifts to new (marginal or non-marginal) land with divergent
environmental conditions, the originally calculated biomass yields might be incorrect.

The most severe limitation might be the lack of sensitivity of biomass yield models
to future environmental variations, especially regarding highly complex climatic changes.
For common food crops, significantly decreasing yields are already reported as an effect
of extreme weather, temperature and precipitation events [96,97]. Nevertheless, varying
climatic conditions affect crops in different ways, as they can be either positive, negative or
outbalance each other. Especially for lignocellulosic crops, it is not known yet how quickly
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they can adjust to shifts in climatic conditions [74]. The main problem with modeling
systems is the uncertainty inherent in the construction of the future meteorological scenario
used as input for the models [82]. This becomes even more problematic when taking into
account that precise climatic and ecological data at regional and/or local level would be
necessary to properly map environmental changes [88]. For instance, short rotation coppice
demands sufficient groundwater levels. Future shifts in groundwater must be investigated
and integrated via parameters into models to adequately assess yield potentials of trees
on marginal land [74,98]. Once again, the spatial distribution of crop cultivation plays an
important role to assess shifts in groundwater [88]. However, not only the environmental
conditions but also the crops cultivated might change in the next few decades. Graves et al.
observed a tendency of shifting from herbaceous-grassy-like biomass to woody-tree-like
biomass due to global climatic change. One of the possible reasons for this systematic
change in the agricultural pattern of farmers is the increasing productivity of C3 plants with
rising temperatures, compared to C4 plants, where the productivity-increasing effect is
limited [63]. This tendency still needs to be statistically proven, but nonetheless adds to the
general uncertainty inherent in the methodology of mid- and long-term yield predictions.

In conclusion, yield modeling for lignocellulosic crops on marginal land can lead
to drastic over- or underestimations of the exploitable biomass potential. Furthermore,
the depiction of actual and historical climatic developments in yield models is already
challenging, and the incorporation of future changes is an additional challenge.

3.4.2. Limitations of Bioenergy Potential Assessments

Studies show that the global energy demand in 2030 could be fully covered by the
conversion of biomass grown on non-arable land [99,100]. This and other bioenergy
projections rely on quantitative data of biomass potentials, often gathered through yield
modeling. In fact, one of the main applications of the results of yield modeling studies on
marginal lands is the calculation and assessment of bioenergy potentials.

The Compilation of Reliable Quantitative Data

The focus on bioenergy potentials of lignocellulosic crops grown on marginal land
can be explained by the increasing need for reliable, quantitative data on the potential of
biomass and bioenergy within the scope of climate change mitigation. In the Special Report
on 1.5 Degrees [101] and the Special Report on Climate Change and Land [95], an even
broader view on bioenergy was taken. Amongst other issues, socio-economic and environ-
mental limitations of biomass cultivation were assessed in detail by the Intergovernmental
Panel on Climate Change, especially in the Special Report on Climate Change and Land.
This is an important indication of the increasing relevance of qualitative risk assessments
and quantitative bioenergy potential analyses, providing a basis for climate mitigation
strategies. Often, a bioenergy yield estimation is performed as part of a yield modeling
study (Figure 2). For instance, Scagline-Mellor et al. model yields for Miscanthus and
switchgrass on marginal land for the eastern part of the US [102]. The biomass yields per
hectare are used to further model bioethanol yields per hectare. Regarding marginal land
within the area of Boston, outgoing from a crop yield of 42,130 tons of poplar (per growing
season), a bioenergy yield of 830 TJ (higher heating value, HVV) is calculated in a study of
Saha and Eckelmann [103]. Mehmood et al. list 15 crops (e.g., Miscanthus, switchgrass, reed
canary grass and agave) and summarize studies conducted and yields modeled, as well as
their geographical boundaries [76]. Furthermore, the listed biomass yields are connected
to bioenergy potentials, citing relevant biomass and bioenergy yield modeling studies.
However, it was not always clear how the conversion from biomass yields to bioenergy
potentials was performed [76]. Panoutsou and Chiaramonti evaluated the positive impacts
of cultivation and conversion of Miscanthus into bioenergy (by means of a combined heat
and power plant and fast pyrolysis) on the social and economic situation (employment and
income) of people in the southern part of Italy and Greece [70]. Despite the growing data
and research base, there are several limitations in the modeling of bioenergy potentials.
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Smith and Porter concur that there has been a significant improvement in the quantification
of mitigation potentials of bioenergy in the Intergovernmental Panel on Climate Change
reports [104], but uncertainties are still tremendous. Different variations in data—for in-
stance, assumptions on land availability, yield improvements over time, efficiency increases
in conversion technology and optimization of infrastructure—come with an enormous
level of uncertainty. A good example for this uncertainty is the study of Hoogwijk et al.,
assessing the geographical and technical potential of bioenergy crops on abandoned and
low-productive land for the time span between 2050 and 2100. Their analysis is based on
the IPCC’s Special Report on Emission Scenarios, computing bioenergy potentials between
130 to 410 EJ/year for 2050 and 240 to 850 EJ/year for 2100 [105]. The authors conclude
that—based on the geographical and technical potential—the potential of bioenergy from
low-productive and abandoned land could hypothetically be several times as high as the
energy supply through crude oil at the beginning of the 2000s. Moreover, the study takes
different socio-economic and environmental developments into account. For instance, the
global agricultural area between 1970 and 2100 (in Gha) is simulated, incorporating various
scenarios for population, GDP, land management factors, diet and trade. The different sce-
narios result in a hypothetical global agricultural area in 2100 between 1.5 Gha and 6.5 Gha.
This discrepancy again dramatically influences the exploitable biomass and bioenergy
yield, and thereby the climate mitigation potential from bioenergy. These uncertainties ask
for an overview of the most relevant limitations of yield modeling and its connection to the
simulation of bioenergy potentials.

The Conversion from Biomass to Bioenergy Potential

If a transformation of modeled yields into energy potentials is performed within or at-
tached to biomass yield modeling on marginal land, a conversion factor needs to be applied
to convert the biomass yield (in t per ha) into bioenergy potentials (in GJ, MJ or EJ per ha).
The biomass yield therefore needs to be multiplied by the energy yield exploitable within
the dedicated bioenergy pathway [106]. The wide range of possible bioenergy pathways
includes the co-combustion of biomass with coal in electricity generation plants, the conver-
sion of biomass into cellulosic ethanol and electricity (as a by-product), the conversion of
biomass into gasoline, diesel synfuels and electricity via integrated gasification and Fischer–
Tropsch hydrocarbon synthesis (IGCC-FT). Different conversion pathways of low-input
high-diversity (LIHD) mixtures of native grassland perennials come with highly differing
energy yields, ranging from 18.1 GJ/ha/y for electricity to 17.8 GJ/ha/y for cellulosic
ethanol and electricity to 28.4 GJ/ha/y for gasoline via IGCC-FT [106]. Unfortunately, in
several studies analyzed, either the conversion factor (biomass–bioenergy) is not given nor
explained, or the pursued energy carrier is missing. In the global assessment of bioenergy
potentials on marginal land by Nijsen et al., neither the conversion factor is given, nor the
energy carrier is declared [60]. In the study of Harvolk et al., the conversion of biomass
to thermal energy is mentioned, but neither the assumed conversion technology nor the
conversion factor was applied [65]. Quin et al. converted the biomass yield of Miscanthus
and switchgrass into liters of ethanol following a two-sided approach [71]: following
current and potential biomass-to-biofuel conversion efficiencies as well as the parameters
of Lynd et al. [107]. Unfortunately, Lynd et al. simply derived an average bioenergy
yield of biomass energy crops of 105.4 gallons ethanol/dry ton (approx. 399.0 L), without
further specification or classification into crops or crop categories [107]. Quin et al. applied
this average ratio on Miscanthus and switchgrass [71], while for instance Scagline-Mellor
et al. calculated significantly different, and among themselves also slightly diverging,
ethanol yields (i.e., 453 L/dry ton of Miscanthus and 450 L/dry ton switchgrass) [102].
Furthermore, the potential values adduced by Quin et al. can only be obtained if appropri-
ate technologies are available [107], of which several are not state-of-the-art today, and their
future realization is still unclear. The uncertainty along with the methodologies applied
by Lynd et al. and Quin et al. are significant. Zhan et al. transformed within their study a
biomass potential into a technical energy potential, defined by the authors as the available
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energy content potential provided by the biomass production per grid cell. The technical
potential was calculated by multiplying the yield by the crop-specific higher heating value
(HVV) [74]. The declaration of the methodological approach by Zhang et al. is sufficient.
Nevertheless, the calculation of the technical potential excludes energy losses through
conversion [108]. As Zhang et al. furthermore analyze the hypothetical, proportional
contribution of the calculated energy yield to China’s energy demand, the involvement of
a technical potential in the calculation without a conversion step highly skews the results.
All given issues regarding the non-declaration or inconsistency of the conversion factor
complicate the comparison and interpretation of bioenergy potentials.

The Conversion Capacities for Lignocellulosic Crops

Another important limitation undermining the meaningfulness of modeled bioenergy
yields is the lack of capacities for the conversion of lignocellulosic crops. Ethanol from
lignocellulosic crops (CH3CH2OH) is chemically identical to first-generation ethanol, but
is produced through cellulose hydrolysis, which is a more complex process, requiring
highly sophisticated production plants. Taking the EU as an example, in 2019 only 10 out
of 5505 million liters of bioethanol production came from cellulosic feedstock. There were
only two European refineries with a total capacity of 60 million liters of cellulosic ethanol
production per year [36]. The first commercialization ventures for the production of
lignocellulosic-based ethanol can be observed in Europe, especially two commercial cel-
lulosic ethanol plants: one in Romania (run by Clariant International Ltd.) and another
one in Slovakia (operated by Enviral). Furthermore, a pre-commercial demonstration
plant in Germany is run by Clariant International Ltd. [109,110]. On a global scale, the
largest cellulosic ethanol plants are located in the United States (DuPont, Iowa, 83,000 t/y;
POET-DSM Advanced Biofuels, Iowa, 75,000 t/y; Abengoa Bioenergy Biomass of Kansa,
75,000 t/y), in Brazil (GranBio, Alagoas, 65,000 t/y) and in China (Longlive Bio-technology
Co. Ltd., Shandong, 60,000 t/y) [111]. Unfortunately, only the plants in Brazil and China
are still in operation. The DuPont facility was sold in 2019 and is currently converted to a
natural gas plant [112], the facility of POET-DSM Advanced Biofuels is currently idle [113]
and the operator of the plant in Kansas is bankrupt [114]. Furthermore, a large amount of
demonstration and flagship plants testing different conversion pathways of lignocellulosic
crops to ethanol or butanol can be found in various countries, for instance in Italy, Denmark,
Spain and Finland [22]. As estimated in the 2020s market report of the Global Industry
Analysts Inc., the global market for cellulosic ethanol summed up to USD 631.7 million in
2020 and is expected to grow to USD 6.6 billion at a rate of 39.8% between 2020 and 2027.
The growth of the cellulosic ethanol market (2020–2027) is forecasted highest for China
(46.5% share in the Compound Annual Growth Rate (CAGR)), followed by Canada (37.4%),
Japan (33.2%) and Germany (35.6%) [115]. Nevertheless, the idle and bankrupt large-scale
plants in the United States show the vulnerability of this capital- and research-intensive
business field. Furthermore, the cellulosic bioethanol sector often consists of fragmented
markets and is characterized by geographically differing market regulations [77]. The spec-
tacular CAGR of the global cellulosic ethanol sector should not intend to divert attention
from the fact that there are no mature markets for cellulosic ethanol yet. The systematic lack
of transportation infrastructure and logistics and the currently limited access of smallholder
farmers to the bioenergy feedstock market [63] are other socio-economic issues to be consid-
ered when mapping global bioenergy potentials. Without governmental support and/or
subsidies, sufficient conversion capacities and an appropriate spatial distribution (with
short distances to the cultivation sites), the exploitable biomass and bioenergy potentials
calculated in various studies will remain only theoretical potentials. In conclusion, their
informative and predictive value is highly limited.

The Energetic Efficiency of Lignocellulosic Ethanol

Furthermore, there is still a significantly immature energetic efficiency of lignocellu-
losic ethanol. For the conversion, either acid or enzyme hydrolysis can be applied, and both
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have been intensively researched since the 1970s in the United States and Europe. Besides
investments into conversion capacities, the enzymatic pathways are currently optimized
through strain development and novel strain discovery, as well as innovative feedstock
pretreatment (e.g., ionic liquid pretreatment) [111]. Suitable technologies for the biochem-
ical conversion of lignocellulosic feedstock to biofuels are still under development and
not economically competitive to fossil fuels yet [116]. The technological and commercial
maturity of the conversion technology is currently evaluated as poor [88]. The energetic
efficiency of biofuels can be assessed through the energy return on invest ratio (EROI),
calculating the ratio between the energy delivered by a fuel and the energy invested in
the production and delivery of this energy [117]. The input energy either includes only
non-renewable energy or non-renewable and renewable energy (e.g., electricity and steam
produced from lignin) [118]. Hall et al. conclude from 74 assessed EROIs for bioethanol,
of which 33 values were below a 5:1 ratio, that—besides optimal values obtained in the
tropics—most ethanol EROI values are at or below 3:1. This ratio is defined by Hall et al. as
the minimal value for societal usefulness. Thus, most bioethanol pathways assessed are not
socially desirable regarding their energetic efficiency [117]. The Natural Resources Defense
Council and Climate Solutions in cooperation with Hammerschlag et al. assessed three
studies for cellulosic ethanol between 1994 and 2005 [119,120]. While only considering
non-renewable energy input, the resulting EROIs of 4.40 (corn stover), 4.55 (poplar) and 6.61
(various) show that bioethanol from cellulosic crops came with significantly higher EROIs
than bioethanol from corn (ranges from 0.84 to 1.65). Nevertheless, other assessments
conclude drastically lower EROIs for cellulosic ethanol: for instance, 0.2 for ethanol from
switchgrass [121] and 0.64 for ethanol from wood [122]. Latter numbers are based on a
techno-pessimistic approach, which assumes fossil fuel inputs are used to produce distilla-
tion steam instead of energy from lignin combustion. This approach is highly criticized in
the literature [117,123]. From the calculations of Barel et al., it can be concluded that even if
renewable process energy is considered, the EROI of cellulosic ethanol from switchgrass
is lower than that of gasoline [118]. Based on these calculations, it can hypothetically
be concluded that lignin-poor lignocellulosic crops might come with lower EROIs than
lignin-rich feedstocks, but there is no evidence in the literature. Murphy et al. list several
insecurities and limitations of the EROI methodology, pointing out that the quantitative
results highly depend on a range of parameters (e.g., boundary and co-products) [124].
Nevertheless, the numbers mentioned show that efficiency in the production of cellulosic
ethanol is still immature and highly depends on the crops cultivated, the agricultural man-
agement practices and the geographical location [125]. The importance of the crop choice
is in line with Baral et al., assessing drastic differences in the EROI of yellow poplar and
switchgrass [118]. From the highly diverging and partially outdated literature available,
no general and definite statement on energetic advantages of cellulosic ethanol to other
biofuels and energy carriers can be made.

The Tradeoff between Yield and Feedstock Quality

Another shortcoming links the production of lignocellulosic biomass with the conver-
sion to bioenergy, especially biofuels. There is a tradeoff between high yields and a high
feedstock quality. It is elaborated that high agricultural yields might result in a feedstock
with a high water, ash or salt content [4]. Ash and certain inorganic elements in particular
lead to difficulties in processing. Energy-intensive drying might be necessary for wet
feedstock, and corrosion, slugging or plugging of the conversion reactor might occur in the
presence of minerals [126]. Not only the biomass quality in general but also its quantitative
and qualitative constancy over time play an important role for conversion in biorefineries.
A constant and qualitatively-reliable feedstock supply is essential for conversion plants [45].
Furthermore, the final application of the lignocellulosic biomass determines the cell wall
ideotype. The extraction of target molecules is still cost-intensive, as the loosening and
fractionation of cell wall components require intensive pre-treatments [127,128]. Thus, one
of the major quality parameters of lignocellulosic feedstock is the easy destructibility of cell

185



Agronomy 2021, 11, 2397

walls [127,129]. Moreover, the relative content of desired molecules within the cell walls in
consistency with the dedicated end-use of the feedstock is vitally important [130]. For com-
bustion, a high lignin, high cellulose and high hemicellulose content is preferable, as those
factors increase the calorific value [126]. Feedstock with a low lignin, high cellulose and
high hemicellulose, low cross-linking of cellulose–hemicellulose, low crystallinity index,
low cellulose–lignin branching and reduced polymerization is known for good suitability
for ethanol production [129,131,132]. Thus, high yields alone are not a sufficient parameter
for assessing biomass potentials. If the end-use-dependent feedstock quality, quantity and
constancy over seasons do not meet the requirements of the conversion pathways, the
bioenergy potentials of lignocellulosic biomass cannot be realized.

The Knowledge on the Crops’ Genetic Potentials

Most perennial grasses, which are used as bioenergy feedstock, are undomesticated
crops, collected from wild environments and tested in field trials. Hence, some are still
in the first stage of breeding programs [133], or even novel orphan crops without any
previous genetic improvement. This applies especially with regard to biomass-related
characteristics [134–137]. Consequently, the biomass yields and qualities of many perennial
grasses are highly variable and in many cases drastically lower than the crops’ genetic
potentials [138]. For the achievement of the climate mitigation objectives of the Paris
agreement, a yearly 145 EJ biomass increment until 2060 will be necessary. The International
Energy Agency calls the cultivation of high yield energy crops a key element for the
time span 2017 to 2025 to reach the energy potentials [37]. For an intensive cultivation
of, e.g., Miscanthus, further optimization of the plant is necessary [139,140]. Differing
environmental conditions require an accurate selection of suitable species. For instance,
the Renewable Energy Directive includes criteria for assessing the availability of land for
bioenergy-dedicated biomass. Following this sustainability approach, an avoidance of
negative impacts on water resources needs to be included in the crop choice [94]. Thus, for
instance, in Mediterranean areas, a variety of highly drought-tolerant (lignocellulosic) crops
is required [45], which must be developed through breeding programs. A whole range of
new crops tailored to marginal environments needs to be bred and tested [59]. Without a
general intensification in breeding and an eco-physical adoption of lignocellulosic crops
to specific environmental conditions, high energy potentials calculated and projected by
the International Energy Agency, Intergovernmental Panel on Climate Change and others
might not be realistic.

The Demand for Higher Sustainability

Within the recast of the Renewable Energy Directive, the European Commission up-
dated goals and regulations for the production of renewable energy [141]. The production
of feedstocks and biofuels has to comply with several sustainability criteria to be eligible
for financial support by public authorities and to be credited to the national renewable
energy targets [142]. The Renewable Energy Directive contains several criteria that can be
applied to the assessment of land availability for dedicated biomass crops, and in particular,
to the selection of marginal sites for the cultivation of lignocellulosic bioenergy feedstock.
The end-user roadmap of Dees et al. [94] summarizes rules that come with the criteria
defined in the Renewable Energy Directive. Amongst others, land selection for bioenergy
feedstock within the EU has to meet the following requirements: only using lands that have
been registered as agricultural lands since 1990, the exclusion of permeable grasslands, the
sole usage of surplus, marginal and polluted lands to avoid LUC, no usage of fallow land if
the fallow land share (of total arable land) declines to <10%, the avoidance of monocultures
and the consideration of a maximum slope limit to perennial plantations. The CAPRI model
is the only model available that incorporates the diverse regional circumstances regarding
land use changes between 2020 and 2030 within the EU 28 [57]. Nevertheless, even the
CAPRI baseline needs to be further adapted to include all Renewable Energy Directive
criteria, as, for instance, the rule on fallow land is not considered [94]. It can be assumed
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that not all yield modeling studies scoping the EU incorporate the Renewable Energy
Directive criteria within the assessment of marginal land availability and the cultivation
of lignocellulosic crops. This especially applies to yield modeling conducted before the
resolution of the directive EU 2018/2001 in 2018. Unfortunately, the compliance of recent
studies with the Renewable Energy Directive criteria is not assessed within the scope of this
research. If a non-compliance of yield models with the EU directive 2018/2001 should be
the case, biomass and bioenergy potentials calculated in those scenarios might be unusable.
This aspect might also affect yield modeling outside of the EU. Coming with the updated
Renewable Energy Directive, biofuel feedstocks with a high iLUC risk—also originating
from non-EU countries—are gradually phased out [143]. It is furthermore assumed that
there are yield modelings performed for non-EU areas without incorporating an iLUC risk
assessment in coherence with the Renewable Energy Directive regulations.

4. Recommendations and Milestones for Reliable Future Predictions

The first recommendations for biomass yield models/modeling improvement were
derived based on the assessment of shortcomings and limitations, which lead to input
and model uncertainty on the one side and output uncertainty regarding the biomass and
bioenergy potential on the other side. The order of the recommendations equals the order
of the limitations assessed in part one of this study. A graphical overview of all derived
recommendations and milestones is shown in Figure 3.

4.1. General Recommendation Regarding the Scope and Definitions

To provide sufficient and reliable data to develop models and calculate biomass
yields, a globally standardized set of definitions on marginal land, industrial and ligno-
cellulosic crops is necessary. These definitions should provide sufficient guidance and a
regulated framework that is applicable to countries globally and limits possibilities for
national/regional adjustments and interpretation. Based on these definitions, data col-
lection must take place at regional, national and international levels to achieve reliable
and adequate results for all regions and to ultimately be able to meet the global biomass
demand for non-food purposes. A strong focus on developing countries is thereby required
as these countries are often abundant in marginal land [58].

4.2. Recommendations for Models and Input Parameters

The obtained data on lignocellulosic biomass growth and their collection process
need to be documented in a detailed way and made available, for example, on statistical
databases of the FAO, to provide reference for future studies and assessments. In biomass
yield modeling, the future focus should be on the development of crop-specific models
such as MiscanFor, which are calibrated based on the genotype-specific demand of the
crop [45]. The development of models specifically for marginal land, in which the different
environmental (mainly soil) parameters can be represented in detail, is also necessary.
To establish these types of models, an integrated, interdisciplinary approach is necessary
that brings modeling and plant experts together to adequately represent the different
growth stages and underlying calculations in the models [65]. In addition, it is important
to increase software and model transparency, making the assumptions and calculations in
the background accessible for the model users [81].
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Figure 3. Overview on the most relevant recommendations and milestones for future biomass (BM) yield modeling.

To account for the complexity and diversity of marginal land, a detailed soil and envi-
ronmental assessment is recommended, especially for European studies [49]. Furthermore,
it has to be determined if the same synergies are applicable for other regions, and whether
more regional synergy matrixes have to be developed and applied. Until then, the use
of a selection of adequate, locally representative soil and environmental parameters is
suggested [61]. These should be combined with yield results from long-term trials on
commercial-sized fields under similar climatic and management conditions to represent
the crop yield development along the growth cycle [74] and further expand the database on
crop yield expectations. A comparison of yields from different crops [88] and different crop
varieties on the assessed marginal land provides more in-depth insights into the realistic
yield range as the varieties’ yields can divert significantly from the crop average [45].
If the best crop among several theoretically feasible options should be selected, similar
assumptions and the avoidance of average yield data are key aspects [61,79]. Yield calcu-
lations best take place on a small scale, using grids with a 1 km2 size to identify the best
land–environment–crop fit that provides the highest yield per 1 km2 and thereby increases
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the overall modeled yields. If no crop-specific model is available, a comparison of the
results from different models, e.g., GAEZ and GEPIC, helps narrow down the spatial and
timely range of the yield potential [74]. Furthermore, a comparison of the modeling results
with data obtained from several field trials, for example, from different locations across the
country for which the biomass yield potential is modeled, could help benchmark the model
results and provide a suitable option for comparison [88]. Clearly stating the assumptions
made and presenting the limitations of the chosen analytical method further contribute to
more robust and reproducible results [41]. Based on this, a transparent quantification of
the uncertainty of the individual input parameters as well as of the overall results increases
the comparability of the results and the reliability of the study [61]. A sensitivity analysis
identifying the most influential parameters on the yield outcome is useful to estimate the
impact of wrong assumptions on the model results [25].

To provide a holistic assessment of the practical biomass yield potential on marginal
land, it is crucial to include the social, political and economic characteristics related to the
use of that land. A local assessment of the non-environmental conditions of the marginal
land is important as the social, economic and political conditions vary widely between
regions, and local decision-making is necessary to turn theoretical into practical yield
potential [65]. Here, political guidance and support for feedstock cultivation on marginal
land is most important as cultural and social acceptability of the usage of biomass as energy
feedstock can only be achieved by transparently informing people on the advantages
and disadvantages and by listening to their fears [74]. Simultaneously, local, regional,
national and supranational governments (such as the EU) have to actively promote the
cultivation of bioenergy crops on marginal land, for instance, by making use of coherent
energy, environmental and agricultural policies [77]. Long-term, future-oriented strategies
and adjustments in the Common Agricultural Policy (CAP) to ensure compliance with
environmental and social requirements to avoid, for example, indirect and direct land use
change are the main political instruments that could be used [55]. However, not only in
the primary sector but also in the feedstock-to-bioenergy conversion sector incentives such
as subsidies are necessary to extend the value chains to an industrial scale, connecting
rural areas where the marginal land is located with the conversion plant operators and
finally with the consumers [45]. Beyond the social and political assessment, taking the
economic perspective into consideration is important, especially as future research and
development is likely to reduce the establishment costs and increase the yields of perennial
crops, which enhances the economic attractiveness of biomass production on marginal
land considerably [88]. This potential can only be used if the accompanying infrastructure
is adequately established and value chains to exploit the regional biomass potential are
developed and fortified [45].

The variety of input parameters and underlying assumptions increases the complexity
of biomass yield modeling on marginal land. This complexity must be reduced to a man-
ageable and understandable amount while leaving the basic interactions and their impact
dimensions unchanged. Therefore, a careful, concise and transparent documentation and
reasoning for the selected input parameters is decisive to provide high-quality, realistic
and comparable results that can be interpreted in a meaningful way.

Agricultural management strategies for low-input systems need to be in line with
sustainable cultivation practices to yield environmentally sustainable produced biomass
with a high quality, for example, by incorporating agricultural practices such as crop rota-
tions into agricultural systems on marginal land [44]. Thus, it might be beneficial for the
soil and the nutrient balance to grow crops in a certain sequence or even intercrop them.
These practices and their impacts on overall biomass yields must be represented in yield
modeling. Therefore, regionally specific data from the respective farmers might be neces-
sary [91]. Multispectral surveys need to be conducted to precisely assess time series of crop
cultivation and rotation [91]. Intensive input on a regional and local level is required to cor-
rectly depict farmers’ actual and future agricultural operation and management strategies.
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4.3. Recommendations for Consideration of Future Variations

Uncertainties and fluctuations in biomass and bioenergy yield modeling cannot be
fully eliminated. Models always contain uncertainty and are a simplification of reality.
This is the reason why assumptions made must be clearly stated, limitations of the method-
ology and input data must be highlighted and the inherent uncertainty in modeling results
must be analyzed in future studies [41]. A sensitivity analysis of the yield modeling results
and a transparent description of assumptions are crucial. Moreover, sensitivity regarding
the use of terms is necessary. The results of yield modeling should only be published
as ‘forecasts’ or ‘predictions’ if the projection is the most likely one. This needs to be
analyzed through a deterministic model and a comparison of a sufficiently large number
of scenarios [144].

Furthermore, there is a need for biophysical models, which can cover various ecologi-
cal parameters and their dynamic changes over time. A good example is the assessment
of global bioenergy potentials of Miscanthus, conducted by Shepherd et al. [79]. The Mis-
canFor model was therefore not only extended to incorporate the RCP 2.6 climate scenario
of the Intergovernmental Panel on Climate Change, but also the SSP2 socio-economic
scenario of the Intergovernmental Panel on Climate Change, gaining anticipating weight
to at least some extent. There is an urgent need to integrate environmental scenarios into
yield models via a direct embedding or through baseline extensions, especially for climate
and groundwater predictions. To comply with the current state of research and to apply
internally consistent data, the Intergovernmental Panel on Climate Change projections and
scenario frameworks should be starting point for the incorporation of ‘future’ into models.
This accounts for socio-economic scenarios, land use and land cover change scenarios,
environmental scenarios (e.g., carbon dioxide, water resources, acidifying compounds), cli-
matic scenarios, sea-level rise scenarios as well as their interactions [144]. Global data need
to be combined with national, regional, or in the best case, even local datasets on a 1 km2

scale. An assessment of, for instance, NUTS 2 resolution levels in the EU does not provide
sufficiently detailed information on the regional and local environmental conditions. If, for
instance, the CARPI model is used, the option of integrating geo-referenced information
at cluster level (1 km2 grid cell) must be chosen to increase specificity [145]. For yield
modeling on marginal land in the EU, a whole range of models can and should be used and
interconnected for regulation-consistent scenarios: non-carbon dioxide emissions and pol-
lutants (GAINS model), land use change and forestry (GLOBIUM/G4M model), agriculture
(GAPRI), energy, including transport and processes (especially PRIMES biomass supply
model, PRIMES energy system model) and overall framework assumptions (Prometheus
model, GEM-E3 model) [146].

4.4. Milestones for Improving Bioenergy Potential Assessments

It is highly indispensable that applied conversion factors, projected bioenergy path-
ways and the specific conversion technologies need to be stated and explained in future
bioenergy-potential projecting yield modelings. The conversion factors and technologies
incorporated in the modeling of bioenergy scenarios must be time- and location-specific.
Thus, conversion factors need to represent the technological state of the art (for status
quo assessments) or realistic future technological advancements (for mid- and long-term
projections), respectively. The choice of bioenergy carriers (e.g., fuels, heat/power) needs
to be consistent with national and socio-economic patterns, markets and regulations. Fur-
thermore, conversion factors must account for conversion and delivery losses to depict
realistic end-use values.

A rapid and targeted expansion of conversion capacities, suitable infrastructure and
supply chains need to come along with the progressing projection and incorporation
of biomass and bioenergy potentials into governmental and non-governmental climate
mitigation strategies. The conversion plants need to be adequately spatially distributed,
considering land use patterns and regional biomass potentials, and have to come with
sufficient infrastructural connections to local markets and up- as well as downstream
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supply chains. At the same time, innovative and efficiency-boosting pretreatments and
bio- as well as thermochemical conversion technologies need to be developed, tested in
demonstration plants and upscaled to commercial level. A promising approach is, for
instance, the sunliquid® technology developed by Clariant International Ltd. Thereby,
process-specific enzymes and simultaneous C5 and C6 fermentation of (ligno-)cellulosics
(so far only wheat and other cereal straw) are applied to boost the commercial performance
of cellulosic ethanol production [109]. An expansion of governmental subsidies for research
and development, as well as financial support for the upscaling of innovative concepts, has
to be fostered globally. Furthermore, holistic Life Cycle Sustainability Assessments [147],
energetic efficiency analysis and techno-economic assessments of (ligno-)cellulosic ethanol
life cycle chains [148] need to evaluate the economic, ecological and social impacts and
performance of biofuels from lignocellulosic feedstock. The bare suitability of marginal
land for bioenergy feedstock production does not imply that cultivation and production
are automatically sustainable, but on the contrary, the whole value chain needs to be
assessed [55]. In conclusion, only a scientific, qualitative and quantitative sustainability as-
sessment can lead to objective and holistic judgements of the performance of lignocellulosic
biofuels or different conversion pathways, respectively.

The opportunities and potentials coming with intensive breeding of perennial grasses
are evaluated as enormous [149]. The extensive knowledge on plant biology and genetics,
as well as the large toolbox for analytical and genomic approaches, can result in innovative,
high-yielding and low-demanding perennial crops, tailored to diverse agroecological
systems. Higher yields, a higher resource use efficiency (especially nutrients and water) and
a better exploitability of soil come with higher efforts in the breeding of C4 grasses [129,149].
It is obvious that intensive research, breeding and field trials need to be fostered within the
next few years. The breeding should not only focus on single crops, but a whole range of
species, as agroecological environments differ and the demands of biorefineries are broad.
It needs to be highlighted that due to the evolutionary relation of C4 grasses, advances
in the breeding of one crop can boost the development of other crops [129]. Focusing on
Miscanthus again, this recommendation is fully applicable. Twenty species of Miscanthus
are known, and the genus holds significant potential for adaptations to the environmental
conditions or the assigned conversion pathway. The market potential of lignocellulosic
ethanol from Miscanthus and other grasses can be scaled up through current and future
breeding efforts, especially the development of new hybrids, which come with higher
biomass yields and streamlined degradability [139,140]. A promising but highly complex
approach [137] is the engineering of a C4 photosynthesis in C3 crops to further increase
biomass yields of highly productive C3 species (e.g., giant reed or tall wheatgrass) [150].
Consequently, innovative, molecular breeding for lignocellulosic crops must be taken
into account to exploit genetic resources, for instance, via next generation sequencing,
high-throughput genotyping, molecular breeding, marker-assisted selection and genomic
selection [138]. A more challenging but highly promising approach is the development and
improvement of methods to analyze cell wall compositions and nanoscale structures [151].
The exploration of molecules in cell walls, their chemically specific imaging tags and
their development over the life cycle of plants (from cell wall formation, over maturation,
transformation, dehydration and processing into feedstocks) can support the predictive
modeling of feedstock qualities and quantities. New findings are necessary to develop
and improve advanced feedstocks and optimize their processing pathways. Ultimately,
these research and breeding methods must be both accurate and relatively inexpensive,
allowing the handling of large amounts of samples in breeding programs [151]. The United
States Department of Energy published a plant-physiological, genetic and biotechnological
roadmap for lignocellulosic crops in 2006, including technical milestones to increase the
market potential of cellulosic ethanol within 15 years—for instance, the optimization of
cell wall composition to increase the content of fermentable sugar and the discovery of
genetic regulatory factors that determine the synthesis and deposition of lignin [151].
In future research, the achievement of those milestones as well as limitations and future
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objectives need to be assessed for a wide range of lignocellulosic crops in well-coordinated
field experimentations worldwide, as also noted by Reinhardt et al. [152]. If current and
future breeding efforts are successful, the achieved and updated yield levels promptly
need to be incorporated into yield modeling, so realistic biomass potentials for future
decades can be computed. Process-based eco-physiological models could be combined with
genomics to make progress in plant phenotyping [153]. Connections between controlled-
conditions phenotyping and crop performance in the field can be made to reduce model
uncertainty. Furthermore, yield modeling for newly domesticated varieties, genotypes and
their performance on marginal land urgently need to be assessed, providing meaningful
predictions of potentials.

The breeding approaches assessed will highly support the optimization of the lignocel-
lulose composition of the feedstock, which is necessary to allow an efficient conversion into
biofuels. Researchers performing yield modeling should also see a mission in assessing the
potentials of different bioenergy value chains. The final use and conversion technology of
the lignocellulosic feedstock highly influences the crop choice. Thus, the incorporation of
socio-economic factors and the technological state-of-the-art for biomass conversion need
to be taken into account in yield modeling. Crops in yield models shall not exclusively be
chosen regarding the best yield performance, but also under consideration of the upstream
supply chain’s requirements.

The overall goal of yield modeling on marginal land can be defined as the assess-
ment of biomass yield potentials under consideration of environmental, crop-specific and
(partially) socio-economic and other constraints. Thus, yield modeling needs to take envi-
ronmental regulations into account, depicting societal judgements on current and future
agricultural practices [12]. A good example is the reflected Renewable Energy Directive
(EU 2018/2001), which not only affects yield modeling practices inside, but also outside
of the EU. Future yield modeling needs to be performed in consistency with all relevant
sustainability criteria and rules that are applicable to the scope and boundary of the mod-
eling [57]. Even the baseline in the CAPARI model was in compliance with EU policies
on bioenergy targets (based on the PRIMES energy model), and a further upgrading was
necessary to incorporate all relevant Renewable Energy Directive criteria.

5. Conclusions

Marginal land is defined primarily by limiting soil and climatic conditions that a
variety of lignocellulosic industrial crops can tolerate. Applied in several studies, yield
modeling aims to precisely predict future yields. The modeled yields are further trans-
formed into bioenergy potentials, representing tangible energy contributions of lignocellu-
losic crops. However, a massive lack of globally or trans-nationally coherent definitions
of lignocellulosic crops inevitably leads to inconsistency in statistical data on current and
future yields. Several other key limitations also reduce the informative power of yield
modeling studies.

This study shows that there are no sufficient data available to precisely model ligno-
cellulosic biomass on marginal land. Even though there are several modeling approaches,
an increased number of parameters and various data sources available for the modeling
of lignocellulosic feedstocks, their suitability for the modeling of biomass cultivation on
marginal land is still limited. Several limitations and shortcomings were assessed to point
out a multitude of data and methodology limitations on both the input and output side
of yield modeling. These issues derived from a review of several yield modeling studies
prove that, currently, yields of lignocellulosic biomass on marginal land are not modeled
precisely. The relevance of lignocellulosic crops for the growing global bioeconomy was
substantiated with political incentives, forecasts of organizations (e.g., the International
Energy Agency) and statistical data, buttressing the promising potentials of lignocellulosic
crops as a bioenergy feedstock.

The need for modeling the biomass potentials on marginal land was confirmed by
analyzing the significant need of biomass and bioenergy within the next few decades,
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and the partially insufficient data basis for the calculation of those biomass potentials.
The cultivation of perennial lignocellulosic crops on marginal land comes with promising
advantageous benefits. The increase in biodiversity, ecosystem services such as pollina-
tion [154,155] and pest suppression through perennials [156] is not only reflected on the
areas they take place but also on neighboring agricultural land, for instance, used for
food crop cultivation. A potential yield increase by up to 25% on annual croplands is
reported [157]. This, together with the production of lignocellulosic feedstock for bioen-
ergy, can significantly improve food security, boost rural development, create employment
opportunities and deliver sustainable energy sources, improving living standards of rural
communities [158].

Ultimately, this review has demonstrated the complexity of biomass yield modeling
on the one side and the potentials of the methodology on the other side. Several crucial
shortcomings limiting the use of biomass yield model approaches for lignocellulosic crops
on marginal land were derived. The rapidly increasing demand for food and non-food crops
asks for transparent, multi-dimensional and highly adaptable models, producing clear and
meaningful scenarios of exploitable biomass and bioenergy potentials. Quantitative data
on the supply and demand of biomass and bioenergy are an essential base for international
negotiations of climate mitigation agreements, strategic sustainability goals and their
practical implementation into (trans-)national policies. Nevertheless, the biomass potentials
resulting from yield modeling on marginal land shall not be interpreted as easily exploitable
bioenergy potentials, but rather as first drafts of future bioenergy supply chains.
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Abstract: Industrial crop cultivation on marginal agricultural land limits indirect land-use change
effects that pose a threat to food security. This review compiles results from 91 published crop-specific
field trial datasets spanning 12 relevant industrial crops and discusses their suitability for cultivation
on unfavorable soil types (USTs). It was shown that the perennial species Miscanthus (Miscanthus
Andersson) and reed canary grass (Phalaris arundinacea L.) performed well on USTs with both high
clay and/or high sand contents. Information on stoniness (particles sizes > 2 mm), where mentioned,
was limited. It was found to have only a small impact on biological yield potential, though it was
not possible to assess the impact on mechanization as would be used at a commercial scale. For
soils with extreme clay or sand contents, half of the crops showed moderate suitability. The large
yield variations within and between crops revealed large knowledge gaps in the combined effects
of crop type and agronomy on USTs. Therefore, more field trials are needed on diverse USTs in
different climates with better equipment and more consistent measurements to improve the accuracy
of potential yield predictions spatially and temporally. Additionally, larger trials are needed to
optimize cultivation and harvesting.

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

1. Introduction

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

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

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

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

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

2. Material and Methods

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

Figure 1. Schematic overview of the methodological approach of this study (a [21], b [22], c [8]), d [2]).

2.1. Identification of Most Relevant Industrial Crops in Europe

For identifying the most relevant industrial crops in Europe, only those industrial
crops were selected that were involved at least four times in one of the EU projects that
started or ended in the period 1 January 2014 to 6 December 2019. Using the Community
Research and Development Information Service (CORDIS) [21], 24 EU projects were found
and considered for this purpose. In this way, twelve industrial crops were found relevant
(Table A1), which is mostly in line with the crop selections in other studies [2,23].
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2.2. Literature Search on the Performance of Industrial Crops under UST Conditions

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

2.3. Suitability Ranking

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

3. Results and Discussion

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

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

3.1. Camelina (Camelina sativa L. Crantz)

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

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

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

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

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

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

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

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

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

3.2. Cardoon (Cynara cardunculus L.)

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

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

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

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

Marginality Factor
DM Yield
[Mg ha−1]

Grain Yield [Mg ha−1] Place Country Source

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

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

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

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

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

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

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

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

Place Country Source

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

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

3.4. Cup Plant (Silphium perfoliatum L.)

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

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

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

Marginality Constraint
DM Yield
[Mg ha−1]

Place Country Source

UST-S 14.6 Werlte Germany [62]

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

UST-S 13.0 Altitude
Bavarian Forest Germany [60]

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

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

3.5. Giant Reed (Arundo donax L.)

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

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

Marginality
Constraint

Year of
Cultivation

DM Yield
[Mg ha−1]

Place Country Source

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

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

Compared to the other sites with this factor, the DM yield was lowest in Casale
Monterrato with 11 Mg ha−1. This site was the only one not fertilized. Furthermore, the
sand content of this soil is very high at 90% [71]. This is probably why the yield was lower.
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At the San Piero a Grade site, the sand content is 77.8%, and the conditions in summer 2011
were extremely dry. Giant reed was not irrigated in this trial, unlike the other sites with
this factor. The high sand content of the soil reduces its ability to retain water, which has
an effect on plant development, especially in dry summers when precipitation is low [70].
Probably for this reason, the DM yield of giant reed was lower with 17 Mg ha−1 compared
to the Citra and Enna sites and compared to favorable sites [67,68]. At 29.1 Mg ha−1

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

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

3.6. Hemp (Cannabis sativa L.)

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

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

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

Plant Height
[cm]

Place Country Source

UST-S 5 Jyndevad Denmark [6]
Monoecious

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

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

UST-ST 8.3 Michamps Belgium [79]

UST-S 9.4 Potsdam-
Bornim Germany [80]

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

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

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

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

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

3.7. Miscanthus (Miscanthus Andersson)

Under favorable conditions, 50% of all Miscanthus (Miscanthus Andersson) DM yields
are in the range of 13–28 Mg ha−1 DM (Figure 2) [65]. With irrigation, yields of over
30 Mg ha−1 DM can be achieved on sites in Southern Europe (average temperatures of
15.4 ◦C) [83]. In Central and Northern Europe (from Austria to Denmark), where global
irradiation and average temperatures are lower (7.3–8.0 ◦C), yields without irrigation
are typically 10–25 Mg ha−1 DM [83]. In a long-term test of Angelini et al. [67] without
irrigation on a favored site near Pisa, the average yield over the 2nd–12th year of cultivation
was 28.7 Mg ha−1 DM. As with Amaducci et al. [71], the yield of the first year of cultivation
of this experiment was much lower than in the following years. From the first to second
year, their yield increased; in the 3rd–8th year, the highest yields were achieved; and from
the 9th–12th year, the yield decreased [67]. The complete establishment of a Miscanthus
population took three to five years [83,84].

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

Marginal Factor
Year of

Cultivation
DM Yield
[Mg ha−1]

Place Country Source

DR;
UST-S 2.–3. 17.8 Enna Italy [45]

UST-S 2.–3. 24.4 Enna Italy [45]

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

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

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

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

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

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

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

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

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

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

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

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

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

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

3.8. Poplar (Populus L.)

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

Marginal
Factor

Age of Tree
(Trunk)

DM Yield
[Mg ha−1]

Place Country Source

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

UST-CL 2 6.1 Bigarello Italy [95]

UST-S 2 7.2 Casale
Monferrato Italy [71]

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

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

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

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

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

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

3.9. Reed Canary Grass (Phalaris arundinacea L.)

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

Marginal Factor
Year of

Cultivation
DM Yield
[Mg ha−1]

Place Country Source

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

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

UST-ST;
LRD

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

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

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

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

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

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

3.10. Sorghum (Sorghum bicolor L. Moench)

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

Marginality
Constraints

DM Yield
[Mg ha−1]

Stem DM
Yield

[Mg ha−1]

tE Yield
[L ha−1]

Place Country Source

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

UST-S 13.9 11.8 2491 Ganquika China [114]

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

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

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

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

3.11. Switchgrass (Panicum virgatum L.)

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

Marginal
Factor

Year of
Cultivation

DM Yield
[Mg ha−1]

Ecotype Place Country Source

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

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

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

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

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

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

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

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

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

3.12. Willow (Salix L.)

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

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

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

Marginality
Factor

Age of Tree
(Trunk)

DM Yield
[Mg ha−1]

Place Country Source

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

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

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

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

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

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

4. Suitability Ranking of Industrial Crops for Cultivation on USTs

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

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

Crop
UST

S CL ST

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

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

Willow (Salix L.) 2 3 1

Industrial crops whose suitability for cultivation on sites with a certain marginality
is rated as good or very good may be recommended for cultivation. Good and very
good suitability for cultivation means that yields comparable to favorable locations can be
achieved on marginal sites. The expected yields are listed below.

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

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

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

5. Outlook

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

The present study should thus be considered as only one part of the necessary basis
to enable sustainable biomass production from industrial cropping systems on marginal
agricultural land characterized by UST conditions in the future. The development of
site-specific industrial cropping systems must always take into account the overall site
conditions, including environmental conditions (especially other marginality constraints)
and socio-economic requirements.
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98. Stolarski, M.J.; Krzyżaniak, M.; Szczukowski, S.; Tworkowski, J.; Załuski, D.; Bieniek, A.; Gołaszewski, J. Effect of Increased Soil
Fertility on the Yield and Energy Value of Short-Rotation Woody Crops. Bioenergy Res. 2015, 8, 1136–1147. [CrossRef]
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Abstract: Agricultural production is constrained by farmland and water resources, especially in
China with limited per capita resources. Understanding of the geographic changes between national
crop production and resource availability with the spatial shift of crop production has been limited in
recent decades. To solve this issue, we quantified the changes in geographic relationships between
crop production and farmland-water resources in China from 1990 to 2015 by a spatial imbalance
measurement model. Results found a clear spatial concentration trend of crop production in China,
which increased the pressure on the limited farmland and water resources in the main production
areas. The geographic imbalances between the total production of crops and farmland resources
(∑SMI_PF) alleviated slightly, whereas that of water resources (∑SMI_PW) increased by 9.12%. The
rice production moved toward the north of the country with less water but abundant farmland
resources, which led to a decrease of 1.34% in ∑SMI_PF and an increase of 14.20% in ∑SMI_PW. The
shift of wheat production to the south was conducive to alleviating the pressure on water resources,
but the production concentration still increased the demand for farmland and water resources,
resulting in an increase in ∑SMI_PF and ∑SMI_PW by 39.96% and 10.01%, respectively. Of the five
crops, adjustments to the spatial distribution of corn production had the most significant effect on
reducing pressure on farmland and water resources and ∑SMI_PF and ∑SMI_PW decreased by
11.23% and 1.43%, respectively. Our results provided a reference for adjustments in crop production
distribution and for policy formulation to sustainably utilize farmland and water resources.
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1. Introduction

Crops are a product of the intensive utilization of farmland and water resources [1–3].
Nowadays, land degradation and water shortages have directly threatened food security
and ecosystem health in many countries around the world [4–6]. For example, the water
resources in some countries, such as Kuwait, Saudi Arabia, and the United Arab Emirates,
have been insufficient to meet the needs of agricultural production [7]. In order to mitigate
the threat of farmland-water resources to agricultural production, the United Nations
(UN) put forward the 2030 Agenda for Sustainable Development in 2015. Specifically, goal
2.4 proposes to improve land and soil quality, goal 6 proposes to ensure availability and
sustainable management of water, and goal 12 proposes to ensure sustainable production
patterns [8]. In China, cereal production accounts for 21% of total world production, but
China controls only 9% of the world’s farmland and 6% of the world’s fresh water [9–11].
The contradiction between crop production and farmland-water resources is thus very
obvious [12,13]. In addition, the spatial distribution of farmland and water resources in
China is unbalanced [14]. Northern China accounts for 60% of the nation’s farmland but
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only 19% of its water resources [15,16]. The geographic imbalances between farmland
and water resources thus greatly limit China’s agricultural development [17]. In recent
years, crop production has increased and regional imbalances have become increasingly
obvious [18–20]. This has gradually intensified the pressures on farmland and water
resources in the main crop-producing areas, which now directly threatens China’s food
security [21]. Therefore, it is critical to clarify to what extent crop production matches
available farmland and water resources, as well as their spatiotemporal variations, in order
to formulate food production policies and the sustainable utilization of limited resources.

Between 1960 and 2018, global cereal production increased by a factor of 2.38 due to
the increased use of “green revolution” technologies and investment in farmland, water,
and other natural resources [9,22]. However, most of the countries with a high demand for
crop production are also countries with a shortage of farmland and water resources [23],
which leads to the overexploitation of groundwater. In order to meet the demand for agri-
cultural irrigation, some countries had to resort to alternative sources such as desalinated
seawater [24]. The demand for increased crop production comes mainly from lower- and
middle-income countries, whereas the per capita farmland (usually of low quality) available
for crop production is less than half of that in high-income countries [23]. The geographic
imbalances between food production and farmland-water resources thus pose a great
challenge to global food security and the sustainable development of economies and society
in general [25]. In China, with the rapid development and expansion of urbanization and
industrialization, the area available for farming is continually decreasing [26,27], whereas
crop production is increasing each year [19], which increases pressure on farmland, thereby
endangering the stable production of crops [28]. As a consequence, the spatiotemporal
changes in crop production further change the degree of geographic imbalances between
crop production and available farmland [29]. China’s main crop production area is located
in the north of the country where water resources are scarce and cannot support crop
production in some areas for extended periods of time [30,31] even requiring cross-regional
water diversion to meet increasing demand [32]. For example, groundwater depletion in
some areas of the Huang-Huai-Hai Plain in northern China has reached 20–100 mm/a [33].
In addition, with an increasing population and further urban expansion in the years ahead,
the demand for farmland and water resources will continue to increase, and crop pro-
duction will face even greater challenges. If China maintains its current level of food
consumption, the increase in population will lead to increases of 6.5% and 7.1% in the
demand for farmland and irrigation water by 2032, respectively [34].

Previous studies of the relationship between crop production and farmland-water
resources have focused more on the efficiency of the utilization of those resources [35–37],
the impact of the changes in those resources on food production [38,39], and on resource
demand by crop production through the concepts of virtual water and virtual land [40–42].
In contrast, these studies cannot quantify the degree of geographic imbalance between
crop production evolution and farmland-water resources. Li et al. [29] and Chai et al. [43]
analyzed the geographic imbalances of grain production and farmland resources but that
of water resources has not been clarified. The spatial heterogeneity of water resources is
obvious in China and ignoring the matching degree between crop production and water
resources will cause environmental problems. In addition, most previous studies have
examined crop production as a whole [44], whereas studies of how different types of crops
are matched with available farmland and water resources are still rare. Different crops
have different growing habits [45–47] and their spatial distributions in the main production
areas are, therefore, also quite different leading to different geographic imbalances with
farmland and water resources. These differences are often ignored in the overall study of
total crop production, which means that the results of those studies cannot provide a sound
basis for effective decision making in relation to crop production. Therefore, it would be of
great theoretical and practical significance to identify the geographic imbalances between
the production of different types of crops and farmland-water resources in order to reveal
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the possible prospects for crop production and promote the sustainable development
of agriculture.

As a large and populous country, China’s crop production is very important to the
world’s food security and economic development. With this in mind, this study selected
the Chinese mainland as the study area and carried out the following analyses: (1) the
spatiotemporal changes in five kinds of crop production at the county scale between 1990
and 2015 were identified; and (2) the geographic imbalances between those five kinds of
crop production and farmland-water resources were analyzed. Our study aimed to provide
a reference for adjustments in food production and distribution and for the formulation of
policies for protecting farmland and water resources.

2. Materials and Methods

2.1. Study Area

The study area chosen was the Chinese mainland. Rice, wheat, corn, soybean, and
tubers are the main crops. Most regions of China experience rainfall in the hot season,
which provides good conditions for growth. The annual total hours of sunshine increase
from southeast to northwest across the country and both the frost-free period and the
average temperature of ≥10 ◦C increase from north to south. The spatial distribution of
precipitation is therefore very different in different regions of the country. Specifically,
southern China, where the climate is humid and water is abundant, produces mainly
rice with a high demand for water; northern China, where the rainy season is short and
concentrated mainly in summer, produces corn, wheat, soybeans, etc. Referring to a
previous study [48], combined with multisource information such as geographical location,
natural resource endowment, agricultural production conditions, ecological environment
safety, etc., the study area was divided into ten subregions, as shown in Figure 1.

