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ABSTRACT

The assumption underlying this study was that bio-fertilizer amendments applied to acid soil
would affect the yield of edible parts of vegetables, but would not increase their content of heavy
metals. This concept was validated in an artificially prepared, micro-plot experiment, carried out
in a cropping sequence of radish-green bean-radish grown in poor loamy sand. Three series of
a two-factorial experiment were based on two bio-fertilizers, as the first factor, with different
ratios of biomass ash (BA) and solids of biogas digestate (D) (BAD: FE1, 2.2:1; FE2, 1:2.2).
The second factor was a dose of the applied BAD: 0.0, 20, 40, 80, 160, and 320 g m2. The share
of digestate in the tested bio-fertilizer was the key factor affecting both the yield and elemental
concentration of edible parts of the tested vegetables. FE2, rich in digestate, resulted in an
enormous yielding response of plants. The yield of radish was significantly limited by the supply
of macronutrients, both directly, such as by Mg affecting the first crop, and indirectly, due to the
inefficient action of N towards the third crop in the studied cropping sequence. The yield of
green bean grown on the FE1 treated soil followed the model detected for the 1% radish crop.
The model of yields from for plants grown on the FE2 treated soil showed an increase reverse to
the dose of FE2. Low, single doses of both bio-fertilizers resulted in low concentrations of certa-
in nutrients, including Mg, Ca, Cu (all crops), and K (only green bean). High doses of bio-fertili-
zers, especially the ones rich in digestate, created a potential threat of excessive accumulation
of heavy metals, as demonstrated in roots of the first radish, and pods of green bean. A single
dose of any type of bio-fertilizer composed of biomass ash and digestate should be therefore
adjusted based on i) grown crop requirements for a particular nutrient, ii) content of key
nutrients in the applied fertilizer, iii) the level of respective nutrient content in cropped soil.
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INTRODUCTION

Biomass ash has been used in agriculture for a long time, owing to its
unquestionable ability to neutralize soil acidity (Ouno, EricH 1990). Assu-
ming that the elemental content of biomass ash is known, it can serve as a
good nutritional source for agricultural plants (DEMEYER et al. 2001). Biogas
is a product of the decomposition of organic substances under controlled ana-
erobic fermentation. A by-product of this process is biogas digestate (BD) or
simply digestate. This residue contains a range of nutrients, both macro- and
microelements. Undisputedly, the kind of substrate used for biogas produc-
tion has an influence on the digestate’s chemical properties. Therefore,
inputs that are rich in macroelements (N, P, K) for example, will evidently
produce digestate with a generous content of the same elements (MOLLER and
MULLER 2012, NKoa 2014). Among substances found in both bio-ash and dige-
state which can have a negative influence on crop plants, there are heavy
metals, which require a watchful control. An optimal level of an element for
the plant growth, as well as its shortage and toxicity range depend on a
plant species (GUERRA et al. 2012).

Many assessments of quantities of consumed metals by humans confirm
that a substantial amount of these elements is provided by vegetables.
Because of their short growing season and fast growth, vegetables absorb
quite high amounts of macro- and micronutrients (SINGH et al. 2012). Lead
is one of the most toxic elements for both plants and humans. Despite this,
it is relatively easily and intensively absorbed by plants, usually proportio-
nally to its environmental concentration (MUSIELINSKA et al. 2016). Regarding
cadmium accumulation — another example of the most toxic metals — vegeta-
bles can be grouped as follows:

— absorbing very low quantities (transmission factor 0.1+0.5) — peas,

green beans;

— moderate quantities (0.5+1.0) — carrot, cabbage;

— high quantities (1.0+3.0) — leek, radish;

— very high quantities (3.0+6.0) — lettuce, spinach, celery (Gruca-KroLI-

KOWSKA 2006).

The maximum acceptable levels of harmful metals in food, including
edible parts of vegetables, are the standard that should be used to evaluate
the agricultural residue used as a soil amendment (Commission Regulations
2006).

It has been assumed in this study that a bio-fertilizer based on biomass
ash and biogas digestate combined in an appropriate ratio can serve as a
product of high fertilization value. The validation procedure required an eva-
luation of an increase in the yield of vegetables and safety of vegetable con-
sumption to human health. The main research objective was therefore to
assess the content of macro- and microelements in edible parts of radish and
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green bean after application of varied doses of two types of bio-fertilizer
amendments. The consumption acceptability was inspected in terms of the
yield of edible parts and their content of heavy metals relative to the stan-
dards.

