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Abstract

Contemporary agriculture has to face many challenges that are connected with climate change but
also with the intensive form of farming. Soil erosion, loss of biodiversity, droughts, soil degradation
and pollution with heavy metals (HM) are only a few of the problems. In the presented study, the term
“heavy metals” is used operationally to denote metallic elements (Cr, Cd, Cu, Ni, Hg, Zn and Fe),
investigated in relation to their accumulation in plant biomass and their potential effects on the process
of anaerobic digestion. The use of mixed cropping systems can be an efficient tool to reduce some of
these negative aspects. In this study, a possible use of the mixed cropping system (MCS) including Zea
mays and Phaseolus vulgaris for phytoremediation processes and methane production was assessed in
a two-year experiment. The crops were grown on fields with naturally abundant HM. The HM were
accumulated more in legumes than in maize variants. There were no significant differences between
HM concentrations in the pure maize culture (M) and maize grown in the MCS. The highest biological
accumulation coefficient (BAC) was observed in Cd (1.06) in Variant M in 2021. The calculated
theoretical methane yield (TMY) per field growth area (m?* ha) indicated that using the MCS composed
of maize and bean led to a higher theoretical methane yield. TMY of the MCS was higher than TMY of
the pure maize culture (M) on average by 9.61% in 2020 and by 28.07% in 2021.
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Introduction

Modern agriculture currently faces many challenges
such as soil erosion [1, 2], anthropogenic pollution by
xenobiotics [3-5] and abiotic and biotic stresses [6, 7].
These challenges are accompanied by increasing
food demands caused by the quickly growing global
population, and by the demand for greener energy [8].
Therefore, effective environment-friendly cropping
systems should be taken into account. Apart from
agricultural monocultures, mixed cropping systems or
mixed cultures (MCS) meet many of these requirements
[9].

MCS are generally known as agricultural systems
composed of more than one crop on one site at the same
time [10]. The most often-used intercrops belong to
the Poaceae and Fabaceae families [11, 12]. The use of
legumes in these systems has been intensively studied
[13-16] due to their positive effects on soil conditions
[17] and their ability to reduce interspecific competition
through biological nitrogen fixation [14]. It was shown
that the transport of N from N-fixing legumes to non-
fixing species takes place through the decomposition of
N-fixing plants, N exudation and mycorrhizal symbiosis
[18]. Research showed that MCS provide interesting
results on the large scales of observed parameters,
and that they are often more advantageous than crop
monocultures [19].

Demand for renewable energy sources is currently
increasing, which results in an increasing number of
crops grown for the purpose. Due to high yields and
highly innovative crop breeding techniques, biogas
is currently produced mainly from the pure maize
crops grown on large fields [10, 20]. This often leads
to competition between the crops grown for biogas
production and the crops grown for food supply, because
the available agricultural soil is limited. According to
Soha et al. [21], MCS can mitigate this negative aspect
because they represent an effective solution for using
farmland.

However, the production of methane in biogas plants
can be affected by the presence of various xenobiotics
such as HM in biomass. In general, sources of HM
in the environment are natural and anthropogenic.
In recent years, considerable attention has been paid
to the issue of HM contents in the soil, as reported
by Wang et al. [22]. HM can enter the plant biomass
thanks to the phytoremediation ability of plants and
thus they can subsequently contaminate biogas plants.
There are various studies assessing the ability of
plants to accumulate metals and their potential use in
phytoremediation [23]. On the other hand, it should be
noted that the presence of many HM is essential for the
growth of plants and for microorganisms involved in the
anaerobic degradation of biomass, since they are crucial
for the proper functioning of various enzymes [24].
Nevertheless, the increasing concentration of HM in
the plant biomass can negatively influence the methane
yield [25]. Some studies suggest that biomass produced

in MCS with legumes as cover crops contains a higher
concentration of Cd when compared to the biomass from
the monoculture. Cowpea, soybean and Japanese clover
significantly increased the content of Cd in Zea mays
[26]. According to Zhang et al. [27], cumulative yields
of biogas amounted in rape, oat and wheat respectively
to 159.37%, 179.23% and 111.34% as compared with
the control when the Cd content in the above-ground
biomass of these three crops was 2.00+0.44, 39.80+1.25
and 6.37+0.15 mg/kg of biomass, respectively. On
the other hand, high Cd concentrations (> 20 mg/L)
inhibited acidogenesis [27, 28].

No effects of trace elements in the plants on bioenergy
production were observed in the case of Helianthus
annuus and Silybum marianum grown on the mining
soil contaminated with trace elements [29]. Similarly,
anaerobic digestion of plant residues obtained from
Phragmites australis, Arundo donax and Piptatherum
miliaceum was shown to be a suitable final destination
of plant biomass obtained through phytoremediation
processes [30]. In this study, the suitability of the
mixed cropping system composed of maize (Zea mays)
and bean (Phaseolus vulgaris) for methane production
in a biogas plant was determined by the calculation of
theoretical methane yield (TMY), which is often used
for the prediction of methane yield produced from the
biomass of MCS [16].

The use of MCS combining maize and common
bean offers many advantages. It reduces the occurrence
of diseases and pests, effectively utilizes nutrients
accessible to plants, and suppresses the activity of
weeds [12, 31-34]. This confirms that the use of maize
and common bean in the MCS leads to higher yields,
which points to high utilization of resources.

The aim of this study was to evaluate the effect of
a mixed cropping system (maize-bean) on biomass
production and its potential use for methane production
as compared with the maize monoculture. In addition,
the study assessed the accumulation of selected HM in
plant biomass as an important factor influencing biomass
quality and its suitability for anaerobic digestion.
The study tested the following hypotheses (null and
alternative): H = Cultivation of maize and bean in the
MCS has no impact on their capability to accumulate
HM in their biomass; H, = MCS alters biomass yield
relative to monoculture; H, = MCS affects theoretical
methane yield (TMY); and H, = the cultivation system
influences the accumulation of HM in plant biomass.

