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Abstract: In many countries, Jerusalem artichoke (JA) is a source of biomass for renewable energy
production and alternative biofuel feedstock, and it is used for feed and food production. The
species also has medicinal properties, and it is used in soil reclamation. The aim of this study was
to evaluate the effect of N fertilization on the yield and macronutrient concentrations in JA tubers.
The effect of N fertilization (control plot, unfertilized, 80 and 120 kg ha−1) on aerial biomass yield,
tuber yield, and the mineral composition of tubers in three JA cultivars (“cv.”) (Rubik, Albik, and
Gute Gelbe) was investigated in a field experiment. Tuber yield (40.99 Mg ha−1) and aerial biomass
yield (62.76 Mg ha−1) were highest in cv. Gute Gelbe fertilized with 120 kg N ha−1 in the warm and
moderately wet growing season of 2018. Agronomic N-use efficiency (AE) was highest in cv. Gute
Gelbe. In the treatment supplied with 80 kg N ha−1, the fresh matter yield (FMY) of tubers was
determined at 66.4 kg kg−1 N, whereas in the treatment fertilized with 120 kg N ha−1, the FMY of
tubers reached 101.8 kg kg−1 N. The evaluated JA cultivars differed in their responses to an increase
in the N fertilizer (marginal efficiency—ME) rate from 80 to 120 kg ha−1. The strongest response was
observed in cv. Gute Gelbe, where the tuber yield increased by 172.6 kg kg−1 N. The tubers of cv.
Gute Gelbe were characterized by significantly higher concentrations of N, K, Mg, and S compared
with the other cultivars. The concentrations of macronutrients in the tubers (without Mg) were higher
in spring. Nitrogen fertilization did not cause differences in the concentrations of P, K, Ca, Mg, and S,
but it increased the N concentration in tubers.

Keywords: tubers; aerial biomass; yield; harvest index; N-use efficiency; dry weight; macronutrients

1. Introduction

Jerusalem artichoke (JA) (Helianthus tuberosus L.) is a species of the family Asteraceae
with a high yield potential [1]. Over 300 JA varieties and hybrids have been identified
around the world [2]. Today, JA is cultivated on an area of 2.5 million ha worldwide.
In Europe, this species has been grown for human consumption (although its relative
importance decreased when potatoes became widespread) and as a forage crop since the
second half of the 19th century. Jerusalem artichoke is cultivated over large areas in France,
Scandinavia, the UK, and Austria. In Poland, in 2020, the growing area of JA was less than
2000 hectares [3].

This crop plant is highly effective in converting solar energy to biomass in both
quantitative and qualitative terms [4]. In the Polish climate, the dry matter yield (DMY) of
JA tubers can reach 14–30 Mg ha−1, and straw yield can be as high as 20–50 Mg ha−1 [5].

In the EU Member States, JA is a source of biomass for renewable energy production
and alternative biofuel feedstock [6]. Jerusalem artichoke has numerous applications in
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feed and food production. The species also has medicinal properties, and it is used in soil
reclamation [7–11].

Jerusalem artichoke has low agronomic requirements; it is relatively resistant to biotic
and abiotic stressors [8], and easily adapts to diverse environments [12,13]. The species
thrives on moist and fertile soils, and yields are determined by the optimal combina-
tion of genetic and agronomic factors. Nutrient deficiencies, including N, K, and P, and
water deficit significantly compromise JA yields [11,12,14,15]. Nitrogen exerts strong yield-
forming effects because it determines the photosynthetic potential of plants and increases
their water-use efficiency [16]. High N supply stimulates root growth and development,
and increases the assimilation of other nutrients [17]. N, P, and K are essential for the devel-
opment of aboveground plant parts, and the optimal N:P ratio determines the productivity
of tubers and aerial biomass in JA [18]. EL-Anany and Anany [19] demonstrated that the
application of Ca and Mg, the foliar application of B and Si, and the combined application
of macronutrients and micronutrients had a beneficial influence on the tuber yield and
biomass yield of JA.

Jerusalem artichoke is abundant in inulin, which increases osmotic pressure in cells
and confers resistance to low temperatures. As a result, tubers can persist in frozen soil for
several months [20].

The chemical composition of JA tubers is determined by the cultivar, growing condi-
tions, and harvest date [21–23]. Jerusalem artichoke is regarded as one of the major sources
of inulin in vascular plants [24]. Tubers are abundant in minerals (Fe, Mg, P, and K) and
nutrients (proteins, organic acids, vitamins, phenolic compounds), and they are a valuable
raw material for food processing and the pharmaceutical industry [25,26]. The N content
of JA tuber proteins is similar to that of potatoes [27]. According to the literature, the
crude ash content of JA tubers ranges from 40 to 75 g kg−1 DM [28,29] and is negatively
correlated with their DM content [28]. The ash composition of JA tubers is similar to the
mineral composition of potato tubers.

Different cultivars of JA respond differently to increased rates of mineral N fertiliz-
ers. The aim of this study was to evaluate the effect of N fertilization on the yield and
macronutrient concentrations in JA tubers.

2. Materials and Methods

A field experiment was conducted in 2016–2018 in the Agricultural Experiment Station
in Tomaszkowo, a research facility of the University of Warmia and Mazury in Olsztyn
(53◦41′ N, 20◦24′ E).

2.1. Soil Characteristics

The experiment was established on an Eutric cambisol with the granulometric compo-
sition of medium loamy sand and loamy sand (agricultural suitability class 5, soil quality
class IVb) [30]. In each plot, bulk soil samples were collected to a depth of 20 cm to
determine the chemical properties of soil before the application of fertilizers. Before the
experiment, the pH of the soil solution in 1 M KCl (ratio of the soil to KCl solution was
1:2.5) was in the range of 5.04 to 5.54, Polish Standard PN-ISO 10390 [31]. Soil nutrient
levels were measured as follows: P—Polish Standard PN-R-04023 [32], K—Polish Standard
PN-R-04022:1996+Az1:2002 [33], Mg—Polish Standard PN-R-04020:1994+Az1:2004 [34],
organic carbon (C-org.)—Vario Max Cube CN elemental analyzer (Elementar Analysensys-
teme GmbH), and total N—Kjeldahl distillation, (KjelFlex K-360 distillation unit—BUCHI
Labortechnik AG, Switzerland). The nutrient concentrations in soil were as follows: Corg—
9.40–9.85 g kg−1, total N—0.71–0.76 g kg−1 and available forms of P—35.6–48.8 mg kg−1,
K—94.2–124.0 mg kg−1, and Mg—38.0–42.0 mg kg−1.

2.2. Cultivars

Three JA cultivars were grown: Polish cvs. Rubik (irregular- to oval-shaped tu-
bers, purple) and Albik (club-shaped, white), and the German cv. Gute Gelbe (oval- and
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round-shaped, white, preferred by German organic farmers) from an organic farm (Die
Topinambur Manufaktur, Heimenkirch, Bavaria, Germany).