MATERIAL AND METHODS

The effect of bio-fertilizers based on biomass ash and biogas digestate
(BAD) on the content of nutrients and heavy metals in edible parts of selec-
ted vegetables was validated in an artificially prepared micro-plot experi-
ment on a plot 1.0 m?in size, where vegetables were grown in the sequence:
radish, green bean, and radish. Soil used in the study was top-soil characte-
rized by a loamy sand texture, classified as light soil. The agrochemical sta-
tus of the soil was evaluated based on the Mehlich 3 method (MEHLICH 1984).
The soil pH was measured in 1:2.5 soil 0.01 M CaCl, suspension. Detailed
description of the soil’s chemical properties clearly indicates slightly acidic
pH and very low content of available magnesium (Mg) and calcium (Ca), but
not of phosphorus (P) and potassium (K) (for details: Przycocka-Cyna et al.
2018). The radish cultivar used here was Scarlet Globe-Rebel. The 1% radish
crop was sown at the end of April and harvested on the 10 of June. The 2™
radish crop was sown on the 11* of August and harvested at the end of Sep-
tember. These two radish crops were separated by green bean cv. Sonesta.

A two-factorial experiment, replicated six times, was arranged as follows:

1. The first factor: two types of BAD fertilizers composed of biomass ash
(BA) + a solid residue of biogas digestate (BDs) + phosphoric rock (PR)
+ elemental sulfur (S°. The tested BAD were composed based on the
reverse contribution of the first two components:

a) FE1: BA-55% + BDs-25% + PR-15% + S°-5%;
b) FE2: BA-25% + BDs-55% + PR-15% + S°-5%;
2. The second factor: five doses of BAD: 0; 20; 40; 80; 160; 320 g m™.

The BAD fertilizers were applied, irrespectively of a dose, at the begin-
ning of the experiment and mixed into the soil layer of 7 cm. Mineral nitro-
gen in a dose of 4 g N m? was applied to the first and the third crop in each
plot. The plot without BAD was the nitrogen control plot. P and K fertilizers
were not applied. Water moisture during the whole experiment, which lasted
for 5.5 months, was kept at the field capacity.

The plant material used for the determination of the fresh yield of edible
parts of the investigated vegetables and elemental concentrations were col-
lected from the entire area of the plot. Harvested samples of roots for radish
and pods for green bean were first dried (65°C). Nitrogen concentrations
were determined using the standard macro-Kjeldahl procedure. Plant mate-
rial for the determination of elements was mineralized at 600°C, after which
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the ash was dissolved in 33% HNO,. The phosphorus concentration was mea-
sured by the vanadium-molybdenum method using a Specord 2XX/40 at a
wavelength of 436 nm. The content of K, Mg and Ca, Fe, Mn, Zn, Cu, Pb,
and Cd was determined using a FAAS technique.

The data were subjected to a conventional analysis of variance using the
computer program Statistica 12®. Differences between treatments were eval-
uated with the Tukey’s test. F' test results (***, ** * indicate significance at
the P < 0.1%, 1%, and 5%, respectively) are given in tables, figures and equa-
tions.

RESULTS AND DISCUSSION

Radish 1 - yield and macronutrient concentration

The yield of radish roots ranged from 12.2 to 14.8 t ha'! (Table 1). It did
not display any significant response to the type of bio-fertilizer amendment.
Each dose of the fertilizer, averaged over type, resulted in a yield increase.
The maximum root yield was obtained after an application of 80 g m? (0.8 t ha™')
of BAD and it was around 22% higher than harvested from the N-control

Table 1

The effect of mineral-organic amendments on fresh yield of edible parts of vegetables grown
in the sequence: radish - green bean - radish

Level Radish 1 Green Bean Radish 2
Factors of YR R-DM, TY YP P-DM, YR R-DM,
factors 1" e my) | g ke (g m?) @keg) | (gm?) | @gke)
FE1 1360 39¢ 2167 1291 87.5 922¢ 39.8
BAD FE2 1375 420 2282 1323 83.4 1014° 42.1
F 0.02 62° 2.07 0.48 2.35 7.62" 3.97
0 1218¢ 37 2045¢ 1173 | 100.8 | 921 42.7
20 1285% 38¢ 2238% | 1312% | 92.3¢ 957% 41.8
Dose (D) 40 1445%¢ 42 2333% | 1363 70.6¢ 979 40.6
(g m?) 80 1482¢ 42 2336% | 1397 | 89.2¢ 890¢ 39.5
160 13960 430 2400° 1432¢ 66.3¢ 963 40.5
320 138004 410 1997¢ 1165¢ 93.5 1099 40.6
F 5.54™ 48™ 2.94° 418" 171 | 5.45™ 0.65
F for the interaction
BAD x D | 161 | o039 | 476 | 534 | 243 | 270" | oss
@data marked with the same letter are not significantly different; ™. ™. * significance at 0.001;