Materials and Methods

Pedological, Geological and Meteorological
Conditions of the Experimental Site

In 2020 and 2021, a 2-year experiment was
conducted in the area near Troubsko, Czech Republic
(49°17°49.822’N, 16°49°13.044’E), which is located
in a typical potato-growing region (Fig. 1). In terms of
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Fig. 1. Location of experiments in Troubsko, Czech Republic.

climatology, it is a moderately warm and moderately
dry area with a mean annual temperature of 8.95°C and
mean annual precipitation of 525.6 mm. In geological
terms, the area is characterized by loess and loess loam
of the Bohemian Massif, and the soil type is modal
brown earth.

As for meteorological conditions, the year 2021
was wetter (627.8 mm) than the year 2020 (529.4 mm).
Precipitation amounts in both years were higher than
normal (1981-2010; Table 1). Contrary to precipitation,
the temperature in 2021 was lower (8.61°C) than that in
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2020 (10.7°C). As compared with the normal temperature
(1981-2010), the year 2020 was warmer (Table 1) and the
year 2021 was colder (Table 2).

Field Experiment Establishment
and Collection of Plant and Soil Samples

Three cropping variants were established in the
field experiment: (i) maize monoculture (M), where
maize was cultivated as a sole crop; (i) maize grown
in a mixed cropping system (M-MCS), where maize

Table 1. Precipitation amounts (mm) and temperatures (°C) in 2020 on the experimental site in Troubsko and mean precipitation amounts

and temperatures between 1981 and 2010.

Precipitation / Month (mm) Total (mm)
vear 1 2 3 4 5 6 7 8 9 10 11 12 Annual In veg. period
2020 85 [ 27.1 | 2577|203 |654 (872|590 1059 | 81.6 | 130.1 | 23.4 ] 36.8 529.4 349.3
1981-2010 | 25.0 | 23.9 | 31.5 | 32.0 | 60.5 | 68.7 | 71.6 | 63.7 | 482 | 32.1 | 364 | 32.0 525.6 344.7
Temperature / Month (°C) Mean (°C)
Year
1 2 3 4 5 6 7 8 9 10 11 12 Annual In veg. period
2020 02| 46 | 53 | 99 [ 126|180 192 | 20.6 | 150 | 10.1 45 | 24 10.7 16.83
1981-2010 | -1.7 | -0.3 | 3.8 | 9.5 | 14.6 | 174 | 195 | 188 | 14.1 8.8 3.5 | -0.6 8.95 15.65

Note: Weather conditions were measured using a professional meteorological station (rain gauge: MR3H-FC, METEOSERVIS Ltd.,
CZE; wind gauge: WAA151, VAISALA Ltd., FIN; temperature and humidity sensor: HMP35D, VAISALA Ltd., FIN) operated by the
Czech Hydrometeorological Institute in line with international norms for monitoring meteorological parameters [35].
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Table 2. Precipitation amounts (mm) and temperatures (°C) in 2021 on the experimental site in Troubsko and mean precipitation amounts

and temperatures between 1981 and 2010.

Precipitation / Month (mm) Total (mm)
ear 1 2 3 4 5 6 7 8 9 10 11 12 Annual | In veg. period
2021 31.9 | 38.0 | 21.7 | 49.3 | 96.1 | 73.6 | 72.7 128.6 23.7 | 12.6 | 40.4 | 39.2 627.8 444.0
1981-2010 | 25.0 | 23.9 | 31.5| 32.0 | 60.5 | 68.7 | 71.6 63.7 48.2 | 32.1 | 364 | 32.0 525.6 344.7
Temperature / Month (°C) Mean (mm)
Year
1 2 3 4 5 6 7 8 9 10 11 12 Annual | In veg. period
2021 -06 | -14 | 3.1 | 6.1 | 11.6 | 18.7 | 20.0 16.9 141 9.0 | 47 | 12 8.61 14.56
1981-2010 | -1.7 | -0.3 | 3.8 | 95 | 14.6 | 174 | 195 18.8 14.1| 88 | 3.5 | -0.6 8.95 15.65

Note: Weather conditions were measured using a professional meteorological station (rain gauge: MR3H-FC, METEOSERVIS Ltd.,
CZE; wind gauge: WAA151, VAISALA Ltd., FIN; temperature and humidity sensor: HMP35D, VAISALA Ltd., FIN) operated by the
Czech Hydrometeorological Institute in line with international norms for monitoring meteorological parameters [35].

was cultivated together with common bean; and (iii)
bean grown in the mixed cropping system (B-MCS),
representing bean plants intercropped with maize within
the same plots. The B-MCS variant does not represent a
pure bean stand but refers exclusively to bean biomass
collected from the mixed cropping system.

In both years, the stands of MCS and pure maize
(mono) culture were established in the second decade
of April within a single soil block using the Kinze
3500 (Kinze Manufacturing, Williamsburg, IA,
USA) “interplant system” seeding machine in a single
operation. Maize was sown in an amount of 80,000
individuals per hectare. It was grown alone as a pure
crop (Variant M) or in MCS (Variant MCS): M-MCS
(maize grown in the MCS) with bean (B-MCS) in a ratio
of 1:1 (80,000 to 80,000 individuals). Spacing between
the M-MCS and B-MCS rows was 37.5 cm (Fig. 2).
The crops were treated with BASAGRAN (BASF,
Ltd.; 2.1 L/ha with the active substance being bentazon
480 g/l; i.e. 40.3% w.) herbicide only.
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. | 1 —— — g
\” ¥ N N7 \” ¥

—

:l‘ It7

|
Ny
. '\_--;I

< ¢ ‘-:
I @ Y

|'

0.375 0375 0.375 0375 03#3 D!}'S m 0375 0.375 03?5
A = G G G G G G— A— G—

0.750 0.750 0.750 0.750 0.750

Plant and soil samples were collected in each year
before the end of the experiment from individual
sampling points (Fig. 3). Plant samples collected from
each sampling point represented 10 plants. In the case
of soil samples, disturbed mixed soil samples were
collected from the determined sampling points in three
repetitions from each experimental variant (M and
MCS) (Fig. 3) from a depth of 0.0-0.3 m.