 

Figure 1. Location of the study area (Chinese mainland).
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2.2. Data Collection and Processing

For this study, statistical data at the county scale for the period 1990–2015 were used.
Data for the yields of rice, wheat, corn, soybean, tubers, and for the areas of available
farmland were obtained from the Ministry of Agriculture and Rural Affairs of the People’s
Republic of China. Data for water resources were taken from the China Statistical Yearbook
and the Water Resources Bulletin for each of China’s provinces and for parts of cities.
The amount of water resources at the county scale was calculated from the county-scale
population and the per capita water resources of the city where it is located. The amount of
water resources here refers to the total amount of surface and underground water produced
by local precipitation, representing the stock of available water resources, which is used to
reflect the abundance of regional water resources. To eliminate the effects of administrative
division adjustments on the results, based on the county administrative divisions of China
in 2015, the data for 1990 were revised. In addition, we merged some municipal districts, to
give, finally, 2367 county-level units.

2.3. Research Methods
2.3.1. Concentration Ratio of Crop Production (CRCP)

CRCP is the ratio of the crop production of each county to the total crop production of
the whole country. It is given by Equation (1).

CRCPj =
Pij

∑n
i=1 Pij

(1)

where CRCPj is the CRCP of crop j and Pij is the yield of crop j in the ith county.

2.3.2. Spatial Gravity Center Model

The spatial gravity center model originated from the field of physics and has been
widely used in studies of crop production [16]. Since the CRCP of different crops expe-
rienced significant changes between 1990 and 2015, the gravity center model was used
to analyze the direction and distance of the gravity center deviation of those crops. The
method of calculation is as follows.

xj = ∑n
i=1

(
xi × Pij

)
/Pij (2)

yj = ∑n
i=1

(
yi × Pij

)
/Pij (3)

where (xj, yj) are the barycentric coordinates of crop j and (xi, yi) are the coordinates of the
geological center of county i.

dj =

√
(xt2 − xt1)

2 + (yt2 − yt1)
2 (4)

where dj is the distance of the gravity center deviation of crop j, and (xt1, yt1) and (xt2, yt2)
are the barycenter coordinates in 1990 and 2015, respectively.

2.3.3. Geographic Imbalances Analysis

Referring to previous studies [25], the spatial mismatch index (SMI) was used to
analyze the geographic imbalances between farmland and water resources, between crop
production and farmland, and between crop production and water resources. The various
SMIs can be obtained from the following formulas.

SMI_WFi =

(
Fi

∑n
i=1 Fi

− Wi

∑n
i=1 Wi

)
× 100 (5)

where SMI_WFi is the geographic imbalance between the farmland and water resources
of county i; Fi is the area of farmland in county i; and Wi is the total volume of water
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resources of county i. The larger the absolute value of SMI_WFi, the higher the degree of
geographic imbalance.

SMI_PFij =

(
Pij

∑n
i=1 Pij

− Fij

∑n
i=1 Fij

)
× 100 (6)

SMI_PWij =

(
Pij

∑n
i=1 Pij

− Wij

∑n
i=1 Wij

)
× 100 (7)

∑ SMI_PFj = ∑n
i=1

∣∣SMI_PFij
∣∣ (8)

∑ SMI_PWj = ∑n
i=1

∣∣SMI_PWij
∣∣ (9)

where SMI_PFij is the geographic imbalance between crop j’s production and the area of
farmland in county i; SMI_PWij is the geographic imbalance between crop j’s production
and the volume of water resources in county i; Pij has the same meaning as in Equation
(1); Fi and Wi have the same meanings as in Equation (5); and ∑ SMI_PFj (∑ SMI_PWj)
is the degree of total geographic imbalance between crop production and farmland area
(water resources) of crop j in China or a subregion. The larger the values of ∑ SMI_PFj
(
∣∣SMI_PFij

∣∣) and ∑ SMI_PWj (
∣∣SMI_PWij

∣∣), the higher the degree of geographic imbal-
ance. In addition, Jenks Natural Breaks Classification was used to judge whether crop
production and farmland (water resources) were balanced.

3. Results

3.1. Spatial Distribution of and Spatiotemporal Changes in Crop Production
3.1.1. Spatial Distribution of Crop Production

In 2015, the CRCP of the total of the five crops showed obvious spatial heterogeneities
between the different counties (Figure 2a). The counties with high CRCPs were concentrated
in zones I, III, VI, and IX. These areas have flat terrain, fertile soil, and good growing
conditions, accounting for 72.89% of the total yields of the five crops and were the areas with
the highest crop production in China. The areas of low crop production are concentrated in
zone X, central to and east of zone V, and northwest of zone IX, and some counties did not
produce any crops.

The ratios of corn, rice, wheat, tubers, and soybean yields to the total yield of the five
crops were 38.22%, 32.59%, 21.41%, 5.86%, and 1.92%, respectively. The main production
areas of different crops showed obvious differences (Figure 2b–f). The main corn production
areas were located in zones I and III of northern China, accounting for 35.92% and 25.84%
of total corn production, respectively. This is consistent with the growth requirements of
corn, which include short periods of sunshine and resistance to moderate, but not high,
temperatures. The areas of high rice production were concentrated in zones VI, VII, and
VIII of southeastern China, which accounted for 65.91% of the total. Rice production was
also relatively high in zone I and the northern part of zone IX. China’s wheat production
was relatively concentrated: 63.35% of the total production was located in zone III, and
another 15.69% was located in the northern part of zone VI. A proportion of 40.33% of
soybean was distributed in zone I, and counties with high CRCPs were scattered in eastern
China. In addition, the areas of high tuber production were located in zone IX, which
accounted for 41.77% of total tuber production in China.

3.1.2. Spatiotemporal Changes in Crop Production in the Period 1990–2015

From the total of the five crops (Figure 3a), the counties where CRCP increased by
more than 0.02 percentage points (pp) were located mainly in zones I and III. In those
25 years, the CRCPs in these two zones increased by 6.14 pp and 2.73 pp, respectively,
which was significantly higher than the national average. These two regions have been
greatly favored by the government’s crop policy, coupled with improvements to farmland
providing low or medium levels of production, which has led to a general increase in
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CRCP. The counties where CRCP decreased by more than 0.02 pp were located mainly
in zones VIII, VI, and northeast of zone IX, with reduced production levels of 5.19 pp,
3.20 pp, and 3.10 pp, respectively, due mainly to urban expansion and adjustments to the
industrial structure in southern China. In addition, the changes in CRCP in areas of low
crop production were relatively stable, including in zones IV and X.

Figure 2. Spatial distribution of crop production in 2015 (CRCP represents the concentration ratio of
crop production).

 

Figure 3. Spatial distribution of crop production changes in the period 1990–2015.

236



Agronomy 2022, 12, 1111

In terms of the different crops (Figure 3b–f), the dominant rice-producing areas were
still located in southern China, but the CRCP in zone VIII decreased by 6.84 pp in the
period 1990–2015. At the same time, the CRCP of rice increased by 7.15 pp in zone I, where
the soil was fertile and irrigation water was pure. In contrast, the regional trend of wheat
production was more obvious. In terms of the wheat, the counties with more than a 0.02 pp
increase in CRCP were located mainly in zones III and the north of zone VI, and the CRCP
of wheat in these two regions increased by 13.44 pp and 2.25 pp, respectively. Zones I and
III in northern China have been areas of high corn production, but the CRCP in the south
of zone III has been greatly reduced, resulting in a 7.01 pp decrease in zone III. On the
other hand, the proportion of corn grown in northern China has increased. Counties with a
CRCP increase of more than 0.015 pp were distributed mainly in the center and north of
zone I, the southwest and northeast of zone II, the north and east of zone V, and the west
of zone IV. With respect to soybean, counties with a CRCP decrease of more than 0.02 pp
were located mainly in the center and north of zone III and the south of zone I. The CRCP
of soybean decreased by 7.20 pp in zone III, which was due mainly to adjustments to the
structure of the crop in exchange for a rapid increase in wheat production. The quantity
of soybean grown in the north of zones I and IX increased rapidly, and the CRCP in zone
IX increased by 6.24 pp. With respect to tubers, the counties with a significant increase
or decrease in CRCP were located mainly in zone IX (increased by 14.88 pp) and zone III
(decreased by 25.84 pp), respectively.

3.2. Trajectory of the Gravity Center of Crop Production and the Geographic Imbalances between
Farmland and Water Resources

In 2015, the northern region of China was rich in farmland and short of water resources,
whereas the southern region experienced the opposite (Figure 4). The spatial matching
of farmland and water resources was unbalanced, which greatly limited crop production.
Between 1990 and 2015, the gravity center of the total production of the five crops moved
north (Figure 5), with a moving distance of 219.47 km in the direction of abundant farmland,
fewer water resources, and increasing |SMI_WF|. This result shows that the focus of
crop production in China has gradually shifted northward from the southern rice-based
growing area, with its relatively abundant water resources and developed economy, to the
northern wheat- and corn-based growing area, with its relatively poor water resources and
underdeveloped economy.

Figure 4. Geographic imbalances between farmland and water resources in 2015.
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Figure 5. Trajectory of the gravity center of crop production in the period 1990–2015.

With respect to the different crops, the distance that the gravity center moved was
ranked as follows: tubers > rice > corn > soybean > wheat. The gravity centers of tuber
and soybean production moved toward the southwest by 295.14 and 106.78 km, respec-
tively, moving in the direction of abundant water resources, less farmland, and reducing
|SMI_WF|. These changes were attributed mainly to the significant increase in the CR-
CPs of tubers and soybean in zone IX. The gravity center of rice and corn production
moved toward the north, in the direction of fewer water resources, abundant farmland,
and increasing |SMI_WF|. The moving distance of the rice and corn gravity centers were
197.74 and 124.77 km, respectively. Compared with other crops, the moving distance of
the gravity center of wheat was the smallest, by only 37.60 km to the southeast, which was
due mainly to the significant increase in the CRCP of wheat in the north of zone VI. On the
whole, wheat production gradually moved in the direction of abundant water resources,
less farmland, and decreasing |SMI_WF|.

3.3. Geographic Imbalances between Crop Production and Farmland-Water Resources
3.3.1. Geographic Imbalances between Crop Production and Available Farmland

Based on the Jenks Natural Breaks Classification, the geographic imbalances between
crop production and available farmland are shown in Figure 6. In the period 1990–2015,
∑SMI_PF decreased slightly from 46.94 in 1990 to 45.26 in 2015. The gravity center of
the total production of the five crops moved toward the north with abundant farmland,
which ensured that ∑SMI_PF decreased slightly against the background of increasing
crop production.
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Figure 6. Geographic imbalances between crop production and farmland resources in the period
1990–2015.
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From the perspective of the different crops, in the period 1990–2015 the ∑SMI_PF
from high to low was: rice > tubers > wheat > corn > soybean and wheat > rice > tubers
> soybean > corn, respectively. In the period 1990–2015, the ∑SMI_PF of wheat, soybean,
and tubers increased. The ∑SMI_PF of wheat increased by 39.96%, which was due mainly
to the large increase in wheat production during that period and its concentration in zone
III, resulting in a significantly increased pressure on farmland in zone III. The ∑SMI_PF of
soybean increased by 27.16%. Although the gravity center of soybean production moved
toward the southwest, its main area of production was still in zone I. The CRCP of soybean
in the southern zone I increased significantly, which increased the ∑SMI_PF of soybean
significantly. The ∑SMI_PF of tubers increased by 12.22%, which was due mainly to the
large increase in the CRCP of tubers in zone IX, which had a relative shortage of farmland.
The geographic imbalance in corn production was thereby improved and the ∑SMI_PF
decreased by 11.23%, which was due mainly to the shift of the gravity center of production
to the north, which had rich available farmland. Except for the center and west of zone
I, the degree of balance of corn production with available farmland was relatively good
in almost all regions. The ∑SMI_PF of rice in 2015 was basically the same as that in 1990
and only decreased by 1.34%. The counties with a decrease in farmland pressure on rice
production were distributed in zone VIII and the counties with an increase in farmland
pressure were distributed in the center of zone I.

3.3.2. Geographic Imbalances between Crop Production and Water Resources

Between 1990 and 2015 (Figure 7), ∑SMI_PW changed faster than ∑SMI_PF. The value
of ∑SMI_PW increased from 100.47 in 1990 to 109.63 in 2015, an increase of 9.12%. The
shift of the gravity center of the total production of the five crops to the north increased the
pressure on water resources and the values of ∑SMI_PW in zones I and III increased by
38.29% and 13.50%, respectively.

For the different crops, the rankings of ∑SMI_PW in 1990 and 2015 were basically the
same, namely, corn > wheat > soybean > tubers > rice and wheat > corn > soybean > tubers >
rice, respectively. Although the shift of the wheat gravity center to the south was beneficial
for reducing the ∑SMI_PW, the ∑SMI_PW finally increased by 10.01% due to the large
increase in wheat production in China and the increasing concentration of wheat growing
in zone III with relatively few water resources. With respect to the rice, the ∑SMI_PW
increased by 14.20%. This change was due mainly to the large increase in the CRCP of
rice in the center of zone I because of water shortages, which increased the pressure on
water resources there. At the same time, the northward shift of the rice gravity center
increased the ∑SMI_PW. The ∑SMI_PW of tubers and soybean decreased by 9.54% and
4.71%, respectively, which was related to the shift of the gravity center of these two crops
to the water-rich south. In addition, the ∑SMI_PW of corn changed little, only reducing
by 1.43%. The main reason for this was that the adjustment to the spatial distribution of
corn occurred mainly in northern China, and there was no large cross-regional adjustment
between the north and the south.
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Figure 7. Geographic imbalances between crop production and water resources in the period 1990–2015.
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4. Discussion

4.1. Changes in Crop Production and Its Relationship to Farmland and Water Resources
4.1.1. Total Production of the Five Crops

Between 1990 and 2015, the spatial distribution of crop production in China changed
considerably. Our results showed that the gravity center of the total production of the five
crops moved northward from 1990 to 2015, which was consistent with previous research
results [19,49]. We further counted the crop production at the provincial scale from 2015
to 2020 and found that the CRCP of Heilongjiang, Inner Mongolia, Shandong, Henan,
Liaoning, and Hebei provinces in northern China increased by 1.11 pp, 0.75 pp, 0.55 pp,
0.43 pp, 0.30 pp, and 0.26 pp, respectively, indicating that the northward shift of the gravity
center of crop production has not changed from 2015 to 2020. The spatial centralization
of crop production increased the consumption of farmland and water resources in the
main producing areas. The spatial pattern of crop production changed from “crop trans-
portation from south to north” to “crop transportation from north to south” [50], which
further changed the geographic relationships between crop production and farmland-water
resources. In terms of farmland resources, the geographic imbalances have been allevi-
ated by the crop production barycenter’s shift to northern China, which is the difference
between our results and Li et al. [29]. The rich farmland resources in northern China
make it possible for crop transfer and it is also conducive to the efficient use of farmland
resources. Moreover, as a result of support from specific policies in northern China, such as
the “market-oriented acquisition + subsidy” policy for corn, crop production in northern
China increased. In terms of water resources, the overall pattern of water resources has not
changed in China. The increase in precipitation in the north and northwest alleviated the
demands of agricultural production for water resources to a certain extent. However, the
large-scale expansion of farmland in the north increased the demand for water resources.
In our paper, the geographic imbalances between the total production of the five crops and
water resources aggravated, which has often been ignored in previous studies and should
be paid attention to [43].

The southern plain is the best area for matching the degree of farmland with water
resources in China. However, with the rapid economic development in the south, a large
area of farmland became construction land [51,52], which weakened the status of crop
production and did not give full play to the advantages of a region possessing rich water
resources. In fact, the shift of the gravity center of crop production to the farmland-rich
north further aggravated the contradiction between the supply and demand for water
resources in northern China. In 2015, 44.93% of China’s total production of five crops was
produced in zones I and III but only 9.57% of the nation’s water resources were to be found
there, which led to serious groundwater overexploitation [53]. For example, Cao et al. [54]
showed that the rate of depletion of recoverable groundwater in zone III averaged 4 km3/a
(30 mm/a) between 1970 and 2008. In the long run, if there is a drought, food security
in northern China will decline and the transportation of crops from north to south will
become unsustainable, which will directly threaten China’s food security [55].

4.1.2. Different Types of Crops

At the same time, the spatiotemporal changes in total crop production are also ac-
companied by changes in the distribution of crops in different regions [45]. Our study
shows that, of the five crops, adjustments to the spatial distribution of corn production
had the most significant effect on reducing the pressure on farmland and water resources.
Between 1990 and 2015, the ∑SMI_PF and ∑SMI_PW of corn decreased by 11.23% and
1.43%, respectively, which was due mainly to the increase in the CRCP of corn in zones I, II,
IV, and V. It should be noted that the ecological environment of these areas was fragile: once
farmland and water resources were damaged, it was difficult to restore them, thus implying
that we should pay particular attention to the appropriate development of these valuable
and vulnerable resources. The northward shift of the gravity center of rice production was
due mainly to the increase in the CRCP in zone I, which has been confirmed by previous
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studies [56]. The water demand for rice is about 2–3 times that of wheat or corn [57]. This
characteristic of rice not only increased the pressure on water resources in the north, but
it also did not take advantage of the more plentiful water resources in the south, which
increased the ∑SMI_PW by 9.86%.

For wheat, restricted by water resources, the CRCP increased significantly in the north
of zone VI, which helped reduce the pressure on water resources in zone III. However,
between 1990 and 2015, China’s wheat production increased from 94.78 million tons to
135.74 million tons, and the CRCP of wheat in zone III, even with its water shortages,
increased from 49.97% to 63.41%, resulting in an increase in both ∑SMI_PF and ∑SMI_PW.
The pressure of wheat production in China on farmland and water resources was still
great during this period. The gravity centers of soybean and tuber production moved
toward the southwest mainly because the CRCPs of soybean and tubers increased by
6.24 pp and 14.88 pp, respectively, in zone IX, whereas they decreased by 7.20 pp and
25.84 pp, respectively, in zone III. It should be pointed out that the degree of balance
between farmland and water resources in zone IX was better than that in zone III (Figure 4).
Therefore, the changes in the spatial distributions of soybean and potato were beneficial to
the production of these two crops.

We further calculated the changes in the geographical imbalances on the provincial
scale in the periods 1990–2015 and 1990–2020 and compared them with the results of the
county scale from 1990 to 2015. It was found that the change trends of the three results were
similar. With respect to the ∑SMI_PF (Figure 8a–c), the change trends of the three results
were completely consistent. With respect to the ∑SMI_PW (Figure 8d–f), comparing the
differences between the two periods on the provincial scale, it was found that the change
trends of rice, wheat, soybean, and total yield were the same, except for corn and tubers.
However, the changes in corn and tubers were small, which can be regarded as relatively
stable. A comparison of the differences between the county and provincial scales from 1990
to 2015, showed that the change trends in rice, wheat, soybean, tubers, and total yield were
the same, except for corn. From 1990 to 2015, the ∑SMI_PW of corn increased by 4.90 on the
provincial scale and decreased by 2.16 on the county scale. The changes in the two spatial
scales were small and can be regarded as relatively stable. Given all of this, our results
on the county scale from 1990 to 2015 reflect the changes in the geographic imbalances
between crop production and farmland-water resources in China over a long time.

 

Figure 8. Changes in geographical imbalance. (a) Changes of ∑SMI_PF on a provincial scale from
1990 to 2015; (b) Changes of ∑SMI_PF on a provincial scale from 1990 to 2020; (c) Changes of
∑SMI_PF on a county scale from 1990 to 2015; (d) Changes of ∑SMI_PW on a provincial scale from
1990 to 2015; (e) Changes of ∑SMI_PW on a provincial scale from 1990 to 2020; (f) Changes of
∑SMI_PW on a county scale from 1990 to 2015. (∑SMI_PF: Geographic imbalances between crop
production and farmland resources; ∑SMI_PW: Geographic imbalances between crop production
and water resources).
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4.2. Geographic Imbalances between Crop Production and Farmland-Water Resources in Different
Subregions: Policy Suggestions

The changes in |SMI_PF| and |SMI_PW| for the different crops show a clear spatial
heterogeneity (Figure 9). With respect to crop production, we divided ten subregions into
three categories and put forward the below policy suggestions for the sustainable utilization
of farmland and water resources. Zones I and III are rich in farmland resources and are the
main crop-producing areas in China. Zones VI, VII, VIII, and IX are rich in water resources
and are the main areas for growing rice and tubers. The ecological environments of zones
II, IV, V, and X are fragile, and crop production is low.

 
Figure 9. Changes in the degree of geographic imbalance between crop production and farmland
and water resources in the period 1990–2015.

Zones I and III are the main crop-production areas in China and play an important role
in ensuring China’s food security. Between 1990 and 2015, the CRCP of the total production
of the five crops in zones I and III increased by 6.14 pp and 2.73 pp, respectively, but this
growth was at the cost of a significant expansion in the use of farmland, water, and other
natural resources for agricultural purposes. In zone I, which is the main production area
for soybean and corn, the |SMI_PF| and |SMI_PW| of soybean and corn increased in the
north and decreased in the south. During the same period, the reserve farmland in zone I
has gradually reduced, and the method of increasing crop production by increasing the
area of farmland has become unsustainable [58,59]. It has become inevitable to improve
farmland by low or medium levels of production and thus increase crop production per
unit area. At the same time, the structure of crop production in zone I changed significantly
and the CRCP of rice increased, which increased the pressure on water resources. In 2015,
the proportion of agricultural water consumption in Heilongjiang reached 87.95%. The con-
centration of crop production further threatened the security of water resources. Therefore,
the planting scale of rice with a large water consumption per unit area should be carefully
controlled and irrigation control measures should be adopted in zone I. With respect to zone
III, as the main area of wheat production, both |SMI_PF| and |SMI_PW| increased during
the period 1990–2015. Particularly, the proportion of agricultural water consumption in
Hebei and Shandong provinces located in zone III was 72.28% and 67.34%, respectively.
The shortage of water resources and the high proportion of agricultural water consumption
has led to the overexploitation of groundwater. In zone III, we should strictly protect high-
yielding farmland, comprehensively promote high-efficiency water-saving technology, and
appropriately reduce the area of wheat planting in those areas with serious groundwater
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overexploitation. Given all of this, in order to alleviate the pressure on water resources
in zones I and III, the northward shift of the gravity center of crop production can be
appropriately reversed in terms of regional agricultural function positioning. By ensuring
that zone I and zone III are the main crop-production areas, the exploration of agricultural
production potential in areas with abundant water resources should be strengthened.

Zones VI, VII, and VIII are the main rice-producing areas in China. These zones
have abundant precipitation and high temperatures, which are conducive to the large-
scale planting of rice. Between 1990 and 2015, the CRCP of rice decreased in zone VIII,
which did not give full play to the advantages of rich water resources, resulting in the
inefficient use of water resources. Zones VI, VII, and VIII have a high level of economic
development; thus, we should strictly control the unbridled expansion of construction
land and appropriately increase the area set aside for rice planting. Due to the long rainy
season and the threat of floods in these zones, we should strengthen water conservation
and improve flood resistance capacity. In zone IX, water resources and climatic conditions
are relatively good, which makes it suitable for growing crops. In 2015, the CRCPs of
rice, corn, soybean, and tubers were 14.93%, 10.16%, 13.49%, and 41.77%, respectively.
However, the crop yield per unit area and the multiple cropping index of this area were
low, which is inconsistent with the superior natural conditions. In contrast, the CRCP,
∑SMI_PF, and ∑SMI_PW of tubers increased significantly in zone IX. Due to the lack of
flat terrain, the possibilities for expanding farmland are limited. Therefore, the principal
means of increasing crop production in zone IX is to carry out intensive management and
improve the crop yield per unit area and the multiple cropping index. In addition, as zone
IX is mostly a hilly plateau [60], improving water conservation measures is also a key to
increased crop production.

Zones II, IV, V, and X are located in the northwest of China and are much affected
by sandstorms. The limited development potential of farmland and water resources in
these zones is not conducive to the growth of crops. In 2015, the CRCPs of the total
production of the five crops in zones II, IV, V, and X were 4.36%, 5.21%, 3.48%, and 0.30%,
respectively, which were low-yielding areas of crops. These four zones possess fragile
ecological environments and their ability to self-regulate is weak. Overexploitation is
leading to the unsustainable utilization of farmland and water resources and will thus
increase the risk of deterioration of the ecological environment. Therefore, it is very
important to ensure sustainable crop production that does not lead to environmental
degradation. Specifically, the proportion of agricultural water consumption in Xinjiang
province located in Zone V was as high as 94.66%. Zone V has a dry climate, large
evaporation, and a high proportion of agricultural water consumption, which makes it
suitable for planting crops with low water consumption such as tubers. For zone IV, which
experiences serious soil erosion [61], the areas with sloping farmland need to be strictly
controlled. The CRCP of corn in zone II increased by 3.29 pp, and, as a consequence, the
contradiction between the demand for and the supply of limited water resources became
much more apparent. The authorities responsible for Zone II need to pay more attention
to developing a sustainable system of water-saving agriculture. With respect to zone X,
the yield of five crops and farmland accounts for 0.30% and 0.55% of the national totals,
respectively, and here, self-sufficient crop production needs to be developed.

4.3. Limitations and Prospects

Although our paper has identified the geographic imbalances between crop production
and farmland-water resources, there are still the following limitations. First, data for the
yields of rice, wheat, corn, soybean, and tubers were obtained at the county scale. There is
a large amount of data within the county unit from the national scale and the update of the
statistical yearbook of county scale data is lagging. Thus, the time horizon of our paper is
somewhat outdated. However, our paper focuses on the geographic imbalances between
crop production and farmland-water resources for an extended period, i.e., from 1990
onward and the results could meet research needs. Second, the spatiotemporal changes
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in the geographic imbalances have been identified but the driving factors have not been
discussed. Finally, considering the availability of data, we have selected the total volume
of water resources to reflect the abundance of regional water resources. In fact, irrigation,
climate, crop types, and other factors will also affect water resources usage for crop growth,
which is not analyzed in detail in our paper. Even so, our paper is still a good contribution
to the study of farmland-water resources and agricultural production capacity in China.

5. Conclusions

In China, crop production plays a central role in ensuring the welfare of 1.4 billion
people. The distribution of farmland-water resources is uneven in China and current
understanding does not allow for a clear assessment of the geographic imbalances between
the production of different types of crops and natural resources. In our paper, the spatial
distribution of crop production and the geographic imbalances between crop production
and farmland-water resources were examined using the spatial gravity center model and
spatial mismatch index. From 1990 to 2015, the gravity center of the total production of
crops moved to the north with abundant farmland resources. This change slightly alleviated
the geographical imbalances between the total production of crops and farmland resources
but exacerbated that of water resources. The geographical imbalances of different crops
showed different change trends. In ∑SMI_PF, wheat, soybean, and tuber increased by
39.96%, 27.16%, and 12.22%, respectively, and corn and rice decreased by 10.31% and 1.34%,
respectively. In ∑SMI_PW, wheat and rice increased by 10.01% and 9.86%, respectively, and
tuber, soybean, and corn decreased by 9.54%, 4.71%, and 1.43%, respectively. Northeastern
China and Huang-Huai-Hai Plain were the main crop production areas in China and the
growth in production was at the cost of a significant expansion in the use of farmland, water,
and other natural resources for agricultural purposes. The concentration of crop production
increased the ∑SMI_PW of the two regions and water resources became the key factor in
crop production. Our results reflect a good representation of the agricultural problems
in China and provide operable recommendations for the efficient use of farmland-water
resources and maintaining food security. In future studies, we intend to analyze the driving
factors of the geographic imbalances in order to provide a scientific reference point for the
sustainable development of agriculture in China.
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Abstract: The search for approaches to a holistic sustainable agriculture requires the development
of new cropping systems that provide additional ecosystem services beyond biomass supply for
food, feed, material, and energy use. The reduction of chemical synthetic plant protection products
is a key instrument to protect vulnerable natural resources such as groundwater and biodiversity.
Together with an optimal use of mineral fertilizer, agroecological practices, and precision agriculture
technologies, a complete elimination of chemical synthetic plant protection in mineral-ecological
cropping systems (MECSs) may not only improve the environmental performance of agroecosystems,
but also ensure their yield performance. Therefore, the development of MECSs aims to improve the
overall ecosystem services of agricultural landscapes by (i) improving the provision of regulating
ecosystem services compared to conventional cropping systems and (ii) improving the supply of
provisioning ecosystem services compared to organic cropping systems. In the present review, all
relevant research levels and aspects of this new farming concept are outlined and discussed based
on a comprehensive literature review and the ongoing research project “Agriculture 4.0 without
Chemical-Synthetic Plant Protection”.

Keywords: food security; pesticide-free agriculture; biological control; nutrient efficiency; resistance
breeding; equidistant seeding; precision farming; life cycle assessment; sustainable intensification;
agroecological intensification

1. Introduction

Global population growth and rising yield risks pose an increasing challenge to global
food security [1–3]. At the same time, natural livelihoods are threatened by accelerated
climate change, rising biodiversity loss, and increasing disruption of nutrient cycles [4].
In recent decades, agricultural cropland intensification and expansion have also led to
a significant environmental degradation in many regions of the world [5–7]. The global
productive agricultural area is decreasing due to numerous reasons such as urbanization,
water scarcity, and soil degradation [8,9]. Furthermore, increasing competition between
different land uses can be observed; for instance, between the production of biomass (food,
feed, fiber, and fuel) and the provisioning of other ecosystem services [10–12]. The question
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therefore arises as to what possible solutions there are for securing the world’s food supply
while at the same time reducing environmental damage. In addition to reducing food
waste and changing dietary habits [13–15], agriculture is challenged to develop long-
term sustainable, site-appropriate cropping systems that are able to meet local and global
requirements in terms of environmental protection and food security.

The aim of this review is to describe the development of a new farming concept
for moderate climates that may significantly improve the environmental performance of
agroecosystems while safeguarding yields and product quality. The main characteristic of
this new farming concept is the complete refrainment from the use of chemical synthetic
plant protection products (CSPs). The exclusion of CSPs is expected to add value to food
products from this new farming concept, which may be appreciated by a growing consumer
demand for ecologically sustainable products. In an appropriate price segment, this may
create a bridge between established conventional and organic products, making it easier
for producers and consumers to opt for more sustainable production and consumption. In
view of the above, first, different agricultural farming concepts are characterized below and
the need for further development is outlined. Second, the idea of new cropping systems
following the new farming concept mentioned above is presented. Such new cropping
systems are currently being developed and tested in field trials at several locations in
Germany as part of the joint research project “Agriculture 4.0 without Chemical-Synthetic
Plant Protection” [16]. These new cropping systems are referred to below as “mineral-
ecological cropping systems” (MECSs). The cultivation measures characterizing these
cropping systems focus on improving the overall ecosystem services. At the level of
cultivation measures, the potential provision of ecosystem services [17–19] by the new
MECSs is analyzed and compared to alternative cultivation measures applied in organic
and conventional cropping systems. Expectations for these new cropping systems are
discussed from economic, ecological, and social perspectives, based on literature and
expert knowledge of the research consortium. This contribution is intended to stimulate
further research on MECSs under varying natural and economic conditions.

2. Characterization of Farming Concepts

Despite the recent emergence of land-independent food production systems, such
as sky farming and urban farming, future global food security will continue to rely pre-
dominantly on land-based farming systems [1]. During the past century, various forms
of land cultivation have emerged that differ in numerous ways, but coexist. Basically, all
farming systems can be classified as either conventional or organic. Whereas conventional
farming rather focuses on maximizing yields with the help of more or less industrialized
processes, organic farming is oriented toward the use of natural regulatory processes
(Figure 1). Within the two basic concepts of conventional and organic agriculture, there is a
broad spectrum of conventional and organic farming systems that rely to varying degrees
on industrialized or natural process control. Furthermore, they often integrate different
sub-concepts with a partial or holistic scope.

The main characteristics of industrialized process control are a high degree of tech-
nology and specialization, in addition to a high input of energy and external means of
production (Table 1). Production processes are comprehensively controlled, for instance
with the aid of synthetic fertilizers, synthetic plant protection products or genetic engi-
neering. The most highly industrialized form entails the land-independent production of
plants or animals in closed facilities with automated control of light, water, and climatic
conditions. Examples of highly industrialized farming systems are maize or soybean
monocultures in North and South America, palm oil plantations in Asia, and vertically
highly integrated forms of animal husbandry, especially in the poultry sector, in addition to
indoor growing of fruit and vegetables. Natural process control is characterized by highly
diversified crop rotations and site-adapted, resistant varieties. Natural cycles are largely
closed by means of on-farm nutrient production and by largely avoiding external means
of production.
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Figure 1. Schematic representation of farming concepts.

Table 1. Main characteristics of industrialized and natural process control in farming systems
(modified in line with [20–23].

Industrialized Process Control Natural Process Control

- monotone crop rotations
- low degree of heterogeneity in

agricultural landscape
- high-yield varieties
- high external inputs
- open cycles
- high capital intensity
- low labor intensity
- high degree of mechanization
- high degree of specialization
- high vertical integration
- comprehensive control of agricultural

production processes

- diverse crop rotations
- high degree of heterogeneity in

agricultural landscape
- site-adapted, resistant varieties
- low external inputs
- towards closed cycles
- low capital intensity
- high labor intensity
- low degree of mechanization
- low degree of specialization
- covers a large part of the value chain
- higher use of natural regulatory

processes for agricultural production

In their extreme forms, these two concepts of process control are only realized in
a small proportion of farming systems. With regard to conventional and organic crop-
ping systems, their characteristics are manifold and an increasing blending of the two
approaches to process control can be observed. Specialized, highly technical arable farms
are increasingly integrating measures to promote environmental sustainability, such as
landscape elements, precision farming, and eco-schemes [24,25]. In organic farms, ele-
ments of industrialized process control, such as an increasing degree of mechanization and
specialization, in addition to trends toward global processing and marketing structures,
can be observed [26,27]. Examples include organic strawberry and grape monocultures
with increasing input dependence in California [23,26], and rather industrially produced
and marketed organic products, which are perceived as “organic-light” [28,29]. How-
ever, holistic sustainable farming systems not only fulfill defined minimum standards,
e.g., by omitting chemical pesticides and synthetic fertilizers (“substitution approach”).
They integrate ecological, social and cultural sustainability aspects [27,30,31], e.g., by pro-
moting heterogeneous agricultural land [22,23] and regional value chains [29]. A truly
sustainable agriculture is also demanded by “Organic 3.0”, a vision of the global organic
movement [27].
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Globally, conventional farming systems account for the largest share of agricultural
production and land use. Organic agriculture amounts to only 1.5% globally, but 7.7% in
the EU and 9.1% in Germany with a growing tendency [32]. Within conventional farm-
ing, progress towards more sustainable farming systems can be observed. Globally, an
estimated 29% of all farms practice sustainable intensification methods, such as integrated
farming or conservation agriculture, on 9% of farmland [24]. Within the EU, conventional
farming is based on the standard of “Good Agricultural Practice”, which is defined by
legally regulated minimum requirements. These relate to the use of plant protection prod-
ucts [33] or health management in animal husbandry. A further reduction or minimization
of ecological and health risks is the goal of “Integrated Farming” [34]. “Integrated Farming”
uses both chemical and organic inputs for nutrient supply and plant protection, but use is
based on economic thresholds for damage. It takes advantage of the natural strengths of
plants, such as resistance to drought or disease. An important pillar of integrated farming
is “Integrated Pest Management” [33], which has been mandatory in the EU since January
2014. The characteristics of organic agriculture [30] range from the more pragmatically
oriented EU regulations for organic agriculture [35] to anthroposophically oriented biody-
namic agriculture [36]. Overall, there are several organic farming associations that defined
advanced sub-concepts of organic farming including higher standards compared to EU
regulations [37,38].

Within these sub-concepts of conventional and organic farming systems, there are
multiple approaches to increase ecological or economic sustainability. These approaches
are either process oriented or result oriented. They focus on individual cultivation mea-
sures, on the use of specific technologies, or on particular ecological or economic goals.
Additionally, they may take into account partial aspects, the entire cropping system, or
even the entire food sector. All these approaches to the optimization of farming systems
focus on the preservation of natural resources and the promotion of ecological or economic
sustainability. “Conservation Agriculture” aims to maintain and enhance soil fertility
through reduced tillage, year-round greening, and diversification of varieties and crop
rotations [39]. The main goals of “Regenerative Agriculture” are to build up humus, im-
prove soil health, increase biodiversity, and promote plant–soil interactions. Key farming
practices include eliminating or minimizing tillage, permanent greening, and organic
fertilization [40]. “Precision Agriculture” seeks to minimize agricultural inputs by ap-
plying plant- and site-specific crop management using modern agricultural technologies,
including digitization [41].

More holistic approaches to achieve global food and environmental goals underlie the
concepts of “Sustainable Intensification” and “Agroecological Intensification”. The overall
objective of “Sustainable Intensification” is to achieve a yield increase without taking up
additional land or harming the environment. It is relatively open and does not privilege
any particular vision or method of agricultural production [42–44]. It focuses on increasing
resource efficiency, including the use of technology [45]. “Sustainable Intensification” is
guided by the concept of “land sparing” to preserve natural landscapes. “Agroecological
Intensification” is more explicitly defined and focuses on understanding, strengthening
and using biological and ecological processes by applying multiple agroecological prac-
tices [44,46]. Agroecological approaches connect scientific ecological disciplines and farm
management [26,43]. This is because healthy ecosystems provide a range of services that
help to maintain yield stability, pest and pathogen control, nutrient cycling, and resilience.
Biodiversity plays a key role in this [42]. “Agroecological Intensification” is based on
the concept of “land sharing” [45]. The implementation of agroecological approaches
necessitates a fundamental redesign of farming systems considering both participatory
approaches and adaptation to local conditions [26,31,42]. Climate-Smart Agriculture is an
integrated management approach that addresses the interlinked challenges of food security
and accelerated climate change [47,48]. Climate-Smart Agriculture is based on the concept
of “Sustainable Intensification” [49]. The Climate-Smart Agriculture approach pursues
three objectives: sustainably increasing productivity and incomes, adapting to climate
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change, and reducing greenhouse gas emissions [39]. The measures used to achieve these
goals are highly variable [47]. “Climate-Smart Agriculture is not a set of practices that can
be universally applied, but rather an approach that involves different elements embedded
in local contexts” [39]. Overall, there is an ongoing contrasting debate about whether
high technology-based or ecology-based practices are the most appropriate agricultural
production practices to achieve the goal of higher yet sustainable food production [46].

Examples of private initiatives show how such approaches to improve sustainability
of cropping systems can be implemented at a local level. In southern Germany, marketing
communities such as “KraichgauKorn” [50] and “BlütenKORN” [51] are associations
of farmers, mills, and bakeries that commit to specific cultivation measures to provide
particular ecosystem services. They define guidelines for the entire value chain and add
value to the ecosystem services they provide by placing appropriately labeled products on
the market. A further example of a farmer’s association producing and marketing more
sustainable food products is “IP-Suisse” [52].

Studies on the ecosystem services of different farming systems are often based on
comparisons between conventional and organic farming. Thus, numerous studies confirm
that organic farming provides higher-regulating ecosystem services than conventional
farming [14,53–58]. This is especially true for area-based considerations, which are nor-
mally taken as the reference for ecosystem services. In terms of output-related environ-
mental efficiency, conventional agriculture performs better in most studies because of
higher yields [57,59,60]. Numerous meta-studies show that yields are lower in organic
farming than in conventional farming, due to nutrient deficiencies, damage from dis-
eases, pests, or weeds. The average yield gaps range from 19 to 25% for all crops studied
globally [57,58,61–63]. There are major differences between individual sites, crops, and
specific cultivation methods [57,63]. For example, the yield gap of up to 40% for wheat
and barley is above average, whereas for maize it is below average at around 15% [63].
Furthermore, it can be seen that the yield gap widens in some cases with increasing yields
in conventional cultivation [62]. In Germany, the yield gap is up to 45% [14] or 50% [64].
When comparing the results of the Federal Ministry of Food and Agriculture (BMEL) farm
network, yield differences of up to 50% are discernible depending on crop and year [64].
According to Treu et al. [65], organic farming in Germany requires 45% more land than
conventional farming, even assuming reduced meat consumption and thus a lower land
requirement. Overall, the reported yield gap tends to underestimate the actual yield differ-
ence in most studies by making comparisons at the crop level. Therefore, De Ponti et al. [62]
call for an accurate productivity analysis of organic and conventional practices at a higher
system level. This is intended to help adequately account for specific nutrient availability
when organic farms (i) have additional rotations with nutrient-accumulating crops or
(ii) use farm manure across farms.

Overall, however, it is the individual cultivation measures that produce specific
ecosystem services, rather than the conventional or organic orientation of a cropping system.
These include, for example, crop rotation and the type of fertilization, crop protection, or
soil cultivation [55,57,59]. Thus, agricultural cropping systems are mainly characterized by
the composition of their underlying cultivation practices. The optimization of cropping
systems in terms of related ecosystem services therefore seems most feasible at the level of
cultivation measures (Table 2). In addition, site factors such as landscape structure, which
are important determinants of biodiversity regardless of cropping practices, determine the
level of ecosystem services provided by agricultural landscapes [54,56,66,67].

3. Implications for the Further Development of Agricultural Cropping Systems

Different cropping systems provide different ecosystem services (provisioning, regulat-
ing, habitat, and cultural services [17,18]). Due to multiple trade-offs, individual ecosystem
services of a cropping system cannot be maximized simultaneously. An increase in yield
often leads to a decrease in regulating services and vice versa [68]. Therefore, the merits
of different cropping systems cannot be assessed in general terms, but must always be
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considered in the context of local or global requirements for individual ecosystem ser-
vices [39,69]. For example, certain mandatory local environmental requirements, such as
groundwater or biodiversity protection, may justify very extensive cropping systems that
provide lower yields, but a high level of regulating ecosystem services. Conversely, global
food security and environmental goals may justify more intensive cropping systems that
deliver higher yields and, in some cases, higher environmental efficiency, especially when
land-use change effects are taken into account. Overall, the major challenge of agroecosys-
tem management is to promote multiple ecosystem services in a manner that enhances
their global provisioning by reducing trade-offs and increasing synergies [68,70,71]. In this
context, numerous studies have concluded that there is no single optimal cropping system
and that existing cropping systems must evolve [39,57,59]. If organic farming is to secure
the world’s food supply, yields must be increased significantly without causing additional
harm to the environment [14,15,57,59]. The main challenges here are nutrient deficiencies,
diseases, and pest and weed infestation. In contrast, for conventional farming systems,
a reduction of chemical pesticide and fertilizer input, and their emissions, constitutes
the greatest challenge when it comes to reducing damage to the environment [57]. To
complement the intensification of organic agriculture and the greening of conventional
agriculture [14,15,66], there are recommendations to remove the sharp boundaries between
organic and conventional farming by developing “hybrid” farming systems that combine
different technologies and farming practices from organic and conventional agriculture [63].
These hybrid farming systems already exist in many forms (Figure 1).

In general, the question arises regarding how the global food supply can be secured
in the future [11]. In principle, an expansion of agricultural land, yield increases, a more
efficient use of food and a change in human diets can contribute to improving the world’s
food supply. According to Niggli and Riedel [15], even an expansion of organic farming is
feasible if food waste is reduced and animal-based foods in the human diet are partially
replaced by plant-based foods that require less land. However, as long as there is no
significant global change in dietary structure and no increased efficiency in food utilization,
organic farming will only be able to make a limited contribution to global food security
due to its lower productivity [63,72]. Conventional farming causes severe damage to
ecosystems in some cases. The numerous hybrid farming concepts often demonstrate only
minor ecological advantages. Furthermore, apart from a few local initiatives, they rarely
succeed in placing a clearly distinguishable product with ecological valorization options
on the market.

At the political level, the aim is also to develop environmentally friendly agricultural
farming systems. As part of the EU’s Green Deal, the EU Commission has formulated
goals for the future direction of agriculture in the EU in its Farm to Fork strategy. The
main pillars are a reduction in the use of synthetic chemical pesticides and of nutrient
losses by at least 50% by the year 2030 [73]. In this context, the European research alliance
“Towards a chemical pesticide free agriculture” was formed in 2020 [74]. Its aim is to create
a roadmap for the development of European agriculture towards agriculture without any
chemical pesticides [74]. Within the framework of the EU, in addition to at the national and
regional level, various regulations and support programs have been established to promote
environmentally friendly agriculture. According to the EU Framework Directive on the
sustainable use of CSPs [75], all Member States have implemented National Action Plans
(NAP) to reduce risks and impacts of pesticide use on human health and the environment.
As part of the French NAP “Ecophyto” [76], a network of farmers has been established
to test and evaluate possibilities for the reduction of chemical pesticide use [77]. The
concern of reducing chemical pesticide use is also reflected in the EU framework for
the Common Agricultural Policy (CAP) period 2023–2026. Here, the German strategy
plan for the upcoming EU CAP period foresees the promotion of the abandonment of
chemical pesticide use as a possible measure within the eco-schemes [78]. In addition,
the “Insect Protection Action Program” restricts the application of CSPs at the national
level in Germany [79]. At the local level, e.g., in the state of Baden Württemberg, the
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reduction of chemical pesticide use and the conversion to organic farming is promoted by
the “Biodiversity Enhancement Act” [80].

4. Development of Mineral-Ecological Cropping Systems

The idea of mineral-ecological farming is to establish a new farming concept apart
from conventional and organic farming that is appropriate to meet both future environ-
mental and global food requirements (Figure 2). In MECSs, in accordance with [35] and in
conjunction with [81], the use of CSPs must be completely avoided. At the same time, all
yield-relevant cultivation measures are to be optimized to safeguard yields. In the design
of this new cropping system, new and existing technologies are combined with agroecolog-
ical practices [26] to promote natural regulatory processes, and to also optimize mineral
fertilization and non-chemical curative crop protection. This aims at improving the overall
ecosystem services of agricultural landscapes based on (i) improved provision of regulating
ecosystem services compared to conventional cropping systems and (ii) improved supply
of provisioning ecosystem services compared to organic cropping systems.

Figure 2. Complementing conventional and organic farming by mineral-ecological farming (CSPs:
Chemical synthetic plant protection products).

The design, implementation, and evaluation of MECSs need to take into account
various aspects at different levels (Figure 3). Multi-year system field trials are needed to
capture crop rotation and long-term effects of cropping systems. Only a holistic approach
will allow an adequate comparison of MECSs with conventional and organic cropping
systems. This includes studies at the farm, regional, processor, and consumer levels with
respect to success criteria and possible adaptations. Finally, MECSs and their contribution
to improved ecosystem services in comparison to conventional cropping systems needs
to be evaluated. In the following, various key aspects of MECSs (Figure 3) based on both
scientific literature and the approach of the project “Agriculture 4.0 without Chemical-
Synthetic Plant Protection” are outlined and discussed.
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Figure 3. Schematic representation of essential levels and aspects to be considered in the development,
implementation, and evaluation of mineral-ecological cropping systems.

4.1. Exclusion of Chemical Synthetic Plant Protection Products in Mineral-Ecological
Cropping Systems

Refraining from CSPs is a key tool in MECSs for improving numerous ecosystem
services (Table 2). In particular, positive effects on biodiversity, pollination, biological
control, soil fertility, and climate regulation can be expected. Furthermore, increasing
biodiversity may have positive effects on the cultural services of agricultural landscapes.
However, yield losses due to disease and weed or pest infestation can affect regulating
services, such as reduced nutrient efficiency [82], and thus lead to nutrient leaching, i.e.,
negative effects on nutrient cycles and water quality. Nonetheless, a reduction of the
active ingredient contamination of water bodies can be expected by refraining from the
use of CSPs [83]. In addition to reduced pesticide exposure, increased pathogen exposure
is expected, leading to quality degradation and health hazards. A problem related to
fungal diseases is the production of mycotoxins and, in particular, those produced by F.
graminearum pose a risk for humans and livestock because they can cause poisoning and
fertility and growth disorders [84–86]. Overall, the abandonment of chemical pesticides
is expected to have predominantly positive effects in terms of regulating habitat, and
cultural services, but at the same time, provisioning services are expected to be significantly
impaired in terms of yield levels and yield stability [31,87,88].

Scientific evidence on yield effects associated with the absence of CSPs in MECSs is
very limited. Although the yield differences between organic and conventional cropping
systems have been investigated in numerous studies, it is not known to what extent the
lower yields in organic farming are due to the absence of CSPs or to other factors. There
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is only fragmentary knowledge on the consequences of not using CSPs. This knowledge
either builds on data from individual sites [87,89,90], only considers individual ecosystem
services, primarily yield [91,92], or merely removes CSPs from the system without making
further adjustments to the cropping system [88,93]. A detailed analysis of the factors
influencing yield formation is a central pillar in the development of MECSs. In this regard,
it is crucial to assess and develop optimal combinations of cultivation measures in order to
keep yield and quality losses as low as possible while dispensing with CSPs [94].

4.2. Mineral-Ecological Cropping Systems from a Production Technology Perspective

When CSPs are excluded, the yield performance of agricultural cropping systems can
be improved through a variety of agroecological and technical measures [26]. In this context,
the development of MECSs focuses on optimizing all yield-relevant cultivation measures
to manage the absence of CSPs. This includes both direct and indirect yield-impacting
measures, and mixed forms designed to provide a wide range of ecosystem services
(Table 2). The ecosystem services of individual cultivation measures, and of bundles of
measures, are very complex and there are numerous interactions and trade-offs that cannot
be fully explored in this review. Therefore, Table 2 only lists essential ecosystem services
that are expected in connection with MECSs cultivation measures and that are described in
the literature. A large number of these cultivation measures benefit from the use of precision
agriculture technologies. A wide range of existing and new technologies can be applied,
investigated, and further developed according to the specific requirements of the MECSs
(Table 3). Indirect yield-impacting measures encompass all cultivation measures that
promote natural regulatory processes, such as diverse crop rotation, the use of site-adapted,
resistant varieties, and an optimal spatial distribution of plants in the field, for instance,
in the form of equidistant seeding. All of these agroecological measures are intended to
improve numerous regulating and habitat services, thereby helping to minimize yield
fluctuations and losses. In organic cropping systems, for example, yields can be enhanced
by optimizing cultivation methods, such as cultivation of mixed crops and diversification
of crop rotations [61]. Biodiversity-enhancing measures, such as the promotion of diverse
agroecosystems and structurally rich agricultural landscapes, lead to an improvement
in many regulating services (pest regulation, pollination, and nutrient cycling), and thus
to positive complementary or synergistic effects on crop yields [95–97]. Furthermore,
improving soil fertility promotes plant growth and yield formation (provisioning services),
and regulates diseases and pests (regulating services) [66]. In addition to agroecological
cultivation measures, optimized mineral fertilization with macro- and micronutrients is
a key measure to directly promote yield performance in MECSs. As nitrogen is applied
as placed, stabilized ammonium, it is expected to generate positive effects on numerous
regulating services compared to conventional fertilization (Table 2). Micronutrients and
bioeffectors can positively influence yield performance both directly and indirectly through
their plant-strengthening action. Furthermore, mechanical and biological methods of
curative plant protection with different effects on regulating services are well-known
cultivation measures for weed, pest, and pathogen control that directly influence yield
(Table 2).
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4.2.1. Cultivation Measures to Promote Natural Regulatory Processes

Cultivation measures that promote natural regulatory processes are one focus of
MECSs (Table 2). These include among other measures diversified crop rotations, the use
of site-adapted resistant varieties, and optimized plant distribution in the field.

Given the numerous options for process control, tight crop rotations based on the
most competitive crops are possible in conventional cropping systems. Without CSPs,
diversification of crop rotations is one means of reducing weed, disease, and pest pressure.
Diverse crop rotations promote pest regulation, soil fertility, and biodiversity [23] (Table 2).
MECSs also prioritize the most competitive crops, but combine them with less competitive
ones, including catch crops that provide diverse ecological services in return. Compared to
organic farming, MECSs have the great advantage of not relying on legumes for nitrogen
supply. To implement preventive plant protection, to promote soil fertility, and to optimize
nutrient cycles and natural regulatory processes, MECSs are dependent on the diverse,
resilient crop rotation of cereals and leaf crops, winter and spring crops, and main and
catch crops. Conventional crop rotations of corn and winter cereals must be widened
by integrating summer cereals, protein crops, and catch crops. Although legumes are
less important in MECSs than in organic farming, they may be worth being integrated
in terms of delivering multiple ecosystem services, such as climate change mitigation
and improvement of soil fertility, nutrient cycles, water quality, biocontrol, and habitat
and cultural services [181]. It is necessary to consider not only individual crops, but
also entire crop rotations, because the crop rotation effects of different pre-crop–post-crop
combinations must be quantified and evaluated [182]. This must be undertaken based on
long-term field trials, which identify the effects of different crop rotation combinations on
yield and further ecosystem services [183].

