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Abstract: The aim of the research was to determine the effect of fertilising with various doses of
ash from biomass combustion (D2–D6) compared to control plots and classic NPK (D1) fertiliser
on the morphological and mechanical properties of potato tubers (Solanum tuberosum L.). The field
experiment was carried out in the years 2019–2021 (south-eastern Poland, 49◦59′ N, 21◦57′ E) on
two types of soil: Gleyic Chernozem (silty loam) and Haplic Luvisol (silt). The values of mechanical
parameters, such as the peel and flesh punching force (FD), deformation (DR) and energy (ED) needed
to destroy the test sample, were assessed. The biometric features of the tubers were also assessed. It
was found that tubers obtained from the experimental fields where D3 and D4 ash fertiliser doses
were applied (corresponding to doses of 188 and 282 kg·ha−1 K) had the highest tuber yields and the
highest resistance to mechanical damage under quasi-static loads. Ash from biomass combustion can
be an alternative to conventional mineral fertilizers and can be used in the development of mineral
fertilization plans for sustainable agriculture, which will help to solve the problem of storage of
this waste.

Keywords: biomass ash; fertilisation; potatoes; mechanical properties

1. Introduction

The potato tuber (Solanum tuberosum L.) is a leading tuberous plant with beneficial
nutritional properties that is cultivated in different environments in over 100 countries
around the world. It is a basic food product of great economic and nutritional value. It
ranks fifth among agricultural crops, after rice, wheat, maize and sugarcane [1–6]. There
is a wide variety of different forms of potato with various botanical and functional char-
acteristics. Different varieties of the same species may contain different nutrients and bio
compounds [7,8], which largely depend on the application of properly selected and bal-
anced mineral fertilisers. Due to the increasing use of wood, the amount of waste products,
such as wood ash, has increased [9,10]. The use of wood ash as an additive to mineral
fertilisers contributes to the return of valuable nutrients to agricultural soils, especially
when no artificial mineral fertilisers are used. Solid biomass, including wood, contains
various inorganic components in different amounts and specifications. Ash obtained from
wood biomass contains a variety of elements, incl. phosphorus, potassium, calcium, zinc
and other components, but their concentration in the ash depends on the tree species, the
part of the tree and the harvest season [11,12]. Bottom ash is considered problem-free and
is sometimes used as a fertiliser additive as it contains valuable nutrients [13].

Obtaining higher and higher yields of the best quality is one of the basic goals of
modern agriculture. An equally important goal is the reduction of losses during the
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production and processing of raw materials. The study of mechanical properties allows
the quality of the raw material, its firmness and hardness, to be determined which is
used to assess the post-harvest quality [14–16], predicting internal mechanical reactions
(e.g., the evolution of damage) during various technological processes [17,18] as well as
the development of new solutions in washing, sorting and packaging machines [19,20].
The texture of fruits and vegetables is derived from turgor pressure, the composition of
the individual plant cell walls, and the middle cell lamina that holds the individual cells
together [21]. The chemical and structural properties of plant tissues have an impact on the
quality of potato tubers. The quality of tubers varies greatly and depends on factors such as
climate, growing conditions, variety and maturity at harvest and harvesting method [22].
Quasi-static mechanical tests are widely used to obtain objective data on the mechanical and
textural properties of vegetables [23]. Plant raw materials show a visco-elastic behaviour
under mechanical stress, which depends both on the force applied and the speed of the
load. However, the behaviour can be considered elastic in the first part of the load-strain
curve, where the stress-strain relationship is linear under quasi-static conditions [24]. Early
identification of factors impacting raw material damage permits the making of decisions on
the production flow in order to reduce significant economic losses [25–28]. The results of
studies on the fertilization of ash from biomass combustion on the crop yield are available,
but there is no information about its influence on the post-harvest quality of agricultural
crops expressed in mechanical parameters. Therefore, the aim of the research was to
determine the effect of fertilising with ash from biomass combustion in various doses
(according to the amount of K2O applied to the soil) on the selected mechanical properties
of potato tubers.

2. Materials and Methods
2.1. Field Experiment Description

Field experiments were carried out in 2019–2021. They were located on a private farm
in south-eastern Poland (50◦3′ N, 22◦47′ E; Figure 1). The experiments were two-factor
in a randomised block design with four replications (plot area 40.5 m2). The research
factors were:

I. Type of soil: Gleyic Chernozem and Haplic Luvisol,
II. Different fertiliser treatments of the potatoes (cv. Sagitta, mid-early, edible, culinary

type—French fries, breeder HZPC Holland B.V., Joure, The Netherlands): Control
plots—only N and P fertiliser; D1—NPK mineral fertiliser; D2–D6—N and P mineral
fertiliser + ash from biomass with different doses: 0.5, 1.0, 1.5, 2.0, 2.5 t·ha−1, respectively.