2.3. Experimental Design

Each year, the experiment was set up in a different field (Table 1). The forecrops
were cereals (oats, winter triticale) grown in plots without organic fertilization. Jerusalem
artichoke tubers were planted in heated soil in mid-April to a depth of 8 cm, 40 cm apart,
with inter-row spacing of 62.5 cm, and a density of 6 plants m−2.

Table 1. Production technology of Jerusalem artichoke.

Year
Date of

Fertilizer
Application

Planting
Date

Harvest Date

Aerial
Biomass

Tubers
(Autumn)

Tubers
(Spring)

2016 25.04 25.04 07.11 08.11 14.03.2017
2017 19.04 20.04 20.10 08.11 27.03.2018
2018 19.04 20.04 12.10 16.10 25.03.2019

The experiment had a randomized block design with sub-block (split-split plot) parti-
tion (blocks—N fertilization; subblocks—cultivars) and three replications. Each experimen-
tal plot had an area of 4.5 m2. Nitrogen fertilizer (urea, 46% N) was applied at the following
rates: 0 kg N ha−1—control (not fertilized with N), 80 kg N ha−1, and 120 kg N ha−1. The
rates of N fertilizers were based on German agronomic recommendations for JA cultivation.
According to these guidelines, JA yields increase in response to standard N rates of 60 to
120 kg ha−1 [1]. All plots were fertilized with 32 kg P ha−1 (triple superphosphate, 20.1%
P) and 96 kg K ha−1 (potash salt, 50% K). Mineral fertilizers were applied once before
planting in spring. Identical agronomic treatments were applied in all plots. Weeds were
controlled mechanically.

2.4. Harvest

Jerusalem artichoke tubers were harvested on two dates: in late autumn (by mid-
November) and in early spring (by mid-March). The harvested plot area was 4.5 m2. Stems
and leaves (aerial biomass) were cut only in autumn. The harvested tubers and aerial
biomass from each plot were weighed. The fresh matter yield (FMY) of the harvested
tubers and aerial biomass was expressed per hectare.

The value of the harvest index (HI) was calculated from the formula:

HI = Yt/(Yt + Yab) (1)

where: HI—harvest index;
Yt—tuber yield [Mg·ha−1]; and
Yab—aerial biomass yield [Mg·ha−1] [35].

2.5. Nitrogen-Use Efficiency

The following agronomic indices of N use efficiency were calculated [36]:

1. Agronomic N-use efficiency (AE, net productivity):

AE [kg kg−1 N] = (YN − Y0)/D (2)

where: AE—agronomic efficiency;
YN—crop yield in response to the applied N fertilizer rate;
Y0—crop yield in the control treatment; and
D—N fertilizer rate [kg·ha−1].

2. Marginal N-use efficiency (ME):
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ME [kg kg−1 N] = ∆Y/∆D (3)

where: ME—marginal efficiency;
∆Y—increase in yield in response to increased N fertilizer rate; and
∆D—increase in N fertilizer rate.

2.6. Chemical Analysis Methods

Five randomly selected tubers (with a total weight of approximately 0.5 kg) were
collected from each plot for chemical analyses. The dry matter (DM) weight was determined
by the dryer-weight method. After crushing, the tubers (50 g) were pre-dried at 65–70 ◦C,
and then dried to constant weight at 105 ◦C (SUP 100 W laboratory drier, WAMED Warsaw,
Poland). Before weighing, the samples were left in the desiccator until the achievement of
room temperature (based on the results of three consecutive measurements).

The tubers intended for chemical composition analysis were rinsed under running
water, diced into 1 cm × 1 cm × 1 cm cubes (flesh with skin), freeze dried (Alpha 1-
4LD laboratory freeze-dryer, Doncerv®—Martin Christ Gefriertrocknungsanlagen GmbH,
Osterode am Harz Germany), and ground in a laboratory mill (A11 basic.)

The plant material was mineralized, and the content of N, P, K, Ca, Mg, and Na was
determined in accordance with the methods described by Ostrowska et al. [37]. The concen-
trations of macronutrients (N, P, K, Ca, Mg) and Na in JA tubers were determined in plant
material mineralized in concentrated sulfuric acid (H2SO4) with the addition of hydrogen
dioxide (H2O2) as the oxidant (BÜCHI Speed Digester K-439—BÜCHI Labortechnik AG,
Flawil Switzerland). The nitrogen concentration in mineralized plant material was deter-
mined by the Kjeldahl method (KjelFlex K-360 distillation unit—BUCHI Labortechnik AG,
Switzerland). The phosphorus concentration was determined by the colorimetric method
in the presence of vanadium and molybdenum (Shimadzu UV 1201V spectrophotometer—
Shimadzu Corp., Kyoto Japan). The concentrations of K, Ca, and Na were determined by
atomic emission spectrometry (AES; PFP 7 flame photometer—Jenway LTD, Staffordshire
UK), and the Mg concentration was determined by atomic absorption spectrometry (AAS;
Shimadzu AA-6800 spectrophotometer—Shimadzu Corp., Kyoto Japan). The sulfur (S)
concentration was determined with the nephelometric method [37] in plant material min-
eralized in a mixture of chloric and nitric acid (HClO4 and HNO3, 1:1) with the addition of
magnesium nitrate (V) (Mg(NO3)2) [38].

2.7. Weather Conditions

In 2016, the average monthly temperature between tuber planting (April) and harvest
(November) approximated the long-term average (1981–2010; Table 2). The average temper-
ature in the growing season of 2017 was below the long-term average (excluding September
and October), and it exceeded the long-term average in 2018. High total precipitation plays
a more important role in tuber development than temperature in the initial and subsequent
stages of tuber formation. The first two years of the experiment were characterized by high
precipitation levels that exceeded the long-term average by 25.7% and 45.5%, respectively.
Rainfall was particularly abundant in July and October, as well as in September 2017.
Precipitation levels were below the long-term average in September 2016 and May 2017.
In the growing season of 2018, precipitation was 7% lower than the long-term average,
and May, June, and September were particularly dry months. In turn, rainfall levels were
nearly twice as high as the long-term average in July.

In winter (December to March), when JA tubers remained in the ground, above-zero
temperatures (maximum of 4 ◦C) were noted in December in all years of the experiment,
in March 2016, and in February and March 2018. Winter precipitation levels were similar
(December 2017) or higher than the long-term average. Below-zero temperatures ranged
from −0.4 to only −4.6 ◦C. Precipitation (rain and snow) was below the norm in January
2016, and in February and March 2017.
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Table 2. Meteorological data during the experiment.