The yield of produced biomass was determined
by direct sampling of plants from the respective
experimental variants (Fig. 3) according to the
methodology published by Loucka et al. [37].
In wide-row plants, the above methods had to be used
as they take into account the spacing between individual
rows, the number of plants in the row, and the 10 plants
harvested at the growth stage BBCH 77 (milk
ripeness) — 83 (early wax ripeness). Sampling dates
in the respective experimental years were as follows:
a) 2020-2 September; b) 2021-14 September. For each
variant (M, MCS), they were weighed to estimate fresh

0.750 m

Fig. 2. Scheme of the intercropping system containing maize (M-MCS) and bean (B-MCS) and collection of plant samples according to

Kintl et al. [36].
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Fig. 3. Organization of the field experiment and the scheme of sampling. One experimental plot included 8 rows of maize and 7 rows of
bean in Variant MCS and 8 rows of maize (pure crop) in Variant M. The field experiment was prepared according to the methodology

published by Kintl et al. [36].

matter (FM). Subsequently, the plant samples were

dried at 60°C to obtain dry matter (DM) which was

also weighed. Yields of FM and DM were calculated

according to Loucka et al. [37] (Equation (1)):

V=010/s"px y)-m (1)

Where: V is the crop yield (t/ha); m is the weight

of harvested plants (kg); s is the row width or mutual

distance of rows (m); p is the number of rows from which

the plants were harvested; y is the number of harvested
plants and x is the spacing of plants in the row (m).

Analysis of Plant and Soil Samples

Samples of soil and biomass from the respective
variants — 1. maize grown in the monoculture (M),
2. maize grown in the mixed cropping system (M-MCS)
and bean grown in MCS (B-MCS) — were submitted
for analysis to a laboratory authorized by the Czech
Institute for Accreditation where concentrations of
selected HM (Cr, Cd, Cu, Ni, Hg, Zn and Fe) were
determined pursuant to CSN EN ISO 11885 [38].
The content/concentration of HM, defined here as
the analysed metallic elements Cr, Cd, Cu, Ni, Hg,
Zn and Fe, was determined in the samples to specify
a possible influence of growing maize and bean in MCS
on their uptake from the soil and presence in the plant
biomass.

The plant samples were further analysed for the
content of carbohydrates, proteins and lipids in order
to calculate the theoretical methane yield (TMY)
(Equation (2)). Crude protein was determined using
the Kjeldahl method. Protein content was determined
using the KjeltecTM 2300 analyser (FOSS, Denmark)
and subsequently multiplied by the coefficient of 6.25.
To determine the content of lipids, the Soxhlet method
was used with water cooling and direct weight extraction
by diethyl ether. Crude fibre content was determined by
two-step hydrolysis with sulphuric acid and potassium
hydroxide, and then, ash content was deducted. During
the fibre fraction analysis (ADF, acid detergent fibre;
NDF, neutral detergent fibre), acetyltrimethylammonium

detergent was used for ADF and lauryl sulphate
detergent for NDF [20]. All analyses were made using
the ANKOM 220 Fibre Analyser (ANKOM Technology,
USA). A detailed description is published in Vitez et al.
[20]. Each analysis included a 100 g sample of biomass
and was performed in triplicate.

TMY refers to the maximum amount of methane gas
that can be produced from a given amount of organic
material under ideal conditions. TMY is expressed in
terms of volume or mass of methane per unit of organic
material. The calculation was made according to Kintl
et al. (16), according to Equation (2) [39-42] from values
presented in Annex Table Al.

TMY =[(0.415 - %carbohydrates)
+ (0.496 - %proteins)

+ (1.014 - %lipids)] / 100 (m3/kg,s) ?)

Concentrations of HM obtained from the biomass and
soil analyses were used to calculate the bioaccumulation
factor (BAC) according to Amin et al. [43] (Equation
(3)). Bioaccumulation factor (BAC) is a coefficient
expressed as a ratio of HM concentration in the shoots
(Me, ) and soil (Me_,), calculated according to the
following equation:

soil

BAC = Meshoot/Mesoil 3)

Data Processing

The statistical analysis of acquired data made
use of the software STATISTICA 13.5.0.17 (StatSoft,
Inc®). Results presented in this study are the means of
at least 10 replications for each presented parameter
[37], except for the bioaccumulation factor, which is
a ratio of the means. Significant differences in the yields
of FM and DM and concentrations of HM in the plant
biomass were obtained using the analysis of variance
following the preceding verification of data normality
and homogeneity of variances (ANOVA, P<0.05). In the
case of variants where the data assumptions were not
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fulfilled (Hg, Ni, Fe), the non-parametric test (Kruskal-
Wallis) was used. Significant differences among the data
were assessed using the post-hoc Tukey’s test (FM yield,
DM, Cr, Cd, Cu, Zn) or multiple comparisons of mean
ranks for all groups (Hg, Zn, Fe) at P<0.05.

Results and Discussion
Plant Biomass Production

In the field experiment conducted in 2020-2021,
production of biomass by model crops was studied in
the form of FM (Fig. 4 and Table 3) and in the form of
DM (Fig. 5 and Table 4).

In 2020, FM yields recorded in Variant M and
Variant MCS (M-MCS+B-MCS) were 84.99 t/ha
and 96.19 t/ha, respectively (sum of maize and bean
biomass production in MCS; Fig. 4); the difference
between the yields was not significant (Table 3).
In contrast, a significant difference was found between
the monoculture and the MCS in 2021 (Table 3) when
FM yields were 60.36 t/ha in Variant M and 83.08 t/ha
in Variant MCS. It means that the difference in yields
between the monoculture and the MCS exceeded
22 t/ha (Table 3). As to the comparison of individual
years, FM yields in 2021 were 29.0% (Variant M) and
13.6% (Variant MCS) lower than in 2020.