The forecrop for potatoes was spring barley. After harvesting the forecrop, the site was
first ploughed. In autumn, the relevant plots were fertilised with ash from biomass com-
bustion and this was mixed with the soil during pre-winter ploughing (approx. 25–30 cm).
In spring, pre-sowing mineral fertilisers were applied and mixed with the soil using a
cultivator. Mineral fertilisation with nitrogen was constant (the same doses for all variants
of the experiment). Nitrogen was used in the form of RSM® 32% N (aqueous solution of
urea ammonium nitrate, density 1.32 kg·dm−3) and monoammonium phosphate (MAP)
NH4H2PO4 (12% N-NH4). Phosphorus was introduced into the soil in the form of monoam-
monium phosphate (MAP, 22.7% P) and with biomass ash (according to experimental
objects D2–D6). In variant D1, mineral fertilisation in the form of potassium salt (60%) was
used. Fly ash collected from an electrostatic precipitator (ESP) was burned in a fluidised
bed furnace for this experiment. The ash came from the combustion of forest (70%) and
agricultural biomass (30%). The forest biomass consisted of deciduous and coniferous trees,
and the agricultural biomass was cereal straw, sunflower husk and willow. The ash pH
was 12.8. It was characterized by fine graining. The clay-dust fraction (from <0.002 to
0.05 mm) accounted for about 90%, and the sand fraction (from 0.05 to 2 mm) accounted
for 10% of the fly ash mass. According to the CLP Regulation (EC) No.1272/2008, it is not
a hazardous substance, it does not pose a threat to human health and the environment.
The mineral composition of the ash is given in Table S1. The amount of nutrients supplied
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to the soil each year is presented in Table 1. Potatoes were planted in the second or third
decade of April, when the soil at a depth of 10 cm reached about 6–8 ◦C, with a density of
40 thousand plants per ha, with a row spacing of 62.5 cm.
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Table 1. The amount of nutrients supplied to the soil with fertilisers (kg ha−1 year−1).

Amount of Pure Ingredient in
kg ha−1year−1

Experimental Objects

Control D1 D2 D3 D4 D5 D6

N 87.3 87.3 87.3 87.3 87.3 87.3 87.3

P 19.8 19.8 27.3 34.9 42.4 50.0 57.5

K - 99.6 93.9 188 282 376 469

Mg - - 23.0 45.0 69.1 90.0 115

Ca - - 72.5 145 216 290 363

Na - - 7.25 14.5 21.8 29.0 36.3

Fe - - 21.8 43.5 65.3 87.0 109

Mn - - 7.5 14.9 22.4 29.8 37.3

Zn - - 2.10 4.20 6.30 8.40 10.6

Cu - - 2.70 5.40 8.10 10.8 13.5

Control—only N and P fertilization; D1—NPK mineral fertilization; D2–D6—N and P mineral fertilization + ash
from biomass with different doses: 0.5, 1.0, 1.5, 2.0, 2.5 t ha−1, respectively.

2.2. Soil Conditions

The experiment was carried out on two types of soil: Gleyic Chernozem with a silty
loam (SiL) and Haplic Luvisol with a silt (Si) particle size composition [30]. The pH values
determined in 1 M KCl indicate a slightly acidic pH of Gleyic Chernozem (1KCl 5.89) and
an acidic pH of Haplic Luvisol (1KCl 5.15). The Haplic Luvisol soil had a low abundance of
available forms of P (71.9 mg·kg−1), very high Mg (364 mg·kg−1) and medium abundance
of K (128.5 mg·kg−1), Fe (845 mg·kg−1), Mn (147 mg·kg−1), Zn (5.49 mg·kg−1) and Cu
(2.20 mg·kg−1) [30]. In turn, the abundance of available forms of P (2.56 mg·100g−1) in
Gleyic Chernozem soil was low, K (7.23 mg·100g−1) was very low, Mg (13.51 mg·100g−1) was
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high, and Fe (1439 mg·kg−1), and Mn (216 mg·kg−1), Zn (11.39 mg·kg−1), Cu (5.28 mg·kg−1)
were average [31].