Month
Average Monthly Temperatures (T) ◦C Monthly Precipitation (P) mm

2016/17 2017/18 2018/19 1981–2010 2016/17 2017/18 2018/19 1981–2010

April 7.4 5.7 10.8 7.7 28.8 59.1 33.5 33.3
May 13.7 12.1 15.7 13.5 56.9 25.1 25.0 58.5
June 17.1 15.7 17.2 16.1 69.3 74.5 53.7 80.4
July 18.1 16.8 19.7 18.7 130.4 107.6 141.0 74.2

August 17.1 17.4 19.2 17.9 70.4 63.1 44.6 59.4
September 13.6 12.8 14.5 12.8 21.1 168.1 20.3 56.9

October 6.1 8.7 8.7 8.0 104.3 114.9 84.7 42.6
November 2.4 3.9 3.3 2.9 84.5 42.4 16.0 44.8
December 0.8 1.8 0.9 −0.9 41.1 35.2 58.8 38.2

January −3.4 −0.4 −2.5 −2.4 20.2 41.5 43.5 36.4
February −1.4 −4.6 1.8 −1.7 47.6 3.1 31.5 24.2

March 4.0 −1.3 3.9 1.8 45.3 10.4 47.2 32.9
Average/Total 8.1 7.4 9.4 7.9 721.2 745.0 599.8 581.8

2.8. Statistical Analysis

The results were processed statistically by analysis of variance (ANOVA) in the
Statistica® v. 13.3 program [39]. ANOVA was performed as a 3-year series for a split-split-
plot design. The significance threshold was validated in the Bonferroni test at α = 0.05.

3. Results
3.1. Effect of N Fertilization on Yield

Table 3 presents the results of a multifactorial (multivariate) ANOVA regarding the
effects exerted by the experimental factors and their interactions on JA yields. Although
there was a significant interaction between Y × HD × NR × C (Table 3 and Figure 1), our
results and discussion are focused on only selected findings. Tuber yields were presented
as the means of two harvest dates (autumn and spring) because the growing season of JA
ends in autumn, and harvest shifting to the early spring of the next year was treated as
tuber storage. Additionally, a significant difference in tuber yield between two harvest
dates (autumn and spring) was noted only in cv. Albik (Figure 1).

The yield of JA tubers ranged from 18.31 to 40.99 Mg ha−1, and it was affected by the
N fertilizer rate, cultivar, and weather conditions (Tables 3 and 4). Tuber yield was lowest
in 2017 in cv. Albik fertilized with 120 kg N ha−1, and highest in 2018 in cv. Gute Gelbe
supplied with 120 kg N ha−1. The yield of aboveground plant parts was lowest in 2016
in cv. Gute Gelbe grown in the control treatment without N fertilization (32.85 Mg ha−1),
and highest in 2018 in cv. Gute Gelbe fertilized with 120 kg N ha−1 (62.76 Mg ha−1). The
harvest index was lowest (HI = 0.27) in 2017 in cv. Albik grown in the control treatment
without N fertilization, and highest (HI = 0.44) in 2016 in cv. Gute Gelbe grown in the
control treatment without N fertilization and in cv. Rubik supplied with 80 kg N ha−1.

On average, in all ears of the study, the significantly highest yields of JA tubers and
aerial biomass were achieved in the warm and dry year of 2018. On the other hand, the
significantly lowest yield of tubers (over 13% lower than in 2018) was obtained in the cold
and rain-abundant 2017. In turn, the lowest yield of aerial biomass, and at the same time
the highest HI index were noted in 2016.

Tuber yield increased with a rise in the N fertilizer rate (Figure 2; Table 4). Gute Gelbe
was the highest-yielding cultivar, characterized by the strongest response to N fertilization.
Tuber yield increased by 48.3% after the application of 120 kg N ha−1 relative to the control
treatment without N fertilization (25.29 Mg ha−1). The tuber yield of cv. Rubik reached
23.9 Mg ha−1 in the treatment without N fertilization, and it increased by 17.6% in response
to 120 kg N ha−1. The cultivar Albik was least affected by N fertilization. In the control
treatment, the tuber yield of cv. Albik was determined at 21.97 Mg ha−1, and it increased
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by only 11% in response to 80 kg N ha−1, whereas a further increase in the N fertilizer rate
to 120 kg ha−1 had no effect on tuber yield.

Table 3. Results of a multifactorial (multivariate) analysis of variance (split-split-plot design) for the tuber yield and harvest
index of Jerusalem artichoke.

Source of Variation df
Tuber Yield Aerial Biomass Yield HI

F p F p F p

Year (Y) 2 83.8 <0.0001 190 <0.0001 577 <0.0001
Error 1 6

Harvest date (HD) 1 311 <0.0001 21.0 0.0038 362 <0.0001
Y × HD 2 605 <0.0001 0.24 0.7944 1099 <0.0001
Error 2 6

N fertilizer rate (NR) 2 422 <0.0001 122 <0.0001 118 <0.0001
Y × NR 4 83.3 <0.0001 46.5 <0.0001 115 <0.0001

HD × NR 2 43.6 <0.0001 60.2 <0.0001 4.87 0.0168
Y × HD × NR 4 13.7 <0.0001 3.80 0.0157 20.4 <0.0001

Error 3 24
Cultivar © 2 793 <0.0001 120 <0.0001 370 <0.0001

Y × C 4 62.3 <0.0001 37.5 <0.0001 133 <0.0001
HD × C 2 98.3 <0.0001 20.4 <0.0001 29.1 <0.0001
NR × C 4 125 <0.0001 116 <0.0001 6.41 <0.0001

Y × HD × C 4 58.8 <0.0001 29.8 <0.0001 68.4 <0.0001
Y × NR × C 8 21.6 <0.0001 27.9 <0.0001 32.4 <0.0001

HD × NR × C 4 62.4 <0.0001 14.6 <0.0001 36.6 <0.0001
Y × HD × NR × C 8 40.9 <0.0001 18.5 <0.0001 16.6 <0.0001

Error 4 72
Total 161

Table 4. Yields of Jerusalem artichoke tubers and aerial biomass, and the harvest index (average ± SE; tuber yields are
means of two harvest dates, autumn and spring).