Karasu et al. [44] claim that FM yields of three
maize hybrids ranged from 81.5 to 92.9 t/ha, which
would correspond to the FM maize values in Variant M
and Variant MCS recorded in 2020. On the other hand,
a drop in maize yields occurred in 2021 both in Variant
M and in Variant MCS in which the decrease was
greater.

However, the above-mentioned drop in the
yield of maize FM by about 20% in Variant MCS
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was compensated by the yield of bean FM, and the
total biomass production of Variant MCS was thus
significantly higher than that of Variant M in 2021. Li
et al. [45] conducted experiments with the MCS of four
maize and soya varieties in conditions of the Tibetan
Plateau. FM yields of pure maize stands ranged from
41.67 to 48.70 t/ha; FM yields of MCS of maize and
soya were higher (from 50.48 to 52.59 t/ha) with the
density of maize plants being 67,500 per ha and soya
plants 135,000 per ha. Thus, a certain decrease of maize
yield is assumed in the MCS, which is, however, at least
partly compensated by the yield of biomass of another
crop grown together with maize. Based on experiments
with the MCS of maize and bean, Soe Htet et al. [46]
recorded the highest FM yield (46.61 t/ha) in the pure
maize stand, and the lowest FM yield was recorded in
the pure stand of bean. MCS with the highest FM yield
was the variant with the 50:50 maize/bean ratio. Based
on the research of Soe Htet et al. [46], it is therefore
possible to deduce that the proportion of maize in MCS
should not decrease below 50%. This assumption was
verified already in some formerly published experiments
and studies [15, 16, 47].

The following step consisted in the monitoring of
biomass yield in the form of DM. In 2020, Variant M
exhibited a yield of 31.86 t/ha DM and Variant MCS
(M-MCS+B-MCS) exhibited a yield of 35.18 t/ha
(Fig. 5, Table 4). In 2021, the two variants exhibited
26.54 t/ha (M) and 29.00 t/ha (MCS). The course of
values and their development in the respective years
corresponded with the FM yield values. The results
indicate that as compared with 2020, DM yields in 2021
were 17.6% (MCS) and 16.7% (M) lower. A significant
difference was observed only between the yields of
maize in the monoculture and maize in the MCS in
2021 (Table 4). A likely reason for the year-on-year
differences in FM and DM yields was colder and more

48.53

2020 2020

2021 2021

=M <M-MCS ®mB-MCS

Fig. 4. Yields of fresh matter (FM) in the maize monoculture (M) and in the mixed culture of maize (M-MCS) and bean (B-MCS) in

2020 and 2021
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Table 3. Yields of fresh matter (FM) in the maize monoculture (M) and in the mixed culture of maize (M-MCS) and bean (B-MCS) in

2020 and 2021 (t/ha), standard deviation (+SD), Tukey’s HSD test.

Maize Bean M, MCS (Maize+Bean) In Total
Variant Year
mean +SD HSD mean +SD mean +SD HSD
M 2020 84.99 15.59 A - - 84.99 15.59 A
MCS 2020 79.96 15.05 A 16.23 5.31 96.19 16.22 A
M 2021 60.36 7.72 B - - 60.36 7.72 B
MCS 2021 48.53 12.92 A 34.55 6.41 83.08 11.14 A

Note: Data represent the mean and +£SD over 10 replications. Different letters show significant differences at P<0.05 among the crop

variants M and MCS — at all times within a year.

Table 4. Yields of dry matter (DM) in the maize monoculture (M) and in the mixed culture of maize (M-MCS) and bean (B-MCS) in 2020

and 2021 (t/ha), standard deviation (£SD), Tukey’s HSD test.

Maize Bean M, MCS (Maize+Bean) In Total
Variant Year
mean +SD HSD mean +SD mean +SD HSD
M 2020 31.86 4.88 A - - 31.86 4.88 A
MCS 2020 30.76 5.16 A 4.42 1.04 35.18 5.43 A
M 2021 26.54 3.10 B - - 26.54 3.10 A
MCS 2021 23.11 3.97 A 5.89 2.21 29.00 3.18 A

Note: Data represent the mean and +£SD over 10 replications. Different letters show significant differences at P<0.05 among the crop

variants M and MCS — at all times within a year.

humid weather in 2021 as compared with 2020 (Table 1,
Table 2). Lower temperatures might have a particularly
negative influence on the biomass production. The
weather conditions in 2020 were more favourable for M
than for B, while the situation was reversed in 2021.

In their experiments with row spacing, Iptas and
Acar [48] achieved DM vyields in maize monocultures
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(M) ranging from 15.4 to 30.8 t/ha. Thus, maize yield
recorded in the two experimental variants and years did
not exhibit extremely high or low values. In contrast,
Soe Htet et al. [46] recorded significantly lower values
of biomass yield (DM) compared to our experiment. Soe
Htet et al. [46] claim that the highest DM yield (14.56 t/ha)
was recorded in the maize monoculture as compared

23.11

2020 2020

2021 2021

=M >M-MCS =B-MCS

Fig. 5. Yields of dry matter (DM) in the maize monoculture (M) and in the mixed culture (MCS) of maize (M-MCS) and bean (B-MCS)

in 2020 and 2021.
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with  MCS of maize with bean at various ratios.
This difference in DM yields can be due to the harvest
maturity stage. Li et al. [45] report that DM yields
achieved in maize intercropped with bean ranged from
10.71 to 15.36 t/ha. In their experiments, DM yields
of maize-soybean intercropping ranged from 11.39 to
18.03 t/ha. Based on 2-year experiments, Javanmard
et al. [49] claim the DM yield in an MCS of maize
and bean to be markedly higher (on average 13.2 t/ha)
than in maize monocultures (on average 10.4 t/ha).
It follows from the above-mentioned studies that
the values recorded in this presented study do not show
a more significant loss of DM yield in maize grown in
the MCS, from which an assumption can be deduced
that the chosen sowing rate of maize and bean in MCS
was optimal as to its influence on biomass production.