2.3. Weather Conditions

Weather conditions were given according to the records of the Experimental Station
for Variety Testing in Skołoszów (49◦53′ N, 22◦44′ E), Poland. The distance from the
experimental field is approx. 15 km. The weather in 2019–2021 was described on the basis
of monthly rainfall, average air temperatures (Table 2) and Sielianinov′s hydrothermal
index (K) (Figure 2) described for Poland by Skowera et al. [32]. During the growing season
of potato plants (April-September), the highest average air temperature in 2019—was
2.6 ◦C higher than the average for 1980–2015, while in 2020 and 2021 it was lower than the
multi-year average by 0.3 and 0.5 ◦C (Table 2). The most intense rainfall was recorded in
2020—38.7% (153 mm) higher than the multi-year data. In 2019, the sum of precipitation in
this period was 7.7% higher (30 mm) than the long-term data, while the sum of precipitation
in 2021 was the closest to the multi-year average. Based on Sielianinov′s hydrothermal
index, the growing season in 2019 was defined as the optimal one, 2020 as humid, and
2021 as relatively humid (Figure 2). The meteorological conditions in each month were
variable. Compared to the long-term data, the driest months were June and September
2019, while May 2020 and April 2021 were extremely humid and September 2020 and 2021
were very humid.

Table 2. Course of weather conditions during potato growing season (2019–2021).

Years
Months Period

Apr.–Sep.Apr. May Jun. Jul. Aug. Sep.

Rainfall (mm) Sum

2019 46.7 157 25.4 60.2 102 33.7 427
2020 17.5 123 125 85.7 89.2 109 549
2021 46.5 49.8 57.4 65.7 93.1 84.1 397

Mean for 1980–2015 42.1 67.5 75.1 90.4 58.8 62.1 396

Air Temperature (◦C) Mean

2019 10.4 13.4 20.8 19.0 20.3 16.1 16.7
2020 6.90 9.70 17.4 18.1 17.9 13.1 13.9
2021 4.90 11.6 17.8 20.2 16.4 10.9 13.6

Mean for 1980–2015 8.80 13.0 15.2 17.5 17.2 13.0 14.1
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Figure 2. The hydrothermal index (K) during the growing season of potato Sielianinov index (K):
K ≤ 0.4 extremely dry (ed), 0.4 < K ≤ 0.7 very dry (vd), 0.7 < K ≤ 1.0 dry (d), 1.0 < K ≤ 1.3 relatively
dry (rd), 1.3 < K ≤ 1.6 optimal (o), 1.6 < K ≤ 2.0 relatively humid (rh), 2.0 < K ≤ 2.5 humid (h),
2.5 < K ≤ 3.0 very humid (vh), and K > 3.0 extremely humid (eh).
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2.4. Preparation of Samples for Strength Tests and Evaluation of the Morphological Features of
Potato Tubers

The potato tubers used for testing mechanical properties were taken immediately after
harvest on the following dates: 26 September 2019, 25 September 2020 and 30 September
2021. The total tuber yield for each plot (t·ha−1) was determined at the time of harvest.
Then, for each variant of the experiment, 30 potato tubers were randomly collected without
visible external damage to the peel and next they were transported to the laboratory, where
they were washed. Then the tubers were measured (length, width and thickness—tolerance
0.01 mm) and weighed (tolerance 0.1 g). Tuber length (L) was defined as the distance
measured along the stolon-tip axis, tuber width (W) as the length of the transverse axis,
perpendicular to the longitudinal axis measured at the centre point along the length of the
tuber, and the thickness of the tuber (D) as the smaller dimension of the largest cross-section.
Then, the sphericity factor (sphericity) ϕ (%), as well as the flattening factor (Wc) and the
elongation factor (Wa), were calculated. Wc is expressed as the quotient of the width
(W) and thickness of the tuber (D), while Wa is the quotient of its length (L) and width
(W) [33,34].

Sphericity of tubers was calculated using the formula Equation (1):

ϕ =
(LWT)

1
3

L
100% (1)

where:

ϕ—sphericity (%),
L—length (mm),
W—width (mm),
T—thickness (mm).