Year Cultivar N Fertilizer
Rate [kg ha−1]

Tuber Yield Aerial Biomass
Yield HI *

Mg ha−1

2016

Rubik
Control 26.45 ± 0.50 a−d 34.41 ± 0.79 ab 0.43 ± 0.01 fg

80 27.70 ± 0.59 a−d 35.00 ± 0.83 a−c 0.44 ± 0.02 g
120 26.53 ± 0.35 a−d 39.81 ± 0.81 a−f 0.40 ± 0.01 d−g

Albik
Control 24.07 ± 1.56 a−c 43.19 ± 3.60 b−g 0.36 ± 0.02 a−g

80 25.70 ± 1.43 a−d 38.93 ± 0.90 a−e 0.40 ± 0.03 d−g
120 22.59 ± 0.63 a−c 35.19 ± 1.29 a−c 0.39 ± 0.01 c−g

Gute Gelbe
Control 25.99 ± 1.89 a−d 32.85 ± 0.90 a 0.44 ± 0,04 g

80 29.36 ± 0.76 a−e 39.74 ± 0.47 a−f 0.42 ± 0.02 fg
120 33.32 ± 0.22 c−e 51.63 ± 2.02 g−j 0.39 ± 0.02 c−g

2017

Rubik
Control 19.21 ± 0.51 a 43.41 ± 0.89 c−g 0.31 ± 0.02 a−d

80 23.48 ± 2.61 a−c 48.78 ± 1.04 g−j 0.32 ± 0.05 a−e
120 26.91 ± 2.64 a−d 46.04 ± 0.80 d−I 0.37 ± 0.05 b−g

Albik
Control 19.80 ± 1.51 ab 52.85 ± 2.93 h−j 0.27 ± 0.01 a

80 21.77 ± 0.57 a−c 53.48 ± 1.66 h−j 0.29 ± 0.02 a−c
120 18.31 ± 0.46 a 47.22 ± 1.24 e−j 0.28 ± 0.02 ab

Gute Gelbe
Control 24.28 ± 2.14 a−c 38.15 ± 0.55 a−d 0.39 ± 0.06 c−g

80 31.92 ± 1.36 b−e 53.85 ± 1.35 h−j 0.37 ± 0.03 b−g
120 38.23 ± 1.75 de 54.63 ± 0.61 i−k 0.41 ± 0.03 e−g
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Table 4. Cont.

Year Cultivar N Fertilizer
Rate [kg ha−1]

Tuber Yield Aerial Biomass
Yield HI *

Mg ha−1

2018

Rubik
Control 26.04 ± 3.02 a−d 45.87 ± 0.87 d−I 0.36 ± 0.07 a−g

80 24.92 ± 1.87 a−c 45.32 ± 0.69 d−h 0.35 ± 0.05 a−f
120 30.85 ± 1.64 a−e 51.45 ± 0.53 g−j 0.37 ± 0.03 b−g

Albik
Control 22.03 ± 2.67 a−c 45.50 ± 0.73 d−h 0.33 ± 0.07 a−e

80 25.46 ± 3.03 a−c 48.30 ± 0.83 f−j 0.35 ± 0.06 a−f
120 32.28 ± 4.84 b−e 49.18 ± 0.49 g−j 0.40 ± 0.10 d−g

Gute Gelbe
Control 25.61 ± 3.85 a−c 55.28 ± 4.69 jk 0.32 ± 0,03 a−e

80 30.54 ± 5.54 a−e 48.66 ± 1.43 g−j 0.39 ± 0.10 c−g
120 40.99 ± 1.05 e 62.76 ± 0.96 k 0.40 ± 0.02 d−g

Average for year
2016 26.86 ± 0.51 ab 38.97 ± 0.89 a 0.41 ± 0.00 b
2017 24.88 ± 1.00 a 48.71 ± 0.84 b 0.33 ± 0.01 a
2018 28.75 ± 1.29 b 50.26 ± 0.91 b 0.36 ± 0.01 a

HI—harvest index; * values followed by the same letters do not differ significantly at p < 0.05.

Figure 1. Jerusalem artichoke yields and harvest index (HI) (average ± SE) in the experimental years and on different
harvest dates (3-year average ± SE) (Explanations: A—autumn; S—spring, SE—standard error; lower case letters for tuber
yield, upper case letters for aerial biomass yield, and italicized upper-case letters for HI; bars followed by the same letters
do not differ significantly at p < 0.05).
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Figure 2. The effect of the nitrogen fertilizer rate and cultivar on Jerusalem artichoke yields and harvest index (HI) (3-year
average ± SE) (explanations: SE—standard error; C—control, lower case letters for tuber yield, upper case letters for aerial
biomass yield and italicized upper-case letters for HI; bars followed by the same letters do not differ significantly at p < 0.05.

The aerial biomass yield of cv. Gute Gelbe increased by 33.9% in response to
120 kg N ha−1 relative to the control treatment (42.09 Mg ha−1) (Figure 2; Table 4). In
cv. Rubik, the application of 120 kg N ha−1 increased the aerial biomass yield by around
11% relative to the unfertilized treatment (41.23 Mg ha−1). The above N rate decreased
the yield of aboveground biomass in cv. Albik by 7% (43.86 Mg ha−1) relative to the
control treatment.

Cultivars exerted a minor but significant effect on HI values. Depending on the N
fertilizer rate, the HI was determined at 0.37–0.38 in cv. Rubik and 0.38–0.40 in cv. Gute
Gelbe. The above parameter was somewhat lower in cv. Albik (0.32–0.36). In all studied
cultivars, N fertilization induced a minor increase in the HI.

Weather conditions significantly differentiated JA tuber yields across years (Figure 1;
Table 4). In cvs. Rubik and Albik, tuber yield was lowest in the second year of the study
(23.20 and 19.96 Mg ha−1, respectively) and highest in 2018 (27.27 and 26.59 Mg ha−1,
respectively). Cultivar Gute Gelbe was less sensitive to weather, and its tuber yield ranged
from 29.55 Mg ha−1 in 2016 to 32.38 Mg ha−1 in 2018.

Despite its lowest tuber yield, cv. Albik was characterized by the highest aerial
biomass yield (51.2 Mg ha−1) in the second year of the experiment (Figure 1; Table 4). The
aerial biomass yield of the remaining cultivars was highest in 2018 (Rubik—47.5 Mg ha−1;
Gute Gelbe—55.6 Mg ha−1).

In all cultivars, the HI was highest in the first year of the study (Rubik and Gute
Gelbe—HI = 0.42; Albik—HI = 0.38) (Figure 2; Table 4). In cvs. Rubik and Albik, the
greatest differences in tuber and aerial biomass yields were noted in 2017 (HI = 0.33 and
0.28, respectively), and in Gute Gelbe in 2018 (HI = 0.37). The tuber to stem yield ratio was
more favorable in autumn.
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3.2. Effect of N Fertilization on Agronomic N-Indices

In the present study, agronomic N-use efficiency (AE) was highest in cv. Gute Gelbe
(Figure 3a). In the treatment supplied with 80 kg N ha−1, the FMY of tubers was determined
at 66.4 kg per kg of N, whereas in the treatment fertilized with 120 kg N ha−1, the FMY of
tubers reached 101.8 kg per kg of N. In cv. Rubik, N-use efficiency reached 18.3 kg kg−1 N
in response to 80 and 34.9 kg kg−1 N in response to 120 kg N ha−1. Cultivar Albik
responded somewhat differently to N fertilization. A lower N rate increased tuber yield by
29.3 kg kg−1 N, but tuber yield reached only 20.5 kg kg−1 N in response to 120 kg N ha−1.