Concentration of Heavy Metals
in the Soil and Plant Biomass

The presence of HM in the shoot biomass of bean
(B-MCS) and maize grown alone (M) and together
with bean (M-MCS) was analysed. It was expected that
in the case of HM, the ability of plants to accumulate
them would be higher in legumes than in maize.
This assumption was confirmed by Nielfa et al. [50] in
their study. The assumption was confirmed by the results
of this research as well (Table 5). The concentration of
HM in bean (B) was significantly higher in the case of
Cu, Hg, Zn and Fe than in maize grown as monoculture

(M) or M-MCS in MCS during both years. In the case
of Cr, the concentration in B was significantly higher
only in 2020. Similarly, the content of Ni in B was
significantly higher in MCS when compared to M only
in 2021. The Cd concentration in the maize biomass
did not significantly differ between B-MCS and maize
variants (M-MCS and M) in the two years (Table 5).

Differences in the accumulation of HM in the above-
ground biomass of maize were also assessed between
the two maize variants (M-MCS and M). Only Fe
was significantly higher (P<0.05) in Variant M when
compared to M-MCS in 2020 (by 22.78%). However,
the significance of this result was not confirmed in the
following year 2021 (Table 5).

These results are not in agreement, for example, with
Liu et al. [26], where the levels of Cd in the plant biomass
were significantly higher when the crop plants were
combined with legumes (Japanese clover) than when
grown in the monoculture. Similarly, results published
by Zhu et al. [54] showed that maize intercropped with
soybean exhibited better extraction capacity of HM
than monocropped maize. In the case of tomato plants,
Cd level in fruits was below the maximum permissible
concentration standard of the National Standard Agency
in China when grown in monoculture, but above the
level when co-planted with legumes [26]. Similarly,
white lupin significantly increased the Fe concentration
in oat tillers [55]. In another study, maize was grown
alone and in the MCS with alfalfa (Medicago sativa).
Maize grown in MCS contained increased Fe levels

Table 5. Concentrations of heavy metals (mg/kg) in the above-ground biomass of bean (B-MCS), maize grown as monoculture (M) and

in maize grown in the mixed cropping system (M-MCS).

Heav Reference values according to Oladejo et al.
Year Me ta}ll B-MCS M-MCS M [51], Liu et al. [52] and Zhu et al. [53] for
maize monoculture

Cr 0.79+0.204° 0.54+0.20% 0.37+0.05° 3.22

Cd 0.042+0.008* 0.040+0.007* 0.044+0.011° 0.47

Cu 5.85+2.31¢ 3.204+0.75° 2.69+0.40° 5.19
2020 Ni 2.442+1.29° 1.92+1.29¢ 1.117+0.32¢ -

Hg 0.0032+0.0004* 0.002+0.0005° 0.002+0.0002° 0.010

Zn 20+8.36° 14.3+£2.79* 12.6+£2.23° 32.51

Fe 67.23+5.84 39.63+4.66¢ 51.3243.60° -

Cr 0.58+0.19% 0.43+0.10% 0.69+0.25* 3.22

Cd 0.059+0.0204 0.047+0.0124 0.048+0.011* 0.47

Cu 5.051+0.6274 2.994+0.438 2.756+0.528 5.19
2021 Ni 1.274+0.344 0.323+0.1618 0.448+0.316® -

Hg 0.0056+0.00174 0.0021+0.00078 0.0021+0.00078 0.010

Zn 18.4+3.58% 13.1£1.18% 11.75+1.358 32.51

Fe 123.43+44.584 55.59+5.988 63.11£19.288 -

Note: Data represent the mean+standard deviation over 10 replications. Different letters (lower case for 2020 and capitals for 2021)
show significant differences at P<0.05 (ANOVA, Tukey’s test) among the crop variants and within individual HM.
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when compared to crops grown alone (from 171.9-175.0
to 180.6-184.0 pg/g) [56]. Similarly, the Fe concentration
was significantly higher in tillers of oat intercropped
with white lupin [55]. The acquisition of Fe is affected
by multiple factors, such as soil microbiome, especially
siderophore-producing plant growth-promoting bacteria
which enhance plant iron nutrition [57] or the presence of
crops producing a high amount of coumarin. Coumarin
seems to play an important role in the acquisition of Fe
by plants. In particular, coumarin biosynthesis pathways
are highly responsive to Fe deficiency and have also
been described to be regulated by FIT (Fer-like
iron deficiency-induced transcription factor) [58, 59].
In the case of maize intercropped with Japanese clover
herb, the concentration of Cd, Cr and Cu in the above-
ground biomass of maize was reduced by 24.69, 54.5,
and 20.76 mg/kg DM, respectively, when compared to
maize grown alone [60]. The experiment took place in
a field that had not been previously contaminated with
HM. Therefore, in contaminated soils, the concentration
of HM in shoot biomass of crops would probably be
higher. According to Zhang et al. [27], the presence of
Cd in plant shoots was linearly dependent on its content
in the soil.

Apart from the above-mentioned comparison, Table 5
provides reference values of HM contents from some
scientific studies. The studies dealt with analysing the
capacity of maize to bind HM when it is grown in an
environment contaminated by HM. In all cases, values
measured in this experiment do not suggest that the field
experiment was conducted on contaminated soil. In any
case, they point to the fact that maize in MCS exhibited
higher accumulation of HM (except for Fe) as compared
with maize in monoculture, and the concentration of
HM approached reference values chosen in the presented
research study.