In the absence of CSPs, the breeding of resistant varieties is of particular importance
to increase resilience in MECSs and positively influence yields. For a long time, resis-
tance breeding has played a central and successful role in the development of varieties for
conventional cropping systems. Therefore, not only yield, quality, and marketing opportu-
nities, but also resistances against multiple pathogens are key factors in the legal protection
of varieties and their selection for cultivation [184]. Winter wheat varieties released in
Germany are good examples, because the observed yield increase over past decades also
resulted from, among other factors, strongly improved pathogen resistance [88,100]. Culti-
vation systems without CSPs require the perpetual development of varieties with durable
resistances against multiple pathogens [185]. Multi-resistant varieties are mainly devel-
oped by marker-assisted introgression of different resistance genes (pyramiding), which
will be complemented in the near future by targeted genome editing of novel resistance
alleles [186–188]. A second component are improved systems for the selection of resistant
varieties by combining digital tools for pathogen monitoring and real-time resistance breed-
ing (e.g., by genome editing). Such systems aim to slow the co-evolution of pathogens with
their crop hosts by increasing the diversity of resistance genes in cultivated varieties at a
geographic scale. A proof of concept is the rice and rice blast pathosystem in Asia [189,190].
It demonstrates the potential and future contribution of resistance breeding to refrain from
CSPs while maintaining high yield levels.

In addition to crop rotation and cultivar resistance to pathogens and pests, stand
conditions of crops are of crucial importance to reduce the risk of infection and weed
pressure in arable farming. Accordingly, the optimization of the spatial distribution of
cultivated plants in MECSs plays a central role. Depending on the sowing pattern, variety
characteristics, and crop management, different crop development and crop architecture
(temporal and spatial development of the crops) will emerge. This influences not only
light and nutrient conditions of the crop, but also the microclimate (water availability,
temperature, and humidity dynamics) and thus weed, pest, and disease pressure, in
addition to yield formation. Plants are often not optimally distributed spatially in the
field [110,191]. As a result, plants within a crop stand have different degrees of access to
required resources. Therefore, their individual development will vary accordingly. Plants
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evenly distributed in the field can make better use of their potential and resources, and
are also more solidly anchored in the soil. This has advantages for mechanical weed
control measures, such as harrowing. Uniform plant distribution is achieved with so-called
equidistant seeding. This is expected to achieve stronger weed suppression [108], and
provide a better microclimate with a lower risk of infection by fungal pathogens [166,192].
At the same time, it is expected to optimize potential yield and nutrient efficiency, thus
leading to optimal use of mineral fertilizer. In addition to positive effects on soil erosion
and soil water balance, equidistant plant distribution is expected to lead to earlier crop
closure [110]. In response to spatial plant distribution, plant species or even cultivars
develop different phenotypes (plasticity) [193]. Both plasticity and morphology are mainly
influenced by light quality, specifically the red:far-red ratio (RFR), especially during early
growth stages [194,195]. In equidistant seeding, the change in photosynthetically active
radiation (PAR) and RFR is expected to increase the number of branches in soybean and
the number of cobs per plant in maize. The altered plant architecture and more even
distribution of plants leads to increased competitiveness for light with weeds [125,126].
The complex interactions (light, competition, plant architecture, and physiology) in the
crop, in addition to changes in crop management (variety and seeding pattern), can be
depicted in functional-structural plant models (FSPM) [196].

To assess the impact of crop architecture on pathogen establishment, microclimate
measurements can be combined with numerical simulations using 3D CFD (Computational
Fluid Dynamics). The change in microclimate by equidistant seeding may mitigate the
risk of infection. How much the crop warms up or how fast it dries after rainfall largely
depends on aerodynamic properties such as displacement height and roughness length.
These, in turn, are determined by factors such as seeding density, seeding pattern, leaf area,
leaf width, leaf inclination, and the variability of growth height [165]. The aerodynamics
in and above the crop canopy are seen to be a crucial control to reduce disease pressure
from fungal diseases. The key factor is the turbulent mixing in the upper canopy layers.
Flow simulations using a virtual wind tunnel can help in investigation of the fine structure
of the turbulent exchange in the crop canopy and the adjacent parts of the atmospheric
surface layer. This data can be used in the NoahMP Grecos plant growth and land surface
model [164] to simulate crop temperature and humidity dynamics, and estimate the risk of
infestation for altered spatial plant distribution.

4.2.2. Cultivation Measures for Direct Yield Increase, Plant Strengthening, and Plant Protection

Cultivation measures that indirectly support yield formation by promoting natural
regulatory processes need to be complemented by direct measures for yield enhancement,
plant strengthening, and plant protection, such as optimized mineral fertilization in combi-
nation with bioeffectors and micronutrients, mechanical weed control, and biological pest
and disease control.

To achieve similar yield levels in MECSs compared to those of conventional cropping
systems, optimal nutrient application is essential. In addition, the possibilities of nutrient
combinations must be optimized because they can act prophylactically against fungal,
bacterial, and animal pests through infestation-suppressing and resistance-increasing ef-
fects. Moreover, essential and beneficial plant nutrients, such as silicon (Si), zinc (Zn),
and manganese (Mn), with proven protective effects against abiotic and biotic stress fac-
tors [197–199], in addition to plant growth-promoting bioeffectors (microorganisms and
natural compounds such as algal extracts), can be applied by means of inoculation and min-
eral fertilization. In this context, continued development and selective use of ammonium
depots (e.g., with the Cultan technique or the use of fertilizers stabilized by means of nitri-
fication inhibitors using in-soil fertilization), in addition to targeted application of calcium
cyanamide, bioeffectors, and micronutrients with adapted soil and foliar applications, is
relevant. In addition to providing adequate nutrient supply and protective functions, these
measures are used to ensure optimal nutrient balances. In contrast to organic fertilizers,
individual mineral nutrients can be applied in a targeted, plant-available form as needed,
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and some forms of nitrogen also have a certain pathogen suppression potential [200,201].
Protective effects of silicon [202,203], micronutrients [106,204] or inoculation with benefi-
cial microorganisms (bioeffectors) [107] have proved their benefits for various agricultural
crops, but the extent to which these can replace conventional CSPs is not clear.

In non-chemical weed control strategies such as in MECSs (Tables 2 and 3), multiple
weed suppression strategies are required to secure crop yields. These include crop rotations
with spring and winter seeding crops, including cover crops to reduce the density of
problematic weed species such as blackgrass (Alopecurus myosuroides) [205]. Inversion
tillage with a plow significantly reduces weed infestation compared to reduced tillage
practices [206]. A false seedbed is also a suitable method to reduce weeds [207]. Curative
weed control can be undertaken by harrowing, hoeing, and other physical methods that
can be performed between and within rows. Hoes can uproot and cover larger weeds very
effectively [156,208]. Manual steering of hoes between rows can be made more precise by
automatic steering systems using GNSS (Global Navigation Satellite System) techniques
and optical sensors. When automatically steered hoes are used, control success against
weeds within rows is higher than with conventional hoes because automatically steered
hoes can go faster (10 km/h) and closer (±2 cm). In addition, there is less damage to
the crop.

Biological control agents (BCAs) can be an alternative to CSPs to control plant pests
and diseases [167]. An indirect mode of action of BCAs is the induction of plant defense
reactions. This will put plants in a so-called priming state. Priming describes a state
in which the plant is prepared more quickly and more resiliently to deal with possible
pathogen infection [209]. The detection and treatment of pathogen infections at an early
stage is crucial for effective pathogen control. This requires innovative technologies for
sensor-based pathogen monitoring and applying BCAs (Table 3), in addition to appropriate
formulations and methods of application that attain successful establishment of BCAs in
the field.

In addition to curative plant protection measures, without CSPs, the discussion about
optimal soil management takes on new importance in the context of prophylactic plant
protection. More intensive tillage (plough) can make a substantial contribution to yield
stabilization by reducing the pressure of diseases, weeds, and pests, especially in MECSs. At
the same time, however, negative effects on soil erosion in silt-dominated soil textures, and
on soil organic matter content and nutrient cycles, can occur (Table 2). In this context, the
effects of different soil management measures in conventional farming, organic farming,
and MECSs must be investigated with respect to crop yield, product quality (e.g., F.
graminearum infestations), and ecological indicators.

4.2.3. Use of Precision Agriculture Technologies

Many of the cultivation measures of MECSs will benefit from the use of precision
farming technologies (Table 3). Innovative technologies such as autonomous vehicles,
drone-based monitoring and application methods, and automated hoeing technology
allow the optimization of seeding and fertilization, in addition to the early detection and
treatment of plant pathogens, pests, and weeds, making MECSs effective and efficient.

Automated, camera-controlled methods of hoeing technology offer advantages, es-
pecially for specific sowing patterns such as equidistant seeding. More precise crop row
detection can be undertaken using image analysis technology. Hoeing blades can be ad-
justed hydraulically/electronically and, in agricultural crops, weeds can be effectively
suppressed with such hoeing technology. Camera-based methods offer the possibility of
precisely detecting plant rows and also individual plants, and of using the information
to steer machines and equipment [174,175]. With a camera-assisted inter-row hoe with
automatic side shifting, the effectiveness of weed control between and within rows in
soybean and maize can be increased to 85%, compared to 70% for machine hoeing with
manual guidance [210]. Even at a row spacing of 12.5–15 cm, certain camera-guided hoes
can be used in cereals [174].
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Many specific requirements of MECSs in terms of spatial distribution for seed place-
ment, fertilizer application, and mechanical weed control can be met with the help of
GNSS-controlled sensors, actuators, and autonomous vehicles that facilitate precise georef-
erenced seed and fertilizer distribution, and hoe steering. In recent years, it has been shown
that soil fertilization with fertilizer depots in the soil, applied at specific rates, depths,
and distances from the plant, can increase nutrient efficiency [211]. This is even more
important given the increasingly dry periods. Therefore, fertilizers applied on the surface
are increasingly at a disadvantage because precipitation is needed to make the nutrients
available to the plants. Automated, highly uniform distribution of the plants and selective
fertilizer applications into the soil are effective in increasing crop production, resource
efficiency, and weed suppression. Existing autonomous platforms with the appropriate
sensors and actuators can deliver a high level of automation.

For successful control of plant pathogens in MECSs using BCAs, an optimized applica-
tion in terms of time and space is necessary. One potential technology for early detection of
plant pathogens is the use of drone-based sensors that generate georeferenced image data.
By combining hyperspectral cameras with modern data analysis methods, and comparing
pathogen detection via sensor technology and molecular and conventional methods, it is
possible to generate procedures for an early detection of plant pathogens and identify their
location within the plant canopy for BCA application in the field (Table 3). The capabilities
of sensor-based pathogen detection and quantification under controlled conditions have
previously been demonstrated in several studies [212–214]. Multiple detection methods
are currently being developed to establish a monitoring system for the detection of plant
pathogens, which are expected to occur more frequently when CSPs are abandoned. Molec-
ular methods enable the detection of pathogens within the plant, but also on crop residues
or in the soil. They enable a holistic assessment of pathogen pressure in MECSs.

4.2.4. Impact on Natural Regulatory Processes

Soil organisms play an important role in the maintenance of different soil functions,
i.e., subsequent supply of plant-available nutrients [215], detoxification/mineralization
of organic pollutants [142], and stabilization of the soil structure [216]. Symbiotic inter-
actions between soil microorganisms and various crops (e.g., mycorrhizae) protect crops
from pathogenic fungi and enhance stress tolerance relating to drought [217]. However,
soil microorganisms are influenced to a marked degree by crop management [218,219].
Pesticides usually evoke at least a short-term negative response in soil microorganisms
and many soil animals, e.g., earthworms [220]. Accordingly, earthworms and beneficial
species are expected to profit from the absence of CSPs. However, it is unclear to which
extent this positive effect is relativized by the eventual need for more intensive soil tillage.
Equidistant plant spacing is expected to lead to a homogeneous distribution not only of
crop roots, but also of resources for soil organisms, and thus to improved efficiency of
microbial transformation processes compared to conventional plant spacing.

Reducing the spread of plant pathogens plays a critical role in pathogen manage-
ment. In conventional cropping systems, monogenic resistances in crop varieties and
single mode of action pesticides exert strong selection pressure on pathogen populations,
usually prompting the rapid development of resistances [221]. Sustainable management of
pathogen populations includes the deceleration of pathogen evolution by (i) diversifying
cropping practices (e.g., more complex crop rotations and small-scale cultivation); (ii) the
use of multiple resistances on a polygenic basis in breeding; (iii) the cultivation of mixed
varieties or mixed cultivation of different crops; and (iv) the development of new pest
control methods such as BCAs (Table 2). This can result in the less frequent occurrence
and slower spread of new resistance mutations in pathogen populations. In MECSs, the
short-term application of CSPs in acute situations is not possible. Therefore, cultivation
methods and plant breeding are of particular importance in MECSs. Intensive pathogen
monitoring offers the possibility of predicting the epidemiology of pathogens. DNA se-
quencing, digital technologies, and machine learning techniques enable high temporal
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and spatial resolution monitoring of pathogen populations. This provides an important
basis for designing cropping systems and setting breeding goals [222,223]. In particular,
it needs to be investigated whether MECSs have a sustainable and positive effect on the
spread of resistant and aggressive fungal pathogens, or if the exclusion of CSPs increases
pathogen diversity, resulting in negative effects such as a faster evolutionary adaptation of
pathogen populations.

The contribution of MECSs to increase biodiversity and strengthen natural pest control
takes on a central role in the research and configuration of this new cropping system.
Bengtsson et al. [54] and Tuck et al. [56] observed an increase of, on average, 30% in species
diversity in organic cropping systems compared to conventional cropping systems. In this
context, the influence of farm management varies by type and scale, and loses significance
as landscape diversity increases. Burel et al. [67] state that a minimum amount of semi-
natural land is required for biodiversity to be impacted at all by the type of management
because many species cannot become established without sufficient habitats or seed stocks.
When there are high proportions of semi-natural elements of about 20%, biodiversity is
highly independent of the type of management [160]. In contrast, the management form
(varied crop rotation, reduced input of nutrients and chemical pesticides, minimum soil
tillage, etc.) can significantly enhance biodiversity in regions with a proportion of semi-
natural areas of between 5 and 20%, which applies to a large proportion of arable land. This
suggests the need for a cross-scale and cross-process approach to representing landscape
system processes. Individual parts of this system can be studied very well and precisely
with analytical and empirical methods. However, due to the many scale transitions and
the complexity of the system, observations of the entire system are almost only possible
with models [224].

Overall, biodiversity is of prominent importance in the promotion of numerous ecosys-
tem services with complementary and synergistic effects [95,96]. This is particularly the
case for yield formation [22], pollination services [225], and natural pest regulation [226].
Against this backdrop, spatial heterogeneity is a key factor for biodiversity [22,227]. MECSs
are expected to have positive effects on biodiversity across spatial scales, and to be re-
inforced by an optimal design of landscape structure, thereby enhancing natural pest
regulation and crop yields from local to regional scales. The extent to which stable predator–
prey relationships support natural pest regulation in arable farming must be investigated
at a small scale. Predatory flies are particularly suited as a new indicator of functional
biodiversity and for analyzing the effects of different cropping systems on predator–prey
relationships. They have a small range of activity compared to other antagonists, and their
populations are extremely susceptible to any disturbances. As a study model, predatory
flies of the genus Platypalpus may be suitable, because they are important natural antago-
nists of crop-damaging flies and midges [228–230]. Because the larvae of predatory flies
develop in the soil [229], active soil life is conducive to the abundance and diversity of
species of these natural antagonists. Furthermore, the direct and indirect application of
CSPs (e.g., limitation of prey or habitat changes) affects the abundance and effectiveness
of these beneficial insects. Moreover, additional effects on predator prey relationships
generated by crop management, such as crop rotation, spatial distribution of crop plants,
and fertilization, need to be evaluated. At the landscape scale, the occurrence and spatial
distribution of pests and antagonists depend on (i) field size, (ii) landscape structure, and
(iii) temporal land-use dynamics. These effects on dynamic interaction networks need to
be considered, to allow major benefits of natural pest control in large-scale MECSs to be
predicted. In this context, synergistic interactions between MECSs and other biodiversity-
enhancing agri-environmental schemes, in particular the establishment of perennial flower
strips, need to be quantified.
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4.3. Mineral-Ecological Cropping Systems from the Perspective of Yield and Product Quality

Refraining from the use of CSPs can severely affect crop yield and product quality,
depending on disease and pest infestation or weed pressure. In MECSs, efforts must be
made to keep these effects as low as possible through optimal design of the cropping
system. The potential crop yield losses due to pests and pathogens in wheat production
systems are estimated to be as high as 70% [41,99,101]. However, due to conventional
crop protection, the actual losses in agricultural practice amount to less than 20% [98]. In
MECSs, refraining from the use of CSPs is expected to reduce yield levels and, above all, to
increase spatial and temporal yield variability. In particular, pests and pathogens occurring
epidemically and featuring a high yield loss potential are relevant in this context [88]. Yield
losses lead not only to economic problems, but also to lower N-uptake, and thus reduced
nutrient use efficiency and increased leaching risk. Therefore, the extent to which yields
in MECSs can be stabilized by adjustments to the cropping system (equidistant seeding,
crop variety selection, fertilizer management, etc.) needs to be investigated. The use of
simulation models may serve to supplement the limited data on crop yield losses caused
by pests and pathogens, to scale them up, and to evaluate scenarios on future or changed
climatic, production, and cropping system conditions [231]. Process-based crop models,
such as DSSAT-CROPSIM, simulate the soil–plant–atmosphere system, including abiotic
stress due to water and nutrient deficiency. For a robust simulation of biotic stress, a
sufficient empirical experimental database is essential for the calibration and validation of
the crop model, and for the parameterization of specific pests, such as mites and nematodes,
and their yield effects [232]. The validated model can be used to simulate the effects of
not using CSPs in virtual experiments on yield, N-uptake, nitrogen use efficiency, and
N-leaching risk. Inter alia, the impact of cultivar choice can be simulated in the model by
considering differences in phenology and resistance to specific pests.

In cropping systems without the use of CSPs, it can be expected that plants will be
exposed to increased stress due to intensified weed and pathogen infestation if no other
adaptation measures are implemented. In both cases, imbalances in the supply of nutrients,
photosynthates, and water for plant metabolism can occur. These, in turn, affect the quality
of the harvested products [124]. This mainly concerns products whose quality depends
on the composition of primary metabolites (proteins, organic acids, sugars), because their
distribution is significantly affected by source/sink ratios in the plant, and rapidly change
under stress [233]. In cereals, for example, the composition and temporal development
of the storage proteins, which are essential for the baking quality of flour, are markedly
affected by the nutrient and water supply [127]. Although the external (sensoric) quality
is demanded by consumers, and the internal quality by the processing industry, there are
health aspects that give grounds for concern, e.g., increased fungal infestation (mycotoxins)
of the harvested material. Compared to conventional cropping systems, individual quality
parameters (especially protein composition) of harvest products are expected to change
in MECSs as a result of the increased stress level. Furthermore, it is expected that, in the
case of cereals, the temporal course of storage protein incorporation between the flowering
and grain-filling phases will change, and thus also affect the “final quality” of the grains.
The successful establishment and acceptance of mineral-ecological cultivation systems is
only possible if these systems deliver products of sufficient quality in the long term, which
also meet the technical requirements for product processing. It is expected that optimized
fertilization will lead to a stabilization of plant metabolism, and thus to improved resilience
against biotic and abiotic stressors. Equidistant plant spacing should result in improved
nutrient and water appropriation capacity, and, in particular, stable product quality under
drought stress. Whether the increased stress in MECSs can be countered by resistant crop
varieties, optimized fertilization, and equidistant seeding, resulting in sufficient product
qualities, has to be investigated.
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4.4. Mineral-Ecological Cropping Systems from a Socio-Economic Perspective

Economic efficiency and acceptance by farmers and consumers are major success
factors for the establishment of MECSs. In terms of economics, MECSs will differ from
both conventional and organic cropping systems [94,234]: Organic cropping systems are
characterized by higher unit costs compared to conventional ones and, depending on
the organic price premium, by higher reliance on government support. Against this
background, analyses of unit costs and achievable market prices for products from MECSs
including risk-related aspects and the preferences of stakeholders along the value-chain
need careful consideration.

4.4.1. Economic Aspects at Farm Level

In MECSs, it is expected that not only the contribution margins, but also the con-
tribution margin variances change as a result of higher yield fluctuations compared to
conventional cropping systems. Hence, it is likely that rational farmers will try to adjust
their production program in such a manner as to maximize the total contribution margin
while maintaining a certain overall risk. This will depend on the risk tolerance of the
individual actor. Linear programming models are common activity-analytical operating
models in which the optimal production program of farms can be determined in each case
by maximizing the total contribution margin subject to constraints [235]. These models
are common activity-analytical operating models, but they do not take the total risk into
account. To identify optimal risk-efficient cropping systems, the expected-value-variance
criterion can be applied within the framework of quadratic risk programming [236,237].
For this purpose, farm models must be developed that allow the selection of cropping
practices while maintaining acceptable economic risks (measured as the estimated total
variance of the optimized operating profit). Stochastic risk analysis can be used to generate
realistic variances.

4.4.2. Economic Aspects at Regional Level

It is not only in conventional cropping systems that the large-scale use of identical plant
varieties and pesticide active ingredients is leading to increasing resistance of pathogens. In
organic farming and MECSs, too, resistance to pathogens can be expected to diminish with
large-scale use. If large-scale cultivation of identical varieties increases, the likelihood of
progressively volatile crop yields due to pest and pathogen impacts will rise [238]. Already,
the rapid development of pest and pathogen resistance to pesticide-active ingredients and
the rapid loss of varietal resistance are playing an increasingly important role in arable
agriculture, nationally and globally. Thus, resistance management is expected to gain
further importance in the future [239]. It is expected that active ingredient efficiencies
and varietal resistance will take on even more of a common property character, and that
resistance and yield management will be improved by means of coordinated collective
action by farmers based on individually negotiated solutions. In line with the “new
institutional economics” [240], a concept for targeted collective action with respect to the
preservation of crop variety resistance and stability of crop yields is being developed. In
this concept, farmers will optimize the preservation of crop variety efficacy against pests
and pathogens, and crop yield stability, by spatially and temporally coordinating suitable
cropping and cultivation measures, in addition to suitable crop variety selection. This
approach is based on the theory of self-organized and self-managed forms of collective
action [241]. Voluntary agreements by farmers concerning a spatially defined unit are
key factors. Despite the fact that information about ecosystem services other than yield
and quality of the crops is still mostly unclear, they aim to achieve a Pareto optimal result
as an incentive to conclude a negotiation. This is because the long-term surplus profit
due to reduced costs and increased crop yields achieved through collective negotiation
solutions can be high. Such cooperative approaches to achieving positive operational and
environmental effects are also pursued by the EU in the context of recent EU CAP reform
proposals [242].
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4.4.3. Perspective of the Agricultural Sector

A new MECS brings with it many uncertainties for farmers. Numerous factors will
decide whether this new cropping system will be adopted and implemented by agricultural
operations. It is assumed that a new agricultural production regime without any CSPs can
only be implemented on a wide scale if the guiding attitudes, social norms, and restrictions
are recognized by practitioners in agricultural operations and specifically considered in
corresponding strategies, for instance, related to advisory services or financial support
schemes. In the agricultural sector, innovations have been debated almost entirely as the
responsibility of the individual farms. However, the goal of dispensing with chemical
pesticides is to a large extent being pushed on agriculture from within society. This raises
the question of whether and how alliances between stakeholders in society and agricultural
operations can promote the roll-out of agriculture based on a MECS as a concerted approach
for a (particular) region. It is of decisive importance whether it will be possible to develop
strategies that can be implemented on a partnership basis by various social actors (e.g.,
when agricultural operations receive appropriate support from local consumers). Key
factors influencing acceptance and implementation of a MECS require deeper insights into
the patterns of impact and leverages of promoting acceptance and implementation.

4.4.4. Perspective of Society and the Food Chain

The debate between the agricultural sector and civil society organizations regarding
the future of agricultural systems (e.g., animal welfare) is highly polarized. MECSs will only
be successful if they are not only accepted by farmers, but also trusted by key stakeholders
and the food chain, and succeed in generating a willingness to pay among consumers. The
existence of substantial barriers is highlighted by the example of “integrated cultivation”,
which (except for some minor exceptions in Switzerland) has failed to become established
as a market segment among consumers [243]. Therefore, both consumer willingness to pay
and acceptance by food producers and food retailers in the food chain must be determined
in order to analyze the market barriers to the introduction of mineral-organic products.
With respect to an introduction of barriers from a society perspective, the attitudes towards
and trust in the new MECS among central stakeholders must be considered. According
to the current state of research, consumer knowledge about CSPs is low and primarily
based on mass media reporting. According to a study by the German Federal Institute
for Risk Assessment (BfR), a skeptical attitude dominates: 67% of citizens consider CSPs
to be harmful to humans even under normal conditions of use; three quarters consider
CSPs to be unnecessary for food production. Furthermore, the majority of respondents
suspect that there are regulatory deficits in application monitoring and pesticide residue
controls [244,245]. Several studies show that consumers’ pesticide-related concerns are
associated with a greater preference for organic food [246–248]. The omitted use of CSPs
or the absence of pesticide residues is a significant characteristic of organic food from a
consumer’s point of view [249–251]. Hence, positive effects to cater for the needs of many
consumers for pesticide-free food have been derived particularly for organic agriculture
and the sales of organic food [252]. To date, in Germany no studies have been conducted on
consumer willingness to pay for or buy foods from agricultural systems that are specifically
characterized by the absence of CSPs. Previous studies in various countries show that
the highest proportion of consumers surveyed has a majority willingness (MW) to pay
up to 10% more for pesticide-free foods than for conventional products. This finding is
evident in studies from Canada (67.1% of consumer MW of 1–10%, [253]), the United States
(66.1% of consumer MW of 5–10%, Ott, 1990; 30% of consumer MW of up to 10%, [254]),
and Italy (34% of consumer MW of 6–10%, [255]). Although some of these studies are
over twenty years old, they indicate that consumers show a positive willingness to pay
for products from MECSs. Numerous studies on organic food show that expectations of
organic products go beyond the foregoing of CSPs. This means that products from MECSs
could possibly occupy a mid-market position. However, it is assumed that foods from
MECSs can be clearly classified, valued, and accordingly positioned on the market by
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consumers as a consequence of the consistent exclusion of CSPs. Against this backdrop, the
assumption would also seem to be that consumers view the absence of chemical pesticides
as an important indicator of the naturalness of foods and that naturalness is of major
or growing relevance as a criterion when shopping for food [256]. It remains to be seen
whether consumers are less willing to pay for products from MECSs than for organic
food. This attitude would, nonetheless, suffice to secure a successful positioning in the
mid-market segment given the significantly lower additional costs of the cropping system.
It is postulated for the food chain that the food retail trade will prefer products without
any CSPs for risk and reputation reasons. Studies on the classification and estimation of
social discourse are particularly complex, because they are driven not only by interests, but
also by strategic positions, tactical calculations, and opportunities [257,258].

4.5. Mineral-Ecological Cropping Systems from the Perspective of Ecosystem Services

As shown in Table 2, individual agricultural cultivation measures can have a variety
of positive or negative effects on the different ecosystem services of agricultural landscapes.
Due to the ecotoxicity potential of CSPs, their avoidance is expected to have a positive
impact on biodiversity, species diversity, and abundance, both in agricultural landscapes
and in agricultural soils [123,140,141,259]. In addition, positive ecological effects can be
expected from the measures specifically investigated in MECSs, particularly from the fertil-
ization strategies. The application of ammonium depots and nitrification inhibitors can
reduce the amount of nitrogen fertilizer used, thereby decreasing both the risk of nitrate
leaching, and greenhouse gas emissions from the field and from the upstream fertilizer pro-
duction [131]. Promoting biodiversity and natural ecosystem processes also enhances many
aspects of cultural services (see Table 2) [171,260–262]. However, refraining from CSPs can
also lead to a deterioration in crop supply services and environmental disadvantages if
yield losses cannot be compensated by crop management measures as described above in
Section 4.2 A significant decrease in crop yield because of the system conversion would
have a negative impact on the environmental efficiency of crop production, because the
environmental burdens would be attributed to lower output [130,261–265]. As a result, the
total environmental burdens, for instance in the categories of eutrophication, acidification,
and climate change, would be expected to increase [130]. Lower crop yields would also
have further indirect effects, such as additional demand for agricultural land [266,267].
Globally, the expansion of agricultural land, along with other areas used by man (settlement
areas, etc.) is one of the strongest drivers of biodiversity loss [268]. When switching from
conventional cropping systems to MECSs, a variety of trade-offs within ecological services,
and between production, quality, and ecological targets, are to be expected. Given the
complex nature of causal relationships, the effects of individual cultivation measures on
ecosystem services cannot be assessed separately, but must be evaluated as a package of
measures of a cropping system [182,269]. Life cycle assessment (LCA) is an effective tool
for the comparative assessment of cropping systems [270,271]. Firstly, it can be used to
allocate the various emissions generated along the value chain of MECSs, for instance in
the production of operating resources and land use, to specific environmental impacts. In
this manner, the diverse environmental impacts of mineral-ecological, conventional, and
organic cropping systems can be quantified and compared. Secondly, “hot spots” within
the cropping systems can be identified, which provide indications of particularly effective
approaches for optimization of the supply of ecosystem services [266]. Therefore, ecological
analyses can help identify combinations of agroecological practices and modern production
techniques that maintain the productivity while reducing emissions. This can help avoid
negative environmental impacts, ideally without any loss of crop yield or product quality,
and then develop strategies to balance trade-offs between economic and ecological goals in
MECSs [272].

However, the quantification of some ecosystem services is beyond the traditional
scope of LCAs, particularly those of soil quality and biodiversity [273,274]. A comprehen-
sive evaluation of MECSs in comparison to conventional and organic cropping systems
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must consider the latest developments in methodology. For the measurement of soil quality,
the LANCA method provides appropriate characterization factors for five soil-specific
impact categories [275]. “Countryside species-area relationships” can be used to measure
biodiversity in LCAs [276]. To demonstrate the advantages and disadvantages of mod-
ern agricultural technologies and agricultural measures on biodiversity, it is necessary
to extend the scope of the assessment and further investigate the relationship between
biodiversity and ecosystem services [277]. Therefore, the assessment methods of ecosystem
services must be further developed for a comprehensive evaluation of MECSs through the
collaboration of life cycle assessors, and particularly that of economists, ecologists, and soil
scientists.

5. Conclusions

Through continuous further development and optimization of cropping systems,
agriculture must continue to secure future global food supplies while, at the same time,
preserving natural livelihoods. In addition to conventional and organic systems, advanced
cropping systems are needed to improve the ecosystem services of agricultural landscapes.
Depending on local and global requirements, different cropping systems may be beneficial.
The individual ecosystem services (provisioning, regulating, habitat, and cultural services)
must be balanced in the local and global context. The development of mineral-ecological
cropping systems follows a new farming concept that aims at minimizing trade-offs be-
tween different ecosystem services and promoting synergies. This applies not only to the
agricultural area under consideration, but also to interactions with areas and structures
outside the agricultural landscape, especially with regard to pollutant inputs and land use
changes, as well as to natural regulation processes. Future analyses of these new cropping
systems should focus on investigating the extent to which it is possible to improve the
ecosystem services of agricultural landscapes by establishing mineral-ecological cropping
systems with optimized mineral fertilization, yet without the use of chemical synthetic
plant protection products.
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Abstract: Rice is the staple food for more than half of the world’s population. In South Asia, rice
farming systems provide food to the majority of the population, and agriculture is a primary source
of livelihood. With the demand for nutritious food increasing, introducing innovative strategies in
farming systems is imperative. In this regard, intensification of rice farming is intricately linked with
the challenges of water scarcity, soil degradation, and the vagaries of climate change. Agroecological
farming systems like the System of Rice Intensification (SRI) have been proposed as water-saving
and sustainable ways of food production. This study examines the effect of intercropping beans with
rice under SRI management on the growth of weeds and on the different plant growth parameters.
Intercropping led to a 65% decrease in weed infestation on average, which is important given that
weed infestation is stated as a criticism of SRI in some circles and is a major factor in limiting yield in
rice-producing regions. In addition to the water savings of about 40% due to the SRI methodology, the
innovation led to an increase in rice yield by 33% and an increase in the net income of farmers by 57%
compared to the conventional rice farming method. The results indicate that intercropping can be a
positive addition to the rice farming system, hence contributing to social–ecological sustainability.

Keywords: agroecology; rice; intercropping; sustainable agriculture; sustainable intensification

1. Introduction

Agriculture is at the core of one of the greatest challenges of this century: the challenges
of meeting the neglected and the growing nutritional needs of the world’s population and
remedying the environmental damage due to agricultural activities at the same time [1].
Currently, 800 million individuals worldwide do not have access to enough food, while
more than two billion people experience key micronutrient deficiencies. This is a problem
that is more serious in low-income countries where the percentage of food insecure indi-
viduals is around 60% [2]. On the other hand, agriculture is now counted as a major force
contributing to planetary overshoot of natural resources, contributing dominantly towards
climate change, biodiversity loss, and the degradation of land and freshwater [3–5].

In this regard, rice farming systems are particularly relevant, with their contribution
to feeding the world as well as the large scope for improvements with respect to different
environmental issues associated with rice farming systems, specifically flooded rice culti-
vation systems [6–11]. Rice is a staple food for more than half of the world’s population
and contributes about one-fourth of the global energy consumption [12]. The wide-ranging
importance of rice is evident from the fact that it is grown in 112 different countries of the
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world in different climatic zones [12]. Irrigated rice cultivation covers about 60% of the total
land under rice cultivation worldwide and contributes 75% to the total rice produce [13].

With a large water footprint, which is 2–3 times more than that of upland crops,
irrigated flooded rice monocropping systems, dependent on agrochemical use, have been
found to be detrimental to the environment and biodiversity [8]. For example, it has
been reported that nitrogen losses due to ammonia volatilization account for up to 60% of
nitrogen applied in flooded rice systems [8]. Flooding of rice paddies has also been found
to have an association with health risks, particularly in tropical and sub-tropical regions, in
terms of potentially aiding the proliferation of water-borne diseases [10]. Another health
risk associated with flooded rice systems is the incidence of toxic residues of pesticides and
metalloids/metals like arsenic, cadmium, and mercury in rice grains. This is particularly
damaging for regions where rice forms a large percentage of the diet, for example, in South
Asia and Southeast Asia. Arsenic pollution is a widespread problem in the Punjab and
Bengal regions in South Asia, which straddle Pakistan, Bangladesh, and India [14–17]. In
this regard, an aerobic water management system in rice, through the practice of alternate
wetting and drying, has been reported to reduce the risk of uptake of metals like arsenic [18].

In this context, the increasing demand of nutritious food is putting an unprecedented
pressure on the land and water resources. In this regard, ‘another green revolution’, which
follows the methodology of the ‘original’ green revolution of the 1960s, is not a viable
option, owing to its ecological and social costs [19]. Its positive effect on cereal production
notwithstanding, the green revolution also contributed to the reduced availability of pulses
and legumes (protein sources) in the rural diet [20]. Additionally, the per capita availability
of land has halved from 1960 to 2010 and is expected to decrease by a further 30% by
2050 [21,22]. With respect to the livelihoods of farmers, stricter regulations on agrochemical
residues in food grains are making agrochemical-based intensification unviable. It is in
the backdrop of these socioeconomic challenges, highlighted and intensified during the
COVID-19 pandemic, that sustainable intensification of agriculture is being proposed [23].

Agroecology-based farming strategies promise nutritious yields, with more considera-
tion for the fast depleting natural resources vital for agriculture, i.e., water and soil. In a
report by the FAO released in September 2020, the role of agroecology has been termed
as vital for climate-resilient livelihoods and sustainable food systems [24]. The system
of rice intensification (SRI) is an agroecological methodology of growing rice. It involves
early plant establishment, wider spacing between plants transplanted individually, man-
ual weeding, and alternate wetting and drying of the rice field instead of continuous
flooding [25]. SRI-based rice farming systems have been associated with a range of environ-
mental benefits, reportedly reducing water and energy use by 60% and 74%, respectively,
and greenhouse gas emissions by 40% [11]. It has led to improved yields in different
parts of the world and includes practices that enhance the soil health [26–29]. An oft-cited
disincentive of this methodology, however, is the increased incidence of weeds due to
the absence of continuous flooding of the fields, which creates aerobic conditions feasible
for the growth of weeds [20,30,31]. This also leads to increased work-hour requirements
for the weeding process [32]. Weeds are one of the single largest source of yield losses in
rice farming, representing 6.6% of the yield gap in South Asia [33]. In the Mediterranean
region as well, the occurrence of weeds has been described as the main reason behind
yield variability and yield gap, specifically in organic rice farming systems [34–36]. Under
SRI, without proper weed management, a reduction in rice yield by up to 70% has been
reported due to weed infestation [37].

Hence, the incidence of weeds is reported as a challenge in SRI, along with the
need for increased work-hours required during weeding, which occurs multiple times
in a crop season [27,38]. In this regard, the availability of family labor has been found
to influence the adoption of SRI practices by farm households [39]. Higher work-hour
requirements may also have led to dis-adoption of SRI in some cases [40]. Intercropping
has been reported as a natural way to control the growth of weeds in other cropping
systems, including upland rice and maize farming systems [41–44]. The system of rice
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intensification is relevant in this regard, as it provides wider inter-row space to introduce
intercropping [45]. In addition to comparing the effect of intercropping on weed infestation,
the effect of intercropping on different plant growth characteristics under SRI management
has also been studied. Improvements in different plant growth characteristics under SRI
management in comparison to the conventional flooded rice (CFR) has already been widely
documented in literature [26,46–50].

The results of this study recommend the same in the case of rice grown under alternate
wetting and drying conditions of SRI. It was hypothesized that growing a leguminous
crop, i.e., beans, as an intercrop in between rice rows grown under SRI would affect the
incidence of weeds and the growth characteristics of rice plants. These parameters were
recorded in field experiments. The effect of intercropping on the chlorophyll content of the
rice crop was also determined in multiple experiments under controlled lab greenhouse
conditions. Growing beans together with rice can also serve to diversify the diet of the
rural population by restoring an important source of protein to it. A new terminology,
denoted as SRIBI, has been used for the methodology of system of rice intensification with
beans intercropping. The conventional flooded rice method is represented as CFR.

2. Materials and Methods

2.1. Experimental Research Design

Experiments were first conducted in pots at the laboratory level in a greenhouse
chamber under controlled conditions in three batches in the years 2017 and 2018. The
pot experiments followed a mirrored randomized complete block design to avoid any
variations due to placement in the greenhouse. Sandy clay loam soil was used in the pot
experiments, which contained 11.25% organic matter, 0.16% total nitrogen, 0.05% total
phosphorous, and 0.47% total potassium. In the first batch of experiments, the conventional
flooded rice cultivation (CFR) was compared with the system of rice intensification (SRI)
and SRI with beans intercropping (SRIBI). The CFR treatment is referred to as ‘flooded’
treatment, while the SRIBI treatment is referred to SRI+I in the case of pot experiments.
Pots of diameter 25 cm and height 25 cm were used in this study. In these experiments,
4 replications of each treatment were analysed. Once it was established that intercropping
had a positive effect on the rice crop under SRI management, the next experiments were
conducted to find the ideal time and space combination between the rice and the intercrop
(beans). Hence, the subsequent batches involved treatments I9 (intercropping done between
rice rows at 9 days after transplantation), I35 (intercropping done between rice rows at
35 days after transplantation), and IS (intercropping done at 9 days after transplantation
as strip intercropping), in addition to the standard SRI treatment. In these experiments,
8 replications of each treatment were analysed. These experiments were conducted in mini-
plots of size 60 cm (length) by 50 cm (width) by 25 cm (height). Based on the analysis of
plant growth characteristics like nutrient uptake, chlorophyll content, and yield parameters,
the proof of concept was established and field experiments were designed accordingly,
which were conducted in 2019 and 2020 (in the local rice growing season May–October).

The field experiments followed a randomized complete block design with four replica-
tions and a plot size of 60 m2 (10 m × 6 m) each. The experiments were carried out in two
villages falling under the Sagam belt of the Islamabad region (District Anantnag) in Kash-
mir, a popular niche belt of the local heritage aromatic landraces of Kashmir, particularly
the Mushkibudij (Mushk Budji, literally ‘Aromatic Grain’) variety that was also used in the
studies. The experimental fields were located at 33◦36′31′′ N, 75◦14′59′′ E and 33◦36′54′′ N,
75◦15′2′′ E, in Jammu and Kashmir. The soil at the experimental site was characterised
as silty clay loamy soil, with a neutral pH of 7.3. The soil was low in available nitrogen
(140–280 Kg/ha) and medium in available phosphorous (11–22 Kg/ha) and potassium
(110–280 Kg/ha). The elevation of the experimental site is at 1800 m amsl. The average
maximum temperatures over the months (May–October) were 25.98 ◦C and 27.14 ◦C in
2019 and 2020, respectively, while the average minimum temperatures for the same time
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period were 12.01 ◦C and 12.19 ◦C, respectively. Total rainfall recorded in this period was
541.5 mm and 424.2 mm for 2019 and 2020, respectively.

For the CFR treatment, rice plants were transplanted according to the local conven-
tions, at 5 weeks age. For field experiments, the control SRI treatment, in which weeds
were allowed to grow for comparison, was referred to as SRI-w (Weedy control) to avoid
any misunderstanding of the SRI method where weeding forms an integral part of the
cultivation process. In the SRI-w and SRIBI treatments, rice plants were uniformly trans-
planted in a square pattern at a distance of 25 cm from each other, following the SRI method.
Following the SRI method, seedlings were transplanted singly at the two-leaf stage (10 days
after sowing). For the CFR treatment, NPK fertilizer was applied based on the standard
application: 300 kg (150 N + 75 P2O5 + 75 K2O) per ha. For the SRI and SRIBI treatments,
only compost was applied at the rate of 6 t per ha. No pesticides were used in the SRI and
SRIBI treatments. The details of individual practices followed in the three treatments are
given in Table 1.

Table 1. A comparison of the different agricultural practices in standard SRI (System of Rice Intensifi-
cation) and the two other SRI-based treatments in the current study.

Practice\System SRI SRI-w (Weedy Control) SRIBI

Early Transplanting Yes Yes Yes

Wide Spacing Yes Yes Yes

One Plant per Hill Yes Yes Yes

Compost Application Yes Yes Yes

Alternate Wetting and Drying Yes Yes Yes

Frequent Weeding Yes No No

Intercropping No No Yes

The SRI plots in this study were not weeded after the first weeding and were used as
the weedy-control (SRI-w). Hence, this study is not an evaluation of the yield potential of
SRI per se, but rather a study to determine how far intercropping can contribute to make
the SRI method better.

2.2. Data Collection

The data on the reported parameters of weed density, plant height, tiller number,
panicle length, and spikelet number per panicle were collected manually after 120 days
after transplantation, which corresponds to the ripening stage of the rice crop. Work-hours
were recorded during the course of the experiments. The occurrence of rice blast was
recorded on the basis of on-farm experiences.

2.3. Laboratory Analysis

The chlorophyll content was measured following the method described by Arnon [51]
used by Doni et al. [49,52]. The chlorophyll content in leaves was measured at different
growth stages, i.e., at the seedling stage and then at different days after transplantation,
using the following formulae:

CChl-a = 12.7 A663 − 2.69 A645; CChl-b = 22.9 A645 − 4.68 A663

where A663 and A645 are the values of absorbance of the solution at wavelengths of 663 nm
and 645 nm, respectively. The solution was prepared by cutting leaves into fine pieces and
placing 0.1 g of the same pieces into a test-tube to which 20 mL of 80% acetone was added.
This solution was kept in the dark for 48 h for incubation, and afterwards, it was analysed
with a spectrophotometer.
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Nutrient uptake in the plants was measured at the maturity stage (120 days). Rice
plants were washed with water after harvesting and were allowed to dry, covered in paper
bags at 65 ◦C for 7 days. A mixture of all plant parts was then ground up to pass through
a 1 mm sieve. This ground mixture was then analysed for NPK content. Nitrogen was
measured by the Kjeldahl method, phosphorus by cuvette test (Hach Lange LCK350), and
potassium by the reflectometer method (Merck Reflectoquant RQflex 10 Reflectometer).
Nitrogen content was also measured by a cuvette test (Hach Lange LCK138) and was found
to be the same as the value determined using the Kjeldahl method.

2.4. Statistical Analysis

The statistical analysis for ANOVA (Analysis of Variance) was performed using
Microsoft Excel 2013 (Microsoft Corporation, Redmond, DC, USA, https://www.microsoft.
com/ Last accessed on: 19 May 2021). The statistical significance level in the ANOVA was
set at p ≤ 0.05. Post hoc analysis of ANOVA was also done using the Tukey–Kramer test
for parameters involving comparisons of three treatments.

3. Results and Discussion

The experiments were carried out over a period of four years (2017–2020), with pot
experiments in 2017–2018 and field experiments in 2019 and 2020. Certain parameters,
like nutrient uptake, chlorophyll content, and tiller number, were measured in the lab
experiments (pot experiments) to establish the proof of concept about any positive effects
intercropping has on the growth of rice under the system of rice intensification (SRI).
These parameters were measured for conventional flooded rice (CFR), SRI, and SRI with
intercropping (SRIBI) in 2017, while in 2018, different intercropping configurations were
compared with SRI. These configurations included I9/SRIBI-9 (intercropping at 9 days after
transplantation, DAT), I35/SRIBI-35 (intercropping at 35 DAT), and IS (strip intercropping
at 9 DAT). In the field experiments, the control SRI treatment was referred to as SRI-w
(weedy control), which was compared to the intercropping treatment (SRIBI). In the pot
experiments, the intercropping treatment (SRIBI) was referred to as SRI+I, while CFR was
referred to as ‘flooded’ treatment. The detailed statistical data about the different measured
parameters is included in Appendix A.

3.1. Field Experiments
3.1.1. Weed Incidence

The growth of weeds was compared in the treatments of SRI-w (weedy-control) and
SRIBI (system of rice intensification with beans intercropping). The number of weed species
found in the two treatments was the same, indicating similar growth conditions for the
weeds. In total, six weed species were found to be present: Echinochloa colona, Cynodon
dactylon, Ammania baccifera, Cyperus iria, Cyperus deformis, and Fimbristylis. However,
the density of weeds was observed to be significantly less in the case of the plots with
intercropping (p ≤ 0.05; p = 0.0048) (Table 2). The mean values of weed density for plots
with and without intercropping were 56 per m2 and 196 per m2, respectively, in 2019, as
can be seen from Figure 1. In 2020, the mean values of weed density of plots with and
without intercropping were 87 and 213, respectively, as shown in Figure 1. On an average,
intercropping led to a decrease in weed incidence by 65% in the field experiments over
two years. A reduction in the weed density under intercropping regimes has previously
been observed in upland rice and dry seeded rice cropping systems [43]. Intercropping of
Sesbania in between the crop rows has been found to increase soil fertility in addition to
suppressing the growth of weeds [41]. Weeds have also been found to be more responsive
to the nitrogen applied to the soil, as a result of which more yield losses and lower values
of crop growth parameters are expected in the presence of weeds [42]. The following
parameters measured in the current study exemplify this effect.
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Table 2. Parameters from ANOVA statistical analysis for weed density comparison.

Weed Density 2019
SRI-w vs. SRIBI

2020
SRI-w vs. SRIBI

p-value F-value Fcritical DF p-value F-value Fcritical DF

0.0048 14.96 5.32 (1,8) 0.0001 51.81 4.74 (1,12)

Figure 1. Weed density in the two SRI-based treatments (SRI-w: SRI weedy control; SRIBI: SRI with beans intercropping)
(Left: 2019; Right: 2020).

The decreased weed incidence under the intercropping regime, as seen in Figure 2,
makes the adoption of SRI as an agroecological methodology easier for the farmers. Weed
infestation is otherwise a main criticism of the SRI methodology and has led to dis-adoption
in some regions. The decreased weed incidence can also decrease the dependence of
smallholder farmers on chemical solutions to tackle weeds. This can, in turn, lead to less
contamination of soil and water which results from excessive use of agrochemicals. The
lower weed incidence also leads to a lower labour requirement, which provides another
incentive to those farmers for whom SRI is otherwise labour-intensive.

(a) (b) 

Figure 2. A comparison of weed infestation: (a) SRI weedy control, SRI-w; (b) SRI with intercropping, SRIBI (2019).
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3.1.2. Plant Growth Parameters
Plant Height

A comparison of the plant height between rice with and without intercropping sug-
gests that the lower weed density had visible effects on the growth of rice under the two
dry rice systems. Rice plants under the intercropping regimen (SRIBI) showed higher plant
height as compared to those without intercropping (SRI-w) (Tables 3 and 4. The mean
values for plant height were 127.50 cm, 119.25 cm, and 125 cm for SRIBI, SRI-w, and CFR,
respectively, at 120 days after transplantation, in 2019 (Table 3). In 2020, the observed
mean values for plant height for CFR, SRI-w, and SRIBI were 101 cm, 104 cm, and 109 cm,
respectively (Table 4). The effect on the plant height due to intercropping was observed
to be significant (p ≤ 0.05; p = 0.05) (Table 5). The maximum and mean heights observed
in the three treatments are shown in Tables 3 and 4. The better plant height and earlier
harvest-readiness in the intercropping treatment can be attributed to nitrogen fixation by
the intercropped legumes as well as the higher availability of applied nitrogen to the rice
crop with lower weed density [41,42].

Table 3. A comparison of plant height parameters observed for the three different treatments (2019).

Index Crop Management System

CFR SRI-w SRIBI

Maximum height (cm) 136 125 148
Mean height (cm) 125 119 128

Table 4. A comparison of plant height parameters observed for the three different treatments (2020).

Index Crop Management System

CFR SRI-w SRIBI

Maximum height (cm) 102 106 112
Mean height (cm) 101 104 109

Table 5. Parameters from ANOVA statistical analysis for plant height comparison.

Plant Height
2019

SRI-w vs. SRIBI
2020

CFR vs. SRI-w vs. SRIBI

p-value F-value Fcritical DF p-value F-value Fcritical DF

0.05 4.50 4.49 (1,14) 0.0001 35.73 3.88 (2,12)

Post hoc analysis

Qcritical AMDCFR/SRI AMDSRI/SRIBI AMDCFR/SRIBI

4.72 3 5.8 8.8

Post hoc tests were also done for plant growth parameters measured in the field
experiments, using the Tukey–Kramer test. The absolute mean difference is used to test the
significance of the difference of means. In case of the observed plant height, the increase
in plant height in SRIBI was found to be statistically significant in comparisons with both
SRI and CFR (Table 5). Here, AMD denotes the absolute mean difference, and its value
should be higher than the critical Q value for the mean differences between two specific
treatments to be deemed significant.

Number of Tillers

The number of tillers was found to be significantly higher in SRI-based management
(p ≤ 0.05; p = 0.0001) (Figure 3, Table 6). This is in line with the comparisons between SRI
and flooded rice systems done in previous studies [27,53]. The higher number of tillers in
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the SRI method has been attributed to the synergetic development of roots and tillers [54].
Tillering ability of rice has been directly associated with the rice grain yield, as the panicle
number per hill is directly proportional to the total number of tillers, irrespective of whether
the tillers are productive or unproductive [55]. In 2019, the mean number of tillers in SRIBI
was found to be 26, while it was 9.5 for conventional flooded rice (CFR), visualized in
Figure 3A comparison of the number of tillers in SRI, SRI with intercropping, and CFR, as
observed in the field experiments in 2020, is also shown. For the 2020 data, a comparison
of the means of all the three treatments revealed that the increase in the tiller number in the
case of SRIBI was more significant than that observed in case of SRI treatment (Table 6).

 
Figure 3. Mean number of tillers in the intercropping treatment and the conventional rice treatment (Left: 2019; Right: 2020).

Table 6. Parameters from ANOVA statistical analysis for tiller number comparison.

Tiller Number
2019

SRI-w vs. SRIBI
2020

CFR vs. SRI-w vs. SRIBI

p-value F-value Fcritical DF p-value F-value Fcritical DF

0.0001 32.49 4.75 (1,12) 0.0001 160 3.56 (2,18)

Post hoc analysis

Qcritical AMDCFR/SRI AMDSRI/SRIBI AMDCFR/SRIBI

8.12 17.86 4.14 22

Panicle Length

Notwithstanding a higher number of tillers and, by extension, a higher number of
panicles [55], in order to quantify the effects of intercropping on the yield, a comparison
of the panicle length was done for all three treatments, flooded rice, SRI-w, and SRI with
beans intercropping (SRIBI) (Figure 4). The difference among the three treatments was
found to be statistically insignificant (p > 0.05; p = 0.065), indicating that the yield potential
of rice was not negatively affected by either SRI or intercropping (Table 7). However, since
the number of tillers and panicles in SRI-based management was multiple times higher, it
was expected to translate to higher yields, as reported in other studies [55].
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Figure 4. Averagepanicle length of the different treatments as observed in field experiments (Left: 2019; Right: 2020).