Figure 3. Agronomic N-use efficiency (AE) for cultivars (a) and years of the study (b)—(average ± SE, lower case letters
for N rate of 80 kg N ha−1; upper case letters for N rate of 120 kg N ha−1; bars followed by the same letters do not differ
significantly at p < 0.05).

The weakest JA response to N fertilization was observed in the first year of the
study (Figure 3b). After fertilization with 80 kg N ha−1, the increase in FMY was only
26.1 kg kg−1 N. Fertilization with 120 kg N ha−1 increased tuber yield by
38.9 kg kg−1 N. In the relatively humid and cold 2017, N fertilization increased FMY
by 57.8 and 56.0 kg kg−1 N (at 80 and 120 kg N ha−1, respectively). Under warm and mod-
erately humid conditions, in the growing season of 2018, FMY increased by 84.5 kg kg−1 N
in response to 120 kg N ha−1.

Marginal N-use (ME) efficiency is the increase in crop yield per kg of N applied at a
given rate. The evaluated JA cultivars differed in their responses to an increase in the N
fertilizer rate from 80 to 120 kg ha−1 (Figure 4a). The strongest response was observed in
cv. Gute Gelbe, where tuber yield increased by 172.6 kg kg−1 N. In cv. Rubik, tuber yield
increased by 68.3 kg kg−1 N. Nitrogen was least effective in cv. Albik, where an increase in
the N rate from 80 to 120 kg ha−1 increased tuber yield by only 2.1 kg kg−1 N.

In 2016, increasing the N rate from 80 to 120 kg ha−1 resulted in a decrease in tuber
yield by 2.6 kg kg−1 N (Figure 4b). In the next year, the higher N rate increased tuber yield
by 52.4 kg kg−1 N. However, in the warm and relatively dry 2018, which was favorable for
JA cultivation, increasing the N rate from 80 to 120 kg ha−1 resulted in an increase in FMY
by over 190 kg kg−1 N.
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Figure 4. Marginal N-use efficiency (ME) for cultivars (a) and years of the study (b)–(average ± SE, lower case letters for
rate 0–80 kg N ha−1; upper case letters for rate 80–120 kg N ha−1; bars followed by the same letters do not differ significantly
at p < 0.05).

3.3. Effect of N Fertilization on the Dry Matter Weight and Macronutrients and Na Concentration

The dry matter (DM) content of JA tubers was similar in the control treatment and in
the treatment supplied with 80 kg N ha−1 (27.35%), but it was significantly lower (24.76%)
in the treatment fertilized with 120 kg N ha−1 (Table 5). During the entire experiment,
average DM content in JA tubers in all studied cultivars was similar in the range of 26.14
to 26.67%. The analyzed parameter was higher in tubers that were harvested in autumn
(27.95% on average) than in spring (25.03% on average).

Nitrogen concentration in JA tubers was influenced by the N fertilizer rate. This
parameter was higher (12.76 g N kg−1 DM) in tubers supplied with 120 kg N ha−1, and it
was 7.3% higher relative to the unfertilized treatment. In turn, the concentrations of the
remaining macronutrients were not affected by the N fertilizer rate.

The concentrations of N, K, Mg, and S were highest in cv. Gute Gelbe (12.69, 16.98,
0.60, and 1.26 g kg−1 DM, respectively). Only the concentration of Na (0.51 g kg−1 DM) was
significantly highest in the tubers of cv. Rubik (with purple skinned). The analyzed cultivars
did not differ significantly (p < 0.05) in P 3.94–4.15 g kg−1 DM) or Ca (0.56–0.61 g kg−1 DM)
concentrations. Tubers harvested in the first year of the experiment contained more P
and Ca but less K and Na. The concentrations of the remaining macronutrients did
not differ significantly across years. Tubers harvested in spring had significantly higher
concentrations of macronutrients, excluding Mg.

The uptake of N, P, K, Mg, Na, and S by JA tubers was affected by the N fertil-
izer rate and reached 77.66–95.87, 24.80–39.15, 101.33–126.70, 3.77–4.55, 3.00–3.62, and
7.02–8.49 kg ha−1 on average, respectively (Table 6). The N rate had no significant effect on
Ca uptake by JA tubers (3.89–4.34 kg ha−1). Cultivar influenced nutrient uptake by tubers.
Gute Gelbe was characterized by the highest uptake of N, P, K, Mg, and S. The uptake of
P and K was highest in the third year, and Ca uptake was highest in the first year of the
experiment. Harvest date also determined nutrient uptake, and the uptake of N, K, Ca, Mg,
and Na was significantly higher in tubers harvested in autumn.
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Table 5. Dry matter weight and macronutrients and Na concentration in Jerusalem artichoke tubers (average ± SE).

Factor

Dry Matter
(DM) N P K Ca Mg S Na

% g kg−1 DM

N fertilizer
rate [kg ha−1]

(n = 54)

Control 27.38 ± 0.47 b* 11.81 ± 0.19 a 4.05 ± 0.08 a 15.56 ± 0.43 a 0.59 ± 0.02 a 0.55 ± 0.01 a 1.05 ± 0.03 a 0.46 ± 0.01 a
80 27.33 ± 0.45 b 12.35 ± 0.14 ab 3.96 ± 0.10 a 15.37 ± 0.35 a 0.58 ± 0.03 a 0.56 ± 0.01 a 1.12 ± 0.03 a 0.46 ± 0.01 a

120 24.76 ± 0.62 a 12.67 ± 0.16 b 4.08 ± 0.08 a 15.60 ± 0.42 a 0.57 ± 0.03 a 0.57 ± 0.01 a 1.12 ± 0.03 a 0.50 ± 0.01 a

Cultivar
(n = 54)

Rubik 27.38 ± 0.68 a 12.29 ± 0.19 ab 3.99 ± 0.08 a 14.57 ± 0.31 a 0.56 ± 0.02 a 0.55 ± 0.01 b 1.05 ± 0.02 a 0.51 ± 0.01 b
Albik 26.14 ± 0.49 a 11.85 ± 0.18 a 3.94 ± 0.10 a 14.99 ± 0.35 a 0.61 ± 0.02 a 0.52 ± 0.01 a 0.98 ± 0.01 a 0.44 ± 0.02 a

Gute Gelbe 24.76 ± 0.62 a 12.69 ± 0.14 b 4.15 ± 0.07 a 16.98 ± 0.45 b 0.58 ± 0,02 a 0.60 ± 0.01 c 1.26 ± 0.03 b 0.46 ± 0.02 a

Year
(n = 54)