The initial content of HM in the soil on the
experimental site before the establishment of the field
experiment is presented in Table 6. A comparison with
internationally comparable geochemical background
values [61] shows that no heavy metal occurred on the
experimental site at an elevated concentration. Only in
the case of Hg, a difference of 0.039 mg/kg was recorded
between the reference value and the soil content. This
was also confirmed by the measured values of HM

Table 6. Presence of heavy metals in the soil at the experimental site.

concentrations presented in Table 5, which did not
exceed reference values of HM content in the biomass of
maize grown on contaminated plots but were instead at
least 40% lower in all cases.

BAC was calculated to assess the phytoremediation
potential of the MCS combining bean and maize
(Tables 7 and 8). BAC is often used to evaluate the
capability for HM uptake by plants and the metal
transport to the above-ground plant biomass [62]. If the
HM BAC is higher than 1 (Table 8), the plant readily
transports it from the soil into the above-ground parts
of the plant body [63]. The mobility of HM in the soil
depends on various factors, such as precipitation, soil
pH or organic matter in the soil [64, 65]. Similarly,
the application of biochar significantly affected the
effectiveness of Cu, Cd, Pb and Zn immobilization
in the soil [66]. In order to have a more detailed
comparison, a reference limit was chosen again, namely
the BAC value from Liu et al. [52] where the authors
dealt with the issue of maize contamination by HM
during irrigation with wastewater. Reference BAC
values from the environment contaminated with heavy
metals were always higher than BAC values recorded in
the presented experiment. BAC values calculated in the
presented experiment indicate that both crops fall into
the category of low accumulator plants for most HM (Cr,
Ni, Hg and Fe) and moderate accumulator plants for Cd,
Cu and Zn. The finding also corresponds to reference
values indicating that maize fell into the category of
moderate accumulator plants for the majority of HM
with the exception of Cr.

It seems that the green parts of maize accumulate
HM more than the other ones (grains) [53]. In the
presented study, BAC was higher than 1 only in the case
of Cd accumulated by maize grown as monoculture in
2021 (Table 7). However, this trend was not observed in
2020, and BAC of Cd for M was 0.38. The difference
could have been caused by different meteorological
conditions in 2020 and 2021. In the case of maize grown
alone in the presence of elevated Cd (5 mg/kg and
10 mg/kg), the BAC factor for maize leaves was 1.582
and 1.217 for 5 and 10 mg/kg of Cd, respectively [62].

The HM least transported by plants from the soil
to the above-ground biomass of maize was Fe. BAC
for Fe reached a maximum for M in 2021 (0.0019) and

mg/kg
HM
Cr Cd Cu Ni Pb Hg Zn Fe
32
MeantSD | 39.3:0.1 | 0.117£0.009 | 2133204 | 27.23£03 | 11.7:0.3 | 0.05920.001 | 611202 | o0 =0
Geochemical
background 67.30 0.10 22.50 31.00 21.00 0.02 65.40 -
value (Guan et
al. 2014)

Note: Data represent the mean+standard deviation over 6 replications.
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Table 7. Bioaccumulation factor of Phaseolus vulgaris (B), Zea mays grown in monoculture (M) and in a mixed cropping system with

bean (M-MCS); values are presented as means.

Year BAC Cr Cd Cu Ni Pb Hg Zn Fe
B-MCS 0.020 0.35 0.274 0.089 0.025 0.054 0.33 0.0025

2020 M 0.009 0.38 0.126 0.041 0.015 0.035 0.21 0.0016
M-MCS 0.014 0.34 0.150 0.070 0.015 0.034 0.23 0.0012
B-MCS 0.017 0.50 0.237 0.047 0.026 0.094 0.30 0.0038

2021 M 0.017 1.06 0.129 0.016 0.002 0.035 0.19 0.0019
M-MCS 0.003 0.10 0.020 0.006 0.014 0.012 0.02 0.0002

Liu et al. [52] Maize monoculture 0.080 0.71 0.860 - 0.190 - 0.88 -

Table 8. Evaluation of BAC values according to Malayeri et al.
[67].

BAC Category

<0.01 Non-accumulator plants
0.01-0.1 Low accumulator plants
0.1-1.0 Moderate accumulator plants
1.0-10.0 High accumulator plants

for M-MCS in 2020 (0.0012). These results are similar
to those reported by An et al. [60] where maize was
intercropped with Japanese clover. The lowest BAC was
recorded for Fe in maize grown in monoculture (M) and
in M-MCS. According to the results of the presented
study, it was not obvious whether M accumulates HM
in its above-ground biomass. BAC was higher for maize
grown alone during both years in the case of Cd, Hg and
Fe, and for Cu it was lower in 2020 (Table 7). In An
et al. (2011), BAC of all observed HM (Cd, Pb, Cr, Cu
and Fe) was higher in the case of maize grown alone as
compared with the intercropped maize and bean.

In the case of Cu, Ni, Pb, Hg, Zn and Fe, bean
accumulated HM more readily than maize grown alone
or in MCS. However, similarly to the case of maize,
BAC of none of the HM accumulated by bean exceeded
the value of 1 (Table 7). Thus, for most HM, bean
and maize were either low or moderate accumulator
plants. The cumulative presence of HM on fields with
the maize monoculture and MCS composed of maize
and bean was calculated from the yield and HM
concentrations in plant biomass (Annex, Fig. A3). The
overall HM levels in crops harvested from one hectare
are strictly linked to the amount of metals in the soil.
The concentration of HM in the harvested crops was
higher in the biomass from MCS (M-MCS+B-MCS).
The overall quantity of HM in the harvested biomass
was Fe>Zn>Cu>Ni>Cr>Cd>Hg (Fig. A3). The amount
of HM in the system should be considered if the biomass
is to be used in methane production, the reason being
possible toxicity of HM to microbes participating in the
processes of anaerobic digestion [25]. It is also necessary

to bear in mind that the severity of metal inhibition
depends on various factors such as the concentration of
HM in a soluble, ionic form in the substrate solution,
type of metal species, bacterial genera and amount of
biomass in the digester [24]. According to Alrawashdeh
et al. [68], the toxicity of HM can be arranged in
increasing order: Cu>Ni>Pb>Cr>Zn>Fe, which leads to
the rapid poisoning of active microorganisms.