Table 7. Parameters from ANOVA statistical analysis for panicle length comparison.

Panicle Length
2019

SRI-w vs. SRIBI
2020

CFR vs. SRI-w vs. SRIBI

p-value F-value Fcritical DF p-value F-value Fcritical DF

0.0649 3.12 3.35 (2,7) 0.0001 85 3.56 (2,18)

Post hoc analysis

Qcritical AMDCFR/SRI AMDSRI/SRIBI AMDCFR/SRIBI

0.89 3.93 2 5.93

There was a significant increase in this yield parameter, observed in the field experi-
ments in 2020. In the case of panicle length as well, the increase in the case of SRIBI was
found to statistically more significant (with a higher absolute mean difference) as compared
to the increase in the case of SRI (Table 7). The difference of the means between SRIBI and
SRI was also found to be significant.

Spikelet Number Per Panicle

Intercropping was found to have a positive effect on another yield parameter that was
observed in the studies, the spikelet number per panicle (SNPP). The SNPP was found
to be significantly higher in the case of rice under intercropping (p ≤ 0.05; p = 0.0001).
The average SNPP of rice with intercropping and without intercropping was observed
as 142 and 95 in 2019 and 161 and 140 in 2020, respectively (Figure 5). When compared
with the CFR treatment, the statistical significance of the SNPP in the case of SRIBI was
observed to be higher as compared to that in SRI, based on the Tukey–Kramer post hoc test
(Table 8). Additionally, the rice plots under the intercropping regimen were observed to be
harvest-ready earlier than the plots without intercropping. In this regard, it is pertinent to
report the chlorophyll content of the rice plant leaves that was measured under controlled
conditions in greenhouse experiments in the next section. The SNPP has been associated
with the soil microbial composition [56], indicating that intercropping might have modified
the soil microbial composition, leading to an increase in the SNPP. Changes in soil bacterial
communities favourable to rice yield have also been confirmed with other changes in the
rice cropping system, such as double-season rice cropping [57].
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Figure 5. The spikelet number per panicle (SNPP) observed in the field experiments (Left: 2019; Right: 2020).

Table 8. Parameters from ANOVA statistical analysis for spikelet number (SNPP) comparison.

SNPP
2019

SRI-w vs. SRIBI
2020

CFR vs. SRI-w vs. SRIBI

p-value F-value Fcritical DF p-value F-value Fcritical DF

0.0001 25.31 4.49 (1,16) 0.0001 329.80 3.40 (2,24)

Post hoc analysis

Qcritical AMDCFR/SRI AMDSRI/SRIBI AMDCFR/SRIBI

70.46 70.55 18.11 88.66

Filled Grains Per Panicle

The number of filled grains per panicle was counted for the three different treatments,
and intercropping was found to have a positive effect on this parameter, as can be seen
in Figure 6. The differences in this parameter are statistically significant in both SRI and
SRIBI, as compared to CFR. However, the level of significance was higher in case of SRIBI,
as can be seen from the AMD (absolute mean difference) (Table 9).

Table 9. Parameters from ANOVA statistical analysis for filled grains per panicle (FGPP) comparison.

Grains Per Panicle CFR vs. SRI-w vs. SRIBI

p-value F-value Fcritical DF

0.0001 383 3.47 (2,21)

Post hoc analysis

Qcritical AMDCFR/SRI AMDSRI/SRIBI AMDCFR/SRIBI

65.43 73.5 21.625 95.125
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Figure 6. Grains per panicle observed in the different treatments (2020).

3.1.3. Rice Yield and Fodder Yield
Rice Yield

Based on the improvement in the plant growth parameters discussed in the previous
sections, a higher grain yield was expected under SRIBI management. This was evident
from the yields reported from the farmers’ fields. The total yield measured in the field exper-
iments of the year 2019 was higher under the SRIBI regime than the conventional flooded
rice by 15–20%, and in 2020, it was found to be 33% higher under the SRI intercropping
regimen as compared to the conventional flooded rice cultivation (Figure 7).

Figure 7. Yield observed in the different treatments (Left: 2019; Right: 2020).

Fodder Units

Rice husk is used either as fodder or as a filling material for horticultural practices
and hence, has a significant economic value for the farmers. In 2019, the number of fodder
units in CFR was found to be 90, while in case of SRI with intercropping, it was found
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to be 140. Similarly, in 2020, the number of fodder units under intercropping SRI was
found to be 160 (Figure 8). Hence, the trend in the case of rice husk biomass was similar
to the grain yield. This can be attributed to the higher number of tillers in the case of SRI
management practices.

Figure 8. Number of fodder units observed in the different treatments (Left: 2019; Right: 2020).

A marked improvement was observed in different plant growth and yield parameters
due to SRI and intercropping in comparison to the conventional flooded rice cultivation
method. This indicates the potential of these methodologies in improving the yield of rice
farming systems, which can result in improvements in the food security scenario and the
socio-economic condition of rice farmers.

3.1.4. Economic Balance
Work-Hours

With respect to the other main criticism of the SRI methodology, which is that it leads
to an increase in work-hour requirements due to the need of manually operated weeding,
the intercropping regimen was beneficial. It was observed that for 1 kanal (0.05 ha) of
land, 1 h of time was required for one round of weeding, which translates to 20 extra
work-hours per hectare of land, per weeding. With the standard of 4 weedings per cycle
of rice production in SRI, this translates to 80 work-hours per hectare. Assuming that
intercropping is done after the first weeding, as was done in the current study, this can
lead to savings of 75% of the extra work-hours required by SRI, which is 60 work-hours
per hectare. This is a conservative estimate, given that higher work-hour requirements for
weeding, of up to 160 work-hours per hectare per cycle of rice production under SRI-based
rice farming techniques, have been reported. Thus, the work-hour savings could be even
higher, depending on the stage of adoption of the SRI method [32].

Economic Balance Sheet

The economic balance of the new rice farming system with beans as the intercrop, as
seen from the field experiments, is presented in Table 10. The increase in the net earnings of
farmers was observed to be 57%. This was accompanied by an increase of 41% in the input
costs with a corresponding increase of 51% in the output benefits. The cost of compost
constituted 63% of the input costs, and this points to the potential of decreasing the inputs
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costs even further through local production of compost (Table 10). In this case, the net
earnings would be more than double compared to the conventional rice farming system.

Table 10. Economic balance sheet of the innovations implemented during the course of research.

Input Quantity (per ha) Cost (INR) Output
Quantity
(per ha)

Benefit
(INR)

Earnings
(INR)

Increase
(%)

CFR

Seeds 400 kg 6000 Rice 5600 kg 84,000

Manure 0.33 trolley 20,000 Fodder
(Rice Straw) 1800 units 72,000

Fertilizer 300 kg 6666

Pesticides n.d. 4000

Labour for
weeding 80 work hours 5000

Labour for
irrigation 200 work hours 12,500

Total cost 54,166 Total benefit 156,000 101,834

SRIBI

Seeds 40 kg 600 Rice 7200 kg 108,000

Manure 0.33 trolley 20,000 Fodder
(Rice Straw) 3200 units 128,000

Compost 6000 kg 48,000

Intercrop Seeds 2 kg 400

Labour for
weeding 10 work hours 660

Labour for
watering 100 work hours 6260

Total cost 75,920 Total benefit 236,000 160,080 57.20

Disease Incidence in Mushkibudij (Mushk Budji) Rice Landrace

The study experiments were conducted with a local heritage aromatic rice landrace
known as Mushkibudij. This landrace of rice was revived by the local agricultural university
and has been reported to be susceptible to rice blast that is the most widely occurring
disease in rice, which has led to huge losses in yield, of up to 70% [58–60]. This leads to
huge losses for the farmers while also increasing the input costs in the form of insecticide
sprays. However, in the case of current experiments, the incidence of rice blast was not
observed in any of the plots grown under SRI and SRIBI. The wider spacing between rice
plants under SRI management system could be one of the factors behind this decreased
incidence of disease [61,62]. This could form a basis for further research in this direction.

3.2. Pot Experiments

Pot experiments were conducted to establish the proof of concept about the positive
effect of intercropping under the system of rice intensification on rice crop. The following
parameters were measured.

3.2.1. Nutrient Uptake

The rice plants were analysed for nutrient uptake in the pot experiments performed
at the greenhouse level. The content of the three essential nutrients, nitrogen (Figure 9),
potassium (Figure 10), and phosphorous (Figure 11), was found to be higher in the case of
SRI with intercropping as compared to the treatment without intercropping.
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Figure 9. Nitrogen uptake as measured in the different treatments. Conventional flooded rice (CFR), SRI, and SRI with
intercropping (SRI+I or SRIBI) in 2017 (Left). SRI and three different intercropping configurations in 2018 (Right).

Figure 10. Potassium uptake as measured in the different treatments. Conventional flooded rice (CFR), SRI, and SRI with
intercropping (SRI+I or SRIBI) in 2017 (Left). SRI and three different intercropping configurations in 2018 (Right).
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Figure 11. Phosphorous uptake as measured in the different treatments. Conventional flooded rice (CFR), SRI, and SRI with
intercropping (SRI+I or SRIBI) in 2017 (Left). SRI and three different intercropping configurations in 2018 (Right).

As a general trend, the uptake of essential nutrients, nitrogen, phosphorous, and potas-
sium, was found to be higher with intercropping as compared to the control SRI treatment.

3.2.2. Chlorophyll Content

A significant difference was observed in the Chlorophyll-a and Chlorophyll-b content
of the rice plants grown under SRI and SRIBI (p ≤ 0.05). A higher chlorophyll content in
SRI as compared to the conventional flooded rice (CFR) has also been reported in previous
studies [63]. While the mean value of Chlorophyll-a was 9.3 for CFR and SRI, it was 13.2
for SRIBI (SRI+I), which was significantly higher (p = 0.05) than that of SRI (9.2) (Figure 12).
On the other hand, the mean value of Chlorophyll-b was 3.0 for CFR, while it was 4.1 for
SRIBI, which was significantly higher (p = 0.035) than that of SRI (2.9) (Figure 13) (Table 11).

Figure 12. Comparison of chlorophyll-a content between the different treatments (Left: 2017; Right: 2018).

296



Agronomy 2021, 11, 1010

 
Figure 13. Comparison of chlorophyll-b content between the different treatments (Left: 2017; Right: 2018).

Table 11. Parameters from ANOVA statistical analysis for chlorophyll content comparison.

Chlorophyll
Content

Chlorophyll-a
SRI vs. SRIBI

Chlorophyll-b
SRI vs. SRIBI

p-value F-value Fcritical DF p-value F-value Fcritical DF

0.05 7.39 7.70 (1,4) 0.035 9.87 7.71 (1,4)

Chlorophyll content was also measured in three different intercropping treatments,
I9 (intercropping at 9 days after transplantation), I35 (intercropping at 35 days after trans-
plantation), and IS (strip intercropping). The chlorophyll content in the three different
intercropping treatments (I9, I35, IS) was not found to be statistically significantly different
from each other (p > 0.05; p = 0.1153, p = 0.1524) (Figures 12 and 13). This indicates that
while intercropping had an effect on the chlorophyll content of the rice plant, the time and
spatial differences in intercropping did not have a significant effect.

A progressive decrease in the chlorophyll content in rice has been associated with the
ripening of the rice plants [53,56]. This decrease in chlorophyll content was associated with
senescence of the rice plants, which has been found to occur earlier in flooded rice than
in the SRI-based techniques [53,56]. A higher chlorophyll content in the leaves has been
linked to a higher photosynthesis rate and root activity [63].

3.2.3. Tiller Number

In pot experiments, the number of tillers was found to be the highest in the case of
SRI with intercropping, followed by SRI. The conventional flooded rice (CFR) treatment
had the lowest number of tillers (Figure 14).

The parameters measured in the pot experiments described above provided the
required proof of concept to perform the intercropping experiments at the field level. The
results of the field experiments conclusively indicated the potential of the intercropping
innovation in making rice farming a socially and ecologically sustainable agricultural
production system.
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Figure 14. Comparison of the highest number of tillers observed in different phonological stages in
the three different treatments: CFR, conventional flooded rice; SRI; SRI+I (SRIBI).

4. Conclusions

The results of experiments carried out at the lab scale in greenhouse (pot experiments)
provided the proof of concept about the value addition that intercropping could provide in
rice cultivation under the System of Rice Intensification (SRI). The results from the field
experiments in 2019 and 2020 concurred with the findings of the pot experiments carried
out from 2017 to 2018. The findings show that intercropping beans in the inter-row space
in rice planted under the SRI management system provides value addition to the farmers,
mainly visible in the form of reduced work hours and increased yields.

This study provided further clarity that SRI-based rice cultivation can be more pro-
ductive and beneficial for farmers, while at the same time presenting SRIBI as an improved
agroecological developmental stage of SRI. Intercropping serves to address two oft-cited
criticisms of SRI, weed infestation and increased labour requirement, which have been
linked to its dis-adoption. The improvements resulting from intercropping observed in
this study include a clear reduction in weed infestation, higher nutrient uptake, improved
plant growth characteristics, and better yield parameters. These improvements have the
potential to control the overuse of pesticides in rice farming, which has been linked to
human and planetary health concerns.

These improvements highlight the potential of such agroecological interventions to
improve the socio-economic condition of rice farmers significantly, especially smallholder
and subsistence farmers who otherwise depend on various agrochemical inputs. Intercrop-
ping legumes with rice can also lead to a diversification of farmers’ incomes as well as
their diets. This can have positive implications on the livelihood and food security scenario
given that rice is a staple for more than half of the world’s population.
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Appendix A

Table A1. Different Statistical Data about the Different Measured Parameters.

Mean Standard Deviation Standard Error

CFR SRI SRIBI CFR SRI SRIBI CFR SRI SRIBI

Plant height
(Field 2020) 101 104 109 1.14 1.95 1.82 0.51 0.87 0.81

Plant height
(Field 2019) 125 119 128 4.88 4.59 9.56 1.47 1.38 3.38

Panicle length
(Field 2020) 18 22 24 0.65 1.17 0.67 0.24 0.44 0.25

Panicle length
(Field 2019) 24 22 22 0.81 2.03 1.05 0.25 0.64 0.34

Tiller Number
(Field 2020) 12 30 34 1.72 2.82 2.64 0.65 1.07 0.99

Tiller Number
(Field 2019) 9.5 n.a. 26.33 2.15 n.a. 7.45 0.81 n.a. 2.82

SNPP
(Field 2020) 70 140 161 3.27 8.13 7.78 1.09 2.71 2.59

SNPP
(Field 2019) n.a. 95 142 n.a. 20.12 19.79 n.a. 6.70 6.59

FGPP
(Field 2020) 52 126 148 6.04 4.10 9.55 2.01 1.36 3.18

Chlorophyll-A 9.3 9.2 13.2 0.9 2.2 1.3 0.5 1.3 0.8

Chlorophyll-B 3.0 2.8 4.1 0.3 0.6 0.3 0.2 0.4 0.2

N-content 0.58 0.64 0.69 0.10 0.10 0.08 0.06 0.04 0.03

P-content 0.22 0.25 0.33 0.01 0.04 0.05 0.003 0.02 0.02

K-content 2.83 2.43 2.75 0.15 0.08 0.07 0.09 0.04 0.03
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Abstract: Increasing production costs for rice monoculture and concerns about farming households’
food security have motivated farmers to adopt integrated rice–fish farming. To date, there has been
little research that comparatively assesses the ecosystem services (ESVs) of both rice–fish co-culture
and the rice monoculture system in Thailand. Therefore, this study aims to estimate the ESV values
of these systems based on the Millennium Ecosystem Assessment. A total of 19 rice–fish co-culture
farms were investigated, covering three regions of Thailand (northern, northeastern, and central
regions) and consisting of 13 sub-districts, 13 districts, and 11 provinces. For a fair comparison,
19 conventional rice farms were selected as comparison sites. Rice–fish co-culture had a higher
net ESV value of 48,450,968.4 THB ha−1 year−1 than rice monoculture with a net ESV value of
42,422,598.5 THB ha−1 year−1. Rice–fish co-culture generated average economic values 25.40% higher
than in rice monoculture farming. The most positive change in ESV was found in the regulation of
temperature and humidity, with 3,160,862.9 THB ha−1 year−1. Moreover, agrotourism can generate
revenue and increase the ESV in rice–fish co-culture. Our findings showed that rice–fish co-culture
gives more economic and ecological benefits compared to the rice monoculture system. Further
studies are recommended to explore and analyze the potential advantages of the rice–fish system in
more detail.

Keywords: ecosystem services; rice–fish co-culture; rice monoculture; Thailand

1. Introduction

Rice is the primary source of nutrition for approximately two-thirds of the world’s
population [1], which accounts for up to 75% of the daily calorie intake of people in some
Asian countries [2]. It is projected that the world population will require 560 million tons of
rice by 2035, which increased to around 120 million tons after 2010 [3]. With 11.17 million
harvesting hectares, 21.3 million tons of rice were produced in the crop year 2020/2021,
making Thailand the world’s 6th largest rice producer after China, India, Bangladesh,
Indonesia, and Vietnam [4]. However, future food security and the precarious livelihood of
poor people are great challenges for rice farming.

The rice–fish co-culture system is a solution to improve the functioning of ecosystems
and alleviate farmers’ poverty in many locations [5]. Rice yields from modern monoculture
rice are not realistically sustainable due to falling yields from reduced soil fertility and
pest problems [6], and the detrimental environmental effects of intense fertilization and
pesticide use have now been properly addressed. According to previous studies, the rice–
fish co-culture system can efficiently reduce the use of pesticides and herbicides [7], as well
as the amount of nitrogen consumed and absorbed by rice plants and fish [8–10]. Despite
the environmental benefits of the rice–fish co-culture system, their adoption is extremely
low. In Asian countries, e.g., Bangladesh [11], China [8], Malaysia [12], and Vietnam [13],
the adoption rate is only marginally greater than 1% [5].

Integrated rice and fish farming has been conducted in Thailand for more than
200 years [13]. Capturing wild fish seed for stocking rice fields was necessary in the
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beginning. The Department of Fisheries (DOF) began to promote rice–fish production
in the 1940s by providing fish seed and improving technology. The central plains saw a
boom in rice–fish farming, with fish yields ranging from 137 to 304 kg ha−1 crop−1 [13].
Rice yields increased by 25 to 30% in fields that included fish. In the 1970s, however, the
introduction of high-yielding rice varieties, as well as increasing fertilizer and pesticide ap-
plications, led to the near collapse of rice–fish farming in Thailand’s central plains. Farmers
had two options: separate their rice and fish operations or stop raising fish [13]. Currently,
increasing production costs for rice cultivation (e.g., chemical fertilizers, insecticides, and
herbicides) and concern for farming households’ food security have motivated farmers
to adopt integrated rice–fish farming due to its lower cost, higher economic returns, and
additional food source. However, the number of rice–fish farms in Thailand remains
low. Furthermore, integrated rice and fish farming is an organic agriculture system that
the Thai government initially practiced in the 1980s. It has been promoted to persuade
and subsidize farmers to adopt organic farming based on the philosophy of the late King
Bhumibol Adulyadej as “sufficiency economy”. There were only 2500 organic farmers in
2003, and this number increased to 44,418 organic farmers in 2019 [14,15], which accounted
for only 0.003% of the total farmers in Thailand [16]. To increase the number of organic
farmers, proactive policies need to be focused specifically on rice–fish co-culture farming;
thus, comprehensive research is required.

To comprehensively understand the ecological and economic benefits, ecosystem
services (ESVs) are widely considered appropriate quantitative and qualitative assessment
methods. Following the Millennium Ecosystem Assessment, ESVs are defined as “the
benefits people obtain from ecosystems” [17]. ESVs are classified into four types, namely
cultural, provisioning, regulating, and supporting services [18], which connect ecological
and sociological values for policy implications and decision making. ESVs are widely used
and have achieved scientific results in rice–fish farming [8,19–22]. To date, there has been
little research that comparatively assesses the rice–fish co-culture and rice monoculture
systems in Thailand. Therefore, the objective of this study was to determine the ESV values
of rice–fish co-culture and rice monoculture (conventional rice farming) in Thailand and
to propose policy implications based on key findings to support government policy and
decision making.

2. Materials and Methods

2.1. Study Sites and Description

The number of rice–fish co-culture farms in Thailand is very small, and there is no
official record of the location and number of rice–fish co-culture farms. Thus, a purposive
sampling method was used to select the farms. There were two criteria for rice–fish co-
culture farm selection in this study: (1) the rice–fish co-culture farm must practice organic
rice farming and feed fish in the paddy fields without using any chemical substances,
and (2) the rice–fish co-culture farm must have practiced rice–fish co-culture for at least
2 years. Based on our survey in the crop years 2020 and 2021, 19 rice–fish co-culture farms
were selected, and the data investigated. These farms covered three regions of Thailand
(northern, northeastern, and central regions), consisting of 13 sub-districts, 13 districts, and
11 provinces (Table 1). For a fair comparison, 19 conventional rice farms were selected as
comparison sites. These conventional rice farms were located near the rice–fish co-culture
farms in each sub-district to avoid variations in soil texture, microclimate, and irrigation
conditions (Table 1).
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2.2. Rice–Fish Co-Culture and Conventional Rice Systems
2.2.1. Rice–Fish Co-Culture System

Based on the 19 rice–fish co-culture farms in this study, two field types of rice–fish
co-culture were identified, namely the canal refuge (Figure 1a) and pond refuge (Figure 1b).
‘Khao Dawk Mali 105’ (KDML 105), ‘RD 6’, and ‘San Pah Tawng 1’ varieties were found to be
grown in paddy fields once a year. The transplanting method was used for planting, while
harvesting was done by hand. The main species of farmed fish raised in the paddy fields
were Nile tilapia (Oreochromis niloticus), Common snakehead (Channa striata), Common
carp (Cyprinus carpio), Common silver barb (Barbonymus gonionotus), Mrigal carp (Cirrhinus
cirrhosus), Seven-stripped carp (Probarbus jullieni), and Walking catfish (Clarias batrachus
(Linnaeus)). Organic materials (rice husk, rice bran, pig manure, cattle manure, poultry
manure, fruits and vegetables) were applied in the paddy fields to provide nutrients for
rice and food for the fish.

Figure 1. Rice–fish co-culture field type: (a) canal refuge and (b) pond refuge. Note: The refuges in
our study sites were heterogeneous in size (depth and width).

2.2.2. Conventional Rice System

For a fair comparison, rice cultivation farms were chosen once a year. ‘KDML 105’,
‘San Pah Tawng ‘1, ‘RD 6’, ‘RD 41’, ‘RD 57’, ‘RD 79’, and ‘RD 85’ varieties were grown on
these farms. Chemical fertilizers (16-20-0, 46-0-0, 16-16-8, 16-8-8, and 15-15-15), insecticides,
and herbicides were applied to enhance rice plant growth. Transplanting and broadcasting
methods were found for conventional rice systems, depending on water availability. The
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broadcasting method is commonly used for areas subject to water shortages. A harvesting
machine is usually used for harvesting.

2.3. Data Collection

Data on farm management practices in the two crop years (2019/2020 and 2020/2021)
were collected from the owners of the rice–fish co-culture and conventional rice farms. The
quantitative data were recorded from each farm, including rice field area, rice yield, fish
yield, height of field ridge, volume of circular furrow, number of days of flooding in the
field, annual irrigation volume, total number of tourists, and residence time. Moreover, the
unit prices of rice, fish, and pesticides, reservoir engineering fee usage, water supply, and
money received from tourism were recorded.

2.4. Ecosystem Service Value Evaluation Method

The Common International Classification for Ecosystem Services (CICES) version
5.1 (2018) was used [23] in this study. Based on the definition of ecosystem services in
CICES version 5.1 (2018), Liu et al. [21] and Liu et al. [24] designed 23 ESV indicators and
3 sections (provisioning, regulation and maintenance, and cultural) (Table 2). Due to the
lack of relevant studies in Thailand and limited data availability, 13 of the 23 indicators
were applied in this study (Table 2).

Following The Economics of Ecosystems and Biodiversity (TEEB) method [25,26],
three categories were widely used to express the ESVs in monetary units: the direct market
method, equivalent factor method, and replacement costs method [27]. In this study,
the direct market method was used to evaluate the “provisioning services”, while the
simulated market method was used to estimate the “development of tourism”. Finally, the
other ecosystem services were assessed based on the alternative market method. Based on
Liu et al. [24], the formulas for calculating ESVs are presented below.

2.4.1. Provisioning Services

Rice and fish generate income for farmers depending on the yield and market prices.

V1 = (Yrice × Price) + (Yfish × Pfish)

where V1 is the total income of primary products from paddy fields (THB ha−1 year−1);
Yrice is rice yield (ton ha−1); Price is the price of rice (THB ton−1 year−1); Yfish is the yield of
fish (ton); and Pfish is the price of fish (THB ton−1 year−1).

2.4.2. Gas Regulation

Rice farming regulates gases in the atmosphere by absorbing CO2 and releasing O2
through photosynthesis.

V2 = ECO2 + EO2

ECO2 = YNrice × α × CCO2 × CSTR

EO2 = YNrice × ϕ × Ocost

YNrice = Yrice × (1 − m)/β

where V2 is the value of gas regulation from paddy fields (THB ha−1), ECO2 is the value
of CO2 fixed by rice (THB), YNrice is the net rice yield (ton ha−1), α is the amount of CO2
fixed for 1 g of rice dry matter (1.63 g [24]), CCO2 is the carbon content in CO2 (27.27% [24]),
CSTR is the Swedish carbon tax rate (133.26 USD ton−1 CO2 on 1 November 2020 [28]), EO2

is the value of rice-released O2 (THB), ϕ is the amount of O2 produced for 1 g of rice dry
matter (1.19 g [24]), Ocost is the cost of industrial oxygen production (2092 THB ton−1 O2,
converted from Xu et al. [22]), Yrice is rice yield (ton ha−1), m is the moisture content of rice,
and β is economic coefficient of rice (0.5 [24]).
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2.4.3. Temperature and Humidity Regulation

Crop evapotranspiration and water evaporation in paddy fields can regulate heat and
humidity in surrounding areas.

V3 = WEV × HDS × η × PCoal

where V3 is the value of temperature and humidity regulation from paddy fields (THB
ha−1), WEV is the average daily water evaporation in the rice field (4.4 mm day−1, generated
using the CROPWAT 8.0 model), HDS is the number of hot days in summer in the study
area (days; obtained from the Thai Meteorological Department), η is the heat consumption
for evaporating 50 mm of water in 1 ha of rice field (equal to burning 30.57 tons of coal) [24],
and PCoal is the price of standard coal (THB ton−1).

2.4.4. Air Purification

Rice field ecosystems can purify the air by absorbing harmful gases (e.g., SO2, NOx,
HF, and dust) in the atmosphere.

V4 = (ASO2 × PSO2 ) + (ANOX × PNOX ) + (AHF × PHF) + (AD × PD)

where V4 is the value of air purification from paddy fields, ASO2, ANOX, AHF, and AD are
the average annual flux (kg) of SO2, NOx, HF, and dust absorbed by the paddy fields,
respectively. Based on Ma et al. [29], the average annual flux of SO2, NOx, HF, and dust was
45.0, 33.3, 0.57, and 33,200 kg ha−1 year−1, respectively. PSO2 , PNOX , PHF, and PD are the
costs of SO2, NOx, HF, and dust in the rice field, respectively (THB kg−1). In this study, the
costs of SO2, NOx, HF, and dust in the rice field were 7.53, 3.97, 4.34, and 0.94 THB kg−1,
respectively, which were converted from Ma et al. [29].

2.4.5. Pest Control

Fish can help reduce the weeds and pests in paddy fields by consuming them, resulting
in a reduced demand for pesticides and herbicides.

V5 = Pp × R

where V5 is the value of pest control from paddy fields (THB ha−1 year−1); Pp is the average
pesticide cost for the rice monoculture system (THB ha−1 year−1); and R is the percentage
of reduction in pesticide use for rice–fish co-culture.

2.4.6. Increase in Fauna Diversity and Microorganisms

Fish can control weeds and pests, which helps reduce the use of herbicides, pesticides,
and chemical fertilizers, leading to increased species diversity.

V6 = τ × VP

where V6 is the value of increase of fauna diversity and microorganisms from paddy fields
(THB ha−1 year−1), τ is the value-equivalent factor of the rice field ecosystem (0.21, [30]),
and VP is the equivalent product provisioning service (THB ha−1 year−1).

2.4.7. Maintaining Soil Nutrients

Paddy fields are sources of GHG emissions, especially CO2 and CH4, whereas rice
fields are sink pools of carbon through soil carbon sequestration.

V7 = POM × (INOM − OUOM)

INOM = (Nr × Cr) + (Ns × 11% × Cs)

OUOM = (RCO2 × 0.27) + (RCH4 × 0.75)
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where V7 is the value of maintaining soil nutrient value from paddy fields (THB ha−1 year−1);
POM is the price of organic materials (7.69 THB kg−1 C, converted from Liu et al. [24]); INOM
is the organic matter input from soil (kg C ha−1 year−1); OUOM is the output amount
of soil organic matter (kg C ha−1 year−1); RCO2 is the amount of CO2 emissions from
rice fields (2123.63 kg ha−1 year−1, [24]); RCH4 is the amount of CH4 emissions from rice
fields (29.64 kg ha−1 year−1, [24]); the constant values of 0.27 and 0.75 are the conversion
coefficients of CO2 and CH4 into carbon, respectively; Nr and Ns are the biomass of the rice
root system and straw (kg ha−1 year−1), respectively; and Cr and Cs are the carbon content
of the rice root system and straw (%), respectively.

In this study, a quadrat (1 m × 1 m) was used to randomly collect rice straw and rice
roots with three replications from each field. Rice straw and rice roots were separated in the
field and then put into plastic bags for laboratory analysis. The dry mass of rice straw and
rice roots were determined after oven drying at 80 ◦C for 48 h. According to Ma et al. [31],
the carbon content in rice straw and rice roots in this study was assumed to be 43.26% and
38.20%, respectively.

2.4.8. Water Conditions

Rice cultivation requires large amounts of water, mainly from rainfall, surface water,
and groundwater. Moreover, paddy fields can provide water storage by storing rainwater
on the surface and maintaining groundwater.

V8 = EWS + EGW

EWS = (HR + VCF/A) × PRE

EGW = SWP × PWT × DFL

where V8 is the value of water conditions from paddy fields (THB ha−1 year−1), EWS is
the value of the water storage function of the rice system (THB ha−1 year−1), EGW is the
value of groundwater conservation (THB), HR is the average height of the field ridge,
VCF is the volume of a circular furrow, A is the area of the rice field, PRE is the unit price
of the reservoir engineering fee usage (THB m−3), SWP is the soil water permeability in
the rice field (6 mm, [24]), PWT is the market price of water (THB m−3, obtained from
Provincial Waterworks Authority), and DFL is the average days of flooding in the rice
growing period (days).

2.4.9. Energy Losses for Irrigation

During the rice-growing period, maintaining the water level in the paddy field is very
important, especially in rice–fish co-culture systems. However, water from rainfall may
not be sufficient for rice cultivation throughout the growing period. Therefore, energy is
required for pumping and lifting irrigation water from irrigation canals and groundwater.

V9 = EIRR × PWS

where V9 is the value of energy losses from paddy fields (THB ha−1 year−1), EIRR is the
average annual irrigation per area (m3 ha−1 year−1), and PWS is the cost of the water supply
in lifting irrigation (THB m−3).
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2.4.10. Development of Tourism

Paddy fields can serve as tourist attractions, enhancing the added value. The rice–fish
co-culture system is a magnet used to attract visitors for relaxation and learning about
rice–fish co-culture.

V10 = PTC × NTR × T

where V10 is the value of tourism development (THB ha−1 year−1), PTC is the amount of
money from tourism consumption (THB person−1), NTR is the total number of tourists
(person), and T is residence time.

3. Results

3.1. Farm Investigation
3.1.1. Rice–Fish Co-Culture Farms

The average height of the field ridge was 150 cm, and the average number of days
of flooding during the rice–fish growing period was 110 days. The area of rice–fish fields
was mostly around 0.15 ha, on average. The water level in rice–fish fields varied by
15–35 cm throughout the rice growing period. The amount of fish was approximately
1875–3125 fish ha−1. One-month-old fish were released into the paddy field 30 days after
rice planting. The water was drained out before rice harvesting at around 7–10 days; most
of the fish escaped to the refuge pond and then were caught using nets after rice harvest.

The average rice yield was 3.6 ton ha−1 year−1, with a range of 2.0 to 4.2 ton ha−1 year−1.
The average moisture content of rice was 14%. The average rice price ranged from 10 to
13 THB kg−1. This is because the rice yield in rice–fish co-culture farms was organic rice,
resulting in a higher price. The average yield of the fish products was 300 kg ha−1, while
the prices of the fish products ranged from 30 to 50 THB kg−1. The average rice straw
biomass was 12,008 kg ha−1, while the average rice root biomass was 2401.6 kg ha−1. The
average rice root carbon content and rice straw carbon content were 37.2% and 42.1%,
respectively. The average number of tourists who visited rice–fish co-culture farms was
53 persons year−1.

3.1.2. Conventional Rice Farms

The average rice yield was 4.7 ton ha−1 year−1, with a range of 3.8 to 5.6 ton ha−1 year−1.
The average moisture content of rice was 18%. The average rice price ranged from 7.5
to 8.0 THB kg−1. The average biomass of the rice straw and rice roots was 1310 and
2135 kg ha−1, respectively. The average rice root carbon content and rice straw carbon
content were 32.1% and 37.4%, respectively.

3.2. Provisioning Services

The basic function of rice–fish co-culture is to provide rice and fish for food and nutri-
tion, while the primary product of the rice monoculture system is rice. In 2020–2021, the
revenue generated by rice–fish co-culture was approximately 50,400 THB ha−1 year−1, on
average. However, the average ecosystem service value of the rice monoculture system
was estimated to be 37,600 THB ha−1 year−1. Notably, ecosystem service values in this cat-
egory increased 12,800 THB ha−1 year−1 annually, as rice–fish culture enhanced ecosystem
services (25.40%) (Table 3). This is because the farmers received income from selling rice
and fish.
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Table 3. Ecosystem service values of rice–fish co-culture and rice monoculture systems during 2020–2021.

Ecosystem Services

Rice-Fish Co-Cultures
(THB ha−1 year−1)

Rice Monoculture System
(THB ha−1 year−1)

Changing of Ecological
Service Values

(THB ha−1 year−1)Mean SD Mean SD

Positive value

Rice and fish provided food
and nutrition 50,400.0 868.8 37,600.0 618.8 12,800.0

CO2 fixation from photosynthesis 358,092.2 139,500.7 456,106.6 90,978.7 −98,014.4

O2 release from photosynthesis 14,697.9 5725.8 18,720.9 3734.2 −4023.0

SO2, NOx, HF, and dust absorbed by
the paddy field 31,681.5 0 31,681.5 0 0

Nutrient cycling and
organic accumulation 23,798,852.3 0 21,678,588.0 0 2,120,264.3
Reduction of GHG emissions

Pesticides and herbicides reduction 937,500.0 0 187,500.0 0 750,000.0

Regulation of temperature
and humidity 23,179,661.4 0 20,018,798.5 0 3,160,862.9

Increase of fauna diversity
and micro-organisms 10,584.0 182.4 7896.0 129.9 2688.0

Increase water storage 16,682.3 6341.9 295.0 6341.9 16,387.3

Groundwater conservation 13,992.0 1017.6 9540.0 1017.6 4452.0

Development of tourism 53,000.0 7000.0 0 0 53,000.0

Sub total 48,465,143.6 - 42,446,726.5 - 6,018,417.2

Negative value

Energy losses in lifting irrigation 14,175.2 1786 24,128.0 2115.0 −9952.8

Sub total 14,175.2 - 24,128.0 - −9952.8

Net value 48,450,968.4 - 42,422,598.5 - 6,028,370.0

3.3. Regulation and Maintenance
3.3.1. Gas Regulation

The mean value of the regulation service for CO2 fixation from photosynthesis was
358,092.2 THB ha−1 year−1 in the co-culture system, whereas the monoculture system
earned 456,106.6 THB ha−1 year−1. The annual decline in ESV can be seen in this regulation
service. The O2 released from photosynthesis in the two systems contributed to 14,697.9
and 18,720.9 THB ha−1 year−1. A decrease of 4023.0 THB ha−1 year−1 per annum was
observed when evaluating the ESV in this service. The paddy fields absorb SO2, NOx, HF,
and dust, and this regulation service generates revenue of 31,681.5 THB ha−1 year−1 in the
co-culture system and 31,681.5 THB ha−1 year−1 in the monoculture system (Table 3).

3.3.2. Nutrient Cycling and Organic Accumulation, and Reduction of GHG Emissions

The calculation of ESV from the ecosystem service related to nutrient cycling, organic
accumulation, and reduction of GHG emissions was 23,798,852.3 THB ha−1 year−1 in co-
culture and 21,678,588.0 THB ha−1 year−1 in monoculture. Remarkably, approximately half
of the total ESV comes from this service in both systems. A significant annual increase in
ESV was also found in this service (Table 3). This is because the biomass and carbon content
in rice straw and roots of the rice–fish co-culture farms were higher than in rice monoculture.
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3.3.3. Pesticide and Herbicide Reduction

Reducing the use of pesticides and herbicides enhances ecosystem services in several
ways. The rice–fish co-culture system obtained an ESV of 937,500.0 THB ha−1 year−1,
while an annual ESV of approximately 187,500.0 THB ha−1 year−1 was received in the rice
monoculture system. Moreover, the increase in ESV in this category was estimated to be
750,000.0 THB ha−1 year−1 (Table 3). Organic rice farming practiced in rice–fish co-culture
does not require the application of chemical substances, leading to lower production costs
and a reduction in environmental pollution.

3.3.4. Regulation of Temperature and Humidity

The valuation of the ecosystem service related to the regulation of temperature and
humidity of rice–fish co-culture and rice monoculture systems resulted in 23,179,661.4 THB
ha−1 year−1 and 20,018,798.5 THB ha−1 year−1, respectively. This service generates nearly
half of the total ESV in both systems. Furthermore, a significant increase in the annual ESV
was notable, as rice–fish culture developed in an area (Table 3).

3.3.5. Increase in Fauna Diversity and Microorganisms

Increasing fauna diversity and microorganisms can improve the performance of ecosys-
tem services. An ESV of 10,584.0 THB ha−1 year−1 was received from the co-culture
and 7896.0 THB ha−1 year−1 from the monoculture. The ESV has risen annually by
2688.0 THB ha−1 year−1 (Table 3). Due to the higher provisioning services in rice–fish
co-culture than rice monoculture, the ESV of fauna diversity and microorganisms increased.
This demonstrates that avoiding the use of pesticides and herbicides can increase biodiver-
sity in paddy fields.

3.3.6. Increase in Water Storage

The rice–fish co-culture system gained 16,682.3 THB ha−1 year−1 from this service,
while the monoculture system earned 6341.9 THB ha−1 year−1. The yearly increase in ESV
was noteworthy (Table 3). Under the rice–fish co-culture system, the value of the water
storage function increased due to the high volume of water stored on the surface, as well as
the long period of flooding during the rice–fish growing period.

3.3.7. Groundwater Conservation

Groundwater conservation in co-culture and monoculture contributes 13,992.0 and
1017.6 THB ha−1 year−1, respectively, with an annual increase of ESV 4452.0 THB ha−1 year−1

(Table 3). A longer period of flooding in rice–fish co-culture fields means that more ground-
water can be stored through percolation and infiltration.

3.3.8. Energy Losses in Lift Irrigation

As a negative ESV, the valuation of energy losses in lifting irrigation was
14,175.2 THB ha−1 year−1 in the co-culture and 2115.0 THB ha−1 year−1 in monoculture. In
this category, an ESV decrease of 9952.8 THB ha−1 year−1 occurred due to the development
of rice–fish culture. Based on the field survey, most farmers used fossil fuel (diesel) for
pumping water into paddy fields, while a few farms installed solar panels and used solar
energy for water management in their fields. Using solar energy can reduce 19.5% of the
energy cost compared with diesel fuel.

3.4. Cultural Services
Development of Tourism

Agrotourism is becoming increasingly popular in rice–fish regions. According to the
farmers who participated in the survey, approximately 53 tourists were attracted by rice–fish
activities in 2020–2021. Each tourist spends one day, and their average expenditure is 1000 THB.
Therefore, the tourism contribution value of the rice–fish system was 53,000.0 THB ha−1 year−1
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(Table 3). Most of the visitors came to see the rice–fish co-culture and gain knowledge and
experiences, and the rest visited to buy organic rice and fish products.

4. Discussion

4.1. Ecosystem Service Value of the Rice–Fish Co-Culture System

Integrated rice and fish have been recommended as a sustainable strategy for improv-
ing soil nutrient status and water resources, which provide carbohydrates and proteins
to humans and reduce environmental pollution [8,32]. Moreover, the rice–fish co-culture
system can alleviate local farmers’ poverty and enhance social welfare [11,33]. When com-
paring the two systems in the current study, the rice–fish co-culture system has a higher
net ESV value of 48,450,968.4 THB ha−1 year−1 (Table 3). In addition, rice–fish co-culture
generated average economic values 25.40% higher than rice monoculture farming (Table 3).
The regulation services that occupied the largest portion of total ESV were nutrient cycling
and organic accumulation, reduction of GHG emissions, and regulation of temperature
and humidity (Figure 2). In contrast, the contributions of the remaining ESVs were not
significant, and only a small portion of the net value was received from these services
(Figure 2). Developing rice–fish co-culture has positive effects on provisioning services, as
co-culture contributes to the increase of ESV in the area. Regarding gas regulation services,
the benefits of the co-culture system cannot be seen in CO2 fixation and O2 release from
photosynthesis. This is because rice yields from rice–fish co-culture farms were mostly
lower than in the rice monoculture system. Furthermore, there was no significant change in
the ESV of the two systems regarding SO2, NOx, HF, and dust absorbed by the paddy field.

The most significant positive change in ESV can be seen in the regulation of temper-
ature and humidity with 3,160,862.9 THB ha−1 year−1 (Table 3). The service related to
nutrient cycling and organic accumulation, and reduction of GHG emissions, takes second
place in contributing to the improvement of ecosystem services (Figure 2). Paddy fields
have the potential to improve soil physical and chemical properties, increase soil organic
carbon, and mitigate CO2 emissions in the atmosphere [21,34,35]. Increasing fauna diver-
sity, microorganisms (bacteria, protozoa, algae, and fungi), and water storage, as well as
groundwater conservation, make minor contributions to the increase in net ESV. These are
in line with the studies of Nayak et al. [36] and Ren et al. [37], who reported that rice–fish
co-cultures maintain the genetic diversity of aquatic organisms in paddy fields due to the
reduction in the use of pesticides, insecticides, and chemical fertilizers. Wan et al. [38]
found that finless eel and loach rice–fish co-cultural practices in China can help reduce
the abundance of pests, leading to lower use of pesticides and a reduction in labor costs.
This is consistent with our study, which found that even though the rice–fish co-cultural
farms in our study areas practiced organic rice farming, the yields of organic rice were high,
and there were fewer pests and diseases as well as weeds. This is because fish excrement
can improve soil nutrients, and fish consume insects in paddy fields, while the water level
can control the abundance of weeds. This is similar to the study of Xie et al. [8], which
found that the level of water in paddy fields can reduce the abundance of rice planthoppers.
Wan et al. [38] also found that the abundance of herbivore insects decreased by 24.07%,
weed abundance was reduced by 67.62%, and invertebrate predator abundance increased
by 19.48%.

Although agrotourism can generate revenue and increase the ESV, its proportion in the
total value is not significant. However, tourists are interested in visiting rice–fish farming
areas but not traditional monocultures. This means that the co-culture system has the
potential to receive a higher ESV from this cultural service. Tourism can have direct benefits
for farmers by creating marketing opportunities to sell their products to tourists [39]
and may provide additional income to farmers from other agricultural activities, such as
developing creative tourism, which provides a true experience of connection for tourists.
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Figure 2. Proportion of service types: (a) rice–fish co-culture system, (b) rice monoculture system.

4.2. Policy Implications

Although integrated rice and fish farming has been practiced in Thailand for a long
time, in recent years, the number of farms has been small, and the trend is declining. This
is due to the intensification and modernization of rice cultivation focusing on maximizing
yield, and urbanization involving converting paddy fields to commercial building and
industrial factories. In addition, the impact of climate change is causing changes to the
seasons and increasing the frequency and intensity of flood and drought events. Based on
in-depth interviews, drought was the main cause of loss of rice and fish yields on farms in
the northeastern region, while flooding caused damage in the northern and central regions.
This indicates that rice–fish co-culture farming answers these challenges in Thailand.

The results demonstrated that rice–fish co-culture provides nutrient cycling and or-
ganic accumulation, reduction of GHG emissions, and regulation of temperature and
humidity for the ecosystem (Table 3 and Figure 2). At the same time, rice–fish co-culture
provides safe foods (rice and fish) and extra income for the farmers’ households, implying
that Thailand has great potential to be a rice–fish co-culture society because rice and fish are
part of the ancestral food culture for Thai people. It is obvious that rice–fish co-culture could
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address more than one sustainable development goal (SDG), such as SDG 2 (zero hunger),
SDG 12 (responsible consumption and production), SDG 13 (climate action), and SDG
14 (life below water). Therefore, policy implications should implement the following
strategies to promote and support rice–fish co-culture: (1) develop innovation for better
irrigation systems to reduce the impact from flood and drought events, (2) support the
quantity of fish seed to increase the number of fish seed survival after release into paddy
fields, (3) promote community learning centers for rice–fish co-culture to establish the
farmer school, (4) strengthen the new innovative technology for pests and diseases control,
(5) work as multi-stakeholders (farmer–officer–businessman–scholar), and (6) develop and
promote the unique selling points of rice–fish co-culture, which are organic rice, organic
fish, and destinations for travel. These strategies can help ensure the sustainability of the
agricultural, environmental, and economic aspects of rice–fish co-culture in Thailand.

5. Conclusions

The rice–fish co-culture system has benefits for sustainability and ecology. At the same
time, it must compete with commercial and advanced agricultural systems. Our findings
showed that the rice–fish system provides more economic and ecological benefits than the
rice monoculture system. The rice–fish co-culture system has a higher net ESV value of
48,450,968.4 THB ha−1 year−1 than rice monoculture (net ESV 42,422,598.5 THB ha−1 year−1),
which generated average economic values 25.40% higher than rice monoculture. The most
positive change in ESV can be seen in the regulation of temperature and humidity, with
3,160,862.9 THB ha−1 year−1. Services related to nutrient cycling and organic accumulation,
and reduction of GHG emissions take second place in contributing to the improvement of
ecosystem services. Further studies are recommended to explore and analyze the potential
advantages of the rice–fish system in more detail.
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Abstract: Decentralized, smart indoor cultivation systems can produce herbs and vegetables for
fresh and healthy daily nutrition of the urban population. This study assesses technical and resource
requirements, productivity, and economic viability of the “Smart Office Farm” (SOF), based on a
5-week production cycle of curled lettuce, lolo rosso, pak choi and basil at three photosynthetic
photon flux density (PPFD) levels using a randomized block design. The total fresh matter yield
of consumable biomass of all crops was 2.5 kg m−2 with operating expenses (without labor costs)
of EUR 53.14 kg−1; more than twice as expensive compared to large-scale vertical farm and open-
field cultivation. However, there is no need to add trade margins and transportation costs. The
electricity supply to SOF is 73%, by far the largest contributor to operational costs of office-based crop
production. Energetic optimizations such as a more homogeneous PPFD distribution at the plant level,
as well as adaptation of light quality and quantity to crop needs can increase the economic viability of
such small indoor farms. With reduced production costs, urban indoor growing systems such as SOF
can become a viable option for supporting fresh and healthy daily nutrition in urban environments.

Keywords: Brassica rapa L. ssp. Chinensis; Lactuca sativa L. var. cerbiata; Lactuca sativa L. var.
Lollo Rosso; leafy greens; Ocimum basilicum L. var. Genovese; PPFD; sustainable intensification;
techno-economic assessment; urban agriculture; indoor farm

1. Introduction

The number of people living on planet earth is expected to rise to 9.7 billion by 2050 [1]
and the growing global population will require about 60% more food from 2007 to 2050 [2].
Additionally, urbanization is transforming our society, since more than half of the world’s
population now lives in cities. This proportion is expected to increase to 68% by 2050 [3].

These figures shape the agricultural sector and the way we feed our cities. To date,
our cities are highly dependent on food imports and linear value chains with food being
imported, consumed and waste moved out. However, sustainable cities need to close the
open-loop system [4] and to design circular and decentralized value chains.

Urban agriculture is becoming increasingly recognized as a viable option to support
global food security in times of climate change, resource constraints and growing food
demand. Highly productive, resource-efficient urban cultivation systems can play a key
role over the next decade in turning cities sustainable [5–7].

As defined by [8] “Most broadly, urban agriculture refers to growing and raising food
crops and animals in an urban setting to feed local populations”. It includes indoor and outdoor
agriculture and ranges from food grown on the balcony (Bio-Balkon [9], Geco-Gardens [10]),
to large production facilities such as AeroFarms in the US [11].

Urban agriculture has multiple environmental, economic and social sustainability
benefits to both developing and post-industrial cities [12]. “Furthermore, it contributes to ten
key societal challenges of urbanization: climate change, food security, biodiversity and ecosystem
services, agricultural intensification, resource efficiency, urban renewal and regeneration, land
management, public health, social cohesion, and economic growth” [13].

Agronomy 2022, 12, 3182. https://doi.org/10.3390/agronomy12123182 https://www.mdpi.com/journal/agronomy319



Agronomy 2022, 12, 3182

According to the Worldwatch Institute, globally, about 15–20% of food is produced
today in urban and peri-urban areas [13]. For example, urban cultivation accounts for 5–10%
of total noncereal crop production, which has a total market volume of USD 1509 billion [6].
In addition to food, urban agriculture provides valuable ecosystem services through the
creation of new green areas. These can, for example, reduce heat islands and mitigate storm
water impacts, thus increasing cities’ resilience to climate change impacts [14]. Globally,
the ecosystem services provided by urban agriculture are worth USD 88 to 164 billion,
increasing the well-being of urban inhabitants [6].

Urban agriculture can transform the typical structure of rural food production and
urban food consumption towards more decentralized production systems [7] that increase
local access to and availability of food, two crucial factors of food security [15]. For
improving the supply of fresh fruits and vegetables, in particular, the crops that are deemed
suitable for urban production are those consumed as fresh functional foods supporting
fresh and healthy daily nutrition [16,17].

As a result of the change from traditional linear supply chains to short, local and
circular supply chains based on urban production, a new food distribution infrastructure
in urban areas can emerge with lower food miles and high resource recovery. For instance,
Pirog and Benjamin [18] show that conventional US broccoli travels 92 times further than
local broccoli and average vegetables travel 27 times longer. The food in US supermarkets
has travelled on average about 2000 km between the production and consumption site,
releasing between 0.8 and 1.9 kg of CO2 Mg−1 km−1. The production of Berlin’s food is
72% from domestic land, 7% in the EU and 21% outside the EU [19,20]. Ackerman et al. [14]
found that the decrease in food miles can reduce food waste through a reduction in spoilage
during transport and storage, which is another important benefit of decentralized urban
food systems. The decrease in food waste directly increases both resource-use and the
energy-use efficiency of food production. In fact, resource circulation in cities through
urban agriculture is an important enabler for the transition towards a sustainable urban
bioeconomy [21].

Decentralized, smart and automated production systems can be important for produc-
ing vegetables and herbs at the place of consumption, e.g., at offices for providing fresh
and healthy food for staff members. For the production of herbs and vegetables inside
offices, artificial cultivation conditions need to be created. This requires several inputs,
including lights, substrate, nutrients, water and energy as well as a careful monitoring
and management of the cultivation conditions. In rainfed agriculture, light, temperature
and humidity are controlled by nature and provided at no cost. Therefore, the questions
arise how productive, resource efficient and economically viable is food production in
small-scale urban indoor farming units?

To investigate this research question, a techno-economic assessment of vegetable
and herb production in a small indoor farming unit, designed to automatically produce
leafy greens in offices, was conducted. For the “Smart Office Farm” (SOF), the technical
requirements, resource use, productivity and economic viability were analyzed, based on a
5-week production cycle of curled lettuce (Lactuca sativa L. var. Cerbiata), lolo rosso (Lactuca
sativa L. var. Lollo Rosso), pak choi (Brassica rapa L. ssp. Chinensis) and basil (Ocimum
basilicum L. var. Genovese) under different light conditions.