2016 26.91 ± 0.71 a 12.40 ± 0.20 a 4.43 ± 0.08 b 13.81 ± 0.12 a 0.71 ± 0.01 b 0.57 ± 0.01 a 1.11 ± 0.02 a 0.37 ± 0.01 a
2017 25.70 ± 0.36 a 12.24 ± 0.15 a 3.81 ± 0.07 a 16.36 ± 0.44 b 0.51 ± 0.02 a 0.55 ± 0.01 a 1.10 ± 0.03 a 0.52 ± 0.01 b
2018 26.87 ± 0.64 a 12.19 ± 0.16 a 3.85 ± 0.08 a 16.37 ± 0.44 b 0.51 ± 0.02 a 0.55 ± 0.01 a 1.08 ± 0.03 a 0.52 ± 0.01 b

Harvest date
(n = 81)

Autumn 27.95 ± 0.40 b 11.79 ± 0.16 a 3.88 ± 0.07 a 14.32 ± 0.20 a 0.46 ± 0.02 a 0.55 ± 0.01 a 1.00 ± 0.02 a 0.47 ± 0.01 a
Spring 25.03 ± 0.40 a 12.76 ± 0.09 b 4.17 ± 0.06 b 16.70 ± 0.37 b 0.70 ± 0.01 b 0.56 ± 0.01 a 1.19 ± 0.02 b 0.47 ± 0.01 a

* values followed by the same letters for each main factor do not differ significantly at p < 0.05.
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Table 6. Macronutrient and Na uptake by Jerusalem artichoke tubers (average ± SE).

Factor
N P K Ca Mg Na S

kg ha−1

N fertilizer rate
[kg ha−1]
(n = 54)

Control 77.66 ± 2.47 a* 24.80 ± 1.75 a 101.33 ± 4.69 a 3.86 ± 0.19 a 3.37 ± 0.12 a 3.00 ± 0.13 a 7.02 ± 0.26 a
80 86.49 ± 3.14 ab 30.49 ± 2.14 a 102.49 ± 4.08 a 3.94 ± 0.18 a 3.97 ± 0.15 b 3.34 ± 0.15 b 7.73 ± 0.36 ab

120 95.87 ± 3.91 b 39.15 ± 3.04 b 126.70 ± 6.06 b 4.34 ± 0.26 a 4.55 ± 0.20 c 3.62 ± 0.19 c 8.49 ± 0.39 c

Cultivar
(n = 54)

Rubik 86.43 ± 2.69 ab 27.59 ± 1.46 a 103.08 ± 3.91 a 3.95 ± 0.21 a 3.93 ± 0.13 b 3.57 ± 0.14 b 7.41 ± 0.27 b
Albik 76.40 ± 3.19 a 24.13 ± 2.23 a 97.36 ± 4.91 a 3.95 ± 0.24 a 3.31 ± 0.13 a 2.86 ± 0.16 a 6.29 ± 0.26 a

Gute Gelbe 97.19 ± 3.56 b 42.71 ± 2.84 b 130.08 ± 5.67 b 4.24 ± 0.19 a 4.64 ± 0.19 c 3.52 ± 0.15 b 9.52 ± 0.33 c

Year
(n = 54)

2016 87.29 ± 1.83 a 32.10 ± 1.16 ab 97.39 ± 1.75 a 5.03 ± 0.11 b 4.02 ± 0.08 a 2.64 ± 0.11 a 7.85 ± 0.21 a
2017 81.26 ± 3.33 a 26.30 ± 2.37 a 108.50 ± 4.99 ab 3.31 ± 0.18 a 3.71 ± 0.19 a 3.42 ± 0.13 a 7.33 ± 0.38 a
2018 91.47 ± 4.34 a 36.03 ± 3.32 b 124.63 ± 6.93 b 3.80 ± 0.26 a 4.15 ± 0.21 a 3.89 ± 0.18 a 8.06 ± 0.40 a

Harvest date
(n = 81)

Autumn 94.51 ± 2.76 b 31.10 ± 1.78 a 114.79 ± 3.87 b 3.69 ± 0.16 a 4.41 ± 0.15 b 3.73 ± 0.12 b 8.02 ± 0.27 a
Spring 79.65 ± 2.58 a 26.03 ± 2.15 a 104.25 ± 4.21 a 4.37 ± 0.17 b 3.50 ± 0.12 a 2.93 ± 0.14 a 7.43 ± 0.27 a

* values followed by the same letters for each main factor do not differ significantly at p < 0.05.
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4. Discussion
4.1. Effect of N Fertilization on Yield

The present findings confirm the hypothesis that the analyzed JA cultivars respond
differently to increasing rates of N fertilizer. The tuber yield of cv. Gute Gelbe increased
with increasing rates of N fertilizer, whereas N fertilization had no significant effect on the
tuber yield of cv. Albik (Figure 1).

According to Prośba-Białczyk [40], the tuber yield of JA grown in south-western
Poland without fertilization or chemical protection can reach 40 Mg ha−1. In turn, in a
study by Skiba and Sawicka [41], N applied together with PK fertilizers had a positive effect
on the yield of JA tubers. The cited authors obtained the highest tuber yield when N was
applied at the rate of 50 kg ha−1. Different JA cultivars responded differently to the applied
fertilization. In a study by Rodrigues et al. [42], the yield of JA tubers reached 65.6 Mg ha−1.
The above authors achieved the highest tuber yield after applying 100 kg N ha−1 and
planting 2 m−2 plants. Similar results were reported by Bogucka et al. [15], where the
FMY of tubers of cv. Topstar reached 60.53 Mg ha−1, DMY reached 14.18 Mg ha−1, and
these parameters were 40% and 60% higher, respectively, than in cv. Violette de Rennes.
Aerial biomass yield was also determined by genotype, and it was highest in cv. Topstar
(65.74 FMY Mg ha−1, and 24.42 DMY Mg ha−1) and around 20% lower in cv. Waldspindel.
In the work of Baldini et al. [43], the FMY of JA tubers ranged from 55.5 to 80 Mg ha−1

and the FMY of aerial biomass ranged from 29.5 to 58.7 Mg ha−1. In an experiment by
Izsáki and Kádi [14], the ratio of tuber yield to aerial biomass yield ranged from 1:1 (cv.
Tápiói Korai, an early cultivar with a short growing season) to 1:4.5 (cv. Tápiói Sima, a
late cultivar with a long growing season). In cv. Tápiói Korai, aerial biomass yield peaked
(38.34 Mg ha−1) in response to 100 kg N ha−1 and P fertilization, and in cv. Tápiói Sima
(78–80 Mg ha−1)—in response to 200 kg N ha−1. The above fertilization treatment induced
the greatest increase in tuber yield.

In a study by Losavio et al. [44], N fertilizer applied at 50 and 100 kg ha−1 had no
significant effect on JA tuber yield. In contrast, Schittenhelm [45] analyzed different N
rates (0, 60, and 120 kg ha−1) and found that JA tuber yield (DM basis) peaked in response
to the rate of 60 kg N ha−1. In a later study, Sun et al. [46] analyzed JA tuber yield (DM
basis) and reported that fertilization levels of 180 kg N ha−1 and 135 kg P2O5 ha−1 were
most effective. Tuber yield and nutrient concentrations increased significantly up to the N
fertilizer rate of 120 kg ha−1 [47].