0.01; 0.05. respectively.
YR — fresh yield of radish roots; R-DM, — dry matter content of radish roots; TY. YP. P-DM, —
total yield, yield of pods, dry matter content of pods, respectively.
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plot, which had received only 4 g m?2 of N. The highest doses of the amend-
ment applied resulted in a significant decrease of radish yields compared to
the archived maximum (Figure 1). The yield of radish did not show any
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Fig. 1. Yield of radish roots as affected by the dose of BAD (experiment 1)

response to the concentration of these key macronutrients in its edible part.
The lack of relationships between yield versus N and P can be explained by
the fact that both nutrients were added in respective amounts. The concen-
tration of K, despite its low amount incorporated into the soil, was within
frequently published ranges (SRIDHAR et al. 2014). The Mg concentration in
radish ranged from 1.23 to 1.46 g kg'and continued to rise up to 80 g m?,
and to 320 g m? along with the application of FE1 and FE2, respectively
(Figure 2). A similar average content level was confirmed in an experiment
by BAraN (2011), where it reached 1.35 g kg''. The stepwise regression perfor-
med clearly showed that Mg functioned as a key nutrient, limiting the fresh
yield of radish roots (Y,):

Y, = 157.8 + 865 Mg for n = 72, and R* = 0.37.
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Fig. 2. Magnesium concentration in the radish root as affected by the BAD dose
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The optimum concentration of macro-cations, despite their low (Ca, Mg)
and moderate (K) soil content, indicates a high uptake potential of radish.
As reported by Przvcocka-Cyna et al. (2018), the progressive yield of radish
resulted in deep exhaustion of phytoavailable K, Ca, and Mg.

Green bean - yield and macronutrient concentration

The experiment showed that the yield of green bean pods ranged bet-
ween 13.1 and 14.3 t ha'l, irrespectively of the BAD type (Table 1). The yield
of pods was within the range considered to be optimal for intensive green
bean production (BrRowN et al. 1993). The effect of BAD as a source of nutrients
significantly depended on its type (Figure 3). In the plot with FE1, the lowest
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1200 a a/abc O FE1
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yield of green bean pods (g m* FW)

0 ' 20 ' 40 ' 80 ' 160 ' 320
BAD dose (g m®)
Fig. 3. Yield of green bean as affected by the type and the dose of BAD

dose of BAD, amounting to 20 g m?, resulted in yield depression. This effect
can be partly explained by the exhaustion of plant available K, Ca, Mg by
the previously grown crop, i.e. radish (Przycocka-Cyna et al. 2018). Each
higher dose of BAD, progressing towards 160 g m?, resulted in a subsequent
yield increase, as compared to the control plot. Quite a different pattern of
pod yield development was obtained on soil treated with FE2. The maximum
yield was achieved on the plot treated with 20 g m2of BAD. Then, it decrea-
sed in accordance with the increasing BAD dose, but without depression.
For both amendments, a significant yield drop with respect to the maximum
one was recorded on the plot with 320 g m™2. This response can be explained
by the amount of applied Ca, which probably suppressed K uptake, leading
to the reduction in bean growth and, consequently, to a drop in pod yield.
As suggested by DA Siva DomINGUES et al. (2016), the K/Ca ratio is an impor-
tant characteristic of green bean, affecting its yield.

Concentrations of all investigated nutrients in pods did not show any
response to the type and dose of the applied amendments (Table 2). The con-
tent of N, around 26 g kg'! DM of green bean, can be considered as a moderate
one compared to other reports (SALINAS-RAMIREZ et al. 2011). The key reason
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was the high yield of pods, resulting in N dilution, which was recorded for
plants grown on soil treated with low doses of FE1. This effect did not
appear in plants grown on soil treated with FE2, except the plots with
320 g m? (Figure 4). However, the observed effect can be explained by the
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Fig. 4. Yield of radish roots as affected by the interaction of the type and the dose of BAD
(experiment 2)

action of digestate, which controls the release of inorganic N in response to
the growing plant requirement (LoSAK et al. 2016). It is necessary to stress
that the concentration of N showed significant, negative relationships with
concentrations of Mg, Ca, and Na. Thus, the low N content in pods from the
FE1 plots can be explained by the insufficient supply of this set of nutrients.
The concentration of K in pods was low, but it can be seen as a dietary
advantage (MARTINZEZ-PINEDA et al. 2016). The content of Ca was low, as com-
pared to the nutritional standard of 5.6 g kg! DM (QUINTANA et al. 1999).
The results achieved in this study cannot be explained solely by the high
yield of pods. Their supply was probably too low for the fast-growing crop.
The P content, owing to the application of a relatively high amount of P was
above the published values, irrespectively of the BAD type applied (SALINAS-
-RAMIREZ et al. 2011).