2. Materials and Methods

The leafy greens were cultivated from 8 July 2020 to 12 August 2020 at the “Smart
Office Farm” (SOF{ XE “SOF” \t “Smart office farm” }), located at the office of the urban
farming Start-Up Farmee GmbH, in Stuttgart.

2.1. Technical Setup of the Smart Office Farm

The SOF is designed for the automated production of herbs and leafy greens in offices
(Figure 1). It has dimensions of 1.91 m × 1.38 m × 0.75 m, covering a total surface area of
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0.79 m2. The SOF has three production levels (PL{ XE “PL” \t “Production level” }) for the
crops, which can be switched on and off individually.

 

Figure 1. Smart Office Farm (Photos: Farmee GmbH, 2020 (left) and Cichocki, 2020 (right)).

One PL (Figure 2) has a total cultivation area of 0.62 m2 (0.98 m × 0.63 m), divided
into four cultivation trays of 0.32 m × 0.49 m with 24 planting spaces each. This results in
96 planting spaces per PL. In total, 288 plants can be cultivated on 1.86 m2, making efficient
use of the often-limited surface areas in offices.

 

Figure 2. LED units and planting trays (left) and an overview of PL about two weeks after germina-
tion (right) (Photos: Cichocki, 2020).

For this experiment, the PLs were numbered starting from the bottom with PL 1.
All production levels share one 50 L water tank. Therefore, the same nutrient solution is
continuously recirculated between the three PLs and the tank. In between, it is sterilized
with UV{ XE “UV” \t “Ultraviolet” } light. The irrigation of each level of the SOF can be set
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as an Ebb and Flow system or as Nutrient Film technique (NFT{ XE “NFT” \t “Nutrient
film technique” }). For this study, the Ebb and Flow mode was chosen, because of a lower
energy demand (compared to running the water pump 24/7 in NFT systems) and the
higher resilience of this cultivation method against operational or technical problems. The
nutrient solution was pumped every 6 h for 2 min to the PLs from where it drained within
10 min back into the water tank.

Each PL is equipped with three dimmable LED{ XE “LED” \t “Light emmiting diode”
} units, with 32 blue light (450 nm) OSLON® Square, 32 red light (660 nm) OSLON® Square,
32 green light (520 nm) OSLON® SSL 80 and 32 far red (730 nm) OSLON® SSL 120 LEDs.

The cultivation conditions in the SOF are monitored with sensors on each production
level and the water tank (Figure 3). At these four places, sensors measure temperature,
relative humidity of the air and pH{ XE “pH” \t “Potential of hydrogen” }, electrical
conductivity (EC{ XE “EC” \t “Electrical conductivity” }) and dissolved oxygen in the
nutrient solution. All parameters, except dissolved oxygen, were measured and recorded
throughout the experiment.

 

Figure 3. Monitoring unit, sensors for temperature, humidity, pH, EC and the irrigation control
cabinet (left) and the user interface (right) (Photos: Cichocki 2020).

2.2. Experimental Design

In this study three leafy vegetables and one herb species were cultivated in polyculture,
since it was assumed that the intended users in an office would prefer to have several crops
at the same time, in order to account for different tastes.

For the experiment, only the two lower PLs were planted, because previous cultivation
experiments showed that the water and nutrient distribution was more stable when only
operating two PLs and therefore yielding more reliable results. However, to still be able
to assess the whole SOF, the productivity of the third level was calculated, based on a
linear extrapolation of the in- and outputs of the two cultivated levels. All data shown
here account for three layers, to assess the techno-economic feasibility of the overall indoor
farming unit.

The experiment in this study was conducted based on a randomized block design of
the four crops at three different photosynthetic photon flux density (PPFD{ XE “PPFD” \t
“Photosynthetic photon flux density” }) (μmol m−2 s−1) levels. The artificial lighting of the SOF
was analysed more closely, because energy is a major input and thus a main contributor to
the operating expenses of indoor farming units [22]. The PPFD at crop surface level was
determined in a preliminary experiment using a PPFD meter (Quantum meter MQ-200,

322



Agronomy 2022, 12, 3182

Apogee). This measurement revealed considerable differences in PPFD level at plant level
as shown in Figure 4.

Figure 4. Photosynthetic photon flux density (PPFD) distribution at production level (μmol m−2 s−1).

Taking this into account, three blocks with three different PPFD levels (0–200/200–
400/400–600 μmol m−2 s−1) were established to get a more adequate picture of light as a
key factor for plant growth. Consequently, each of the four different crops was cultivated
under each PPFD level in two repetitions. In order to maximize the light intensity for the
crops, the dimmable LED units were set to 100% PPFD{ XE “PPFD” \t “Photosynthetic
photon flux density” }.

The first block had a low PPFD with an average of 185.2 μmol m−2 s−1. The second
had a medium PPFD with an average of 355.7 μmol m−2 s−1 and the third had a high PPFD
with an average of 466.4 μmol m−2 s−1. The total average of PPFD was 335.8 μmol m−2 s−1

(Table 1).

Table 1. Three blocks with three different PPFD and DLI.

Mean PPFD (μmol m−2 s−1) DLI (mol m−2 d−1)

Block 1 185.19 10.6
Block 2 355.69 20.5
Block 3 466.44 26.6

Total 335.77 19.3

For this experiment, all LED lights were switched on for 16 h per day, which re-
sulted in an average daily light integral (DLI{ XE “DLI” \t “Daily light integral” }) of
19.3 mol m−2 d−1. The DLI is a useful unit when describing the light environment of plants,
since it illustrates the rate of photosynthetic active radiation (PAR{ XE “PAR” \t “Photosyn-
thetic active radiation” }) distributed to the plants over a 24 h period [23]. The first block
had a DLI of 10.6 mol m−2 d−1. The second block had a DLI of 20.5 mol m−2 d−1 and the
third block had a DLI of 26.6 mol m−2 d−1. All light conditions are summarized in Table 1.

All planting spaces were sorted by PPFD and divided into three blocks with the same
number of planting spaces. The final distribution of plants per PL after randomisation and
block construction is shown in Figure 5.
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Figure 5. Planting plan of the production levels based on a randomized block design with three
photosynthetic photon flux density (PPFD) level: 185.2 μmol m−2 s−1 (blue); 355.7 μmol m−2 s−1

(orange); 466.4 μmol m−2 s−1 (grey). Every square represents one planting space (Curled: Curled
lettuce, Lolo: lolo rosso, Pak: pak choi and Basil: basil).

Subsequently, four crops were cultivated on 36 mm Grodan rockwool blocks. For each
PL, 48 substrate blocks were used, which resulted in a total usage of 144 planting spaces.
The planting spaces marked in yellow in Figure 5 were not planted, in order to provide
space for crop development.

Curled lettuce, lolo rosso and pak choi were cultivated as typical leafy greens and
basil was the selected herb. Lettuce was chosen because of its fast growth and because it
is cultivated worldwide, making it one of the most consumed leafy vegetables [24]. Basil
was chosen because it can be found in most supermarkets and has been used as a spice and
medicinal plant for ages [25]. A production cycle of five weeks was chosen from sowing till
harvest, which is typical for lettuce and basil in indoor environments. In total, 12 plants of
each crop were grown per production level at different PPFD levels. In order to minimize
loses of productivity and because the germination rate in the faming unit was not known,
2–3 seeds of curled lettuce, lolo rosso and pak choi were sown per substrate block. For
basil, 3–5 seeds per substrate block were sown. All seeds were sown by hand directly into
wet rockwool plugs and subsequently transferred into the SOF according to the cultivation
plan (Figure 5).

The crops were cultivated using municipal tap water. The pH and the electrical con-
ductivity (EC) were adjusted at the beginning of the experiment and during the experiment
about once a week. The pH was maintained between 5.5 and 6, because nutrients are
optimally available [26,27]. During the experiment, however, the pH ranged between 4.8
and 6.8 due to manual adjustment using pH-up (nitric and phosphoric acid) and pH-down
(potassium carbonate and silicate) (Terra Aquatica from General Hydroponics Europe).
The EC value in the nutrient solution was steadily increased after the germination phase
(about 5 days) to reach the crops’ demands, allowing for a fast production cycle and the
intended consumption as babyleaf lettuce. A three-component fertilizer was used with the
following N-P-K concentration: Remo Nutrients ‘Grow’ (2-3-5), ‘Magnifical’ (3-0-0) and
‘Micro’ (3-0-3) [28]. Initially an EC of 800 μS cm−1 was chosen for the principal growth stage
1, which was terminated after 6–9 leaves per plant were developed. After 21 days, the EC
was raised to 1300 μS cm−1. It ranged from 1050–1300 μS cm−1 throughout the experiment.
Regular measurements showed that the temperature always remained between 28–30 ◦C
in PL two and 26–28 ◦C in PL one. Air humidity was 50–60% in PL two and 80–90% in
PL one.

2.3. Techno-Economic Analysis

The techno-economic analysis performed here consists of: (i) a material flow analysis,
following the approach of [29], and (ii) economic analysis following [30].

2.3.1. Material Flow Analysis

For the material flow analysis, all inputs that entered the SOF from planting stage
to harvest of the crops were measured and recorded. These parameters included the
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amount of substrate, seeds, water, fertilizer, pH buffering solution and the energy for lights,
pumps and monitoring devices. During the experiment, the water usage was measured
by recoding the water level in the tank before and after filling. The energy consumption
was measured with an electric meter (Energy Check 3000, Voltcraft, Hirschau, Germany).
The weight and number of substrate blocks was measured with a scale (AMIR, DE-KA6).
Fertilizer and pH buffer usage was documented over the whole period.

At harvest, the total fresh matter (FM{ XE “FM” \t “Fresh matter” }) yield of consum-
able biomass was considered as output. However, the FM{ XE “FM” \t “Fresh matter” }
yield of all four crops produced in the two PLs with three PPFD levels was measured in
order to analyze the yield per PL and PPFD level. This resulted in 24 different biomass
samples at harvest. The biomass samples were dried in a drying oven (VTU 125/200, Weiss
Technik GmbH, Reiskirchen, Germany) at 60 ◦C for 24 h to obtain the dry matter (DM)
yield as well.

The productivity of PL 1 and PL 2 was analyzed and checked for significant differences
due to different cultivation conditions with a paired t-test in Microsoft Office XP Excel.

Furthermore, the theoretical productivity of the farming unit was determined in
four different scenarios assuming that one of the crops would have been cultivated
in monoculture.

2.3.2. Economic Analysis

For the economic analysis, all prices for the input factors from the material flow analy-
sis were determined and the total operating expenses (OPEX) of the SOF were calculated.
This allowed for the determination of the production costs kg−1 consumable biomass.

In order to account for the possibility of operating an indoor farming unit on renewable
energy two scenarios were made, distinguishing between conventional (EUR 0.2925 kWh−1)
and renewable (EUR 0.2768 kWh−1) electricity prices. Subsequently, all cost factors were
summarized and ranked based on their relative contribution to the total operating expenses.

3. Results

First, the results of the material flow assessment are presented and second the econom-
ical assessment.

3.1. Material Flow Assessment

First, the inputs of the SOF were determined in Section 3.1.1, followed by the outputs
in Section 3.1.2 An overview of the results of techno-economic assessment of the SOF is
provided in Figure 6.
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Figure 6. Overview of the material flow and production cost assessment, summarizing all inputs on
the left side and all outputs on the right side (extrapolated values) (Photo: Winkler 2020).

3.1.1. Input

The inputs include seeds, substrate, fertilizer, pH-buffer, water and energy. The
amounts used were documented along with the prices (Figure 6).

Seed Usage

As shown in Table 2, 108 seeds of curled lettuce, lolo rosso and pak choi were used.
For basil 180 seeds were used. Collectively, seed costs were EUR 4.24 (Table 2).

Table 2. Overview of the SOF inputs (number of crops and seeds).

Plant Seed Usage Price (EUR)

Curled lettuce 72 1.35
Lollo rosso 72 1.35

Pak choi 72 0.60
Basil 120 0.95
Total 4.24

Fertilizer Usage

Over a period of 5 weeks, 202.5 mL fertilizer was used. The total fertilizer costs account
for EUR 2.39 in the experiment (Table 3).

Table 3. SOF inputs: Overview of types, amounts and costs of the fertilizers used in this study.

Fertilizer Costs (EUR L−1) Usage (mL) Price (EUR)

Remo ‘grow’ 13.30 45 0.60
Remo ‘magnifical’ 19.86 45 0.89

Remo ‘Micro’ 19.85 45 0.89
Total 2.39

The combined content of added nutrients is summarized in Table 4. The remaining
nutrients after production were not assessed.
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Table 4. SOF inputs: Overview of types, amounts and dosages of nutrients applied in this study [28].

Element (mg Trial−1) (g m−2)

Nitrogen (N) 2337.1 2.947
Phosphorus (P) 615.4 0.776
Potassium (K) 1680.3 2.119

Magnesium (Mg) 1552.5 1.958
Calcium (Ca) 3375.0 4.256

Boron (B) 27.0 0.034
Copper (Cu) 33.8 0.043

Iron (Fe) 681.8 0.860
Manganese (Mn) 67.5 0.085

Molybdenum (Mo) 0.3 0.0004
Zinc (Zn) 33.8 0.043

pH-Buffer Usage

Over the production cycle, 103.06 mL pH-down and 11.16 mL pH-up buffering solution
were used. The costs of buffering solutions were EUR 2.25 for the whole production cycle
(Table 5).

Table 5. SOF inputs: pH-buffer used in this study and their implied costs.

pH-Buffer Usage (mL) Costs (EUR L−1) Price (EUR)

pH down 103.06 20.90 2.15
pH up 11.16 8.90 0.10
Total 2.25

Water Usage

In total, 143.28 L of water were consumed (Table 6). The water usage over the pro-
duction cycle is shown as weekly cumulated values in Figure 7. In the beginning, the
water usage was low and increased substantially later on (Figure 7). The total average
water consumption was 4.1 L d−1 at a temperature of 28–30 ◦C maintained in PL two and
26–28 ◦C in PL one and air humidity of 50–60% in PL two and 80–90% in PL one.

Table 6. SOF inputs: application dates, amounts and costs of irrigation.

Date Water Usage (L) Costs (EUR L−1)

08.07.20 36 0.003
15.07.20 7.92 0.003
22.07.20 11.88 0.003
29.07.20 15.48 0.003
05.08.20 33.12 0.003
12.08.20 38.88 0.003

Total 143.28 0.29

 

Figure 7. SOF inputs: weekly cumulated water consumption over 35 days.
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Energy Consumption

The total energy consumption of the SOF (extrapolated to all three PL) for one pro-
duction cycle of five weeks was 270.5 kWh or 973.8 MJ. This results in an energy input per
produced kilogram biomass of 496.4 MJ kg−1 FM or 2977 MJ kg−1 DM (considering elec-
tricity inputs only, while omitting energy required for material and fertilizer production).

3.1.2. Output

First, the total consumable biomass yield (fresh matter and dry matter) was analysed
for the entire SOF surface and then calculated on a square meter basis. Second, the fresh
matter and dry matter yields of the different crops were analysed and compared for the
three PPFD levels. Third, the biomass yields of the two PL were statistically compared.
Additionally, a scenario analysis was performed to calculate the potential yields for the
four individual crops of this experiment in the SOF.

The total fresh matter yield of the four crops, extrapolated to the entire SOF, was
1961.8 g per 0.79 m2. This converts to 2473.9 g m−2. Pak choi had the highest potential
yield with 676.8 g and basil had the lowest potential yield with 363.8 g, which is 53.8% less
(Table 7).

Table 7. Total yield of the crops investigated in this study.

Crop Yield (g)

Curled lettuce 517.9
Lollo rosso 403.4

Pak choi 676.8
Basil 363.8
Total 1961.8

The individual yields of the four crops under the three PPFD blocks are summarized
in Table 8. The lowest yield was measured for basil (24.1 g) on PL 1 at low PPFD level. The
highest yield was obtained from pak choi with 105.9 g at intermediate PPFD level on PL two.
Looking at PL two, curled lettuce and lolo rosso grew better with increasing PPFD level.
On PL one, lolo rosso yield increased slightly the higher the PPFD was, while the yield
of curled lettuce decreased with stronger PPFD. Pak choi had a peak at the intermediate
PPFD again and basil yield was increasing with higher PPFD.

Table 8. Yield per PL and PPFD block.

Block Crop Yield PL 1 Yield PL 2

Block 1 (Low PPFD)

[g FM] [g FM]
Curled lettuce 48.2 52.1

Lolo rosso 30.4 42.2
Pak choi 52.5 76.8

Basil 24.1 36.0

Block 2 (Intermediate
PPFD)

Curled lettuce 45.3 73.2

Lolo rosso 33.9 57.7
Pak choi 69.8 105.9

Basil 32.0 54.6

Block 3 (High PPFD)

Curled lettuce 43.1 83.3
Lolo rosso 43.7 61.0
Pak choi 65.3 80.8

Basil 42.0 53.8

Total (2 PL) 530.3 777.5

Furthermore, dry matter (DM) yields have been analyzed (Figure 8). Pak choi pro-
duced the highest DM yield and lolo rosso the lowest. The total DM yield of the SOF was
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172.3 g DM. All DM yields increased with higher PPFD, except pak choi, which had the
highest DM at intermediate PPFD level.

Figure 8. Dry matter (DM) yield of the crops under different photosynthetic photon flux density
(PPFD) levels.

Subsequently, the productivity of both production levels was compared in order to
assess whether the growth conditions were similar on the different PL. The total yield for
the two PL was 1307.9 g FM per 0.79 m2. However, PL one yielded 530.3 g FM, while PL
two had a 46.6% higher yield with 777.5 g FM. The yield differences between the four crops
on the two production levels at varying PPFD levels are displayed in Figure 9. It shows
that PL 2 always produced higher yields at all PPFD levels.

 

Figure 9. Fresh matter yield of the crops under different production levels and photosynthetic photon
flux density (PPFD) levels.

A two-tailed paired t-test resulted in the rejection of the assumption that both pro-
duction levels delivered the same output since P was higher than alpha (0.05). The results
of the two-tailed paired t-test are shown in Table 9. The comparison revealed that the
cultivation conditions varied significantly between the two layers.
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Table 9. Results of two-tailed paired t-test (p < 0.05).

PL 1 PL 2

Mean 44.19 64.80
Variance 186.05 390.27

Observations 12 12
Pearson Correlation 0.86

df 11
t Stat −6.69

P (T ≤ t) two-tail 3.42 × 10−5

t Critical two-tail 2.20

In addition, the yield of the individual crops was extrapolated to the whole farm,
assuming that only this crop would have been cultivated. This resulted in four scenarios
revealing the crop with the highest potential biomass yield (Table 10). Scenario three (pak
choi production only) would attain a FM yield of 2707 g, which is the highest potential
yield. On the contrary, scenario four (basil production only) would result in 1455.2 g, the
lowest yield of all crops.

Table 10. Scenario analysis: Calculated productivity of the individual crop.

Scenario Crop Yield (g) Yield (g m−2)

1 Curled lettuce 2071.4 2612.1
2 Lolo rosso 1613.5 2034.7
3 Pak choi 2707.0 3413.7
4 Basil 1455.2 1835.1

For comparison of the biomass yield of the SOF with yield levels of other in- and
outdoor biomass production systems, the productivity of the SOF was converted to Mg
FM per hectare and year. The SOF has a total surface area of 0.79 m2 (1.38 m × 0.7 m). The
production cycle of five weeks would potentially allow for up to 10 harvests.

The yield levels on hectare basis are shown in Table 11. A total FM yield of
257 Mg FM ha−1 year−1 is potentially achievable with the four crops used in this study.
Considering the cultivation of pak choi (scenario 3) only 355 Mg FM ha−1 year−1 would
potentially be possible. The production of only basil (scenario 4) would lead to the lowest
potential yield of 191 Mg FM ha−1 year−1.

Table 11. Scenario analysis: Productivity in g m−2 5 weeks−1 and Mg FM ha−1 year−1.

Scenario
Productivity during
Observation Period
(g m−2 5 Weeks−1)

Calculated Annual
Productivity

(Mg FM ha−1 Year−1)

1 2612.1 272
2 2034.7 212
3 3413.7 355
4 1835.0 191

Mixed 2473.9 257

3.2. Economic Assessment

The total input costs of the SOF were summed up to determine the price per kg
consumable biomass produced in the SOF (Figure 6). The operating expenses (OPEX) for
all production factors (without labor) and inputs are summarized and ranked based on
their relative contribution to the total OPEX (Tables 12 and 13). Energy accounts for more
than 70% of the OPEX. Considering this, the results are shown with the electricity price of
electricity from renewable sources only (Table 12) and the conventional electricity mix of
Germany (Table 13).
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Table 12. Economical assessment (renewable energy mix): production factors, costs and their relative
contribution to the total costs.

Production Factors Costs (EUR) Share of Total Costs (%)

Electricity 74.9 71.8
Substrate 15.5 14.8

Seeds 6.4 6.1
Fertilizer 3.6 3.4
pH-buffer 3.4 3.2

Water 0.3 0.6
Total 104.3 100

Table 13. Economical assessment (conventional energy mix): production factors, costs and their
relative contribution to the total costs.

Production Factors Costs (EUR) Share of Total Costs (%)

Electricity 79.1 73.1
Substrate 15.5 14.3

Seeds 6.4 5.9
Fertilizer 3.6 3.3
pH-buffer 3.4 3.1

Water 0.3 0.3
Total 108.2 100

Fixed costs and labor costs were neglected because the latter can vary considerably
and the intended users in offices would perform the maintenance as a hobby during their
breaks. The fixed costs can hardly be estimated for an SOF at prototype stage.

When using renewable energy, total OPEX result in EUR 104.3 per five-week produc-
tion cycle (Table 13). The main input was renewable energy (270.5 kWh) with EUR 74.9,
representing 71.8% of the total costs. Rockwool as cultivation substrate accounts for EUR
15.5 and contributes the second highest share (14.8%) to the production costs, followed by
seeds, fertilizer, and pH buffer. Water usage had the lowest impact on total costs, with EUR
0.3 and 0.6% of total costs.

With conventional energy, the total production costs were EUR 108.23 per five-week pro-
duction cycle, with energy accounting for EUR 79.12 and 73.1% of the total production costs.

Overall, the cultivation of one kilogram of the four crops over five weeks results in
total OPEX of EUR 53.14 when using renewable energy, while one kg of biomass grown
with conventional energy costs EUR 55.17. In this case, the more sustainable renewable
energy from the local power utility is also 3.7% cheaper than conventional electricity.

4. Discussion

The techno-economic assessment of the SOF is discussed with respect to (i) the tech-
nical setup and the design of the SOF (Section 4.1), (ii) the implications for cultivation
management (Section 4.2) and (iii) the resource use and the productivity of the SOF com-
pared to traditional field, greenhouse production and professional vertical farming units
(Section 4.3).

4.1. Productivity

In the following section, the mixed scenario will be compared to the average lettuce
production worldwide, to the average field and greenhouse lettuce production in Germany
and the average field production in Baden Württemberg. Such a comparison with yields
under field conditions is important to put the results of the indoor farming approach into
perspective. A similar approach was also carried out by Wittmann et al. [31], who studied
an indoor vertical farming method for marjoram production. Additionally, the lettuce yield
will be compared with a greenhouse in Switzerland and a vertical farm feasibility study of
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the German Aerospace Centre (DLR). Finally, published yields of existing vertical farms
such as Aerofarms, Plenty, Infarm and Skygreens were regarded.

The yield of the SOF in this study was 2473.9 g m−2 5 weeks−1. Since the SOF can
produce all year long, 257 Mg FM ha−1 year−1 of mixed crops are potentially possible.
In comparison, the mean yield for lettuce production worldwide in the year 2017 was
21.9 Mg FM ha−1 year−1 and the mean yield of lettuce produced in Germany in the year
2019, under field conditions, was 25.8 Mg ha−1 for lolo rosso, 25.5 Mg ha−1 for curled
lettuce and 33.3 Mg ha−1 for cabbage lettuce [32]. The mean yield of romaine lettuce
(Lactuca sativa var. longifolia) was 36.1 Mg ha−1, while cabbage lettuce (Lactuca sativa
var. capitata L.) yield was 42.6 Mg ha−1 under field conditions in Baden Württemberg
(Germany) in 2019 [33,34].

In a greenhouse in Switzerland, Marton [35] found that cabbage lettuce yield was
48.1 Mg ha−1. Zeidler et al. [36] calculated potential lettuce yields in a feasibility study
of the vertical farm “EDEN”. They found that a yield of 6436.2 g m−2 5 weeks−1 is
possible, which results in 669.4 Mg FM ha−1 year−1 with a minimum price of EUR 12.5 kg−1

of biomass.
Aerofarms in the US, one of the leading vertical farming companies, for example, says

that they can produce 390-times more than conventional agriculture [37] and Skygreens
in Singapore claim a 10-times higher yield in comparison to conventional agriculture [38].
Infarm, a Berlin based vertical farming company, mentioned that 400 times higher yields
are possible [39] and Plenty, a San Francisco based vertical farming company, claims that
350 times higher yields are possible [34]. The mean world production of lettuce was used
as a core value and multiplied with the claims of the vertical farming companies to give
an overview. Toledano et al. [40] estimates that current market prices for one kg of leafy
greens are around USD 33 for vertically-grown produce. When comparing the productivity,
it is shown that the mean lettuce production has the lowest productivity and that Infarm
has the highest claimed productivity with 8760 Mg FM ha−1 year−1 (Figure 10). Thus, field
conditions are less productive than greenhouse conditions and vertical farming conditions
are even more productive.

Figure 10. Comparison of yield; Mean World (red); field conditions (green); greenhouse (blue); SOF
(orange); vertical farming companies (green).

The SOF has a smaller productivity than bigger farms since effects of scale are small,
management is less efficient and resource use is high, making the production not eco-
nomical viable at the moment. However, on the other hand, this trial implied only one
production cycle and the cultivation measures and technical aspects of the farming unit
can be improved with increasing experience with the SOF.
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The agricultural sector could become more decentralized if similar farming units
would be installed in many places. However, for the efficient use of such indoor farming
units, they might need more plant production knowledge and the distribution of produced
crops would need to be managed efficiently. This is a call for some kind of digital platform,
which manages data, processes and resource flows and professionals, which can support
and educate producers to make production economically viable.

From an economic point of view, one kg of biomass produced in the SOF costs EUR
53.1 and thus was more expensive than reported by Zeidler et al. [36] (EUR 12.5) and
Toledano et al. [40] (USD 33). This is due to the rather low productivity compared to
commercial indoor cultivation units (e.g., Infarm) and large-scale vertical farms (e.g.,
Plenty, Aerofarms). A closer look at the technical setup of the SOF and the cultivation
conditions of this study can provide explanations for these yield differences and strategies
for optimization of the SOF.

4.2. Technical Aspects

The technical design of the SOF revealed significant differences in growth conditions
between the two production levels with respect to irrigation and fertilization as well as
temperature and relative humidity. Based on this, future improvements of the SOF have
been elaborated with respect to irrigation and fertilization (Section 4.2.1) as well as climate
control (Section 4.2.2) in order to optimize SOF productivity.

4.2.1. Irrigation

The irrigation and fertilization of crops in soilless cultivation systems determine
crop productivity to a large extent. The irrigation setup determines the supply of the
plants with water and nutrients [41,42]. Keeping the EC and pH levels at crop specific
optima is highly important for achieving high productivity in hydroponics and even small
misconfigurations in irrigation, fertilization and pH level can lead to the total failure of
the crops [16]). Automated monitoring and control of these cultivation factors are thus
highly important, especially when untrained people, such as, e.g., in offices, operate the
cultivation system.

The significant productivity differences between the two production levels can be
attributed to differences in the irrigation regime. One reason might be the too small volume
of the water tank in relation to the planting space, which does not allow for continuous
irrigation of both production levels.

A larger water tank volume would additionally increase the pH buffering capacity, as
small pH changes have direct impacts on nutrient availability [42]. With every irrigation
cycle, the quantity of water, the nutrient composition and the pH change because plants
take up water and nutrients and return metabolic products. The larger the volume of the
tank, the smaller the impact of changes on EC, pH and water. Sufficiently large water
reservoirs are important in hydroponic crop cultivation, reducing the dependency on the
exact dosage of pH-buffering solution and fertilizer, making the amplitude of changes of
EC, pH and water amount smaller and improving crop cultivation conditions [43]. This
could improve plant health and increase biomass yields and decrease the maintenance
requirements of indoor farming units [44].

Furthermore, it was observed that PL one received less water that PL two, which is
located above PL one. The resulting differences in pump resistance due to different heights
had to be carefully managed through manual valves in this study. A second improvement
possibility would thus be a different configuration of water inflow and outflow. A solution
would be a more precise dosage of water and nutrients to each PL, which can be conducted
through modification of the valves for in and outflow. A larger water reservoir paired with
flow sensor-based magnetic valves would allow for an automated control of the irrigation
and fertilization regime of both production levels and can thus improve overall productivity
of the SOF.
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A third option would be a change in irrigation style, once a larger water reservoir
would be installed. The current setup does only allow for very short ebb and flow cycles
with pumping times of a maximum of two minutes. Maybe longer flow cycles or the shift
towards nutrient film technique (NFT) would result in a higher and more even productivity
of the two layers.

4.2.2. Climate Control

The differences in temperature and relative humidity may explain the varying pro-
ductivity between the two production layers [45]. Plants are an integral part of the soil–
plant–atmosphere continuum (SPAC{ XE “SPAC” \t “soil-plant-atmosphere continuum”
}). The water gradient between the atmosphere of the office and the nutrient solution of
the SOF is a main driver for plant transpiration and nutrient absorption [46]. Additionally,
temperature in the office and thus inside the SOF (without climate control) plays a vital role
in plant physiology [16]. Hence, the relative humidity of the SOF determines plant growth
and may even cause phytopathogenic problems (see Section 4.3). For optimizing relative
humidity and the microclimate at each production level of the SOF, a controlled airflow
would be a solution. The additional installation of a sensor-based temperature and relative
humidity control system with fans and defined temperature and humidity benchmarks
adapted to crop requirements can improve productivity and resource-use efficiency.

Following the assumption that the use case for the SOF is an office with relatively low
air humidity, an adjustable airflow from the inside of the farm to the outside of the building
might decrease relative humidity inside the SOF (and the office room) and thus increase
plant transpiration and nutrient uptake for faster growth. If this is not possible, e.g., due
to high installation costs, sensor-controlled air circulation at each production level should
be installed.

In addition, evaporation should be minimized to reduce water losses. Therefore, the
planting trays should cover the production levels completely for as little direct contact with
the air as possible.

The role of the CO2 concentration has not been considered in this study, but should be
investigated further, because beneficial outcomes for humans and plants are possible when
CO2 from the office (as a product of human transpiration) is provided as a resource to the
crops [47].

Consequently, the productivity and resource-use efficiency of the SOF can be optimised
by a larger water reservoir, enabling NFT cultivation, an improved water and nutrient
distribution to the production levels and controlled temperature and relative humidity. The
technical adaptations additionally facilitate crop production by untrained users, rendering
the SOF a viable option for the automatized crop cultivation in offices.

4.3. Cultivation Measures

The applied cultivation measures in this experiment were determined by the technical
setup of the SOF. Here, the implications of temperature and relative air humidity, pH and
EC and the chosen production cycle are discussed in detail. Furthermore, adjustments in
these parameters are discussed in order to optimize productivity.

4.3.1. Temperature and Relative Air Humidity

Following the discussion about the technical setup for climate control in Section 4.2.2,
here, the actual values of the temperature and relative humidity of this study are examined
and discussed in detail. Regular measurements of the installed sensors showed that the
temperature inside the SOF was always between 28–30 ◦C in PL two and 26–28 ◦C in PL
one. Relative air humidity was 50–60% in PL two and 80–90% in PL one.

Ahmed et al. [48] suggest a temperature of 22–25 ◦C during the light period and 70–80%
relative air humidity to be optimal for lettuce cultivation. The differences in temperature
and relative air humidity can partly explain the yield different between the two PLs [45], in
addition to the difference in received water and nutrients, discussed in 4.2.1.
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The suboptimal relative air humidity also led to symptoms of calcium deficiency,
which were detected in young basil leaves of this study. Palzkill et al. [49] showed many
years ago that high relative air humidity can cause calcium deficiency.

Overall, the suboptimal temperature and air humidity, which cannot be controlled
so far, are subject of improvement through the installation of a sensor-controlled forced
airflow technology. This measure can optimize productivity and thus decrease production
costs of the SOF.

4.3.2. EC and pH

EC and pH of the nutrient solution are another two important factors for crop produc-
tion. Essentially, the EC is a measure for concentration of plant nutrients (not about the
composition), while the pH largely determines their plant availability.

Ding et al. [50] showed that the fresh and dry weight, and the leaf size of pak choi
plants increased with higher EC values. Highest pak choi yields were achieved at an EC
of 4800 μS cm−1 [50]. This reveals that the EC of this study (max. 1300 μS cm−1) was too
low for pak choi. This further indicates that pak choi is not suitable for polyculture with
low-demanding lettuce and basil.

Walters and Currey [51] showed that for basil EC levels from 500 to 4000 μS cm−1 did
not affect plant growth, but it was affected by increasing DLI from about 7 mol·m−2·d−1

to about 15 mol·m−2·d−1. In this study, the DLI was even higher with 19.3 mol·m−2·d−1.
Basil plants with low EC and high DLI showed no significant difference to plants with high
EC and high DLI in terms of fresh matter [51]. Consequently, the EC and DLI set in the SOF
were in the optimal range for basil cultivation.

The optimal pH range is generally assumed to be between 5.5 and 6 because nutrients
are optimally available [26]. However, Gillespie et al. [27] showed that a pH of 4 in the
nutrient solution can contribute to better plant health by reducing root rot severity in basil
plants [27]. In the SOF, automated fertilizer and pH buffer dosing can keep pH and EC
levels more stable and within the optimal ranges for particular crops. Despite the additional
costs for this technical adaptation, a higher productivity of the SOF can be expected [30,52].

4.3.3. Production Cycle

A ‘production cycle’ refers to the time the crops are cultivated from seed or seedling
to harvest and is determined by the producer and the desired product. It can range from
a couple of days (e.g., for microgreens) to several months (e.g., herbs). The length of
production cycle influences yield, morphology, content of nutrients, vitamins and other
secondary metabolites of the crop parts and whether the plant is in its vegetative or
generative phase. A multitude of social, ecological and economic factors determine the
production cycle chosen by a producer.

For this experiment, it was assumed that a group of office workers has different food
preferences, which can be met best with a polyculture and a rather short production cycle
of five weeks till harvest. Thus, the harvest time of basil, curled lettuce, lolo rosso and pak
choi were combined.

As a consequence, basil grew too tall, and some plants touched the LED unit resulting
in burned tips of the uppermost leaves. In the trial, three to five basil seeds were sown per
rockwool plug. Basil varieties with a more compact morphology can be used in the future
if a polyculture will be cultivation in the SOF. Furthermore, a higher sowing density can
probably reduce the size of the basil plants per substrate block. Lettuce plants were small
in comparison to commercially grown lettuce. The average fresh matter of lolo rosso and
curled lettuce was 71.5 g in the SOF, which is much less than the average selling weight of
about 170 g in Germany [53]. For lettuce, a longer production cycle of about 10–14 days
would have resulted in much higher yields, since lettuce plants were just at the beginning
of their major growth phase at harvest time [54].
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Consequently, the production cycle largely determines the productivity of indoor
farming units, while the intended use of a crop (or certain parts or ingredients) in turn
determines the production cycle and economic viability.

4.4. Resource Use

Urban areas have great potential for the increase in resource-use efficiency in terms
of energy, materials (e.g., nutrients, water) and information and can at the same time con-
tribute largely to a reduction in the impacts on environment and climate [55]. Decentralized
food production through urban farming can increase the reuse and circulation of resources
through the production of food, while providing improved access and availability to fresh
and healthy food at low food miles [5,16,18]. High quality and nutritious food can be
cultivated, e.g., in urban offices. Thereby, the consumer of food becomes the producer
and values his own products potentially more than purchased food. This might also de-
crease the high share of food waste caused by consumers of up to 25% of the total food
produced [56]. To turn cities sustainable through urban farming, resource flows need to
circulate in the city [5]. In future, crop nutrients need to be derived from urban organic
wastes. For example, Stoknes et al. [57] demonstrated that the vegetable and mushroom
production from organic waste nutrient recovery is possible with the same or even higher
yields. A shift from mineral-fertilizer-based hydroponics towards organic cultivation re-
quires new approaches such as the terrabioponic cultivation currently used for outdoor
urban gardening [58]. However, large scale food production based on nutrient and water
recovery from urban organic wastes requires more research and development efforts in
order to close the loops in resource flows [4].

4.4.1. Energy Consumption

Energy consumption determines the food production costs to the largest extent, with
73.1% of the total costs when conventional energy is used and 71.8% of the total costs when
renewable energy is used. Therefore, energy can be seen as the main production factor
in this experiment and in indoor urban farming generally [5,16]. The comparison of the
renewable and conventional energy scenarios showed a small difference of 3.7% in this
study. For improving the sustainability of urban indoor farming, the decrease in the energy
consumption is of the highest importance. In this case, there is monetary incentive to utilize
renewable instead of conventional energy. Energy self-production, e.g., on the roofs and
facades of the building wherein the indoor farming unit is located, could improve the
energy situation and render indoor food production more sustainable [59].

When considering the energy input (referring to electricity only), it becomes evident
that 496.4 MJ kg−1 FM or 2977 MJ kg−1 DM are enormously high. Grain production
through conventional agriculture shows energy inputs several orders of magnitude lower,
with 5.3 MJ kg−1 grain for soybean, 3.3 MJ kg−1 grain for wheat and 2.6 MJ kg−1 grain
for maize [60]. Modern greenhouse production cycles, comprising tomato, pepper and
cucumber production in sequence (including tomato nursery), show average energy inputs
for crop production (including all byproducts) ranging from 1.9 to 2.7 MJ kg−1 FM (total
above ground biomass yield) [61]. These figures reveal the tremendous energy inefficiency
of indoor crop production in small units such as the SOF.

At present, lettuce production in large-sale modern vertical farming requires about
10 kWh (36 MJ) kg−1 harvested fresh biomass on average [16]. The SOF, however, consumed
137.9 kWh kg−1 edible fresh biomass (Figure 11). Consequently, the SOF requires 13.8 times
more electricity. If the energy usage of the SOF could be reduced by 13.8 times through
technical optimizations and improved cultivation management, this would decrease total
production costs and make the relative impact of energy on the costs substantially smaller.
In the scenario where renewable energy was used, total energy costs were EUR 74.9 and
accounted for 71.8% of costs. When decreased by 13.8 times, energy costs would be EUR
34.8 and account for only 15.6% of costs. Looking at the price per kg of biomass, it would
decrease from EUR 53.1 kg−1 to EUR 17.7 kg−1, thus cutting costs by 66.6%.
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Figure 11. Energy consumption per kg of biomass SOF (blue), and vertical farm (orange) (adapted
from [14]).

In particular, artificial lighting, which is not used in open-field agriculture and green-
house production, is responsible for the high energy inputs in indoor farming units [5,16].
The use of or the self-production of renewable energy currently provides the most promising
way to increase energy efficiency and render indoor farming a more viable and sustainable
option for food production.

In addition, efficient usage of light through optimal PPFD values is of high impor-
tance for increasing the energy use efficiency and economic viability of indoor crop pro-
duction. For the plants cultivated in this study, the optimum in PPFD is considered
200–250 μmol m−2 s−1 with a photoperiod of 16–18 h [22,48]. The arrangement of the
LEDs should be adjusted to achieve an adequate and more equal PPFD distribution over
the whole production area for optimizing crop productivity. In case of the SOF, the LED
units should be longer to span over the whole production surface, while the PPFD output
should be adjusted to the crop cultivated (which is already possible through dimming).
PPFD levels above crop requirements, as was the case for pak choi in this study, increase
production costs unnecessarily and reduce economic viability. Furthermore, crop arrange-
ment in polyculture should be conducted according to the light demand of the crop. Crops
with high light demand (e.g., lettuce in this study) should be placed directly under the light
source, while crops with lower light demand can be placed in between the light sources
(such as, e.g., pak choi in this study). Basil growth depends strongly on PPFD level and
DLI [51], but grew too large in shoot length in this study resulting in tip burning, and, as
such, should be placed between the LED stripes and the shoot may be cut at an early stage
to trigger branching of the plant. The latter increases the cultivation cycle, but results in
more shoots and harvestable leaves to be picked over a longer period of time. When basil
is grown in polyculture, this could further help to adapt the harvest time to other crops
with a longer production time.

The importance of LEDs, to decrease energy consumption and make production
economically viable, increased since LEDs have a variety of advantages over traditional
forms of horticultural lighting and a more efficient performance and longevity compared to
any traditional lighting system [62]. Their small size, durability, long lifetime, cool emitting
temperature and the option to select specific wavelengths for a targeted plant response
make LEDs more suitable for plant-based uses than many other light sources. Furthermore
spectral quality of LEDs can have dramatic effects on crop anatomy and morphology as
well as nutrient uptake and pathogen development [63]. Global LED use has increased
in recent years, since a market share of 5% in 2013 grew to nearly 50% of lighting sales in
2019 [64].

Whether the wavelengths of the LED units are optimal for this use has not been
analyzed, but represents another promising option for optimizing resource use efficiency
of indoor farming units such as the SOF.

Fixed costs have been neglected in this assessment because it is the prototype stage.
However, it has to be noted that LED units are the part of the SOF with the highest
individual costs [14].
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Artificial lighting represents the driver for optimizing productivity in indoor farming
units and reducing the production costs. Both energy inputs and production costs of small
production units, such as the SOF, were found to be very high compared to large-scale
modern vertical farming. From this assessment, it remains questionable whether office-
based farming is a viable and sustainable option for urban production and more research
and development efforts are necessary to substantially improve resource use efficiency.

4.4.2. Substrate

The cultivation substrate (rockwool) had a share of 14.3% (conventional energy) and
14.8% (renewable energy) of the total production costs of the SOF. When it comes to the
choice of substrate, there are several options. Substrate fulfills three main functions in
hydroponic cultivation systems, typically applied in modern indoor farming: (1) provide
oxygen, nutrients and water to the roots, (2) allow for root growth and (3) support the
stability of the crop [65]. Essentially, an optimal cultivation substrate must have a structure
capable of providing a balance of oxygen and nutrient solution both during and between
irrigation events to the roots [66,67].

Cultivation substrates can be categorized as organic, for example, peat and coconut
coir, and inorganic components, for example, rockwool. Since peat and rockwool have large
negative impacts on the environment, peat mining destroys wetlands, while rockwool can
hardly be reused and recycled but production is very energy-intensive, current research
and development focuses on organic residues from agriculture and organic waste products
from biobased industries [68,69]. This can reduce environmental impacts and increase
sustainability of indoor farming. In addition, organic substrates can be integrated into local
material flows.

4.4.3. Seed Usage

The third biggest factor contributing to costs were the seeds, with shares of 5.9–6.1%
on the total costs.

In this experiment, two to three seeds of curled lettuce, lolo rosso and pak choi were
sown per substrate block. Whereas three to five seeds per substrate block were sown for
basil. All seeds were sown directly into the wet rockwool plugs and then subsequently
transferred into the SOF. Direct sowing into rockwool plugs showed fast and homogenous
germination with minimum productivity losses and can thus be recommended for the
operation of the SOF.

Additionally, a good choice of varieties is crucial in order to optimize yields. For
example, basil had 53.8% less consumable biomass yield than pak choi, which is important
to consider if maximal biomass yield is the objective. However, the aim of the SOF is to
allow the consumer to cultivate according to her/his preference. Hence, direct sowing
of crop combinations with similar growth requirements and automated cultivation in
polyculture could be one of the use-cases of the SOF.

Since soil is not used in hydroponic production units, theoretically, diseases caused by
soil-borne pathogens should not pose a problem [70]. Furthermore, under optimal indoor
conditions, the whole environment can be controlled, and the production system can be
closed. Hence, no pesticides are required under such conditions [16]. Pest management
was not necessary in this study and was therefore not considered. Pesticide free production
is a major asset of this type of cultivation system in terms of both consumer health and
the environment.

4.4.4. Water Consumption

Vertical farming can be very water-efficient, with savings of up to 95% compared to
open-field agriculture [71].

In this study, water had the lowest share on the total costs. One reason is the low water
price in Stuttgart, Germany, another is the size of the unit and the recirculating ebb and
flow cultivation system requiring only a small quantity of water.
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In the future, efficient water usage will become more important since more than a
quarter of the world’s population lives in regions which will have to cope with water
scarcity [72], while Europe experienced one of the most severe droughts ever recorded in
2018 [73].

Therefore, it can be expected that the importance and the competitiveness of water-
efficient production will increase and support the implementation of water efficient food
production systems in urban areas.

5. Conclusions

Urban farming is part of the solutions for the intensification of food production
with the aim of meeting the growing demand of the urban population. The cultivation
experiment shows and confirms the high yield potential of smart indoor cultivation sys-
tems, while the techno-economic analysis of the SOF revealed very high production costs,
mainly caused by very low energy-use efficiency compared to large-scale vertical farming
(10 MJ kg−1 FM), modern greenhouse production (1.9 to 2.7 MJ kg−1 FM) and conventional
open-field wheat production (3.3 MJ kg−1 grain).

The polyculture in the SOF yielded 1961.8 g on 0.79 m2 ground area, indicating a
theoretical yield potential of 257 Mg FM ha−1 year−1 of edible and fresh biomass. However,
as the economic assessment revealed, at production costs of EUR 53.10 kg−1 edible biomass
in the renewable energy scenario (conventional energy EUR 55.17 kg−1). The most costly
production factor is electricity (73%) for operating the SOF, followed by substrate (14%)
and seeds (6%). Since energy is the main cost driver, urban indoor production should
use renewable energy and requires further research and development to reduce its high
energy demand.

Light is a crucial factor for (indoor) crop production. The yields of curled lettuce, lolo
rosso and basil increased proportionally with increasing PPFD, except pak choi with a peak
yield at the intermediate PPFD level (355.7 μmol m−2 s−1). Light distribution was very
heterogeneous on plant level inside the SOF, revealing the need for optimizing PPFD at
plant level to save energy and reduce production costs.

Small-scale cultivation systems, such as the SOF, for indoor food production are less
productive and have lower energy-use efficiency than vertical farms. For the SOF, the effects
of scale are small (e.g., smart, sensor-based control and operation unit for less than 2 m2

productive area), the management is less efficient, and the resource-use is high, making
food production not economically viable today.

However, this trial assessed a prototype SOF. The yield of this trial was low com-
pared to vertical farming and modern greenhouse production and production conditions
analyzed in the techno-economical assessment were found to be not optimal. Further
trials are needed to optimize the SOF, focusing on technical improvement of the SOF and
subsequently on developing optimal cultivation conditions and management with this
particular indoor farm.

With improved resource-use efficiency and advanced cultivation management, the
productivity of the SOF can be increased, rendering smart indoor cultivation systems
such as the SOF a viable option to produce fresh and healthy food right at the place
of consumption.
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Abstract: The world is changing, and climate change has become a serious issue. Organizations,
governments, companies, and consumers are becoming more conscious of this impact and are
combining their forces to minimize it. Cooperatives have a business model that differs from those in
the private or public sector. They operate according to their own principles of cooperation, which
makes it difficult to obtain results that are in harmony with the objectives of the organization and
the cooperative members. However, they are also aware of climate change because their businesses
are directly affected. Thus, in this review, we have tried to answer the following questions: What
is necessary to meet the sustainability goals? Are wine cooperatives competitive in the context of
the global market? How can we respond to the challenges of environmental sustainability while
maintaining wine quality standards and economic profitability? What are the economic and social
impacts of reducing the carbon footprint of cooperatives and their members?

Keywords: wine cooperative; sustainability; benchmarks

1. Introduction

In 2015, the United Nations established an agenda for 2030 to 2050 and defined the
17 Goals for Sustainable Development, which aim to improve living conditions; combat
poverty, hunger, and social inequity; promote access to water, health, and education; combat
climate change; and protect the environment [1–3]. In this respect, governments, companies,
and organizations have been looking for ways to respond to the United Nations’ challenge.
Europe, for its part, has taken the leading role in combating climate change, particularly
in the food sector, with the creation of the European Green Deal, whose goals include
agriculture that is environmentally sustainable and a fair and healthy food system [4].

Wine production is one of the oldest economic activities, and environmental factors
have always affected grape production, forcing people to select grape varieties according
to the terroir and the soil in order for greater efficiency [5]. The cultivation of wine has
transformed landscapes and has become one of the sectors that contributes most to the eco-
nomic and social sustainability of communities. It is an integral part of culture, providing
many experiences, encouraging tourism, and being a source of pride for communities [2,6].

One of the sectors that most contributes to greenhouse gas emissions is agriculture,
with the wine sector accounting for 0.3% of global GHG emissions (considering a bottle of
wine leaving a cellar), and promoting sustainable environmental behavior has consequently
been the subject of certain policies [7]. Viticulture has a large impact on the environment, as
the use of chemical products, soil tillage, irrigation, soil management, and mechanization
are all responsible for GHG emissions [4,8].

In 2004, the OIV defined viticultural sustainability as a global strategy for grape and
wine production which contributes to the economic sustainability of communities by pro-
ducing quality products and practicing responsible viticulture. Sustainable viticulture is
concerned with risks to the environment, product safety, and consumer health, as well as
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valuing local heritage, history, landscape, and culture [9–11]. There is a growing commit-
ment in agriculture to more sustainable practices [12], not only because of the economy, but
also for environmental reasons and the legacy for future generations. Sustainability and the
efficient use of environmental, social, and economic resources are becoming increasingly
important to wine consumers and winemakers. This is clear from the way that markets and
consumers prefer products produced and labeled according to “sustainability indicators
or terms”, such as organic, sustainable, natural, free, ecological, etc. [9], because for the
consumer, the term “sustainable” is associated with the environment and their carbon
footprint. Governments, for their part, have been trying to impose measures that encour-
age consumers to choose products that are more sustainable, for example, by applying
environmental taxes (on carbon) [7] or, in the case of monopolies, restricting products that
do not meet sustainability standards.

Wine cooperatives are considered to be organizations with sustainable social and
economic development as some of their multiple roles and objectives [13], and they feel
pressure not only from consumers, but also from governments and monopoly markets.
Ziegler [14] argues that wine cooperatives should have objectives and strategies to ensure
circular social and ecological sustainability.

Growing pressure for political reasons and customers looking for sustainable prod-
ucts [5,15] have created the need for winegrowing organizations to develop indicators
aimed at the efficient use of water, production methods, the use of phytopharmaceuticals,
energy efficiency in the vineyard and winery, the promotion of clean energy rather than
fossil fuels, waste management, community impact, and employee well-being [5,16]. This is
because, for them, and in contrast to the consumer, sustainability is not only environmental,
but also economic and social [9]. In addition, consumers are becoming increasingly aware
of the need to be more sustainable, and wine producers need to implement sustainable
practices in order to stand out in a market with growing competition [2,6,17]. This has led to
the creation of various sustainable certification programs in winegrowing, which winegrowers
have tried to adopt. Cooperatives, formed by small winegrowers, most of them with very
limited literacy, cannot impose these rules; cooperatives will have to create tools to encourage
their members to adopt sustainable practices in response to market demands.

In our review of the literature, we found that guidelines have been defined by the
authors mentioned in Table 1. This was the first observation that research has only focused
on one aspect of sustainability, and in the case of cooperatives, the focus is on economic
and social sustainability.

Table 1. Literature review.

Ref. Authors Year Country Relevant Information

[1] Chabin et al. 2023 France Sustainability; 17 Sustainable Development Goals;
Economy; Environment; Resources

[2] Ferrer et al. 2022 Spain Economy; Environment; Resources

[4] Nazzaro et al. 2022 Italy Innovation; Sustainability; Cooperatives; Governance;
European Green Deal

[5] Tsalidis et al. 2022 Greece Organic; Viticulture; GHG emissions; Carbon Footprint
[6] Martínez-Falcó et al. 2023 Spain Sustainable Development Goals; Wine Industry
[7] Soregaroli et al. 2021 Italy Carbon Footprint; Climate Change; Wine Consumers
[9] Lamastra et al. 2016 Italy Vineyard Sustainability; Indicators; Environmental

[10] Marras et al. 2015 Italy Vineyard Management; Carbon Footprint; Agriculture;
GHG Emissions

[11] Casolani et al. 2022 Italy LCA; Wine Sustainability; Environment Sustainability

2. Cooperative Ecosystem

In 1852, Great Britain declared the cooperative a business for the first time [18]. This
shows the cooperative tradition in Europe [19]. According to the “Declaration of Coopera-
tive Identity” defined by the International Cooperative Alliance in 1995, “a cooperative is
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an autonomous association of persons voluntarily united to meet their common economic,
social and cultural needs and aspirations through a jointly owned and democratically
controlled enterprise” [14,20,21]. Article 2◦, paragraph 1 of the Portuguese Cooperative
Code defines a cooperative as “collective and autonomous persons, free constituted, with
variable capital and composition, which, through the cooperation and mutual help of their
members, in compliance with the cooperative principles, aim, on a non-profit basis, to
satisfy their economic, social or cultural needs and aspirations” [20,21]. Cooperatives are
governed by seven main principles: voluntary and free membership, democratic man-
agement by members, economic participation by members, autonomy and independence,
education, training and information, cooperation between cooperatives, and interest in the
community [21,22]. In other words, cooperatives are socially based people’s enterprises [22],
and stand out for promoting social equality, community development, and the well-being
of their members [20]. We can conclude that cooperatives are the best business model for
local development, considering the cooperation between citizens and local, regional, and
national organizations [20].