2.5. Measurement of Mechanical Properties

The resistance of individual tubers to mechanical damage was determined under
quasi-static loads using a Zwick/Roell Z010 testing machine (ZwickRoell GmbH & Co. KG,
Ulm, Germany) and a punch with a diameter of ϕ = 6 mm. This machine consists of a base,
a measuring head with a transducer equipped with a strain gauge element and a movable
beam of a digital reader. During the measurement, the head transmits a signal correspond-
ing to the puncture strength to the digital reader. The tests of mechanical properties were
carried out with the set parameters: initial force (Fv) = 2 N, speed of approach and return
of the measuring beam equipped with a digital reader (V1) = 40 mm min−1, speed of the
measuring beam equipped with a digital sensor during the measurement (V2) = mm·min−1.
The research was carried out on whole potato tubers (n = 30) in the central part of the tuber.
The following parameters indicating the resistance of tubers to mechanical damage were
analysed: maximum peel and flesh puncture FD (N), maximum deformation Dmax (mm)
at the moment of fracture and the destructive energy ED needed to destroy the sample (J).
The relative deformation DR (%) was calculated as the ratio of the maximum deformation
Dmax and tuber thickness (T) according to the following formula Equation (2):

DR =
Dmax

T
100% (2)

where:

DR—relative deformation (%),
Dmax—maximum deformation (mm),
T—thickness (mm).
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2.6. Statistical Analyses

Statistical analysis was performed using the TIBCO Statistica 13.3.0 software (TIBCO
Software Inc., Palo Alto, CA, USA). Two-way analysis of variance (ANOVA) of the exper-
iment was performed in a randomised block design and data analysis was carried out
in a hierarchical-cross design. In order to determine and verify the relationship, Tukey’s
post-hoc range test was performed at the significance level of 5%.

3. Results

Based on the statistical analysis of the data obtained in the experiment, it was shown
that the soil type, different fertiliser treatments and the years of research had a significant
impact on the potato tuber yield (Figure 3). On average over the years of research, the yield
of the tuber in Gleyic Chernozem soil was higher by 10.9% (3.1 t·ha−1) compared to the
yield obtained for tubers in Haplic Luvisol soil. Considering both types of soil, the highest
yield was obtained in 2021, while in 2019 the yield of tubers in the Gleyic Chernozem soil
was significantly lower than in the Haplic Luvisol, but an inverse relationship was noted
in 2021, while in 2020 no significant differences in the level of potato yield were found. In
2021 the yield of tubers in the Gleyic Chernozem soil was higher than in 2019 and 2020 by
25.4 and 26.1 t·ha−1 (51.8 and 53.1%), respectively, and in the Haplic Luvisol soil by 6.7 and
11.2 t·ha−1, respectively (19.4 and 32.1%).

Considering both types of soil, fertilising with ash from biomass combustion had
a positive effect on potato yield. On average, over the years of research, doses of ash
D4 and D3 were the most favourable in the Gleyic Chernozem soil, under which the
tuber yield increased significantly compared to the control plot by 31.7 and 30.4% (8.4 and
8.1 t·ha−1), respectively, and compared to conventional mineral fertiliser D1, it increased
by 11.9 and 10.7% (13.4 and 3.7 t·ha−1) respectively. For Haplic Luvisol soil, the highest
yield, significantly so, was obtained for the D4 variant, higher than in the control plot and
D1 mineral fertiliser plot by 51.0 and 12.1%, respectively (11.2 and 3.6 t·ha−1). For both
types of soil, a further increase in doses of biomass ash resulted in a decrease in the potato
tuber yield.

The experimental factors significantly influenced the morphological features of potato
tubers (Table 3). The soil type had a significant impact on weight, length and width per
tuber, but it did not significantly modify the thickness of the tuber. Potato tubers obtained
from Gleyic Chernozem soil had an average weight greater by 27.9% (25.9 g), they were
longer by 6.7 mm and wider by 5.5 mm compared to tubers obtained from Haplic Luvisol
soil. Differences in the fertilisers applied to potatoes determined the weight of tubers
and their dimensions. On average, in relation to fertiliser application, the tubers with the
smallest weight, as well as length, width and thickness, were obtained from the control
plots, and the use of conventional mineral fertiliser and ash from biomass combustion
increased the value of these features. Regardless of the soil type, the tubers with the
highest mass were obtained after using D3, D4 and D5 fertiliser treatments, which was
higher than in the case of the control plots by 32.5, 29.6 and 27.1 g (55.2, 50.2 and 46.1%),
respectively, and in the case of conventional mineral fertiliser (D1) by 11.6, 8.7 and 6.3 g
(14.6, 10.9 and 7.9%). The application of the highest dose of biomass ash (D6) caused a
decrease in the width and thickness to a level not significantly different from the control
plots. The experiment showed a significant interaction between soil type and fertiliser
treatment. The tubers of plants grown on Gleyic Chernozem and fertilised with D3 and
D4 had the highest weight, and the lowest weight was obtained on Haplic Luvisol soil
in the control variant and when the fertiliser treatment D6 was used. The use of classic
mineral fertiliser as well as fertilising with ash from biomass combustion had a positive
effect on the dimensions of the tubers examined, regardless of the type of soil. Soil type,
fertiliser treatment and the interaction of these factors did not have a significant effect on
sphericity, flattening factor (Wc) and elongation factor (Wa). Morphological features of
analyzed potato tubers according to soil type and fertilization in the study years 2019–2021
are presented in Table S2.
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Table 3. Morphological features of the potato tubers examined depending on soil type, fertiliser
treatment and year of research—mean for factors and interaction soil type x fertiliser treatment.