In an experiment performed by Stolarski et al. [48], organic and mineral N fertilizers
(85 and 170 kg ha−1) had a positive effect on the dry aerial biomass yield of JA, which
was higher in the first year than in the subsequent two years. According to Gao et al. [49],
the yields of H. tuberosus tubers and aerial biomass were highest in irrigated treatments
fertilized with 20 to 50 kg N ha−1.

Cultivars also respond differently to water stress. Tuber yield was higher in cv. Albik
in a year with a wet growing season, and in cv. Rubik in a year characterized by a
water deficit between July and September [50]. Potassium speeds up the translocation of
carbohydrates from leaves to tubers and improves water management in plants. Early
cultivars are generally more sensitive to drought than late cultivars [51]. Pimsaen et al. [52]
studied 15 JA cultivars in north-eastern Thailand and found that environmental conditions
exerted a greater influence on the FMY, number, and size of tubers (plant growth was
accelerated in dry regions with irrigation than in wet regions) than genotype. In the work
of Izsáki and Kádi [14], the average tuber yield ranged from 15 to 28 t ha−1, subject to
water availability and soil type. According to Matias et al. [53], JA tubers tend to rot in
winter, in particular in heavy and wet soils, and winter yield could be significantly smaller
than autumn yield. Aerial biomass yield was also much lower in winter than in autumn,
and it was less influenced by mineral NPK fertilization than harvest date. Gao et al. [49]
found that both FMY and DMY were higher during tuber harvest in October (sub-zero
temperatures) than in September (above-zero temperatures). In the present study, the
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tuber yield of cv. Albik was also significantly lower (approximately 24%) in spring than in
autumn (Figure 2). This was caused by greater overwintering losses in cv. Albik, compared
with the remaining cultivars.

4.2. Effect of N Fertilization on Agronomic N-Indices

Agronomic N-use efficiency (AE) measures the increase in crop yield per kg of N
fertilizer. This parameter is usually higher in crops with a higher productive potential
and when precision fertilizer and irrigation techniques are applied [54]. The knowledge of
agronomic fertilization efficiency indicators, in particular marginal efficiency, can be used
to refine the N rates used in the fertilization of new higher-yielding JA cultivars.

In the present study, the agronomic efficiency of N fertilization was affected not only
by JA genotype, but also by weather conditions during the growing season (Figure 3a,b).
The agronomic efficiency of N fertilization was highest in cv. Gute Gelbe and lowest in
cv. Albik. After the application of 80 kg N ha−1, the highest agronomic efficiency of
N fertilization (57.8 kg of tubers per kg of N) was noted in the relatively cold and wet
year of 2017. After the application of 120 kg N ha−1, the highest agronomic efficiency of
N fertilization (84.5 kg of tubers per kg of N) was observed in the relatively warm and
moderately wet year of 2018. Unfortunately, the available literature does not provide much
information on the economic efficiency of fertilization in JA. Therefore, the present results
were compared with those reported for potatoes, due to similar agronomic practices in both
crop species (wide-row sowing) and yield specificity (main yield with high sugar content,
below the soil surface). In a study by Stolarski et al. [48], JA cultivated as a perennial plant
for energy purposes produced from 10 to 19 kg of the DMY (aerial biomass) per kg of
applied N. Grzebisz et al. [55] reported that an increase in potato tuber yield ranged from
40 to 97 kg per kg of applied N depending on soil and climatic conditions (Poland, the
Czech Republic, Albania), N rates, and cultivar. The agronomic efficiency of N fertilization
was lowest in the growing season characterized by considerable precipitation deficiency.
Grzebisz et al. [55] and Awgchew et al. [56] found that the agronomic efficiency of N
fertilization decreases with increasing N rates applied to potatoes. In turn, N-use efficiency
expressed by the DMY of celery roots at different rates of N fertilizer ranged from 10.23 to
27.41 kg kg−1 N [57].

4.3. Effect of N Fertilization on the Dry Matter Weight and Macronutrients and Na Concentration

Dry matter weight is an important indicator of nutritional value, which determines
the flavor and consistency of tubers. In plants, DM weight is conditioned genetically, but
it can be modified by agronomic factors (NPK fertilization) as well as soil and weather
conditions [28,51,58]. According to the literature, the DM content of JA tubers ranges from
20.00 to 31.90% [24,59,60], and the major DM components are simple sugars, disaccharides,
and polysaccharides, mostly inulin.

In a study by Florkiewicz et al. [21], the average DM content of JA tubers was deter-
mined at 23.60%, and it was significantly higher in cv. Rubik (25.60%) than in cv. Albik
(21.5%). The authors of this study found no significant differences in DM content between
tubers that were harvested in autumn (November) and spring (March) after overwintering
in soil. In the work of Bach et al. [61], harvest date had no effect on the DM content of
JA tubers.

In turn, Praznik et al. [62] reported a decrease in the DM content of tubers that were
left in the soil for winter and harvested in spring. Additionally, in the present study, JA
tubers harvested in autumn had a significantly higher DM content compared with those
harvested in spring (Table 5). The DM content of tubers could be higher in autumn than in
spring due to rapid biochemical changes, including oxidation (mainly of sugars), occurring
in the respiration process.

In contrast, Danilčenko et al. [60] observed that the DM content of organically grown JA
tubers (cvs. Albik, Rubik, and Sauliai) was significantly higher in spring after overwintering
in frozen soil.
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Total N concentration and, consequently, protein concentration in JA tubers are similar
to or even higher than in potatoes or root vegetables [63]. However, the protein in JA tubers
is characterized by very high biological value, and it contains all essential amino acids
in highly desirable proportions. In comparison with potato protein, JA protein is also a
richer source of methionine [64]. In a study of more than 110 open-pollinated genotypes
of JA, total N concentration in tubers ranged from 6.95 to 21.79 g kg−1 DM [65]. Total N
concentration and protein concentration increased up to the N fertilizer rate of 60 kg ha−1

and remained unchanged in response to higher N rates (90 or 120 kg ha−1) [66]. In a
study by Žaldarienė et al. [28], total protein concentration in JA tubers ranged from 51.2 to
77.9 g kg−1 DM. In another experiment, the protein content in tubers in wild-growing JA
populations varied between 62.3 and 107.1 g kg−1 DM [67].

In the current experiment, similarly to the study by Sawicka and Kalembasa [68], the
protein content of JA tubers was conditioned by genotype. The N content of tubers in
cv. Albik was similar to that in cv. Rubik but significantly lower than in cv. Gute Gelbe
(Table 5). In contrast, Sawicka and Kalembasa [68] reported that protein concentration was
considerably higher in cv. Rubik than in cv. Albik. The application of P and K fertilizers
increased the total protein content of tubers relative to the control treatment.