Lately, there has been growing interest in the cooperative model, as this business
model has proved to be more resilient in times of prolonged economic crises than capitalist
companies [13]. Cooperatives favor the maintenance of jobs, preferring to reduce salaries,
and the distribution of surpluses is more balanced to meet needs in times of crisis [13].
Historically, there has been an increase in the creation of cooperatives in times of economic
and social crisis [20], such as in the production of the liqueur muscatel in Portugal in the
1950s. Ziegler [14] has conducted a study showing that cooperatives are fundamental to the
circular economy and its incorporation into regional economies, concerning revalorization,
production, consumption, and lasting use.

These organizations are more sensitive to environmental, social, and economic is-
sues due to their cooperative values [12]. Since equality, community development, the
well-being of their members, and combating exclusion and poverty among the most disad-
vantaged classes are at the genesis of the creation of cooperatives, they are an alternative
business model to capitalism [13]. This business model helps small producers to create
scale, i.e., they are able to sell their products more easily as they gain the capacity to negoti-
ate by volume [20]. However, there are also weaknesses, since a cooperative demands the
acceptance of all the production of its cooperative members, without taking into consider-
ation quality or production methods, and can only impose a few rules that benefit those
who comply to the detriment of those who do not [19].

Figueiredo [20] defined cooperatives and cooperative members as “social entrepreneurs”
who are orientated towards financial independence and sustainable entrepreneurship to create
social value for the less privileged. We can therefore say that cooperatives enable the creation of
stronger and more sustainable local economies because they reinvest profits, without forgetting
social values and their mission [20].

As cooperatives are solutions for local development, agricultural cooperativism is very
much in the spotlight, especially when we look at production. According to Figueiredo [13],
41% of the wine produced in Portugal is made by cooperatives, and the numbers are even
more impressive when it comes to milk, which accounts for around 62%. This is why
agricultural cooperatives are so important, given that they operate at a rural level and
contribute to the conservation of these environments and the environment in general [20].
However, like other companies, they must be competitive and create value in order to
become economically, socially, and environmentally sustainable [20].

Climate change has been challenging companies to take urgent action to maintain
their competitive edge [19]. Some studies show that cooperatives are more proactive on
environmental issues than private companies [12], but there is no evidence of their applica-
tion in agricultural practices, such as in reducing their carbon footprint, water footprint,
use of fossil fuels, etc., since there is a lack of documentation or sustainability reports
by cooperatives; these reports could not only show their commitment and sustainability
strategy, but could also be seen as an internal learning mechanism [14].
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Figueiredo is one of the most widely published authors in the field of cooperatives
and their dynamics. Analyzing the articles by Ritcher and Figueiredo has provided a better
understanding of the fundamentals and the cooperative business model (Table 2).

Table 2. Cooperativism literature review.

Ref. Authors Year Country Relevant Information

[12] Calle et al. 2020 Spain Cooperatives; Environmental; Wine Sector

[13,20] Figueiredo et al. 2018 Portugal Cooperative; Sustainability; Social; Economic; Society
Development

[14] Ziegler et al. 2023 Canada Cooperatives; Circular Economy; Business Model;
Social Economy

[18,19] Ritcher et al. 2021 Germany Sustainable Management; Cooperatives; Cooperative
Values; Social Capital

[21] Ramos et al. 2023 Portugal Cooperatives; Democracy; Governance

3. Difficulties in Respect to Responses from Cooperative Members

The cooperative model depends on the ability of cooperatives to satisfy the ambitions
of their members, which sometimes do not meet the principles of cooperativism due to the
external and internal pressures that management can face [20]. This disruption can lead
to a loss of cooperative identity [20]. For this reason, when results are equal to or better
than expected, satisfaction is high and fundamental to maintaining trust, cooperation, and
commitment between everyone, cooperatives and cooperators, reducing disputes [20]. In
addition, through the difficulties inherent in cooperativism, the wine sector suffers from the
effects of demographics and land abandonment. According to Figueiredo’s research [13],
the average age of cooperative members is around 60, they are mostly men, and they
have low literacy levels. They are also resistant to change, and issues of efficiency and
performance are of lesser importance. The great challenge for cooperatives lies in their
ability to attract younger members to maintain the sustainability of the organization [13].

Another difficulty is related to one of the cooperative principles, freedom, i.e., there
is an “open door” policy, which enables the free entry but also the free exit of members,
which leads to problems of opportunism and lack of commitment [20]. Differences between
members, like quantity, grape production as a main or secondary activity, acceptance of
risk, and organization, contribute to a high degree of heterogeneity between members,
which slows down decision-making [18]. Due to this heterogeneity, the challenge is to
persuade members to apply sustainability measures [19].

However, it is not only the cooperative members who create difficulties. One of the
biggest problems is caused by the cooperative itself: the payment periods for cooperative
members are long, never less than 90 days, and often more than two years, which is one of
the main reasons why cooperative members leave, as they need immediate liquidity [13].

An advantage of the cooperative system is that when the governance model is ori-
entated to innovation and development, this allows access to innovative technologies
and techniques, such as precision agriculture [4]. As well as promoting knowledge, this
can make investments in technology accessible to cooperative members, since individual
investment would be economically unviable. However, this can be criticized due to dif-
ferences in objectives between management and cooperative members; one of the most
common situations is production vs. quality, with the cooperative looking for quality and
the cooperative members seeking production [4].

It is difficult for farmers to measure all the indicators they need to take advantage
of in a sustainability framework [23]. The lack of a clear standardization of indicators
leaves winegrowers in doubt about which indicators are essential for understanding their
company’s level of sustainability, and in responding to market demands [24,25] and deter-
mining how to do so. The process is more complicated when applied to wine cooperatives.
In a private company, the management board easily defines the objectives to be met by
the organization, while in the case of cooperatives, the decision-making capacity of the
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management board is more limited not only because it is an elected position, but also
because of the time limitation for implementing long-term objectives [19]. This difficulty
is compounded by the fact that, in general, investments in sustainable measures have a
long-term effect and the winegrower needs funding in the short-term, so money is more
important [18]. Communication between the board and the members is essential; it is
important that the members understand that consumers are now willing to pay more for
sustainably produced wine [18].

Faced with the current situation and the analyses carried out in this study, it is necessary to
provide cooperatives with tools that support them in materializing their values and responding
to the markets [12,18], and that allow the cooperative to prevail in the long-term.

Understanding the dynamics of cooperatives requires an understanding of their
strengths and weaknesses. Since cooperatives are created to help a large and hetero-
geneous number of individuals, this creates many challenges that are not found in private
companies. In Table 3, the authors of this study have gathered some information, but many
questions remain unanswered.

Table 3. Difficulties with cooperativism, literature review.

Ref. Authors Year Country Relevant Information

[23] Withehead 2017 New Zealand Sustainable Development; Sustainability
Assessment; Wine

[24] Borosato et al. 2020 Italy Viticulture; Sustainability; Innovation

[25] Merli et al. 2018 Italy Indicators; Environmental Management
Systems; Sustainability

4. Different Sustainability Benchmarks

Over the years, several sustainable certification benchmarks have emerged which differ
from organic, biodynamic, and biological certification [15]. Although they have the same
objectives, they are different in terms of methodology [15]. This diversity of benchmarks
for certification in the wine sector [25] has led to some markets (export, national) feeling
the need to create a set of rules in which the sustainability indicators fit in with greater or
lesser importance, as is the case with SystemBolarget, created in Sweden [26], and Sonae’s
Producers Club in Portugal.

In the wine sector, there are various models of certification. These can involve the
certification of vineyards, wineries, or both [15]. For example, although organic farming
has a positive impact on the environment, it has little focus on sustainability [15]. ISO 14001
was designed in the 1990s and is an environmental management system with an auditing
program. It is voluntary and includes all economic areas, including agriculture and more
specifically the wine sector [15].

In order to regulate the sector in 2020, the OIV (International Organization of Vine and
Wine) worked on a guide for implementing the principles of sustainability in viticulture [27].
The sustainable certifications that have subsequently emerged use the OIV’s guidelines
in this document as a basis [28]. However, while the key indicators are common across
the different benchmarks for certification, the ways in which they are described vary; for
example, in calculating the carbon footprint, energy consumption, impact of the carbon
footprint on soil, GHG [28], water footprint [29], etc. However, the indicators usually tend
to be more descriptive than analytical, making it difficult to determine the questions to be
measured and their answers, which is a weakness of the system [23].

Sustainable certification benchmarks in the wine sector first started in New Zealand
in 1997 with the “Sustainable Winegrowing New Zealand” program [30]; others have
been emerging [15], most recently in Portugal with ViniPortugal’s “National Reference for
Sustainability Certification in the Wine Sector” in 2022 [31] and the IVDP’s “Sustainability
Manual for the Douro Wine Region” in 2023 [32] (Figures 1 and 2). Portugal currently
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has the Alentejo (PSVA), launched in 2015 and promoted by the Alentejo Regional Wine
Commission [33].

Figure 1. Timeline for the creation of the different sustainable certification models for the wine sector.

Figure 2. Labels associated with different sustainable certification models in the wine sector.

Some of the best-known sustainable certification benchmarks for the wine sector,
created specifically for the vine and wine sector, are described below (Figure 1).

4.1. Sustainable Winegrowing New Zealand (1997)

In 1995, the New Zealand Winegrowers Association started the “Sustainable Wine-
growing New Zealand” program, its success being such that in 1997 they began the process
of certifying producers at a national level [15]. It is a national program with a sustainability
label, financed by a tax on the sale of grapes and wine and by the cost of certification.
The process has 62 chapters, based on various indicators such as biodiversity, soil, air,
water, energy, chemicals, by-products, people, and the economy. To obtain certification, it is
necessary to have an audit carried out by an independent auditor [15,30]. One of the main
criteria for the label is that the grape and wine are produced 100% sustainably [30]. New
Zealand’s progress has given it a competitive advantage over other winegrowing regions
in the world [15].

4.2. LIVE (1999)

LIVE is the first North American certification benchmark to originate in Oregon. A
nonprofit organization, the LIVE program was created in 1999, based on the indicators of
the International Organization of Biological Control (IOBC) for Integrated Pest Management
(IPM). Today, the program is not so focused on chemical products; environmental, economic,
and social indicators have been added [15,34].

4.3. LODI Rules (2005)

The LODI Rules certification came into being in 2005, but its basis was created in 1992
when the Lodi Winegrape commission and the University of California State Agricultural
Extension created a document based on sustainable practices. For a producer to use the
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LODI Rules label, 85% of the grapes used must be certified and the minimum score for
each chapter is 50%, with a minimum total score of 70% for certification. The indicators
are divided into six chapters: economy, human resources, ecosystems, soil, water, and
pests [15,35].

4.4. Sustainable Development for Wine Growers (2006)

This is the first certification benchmark in Europe, which originated in France and
was launched in 2006. It is based on four pillars: environmental preservation, wine quality,
society factors, and a fair price for the consumer. To obtain certification, the producer must
be a member of an association, fulfil 37 indicators, and obtain at least 50% [15,36].

4.5. Certified California Sustainable Winegrowing (2010)

In 2001, California developed a Sustainable Winegrowing program and in 2003 it was
included in the California Sustainable Winegrowing Alliance (CSWA). In 2010, Certified
California Sustainable Winegrowing was born with the aim of training and providing
growers with tools to improve sustainable winegrowing practices. Today, it focusses on
more transversal sustainability, with the main pillars focusing on the environment, economy,
and society factors. To obtain certification in viticulture, 50 indicators must be met, and
wine production must meet 32 indicators. Like other programs, after a self-assessment, an
audit is carried out by an independent auditor [15,37].

4.6. Integrated Production of Wine—Integrity and Sustainability (2010)

This was perhaps the first sustainability program, as in 1998 the Integrated Production
of Wine (IPW), run by the South African government, was established. However, it was
only in 2010 that the sustainability label and certificate were created, which is why the start
is attributed to 2010. This is one of the few programs that has no cost to the producer and
therefore also has one of the highest uptakes. To obtain certification, producers must have
a minimum of 162 points out of 270, in 27 indicators. In the case of wineries, 93 points out
of 155 points are required in 31 indicators [15,38].

4.7. Wines of Chile (2011)

Chile’s wine sustainability certification program was created in 2011 with the impetus
of the wine industry and is managed by a non-profit organization. It focuses on the three
pillars of sustainability, not just the environmental pillar, applied to the vineyard, winery,
bottling, and human resources. It mainly seeks to reduce the risks of the production system
and the vulnerability of the sector to environment and climate change [15,39].

4.8. V.I.V.A (2014)

The V.I.V.A. program appeared as a pilot project of the Italian government, Ministry of
Environment, Land and Sea in 2011 and the first certification was made in 2014. Certification
is financed by the government and aims at the sustainability of the sector and adding value
to the certified product. It focuses on four chapters: water, vineyard, air, territory. It is
also the first program to make publicly available the results of the audits made by an
independent auditor, making it a transparent program [15,40].

4.9. Certified Sustainable Austria (2015)

Austria has taken existing programs and adapted them to its reality. Its program was
created in 2015 by the Austrian Winegrowers Association and is national in scope. Austria
is one of the European countries with the largest area of vineyard certified as organic, so its
adaptation was easy and in the first year 23 wineries were certified. Certification works
on a traffic-light scheme, with green being the most sustainable. Producers respond in
an online tool that can be consulted by the consumer in a model of transparency, like the
Italian program [15,41].
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4.10. Wines of Alentejo Sustainability Program (2015)

This was the first sustainability program created in Portugal and adapted to the
Alentejo region. The program was initiated in 2013 by the organization that controls the
wines of Alentejo (Comissão Vitivinícola do Alentejo), and it was inspired by the Califor-
nia model, CSW, due to the similarities in production, climate, and terroir. It is divided
into three sectors: vineyard, winery, and vineyard and winery. It has 18 chapters and
171 indicators, based on four global pillars. The first is supervision, management, and
quality; the second is social, the third is environmental; and the fourth is exclusive require-
ments. For wine certification, 60% of the vineyard area must be registered in the PSVA. It
has a scale of levels that starts at initial, where growers must achieve 60%, followed by
intermediate, with the last being developed [33].

4.11. Fresh Australian Wine Industry Standard of Sustainable Practice (2020)

Launched in 2019, this program is based on the “Sustainable Australia Winegrowing”
(2011) and Entwine Australia programs and was revised in 2020. In 2020, the benchmark
was categorized into two parts, viticulture and winery, and was renamed. It is a national
program aimed at winegrowers and winemakers. The main pillars are social, economic,
and environmental, with landscape and soil, water, people, the economy, biodiversity,
energy, and waste being the most prominent [15,42].

4.12. National Reference for Sustainability Certification in the Wine Sector (2022)

This program, launched in 2022, is one of the most recent sustainability programs in
Portugal. It was developed by two public organizations, one for control and the other for
promotion, i.e., Instituto da Vinha e do Vinho (IVV) and ViniPortugal, respectively, based on
programs already implemented in other regions of the world, such as the Alentejo program
(PSVA), California Sustainable Winegrowing (CSW), LODI Rules, Bodegas Argentinas,
Sustainable Winegrowing Australia, etc. It is based on four pillars, which are management
and continuous improvement, environmental, social, and economic, which are divided into
86 indicators spread over 17 chapters. To obtain certification, 50% of the grapes must meet
the minimum requirements of the program. The classification corresponds to letters, the
lowest being C (ranging from 50% to 65%) and the highest being A (more than 85%) [31].

4.13. Sustainability Manual for the Douro Wine Region (2022)

The more recent sustainability program in Portugal is the Sustainability Manual for the
Douro Wine Region, developed by IVDP and the Faculdade de Ciências da Universidade
do Porto, which is currently under public consultation. It is a program very similar to the
Californian CSW, which works on a colored traffic-light system, like Austria’s program.
The scoring criteria take into account the size of the companies in terms of area, volume of
liters, turnover, and number of employees. However, it has one of the lowest acceptance
levels; from 33%, it already has a D classification, the remaining levels being similar to the
ViniPortugal program. This program focuses only on one region, which is the Douro. Like
the other programs, it addresses the SDGs and is based on the main pillars: economy, social,
environmental, and quality [28,32].

5. Different Sustainability Benchmarks

It is possible to analyze which indicators are the most important or eliminatory for each
certification model. Furthermore, there has been an evolution in the certification models,
with the most recent ones not only being more demanding, but also having more indicators
aimed at economic and social sustainability (Figure 3). The first certification models focused
more on vineyard, water, and soil aspects [15]. Biodiversity and water management are
indicators mentioned in all of the sustainable certification models [10] (Figure 4). In New
Zealand, Whitehead [23] analyzed the priority indicators for sustainability analysis and
concluded that the water indicator is the most valued. This may be due to the notion that
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it is a finite resource that is becoming increasingly scarce, with implications not only for
agriculture, but also for everyone’s day-to-day life.
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V.I.V.A
Certified Sustainable Austria
Wines of Alentejo Sustainability Programme
Freshcare Australian Wine Industry Standard of
Sustainable Pratice Viticulture
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Figure 3. Sustainable certification benchmarks from the oldest to the most recent, showing the most
important indicators for each benchmark (legend: green—indicators mentioned in the benchmarks for
viticulture; orange—indicators mentioned in the benchmarks for wine production; yellow—economic
sustainability indicators mentioned in the benchmarks; blue—social sustainability indicators men-
tioned in the benchmarks).

Figure 4. The most important sustainability indicators in the different sustainable certification
benchmarks: (a) represents the environmental indicators for the vineyard (green color) and the
number of benchmarks that measure them, and the most important are biodiversity and water
management; (b) represents the environmental indicators for wine production (orange color) and the
number of benchmarks that measure them, and again, water management is an important indicator,
as is energy management; (c) represents the company’s economic management indicators (yellow
color) and the number of benchmarks that measure them, with budget and monitoring being the
most relevant; and (d) represents social indicators (blue color) and the company’s relationship with the
community and the number of benchmarks that measure them, with hygiene, safety, and health at work
being the most mentioned, but others also appear, such as training and integration into the community.

Biodiversity is approached in various ways. In older models, the focus was on main-
taining the oldest and regional grape varieties, as well as the ecosystem. The most recent
models focus on the vineyard’s ecosystems, such as forest, riparian, small vegetation, and
bird nesting sites, and the correct maintenance of these ecosystems. Mulch is becoming
increasingly important [31–33,37]. In addition to increasing the soil’s ability to retain water,
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it is a shelter for pest predators and a source of nutrients for the plant, as well as reducing
the invasion of undesirable weeds. A good mulch helps to reduce tillage and the use of
insecticides, herbicides, and fertilizers, creating greater water retention in the soil and the
prevention of soil leaching.

While all the models give importance to the social aspect, it can be seen that “Hygiene,
Health and Safety at Work” is present in most of them, as is training. However, these
indicators are legal requirements in Europe and the USA, so this is more a way of checking
legal compliance, although it can also be seen as an opportunity for improvement.

Below are some graphs (Figure 4) showing which indicators are most relevant to the
different benchmarks. Only the most relevant were selected and/or were an eliminating
factor in certification.

In this set of graphs (Figure 4), the importance of environmental indicators is clear,
especially in the vineyard. Economic indicators are only evaluated in a macro way, which
encourages analyses in the direction of economic sustainability. Social indicators are
becoming increasingly important, especially on the part of consumers. Consumers prefer
products whose production respects human rights, such as fair wages, non-discrimination,
and social equity [9,26]. Interaction with the local community is also valued, in terms of
the circular economy and minimizing the environmental impact of the activity [5,6,16].

The carbon footprint is an indicator that is not directly addressed in some of the
certification benchmarks, but most organizations have online availability so that producers
can calculate it [32,34,35,37,40]. However, this is the indicator that consumers recognize
most easily, perhaps because it is applicable to all products and is valued more highly than
the certification label [12].

There are other certification benchmarks that have not been mentioned, but which are
also important for environmental sustainability, such as integrated production (manage-
ment of natural resources, favoring natural regulation, control of agrochemicals used, and
safety times), organic production (determining the type of agrochemicals used, favoring
biodiversity, preservation of natural resources) [43] or the Global GAP (benchmark for
good agricultural practices) [44]. These models only focus on agricultural practices, but
they are also applicable to viticulture.

6. Method

In June 2023, we conducted a literature review on environmental sustainability in wine
cooperatives and their difficulties in responding to the new demands of markets and gov-
ernments. For this analysis, we used two databases, ScienceDirect and Scopus, employing
keywords and various combinations of them, i.e., sustainability, environment, cooperative
wineries, cooperativism, sustainability benchmarks, and indicators. Figure 5 shows the
research strategy. First, the word “sustainability” was included; then “cooperative” was
included, then “environment”, and finally different variables were inserted. Some restrictions
were imposed: years of publication between 2015 and 2013; only research and review articles;
and environmental, agricultural, and social areas. The search resulted in 2628 articles (1850
articles in ScienceDirect, 778 articles in Scopus), from which 126 articles were extracted for
analysis. The rest were rejected because they were not associated with the wine sector or
cooperativism or environmental sustainability, and because of duplication. Finally, 27 articles
were included in this study. No software was used to support the analysis.

Figure 5. Search strategy use. Different keyword combinations. For example: sustainability AND
cooperative AND indicators.
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7. Discussion

Cooperatives have an important role in agriculture, but also in the communities
in which they are established. The origins of cooperative agricultural organizations are
associated with moments of crisis, when small producers join forces to sell the farm products
they produce [13,45].

As we discussed at the beginning of this paper, companies and organizations must
respond to the United Nations’ challenge by creating benchmarks to meet the SDGs. Coop-
eratives have some of these goals as a priority, such as SDG 1, No Poverty. Cooperatives
have been created to improve community conditions, such as SDG 2, No Hunger. In the
case of agricultural cooperatives, the promotion of sustainable practices contributes not
only to SDG 2, but also to SDGs 12 (Responsible Consumption) and 15 (Life and Land).
According to the indicators analyzed above, cooperatives should be able to respond to
SDGs 4 (Quality Education), 5 (Gender Equality), 8 (Good Jobs and Economic Growth), and
10 (Reduce Inequalities) through training, improving working conditions, and promoting
gender and pay equality. The implementation of measures to mitigate climate change, such as
water management and the use of renewable energy sources, should respond not only to SDGs
12 and 15, discussed above, but also to SDGs 6 (Clean Water and Sanitation), 7 (Renewable
Energy), and 13 (Climate Action). Cooperatives are always well integrated into the community,
and often provide support, so they always create synergies with government, social, political,
business, and educational/research institutions. Since their mindset involves overcoming
difficulties, administrations are very receptive to innovation. After this brief analysis, we can
say that they easily respond to SDGs 9 (Innovation and Infrastructure) and 17 (Partnership
for the Goals). Figure 6 below represents the SDGs that can be met by cooperatives if they
implement the indicators discussed in the previous point.

In a quick analysis of the indicators listed in the benchmarks studied, it is possible to
see that they respond to practically all of the SDGs in a more or less exhaustive way, as
shown in Figure 7.

At the beginning of this review, some questions were raised, and with the information
that has been compiled, we will try to answer them.

7.1. Q1: What Is Necessary to Achieve Sustainability?

First, we need to define sustainability, which, according to Ferrer [2], is the adaptation
of human activities to guarantee the future of the next generations. In other words, it means
securing a future where climate change has little impact, but also economic and social stability.

Analyzing the different benchmarks for sustainable certification, we were able to
suggest a broad range of indicators that are common to the various models. These indicators
address not only environmental issues, but also economic and social ones. For example,
the Swedish market, Systembolaget [26], not only values environmental indicators but also
gives great importance to social indicators, such as fair remuneration, non-discrimination,
and precarious labor.

7.2. Q2: Is the Wine Cooperative Competitive in the Global Market?

Like any other company or organization, the cooperative is equally exposed to market
challenges. The business model has proved resilient in times of crisis [12,13]. The objective
of cooperatives is to sell the products of their members, remunerate them as much as
possible, and reinvest the profits. However, this depends on the governance model and the
members’ commitment to the cooperative, for which they must maintain a high level of
satisfaction. However, we have not fully answered the question because the challenges of
market sustainability are what is needed. In the area of social sustainability, cooperatives
respond comfortably, since this is the genesis of their creation, as well as their own economic
sustainability and that of the community in which they are inserted. If the question is
asked to each producer individually, it is not possible to answer because there is a lack of
documentation. In the case of environmental sustainability, the producer is more attentive,
although they are not sensitive to some indicators and do not measure them. There are
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other factors that the producer monitors for legal reasons or economic interests; for example,
to comply with the Integrated Production Mode or the Organic Production Mode [43].

Even if the cooperative is competitive at the moment, it must create tools to respond
to sustainability criteria, because the market demands it and consumers are becoming
increasingly aware of these issues.

Figure 6. List of indicators identified in the benchmarks and their relationship with the SDGs (legend:
green—indicators mentioned in the benchmarks for viticulture; orange—indicators mentioned in
the benchmarks for wine production; yellow—economic sustainability indicators mentioned in the
benchmarks; blue—social sustainability indicators mentioned in the benchmarks).

7.3. Q3: How Can We Respond to the Challenges of Environmental Sustainability While
Maintaining Wine Quality Standards and Economic Profitability?

Although the literature explores environmental sustainability, it was not possible to
find a relationship with quality and economic profitability in the cooperative model. The
literature shows studies on the economic sustainability of cooperatives and their model,
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with its advantages and difficulties. However, when we tried to analyze whether the impact
of environmental measures has a positive or negative economic impact, these data were
not shown. We are unable to conclude whether some environmental measures have not
been implemented for financial reasons, or if their implementation could present a cost
reduction that would be attractive to the producer. To answer this question, there needs
to be more research into the effect of measures to reduce the environmental impact on
economic sustainability and also their economic viability, such as the effect on wine quality.
Soregaroli [7], in a consumer survey, found that they valued the economic factor more
than the carbon footprint. However, if the customer has the perception that wine with
a low carbon footprint has higher quality, they will choose it [7]. Ferrer [2] analyzed the
business model of 411 wineries in Spain and devised two types of business model: highly
sustainable and low sustainability [2]. The major difference in the model was only related
to the fact that the highly sustainable business model had a well-defined structure, favored
the sale of bottled wine, and had knowledge of the entire process [2]. The model with a low
level of sustainability sold mostly in bulk and did not know where the wine was going [2].

Figure 7. Sustainable development objectives that can be answered by wine cooperatives.

7.4. Q4: What Are the Economic and Social Impacts of Reducing the Carbon Footprint of the
Winery and Its Members?

In the same way that the literature did not answer the previous question, we did
not find any answers in the literature to this question either. Cooperatives, especially
wine cooperatives, are made up of small producers, most of whom are older and have
low literacy levels, which makes it difficult not only to communicate but also to obtain
answers, as Figueiredo [13] mentions in his study of wine cooperatives in the Dão wine
region. However, there are no works in the literature that answer this question in the case
of other types of organizations.

It is possible to have a consistent and comprehensive group of sustainability indicators,
already implemented and with a track record in the wine sector, but there is a lack of studies on
the impact of these indicators on communities, organizations, and consumers. It is important
for small producers to realize that they have a fundamental role to play on the road to
sustainability, but they need to know what the economic advantage is. Their priority is to
satisfy their needs, and selling their products to the cooperative will fulfil them.

8. Conclusions and Future Directions

To answer the questions raised, it is necessary to develop a methodology that allows
wine cooperatives to calculate their level of sustainability in a credible way, as well as that
of their members. This methodology should cover the most relevant indicators: water
management, soil management, vine management (including crop practices, nutrition, and
pest control), energy management, carbon footprint, and human resources (workers’ rights,
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hygiene, health, safety at work). It should also respond via the cooperative organization to
indicators on local biodiversity and the impact of activities on the community (not only
environmentally, but also socially).

Through the analysis of the dynamics of cooperative wineries, we can transform weak-
nesses into added value, such as by giving members an active role in sustainability, creating
integration tools to mitigate economic differences such as financial capacity or the area of
land parcels. Providing the organization with tools with which they can integrate their
members will enable them to respond to the current environmental, economic, and social
challenges not only imposed by the wine markets, but also by the current socio-economic
situation. In other words, this will create activities by which the environmental, social, and
economic aspects of winegrowing members and wine production can be improved.
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Abstract: The adoption of rice straw and stubble management approaches can be affected by various
factors. To understand the psychological factors influencing Thai farmers’ adoption of rice straw
and stubble management approaches, three integrated behavioral theories were employed: the
Theory of Planned Behavior (TPB), the Value-Belief-Norm (VBN) and the Health Belief Model
(HBM). Then, a practical communication framework was synthesized and proposed to promote rice
straw utilization for social-ecological benefits to achieve more sustainable agricultural production.
Through a questionnaire survey and in-depth interviews with 240 local farmers, a statistical analysis
was performed employing cross-tab, stepwise multiple linear regression, one-way ANOVA and
descriptive content analysis using QDA lite miner software. The key results clearly showed that
perceived pro-environmental personal norms, perceived cues to rice straw utilization, perceived
behavioral control, perceived severity of rice straw burning, perceived ascription of responsibility, and
the perceived benefits of rice straw utilization were significantly negatively influenced by burning,
and that there was a significantly negative difference to non-burning approaches. Meanwhile,
cost savings as perceived benefits of the current option of burning showed a significantly positive
difference when compared with incorporation and free-duck grazing options. In communication
strategies to promote rice straw utilization for achieving sustainable agriculture, key messages should
highlight the clear steps of rice straw utilization, as well as the costs and benefits of each option in
terms of economic, health, environmental and social perspectives. Moreover, messages designed to
promote action knowledge and self-efficacy at the group level, to promote perceived responsibility
via self-awareness and self-commitment, and convenient channels of communication to the farmers
can help to achieve more effective non-burning rice straw and stubble management.

Keywords: farmers’ perceptions; insight behavior; communication strategies; rice straw and stubble
management; sustainable agricultural production; Thailand

1. Introduction

The open-field burning of rice straw and stubble is a common practice in many
countries. Recently, burning has caused serious air pollution problems worldwide [1],
which has resulted in calls for participation from stakeholders to deal with this issue. Air
pollution from open burning has also been a serious environmental health risk impacting
Thai people [2]. The air pollutants from crop residues due to open burning in Thailand
were found to be primarily CO2, CO, PM10, PM2.5 [3].

In Thailand, the Department of Agricultural Extension has recognized the importance
of this problem. Therefore, a project to promote the cessation of burning in agricultural
areas was initiated in 2014 and continues to this day, which aims to expand the results
across the country [4]. Although some technologies have been introduced to Thai society
as options to avoid burning and to benefit from the use of rice straw through compacting,
soil covering, incorporation, growing mushrooms, etc., the problem of open-field burning
remains a serious issue. In practice, however, many farmers still burn rice straw and stubble.
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The relevant authorities have not yet been able to take legal action. Therefore, questions
arise as to why farmers choose to burn rice straw and stubble, and which management
options are the most cost-effective for farmers and society at large.

Based on a literature review, some previous studies employed behavioral theories to
understand farmers’ climate mitigation and adaptation behaviors (e.g., [5–8]). To the best
of our knowledge, one study used the Theory of Planned Behavior (TPB) to investigate the
factors and mechanisms driving the straw resource utilization behaviors of Chinese farm-
ers [9]. Meanwhile, other relevant studies were more focused on using quantitative analysis
to explore the factors influencing rice straw management practices [1,10] that were not
directly based on behavioral theory. There was still a research gap in applying behavioural
theory to understand farmers’ behaviors especially regarding rice straw management, and
the lack of practical communication strategies to promote non-burning approaches.

Consequently, the present study took both qualitative and quantitative approaches
aiming to answer two main questions: (1) What are the key psychological factors influencing
farmers’ decisions to adopt each type of rice straw and stubble management; (2) What
communication strategies should be planned and practiced further for promoting non-
burning rice straw and stubble management approaches? The contribution of this study
could promote rice straw utilization for social–ecological benefits for the achievement of
more sustainable agricultural production.

2. Literature Review on Factors Influencing Farmers’ Rice Straw Management Practice

2.1. Application of the TPB, VBN and HBM to Understand Farmers’ Decision

This study utilized three integrated behavioral theories (Figure 1) consisting of the
Theory of Planned Behavior (TPB), the Value-Belief-Norm (VBN) and the Health Belief
Model (HBM), which were proposed by Zhang et al. [6], Abdollahzadeh and Sharifzadeh [7]
and Ataei et al. [8], respectively, to understand the psychological factors influencing farmers’
adoption of each rice straw and stubble management approach.

Figure 1. Integrated theories of TPB, VBN and HBM using in this study.

Based on the TPB, behavioral intention is influenced by attitude, subjective norms, and
perceived behavioral control [11–13]. The Value-Belief-Norm (VBN) theory moves from per-
sonal values (biospheric, altruistic, and egoistic values) to the new environmental paradigm,
which includes an awareness of consequences, the ascription of responsibility, and pro-
environmental personal norms, and finally leads to pro-environmental behaviors [14].

The TPB and VBN models were employed to predict Chinese farmers’ intentions in
relation to farmers’ climate mitigation and adaptation behaviors using partial least squares
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structural equation modelling (PLS-SEM) [6]. The TPB was found to be more successful for
predicting self-interest-oriented behaviors like climate adaptation, while the VBN theory
better explained altruistic behaviors like climate mitigation. The TPB and HBM models
were also employed together to explore farmers’ intentions to use green pesticides based
on Structural equation modelling (SEM) for data analysis. Key results highlighted that
both theories could predict the intention, while HBM was better than TPB [8]. Furthermore,
the HBM was particularly applied with respect to health-issue relevance. One example
employed the HBM to examine the factors affecting farmers’ intentions to use personal
protective equipment (PPE), three components were positively found: higher levels of
perceived severity of pesticide adverse effects; cues to action; and perceived PPE benefits [7].

To understand health-related behaviors, the HBM has been claimed by some scholars
to be the most appropriate and widely employed framework. The model consisted of
perceived severity, perceived susceptibility, perceived barriers, perceived benefits, per-
ceived self-efficacy, and cues to action [15]. The HBM was applied with some studies
regarding farmers’ behaviors such as farmers’ intentions and safety behavior regarding
pesticides [7,16,17]. For rice straw management options, there is also a health-related issue
because the burning method can also generate air pollution. Therefore, this study also
integrated the HBM to understand farmers’ decisions with respect to their concern over
people’s health.

2.2. Factors Influencing Farmers’ Decision to Choose Rice Straw Management Practices
2.2.1. Factors Influencing Burning Decision

Based on the logit regression model, which is used to understand why the Indian
farmers choose each crop residue practice, social influence was found as a significant
determinant of residue burning [18]. Additionally, weather (humidity and rain), dispro-
portionate incentives, inefficient straw collection technology, inefficient management from
agricultural agencies, lack of logistic facilities (baler machines, storage and transportation),
lack of capital to manage straw, and a low level of skills and knowledge were found for
Malaysian farmers, where farmers also realized the benefits of rice straw burning due
to it having no serious impacts, and being the easier and cheaper option [10]. Although
the farmers perceived high risks, few benefits, low acceptance for rice straw burning [10],
and an awareness of its adverse environmental effects [18], they retained their burning
practice [10,18].

2.2.2. Factors Influencing Non-Burning Decision

To analyze the factors influencing farmers’ adoption of different rice straw man-
agement techniques, i.e., covering, burning, incorporation, or rice straw removal using
multinomial logit models [1], farm type, location, number of household members, cow
ownership, and distance from farm to house, were found to significantly influence farmers’
use of alternative techniques, i.e., incorporation or removal instead of burning. Other
factors that also influenced farmers to incorporate alternative techniques instead of burning
were training attendance, perceptions of incorporation benefits, income from non-rice
farming, cultivated area, tenure status, and provincial regulations of burning. Moreover,
the significant perception variables for Vietnamese farmers to incorporate were the negative
impacts of open-field burning, awareness of environmental regulations, and attitude to-
wards incentives. They adopted and incorporated these perception variables for themselves
rather than for the environment or society [10].

These attitudes were also mentioned by Kadam et al. [19] as the most important
for changing straw management practices in the United States, particularly regulation
with greater economic incentives for cooperation with rice straw collection advice, which
might help to change farmers’ attitudes. The economic or financial incentive could be a
powerful driver for farmers to choose a non-burning approach [10,20,21]. In addition, to
investigate the impact of policy measures on Chinese farmers’ rice straw management
using a regression model, key results highlighted that the burning ban has reduced rice
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straw burning dramatically and motivated farmers to retain straw in their soil. However,
the straw retention subsidy seemed to have an insignificant effect because it was low and
not directly provided to farmers [22].

In order to promote non-burning and more sustainable farming practices, acceptability,
feasibility and benefit perception should be promoted [10,23].

3. Materials and Methods

3.1. Study Areas

The study areas were purposively selected covering 12 villages in the Taluk sub-district
of Chainat Province in the middle region of Thailand (Figure 2). These areas were selected
by Thailand’s Department of Agricultural Extension based on published data on yields,
costs and net income from rice plantations in 2005–2006, which were collected to avoid
open-field burning in agricultural areas [24]. The main occupation of most people in
the area is rice cultivation and it is an area that is suitable for growing rice according to
the Agri-Map online platform that was jointly developed by the Ministry of Agriculture
and Cooperatives, the Ministry of Science and Technology, and the National Electronics
and Computer Technology Center as a member of the National Science and Technology
Development Agency.

 

Taluk sub-district 

Figure 2. Study area.

3.2. Sampling Design and Data Collection

Farmers’ household surveys were conducted by accidental or convenience sampling
of farmers from 12 villages in the Taluk sub-district of Chainat Province, who were conve-
niently placed, willing to participate in answering the questionnaire and provide in-depth
details. The researchers collected questionnaires from 240 local farmers via door-to-door
visits and informal interviews to obtain details about their rice farming, and rice straw and
stubble management.

The questionnaire was designed based on the TPB, VBN and HBM theories. The
reliability of the questions regarding psychological factors was tested, with Cronbach’s
alpha being between 0.870 to 0.983 (Table 1). Consequently, the questions were deemed to
be reliable and fit for the objectives of this study.
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Table 1. Psychological factors, variables, reliability test and reference theories.

Psychological Factors Cronbach’s Alpha Reference Theories Sources

(1) Perceived
pro-environmental personal
norms (PPN)

0.983 Value-Belief-Norm (VBN): Pro-environmental personal norms [6,8]

(2) Perceived cues to rice
straw utilization (PCU) 0.915 Health Belief Model (HBM): Cues to action [7,8]

(3) Perceived behavioral
control of rice straw
utilization (PBC)

0.962 Theory of planned behavior (TPB): Perceived behavioral control [6,8]

(4) Perceived severity of rice
straw burning (PSB) 0.941 Health Belief Model (HBM): Perceived severity [7,8]

(5) Perceived ascription of
responsibility (PAR) 0.929 Value-Belief-Norm (VBN): Ascription of responsibility [6]

(6) Perceived benefits of rice
straw utilization (PBU) 0.944 Health Belief Model (HBM): perceived benefits [7,8]

(7) Perceived benefits of
current option (PBO) 0.870 Health Belief Model (HBM): perceived benefits [6,8]

To validate the questionnaire, three experts in different fields of agricultural manage-
ment, environmental and health psychology, and environmental and health communication
were invited individually in-person and online. The questionnaire was pre-tested with
10 farmers in the same province who were not be included in the final study. A few ques-
tions of the questionnaire were revised, alongside the language that was used based on the
pilot farmers’ suggestions that it be easier to understand by the farmers.

The questionnaire consisted of three main parts (Table 2): (1) demographic information;
(2) rice straw and stubble management; and (3) psychological factors. A checklist, an open
form and a five-point Likert scale were used to record their responses, where 1 = minimum
and 5 = maximum scores.

3.3. Data Analysis

To understand farmers’ perceptions regarding rice straw and stubble management in-
cluding pro-environmental personal norms, the benefits of rice straw utilization, perceived
behavioral control, ascription of responsibility, cues for rice straw utilization, severity
of rice straw burning, and the benefits of the current option, cross-tabs and percentages
were employed for data analysis. Moreover, stepwise multiple linear regression analysis
was used to decode the psychological factors affecting farmers’ rice straw and stubble
management. The normal distribution test, a test of the homogeneity of variances, and
a one-way ANOVA test using post hoc multiple comparisons (Scheffe) to compare the
farmers’ perceptions of rice straw and stubble management practices were also performed.
These tests were analyzed using SPSS version 22.0.

The qualitative data from farmers’ interviews were analyzed by thematic content
analysis [25]. Firstly, recorded data was transcribed, read overall to familiarize the collected
data, and classified into different issues based on the study objectives. Then, the QDA
Miner Lite Program was employed to code, label the similar meaning, and group the
data. The overall analysis from the Program was printed out and reviewed again. Then,
the critical results were described by face-to-face discussions between two researchers
according to the interview issues and study objectives.
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Table 2. The questions used in the questionnaire to ask respondents.

Part Questions

(1) Demographic information (a
checklist and an open form)

1.1 Gender (1. male, 2. female)
1.2 Age (indicating years)
1.3 Schooling (indicating years)
1.4 Farmland owner (1. no, 2. yes)
1.5 Farm size (indicating areas: Rai)
1.6 Farming group attendance (1. no, 2. yes)

(2) Rice straw and stubble management
(a checklist)

2.1 Burning
2.2 Compacting
2.3 Incorporation
2.4 Free-grazing ducks
2.5 Mixed method

(3) Psychological factors (a five-point
Likert scale answer: 5 = most, 4 = more,
3 = moderate, 2 = low, 1 = very low)

3.1 Perceived pro-environmental personal norms (PPN)
PPN1: The use of rice straw is consistent with your farming values.
PPN2: You feel it is your responsibility to help reduce air pollution.
PPN3: You feel guilty if you do not utilize the rice straw.

3.2 Perceived cues to rice straw utilization (PCU)
PCU1: You have read/heard/received the information about using rice straw to reduce environmental
problems.
PCU2: Local authorities educate about rice straw utilization.
PCU3: You can access facilities of rice straw utilization such as purchasing sites near the community.

3.3 Perceived behavioral control of rice straw utilization (PBC)
PBC1: You have a good understanding of how to gain benefits from rice straw.
PBC2: Rice straw utilization is easy and uncomplicated.
PBC3: You feel confident that rice straw can be utilized.

3.4 Perceived severity of rice straw burning (PSB)
PSB1: Rice straw burning is a threat to local people’s health.
PSB2: Rice straw burning is a serious threat to the environment and agriculture.
PSB3: Rice straw burning is a serious threat for future generations.
PSB4: People and the environment cannot cope with the effects of rice straw burning.

3.5 Perceived ascription of responsibility (PAR)
PAR1: Everyone should be responsible for air pollution.
PAR2: People in the community should avoid activities that cause air pollution.

3.6 Perceived benefits of rice straw utilization (PBU)
PBU1: Rice straw utilization has a positive effect on agriculture and the environment around you.
PBU2: Rice straw utilization helps increase income.
PBU3: Rice straw utilization helps build good relationships in the community.
PBU4: Rice straw utilization does not incur an extra cost.
PBU5: Rice straw is more useful than burning, so it should be used for maximum benefit.

3.7 Perceived benefits of current option (PBO)
PBO1: Your rice straw and stubble management option can help generate income for yourself/your
family.
PBO2: Your rice straw and stubble management option has low costs.
PBO3: Your rice straw and stubble management option can help reduce air pollution.
PBO4: Your rice straw and stubble management option does not cause trouble for others and allows
people to coexist peacefully.
PBO5: Your rice straw and stubble management option is appropriate for the available resources in
your community.

4. Results and Discussion

4.1. Demographic Information

Most of the respondents were male (around 55.83%). Their average ages, farm sizes,
and levels of education were 51 years old, 19 Rais (3.04 hectares) and secondary school, re-
spectively. Most farmers owned their rice farming area (91.67%) but did not attend the farm-
ing group (94.17%). Five main rice straw and stubble management practices were found
in this area consisting of (1) burning (43.75%), (2) compacting (40.83%), (3) incorporation
(6.25%), (4) free-grazing ducks (1.25%) and (5) mixed methods (7.92%). The average costs
and returns for each method of rice straw and stubble management are shown in Table 3.
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Table 3. Average costs and returns for each method of rice straw management.

Rice Straw Management Costs Returns

(1) burning Lighter 10 Baht/piece
(can use more than one time) Fast straw management

(2) compacting - 120–180 Baht/rai or
750–1125 Baht/hectare

(3) incorporation Wage for plowing rice straw
(200 Baht/rai or 1250 Baht/hectare) Soil nourishment

(4) free-grazing ducks Water pumping
(75 Baht/rai or 468.75 Baht/hectare)

Free duck eggs
(around 30 duck eggs)

(5) mix method

• compacting - 120–180 Baht/rai or
750–1125 Baht/hectare

• incorporation Water pumping
(75 Baht/rai or 468.75 Baht/hectare) Soil nourishment

• soil covering - Soil moisture

4.2. Farmers’ Rice Straw and Stubble Management and Their Perceptions

Based on integrated quantitative and qualitative approaches, this study highlighted
psychological factors that could reflect the farmers’ demographic, social and economic
factors as well. Five main rice straw and stubble management practices were found in the
study area as described in detail below.

4.2.1. Rice Straw Burning

For the farmers who chose to burn rice straw, the lowest-rated perception was found
for all sub-issues of PPN, PCU, PBC and PSB (Table S1).

For the perceived benefit of burning, cost-saving was found to be the highest-rated
perception (PBO2, 69.52%), while generating income (PBO1, 85.71%) and reducing air
pollution (PBO3, 80.95%) were the lowest-rated perceptions. The cost-saving from the
burning method is in line with the findings of Ahmed et al. [26], who mentioned that rice
straw utilization had higher costs than burning, so farmers in Pakistan adopted the burning
method. This was also in line with the Malaysian farmers’ perception of the ease and low
cost of rice straw burning [27].

The lowest-rated perceptions regarding the utilization of rice straw were the fostering
of good relationships (PBU3, 76.19%) and the lack of additional cost requirements (PBU4,
85.71%), which relate to the perceived benefits of rice straw utilization. This perception can
hinder the adoption of rice straw utilization, as also supported by Launio et al. [1] who
suggested that having a low income could prevent Filipino and Vietnamese farmers from
adopting practices other than burning, as they were unwilling to pay more for rice straw
and stubble management.

Moreover, a moderate-level perception rating (undecided) was found regarding the
benefit for agriculture and the surrounding environment (PBU1, 80.95%). Some of the
farmers added that they were also interested in methods of rice straw utilization instead of
burning, especially compacting, which was the method that generated the most interest
provided that facilities could be supplied for them as well.

In light of the perceptions of farmers who were not sure about the advantages of using
rice straw to benefit their agricultural activities and surrounding environment, and given
the interest in rice straw compacting, the comparative communication highlighted each
rice straw utilization method, as well as the costs and benefits for the agricultural system,
environment and people. This was also supported by the findings of Rosmiza et al. [27],
who suggested that farmers would be more active in participating in and adopting the
use of a new technology if they could increase their profits. Moreover, to promote the
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adoption of rice straw utilization, Launio et al. [1] raised the importance of accessing
appropriate public and private support by the farmers. Therefore, continuous agricultural
advice by local authorities and agricultural extensionists should be arranged to promote
confidence and the improvement of abilities relating to rice straw utilization instead of
burning. Additionally, knowledge on the benefits of rice straw, which is rich in various
substances and can be used as fertilizer, fodder, for bioenergy, etc. should be highlighted
as well.

4.2.2. Rice Straw Compacting

The farmers who chose to compact rice straw perceived the benefit of this option at
the highest level across all sub-elements, especially for generating income (PBO1, 100%),
reducing air pollution (PBO3, 100%), and helping to live with others in the community
peacefully (PBO4, 100%), followed by saving costs for rice straw and stubble management
(PBO2, 77.55%) and appropriateness for the available resources in the area (PBO5, 54.08%)
(Table S1). This highest-level perception rating was consistent with the perceived benefits
of rice straw utilization as follows: most farmers strongly agree that rice straw is more
useful than burning, so it should be used for maximum benefit (PBU5, 98.98%) and the
generation of income (PBU2, 92.86%); secondly, most agree with the use of rice straw
to benefit agriculture and the surrounding environment (PBU1, 100%), that it helps to
strengthen good relationships in the community (PBU3, 100%) and has no additional costs
(PBU4, 88.78%).

Furthermore, the farmers gave high-level perception ratings regarding PPN and PBC.
The utilization of rice straw has been a common practice for an average of 2−3 years.
Rice straw compacting is convenient and generates income for the farmers because the
private sector that buys straw directly contacts the farmers at their paddy fields, and offers
a price for rice straw, meaning that farmers can decide whether to sell the straw or not.
Therefore, the farmers considered that, compared to methods of rice straw and stubble
management such as burning, compacting is a new way that they see has advantages
without disadvantages, so other farmers in their village should also choose this method. In
addition, during the past 2−3 years, there has been an issue of smog from open burning,
therefore, compacting has been viewed as one solution that can help reduce air pollution.
The farmers thought that everyone should take part in reducing air pollution as much as
possible, and stated that they will continue to use this method if in the future the private
sector still buys their rice straw.

It is interesting that the farmers perceived high (49.5%) and moderate (47.3%) levels of
understanding for rice straw utilization, while perceived ease and confidence in rice straw
utilization was at a high level (73.6%), and some responded at the highest level (26.4%).
Consequently, the alternatives to rice straw utilization should be clearly communicated,
both the methods/steps, as well as the costs and benefits to be earned by comparing each
method. If these can be measured or compared in terms of money gained and lost, the clear
alternatives to burning rice straw trend to be adopted by farmers.

The results of PAR showed that the farmers perceived at a high level the sub-issue
that everyone should be responsible for air pollution (PAR1, 100%). Meanwhile, they
perceived at a moderate level that people in the community should avoid activities that
might cause air pollution (PAR2, 61.22%), because of an understanding of the necessity that
some farmers need burning. They understood that some rice fields are not large enough
for the private sector to directly contact and compact rice straw in their fields. In addition,
most farmers rushed to maximize the amount of rice cultivation, so it is necessary to choose
a rice straw and stubble management method that is fast, convenient, and does not cost a
lot. The burning method fulfills these criteria compared with non-burning methods. Based
on this reason, our survey resulted in a high-level perception rating (100%, not the highest
level) regarding the issue that everyone should be responsible for air pollution.

PCU found that most farmers perceived the highest level of rice straw utilization
facilities (PCU3, 57.1%). There was a high level of perception for rice straw utilization
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education by local authorities (PCU2, 67%) and a moderate level of perception for the
reading/hearing/receiving of information expressing that utilizing rice straw reduces
environmental problems (PCU1, 79.1%). For rice straw compacting, a private sector repre-
sentative made contact and agreed on the price of purchasing and the date of compacting
rice straw in the paddy fields, so it was convenient to manage the rice straw. There were
also local authorities to promote knowledge about rice straw utilization. Some of the
farmers gained knowledge from attending community agricultural groups, especially large-
scale agriculture groups. However, most farmers do not have knowledge on how to gain
the benefits of utilizing rice straw. Having agricultural agencies and academics promote
knowledge and practice is, therefore, an important and effective way for farmers to learn
how to gain benefits from rice straw. These findings reflect that farmers are more open
to knowledge from local authorities than from other channels. Therefore, another viable
approach may be to design communication streams through local authorities to directly
promote rice straw utilization approaches and practical actions to farmers. Mechanisms
to support rice straw utilization, which can be operated mainly by the farmers in the
community should be also promoted.

Most farmers perceived the severity of rice straw burning at a moderate level. This
was proven through the sub-issues that people and the environment were unable to cope
with the effects of rice straw burning (PSB4, 91.0%), followed by perceptions that burning
straw poses a serious threat to the environment and agriculture (PSB2, 86.8%), and that it
poses a threat to community health (PSB1, 69.2%). Most disagreed that rice straw burning
was a serious threat for future generations (PSB3, 100%).

The explanation provided by the farmers was that they did not feel rice straw burning
was a very serious threat was because it did not cause a serious effect for a long time.
Farmers only burnt the rice straw after harvesting and preparing for the next crop. In some
years, rice could only be planted once or twice because of insufficient water for many crops.
Each burning took a short period of time for the fire to be extinguished. Most farmers knew
and understood their reasons for burning. At the same time, there were ways to protect
themselves from the smog of burning, such as avoiding activities outside or in the open
air, staying in the house, and keeping doors and windows closed. If they needed to be
outside during the burning time, they also wore a mask to protect themselves from the
burning smog.