Monitoring the content of HM in the biomass of crops
grown as feedstock for biogas plants is important due
to the toxicity of some HM in the process of anaerobic
digestion. According to Golub et al. [25], the toxicity
of HM for anaerobic digestion can be classified in the
following decreasing order: Cu>Ni>Pb>Cr>Zn>Fe.
However, a theoretical potentially beneficial effect of
some HM on the growth of crops should be considered,
too. Some HM (Cu, Ni, Zn, etc.) are crucial for the
proper functioning of many enzymes important in
the processes of anaerobic digestion [24, 25]. Wang
et al. [24] found that the biogas yield of maize grown
in the soil slightly polluted with Cd was higher than
in the soil without Cd contamination. Changes in the
acidogenesis stage led to problems in methanogenesis
due to the limited presence of methane-producing
organisms. Zhang et al. [28] claim that the severity of
the effect on anaerobic digestion depends on the type
of HM. At Cr dosages higher than 5 mg/L, Cr'™ caused
a more severe inhibition of the acidogenesis stage than
Cd did. Similarly, in Golub et al. [25], a dosage of Cr
(0.519 mg/L) reduced the daily production of methane
from the olive mill waste by 56%. In the same study,
the effect of Zn on the anaerobic digestion of olive mill
waste was assessed. Addition of Zn in a concentration of
0.072-0.29 mg/L reduced biogas production and doses
higher than 0.29 mg/L stopped it. It is therefore possible
to state that the issue of HM concentration in the plant
biomass fed to a biogas-generating fermenter has not
been described in all possible aspects yet. The potential
influence of HM can be both negative [69] and positive
[24], which shows the importance of monitoring their
concentration in the biomass of crops used for energy
purposes.
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Theoretical Methane Yield

TMY was calculated from values listed in Annex
Table Al to assess differences in methane yields
obtained from the maize monoculture (M) and from the
MCS composed of maize (M-MCS) and bean (B-MCS)
(Fig. 6). In the two years of this experiment, no
significant difference was recorded between Variant M
(0.386 and 0.375 m’/kg, in 2020 and 2021, respectively)

0.50

o

'S

o
-

——

0.30

TMY (m%kgys)

020

0.10 [

and Variant M-MCS (0.397 and 0.399 m'/kg  in 2020
and 2021, respectively). However, when compared with
bean, TMY was significantly higher for both maize
variants only in 2020. Compared with bean, TMY was
higher only for M-MCS in 2021. The results of the
research showed that biomass from M-MCS exhibited
a higher TMY than biomass obtained from M in both
years 2020 and 2021. In 2020, TMY of maize grown
in monoculture was 2.86% lower than in MCS while in

(=

=

—1—

0.00

M M-MCS B-MCS

m2020 ©2021
Fig. 6. Theoretical methane yield (TMY) of biomass obtained from maize monoculture (M) and mixed cropping system (MCS) composed

of maize (M-MCS) and bean (B-MCS). Data in columns represent the mean+standard deviation over 10 replications. Different letters
(uppercase for 2020 and lowercase for 2021) show significant differences at P<0.05 (ANOVA, Tukey’s test) between the crop variants.

Table 9. Examples of methane yield from energy plants and crop residues presented in the literature. Green colour is used for the values
of relative methane yields higher than the reference methane yield in maize (351.0 NL/kgVS).

Crop Methane yield Relative methane yield Reference
(NL/kg) (maize 351 NL/kgVS) = 100%
Maize — reference methane yield 351%* 100.0 [74,75]
Maize in monoculture 380%* 108.4 ™Y
Maize in MCS with bean 398%* 113.4 ™Y
Bean in MCS with maize 336%* 95.7 ™Y
Pea 390 111.1 [76]
Clover grass 290-390 (340)*** 96.9 [77]
Meadow clover 300 85.5 [78]
Hemp 355-377 (366)*** 104.3 [79]
Sunflower 400 114.0 [80]
Jerusalem artichoke 370 105.4 [81]
Lucerne 340-350 (345)*** 98.3 [82]

Note: *Methane yield values were calculated as a mean from data presented in both publications. **Methane yield values were
calculated as a mean from data of a 2-year experiment (2020 and 2021). ***Methane yield values were calculated as a mean (in
parentheses) from minimum and maximum values presented in the publication. The reference methane yield of 351 NL/kgVSs is
expressed as normal liters (NL) per kilogram of volatile solids (VS), where NL corresponds to gas volume at standard conditions (0°C
and 101.325 kPa) and VS represents the biodegradable organic fraction of biomass.
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Fig. 7. Theoretical methane yield (TMY) of dry biomass obtained from maize monoculture (M) and mixed cropping system (MCS)

composed of maize (M-MCS) and bean (B-MCS) converted to m*/ha.

Table 10. Theoretical methane yield (TMY) of fresh biomass (FM) obtained from maize monoculture (M) and mixed cropping system
(MCS) composed of maize (M-MCS) and bean (B-MCS) converted to m*/ha; standard deviation (+=SD), Tukey’s HSD test.

Maize (m*/ha) Bean (m?/ha) Maize+Bean (m’/ha)
Variant Year
mean +SD HSD mean +SD mean +SD HSD

M 34207.99 3027.50 A - - 34207.99 3027.50 A
2020

MCS 33 406.11 3688.91 A 4439.48 958.676 37 845.59 3315.59 A

M 22612.52 3034.21 A - - 22612.52 3034.21 B
2021

MCS 19 303.91 5336.56 A 12 136.10 2222.87 31 440.02 4513.39 A

Note: Data represent the mean and =SD over 10 replications. Different letters show significant differences at P<0.05 between the crop

variants M and MCS at all times within a year.