Variables
Weight of
1 Tuber (g)

Dimensions (mm) Sphericity
(%)

Flattening
Factor Wc

Elongation
Factor WaLength Width Thickness

Interaction soil type × fertilisation

G
le

yi
c

C
he

rn
oz

em

Control 68.7 ab ± 23.9 55.8 abc ± 9.4 45.1 ab ± 5.1 39.7 abcd ± 5.0 83.6 ± 4.8 1.14 ± 0.05 1.40 ± 0.10

D1 86.7 bcd ± 23.8 61.9 bc ± 10.4 49.2 bcd ± 4.0 43.0 cde ± 4.0 82.8 ± 7.0 1.14 ± 0.04 1.44 ± 0.18

D2 87.7 bcd ± 33.8 59.4 abc ± 11.2 49.2 bcd ± 8.0 43.1 cde ± 6.8 85.0 ± 7.4 1.14 ± 0.06 1.38 ± 0.16

D3 111.6 d ± 55.1 65.9 c ± 13.2 52.9 cd ± 8.6 46.4 e ± 8.0 83.2 ± 5.2 1.14 ± 0.04 1.42 ± 0.12

D4 103.3 d ± 44.2 64.8 c ± 15.8 50.0 bcd ± 8.3 43.5 cde ± 7.1 81.4 ± 6.5 1.15 ± 0.04 1.47 ± 0.17

D5 97.6 cd ± 33.7 66.4 c ± 16.4 53.8 d ± 14.9 44.4 de ± 6.2 82.1 ± 5.7 1.21 ± 0.23 1.49 ± 0.23

D6 95.5 bcd ± 34.5 66.5 c ± 17.1 49.8 bcd ± 5.7 42.8 cde ± 5.2 79.7 ± 7.0 1.17 ± 0.04 1.54 ± 0.24

H
ap

lic
Lu

vi
so

l

Control 49.0 a ± 16.7 48.2 a ± 8.2 39.2 a ± 4.8 34.7 a ± 4.5 84.2 ± 5.7 1.13 ± 0.03 1.39 ± 0.14

D1 72.7 abc ± 17.1 60.5 bc ± 8.4 45.6 b ± 3.6 40.1 bcd ± 3.3 79.8 ± 6.0 1.14 ± 0.05 1.51 ± 0.18

D2 70.4 abc ± 14.3 57.1 abc ± 4.3 45.2 ab ± 5.2 40.6 bcd ± 3.6 82.6 ± 6.0 1.11 ± 0.05 1.42 ± 0.15

D3 71.1 abc ± 22.1 58.4 abc ± 7.3 45.9 abc ± 6.1 39.2 abc ± 4.8 80.2 ± 5.5 1.16 ± 0.04 1.47 ± 0.13

D4 73.5 abc ± 21.9 57.8 abc ± 7.1 45.7 abc ± 5.2 40.9 bcd ± 3.6 82.8 ± 6.7 1.12 ± 0.05 1.42 ± 0.16

D5 74.4 abc ± 22.6 59.1 abc ± 8.6 46.8 bcd ± 5.5 40.6 bcd ± 4.6 82.1 ± 6.5 1.15 ± 0.06 1.46 ± 0.16

D6 58.3 a ± 12.3 52.7 ab ± 6.8 42.9 ab ± 4.0 37.5 ab ± 3.3 83.9 ± 6.6 1.14 ± 0.05 1.41 ± 0.16
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Table 3. Cont.

Variables
Weight of
1 Tuber (g)

Dimensions (mm) Sphericity
(%)

Flattening
Factor Wc

Elongation
Factor WaLength Width Thickness

Mean for factors

Ty
pe

of
so

il Gleyic
Chernozem 93.0 b ± 37.9 62.9 b ± 13.7 50.0 b ± 8.6 43.3 ± 6.2 82.6 ± 6.3 1.16 ± 0.10 1.45 ± 0.18

Haplic Luvisol 67.1 a ± 20.0 56.3 a ± 8.2 44.5 a ± 5.4 41.9 ± 4.4 82.2 ± 6.1 1.14 ± 0.05 1.44 ± 0.15