Radish 2 - yield and macronutrient concentration

The yield of radish following green bean was much lower compared to
the first crop in the crop rotation (Table 1). Figure 5 shows the difference
between the effects of the BAD fertilizers. Regarding the FE2 fertilizer, a
significant difference in relation to the N control was already recorded at the
dose of 40 g m?, increasing progressively with its higher doses. Quite a diffe-
rent model was observed for the FE1 fertilizer. The decreasing trend of root
yield increased parallel to the FE1 doses up to 160 g m2. The key reason of
yield depression, confirmed by its recovery on the plot with 320 g m?, was
the exhaustion of macronutrients such as K, Mg, and Ca (Przycocka-CyNA et
al. 2018). The progressive effect of FE2 on radish yield can only be explained
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Fig. 5. Zinc concentration in green bean pods as affected by the type of BAD

by a specific effect of biogas solids. It can be related to the accelerated rate of
mineralization processes, leading to a more rapid mineralization of organic
residues (GRIGATTI et al. 2011).

The level of macronutrient concentrations in edible plant parts indicates
good P nutrition, but poorer N nutrition (compared to the spring radish)
(Table 3). All plots fertilized with BAD fertilizers demonstrated a higher N
content in plant in comparison with the control, which had no corresponden-
ce to the dose of a fertilizer applied. Before the crop sowing, mineral N was
applied at a dose of 4 g m™2 Hence, radish should not suffer the shortage of
this particular nutrient but could have been affected by an insufficient sup-
ply of other macronutrients. The experiment did not prove any influence of
the fertilizer dose on the concentration of the remaining macronutrients in
the radish roots (Table 3). In general, the N concentration significantly
depended on the content of P, Mg, Ca, and Na. The positive signs of all these
interactions, except Na, indicate that the key reason for N and P inefficiency
was the shortage of macronutrients, with the exception of Na (data not
shown, but available from the authors).

Evaluation of microelements concentration

Qualitative and quantitative concentration of elements in any crop part
to a large extent depends on the primary composition of a given bio-fertilizer
(SRIDHAR et al. 2014). When applying 200 kg ha! of BAD, 2717 g Fe becomes
incorporated into soil (Przycocka-CyNa et al. 2018). In the analysis of the Fe
concentration in plants, an increased quantity of that element has been noti-
ced in all plants as compared with the control, but not in a linear relation to
the dose. In both radish crops, a significant difference was recorded between
the Fe concentration in the radish root and the control after an
application of the lowest fertilizer dose of 20 g m? for the 1% radish crop and
80 g m? for the 2" one. The content of Mn in the tested plants grown
on plots treated with BAD prototypes ranged from 12.4 to 24.9 mg kg
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A higher level of Mn was detected in pods of green beans compared to
radish. In the 1 radish, the Mn concentration in roots was higher than in
the 2" one. In the studies presented by Baran (2011), the Mn concentration,
similarly to Fe, was higher in leaves, whereas in radish roots it was approxi-
mately 20 mg kg'. Therefore, a large quantity of Mn administered into soil
with bio-fertilizer did not have any influence on the uptake or the concentra-
tion of these two nutrients in the edible parts of radish and green beans.

The average Zn content in bean pods did not depend on the fertilizer
dose and equalled 29 mg kg!. In general, a higher Zn content was determi-
ned in the 1% radish (22 mg kg') than in the 2 one (14 mg kg! ), not only
in the plants where BAD fertilizers were applied, but also in the controls.
The Zn concentration in bean pods was 29.4 mg kg' and depended on the
interaction of both the type and dose of a fertilizer. A comparable level of Zn
content was determined in an experiment carried out by TariqQ (2006), where
in the control plots the Zn content in radish tubers was 18 mg kg!, while in
roots it amounted to 20 mg kg!. As presented in Figure 5, the highest yield
of pods was concurrent with the highest Zn concentration in this part of bean
plant. Noteworthy, Zn was positively correlated with the pods yield. As deter-
mined by the equation presented below, the pods yield (PY) depends on Zn
concentration (Zn) in this plant part, provided it is grown on the FE2 treated
plots:

PY =41.87Zn + 94.4 for R?> = 0.38, n = 36 and P < 0.001.