2021 it was higher by 6.06% (Fig. 6, Table A1l). However,
these differences were not significant.

Compared with values reported in other studies,
the TMY values calculated in this study for both M
and M-MCS were lower. Triolo et al. [40] reported
TMY values of 0.443 and 0.445 m'kg  for maize
monoculture, while Kintl et al. [70] reported a value
of 0.427 m’/kg, . Intriguingly, Li et al. [71] calculated
TMY for corn stover biomass (0.455 mkg,), which
was also slightly higher when compared to the results
of the present study. The differences might have been
caused by different conditions in which the crops were
grown such as the share of organic matter in the soil,
availability of mineral nutrients or water. Kintl et al.
[16] claim, for example, that TMY of maize grown in
the MCS with white lupin (Lupinus albus) was lower
than in lupin grown as monoculture.

The measured values indicate that MCS can affect
and in the case of some parameters even enhance the
quality of biomass intended for biomethane production.
It, however, also depends on the intercrop used in the

MCS. Kintl et al. [16, 72] found, for example, that an
MCS of maize with Jerusalem artichoke (Helianthus
tuberosus) and lupin (Lupinus albus) did not exhibit
TMY different from that of maize monoculture. At
the same time, the actual yield of biomethane was
significantly decreased in the MCS. Also, as mentioned
by Rengganman et al. [73], it should be considered that
TMY is calculated based on the composition of organic
substances and assumes 100% decomposition of matter,
including difficult-to-decompose materials. Therefore,
TMY may differ from the actual production of biogas
(methane). A comparison of calculated TMY values
with values published by other authors is presented in
Table 9.

In 2020, TMY converted to unit area (m*ha) was
9.61% higher in MCS than in the maize monoculture (M).
The difference was, however, not significant (Table 9).
The share of bean in total TMY/m’/ha of the MCS
was only 11.73%. In 2021, MCS exhibited TMY/m?/ha
28.07% higher than the maize monoculture (M) (Fig. 7)
with the difference being significant (Table 9).
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The proportion of bean in total TMY/m? ha of MCS was
38.06%. TMY/m?/ha of MCS in 2021 was 16.92% lower
than in 2020. TMY/m*/ha of the maize monoculture (M)
in 2021 was 33.9% lower than in 2020. A significant
difference was recorded between TMY/m’/ha of the
maize monoculture (M) and TMY/m?/ha of maize grown
in the M-MCS in 2021 (Table 10). Mixed cropping
systems containing legumes are particularly interesting
due to the higher amount of nitrogen compounds in total
biomass. Nitrogen is an important component of biomass
used for methane production, and it is usually scanty in
biomass obtained from the maize monoculture, which
can lead to unstable anaerobic digestion [83].

The results indicate that weather conditions in 2021
were more suitable for beans than they were for maize
(Figs. 4 and 7, Tables 1 and 2), which was reflected in
both the yields and the values of TMY of TMY/m?*/ha.

Conclusions

The capacity to accumulate HM was tested in the
mixed cropping system composed of common bean
and maize. The results show that the presence of the
legume did not significantly affect the efficiency of HM
accumulation in the above-ground parts of maize. None
of the variants showed a rate of HM accumulation in
its shoots that would have indicated its suitability for
phytoremediation processes. As for biomass production,
biomass from the mixed cropping system exhibited
higher yields than biomass from the maize monoculture.
The hypothesis concerning HM accumulation was
confirmed only partially. Bean grown in the mixed
cropping system accumulated higher concentrations
of several HM than maize, but intercropping had only
a limited effect on HM concentrations in the maize
biomass when compared with maize monoculture.
Significant differences between maize grown in the
monoculture and maize grown in the mixed cropping
system were found only for Fe in 2020. Therefore, under
the given soil conditions, the mixed cropping system did
not markedly enhance the HM accumulation in maize
biomass and did not indicate a clear phytoremediation
effect.

However, TMY can be lower in the MCS than in
the maize monoculture. TMY obtained from the fresh
matter and converted to a unit area was in both years
higher in the MCS than TMY in the maize monoculture,
with the difference being significant only in the second
year of the experiment. The ratio of crops in the
biomass of MCS changed depending on meteorological
conditions.

The proposed hypotheses were supported only
partially. The mixed cropping system positively affected
biomass production, but not consistently in all years
and biomass parameters. The hypothesis related to
methane production was supported only when TMY
was evaluated on an area basis, while the hypothesis
related to HM accumulation was supported to a limited

extent only. These findings suggest that under common
agricultural conditions with low background metal
concentrations, maize—bean intercropping can be
considered a promising strategy for increasing biomass
production and methane yield per hectare, whereas its
effect on HM accumulation remains limited.
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ANNEX

Table Al. Contents of carbohydrates, proteins, lipids and theoretical methane yield (TMY) in biomass obtained from the maize
monoculture (M) and from the mixed cropping system (MCS) composed of maize (M-MCS) and bean (B-MCS).

Carbohydrates (%) Proteins (%) Lipids (%) ™Y
Variant Year
mean +SD mean +SD mean +SD mean +SD
M 76.13 3.36 9.48 1.08 1.90 0.19 0.386 0.015
M-MCS 2020 79.83 2.01 10.29 1.07 2.02 0.22 0.397 0.013
B-MCS 48.75 8.84 20.48 2.36 1.63 0.35 0.320 0.027
M 75.18 3.35 6.51 0.20 2.90 0.66 0.375 0.017
M-MCS 2021 83.23 7.02 6.12 0.72 2.07 0.65 0.399 0.034
B-MCS 61.5 2.34 15.89 0.84 1.75 0.47 0.352 0.014
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