Fe
rt

ili
za

ti
on

Control 58.9 a ± 22.5 52.0 a ± 9.5 42.1 a ± 5.7 37.2 a ± 5.3 83.9 ± 5.1 1.13 ± 0.04 1.39 ± 0.12
D1 79.7 b ± 21.5 61.2 b ± 9.3 47.4 b ± 4.1 41.6 b ± 3.9 81.3 ± 6.6 1.14 ± 0.04 1.47 ± 0.18
D2 79.1 b ± 26.8 58.2 ab ± 8.3 47.2 b ± 6.9 41.8 b ± 5.4 83.8 ± 6.7 1.13 ± 0.06 1.40 ± 0.15
D3 91.3 c ± 46.0 62.1 b ± 11.1 49.4 b ± 8.2 42.8 b ± 7.4 81.7 ± 5.4 1.15 ± 0.04 1.44 ± 0.13
D4 88.4 bc ± 37.4 61.3 b ± 12.5 47.9 b ± 7.1 42.2 b ± 5.6 82.1 ± 6.5 1.13 ± 0.05 1.45 ± 0.16
D5 86.0 bc ± 30.5 62.8 b ± 13.3 50.3 b ± 11.5 42.5 b ± 5.7 82.1 ± 6.0 1.18 ± 0.17 1.47 ± 0.20
D6 76.9 b ± 31.6 59.6 b ± 14.6 46.4 ab ± 6.0 40.2 ab ± 5.0 81.8 ± 7.0 1.15 ± 0.05 1.47 ± 0.21

Ye
ar

s 2019 61.1 a ± 18.3 50.5 a ± 8.0 44.3 a ± 5.4 37.6 a ± 4.4 87.1 c ± 3.9 1.18 b ± 0.04 1.34 a ± 0.10
2020 76.3 b ± 30.0 65.3 b ± 11.4 44.9 a ± 5.8 40.9 a ± 5.2 75.9 a ± 3.9 1.10 a ± 0.04 1.59 b ± 0.14
2021 102.7 c ± 33.9 63.0 b ± 9.7 52.5 b ± 8.5 49.2 b ± 5.1 84.2 b ± 4.1 1.16 b ± 0.11 1.39 a ± 0.14

Statistical data are expressed as mean ± SD values. Different letters show significant differences (p < 0.05)
according to Tukey’s range test.

Regardless of the type of soil, fertiliser applied and year of research, the puncture
force of the peel and flesh of potato tubers ranged from 56.2 to 71.7 N (Figure 4). Potatoes
grown on Gleyic Chernozem soil required a significantly higher FD (3.3 N) to pierce the
peel and flesh than the tubers of plants grown on Haplic Luvisol soil. Tubers obtained in
2021 had the lowest FD on both types of soil. For Gleyic Chernozem soil, in 2021, tubers
required significantly lower FD than in 2019 and 2020 by 6.5 and 6.7 N, respectively, and
for Haplic Luvisol soil by 6.9 and 7.2 N, respectively. The parameter discussed was also
influenced by differences in the fertiliser treatments of the potatoes. On average, as far as
fertiliser treatment is concerned, tubers of plants fertilised with doses D4 and D3 required
the highest FD for both types of soils. For the Gleyic Chernozem soil, in the case of fertiliser
treatment with the doses D3 and D4, the value of the parameter examined was significantly
higher compared to the control plot by 11.6 and 12.0% (6.0 and 8.0 N), respectively, and
in the case of conventional mineral fertiliser (D1) it was higher by 4.5 and 6.5% (3.0 and
4.2 N), respectively. The fertiliser variants of Haplic Luvisol had a more significant impact
on FD. The use of D3 and D4 significantly increased the parameter examined compared to
the control plot by 20.7 and 21.4% (11.6 and 12.0 N) and for mineral fertiliser by 8.8 and
9.5% (5.5 and 5.9%, respectively) (5.5 and 5.9 N). For both types of soil, a further increase in
ash doses caused a decrease in FD.

For Gleyic Chernozem and Haplic Luvisol soil, the FD value was the highest of the
D3 and D4 fertiliser variants in 2019 and 2020, and this difference was significant. Plants
reacted slightly differently to fertiliser variants in 2021. For Gleyic Chernozem soil, the
highest FD was required by tubers in variants D4 and D5, and in the case of Haplic Luvisol
soil, the value of this parameter did not differ significantly between variants when the plots
were fertilised with biomass ash (D3–D6).
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Figure 4. Average values of the puncture force of potato tuber peels and flesh FD (N) depending on
the type of soil, fertiliser applied and year of research. Statistical data are expressed as mean ± SD
values. Different letters show significant differences (p < 0.05) according to Tukey’s range test. Capital
letters mean differences between particular types of soil, small letters mean differences between
particular doses of fertiliser.