4.2.3. Rice Straw Incorporation

Farmers who incorporated their rice straw perceived the highest benefits of rice straw
utilization, i.e., that rice straw was more useful than burning, so it could be used for maxi-
mum benefit (PBU5, 100%) (Table S1), which supported the finding of Connor, et al. [10].
The farmers realized the benefits of soil nourishment, which could reflect their high-level
perception of the benefits of rice straw for agriculture and the surrounding environment
(PBU1, 100%). Furthermore, the farmers agreed that straw incorporation helped build good
relationships in the community (PBU3, 100%) and did not require additional costs (PBU4,
100%), while the benefit of rice straw in terms of generating income (PBU2, 100%) was
perceived at a moderate level. This is because rice straw incorporation does not directly
result in monetary return, but this is rather a byproduct that results from incorporation for
soil nourishment.

These results were consistent with PPN, which had a high-level perception rating
regarding farmers feeling guilty if rice straw was not utilized (PPN3, 100%). Meanwhile, a
moderate perception of rice straw utilization was consistent with farming values (PPN1,
100%) and their responsibility to reduce air pollution (PPN2, 100%). The crucial reasons
for rice straw incorporation was lacking water resources to continue the next crop. So
farmers let the rice straw dry naturally until enough water was available for the next crop
of rice cultivation.

For farmers who had their own tractors, they incorporated rice straw and prepared
for the next crop when water from the irrigation system was available. Most farmers did
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not think that rice straw incorporation would link to their responsibility for reducing air
pollution, and they were mainly concerned about available resources in their area. More-
over, after gaining knowledge of the benefits of rice straw utilization from local authorities,
agricultural academics and agricultural extensionists, they were more concerned about the
benefits of rice straw in terms of soil nourishment, which would benefit rice growing in
the future.

Regarding PBC, most of the incorporation farmers reported a high level of perception
that rice straw utilization was simple and uncomplicated (PBC2, 84.62%), and that rice
straw was believed to be usable (PBC3, 76.92%). Meanwhile, a moderate level of perception
was expressed regarding how to use rice straw (PBC1, 61.54%). It is still an issue that
should be communicated, and greater understanding should be promoted to increase their
self-efficacy regarding rice straw utilization. This was because the farmers were initially
confident in the benefits of rice straw, and its perceived ease of use. Promoting knowledge
that is clearly understandable could increase the occurrence of rice straw utilization.

The fact that everyone should be responsible for air pollution (PAR1, 100%) was shown
at a high level of perception for the ascription of responsibility, followed by a moderate
perception that people in the community should avoid activities that cause air pollution
(PAR2, 100%). This group of farmers explained similar reasons for understanding the
necessity of burning, as mentioned by compacting farmers.

Cues to rice straw utilization were highly perceived by the incorporation farmers
for its facilities (PCU3, 61.5%), while moderate perceptions were found for reducing envi-
ronmental problems (PCU1, 100%) and gaining knowledge from local authorities (PCU2,
76.9%). Since possessing a tractor is an important aspect of rice straw incorporation, the
farmers did not pay for the labor cost. They did not focus on acquiring knowledge by
themselves or from local authorities, but they would attend training if it led to a direct
benefit to themselves.

PSB was found at moderate to low perception levels. The ideas that people and the
environment are unable to cope with the effects of rice straw burning (PSB4, 100%), and
that rice straw burning poses a serious threat to the environment and agriculture (PSB2,
86.8%) were perceived at a moderate level, while rice straw burning being a serious threat
for future generations (PSB3, 100%) and a threat to community health (PSB1, 76.9%) were
perceived lower.

The incorporation farmers perceived the benefits of the current option at the highest
levels for reducing air pollution (PBO3, 100%), helping people in the community live
together peacefully (PBO4, 76.9%), and being suitable for the available resources in the area
(PBO5, 53.85%), these were followed by cost-saving (PBO2, 76.92%), which was reported at
a high level of perception.

On the contrary, a lower level of perception for generating income (PBO1, 100%) was
found. The farmers focused more on environmental benefits, especially to the soil in their
paddy fields than on monetary benefit. This could benefit the surrounding environment
and cause no problems for others due to a lack of burning. Rice straw incorporation mainly
benefited their soil quality, so the lowest level of perception for this point was shown.

4.2.4. Free-Grazing Ducks in the Paddy Field

In terms of PBU, farmers who practiced free-grazing ducks in the paddy field had the
highest level of perception that rice straw was more useful than burning it, so it should be
used for maximum benefit (PBU5, 100%). The high level of perception was shown for rice
straw utilization having a positive effect on agriculture and the surrounding environment
(PBU1, 100%), helping build good relationships in the community (PBU3, 100%) and not
requiring additional costs (PBU4, 100%). Meanwhile, a moderate perception was mentioned
for gaining income (PBU2, 100%) because the farmers did not earn a monetary return, but
got duck eggs to eat that could reduce the cost of buying food (Table S1).

The results of perceived pro-environmental personal norms were found at a high level
of perception for all sub-issues; rice straw utilization was in accordance with their farming
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values (PPN1, 100%), their responsibility to reduce air pollution (PPN2, 100%) and feeling
guilty if rice straw was not utilized (PPN3, 100%).

Having free-grazing ducks in the paddy field has been practiced for about 1–2 years
because duck farmers have offered to raise ducks in the paddy fields after harvesting, and
offered to give duck eggs in return. Moreover, this method was selected as the farmers
realized the benefit of duck manure in their paddy field as a good fertilizer to nourish
their soil. These are the main motivating reasons for the perception that this approach is
consistent with their farming values.

In addition, the farmers had a high level of self-efficacy in rice straw utilization (PBC)
on the issue of rice straw utilization being easy and uncomplicated (PBC2, 100%), and they
believed that rice straw could provide benefits (PBC3, 100%) while having a moderate
understanding of how to gain benefits from rice straw (PBC1, 100%).

It is interesting that the results reflected the farmers’ moderate knowledge and under-
standing of rice straw utilization, while the benefits of rice straw were the most recognized.
Their recognition of its benefits should be employed as a key message of communication.
Moreover, providing the clear steps of other methods on how to use rice straw for other
benefits including mention of their costs and returns should be communicated, this could
encourage farmers to consider alternative methods of rice straw utilization. This commu-
nication technique is called “action–knowledge” [28] and should be focused on relevance
and usefulness, positive and negative examples, the suggestion of simple behaviors, the
utilization of previous knowledge, fostering transferability, and providing information
tailored for the specific context of action.

Ascription of responsibility of the incorporation farmers was reported at a high level
of perception, i.e., that everyone should be responsible for air pollution (PAR1, 100%), while
a moderate level of perception that people in the community should avoid activities that
cause air pollution (PAR2, 57.14%) was noted. This is in line with the results concerning
those farmers who chose other approaches to rice straw utilization (instead of burning),
sharing similar reasons for understanding the necessity of burning by farmers. The farmers
highlighted that everyone should help each other in any way they can to avoid activities
that cause air pollution.

For the perception of cues to rice straw utilization, the majority of farmers employing
free-grazing ducks in the paddy field expressed the highest perception of the straw utiliza-
tion facilities (PCU3, 100%), followed by a high level of rice straw utilization education by
local authorities (PCU2, 100%), and perceived reading/hearing/receiving knowledge that
rice straw utilization reduces environmental problems (PCU1, 100%) moderately, which is
similar to those farmers who use rice straw for other purposes. The farmers added that
there is a free-grazing ducks operator who contacted the farmers at their field to determine
whether they were interested in raising ducks in the field, and who expressed that duck
eggs would be given in return. In addition, this method is used during resting periods for
their paddy fields, so they were not in a hurry to continue planting rice. The findings on
this issue are in good agreement with results from compacting rice straw farmers, although
they were more open to knowledge from local authorities than from other channels. The
approach can be also applied to design communication through local authorities to directly
provide knowledge to farmers.

A moderate perception was proved for PSB in that people and the environment cannot
cope with the effects of rice straw burning (PSB4, 100%), and that rice straw burning poses
a serious threat to the environment and agriculture (PSB2, 100%). A low perception was
shown for the opinions that rice straw burning poses a threat to community health (PSB1,
100%) and is a serious threat to future generations (PSB3, 100%). It was notable that the
perception levels of farmers who employed rice straw compacting and free-grazing ducks
in the paddy field were similar and quite close to those who employed other approaches
of rice straw utilization. Overall, the severity of the rice straw burning was not highly
perceived by non-burning farmers due to an understanding of the necessity of burning for
some farmers.
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A study on the PBO found that the farmers had the highest level of perception that
using free-grazing ducks in the paddy field reduces air pollution (PBO3, 100%). It was
clear that this method did not require rice straw burning, which could help to reduce air
pollution. Additionally, this method helped people in the community coexist peacefully
(PBO4, 100%) because of the lack of rice straw burning. Therefore, it did not affect others
in the community and was suitable for the available resources in the area (PBO5, 100%),
such as not having enough water for the next crop. Cost-saving in rice straw and stubble
management (PBO2, 100%) was perceived at a moderate level for this approach because
there is still a need to pump water into their paddy fields when the ducks are released.
Meanwhile, a low perception of generating income (PBO1, 100%) was expressed, because
raising ducks in the paddy field did not provide a monetary return, but duck eggs were
provided instead.

4.2.5. Mixed Method

The selected mixed-method consisted of compacting, incorporation and soil covering.
Farmers employing this mixed-method for rice straw and stubble management preferred
not to burn rice straw as the first priority, so they tried to employ as many alternatives as
they could.

Farmers’ perceptions of the use of the mixed method were found to be consistent
among PPN and PBC for all sub-issues at a high level as follows: rice straw utilization
was in line with their farming values (PPN1, 100%); their responsibility to reduce air
pollution (PPN2, 100%); and feeling guilty for not using rice straw (PPN3, 85.71%) (Table S1).
The farmers stated that they realized the benefits of rice straw, so they tried to use it to
benefit various purposes. Besides allowing the private sector to compact rice straw and
incorporating rice straw into the soil, they owned orchards growing mango, banana and
papaya, so they covered the soil with rice straw in order to increase moisture in the soil.
They also realized that using rice straw reduced burning. Reducing rice straw burning as
much as possible was considered to be part of a farmer’s responsibility.

The farmers also believed that rice straw could be utilized (PBC3, 85.71%), they stated
their understanding of how to use rice straw (PBC1, 66.67%) and expressed the opinion that
rice straw utilization was simple and uncomplicated (PBC2, 66.67%). Most of the farmers
participated in community farming groups, such as large-scale farming groups, which
promoted more opportunities for training to enhance knowledge of rice straw utilization
techniques. Some training also provided the opportunity to participate in practical activities
and experiments, so they understood the process of implementing rice straw and felt that it
was not too difficult to gain benefits from rice straw. Therefore, they have continued using
rice straw to receive various benefits.

The results of PBU were in line with PBO, with the highest perception of rice straw
being more useful than burning, so farmers thought it could be used for maximum benefit
(PBU5, 90.48%). A high level of perception was shown that rice straw had a beneficial effect
on agriculture and the surrounding environment (PBU1, 100%), increasing income (PBU2,
100%), promoting good relationships in the community (PBU3, 100%) and not requiring
additional costs (PBU4, 95.24%), which are congruent with the perceived benefits of their
methods of rice straw and stubble management. Most of them reflected a high perception
of rice straw compacting being useful for reducing air pollution (PBO3, 100%), helping
people in the community coexist peacefully (PBO4, 100%) and being appropriate for the
available resources in the area (PBO5, 85.71%).

A high level of perception was mentioned for generating income (PBO1, 100%) and
cost-saving for rice straw and stubble management (PBO2, 100%), with similar reasons
being expressed as with compacting farmers. They realized the benefits of generating
income first, then reducing air pollution was clearly a good result as well because rice
straw was definitely not burned and resulted in peaceful coexistence in the community.
The mixed-method chosen was suitable for their available resources because rice straw
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could also be used to cover the soil in their orchard to improve soil moisture. Overall, the
mixed method did not incur expenses for rice straw utilization.

A study on the issue of the ascription of responsibility showed a high level of percep-
tion for all sub-issues, i.e., that everyone should be responsible for air pollution (PAR1,
100%) and that people in the community should avoid activities that cause air pollution
(PAR2, 57.14%), which is in line with the perception of farmers employing other methods
of rice straw utilization.

The results of the study on the issue of the perception of cues for rice straw utilization
found that farmers who used rice straw to raise cows had a high perception of rice straw
utilization facilities (PCU3, 80.95%), followed by a moderate perception of education on rice
straw utilization by local authorities (PCU2, 85.71%), and of reading/hearing/receiving
information that rice straw utilization reduced environmental problems (PCU1, 57.14%).

PSB also showed similar results to other methods of rice straw utilization, at low to
moderate levels. Most farmers perceived that rice straw burning poses a serious threat to
the environment and agriculture (PSB2, 85.71%) at a moderate level, alongside that it is a
threat to community health (PSB1, 57.14%), and that people and the environment cannot
cope with the effects of rice straw burning (PSB4, 100%). Meanwhile, there was a low
perception of rice straw burning as being a serious threat for future generations (PSB3,
100%). The same level of perception of the PSB2, PSB3 and PSB4 issues were raised, which
was slightly different only for PSB1, with similar reasons to those who were employing
other methods of rice straw utilization being stated.

In conclusion (Table 4), the result of our study showed that the perceived benefits of
current options for both burning and non-burning farmers played an important role in de-
termining which practice was selected by the farmers, which was in line with the perceived
benefits of PPE for influencing farmers’ adoption of rice straw utilization techniques [7].
Similar to the results regarding perceived cues for practicing rice straw utilization tech-
niques, access to facilities of rice straw utilization (PCU3) seemed to play an especially
crucial role in the adoption of non-burning options.

However, the perceived severity of burning being at “disagree” to “undecided” levels
did not really influence non-burning farmers’ decisions, which was different from the
finding of Abdollahzadeh and Sharifzadeh [7] who mentioned that perceived severity of
the bad effects of pesticides influenced farmers’ adoption of PPE.

The psychological factors based on HBM seemed to play a crucial role for non-burning
farmers at the “strongly agree” and “agree” levels of perception. The role of HBM was
consistent with Ataei et al. [8] who found it was a better predictor of intention than TPB.

PBC, as a part of TPB, was also mainly perceived by non-burning farmers as almost
the highest level of perception, which was in quite good agreement with the results of
Zhang et al. [6] regarding TPB prediction of self-interest-oriented behaviors.

Table 4. Summary of rice straw management options, influencing psychological factors and be-
havioural theories employed.

Options Strongly Disagree (1) Disagree (2) Undecided (3) Agree (4) Strongly Agree (5)

Burning

PPN (VBN); PBC (TPB);
PCU (HBM); PSB1,2,3

(HBM); PBU3,4 (HBM);
PBO1,3 (HBM)

PAR2 (VBN); PBU2,5
(HBM); PSB4 (HBM)

PAR1 (VBN);
PBU1 (HBM);

PBO4,5 (HBM)
PBO2 (HBM)

Non-burning
PBO1 (incorporation)

(HBM)

PBO1 (Free-grazing
ducks) (HBM);
PSB3 (HBM)

PSB1 (incorporation,
Free-grazing ducks)

(HBM)

PBO2 (Free-grazing
ducks) (HBM)

PBU2 (Incorporation,
Free-grazing ducks)

(HBM)
PCU1 (HBM); PSB2,4

(HBM); PSB1
(compacting, mix) (HBM)

PBO4,5 (Free-grazing
ducks) (HBM);

PBU1,3,4 (HBM)

PBO3 (HBM);
PBO4,5 (compacting,
incorporation, mix)

(HBM)
PCU3 (HBM);
PBU5 (HBM);

PBU2 (compacting)
(HBM)

PPN (VBN); PAR (VBN); PBC (TPB); PCU2 (HBM)
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4.3. Decoding Rice Straw and Stubble Management Based on Farmers’ Psychological Factors

Rice straw and stubble management practices could reflect farmers’ psychological
perceptions, which were analyzed by stepwise multiple linear regression models (Table S1).

(1) Perceived pro-environmental personal norms (PPN)
The results clearly show that PPN was significantly negatively influenced by rice

straw burning (PN1: t = −67.553, p = 0.000; PN2: t = −67.553, p = 0.000; PN3: t = −48.848,
p = 0.000). The results were also in line with the ANOVA of the burning approach with a
significantly negative difference compared to non-burning approaches. These indicate that
farmers adopting the burning method tended to have the lowest level of perception of PPN
compared with non-burning approaches to rice straw and stubble management.

Farmers who chose to burn rice straw provided additional information that gaining
benefits from rice straw was a method that they had never used before. The burning
method has been employed for a long time, i.e., since the beginning of rice cultivation.
Burning is therefore more in line with their farming values. Furthermore, they viewed that
the responsibility to reduce air pollution would not be a matter of any one individual, but
instead a communal responsibility.

Since not much damage is caused by burning, they did not feel that rice straw burning
was a very serious threat. Burning is practiced for a short time of around 2 h and not
frequently, only 1–3 times a year, it is practiced within the rice planting area only and does
not spread to other areas. Surface fires were unlikely to cause much damage to the soil.
The farmers also reflected that soil quality/properties have not yet been measured in some
villages. Moreover, the negative effects of burning on the soil have not yet been shown. The
farmers did not feel too guilty for choosing burning instead of rice straw utilization. Most
people in the same community understood the reason for burning. When they noticed
rice straw burning near their house, they stayed inside, closed windows and doors, and
avoided being outside to protect their health.

Moreover, PPN1 and PPN2 were also significantly negatively influenced by farmers
who employed rice straw incorporation (PPN1: t = −7.165, p = 0.000; PPN2: t = −7.165,
p = 0.000). The results were consistent with the ANOVA of rice straw incorporation
that showed a significantly negative difference when compared with other non-burning
methods of rice straw compacting, free-grazing ducks and mixed methods. This result was
supported by the farmers that do not rush for the next crop because of a lack of water from
the irrigation system, so they chose to dry rice straw until enough water was available to
start planting. In contrast, if there was enough water for growing rice, they would burn rice
straw in order to continue planting the next crop. Consequently, the results of the stepwise
regression found a significantly negative influence, but not a high value when compared
to burning.

(2) Perceived cues to rice straw utilization (PCU)
Burning clearly negatively influenced PCU (PCU1: t = −14.996, p = 0.000;

PCU2: t = −19.450, p = 0.000; PCU3: t = −39.920, p = 0.000). Compacting also negatively
influenced PCU1 (t = −2.059, p = 0.044), indicating that farmers did not seek much rice
straw utilization knowledge on their own, similar to those employing burning. Meanwhile,
the mixed method positively influenced PCU2 (t = 3.143, p = 0.002). The results are also in
line with the ANOVA of the burning approach showing a significantly negative difference
compared to non-burning approaches.

The results showed that farmers who employed the burning method tended to have
the lowest perception of all PCU components, while those who employed mixed methods
more often realized the benefits of gaining knowledge about rice straw utilization from
local authorities. This suggests that farmers who utilized mixed methods of rice straw and
stubble management were part of an agricultural group, most likely a large-scale farming
group. They could gain more knowledge on how to gain benefits from rice straw from local
authorities and agricultural extensionists such as how incorporation could nourish their
soil, and how covering the soil of orchards can maintain soil moisture.
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In order to promote a higher PCU perception in farmers selecting the burning approach,
which can then encourage a higher perception of rice straw utilization, the communication
of knowledge and practices with clear inclusion of practical action knowledge is a crucial
point of communication. The perception of knowledge of rice straw utilization, which was
still at a low level, should be promoted through various channels that are convenient for
farmers to gain knowledge, particularly through social media, group gathering, training
and workshops for sharing experiences.

(3) Perceived behavioral control of rice straw utilization (PBC)
PBC was highly negatively influenced by burning practice (PBC1: t = −36.035,

p = 0.000; PBC2: t = −30.752, p = 0.000; PBC3: t = −61.495, p = 0.000). The results were
also essentially the same as the ANOVA of the burning approach, with a significantly
negative difference compared with all non-burning approaches. This shows that burning
farmers had the lowest perception of PBC, similar to the results of PPN and PCU, and
the communication guidelines for burning farmers can be considered as discussed in the
section on PPN and PCU above in order to promote all the factors together.

(4) Perceived severity of rice straw burning (PSB)
All sub-issues of PSB were highly negatively influenced by the burning practice

(PSB1: t = −28.227, p = 0.000; PSB2: t = −45.599, p = 0.000; PSB3: t = −28.342, p = 0.000). The
results also confirmed the ANOVA of the burning approach with a significantly negative
difference compared with non-burning approaches. As expected, farmers who selected rice
straw burning had the lowest perception of PSB, which was one reason for their burning
practice. This result also supports the finding of Rosmiza et al. [27], who revealed farmers’
perception that rice straw burning did not cause a serious effect on their rice fields. This
was also in good agreement with Connor et al. [10], who showed that when higher risks
were perceived, there was less acceptance of the practice.

The insight explanation provided by the farmers was that burning rice straw was
unlikely to have a significant impact on the people’s health in the community. No one in
the village had been diagnosed with respiratory disease. Burning was infrequent, which
made them think that people and the environment could cope with the effects of burning.
Some farmers further reflected that their burning was unlikely to cause the high dust levels
that have been reported in northern Thailand during the summer season.

Farmers who employed rice straw incorporation and chose to feed ducks on their
rice farm area stated that they did not feel that burning was a very serious danger and
understood the reasons for choosing this method. The farmers only burnt their rice straw
after harvesting and preparing for the next crop. In some years, rice could be planted only
once or twice because of insufficient water for many cycles of farming. Most of the people
in the community knew and understood each other. They could protect themselves from
burning smoke by avoiding doing activities outside/in the open air, staying in the house,
and keeping the doors and windows closed. If they needed to be outside during this period,
they wore a mask which was also done to prevent COVID-19. The smoke did not continue
for a long time, so the feeling of a non-serious threat was perceived.

(5) Perceived ascription of responsibility (PAR)
PAR was highly negatively influenced by burning (PAR1: t = −35.078, p = 0.000;

PAR2: t = −27.237, p = 0.000), while PAR2 (t = −3.290, p = 0.001) was also negatively influ-
enced by incorporation. The results also agree with the ANOVA of the burning approach,
showing a significantly negative difference compared with non-burning approaches.

The farmers who employed rice straw burning stated that local people in their com-
munity as a whole rarely did activities that clearly caused air pollution. Although the rice
straw stubble was burned, it was not on a daily basis, and was considered unlikely to be a
major contributor to air pollution. Overall, it was moderately agreed that everyone should
be responsible for air pollution, not only the agricultural sector but also other sectors, such
as the industrial and transportation sectors.

Those who employed rice straw incorporation reflected that their main reason to
employ this method was due to a lack of water to continue rice growing. Therefore, they
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were not in a hurry to eliminate rice straw stubble. Some of them also realized the benefits
of incorporation. That is why the stepwise regression of the incorporation method also
negatively influenced PAR2.

(6) Perceived benefits of rice straw utilization (PBU)
The results clearly showed that the perceived benefits of rice straw utilization were

significantly negatively influenced by rice straw burning for all elements (PBU1: t = −35.078,
p = 0.000; PBU2: t = −6.451, p = 0.000, PBU3: t = −75.030, p = 0.000; PBU4: t = −67.290,
p = 0.000; PBU5: t = −70.586, p = 0.000). Meanwhile, PBU2 was significantly positively
influenced by rice straw compacting (t = 14.585, p = 0.000) and the mixed method (t = 5.789,
p = 0.000).

Farmers who burned their rice straw reflected that, if rice straw was used, there would
be an additional cost, but they were not clear on how much it costs. Some farmers stated
that they had heard about rice straw for growing mushrooms, but this would incur a cost
for preparing or cultivating. Moreover, they did not really know if it would be worth it
or not.

In terms of utilizing rice straw to help strengthen community relationships, the farmers
did not think that it would have much effect because burning did not cause conflict among
the local people.

In terms of recognizing the benefits of rice straw, the farmers still did not know
exactly how rice straw would be suitable for each purpose, and were not sure if it would
be worth the cost of using rice straw or not. Conversely, the burning option was easy,
convenient, and quickly provided a result as the next cycle of farming could be started
immediately. Then, they would be able to earn money from rice production by selling to
their customers or the market before other farmers. Therefore, a clear comparative message
of rice straw utilization should be communicated by comparing the steps, costs and benefits
of each method.

In addition, farmers who chose to burn were not convinced by rice straw utilization.
They were not sure of the positive effect on agriculture and their surrounding environment.
Therefore, it is important to communicate for better understanding and awareness, to
visualize and realize the differences between rice straw burning and utilization. The
benefits that could occur from rice straw utilization, in particular, need to be communicated
and linked to benefits in terms of generating income for farmers. After that, benefits in
terms of farmers’ health, benefits for the environment, and for the society where they live
should be highlighted.

The compacting farmers reflected that earning money from compacting was a key
aspect motivating them to choose this option, and even more so as it generates income
continuously. They realized the benefits of rice straw compacting as it required no invest-
ment, while it was also beneficial to agriculture and the environment because compacting
rice straw could reduce burning. By obtaining knowledge from agricultural agencies and
the village headman and publicizing this to the villagers through their local broadcasting
tower and through the village meeting to avoid burning, farmers received information
that burning in rice fields was a major cause of soil depletion causing their rice to grow
poorly. The yield was lower than it should be and caused air pollution, which might cause
a conflict between the farmers who burned and non-burning and non-farmer groups.

Farmers who employed mixed methods for rice straw and stubble management,
including rice straw compacting, soil covering and incorporation, could also gain income
from compacting. Moreover, using rice straw to cover their soil in orchards was another
indirect way to generate income. Similar to the farmers employing rice straw incorporation,
they thought that the practice was good for the soil in their rice fields. Additionally, they
obtained knowledge from relevant agencies that promoted rice straw incorporation to
increase soil nutrients. The farmers would feel guilty for not taking advantage of the rice
straw to help nourish their soil. Most of the farmers who chose this method also owned a
tractor for incorporation by themselves or by their family members, so they could save on
the labor cost for incorporation.
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(7) Perceived benefits of current option (PBO)
The current method of rice straw and stubble management did not cause trouble

for others, and allowed farmers to coexist peacefully (PBO4), but was highly negatively
influenced by burning (t = −54.455, p = 0.000), followed by free-grazing ducks (t = −5.795,
p = 0.000). The results reflected that both groups of farmers perceived that their practices
could make others feel uncomfortable due to the smog of burning, and annoyance from
ducks in the area, which might cause some difficulties in terms of transportation and noise.

The perception of current options to generate income (PBO1) was highly positively
influenced by compacting (t = 34.396, p = 0.000) and mixed methods (t = 15.059, p = 0.000),
because both groups of farmers gained money from the private sector visiting their fields
for rice straw compacting. The results also showed good congruence with PBU2 (rice
straw utilization could generate income). These findings are also in accordance with
Connor et al. [10], who mentioned that the benefit perceptions of rice straw management
options can influence practice adoption.

Lower costs of the current practice (PBO2) were positively influenced by compacting
(t = 10.281, p = 0.000) and burning (t = 4.719, p = 0.000), and negatively influenced by duck
feeding (t = −3.587, p = 0.000). The negative result was in line with the reasons provided
by the farmers employing rice straw for duck feed due to the cost of pumping water into
the paddy field before feeding the ducks.

The current option to reduce air pollution (PBO3) was negatively influenced only by
burning (t = −93.247, p = 0.000), proving that the farmers perceived that their practice could
not help to reduce air pollution, but they maintained the practice because of being in a
hurry to prepare for the next crop.

In terms of the current options being appropriate with resources in their area (PBO5),
the results show that this was negatively influenced by burning (t = −29.402, p = 0.000) and
free-grazing ducks (t = −2.389, p = 0.018), and positively influenced by mixed methods
(t = 2.606, p = 0.010).

Based on the perceived benefits of the current rice straw and stubble management
methods, it was observed that farmers who burned rice straw realized the most benefit of
burning in terms of cost reduction, while they had the least benefit in terms of generating
income and reducing air pollution. Burning did not generate income, which was different
from rice straw compacting, but it helped to earn money later because of the chance to start
the next crop faster. Noticeably, an important factor was water resources, i.e., not having
enough water from the irrigation system or rainwater could slow down the next crop.

In terms of reducing air pollution, it was noted by the farmers who chose to burn in
comparison with non-burning farmers, that they perceived the lowest severity of rice straw
burning. At the same time, they frankly stated that compared to non-burning methods,
burning was still the least effective method to reduce air pollution. This is an interesting
point showing that indeed the farmers were already aware of the negative effects of burning.
Therefore, this is an opportunity to communicate alternative rice straw utilization methods
and make these options widely accessible to farmers. Encouraging farmers to understand
and obtain the benefits of non-burning methods may be possible such that in the future
they will choose rice straw utilization instead of burning.

In addition, the farmers considered the burning method as appropriate for the re-
sources available in their area, especially during the rainy season, as wet rice straw cannot
be used for any purpose. Therefore, they realized that burning was the most appropriate
method. In addition, due to the urgency of continuous farming according to the availability
of water from the irrigation system, the farmers had to speed their farming to catch up with
the water release period. Importantly, straw burning is the least time-consuming method
of straw management. In addition, straw burning also helped to prevent rice pests when
cultivating rice.

Compacting farmers emphasized that they selected this approach mainly due to the
benefits of generating income. To reduce air pollution, it was clearly a good result, because
rice straw was definitely not burned and the by-product was peaceful coexistence in the
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community. In addition, most were aware of rice straw utilization facilities due to the fact
that in the process of compacting, the private sector came to their rice field and made an
agreement on the price beforehand. The result is also consistent with the stepwise analysis
that found positive effects on PBO1 and PBO2.

Moreover, based on the results of the ANOVA on rice straw compacting, a significantly
positive difference compared to other non-burning methods was shown in terms of causing
no trouble to others (PBO4), earning income (PBO1) and cost-saving (PBO2), particularly
when compared with the incorporation and free-grazing duck methods. This implies
(from the farmers’ viewpoint) that rice straw compacting seems to be the best option of
the non-burning rice straw and stubble management techniques. Therefore, the relevant
stakeholders should take part in promoting and facilitating this option in order to promote
self-efficacy and the adoption of this practice by farmers. At the same time, in-depth
research and knowledge translation of each rice straw and stubble management option
should be employed continuously to make farmers active, and to expose them to new
knowledge and innovations in the management of rice straw and stubble.

4.4. Communication Strategies to Promote Rice Straw Utilization for Achieving Sustainable Agriculture

In this part, the integrated frameworks, namely the “social–ecological model”, “the
six domains of the full-spectrum approach” [29], the “sustainable agricultural social sys-
tem” [30], the “environmental health literacy (EHL)” [31], the “agricultural knowledge and
information system (AKIS)” [32] and personal ecological norms [28] were employed to
develop communication strategies for promoting non-burning rice straw and stubble man-
agement to achieve social–ecological benefits for more sustainable agricultural production
(Figure 3).

Within the community, there were both farmers attending groups and those farming
individually. They had their own knowledge, attitude and skills on rice straw and stubble
management. Communication can be both internal and external to their community, in
which two-way communication, and communication oriented towards networking, should
be promoted to enhance more confidence in rice straw utilization. Regarding levels of
communication, intrapersonal communication was added from Greiner [29] as a starting
point to design how to communicate, then it was connected to interpersonal and group
communication, to mass media, and new web-based media; the techniques and tools to be
used also need to be considered.

Supporting mechanisms can be generated from key stakeholders, i.e., (1) agricultural
extensionists/local authorities, (2) central authorities, (3) researchers/academic sector and
(4) private sector NGOs and media practitioners. The forms of support are (1) policy
and regulations on climate-friendly agriculture, technology and investment for rice straw
utilization, and (2) communication strategies.
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Figure 3. Communication strategies for promoting non-burning rice straw and stubble management
to achieve social-ecological benefits for more sustainable agricultural production.

Regarding communication strategies, farmers’ perceptions should be analyzed and
understood first, particularly their pro-environmental personal norms, and their percep-
tions of the severity of rice straw burning, responsibility, perceived behavioral control,
cues for rice straw utilization, the benefits of rice straw utilization and the benefits of the
current practices.

Next, the processes of communication intervention should highlight the selection of
messages, message design and channel selection to fit with farmers. Rice straw utilization
options should be selected as the key messages to promote non-burning rice straw and
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stubble management practices. Clear steps or methods, costs and benefits, and a comparison
of each rice straw utilization option should be highlighted. The benefits to farmers, family
members, people in the community and consumers should be emphasized, together with
key messages regarding the potential these approaches have for increasing income, being
healthy, peacefully coexisting with people in the community, and improving the better
environment should be promoted to change behavior.

In order to promote more self-efficacy, the messages should highlight the relevance
and usefulness of these techniques [33], positive and negative examples [33], simple behav-
iors [34], pre-knowledge linkage and practical knowledge, and tailored information [35].
Additionally, promoting action-knowledge and self-efficacy at the group level can help
to achieve more effective non-burning rice straw management [36]. Moreover, collective
efficacy as a group should be also considered, which can help to promote more effective rice
straw utilization than self-efficacy [37]. Individual farmers might feel that only one person
changing from burning to rice straw utilization would not be very meaningful to society.
Therefore, group action tends to see clearer benefits or good results for both individuals
and as a group or a community, so collective efficacy should be given as the initial priority
as well.

Message design to promote perceived responsibility can focus on self-awareness and
self-commitment. To enhance effective self-awareness, practical options and clear steps
of practicing should be highlighted as key messages [28] in order to make it possible for
farmers to adapt their burning to utilizing rice straw. This kind of message for communi-
cation can motivate farmers to adapt their current practice (burning) to incorporate new
knowledge (rice straw utilization). Otherwise, a burning farmer might easily feel contra-
dicted inside their mind because new information on rice straw utilization is irrelevant
compared with their previous perceptions, knowledge and current practices of rice straw
burning. When denying that rice straw utilization occurs, it is possible that farmers have
less awareness of environmental concerns and values than of their survival.

To promote self-commitment, written, public and voluntary commitment seems to be
more effective than spoken, private and involuntary commitment [38]. Commitment should
also come together with the reasons for rice straw utilization to achieve more sustainable
behavior [35].

Messages designed to highlight the perceived severity of rice straw burning can
employ attention, involvement, comprehensive graphics and integrated strategies [28]. In
order to expose and understand the impact of rice straw burning, this kind of knowledge
and information should be interesting enough for the farmers to pay attention to, such
as updated references and well-known metaphors, and analogies that are relevant in
their society [34]. The more involvement and direct impacts there are to the farmers, the
more possibility there will be for the farmers to concern themselves with environmental
values, particularly referring to the institutions inside their villages and places they are
familiar with [28]. Comprehensive and easy-to-understand graphics should be selected
to disseminate facts on both the positive and negative points of rice straw burning and
rice straw utilization, and farmers should be allowed to decide for themselves whether
they trust the information and knowledge that is disseminated [34]. Moreover, integrated
strategies should be employed such as linkages between knowledge dissemination and self-
commitment to create more possibilities to adopt rice straw utilization instead of burning;
this strategy has succeeded before [39].

Communication channels that are the most accessible and convenient for farmers
should be employed. Those using social media as a change agent should be trustworthy,
should have taken action on rice straw utilization, should have seen the clear results of
their practice, should have continued with methods of rice straw utilization, and should
have communication skills to transfer knowledge and practices, as well as an outlook for
passing on their practices as an example to fellow farmers. Thus, clear and concise online
media and infographics focusing on how to gain benefits from rice straw should be also
designed and distributed to farmers. Furthermore, farmers who still burn rice straw might
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not be interested in attending the training and workshops. Training and workshops should
not take too much time (should not be more than three hours), and should try to provide a
hands-on experience in order to demonstrate the practical success of rice straw utilization,
which can influence farmers to change from burning to gain benefits from rice straw.

The last stage for communication strategies is monitoring and evaluation. Critical
Participatory Action Research (C-PAR) should be applied as a practical framework for
monitoring and evaluation, linking to continuous facilitation, feedback provision, and the
creation of possibilities for farmers. C-PAR processes consist of practices and activities,
including situation and context. The five main steps of C-PAR are as follows: (1) inspection
of various operations, understanding and conditions under the intention of the participants;
(2) critical questioning of participants’ actions and outcomes; (3) applying communicative
intervention to participants for an optional consensus conversation about the activities;
(4) actions for behavior change, understanding the actions and conditions of the partici-
pants; and (5) evidence collection and monitoring of behavior change.

To ensure that farmers change their behavior from rice straw burning to rice straw
utilization, support from local authorities should be also practiced, including monitoring
and evaluating the perception, understanding the current practices of farmers. Any prob-
lems and limitations should be prioritized, brain-stormed, and discussed, and solutions
proposed to support rice straw utilization should be easy and uncomplicated. After that,
the farmers will be more aware of the benefits rather than feeling an additional burden,
such as supporting the source of rice straw compacting service near the community, as well
as contacting and coordinating the purchase of rice straw, which would be more convenient
for farmers. Consultation from agricultural academics or extensionists and related parties
should be performed to concretely and continuously facilitate rice straw utilization.

Furthermore, government agencies should take part in dealing with the problem as
well. The overall communication management plan should be planned at the national level
under the issue of air pollution control, starting from related ministries such as the Pollution
Control Department together with the Department of Agricultural Extension (Ministry
of Agriculture), Department of Industrial Works (Ministry of Industry) and Department
of Land Transportation (Ministry of Transport) to see results from the collaboration of all
sectors. At the same time, this communication plan should be passed on to relevant local
authorities, such as the agricultural sector, through provincial, district and sub-district
agricultural offices.

5. Conclusions and Recommendations

The results clearly show that PPN, PCU, PBC, PSB, PAR and PBU were significantly
negatively influenced by rice straw burning for all sub-elements, and were significantly
negative compared to non-burning approaches. Meanwhile, PBO of burning farmers
showed a significantly positive difference for cost-saving to manage rice straw and stubble
when compared with the approaches of incorporation and free duck grazing. This indicates
that farmers adopting the burning method tended to have the lowest perception of PPN,
PCU, PBC, PSB, PAR and PBU compared with other non-burning approaches of rice straw
and stubble management. In contrast, cost-saving together with rapid management seemed
to be the key points for motivating farmers to retain their burning practice. The results for
incorporation farmers also found a significantly negative influence on PPN1 and PPN2
because the main reason for this practice was insufficient water for the next crop, rather
than concern about the benefits of incorporation. Therefore, the benefits of incorporation
should be also highlighted as a key message for knowledge enhancement by agricultural
extensionists and relevant authorities. Furthermore, farmers employing mixed methods of
rice straw and stubble management significantly positively influenced PCU2, PBO1, PBU2
and PBO5. This group of farmers should be supported as key change agents to convey their
hands-on experience in rice straw and stubble management to motivate burning farmers to
open their minds to other methods besides burning.
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The integrated behavioral theories employed in this study proved that HBM, particularly
the perceived benefits of current practice, seemed to play a crucial role for both burning
and non-burning farmers. Moreover, perceived cues to practice, especially the accessing of
facilities for rice straw utilization, seemed to play an important role in non-burning adoption.
TPB, specifically PBC, appeared to be highly influenced by non-burning farmers.

To promote rice straw utilization and achieve sustainable agriculture, communication
strategies should focus on message selection, message design and channel selection to
fit with farmers. Key messages should focus on clear steps or methods, the costs and
benefits of each rice straw utilization option, the benefits to farmers, their family members,
people in the community and consumers, together with increasing income, being healthy,
peacefully coexisting with people in the community, and an improved environment in
order to promote the tendency to change behavior. Message design to promote action
knowledge and self-efficacy at the group level, and to enhance perceived responsibility via
self-awareness and self-commitment, can help to achieve more effective non-burning rice
straw and stubble management.
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Abstract: The present research proposes the hierarchical linear modeling model (HLM) that describe
how green social responsibility (GSR) predict the environmental strategy (ES) of agricultural technol-
ogy manufacturing companies by the intermediary effects of the supervisor’s green promise (GP)
based on symbolic context theory. This study collected data with 150 supervisors from 50 different
agricultural technology companies in Taiwan to analyze the HLM. The results suggest that vendors
of agricultural technology companies should establish GSR to increase GP, which consequently can
increase the companies’ adoption of the ES. It is now the first to establish a milestone, propose a
novel adoption model—GP and its antecedents through the HLM to predict the adoption of ES.
These findings can upgrade the related literature of agriculture and can provide the procedure in
implementing ES in agricultural technology companies.

Keywords: green social responsibility; green promise; environmental strategy; agricultural technol-
ogy company

1. Introduction

1.1. Background

Contemporary agricultural technology manufacturing companies should adopt a
good strategy to optimize agricultural production and environmental strategy to handle
environmental issues, which is also confirmed as a significant source of competitive ad-
vantage [1–4] because of external stakeholders [5–7]. Also, previous research has pointed
out that agricultural production will cost huge resources and bring about pollution [8],
which supports the emergency in studying the driving factor of environmental strategy
(ES) [9–11]. ES is defined as the extent to which the company integrates environmental
concerns into strategic planning, such as changing the production process to prevent pollu-
tion [8]. This study poses a novel perspective that using green social responsibility (GSR)
predicts ES through an intermediary mechanism of green promise (GP) of supervisors based
on symbolic context theory [11]. GSR denotes an environmentally responsible practices
pol-icy that focuses on various stakeholders [12]. GP denotes the extent to which an em-
ployee’s state of mind that is attachment and identity on environmental concerns [13]. Also,
previous researcher [14] calls that little study to study corporate social responsibility at the
organization level to yield a literature gap, so the present study poses how GSR and GP of
supervisors s at cross-level can affect company’s ES adoption at the same time by the multi-
level growth curve model (HLM) [15] to respond this gap. Indeed, previous researchers of
the agricultural field on ES implementation almost focus on technical aspects [16–18], and
little study has examined the similar concept of GSR, GP, and ES on a HLM framework.
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In sum, the present study uses HLM to explore GP and its antecedents to predict the
adoption of ES and uses six-month longitudinal data to address the gaps discussed above.

1.2. Literature Reviewing
1.2.1. GSR and GP

According to the symbolic context theory [11], the GSR is a crucial symbol to guide the
self-concept of supervisors to fit environmentally responsible, suggesting the antecedent
role of GSR to GP. Indeed, past studies have suggested when the companies demon-
strate responsibility and concern to the environment (GSR), the company’s employee
would reciprocate the company with GP [19,20]. Also, previous researchers found that
socially and environmentally responsible activities can shape employees with similar
attributes [21]. Thus:

Hypothesis 1 (H1). GSR positively affects GP.

1.2.2. GP and ES

In the same vein, GP of supervisors is also an important symbol to guide companies
to select strategy according to the symbolic context theory [11], because supervisors have
the power to allocate resources and manpower to perform companies’ business activities,
which are significant factors to determine what strategy the companies adopt. Thus:

Hypothesis 2 (H2). GP positively affects ES.

1.2.3. GSR and GP at the Organization Level

Previous studies [22–24] have examined corporate social responsibility and affective
commitment at the organization level through the theory of the multilevel method [25], so
GSR and GP should also have a similar context. For example, the organization-level GSR
and GP are the atmosphere that is overspread within the group and are shared by people
within the group [26]. In other words, individual-level GSR affects individual-level systems
(e.g., individual-level GP and ES) when organization-level GSR affects organization-level
systems (e.g., organization-level GP), which explains unique variations in different levels.
Also, according to the theory of social learning [27], we pose that individual-level ES is
affected by the organization-level and individual-level GSR and GP at the same time. Thus:

Hypothesis 3 (H3). Organization-level GSR positively affects organization-level GP.

Hypothesis 4 (H4). Organization-level GP positively affects ES adoption.

2. Material and Methods

Based on hypothesis 1 to hypothesis 4, the research model of this research is shown in
Figure 1.

2.1. Sampling and Procedures

We investigated data at a three-phase time in six months from the agricultural tech-
nology manufacturing companies in Taiwan. The interval of each time point was three
months to in line with past attitude changes studies [28–30]. We contacted these agricultural
technology manufacturing companies to join the survey. These agricultural technology
companies mainly use technology to produce upstream products related to agricultural
products, such as rice seedlings, breeding chickens, fertilizers, etc. We collected 50 technol-
ogy manufacturing companies, and each company was requested to recruit 3 supervisors
to join this investigation. We used email to collect questionnaires. From the first phase time
to the third phase time, we collected 150 supervisors’ assessments toward the adoption of
ES, GP and GSR.
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Figure 1. Research model of this research.

2.2. Measures

We adopted language conversion method to confirm quality [31], and James et al.’s [32]
within-group consensus rwg(j) was adopted to confirm the variables aggregation. GSR, GP,
and ES were assessed through past studies [8,12,33].

2.3. Model Validation

The minimum rwg(j) is 0.81 of GSR, GP, and ES, and it supports aggregating the
individual-level GSR and GP into organization level variables. The minimum average
variance extracted and the reliability respectively is 0.55 and 0.89. The model fit indexes of
the research model are in line with the research of Fornell and Larcker [34].

3. Results

Analysis Results

Because the data framework of this research was nested within each workgroup
(105 different companies), so this research employed HLM to analyze the cross-level
frameworks [15]. The analysis results are shown in Table 1. First, the individual-level GSR
significantly affected the individual-level GP (γ = 0.32, p < 0.01), and individual-level GP
significantly affected the individual-level ES (γ = 0.35, p < 0.01).

Table 1. Results of HLM.

Hypothesis Path Coefficient Results

H1
Individual-level Green Social Responsibility →

Individual-level Green Promise 0.32 ** Supported

H2
Individual-level Green Promise →

Individual-level Environmental Strategy 0.35 ** Supported

H3
Organization-level Green Social Responsibility

→ Organization-level Green Promise 0.41 ** Supported

H4
Organization-level Green Promise

→Individual-level Environmental Strategy 0.37 ** Supported

** = p < 0.01; Second, the organization-level GSR significantly influenced organization-level GP (γ = 0.41, p < 0.01),
and organization-level GP significantly influenced the individual-level ES (γ = 0.37, p < 0.01).

4. Discussion

4.1. Academic Contribution

This survey is the first to demonstrate the HLM that conceptualizes the ES adoption
and its driving factors according to the theory of symbolic context in the agricultural
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field. According to the analysis results, individual-level and organization-level GSR would
influence individual-level and organization-level GP, which consequently would influence
the ES adoption, thereby indicating the validity of the HLM. Also, the HLM perspective
is a novel mechanism to open the black box with ES and its antecedent at the multilevel
framework that past study has not examined this pathway [9,22]. Therefore, this research
has ex-tended GSR, GP, and ES literature into the agricultural field to guide these agricul-
tural technology manufacturing companies to implement sustainable production through
the ES.

4.2. Practice Contribution

In the past, research in the field of agriculture has almost adopted new agricultural
technologies to implement ES [35,36], but this research proposes another way to implement
ES. According to the empirical results, the vendors of agricultural technology manufac-
turing companies should keep in mind that investing resources in improving employees’
attitudes is not the most effective investment and paying attention to the GSR and GP may
be a more worthwhile investment. Indeed, GP of supervisors can transform GSR into the
company’s adoption of ES, and ES is a key source of sustainable production. Therefore,
these vendors should learn how to increase GSR and GP by the management mechanism.
For example, education training may be one of the effective management mechanisms.

4.3. Further Research and Limitations

The present study includes GSR and GP of supervisors to predict ES adoption, but
there may be other key driving factors that could cause the company’s ES adoption. Further
researchers must explore key driving factors of ES in different contexts. For example,
institutional theory has been examined as a key driving factor of ES [8]. Also, further
re-searchers must employ more data in different countries to the proposed model in
this research. Finally, a previous study proposed that information technology adoption
behavior models can be used as the theoretical basis for strategy adoption of agricultural
enterprises [37], and further research should test which models have better explanatory
power in different contexts.

5. Conclusions

This survey proposes the novel HLM, that is, how GSR can predict the company’s ES
adoption through the mediation role of the GP in the organizational multi-level framework.
This new type of HLM can significantly promote GSR, GP, and ES literature in the field
of agriculture management. Indeed, previous studies in the field of agriculture lacked
similar studies to the theoretical model of this research because these studies mainly
explored how to use innovative agricultural technologies to increase yields. These results
can offer references to firms to formulate ES and let these companies know that ES should
be implemented by the GP of supervisors to achieve the goal of sustainable development.
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Abstract: Urban community gardens (UCGs), greenspace cultivated and managed for vegetables
by local communities, provide substantial ecosystem services (ES) and are warmly welcomed by
residents. However, they also have many ecosystem disservices (EDS) and are almost always refused
by the decision-makers of the government, especially in China. Better understanding the residents’
perceived ES and EDS and the impact on the behavioral intention (BI) toward UCGs is of great
value to solve the conflicts between residents and the government concerning UCGs and to develop
sustainable UCGs. Following the theory of planned behavior (TPB), we measured perceived ES/EDS,
attitudes (ATT), perceived behavioral control (PBC), subjective norm (SN), and BI of 1142 residents
in Changsha, China, and investigated their direct and indirect causal relationships using structural
equation modeling (SEM). The results showed that: (1) ATT, PBC, and SN significantly and positively
impact the BI of UCGs and together explained 54% of the variation of BI. (2) The extended TPB
model with additional components of perceived ED/EDS improved the explanatory ability of the
model, explaining 65% of the variance of BI. Perceived ES and perceived EDS showed significant
direct positive and negative impacts on UCGs, respectively. They also indirectly impacted BI by
influencing ATT, PBC, and SN. The findings of this study can extend our understanding of residents’
attitudes, behavior, and driving mechanism toward UCGs, and can help decision makers to design
better policies for UCG planning and management.

Keywords: urban community garden; ecosystem service and disservice; behavioral intention; theory
of planned behavior; structural equation model

1. Introduction

According to the American Community Garden Association (ACGA), an urban com-
munity garden (UCG) is any piece of land managed and cultivated by local communities
to grow vegetables or flowers [1,2]. UCGs are hybrid parts of the city belonging to both the
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built environment and the green infrastructure, the public and the private, and the planned
and the unplanned [3]. They are productive landscapes where people and place, mind
and body, social and physical, and past and present intermingle [4]. UCGs offer many
ecosystem services (ES) [5] such as the provision of food and medicinal plants [6], local
climate regulation [7], biodiversity [8], habitat for species [9], the facilitation of active and
healthy lifestyles [10], neighborhood relationships [11], opportunities for relaxation and
recreation [12], increased social cohesion [13], and environmental education [14]. However,
UCGs are also associated with various ecosystem disservices (EDS) [15] such as sheltering
harmful animals and vectors of diseases, contaminating soil, destroying landscape aesthet-
ics, and increasing interpersonal tension [3,16]. The current theoretical research mainly
focuses on the direct or indirect social and environmental impacts of urban community
gardens [1,5], where the understanding of ES and EDS focuses on assessing its level of
delivery benefits and value [2,6]. However, to our knowledge, few studies investigate
whether these services and impairments affect personal and social cognitive factors such as
perception and attitudes, which affect their behavioral intentions or practices.

In the 19th century, the UCG emerged in the European and American urban areas in
response to the lack of fresh food during the Industrial Revolution, and became an effective
measure to prevent social unrest during war periods and the Great Depression [17]. The
UCG is currently expanding worldwide and is seen as one strategy for responding to the
dietary, social, and environmental problems caused by rapid urbanization in developed
and developing countries. UCGs have attracted increasing attention from scholars and
practitioners [18], with examples of UCGs including the Verge Garden in Australia [19],
the Community in Bloom in Singapore [20], the P-Patch program in Seattle [21], and the
Empty-Spaces Plan in Barcelona [22]. At the same time, many countries see UCGs as illegal
and informal spaces; gardeners grow land in community public spaces without permission
and consultation almost around the world [23], such as in Zimbabwe, Kenya, and South
Africa [24].

Before 2010, there were no formal UCGs in Chinese cities [25]; residents spontaneously
occupied open public space, usually green space, by creating self-claimed vegetable lots in
many corners of cities [26]. Like many illegal UCG practices abroad, this spontaneously
formed open gardening space [15] constitutes an infringement of land use rights without
consultation with stakeholders such as non-gardeners and community officials. These spon-
taneous practices lead to disputes and conflicts, posing challenges to urban community
governance in China [25,26]. In recent years, the Chinese government has increasingly
supported the intensive development and ecological utilization of idle urban land. Within
this context, the UCG is also seen as an effective measure for many urban regeneration poli-
cies, such as “Stock Regeneration” and “City Betterment and Ecological Restoration” [25].
Furthermore, since the UCG is regarded as a beneficial way to meet the well-being and
needs of contemporary urban people, many local government agencies began to legally
establish and maintain UCGs [27]. As of 2020, the number of legal UCGs has reached
more than 300 in Shanghai and 30 in Changsha [28]. Most UCGs in China are initiated
and created by residents or community grassroots organizations; in contrast, UCGs in
developed countries are more often planned, developed, and managed by governmental
or commercial agencies [25]. Therefore, to facilitate the establishment of comprehensive
UCG planning, construction, and management policies in China, and to ensure that UCG
projects remain vital and relevant, a deep understanding of urban residents’ community
gardening behavior is necessary.