Jerusalem artichoke tubers contain crude ash with a high concentration of alkaline
minerals [69,70], mostly K (480–760 g kg−1) [27,70,71]. They also contain Mg (14.0 g kg−1),
Ca (11.0 g kg−1), and Na (1.3 g kg−1) [70]. Ekholm et al. [72] found that JA tubers contained
K (32.10 g kg−1 DM), Ca (0.89 g kg−1 DM), Mg (1.12 g kg−1 DM), and P (2.80 g kg−1 DM).
According to Afoakwah et al. [73], freeze-dried and oven-dried pulverized JA tubers
contained (in g kg−1, respectively) Ca (1.85 and 1.93), K (10.83 and 10.56), P (3.85 and 4.17),
and Na (0.14 and 0.15).

In a study by Skiba and Sawicka [26], the average macronutrient concentrations in
JA tubers were arranged in the following descending order: K (26.29 g kg−1 DM) > P
(2.92 g kg−1 DM) > Ca (1.45 g kg−1 DM) > Mg (0.81 g kg−1 DM). Genetic factors signifi-
cantly influenced the concentrations of K and Ca in JA tubers [26]. Cultivar Rubik had
significantly higher concentrations of P, K, Mg, and N, whereas cv. Violet de Rennes
accumulated most Ca. The above authors [74,75] reported higher concentrations of Ca
and Mg in cv. Rubik, whereas cv. Albik contained more K and Na. Catania et al. [76]
demonstrated that red-skinned tubers were generally a richer source of minerals than
white-skinned tubers. On the other hand, in the present study, the tubers of cv. Rubik
(red-skinned) had the highest Na content, whereas the content of other components was
higher in light-skinned tubers, in particular cv. Gute Gelbe (Table 5). Jerusalem artichoke
tubers had a high concentration of K (19.05–21.00 g kg−1 DM) and contained significant
amounts of P (3.00–3.45 g kg−1 DM), Mg (0.85–0.90 g kg−1 DM), and Ca (0.50–0.57 g kg−1

DM) [76]. In wild-growing JA populations in Turkey [67], tubers contained 3–4 times
more Ca (1.57–2.07 g kg−1 DM) and around 30% more K (21.62–26.25g kg−1 DM) than the
tubers analyzed in the present study (Table 5). In turn, the concentrations of Mg (1.71 and
1.96 g kg−1 DM) and P (2.59 and 4.79 g kg−1 DM) were similar to those noted in this study.

Biel et al. [58] reported that total protein concentration and crude ash concentration
in JA tubers increased with a rise in the rate of biomass ash fertilizer. In turn, the crude
protein concentration decreased significantly in tubers fertilized with sewage sludge.
Sewage sludge increased crude ash content but decreased the protein concentration in JA
tubers relative to the control treatment. According to Gao et al. [12], the tuber yield of JA
grown in a semi-arid area, and the concentrations of N and C in tubers can be effectively
increased by removing inflorescences.

Macronutrient concentrations in JA tubers and aboveground plant parts are deter-
mined by the fertilizer rate. Nitrogen fertilizer increased the concentrations of N, Mg, S,
and N in aerial biomass [77]. Potassium and Ca concentrations in aerial biomass were
highest in treatments fertilized only with P and K. In turn, aerial biomass in the unfertilized
control treatment was highest in P. Macronutrient concentrations in aboveground plant
parts were higher in cv. Albik than in cv. Rubik. In cv. Rubik, the mineral composition of
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aerial biomass was more stable. In a study of 26 JA clones grown in China (pre-planting
fertilization, kg ha−1: N—150; P2O5—75; K2O—120), N concentration (6.85–5.72 g kg−1)
and K concentration (2.45–4.59 g kg−1) were lower in tubers at harvest than in aerial
biomass (9.33–22.66 g N kg−1 and 14.53–20.38 g K kg−1), whereas P concentration was
higher (2.53–3.65 g kg−1) in tubers [78].

Izsáki and Kádi [14] observed great differences in the specific macronutrient uptake
by two JA varieties, as there was a substantial deviation in the ratio of the tubers and leafy
stalks in the maximum dry matter mass (1:1 for cv. Tápiói Korai and 1:4.5 for cv. Tápiói
Sima). The specific nutrient uptake required for 10 t tuber yield plus the corresponding
leafy stalks was 48 kg N, 10 kg P, 83 kg K, 30 kg Ca, and 10 kg Mg for Tápiói Korai, and
162 kg N, 30 kg P, 300 kg K, 84 kg Ca, and 45 kg Mg for Tápiói Sima. Depending on the
cultivar, the share of tubers in the accumulation of components was N—86 and 65%; P—91
and 64%; K—86 and 45%; Ca—20 and 4%; and Mg—55 and 8% (cvs. Tápiói Korai and
Tápiói Sima, respectively).

5. Conclusions

The warm and moderately wet growing season of 2018 created the most favorable
conditions for the development of JA plants and the achievement of high yields (excluding
aerial biomass yield in cv. Albik). Tuber yield was highest in cv. Gute Gelbe. In this
cultivar, tuber and aerial biomass yields increased with a rise in the N fertilizer rate
to 120 kg N ha−1, as demonstrated by high agronomic N-use efficiency. The evaluated
JA cultivars differed in their responses to an increase in the N fertilizer rate from 80
to 120 kg ha−1. The strongest response was observed in cv. Gute Gelbe, where tuber
yield increased by 172.6 kg kg−1 N. Nitrogen was least effective in cv. Albik, where an
increase in the N rate from 80 to 120 kg ha−1 increased tuber yield by only 2.1 kg kg−1 N.
Jerusalem artichoke tubers from the control treatment (without N fertilization) and from the
treatment with 80 kg N ha−1 were characterized by higher DM than after the application of
120 kg N ha−1. Tubers harvested in autumn were characterized by a higher content of DM
than those harvested in spring. The concentrations of N, K, Mg, and S were highest in the
tubers of cv. Gute Gelbe, and the highest concentration of Na was determined in the tubers
of cv. Rubik. Tubers harvested in spring were characterized by higher concentrations of the
analyzed macronutrients (excluding Mg) than those harvested in autumn. Macronutrient
(excluding Ca) uptake by tubers was highest in JA plants fertilized with 120 kg N ha−1.
Cultivar Gute Gelbe was characterized by the highest tuber yield, the highest macronutrient
concentration, and the highest macronutrient uptake. Nitrogen fertilization did not cause
differences in the concentrations of P, K, Ca, Mg, and S, but it increased the N concentration
in tubers. Cultivar Gute Gelbe can be recommended for cultivation in high-input farms
that use high rates of N fertilizers, which allow to achieve high tuber yields. The tuber
yields of cvs. Albik and Rubik, grown without N fertilization or fertilized with low N rates,
are lower, but their cultivation is more environmentally friendly and less expensive.
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