Regardless of the fertiliser used and the years of research, tubers of plants grown on
Haplic Luvisol soil underwent stronger deformation than tubers obtained from plots where
plants were grown on Gleyic Chernozem soil (Figure 5). The weather conditions in the
years of the study were also a factor influencing the DR. In 2019, the tubers from both
types of soil exhibited significantly higher susceptibility to deformation compared to tubers
that were planted on Gleyic Chernozem soil and harvested in 2021 and 2020. On average,
for the Gleyic Chernozem plots treated with fertiliser, the significantly highest DR values
were obtained as a result of D3 and D4 fertiliser treatments (7.61 and 7.57%, respectively),
and significantly higher than for the control plot (by 0.22 and 0.19%), respectively and the
fertiliser treatment with the highest dose of ash from biomass combustion (by 0.21 and
0.18%), respectively, where the lowest values of this parameter were obtained. Similar
relationships were found with Haplic Luvisol soil, where the tubers in the D3 and D4
variants had the strongest DR, and the lowest value of DR was obtained for tubers from the
control plot.
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On average, over the years of research, potato tubers grown on Gleyic Chernozem soil,
required 10.8% (18.3 mJ) higher breakthrough energy (ED) than tubers of plants grown on
Haplic Luvisol soil (Figure 6). Such a relationship was observed in each year of the study.
On both types of soil, the lowest ED was required for tubers harvested in 2021, lower ED
than that in 2019 and 2020. On Gleyic Chernozem, this was by 10.5 and 13.8%, respectively
(18.3 and 24.1 mJ), and on Haplic Luvisol by 16.8 and 25.2%, respectively (25.1 and 37.6 mJ).
On average, for fertiliser treatments of Gleyic Chernozem soil, the highest ED was required
by the sample of tubers of plants fertilised with doses D4 and D5, significantly higher
ED than in the control plot by 21.7 and 17.2% (37.1 and 29.4 mJ), respectively. For Haplic
Luvisol soil, the significantly highest ED values were obtained in the case of the D4 fertiliser
treatment, which was 29.3% (43.8 mJ) higher than for the control sample. Further increasing
the doses of ash from biomass combustion decreased the value of the ED parameter.
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4. Discussion

Declining areas of fertile soil, water scarcity, changing weather conditions combined
with increasing urbanisation, food insecurity and climate change have put severe pressure
on the agricultural sector [35,36]. Therefore, there is more and more interest in finding
improved or new alternatives to meet the growing demand for food and feedstuffs [37]. The
quality of agricultural raw materials depends on their chemical and physical properties, as
well as parameters linked to their processing. Potato is a very attractive crop in agricultural
production systems because it combines a high yield potential with high nutritional value.
However, while countries with high-input farming techniques can achieve average potato
yields above 45 t ha−1, average yields in most other countries are much lower, making
the world average potato yield 20 t ha−1 [38]. Larkin [39] points out that sustainable
development of crop production systems depends on many factors, and the most important
is the productivity of crops, usually measured by yield. Crop yields are the end result, but
many aspects of crop development and growth may be involved or responsible for crop
yield and quality [40]. In the authors’ own research, the average yield of potato tubers
depended on the type of soil and was of the order of 31.9 t ha−1 for the Gleyic Chernozem
soil and 28.8 t ha−1 for the Haplic Luvisol soil. The potato tuber yield obtained also
depended on the weather conditions in the individual years of research and the fertiliser
treatment applied. On both types of soils, fertilising with ash from biomass combustion
had a positive effect on potato yield. On average, during the years of research, for the
Gleyic Chernozem soil the doses of ash D4 and D3 turned out to be the most favourable, as
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a result of which the tuber yield increased significantly compared to the control plot and
conventional D1 mineral fertiliser. For the Haplic Luvisol soil, the significantly highest
yield was obtained in the D4 variant, higher compared to the control plot and D1 mineral
fertiliser treatment. Regardless of the soil type, a further increase of biomass ash doses
decreased the yield of potato tubers. The application of soil K fertiliser in the form of ash
from biomass combustion had a positive effect on the tuber yield obtained in comparison
with the control plot. K is known to be an essential nutrient for plant growth [41]. The main
functions of K in plants are the control of enzyme activity, cation-anionic homeostasis and
membrane polarisation. They are based on its osmotic nature, therefore it is needed for cell
proliferation, regulation of turgor and movement of the stomata [42–45]. As the K content
in wood ash can even reach 50% by weight (converted into K2O), this type of ash is used
as a K source for the production of fertilisers [11]. Wood ash is poor in nitrogen, therefore
it cannot be used as a general fertiliser [13], but it can be treated as a special correction
providing alkaline earth metals that are able to neutralise the acidity of the soil.