This phenomenon can be partly explained by the soil content of plant
available Zn, which for the FE2 reached the maximum in soil treated with
20 g m?, and then decreased with increasing doses of the fertilizer (data not
shown, but available from the authors).

Copper concentration in the 1% radish reached 4.3 mg kg' on average,
while in 2! one, it was much lower, achieving only 2.5 mg kg'. In both expe-
riments, the dose of BAD fertilizers did not affect the Cu content in radish
roots, but in the late-summer experiment a negative yield dependency on the
Cu content was noticed. The values obtained were even lower compared
to data reported by SRIDHAR et al. (2014) for radish treated with bio-solids.
The Cu content in bean pods was 7.4 mg kg! and depended, in similar way
as for Zn, on the interaction of both the type and fertilizer dose.

Evaluation of the content of heavy metals

The acceptable level of Cd and Pb for radish roots as well as pods of
green bean is 0.1 mg of Pb and Cd kg'! fresh matter (Commission Regula-
tions 2006). This threshold value was exceeded for roots of the 1% radish, and
for pods of green bean (Tables 2, 4, 5). As shown in Figure 6, the Pb concen-
tration in roots was significantly affected by the interaction of the BAD type
and its dose. The threshold value of 0.1 mg kg! FW was reached and/or
exceeded in radish roots harvested from soil treated with a dose of FE1 above
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Fig. 6. Lead concentration in the radish root as affected by the types and doses of BAD against
the background of the Pb treshold value

Table 5
The content of heavy metals in edible parts of tested plants (mg kg! FW)

Factor Lf"; vcet});)f Radish 1 Green bean Radish 2
Heavy metals Pb Cd Pb Cd Pb Cd
Threshold value* 0.1 0.1 0.1 0.1 0.1 0.1
BAD FE1 0.10 0.010 0.16 0.028 0.09 0.010

FE2 0.13 0.010 0.15 0.027 0.09 0.011

F 13.91™ 0.31 3.04 0.62 0.34 0.84
0 0.10 0.010 0.18° 0.032° 0.09 0.009

Dose (D) 20 0.09 0.010 0.18° 0.029° 0.09 0.011
(g m? 40 0.10 0.011 0.12¢ 0.022¢ 0.09 0.011
80 0.11 0.010 0.17° 0.029° 0.09 0.011

160 0.14 0.010 0.12¢ 0.021¢ 0.09 0.010

320 0.16 0.009 0.17° 0.029° 0.08 0.009

F 13.02™ 0.46 8.37™ 8.75™ 0.78 1.35

Significance of interaction
BAD x D 4.73" 0.63 2.05 2.26 0.15 1.74

# KU (2006); bold — values exceeding the permissible level.

40 g m2. This borderline value was determined in roots taken from all plots
fertilized with FE2. The Pb content almost doubled in roots harvested from
plots fertilized with 160 and 320 g m™ The threshold values for both heavy
metals were also exceeded in pods of green bean but not in roots of radish
grown as the third crop in the sequence. The increased concentration of Pb
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in pods of green bean can be explained by the ability of this plant to acidify
the root rhizosphere, thus increasing solubility of heavy metals. It is worth
emphasizing that the Pb concentration in pods decreased in the plot with a
low dose of bio-fertilizer. It is necessary to underline the controlling function
of K, which was negatively correlated with the content of both heavy metals.
It confirms the anti-stress function of this nutrient as reported by Nazar
et al. (2012). However, this means that any decrease in the K supply may
result in the concurrent increase in the heavy metal concentration in green
bean pods.

CONCLUSIONS

1. A bio-fertilizer rich in digestate creates favourable growth conditions
for vegetables grown in an intensive cropping sequence, but its dose should
be adjusted to both the requirements of cultivated vegetables and the content
of their available soil pools.

2. Yield of radish was significantly limited by the supply of macro-
nutrients, either directly, e.g. by magnesium for the first crop, or indirectly,
through the effect of nitrogen on the third crop in the studied cropping
sequence.

3. The yield of green bean grown on the FE1 treated plots followed the
growth model for radish. The yield model for plants grown on the FE2
treated soil suggests its dependence on the K/Ca supply ratio.

4. A high, single dose of a bio-fertilizer applied to vegetables can mainta-
in high yields of crops grown in a sequence, but it creates a health risk due
to an excessive supply of heavy metals.
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