To develop more effective community gardening interventions for urban residents,
it is important to conduct research based on theoretical models that adequately explain
and predict gardening behavioral intention. A primary framework for predicting and
explaining behavioral intention is the theory of planned behavior (TPB) [29,30]. The
theory emphasizes that the behavioral intention (BI) of individuals is influenced by their
attitude (ATT), subjective norms (SN), and perceived behavioral control (PBC) [29]. Due to
different research focuses, previous TPB-based research did not examine the interaction of
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residents’ perceived ecosystem services and disservices associated with the formation of
UCG behavioral intention. Therefore, assessing the perceptions of ecosystem services and
disservices is pivotal to developing guidelines and policies that improve UCG planning
and management [31].

Given the lack of a comprehensive theoretical framework, the present study aimed
to create a structural equation modeling (SEM) of the extended TPB model, including
residents’ perceived UCG ecosystem services and disservices, as a means of predicting the
community gardening behavioral intention of Chinese urban residents. Our main objectives
were to (i) investigate the perception of UCGs’ ecosystem services and disservices by urban
residents in inland China and (ii) examine the possible causal relationships among residents’
perception of UCG ecosystem services and disservices and individual and social cognitive
factors. SEM was applied to examine the hypothetical causal relationships driving the
behavioral intention. The analysis in this paper focuses on the impact of perceived UCG
ecosystem services/disservices on residents’ individual cognitive factors (attitudes and
perceived behavioral control) and social cognitive factors (subjective norms), as well as
the significance and magnitude of impact on the gardening behavior intention. Therefore,
the study findings contribute to the literature by revealing the mechanism for residents’
perceived ecosystem services/disservices, attitude, self-efficacy, social stress, and UCG
behavioral intention.

This study’s first original contribution was novel evidence for the cognition of ecosys-
tem services associated with UCG. The second original contribution was that we adopted
an integrated view to jointly consider UCGs’ abilities to provide ecosystem services and
disservices. The third original contribution was that by adding the structure of perceived
ecosystem services and disservices, we constructed an extended theoretical framework
based on classical TPB theory. Our findings could help urban decision-makers and man-
agers to better understand the ways UCGs are perceived and predict the possible impacts
of changes in UCG ecosystem services and disservices on urban residents’ gardening partic-
ipation. Increasing residents’ awareness of benefits that the UCG could provide (perception
of ecosystem services) can motivate their continued behavioral intention. Reducing the
various obstacles associated with UCGs and thus reducing residents’ perceived ecosystem
disservices will help provide useful information for future scientific regulations, planning
concepts, construction models, and management policies related to UCG practice, giving
community gardens sustained long-term vitality.

The rest of this article is organized as follows. In Section 2, we review the relevant
literature and develop hypotheses. Then, the research design and methodologies are
described in Section 3. Furthermore, in Section 4, we analyzed the results and examined the
influential mechanism for residents’ perceived ES/EDS, individual/social cognition factors,
and behavioral intention. Finally, the discussion and conclusions are given in Section 5.

2. Research Background and Hypotheses Development

To develop more effective community gardening interventions for general urban res-
idents, it is important to conduct research based on theoretical models that adequately
explain and predict gardening behavioral intention. The theory of planned behavior (TPB)
is a socio-psychological model for predicting and explaining individual motivation and
behaviors, especially pro-environmental behaviors [29,30]. From the psychological per-
spective, TPB theory is a useful theoretical framework that can shed light on the complex
psychological processes underlying individual behavior, which makes it an important
tool to apply while clarifying the role of human volitional behaviors [32,33]. The theory
emphasizes that the behavioral intention (BI) of individuals is influenced by their atti-
tude (ATT), subjective norms (SN), and perceived behavioral control (PBC) [29]. Attitude
is the first determinant and refers to the degree of a person’s positive/negative [34,35],
support/non-support [36], and/or favorable/unfavorable [37] evaluation or appraisal for
performing a behavior [38]. Perceived behavioral control (PBC) is the second determinant
and refers to the personal perceptions that make it difficult or easy to conduct a certain ac-
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tion and the extent to which performing a particular act is under the individual’s volitional
control [39]. Subjective norm as a social predictor is the third determinant of behavioral
intention and refers to an individual’s perception of the degree to which social pressure
prompts them to perform or avoid a particular behavior and whether important others
support or do not support the activity [40]. Current studies indicate that an individual’s
intention to participate in a behavior is stronger when they have positive attitudes towards
that behavior, a greater sense of self-efficacy, or strong social support [35,41]. Behavioral
intention is at the core of TPB and is the key link between psychological perception and
behavior. PBC, ATT, and SN all have an impact on BI, but in different ways and to various
extents [41]. The stronger an individual’s intention to undertake a behavior, the more likely
the behavior will be performed [42,43]. If a person has a favorable appraisal and a better
perceived behavior control ability of the UCG, he may also expect his important referent
individuals (or groups) to endorse his behavior. The higher a person’s evaluation and con-
fidence in his participation in UCG behavior the more likely he is to perceive less pressure
from important representatives. TPB has been successfully applied to many domains of
pro-environmental behavior, including sustainable housing purchase intention [44], energy-
saving and emission reduction [45], recycling behaviors [46], environmental protection [47],
and participatory natural resource management [48].

Due to different priorities, previous researchers have investigated the determinants of
a range of pro-environmental behaviors among citizens. Nevertheless, in the context of
the UCG, few studies have used the TPB to investigate the relationship between residents’
individual or social psychological factors, and their impact and extent on behavioral
intention [39,40]. These lead to the following hypotheses:

Hypothesis 1 (H1). Attitudes are positively associated with UCG behavioral intention.

Hypothesis 2 (H2). Subjective norms are positively associated with UCG behavioral intention.

Hypothesis 3 (H3). Perceived behavioral control is positively associated with UCG.

These lead to the following hypotheses:

Hypothesis 4 (H4). Attitudes are positively associated with subjective norms.

Hypothesis 5 (H5). Perceived behavioral control is positively associated with subjective norms.

The TPB is a very parsimonious model that allows researchers to include additional
predictors associated with a particular behavior [42]. Recent interpretations of the the-
ory suggest that the original TPB model is extended through new factors if behavioral
intention or practice achieve a significant amount of the variance by including these pre-
dictors [49]. Researchers have explained that UCG ecosystem services (or disservices) are
a series of beneficial (or harmful) consequences of promoting (or hindering) social and
ecological sustainability produced through gardening behavior. Therefore, the perception
of ecosystem services (or disservices) is rooted in an awareness of beneficial (or harmful)
consequences [50,51]. Although it is rare to intervene in perceived ecosystem services as
an extension factor in the TPB theory to explain behavioral intention and actual action,
some researchers have studied residents’ perceptions of ecosystem services and disser-
vices for urban green spaces as predictors of behavioral intention and suggest that the
decision-making process is related to protective behavior [52]. Moreover, in a meta-analysis
of psychological–social determinants of pro-environmental behavior, it was found that
the awareness of consequences has important and direct effects on individuals, social
elements, and intentions in the TPB and indirectly affects behavior [53]. These results
suggest that perceived detrimental consequences affect behavioral intention [33,34,54,55]
and that a high level of awareness of positive consequences will help foster a more favor-
able attitude [32]. In addition to the relationship between awareness of consequences and
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attitude, the fact that individuals recognizing specific behavioral consequences will better
understand the impact of the behavior on others and the environment [56] implies that
people who are highly aware of consequences have a strong sense of social expectation [57].
Consequently, some studies have provided empirical evidence for the direct impact of
awareness of consequences on subjective norms [53,57,58]. Moreover, research has shown
that an awareness of consequences precedes attitudes, perceived behavioral control, and
subjective norms [58]. These results suggest that an awareness of beneficial (or harmful)
consequences may influence behavioral intention and real action through individual and
social variables.

However, few studies have included residents’ perception of ecosystem services and
disservices in the UCG as additional factors in TPB models and explored the driving effects
of perception on residents’ attitudes, self-efficacy, and social stress. These lead to the
following hypotheses:

Hypothesis 6 (H6). People who perceive higher ES will have more positive attitudes toward UCGs.

Hypothesis 7 (H7). People who perceive higher ES will have more positive SN toward UCGs.

Hypothesis 8 (H8). People who perceive higher ES will have more positive PBC toward UCGs.

Hypothesis 9 (H9). People who perceive lower EDS will have more positive attitudes toward
UCGs.

Hypothesis 10 (H10). People who perceive lower EDS will have more positive toward UCGs.

Hypothesis 11 (H11). People who perceive lower EDS will have more positive PB toward UCGs.

Moreover, ecosystem services and disservices are often formed based on the same set
of ecosystem characteristics, ecological functions, or species groups [59]. This can easily
make people conscious of the connection between the perceived ecosystem services and
disservices. These lead to the following hypothesis:

Hypothesis 12 (H12). Perceived ecosystem services are negatively correlated with perceived
ecosystem disservices.

Recently, increasing attention has been given to the importance of ecosystem ser-
vices and the application of ecological models to analyze the multi-level effects of pro-
environmental behavior [19,39,40]. The concept of ES has been mainstreamed as an inter-
disciplinary guiding framework in urban sustainability and resilience agendas [60]. The
psychological theory of motivational functionalism states that motivation is the process that
initiates, guides, and maintains goal-oriented behaviors and involves biological, emotional,
social, and cognitive forces [61]. Motivation is the need to drive people in a specific direc-
tion to a certain purpose and to conduct a certain behavior. However, as ecosystem services
help shed light on the relationship between the ecosystem and human behavior [62], ES
can not only motivate the development of personal and social processes that initiate, direct,
and sustain human action [38,63], but also stimulate changes in attitudes and behaviors
regarding some symbol or object or aspect. Thus, the psychological theory of motivational
functionalism defines ecosystem services as motivation [38,62]. The ecosystem service
motivations of UCGs include those related to food supply, biodiversity preservation, soil
fertility maintenance, air purification, climate regulation, physical health, recreation, in-
terpersonal communication, and cultural education [39,51,61,64–67]. While fewer existing
studies have focused on the impact of residents’ perceived UCG ecosystem services on
their gardening behavior, many studies confirm a significant association between resident
or gardener motivation and urban gardening intention or behavior, focusing on the causes
of motivation and how motivation affects behavioral intention or practice. The literature
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relevant to motivation-related urban gardening behavioral intention or practice studies is
summarized in Table 1.

Table 1. Motivations related to urban gardening behavioral intention or behavior studies.

Reference Garden Type Sample Size Data Collection Interviewee Type Main Finding

[39] UCG/UAG 180 Questionnaire
survey Gardener

Used TPB theory; the gardener’s
behavioral intention to participate

is influenced by functional
motivation, emotional motivation,

and conditional motivation.

[67] UCG/UAG 300 Questionnaire
survey Resident

Discussed the associations between
personal characteristics and

perceptions, needs, and motivations
of potential future gardeners.

[15] UCG 300 Questionnaire
survey Resident Gardener

Discussed respondents’
corresponding motivation, the

existing barriers and challenges of
their behavior, and the behavioral

intention to participate in paid
gardening.

[65] UAG 873 Online survey Resident

Identified the main characteristics
and motivation of potential urban

gardeners and determined the
mechanism of the influence of these

features on motivation.

[61] UAG 141 Questionnaire
survey Resident

Explored the correspondence
between the six resident

motivations and the eight
gardening needs.

[68] UHG 126 Questionnaire
survey Gardener

Divided the motivation for home
gardening into two categories, one

involving social interests and
function and the other inherent in

nature.

[69] UCG 23 Interview Gardener

Explored six functional motivations
and three conditional motivations
that influence community garden

behavior.

[51] UAG/UHG 23 Interview Gardener

Indicates gardeners with different
cultural backgrounds have different

motivations for participating in
gardening.

[18] UG 60 Questionnaire
survey Gardener

Gardener’s gardening motivation is
divided into two types: a clear

preference for gardening as a means
of physical and mental health and
learning new skills, and another
mainly a yield-based motivation.

[64] UCG/UAG 40 Interview Gardener

Gardener functional motivation has
direct relevance to their gardening
practice; the connection between
gardeners and garden occurs in

gardening behavior.

Note: UG stands for urban gardens, UCG stands for urban community gardens, UAG stands for urban allotment
gardens, URG stands for urban roof gardens, and UHG stands for urban home gardens.

Furthermore, motivation and barriers always appear simultaneously in many research
articles. There is a range of motivations to promote gardening behavior and various barriers
to the behavioral development have also been studied. Barriers regarding UCGs are related
to finances, external damage, space, water, soil, organizational structure, communication,
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interpersonal relationships, and participation [70–72]. In many articles, ecosystem disser-
vices have been described as harmful consequences of ecological change or as deficient
ecosystem services [73,74]. Ecosystem disservices belong mainly to four fields [73]. To
begin with, ecosystem structure, processes, and services provided are negatively affected
by population and development systems [75]. Then, (socio-) economic structures and
processes are negatively affected by ecosystem disservices [76,77]. Furthermore, human
health is negatively affected by ecosystem disservices [52]. Finally, people’s quality of life is
reduced by ecosystem disservices, which in turn leads to negative emotions such as anxiety
and depression [52]. Studies have pointed out that many of the barriers to the occurrence
and sustainability of behavior are due to ecosystem disservices [74]. Recent studies have
reported that UCGs’ ecosystem disservices obstruct the development of UCGs and nega-
tively impact gardening behavior. Studies have also found that residents’ motivation to
grow organic or healthier food, maintain personal health, and improve quality of life [39]
were positively associated with their behavioral intention and actual gardening behavior,
whereas environmental impacts and health threats were negatively associated with horti-
cultural participation and behavior [68]. Notably, people of different social backgrounds
have different motivations or obstructions, but all factors have positive or negative effects
on gardening behavior [66]. However, few articles have talked about the perception of UCG
ecosystem services and services affecting horticultural behavioral intention or practice.
The more residents believe in high ecosystem services, the greater their motivation, and
the more forward their behavioral intention. In contrast, the more they think that UCGs
produce various ecosystem disservices and hinder the development of gardening behavior,
the more cautious and even less intent they have to carry out this behavior [70]. In addition,
studies that rely on survey responses while examining the perception of motivation or
obstruction have focused on gardeners in Western countries and have rarely centered on
urban residents in Asian environments [15]. These lead to the following hypotheses:

Hypothesis 13 (H13). Perceived ecosystem services are positively associated with UCG behavioral
intention.

Hypothesis 14 (H14). Perceived ecosystem disservices are negatively associated with UCG behav-
ioral intention.

In conclusion, all previous studies have pointed to a relationship between perceived
ecosystem services or disservices and gardening behavior. However, a deeper interpretation
of the interactions between individual, social, and perceived ecosystems should explore
a theoretical framework. Given the absence of an integrated theoretical framework to
predict the gardening behavioral intention of Chinese urban residents, the present study
adopted an extended TPB model. Perceived ecosystem services and disservices variables
were hypothesized as common precursors of attitude, perceived behavioral control, and
subjective norms as determinants of gardening behavioral intention among urban residents
(Figure 1).
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Figure 1. The initial conceptual diagram of urban residents’ behavioral intention for UCGs.

3. Methodology

3.1. Participants and Data Collection

This paper gathered data in Changsha, China. The city is situated in the subtropical
monsoon climate and has an urbanization rate of 79.6%, absorbing 2 million permanent
migrants (23.8% of the permanent population). Since 2017, the government has launched
the UCG project in 30 communities within the city. This survey went through three
phases over a period of two years—two pre-surveys and a formal survey stage. First,
between January and May 2019, we conducted the first pre-survey. This consisted of semi-
structured face-to-face interviews with 84 gardeners living in six adjacent communities in
the Furong District of Changsha to identify and characterize several of the most important
ecosystem services in the area. Respondents could choose among eighteen ecosystem
services available for urban gardens with content derived from previous research [22]. All
respondents were audio recorded with their permission and each session lasted between
30 and 75 min. Twelve ecosystem service categories that were easily understood and
perceived by gardeners were finalized. Subsequently, we conducted a second pre-survey.
Between May and June 2019, we conducted a household survey of residents living in the
same community as the previously interviewed gardeners, with 778 residents completing a
structured questionnaire. We examined which of the twelve ecosystem services proposed by
gardeners are more easily perceived by residents. At the same time, residents’ perceptions
of ten ecosystem disservices from UCGs were investigated. Variable preparation for EDS
was derived from previous studies [70,73]. We placed the six ecosystem service functions
that residents can easily perceive under the four major categories covered in established
ES classifications: provisioning, regulating, habitat/supporting, and cultural services [78];
four EDS categories that were easily understood and perceived by residents were finalized.

Through the above two pre-surveys, the focused content of the more easily perceived
ES and EDS by the urban residents of the surveyed area was identified. Furthermore, the
individual/social cognitive factors and behavioral intention of UCGs were investigated.
To obtain more representative data, with the help of the Changsha City Administration,
the community managers of the five main urban areas became key informants. Using a
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“snowball technique,” interviewed community managers were asked to provide connec-
tions to new informants. An online survey was conducted in July 2020. In cooperation with
Changsha Ranxing Information Technology Co., Ltd., a professional online survey service
provider, we designed and collected the questionnaire. The company’s users have covered
more than 90% of the universities and research institutes in China; their questionnaire
survey is a well-known brand trusted by leading enterprises in various industries. The
company’s strict privacy regulations for personal information and incentives to stimulate
participation help to reduce potential bias. This survey received 1692 replies with a valid
response rate of 67.5%. Statistical analysis was performed on the data of 1142 valid collected
questionnaires.

The respondents’ socioeconomic status is shown in Table 2. Respondents consisted of
465 men (40.72%) and 677 women (59.28%). The demographic and social attributes of the
respondents were surveyed in the research, including their gender, age, education level,
and family monthly income. There were 326 individuals aged between 18 and 35 (28.55%),
342 aged between 36 and 44 (29.95%), 265 aged between 45 and 64 (23.2%), and 209 people
aged over 65 (18.32%). A total of 12% of the respondents had a master’s degree and above,
and 39.32% had a college diploma. People with senior middle school education accounted
for 25.31% of the total population, and 23.38% population had completed junior middle
school and below. With respect to income level, 17.08% of the respondents had a monthly
income below CNY 1000, 10.25% had a monthly income over CNY 10,000, and 23.82% had
a monthly income of CNY 1000–2999.

Table 2. Distribution of the socioeconomic status characteristics of the respondents.

Socioeconomic Status Items Frequency (n) Proportion (%)

Gender
Male 465 40.72

Female 677 59.28

Age

18–35 326 28.55
36–44 342 29.95
45–64 265 23.20
>65 209 18.32

Education

Junior middle school and
below 267 23.38

Senior middle school 289 25.31
College 449 39.32

Master’s degree and above 137 12.00

Income (CNY per month)

<1000 195 17.08
1000–2999 272 23.82
3000–4999 225 19.70
5000–6999 207 18.13
7000–9999 126 11.03

>10,000 117 10.25

3.2. Measures

To compile a reliable set of items to measure the constructs and test the proposed
model, we conducted a comprehensive literature review. Table 3 provides a summary of
the items with their corresponding constructs.
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Table 3. Measurement items for the personal, social, and perceived ES/EDS constructs.

Constructs Measurement Items

Personal and Social Factors

Behavioral Intention

Do you intend to do the following behavior in the
community garden? (BI1) Gardening activities,

such as planting, watering, digging, and weeding;
(BI2) mental recovery activities, such as meditation

and relaxation; (BI3) and recreational
communicative activities, such as chatting and

gathering.

Attitude

What is your attitude towards UCG as follows?
(ATT1) health, education, communication, and
other functions; (ATT2) community gardening
space and fields; (ATT3) a variety of planting,

leisure, and communicative behaviors; and (ATT4)
fruit and vegetable products.

Perceived behavioral control

How do you view your behavioral control
capabilities associated with UCG? (PBC1)

Gardening experience, (PBC2) gardening skills,
(PBC3) time available for gardening, and (PBC4)

gardening information possession.

Subjective Norms

To what extent are you willing to obey the
attitudes and expectations of these people? (SN1)
Family members, (SN2) friends, (SN3) neighbors,

and (SN4) municipal authorities.

Perceived ecosystem services and disservices

perceived ecosystem services

To what extent do you think UCGs could bring the
following benefits? (P-ES1) Vegetable food supply,
(P-ES2) physical recreation/leisure, (P-ES3) social

cohesion/integration, (P-ES4), maintained soil
fertility/purified air/regulated climate, (P-ES5)
biodiversity conservation/habitat maintenance,

and (P-ES6) maintenance of agricultural or
horticultural cultural heritage/education.

perceived ecosystem disservices

To what extent do you think UCGs could bring the
following four damages? (P-EDS1) Volatile organic
compounds and greenhouse gas emissions pollute

the community environment, (P-EDS2) urban
infrastructure is damaged by growing plants and
microbes, (P-EDS3) vector-borne disease lurking in

urban wetlands affecting residents’ health, and
(P-EDS4) the messy and dense growth of

vegetation or crops makes people irritable.
Note: P-ES = perceptions of ecosystem service; BI = behavioral intention; P-EDS = perceptions of ecosystem
disservice; ATT = attitude; PBC = perceived behavioral control; SN = subjective norm.

A validated TPB questionnaire [49] was translated into Chinese. The questionnaire
was reworded so the questions and answers were more in line with our national conditions,
making it more easily understood by Chinese people. The revised questionnaire, used to
measure individual and social structure, was hypothesized to reflect gardening behavioral
intention in UCGs. We used the questionnaire to conduct face-to-face interviews with
84 gardeners and 778 residents.

In the theory of planned behavior, behavioral intention (BI) is the most direct factor
affecting behavior, which is the individual volitional intention to perform (or not to perform)
a behavior [49]. This paper defines BI as the volitional intention of residents to carry out or
not carry out community gardening behavior. Residents’ BI toward UCG was measured
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with three items: “Do you intend to do the following behavior in the community garden?
Gardening activities, such as planting/watering/digging/weeding [79], mental recovery
activities, such as meditation and relaxation [48]; and recreational communicative activities,
such as chatting and gathering [44].” Participants were asked to rate each item described
above on a 5-point scale ranging from 1 (never) to 5 (always). The BI scale internal
consistency (Cronbach’s alpha) was 0.913.

Attitude (ATT) is defined as a psychological tendency that is expressed by evaluating
a particular entity with some degree of favor or disfavor. This study defines attitude as
the evaluative response of residents to the community gardening behavior itself and its
target products. Residents’ attitude toward UCG was measured with four items: “What
is your attitude towards UCG as follows? Health, education, communication, and other
functions [80]; community gardening space and fields [77]; a variety of planting/leisure
and communicative behaviors [81]; and fruit/vegetable products [82].” Participants were
asked to rate each item described above on a 6-point scale ranging from 1 (strongly dislike)
to 6 (strongly like). The ATT scale internal consistency (Cronbach’s alpha) was 0.963.

Perceived behavioral control (PBC) is the degree of ease or difficulty with which
an individual thinks he can control and perform a behavior [49]. PBC is influenced by
two factors: controlled belief and perceived power [43]. This study defines the perceived
level of four important factors: information, skills, experience, and abilities related to the
development of community gardening behavior [44]. PBC was measured by confidence
under four conditions in response to the question: “How do you view your behavioral
control capabilities associated with UCG? Gardening experience [43], gardening skills [46],
time available for gardening [51], and gardening information possession [44]”. Participants
were asked to rate each item described above on a 6-point scale ranging from 1 (not
confident at all) to 6 (very confident). The internal consistency (Cronbach’s alpha) was 0.940.

Subjective norm (SN) is a person’s perception of social pressures that enables them
to perform or not perform the behavior [49]. SN is influenced by normative beliefs and
submissive motivations. This paper defines SN as the degree to which residents follow the
expectations of a “significant other” for community gardening behavior. Subjective norms
were measured by asking about the following four “significant others”: To what extent
are you willing to obey the attitudes and expectations of these people? Family members,
friends, neighbors and municipal authorities [47,54].” Participants were asked to rate each
item described above on a 6-point scale ranging from 1 (strongly unwilling) to 6 (strongly
willing). The internal consistency (Cronbach’s alpha) was 0.903.

Before measuring the perceived UCG’s ecosystem service, we first evaluated the
ecosystem services and disservices for gardeners. Eighteen ES items (food supply, biodiver-
sity, maintenance of soil fertility, local climate regulation, air purification, global climate
regulation, pollination, entertainment and leisure, quality of food, nature and spiritual
experiences, exercise and physical recreation, relaxation and stress reduction, aesthetic
information, place-making, social cohesion and integration, biophilia, learning and educa-
tion, and maintenance of cultural heritage) were extracted using items from the studies of
Marta Camps-Calvet et al. [22]. Six EDS items (volatile organic compounds and greenhouse
gas emissions, excessive use of pesticides and chemical fertilizers, urban infrastructure
damaged by growing plants and microbes, vector-borne disease lurking in urban wetlands,
disgust about animal feces or plant waste, and irritability about the messy and dense
growth of vegetation or crops) were also extracted from the studies of Von Dohren [73]
and Becker [70]. We visited the gardeners’ UCGs and 178 gardeners were asked to score
the above 18 ES items and 6 EDS items on a scale from 1 (strongly disagree) to 6 (strongly
agree). The reliability and validity of each item was reported. This step shows us that
in selected regions the UCG is relatively significant in the provision of nine ES and four
EDS; this result is similar to the previous article [15]. However, several recent research
articles have identified differences between the actual delivery of ecosystem services and
human perception [83]. Therefore, before the formal survey we surveyed 778 residents,
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targeting the nine perceived ES and four perceived EDS indicators described above, to
examine whether their perceived ES and EDS were significant for measured items.

Finally, in the formal questionnaire, perceived ES was measured by the following six
items: “To what extent do you think UCGs could bring the following benefits? Vegetable
food supply [84], physical recreation/leisure [85], social cohesion/integration [86], main-
tained soil fertility/purified air/regulated climate [87], biodiversity conservation/habitat
maintenance [88], and maintenance of agricultural or horticultural cultural heritage/
education [89]”. Additionally, perceived EDS was measured by the following four items:
“To what extent do you think UCGs could bring the following four damages? Volatile or-
ganic compounds and greenhouse gas emissions pollute the community environment [90],
urban infrastructure is damaged by growing plants and microbes [91], vector-borne disease
lurking in urban wetlands affects residents’ health [73], and the messy and dense growth
of vegetation or crops makes people irritable [92]”. The internal consistency (Cronbach’s
alpha) was as follows: perceived ES scale was 0.928 and perceived EDS was 0.848.

3.3. Statistical Analysis

SEM is a combination of two statistical methods: confirmatory factor analysis and
path analysis. Confirmatory factor analysis (CFA), which originated in psychometrics,
estimates latent psychological traits [93,94]. Path analysis, on the other hand, had its
beginning in biometrics and finds the causal relationship among variables by creating a
path diagram [95]. This article follows the two-step approach for the practical structural
equation model (SEM) recommended by Anderson and Gerbing [96].

First, the CFA was conducted with IBM SPSS AMOS to test data reliability by cal-
culating the Cronbach’ s alpha of all observed variables [97]. This step tested whether
measurement models of residents’ perceptions of ecosystem service/disservice, attitude,
subjective norms, perceived behavioral control, and behavioral intention towards the UCG
were consistent with our hypothesis. Before data analyses were carried out, we completed
data descriptive analysis for socioeconomic status (SES), which was measured as a construct
of education and income.

Second, SEM was performed. SEM is a special form of multivariate analysis and
was used to examine the hypothetical causality among multiple variables and how their
inter-relationships may play a role in determining a particular outcome in this study.
Hypothetical causal relationships were illustrated using a path diagram and analyzed for
the standardized partial regression coefficients, which can be interpreted as the magnitude
of direct causal influence [98]. The maximum likelihood method was used during both
steps to estimate parameters. The tests involved the two models: the TPB-only model
(M0) and the TPB plus perceived ES/EDS model (M1), which integrated the perceived
ecosystem service and disservice constructs. Model fit was assessed using the chi-square
test (X2), likelihood ratio (X2/df), comparative fit index (CFI), and root mean square error of
approximation (RMSEA) following the best practices in SEM as suggested by Mueller and
Hancock [99]. All statistical analyses were performed using the Statistical Package for the
Social Sciences (SPSS) 22.0 for Windows and Analysis of Moment Structures (AMOS) 23.0.

4. Results

4.1. Descriptive Statistics

The descriptive statistics for the measured variables are shown in Table 4. Overall,
participants had a positive attitude (M = 4.077, SD = 1.526), and a moderate level of confi-
dence in perceived behavioral control associated regarding UCG (M = 3.197, SD = 1.557).
Furthermore, residents’ behavioral intention to participate in the UCG, which was mea-
sured by using a five-point scale, had a moderately high score (M = 2.881, SD = 1.451) In
addition, means of 4.048 (SD = 1.403) for the perceived ecosystem services indicated that
the participants had a high level of evaluation with the UCG ecosystem services. The mean
score of 3.452 (SD = 1.232) for perceived ecosystem disservices indicated that residents fa-
vored a certain amount of the possible damages caused by UCGs. However, social support
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for community gardening from “important others” around them is inadequate (M = 2.921,
SD = 1.347).

Table 4. Standardized estimates and psychometric properties of the parameters of the measurement
model.

Measurement
Item

Mean
(S.D.)

Standard
Deviation

Standard
Error

Factor
loadings

Squared Multiple
Correlations

Average Variance
Extracted

Composite
Reliability

BI 2.881 1.451 0.781 0.914

BI1 3.045 1.42 0.042 0.686 0.712
BI2 2.824 1.463 0.043 0.772 0.757
BI3 2.774 1.469 0.043 0.773 0.699

P-ES 4.048 1.403 0.682 0.928

P-ES1 4.305 1.503 0.044 0.675 0.634
P-ES2 4.566 1.406 0.042 0.714 0.677
P-ES3 3.884 1.366 0.04 0.854 0.719
P-ES4 3.665 1.357 0.04 0.849 0.703
P-ES5 3.848 1.385 0.041 0.798 0.687
P-ES6 4.022 1.401 0.041 0.782 0.714

P-EDS 3.452 1.232 0.598 0.853

P-EDS1 4.147 1.119 0.033 −0.705 0.538
P-EDS2 3.165 1.275 0.038 −0.827 0.59
P-EDS3 3.835 1.311 0.039 −0.798 0.652
P-EDS4 2.659 1.222 0.036 −0.735 0.53

ATT 4.077 1.526 0.869 0.964

ATT1 4.306 1.426 0.042 0.773 0.828
ATT2 3.887 1.614 0.048 0.818 0.844
ATT3 3.963 1.517 0.045 0.806 0.855
ATT4 4.153 1.545 0.046 0.803 0.847

PBC 3.197 1.557 0.806 0.943

PBC1 3.173 1.614 0.048 0.883 0.829
PBC2 3.131 1.598 0.047 0.901 0.861
PBC3 3.071 1.539 0.046 0.883 0.782
PBC4 3.411 1.478 0.044 0.786 0.643

SN 2.921 1.347 0.701 0.903

SN1 2.984 1.362 0.04 0.842 0.683
SN2 2.757 1.307 0.039 0.82 0.694
SN3 2.934 1.329 0.039 0.83 0.685
SN4 3.007 1.388 0.041 0.789 0.583

Note: S.D.: standard deviation; P-ES = perceptions of ecosystem service; BI = behavioral intention; P-EDS =
perceptions of ecosystem disservice; ATT = attitude; PBC = perceived behavioral control; SN = subjective norm.

4.1.1. Behavioral Intention for UCG

Respondents reported a high degree of behavioral intention for UCGs. Residents were
asked to choose based on the five-point scale, with higher scores representing stronger
behavioral intention. Residents scored the highest enthusiasm for PI1-Gardening activi-
ties, such as planting, watering, digging, and weeding (3.05). They also participated in
community gardening to undergo spiritual relaxation and recovery; therefore, the score for
PI2-Mental recovery activities, such as meditation and relaxation (2.82), was also high. In
addition, residents were interested in the social interactions that took place in community
gardening, which was reflected in the score for PI3-Recreational communicative activities
(e.g., chatting and gathering) (2.77).
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4.1.2. Attitude, Perceived Behavioral Control and Subjective Norm

The study investigated the respondents’ attitudes towards four types of the behavioral
objects for the UCG, which all received high support. ATT1-Attitude towards health,
education, communication, and other functions had the highest score (4.31), followed by
ATT4-Attitude towards fruit and vegetable products (4.15) and ATT3-Attitude towards a
variety of planting, leisure, and communicative behaviors (3.96). The lowest score was for
ATT2-Attitude towards community gardening space and fields (3.89).

Participants had a certain high level of perceived behavioral control for UCG. The
highest score was PBC4-Perceived level of gardening information possession (3.41), which
may stem from the fact that we live in an informational age and people have easy access
to knowledge about urban gardening and agriculture. PBC1-Perceived level of gardening
experience (3.17) and PBC2-Percieved level of gardening skills (3.13) had similar scores,
which indicates a strong association between these two factors. Respondents with long-
term agricultural experience also had higher levels of perceived skills in the areas of
agriculture and gardening; however, respondents who feel weaker behavioral control over
PBC3 (perceived level of time available for gardening) reported lower scores (3.07), which
indicates that they were uncertain about whether they could dedicate the time necessary to
maintain an urban community garden or participate in those types of activities.

To a certain extent, residents were willing to follow the expectations of “significant
others” or be influenced by pressure from individuals or institutions while making a deci-
sion about whether to support or oppose community gardens. Under the current urban
management system, respondents had the highest compliance with urban and commu-
nity managers, hence the high score for SN4-Municipal authorities (3.00). Their level of
compliance towards family and neighbors was relatively neutral, so SN1-Family members
(2.98) and SN3-Neighbors (2.93) received similar scores. Finally, they showed the lowest
compliance toward their friends, which is reflected in the score for SN2-Friends (2.76).

4.1.3. Perceptions of Ecosystem Service and Disservice for UCG

The survey listed six types of common ecosystem services and allowed respondents
to score them based on their perceptions of UCGs. Using statistical analysis, the mean
value of each term was obtained. Residents had diverse sensitivity to the different types
of ES provided by the UCG, which showed high perception in general. Cultural services,
such as PES2-Physical recreation and Leisure services, were the most easily perceived
by the respondents and had the highest score (4.57) followed by the product offering
functions of Community gardening, such as PES1-Vegetable food supply, which were also
highly recognized (4.31). Factors of cultural services related to human well-being, such as
PES6-Maintenance of agricultural or horticultural cultural heritage/education (4.02) and
PES3-Social cohesion/integration (3.88), were also favored by the respondents. Compared
to several other ecosystem services, the scores for the two regulatory services related to
ecological environment declined dramatically; PES5-Biodiversity conservation/habitat
maintenance received a score of 3.85, and PES4-Maintain soil fertility/purified air/regulate
climate received a score of 3.67.

Generally, in these negative statements on ecological, economic, and physical health
impacts, more respondents agreed or strongly agreed that urban community gardens
led to these ecosystem disservices. Respondents believed that UCGs contaminated the
community environment due to sewage, toxic or irritating gas, and rubbish; therefore, the
P-EDS1-Volatile organic compounds and greenhouse gas emissions pollute the community
environment had the most negative impact with the highest score (4.15), followed by
P-EDS3-Vector-borne disease lurking in urban wetlands affecting residents health (3.84),
which includes plant allergies, animal attacks, and vector-borne diseases hidden in urban
wetlands. The residents expressed a neutral attitude towards the factors related to economic
damage, such as P-EDS2-Urban infrastructure is damaged by growing plants and microbes
(3.17), and they were not sensitive to those damages. Overall, respondents did not believe
that urban community gardening would have a significant negative impact on human
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psychology; thus, the opinion about P-EDS4-The messy and dense growth of vegetation or
crops makes people irritable, has the lowest score (2.66).

4.2. Measurement Model

This study first conducted a confirmatory factor analysis of the measurement model.
The results showed that the measurement model was significant, and all the other measure-
ment loads on the latent variables were also significant, as shown in Table 4. The collected
data and measurement models reflected a good fit because all model fits exceeded the ac-
ceptable levels proposed by previous researchers. The fit indices for the TPB model were as
follows: CMIN = 813.88, df = 245, CMIN/df = 3.322, GFI = 0.942, CFI = 0.978, AGFI = 0.924,
NFI = 0.969, RFI = 0.962, IFI = 0.978, TLI = 0.973 and RMSEA = 0.045. The initial model
M0 is a simple TPB model, and model M1 is an extended TPB plus perceived ES/EDS
model. The composite reliability values for the constructs all exceeded the 0.80 guideline.
Previous studies state that the average variance extracted (AVE) should not be below the
recommended 0.50 level, and the AVEs in this study were between 0.64 to 0.97, fulfilling
the requirements [100]. Additionally, the CFA detected that the factor composite score
was greater than 0.50, which indicates that the convergent validity is good [101]. In this
study, the AVE of an individual construct was compared with the squared shared variances
between constructs and was used to examine discriminant validity. Additionally, as shown
in Table 5, the AVE of each structure of the factor correlation matrix is greater than the
square correlation coefficients between constructs and thus has discriminant validity [100].
Overall, the model performs well in terms of reliability, convergent validity, and discrimi-
nant validity. The result showed that the Cronbach’ s alpha coefficient is 0.902. The KMO
value is 0.937, and the P value of Bartlett’s test of sphericity is significant [102].

Table 5. Discriminant validity: average variance extracted (AVE) and shared variances.

Variance 1 2 3 4 5 6

1 BI 0.884
2 P-ES 0.545 0.827

3 P-EDS −0.485 −0.411 0.773
4 ATT 0.599 0.640 −0.546 0.932
5 PBC 0.521 0.429 −0.413 0.435 0.898
6 SN 0.565 0.466 −0.322 0.493 0.352 0.837

(1) Off-diagonals are shared variance, and diagonals are AVEs (bolded). (2) All were significant at 0.001 levels;
P-ES = perceptions of ecosystem service; BI = behavioral intention; P-EDS = perceptions of ecosystem disservice;
ATT = attitude; PBC = perceived behavioral control; SN = subjective norm.

4.3. Possible Causal Relations Influencing Behavioral Intention
4.3.1. The Impact of ATT, PBC and SN

After fitting the measurement model, this study tested the M0 structural model and
assessed the fitted data. Furthermore, to explore whether the extended TPB model (M1
model) increases the interpretation strength of the variance of behavioral intention, Figure 2
presents the standardized path coefficients and explanatory variance (R2) for the M0
structural model. The M0 model shows good goodness-of-fit measures (GOFs) to the data
in Table 6. The three variables of TPB had significant positive effects on behavioral intention,
indicating that residents had a more positive attitude towards the UCG (β = 0.38, p < 0.001)
and greater subjective norms (β = 0.38, p < 0.001); stronger perceived behavioral control
(β = 0.30, p < 0.001) was also associated with greater behavioral intention. Respectively,
attitudes (β = 0.47, p < 0.001) and perceived behavioral control (β = 0.17, p < 0.001) showed
significant correlations for subjective norms. In the M0 model, the TPB variables accounted
for 54% of the variance in behavioral intention. Therefore, the results of the M0 model
tested the theoretical principles of TPB and supported the study’s first hypothesis.
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Figure 2. Possible causal relationships between the attitude, subjective norm, perceived behavioral
control, and behavioral intention; *** p < 0.001.

Table 6. Goodness-of-fit measures (GOFs) for the structural equation models.

Goodness-of-Fit Measures (GOFs) Adequate Level Recommended Level M0 M1

Root mean sq. error of approx. (RMSEA) <0.1 <0.05 0.062 0.045
Goodness-of-fit index (GFI) >0.9 >0.95 0.955 0.942

Adj. goodness-of-fit index (AGFI) >0.8 >0.9 0.932 0.924
Comparative fit index (CFI) >0.9 >0.95 0.980 0.978
Tucker–Lewis index (TLI) >0.9 >0.95 0.973 0.973

Normal fit index (NFI) >0.9 >0.95 0.975 0.969
Incremental fit index (IFI) >0.9 >0.95 0.980 0.978

Relative fit index (RFI) >0.9 >0.95 0.967 0.962

4.3.2. The Effects of Perceived Ecosystem Services and Disservices

The M1 model is an extended TPB model that includes factors of perceived ecosystem
services and disservices, and it shows a good GOF in Table 5. The M1 structure model
explained 65.0% of the variance in behavioral intention. By comparing the results of the
M1 model to the M0 model, the research found an 11% increase in the explained variances
of behavioral intention. Of all the 14 path coefficients, 13 were statistically significant
(p < 0.01). Most of the results are the same as the ones that we initially hypothesized, with
the perception of ecosystem service having significant and direct positive effects on attitudes
(β = 0.56, p < 0.001), perceived behavioral control (β = 0.33, p < 0.001), and subjective norms
(β = 0.26, p < 0.001). Additionally, the perception of ecosystem disservice had a significant
direct negative effect on attitudes (β = −0.34, p < 0.001) and perceived behavioral control
(β = −0.29, p < 0.001), but the direct effect on the subjective norm was not statistically
significant. Standardized parameter estimates indicated that perceived ecosystem services
and disservices were associated the most strongly with attitudes. Subsequently, attitudes
(β = 0.13, p < 0.001), subjective norms (β = 0.31, p < 0.001), and perceived behavioral control
(β = 0.20, p < 0.01) significantly predicted behavioral intention. Subjective norms are the
most predictive of behavioral intention, as they are influenced by attitudes and perceived
behavioral control. As shown in Figure 3, the path diagram has completely standardized
parameter estimates. In support of the second hypothesis, the inclusion of the perceived ES
and EDS variables based on the M0 model led to an increase in the explained variances of
behavioral intention.
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Figure 3. Possible causal relationships between perception of ecosystem service/disservice, attitude,
subjective norm, perceived behavioral control, and behavioral intention; The dashed paths indicate
removed hypothetical relationships leading to failed GOF measures; *** p < 0.001, ** p < 0.01.

5. Discussion

UCG development not only conforms to China’s national concept of ecological con-
struction, promoting the intensive development and ecological utilization of idle urban
land, but is also an effective way to meet the needs of urban people, such as allowing
close access to nature, improving lifestyle quality, and advancing well-being. This study
used SEM to incorporate ecosystem services and disservices into the TPB model to explore
the relationship between perceived ecosystem services by ordinary urban residents and
community gardening behavioral intentions. It added novel evidence for cognition of the
ecosystem services associated with UCG and adopted an integrated view to jointly incorpo-
rate UCGs’ abilities to provide ecosystem services and deliver ecosystem disservices into an
extended theoretical framework based on TPB theory. Overall, this study provides a better
understanding of the relationships between individual, social, and perceived ecosystems
by revealing that the perception of ecosystem services and disservices has important effects
on predicting the behavioral intention of ordinary residents through individual and social
factors. Furthermore, this study provides some support for the effectiveness and utility
of the extended theory of planned behavior model in predicting the gardening behavioral
intention of Chinese urban residents.

We reveal the mechanism of how residents’ perceptions jointly influence their UCG
behavioral intention. The first hypothesis of this study holds that behavioral intention is
directly and positively influenced by attitude, perceived behavioral control, and subjective
norms, which are positively influenced by attitude and perceived behavioral control.
Consistent with the TPB theory, the study concluded that residents’ attitudes towards
UCGs have the greatest influence on their behavioral intention. Attitude or emotional
motivation is an important determinant of all horticulture behavioral intention [15,19,67]. A
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study of gardeners’ participation in community (allocation) gardens found that the positive
emotional connection they established with the garden strengthened their intention to
participate [39].

Second, our study showed that residents’ subjective norms of UCG had almost the
same effect as attitudes on behavioral intention; however, subjective norms are largely in-
fluenced by attitudes; therefore, attitudes indirectly influence behavioral intention through
subjective norms. Residents’ subjective norms of UCGs affect behavioral intention to al-
most the same degree as attitudes. As subjective norms are largely influenced by attitudes,
and attitudes are a greater influence on behavioral intent than subjective norms. This
study pointed out that subjective norms are the most important cognitive structure that
affects residents’ gardening behavior. Compared with gardeners who have participated
in a UCG, residents who were not involved in urban gardening thought that important
others or institutions around them, especially municipal authorities, would not approve of
the existence of community gardening in the city. Existing research has already proposed
that municipal authorities could promote gardening participation by readjusting policies
to change people’s beliefs in subjective norms, which is a suggestion that our study con-
firms [19]. Additionally, this study found that the effect of perceived behavioral control
or the self-efficacy of overcoming barriers on behavioral intention was the weakest of the
TPB structures, which aligns with previous findings [3,71]. We thus confirmed that in order
to consider the effects of attitude, perceived behavioral control, and subjective norms on
behavioral intention, future interventions should adopt a multi-level research approach.

We simultaneously considered two perception constructs, i.e., perceived ecosystem
services and disservices. We found that the two perceptions are negatively correlated with
each other. These perceptions can explain and predict people’s personal and social cognition
towards UCG, thus playing a major role in influencing gardening participation. Among
them, perceived ecosystem services become a non-negligible factor that can help them for
residents to develop continuous gardening intentions by forming more positive attitudes,
greater confidence, and less social pressure towards UCG. As we initially predicted, the
inclusion of perceived ecosystem services and disservices in the TPB model led to an
increase in the explanatory variance of residents’ behavioral intention toward the UCG.
In the initial M0 model, the explanatory variance of behavioral intention influenced by
individual and social factors of TPB was 54%; however, with the extended M1 model,
comparing the initial model led to an increase in the explanatory variance of behavioral
intention from 54% to 65%, which is higher than the results from previous studies [39].
This finding provides support for the predictive validity of the extended TPB model. Our
study did not incorporate residents’ actual gardening behavior into the TPB model because
many studies have shown that behavioral intention, though the closest and most direct
prediction factor of behavior, does not necessarily explain real behavioral changes [42]. To
narrow the gap between behavioral intention and real action and increase the explanatory
variance of actual gardening behavior, future studies could delve deeper into the different
roles of perceived ecosystem services and disservices.

The results of this study show that perceived ecosystem services (or disservices) not
only have an indirect impact on gardening behavioral intention through the ATT, PBC,
and SN factors in the TPB but also have positive (or negative) direct effects on behavioral
intention. This suggests that the three variables in the TPB model do not fully mediate
the relationship between perceived ecosystem and behavioral intention and that other
important individual and social variables may exist. The present study examined other
perceptions associated with ecosystem service functions, with individual and social factors,
such as the neighborhood attachment [103], perceptions of environmental impact [68],
perceived risks [104], life satisfaction [40], and identity perception [105], and found that
they all have an impact on gardening behavioral intention or actions. Numerous studies
have shown that a strong sense of community attachment linked to communal garden-
ing encourages people to form connections between physical and social environments
that promote interaction with others and spark changes in sustainable gardening behav-
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ior [61,103,106,107]. Studies have also shown that perceptions of environmental impact
from urban gardening ecosystems affect the promotion of more sustainable horticultural
behaviors and practices [68,108]. The literature suggests that perception and identifying
risk factors for urban gardening behavior that may have detrimental effects on human
well-being are important considerations for achieving the various ecosystem service func-
tions brought about by urban gardens [82,109,110]. In some studies on urban gardening
promoting better life satisfaction and eating habits, these good perceptions have a positive
effect on gardening behavior [40,68]. Some research highlights that urban gardening can
reshape urban citizenship through residents’ identity perception with their “environmental
gardening identity” [105]. This identity perception, brought about by the social and cul-
tural functions of ecosystem services, offers far-reaching potential for changes in gardening
behavior and practice [111–114]. Based on our findings, we believe that further research
should be conducted that examines the effects of various perceptual factors linked to urban
gardening on behavioral intention and action.

Although aspects of urban horticultural ecosystem services and disservices have been
explored in this study, gaining deeper insight into other service functions, such as community
resilience [115], urban sustainability [116], landscaping [117], treatment function [118], and
urban health service potential [69], would help shed light on gardening behavioral intention
and practices. Community gardens have been proven to play an important role in the social–
ecological resilience of urban ecosystems and offer residents a place where they can reduce
stress, share experiences, and gain community support [119,120]. Previous research has shown
that community gardens provide a model that can promote sustainable urban living by linking
individuals and communities to the food system and promoting the development of a deep
reconnection and long-term commitment to sustainable living practices [84,85,121,122]. It has
been concluded that the aesthetic value of urban gardens helps enhance the attractiveness
of urban areas and that a scientific garden distribution is more likely to contribute to a
larger network of ecosystem services across a broader urban landscape [123–125]. Current
research also indicates that site spatial and design characteristics affect people’s gardening
participation [126,127]. For nearly a decade, community gardens, especially at the local
level, have been increasingly praised for revealing the relationship processes that connect
people, ecology, and health [128] [129–132]. Notably, the latest research indicates that urban
gardens have functioned as a potential health resource during the COVID-19 pandemic by
giving gardeners a source of freedom and joy while facing difficult and potentially isolating
situations [133,134]. On the other hand, while examining ecosystem disservices, researchers
have found that vegetables grown in community gardens pose a health threat arising from
their potential exposure to pollutants, such as heavy metals in the environment [104,135].
In conclusion, the metrics of six ES and four EDS are relatively common in this paper, but
deepening the understanding of the function and damage of their ecosystem services is
meaningful to illustrate community gardening behavioral intentions and practices in different
cultural and social contexts.

Our findings provide a strategy adopted on the premise of adapting to the intensive
development and ecological utilization of idle urban land and meeting the well-being and
needs of contemporary urban people. That is: (1) to improve the level of delivery of the
UCG’s ecosystem services by developing and promoting new gardening technologies; (2) to
construct and publicize a series of high-quality UCG exemplary cases, to spread its various
ecosystem service functions to urban residents, and to improve their perception of UCG
benefits; (3) to consider and address the various gardening technical problems and social
obstacles, to reduce the UCG’s ecosystem disservices; (4) to publicize effective technical
measures and methods to reduce the UCG’s ecosystem disservices, address potential par-
ticipant concerns about possible obstacles and reduce their perception of UCG damage;
and (5) to find and cultivate institutions or individuals as important reference groups,
such as management agencies good at organizing and operating UCGs and enthusiastic
gardeners who have successfully developed UCGs; their demonstration and drive will help
improve the subjective norms of residents and thus promote their gardening behavioral
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intention. The proposed strategy implies that the roadmap for UCG sustainable develop-
ment can be implemented by early practitioners to later participants, from megacities to
middle-and-small cities.

This study had several limitations that should be considered. First, potential confound-
ing factors, such as demographic factors and UCG location (i.e., whether it was on a roof
of a public building, on a communal inland surface, or in a vacant area outside of a given
community), were not strongly distinguished. Although this study is based on TPB theory
as well as previous studies, variables of the SEM model containing more confounding
factors would be beneficial to elucidate our understanding of the perceived ecosystem
correlates of gardening behavioral intention. Second, the survey of perceived ecosystem
services/disservices, ATT, PBC, and SN measures in this study were self-managed by
the authors, and although the reliability and validity of the measurements of these items
were derived from previous conclusions, there was not a widely tested maturity scale, and
this may have led to potential errors. Using objective techniques would help to reduce
biases. Third, because research on UCG perceptual ecosystem services and disservices is in
its infancy, further measurement tools need to be developed. Identifying the ecosystem
supply characteristics of the different types of UCGs associated with resident gardening
behavior will help develop more effective policies and incentives. Finally, the structural
equation model that this study proposes is based on previous research and the TPB theories
of environmental psychology, but it would also be productive to explore other plausible
models to help explain community gardening behavioral intention and the practices of
urban residents.

6. Conclusions

The results showed that perceived ES and EDS had significant effects on gardening be-
havioral intention and that factors of attitude, perceived behavioral control, and subjective
norms in the TPB model partly mediated this association. These results have important
practical implications for both policymakers and managers. For policymakers, the benefits
and positive impact of UCG can be gradually advanced by improving its capacity to deliver
ecosystem services and reducing the level of disservices to their ecosystems. Therefore, the
findings of this study are valuable for developing guidelines and intervention policies for
the planning and management of UCGs, which can promote more scientific and sustainable
gardening behavioral intention among Chinese urban residents. Furthermore, the findings
of this study also have important implications for community managers or local institutions
following the legalization of UCGs. Since perceived ecosystem disservices were important
for new participants who focused on innocuous practice, UCG managers should pay more
attention to reducing these damages by advancing gardening techniques and optimizing
management policies. Future studies could distinguish between the correlation between
personal characteristics of potential gardeners in residents and their perceived ecosystem
services and disservices. It is necessary to further explore the impact of the perception of
ecosystem services and disservices in UCG, and of different spatial and governance types,
on gardening behavioral intention and behaviors. To conclude, future studies are necessary
to develop evidence-based theoretical models of changes in community gardening behavior
among urban residents.
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