With the growing demand for high-quality agricultural raw materials, it is important
to develop methods for the rapid monitoring of post-harvest quality [46,47]. Potato tubers
should be of the best quality and regularity of shape in order to avoid many losses dur-
ing processing [48–50]. According to Zhanga et al. [51] external appearance is the most
important attribute of the sensory quality of agricultural products. Assessment of the
size and shape of the tubers is an important step in the classification of tubers during the
post-harvest process. The big difficulty is that tubers, as biological material, are easily
damaged and their reaction to external factors is random. Differences in the size and shape
spectrum of potatoes and their vulnerability to damage make potato crops difficult to
handle and grade [52]. It was found that the experimental factors significantly influenced
the morphological features of potato tubers and their uniformity within the test sample.
The soil type had a significant effect on the weight, length and width of a tuber, but did
not significantly modify its thickness. Potato tubers obtained from Gleyic Chernozem soil
had greater weight and were longer and wider than tubers developed by plants on Haplic
Luvisol soil. For the Gleyic Chernozem soil, the use of conventional mineral fertiliser, as
well as ash from biomass combustion, increased the value of these features to the D3 level
and to D5 for the Haplic Luvisol soil. Both fertiliser and soil type had no significant effect
on sphericity, Wc and Wa. Consumers and food processors prefer regular sized potatoes
because irregular sizes can cause undesirable effects during food processing, such as high
losses on peeling [53]. Mohd Ali et al. [54] emphasise that early detection of surface defects
can prevent or hinder the further spreading of the damage throughout the product. In
turn, Thybo et al. [55] believe that texture is the most important character of potato tubers
assessed by consumers. The structural properties of plant tissues, like all horticultural
products, affect the quality of potato tubers. Mechanical damage is the result of many
factors that can be divided into: biological (related to the genetic characteristics of the
cultivar), environmental (resulting from climatic, soil and agro-technical conditions) and
technical (determined by the design features of the machines). Due to the nature of the
damage, damage is divided into external, manifested as damage of the peel and flesh, and
internal, when the skin remains intact and the flesh of the tuber is damaged. A damaged
texture will deteriorate the physical condition, make measurement difficult and increase
the likelihood of rejecting a fresh tuber [21,56]. Quasi-static mechanical tests are widely
used to obtain objective data on the mechanical and textural properties of vegetables. In the
experiment, potato tubers planted on Gleyic Chernozem soil required significantly higher
FD than tubers of plants grown on Haplic Luvisol soil. The range of fertiliser treatments of
potatoes also influenced the value of FD. On both types of soils, the highest FD was required
by tubers of plants fertilised with D4 and D3 doses, and a further increase in the dose of ash
caused a decrease in FD. A similar relationship was noted for ED. Tubers of plants grown
on Haplic Luvisol soil underwent a stronger DR than on Gleyic Chernozem soil.
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5. Conclusions

The research attempted to determine the effect of soil fertiliser treatment with ash from
biomass combustion on selected physical properties of potato tubers in order to increase
their resistance to mechanical damage. It was found that the use of ash-based fertiliser
significantly increased the tolerance of the test potato tubers to mechanical damage under
quasi-static loads, regardless of the type of soil on which the cultivation was carried out,
which indicates the possibility of universal application of fertilisers based on biomass ash
in potato cultivation. The highest values of the mechanical parameters examined were
obtained for potato tubers from plots where D3 and D4 fertiliser treatment was applied
(188 and 282 kg·ha−1 K, respectively), which corresponds to the tuber yield obtained.
The data obtained provide knowledge on the mechanical properties of potato tubers if
the fertiliser with biomass ash is applied. This knowledge can be used in the design of
fertiliser treatments and in determining the parameters for the harvesting, storage and
processing of tubers. The data presented also indicate that fertilisers based on biomass ash
are an alternative to conventional mineral fertilisers and can be used in the development of
fertiliser treatment plans for sustainable agriculture and solve the problem of landfilling
waste from plant biomass combustion.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12020379/s1, Table S1: Mineral composition of ash
from biomass combustion (mg·kg−1); Table S2: Morphological features of analysed potato tubers
according to soil type and fertilization in the study years 2019–2021.
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