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Abstract: Most scenarios of climate change in Poland predict an increase in air temperature in the
coming years. However, no significant increase in precipitation is forecast. Therefore, an increase in
the water needs of plants should be expected, which requires the development of irrigation systems.
To precisely determine the schedule of crop irrigation, it is necessary to investigate the water needs of
plants and to estimate the prospects of changes in the future. This research aimed to estimate the
water needs of Jerusalem artichoke in the period 2021-2050 in the Kuyavia region located in central
Poland, where the need for supplementary irrigation is the highest. Based on the calculations, it was
found that, in the growing season (21 May-30 September), an increase in the water needs of Jerusalem
artichoke, of 26 mm, i.e., 9%, should be expected. The highest increase of 10 mm (i.e., by 16%) is
expected in August. The results of our studies are utilitarian in character and can be used for the
preparation of a strategy for the development of irrigation systems for Jerusalem artichoke cultivation
in central Poland.

Keywords: crop productivity; evapotranspiration; Helianthus tuberosus L.; natural resources; rainfall
deficit; sustainable agriculture

1. Introduction

Plant biomass can be a raw material for the production of solid, liquid, and gaseous
energy carriers. It is particularly beneficial from the point of view of environmental
protection, and its greatest advantage is the almost zero carbon dioxide balance, lower
emissions of sulfur and nitrogen oxides compared to fossil fuels, and lower unreliability as
an energy source compared to other renewable sources, i.e., wind or solar energy [1].

The climatic conditions of Poland are favorable for the cultivation of plenty of energy
plant species [1-4]. Therefore, there is a need to expand knowledge about environmental
processes determining the high productivity of these plants, e.g., evapotranspiration, which
is conditioned by the type of cultivated plants, access to water, and the course of weather
conditions during the growing season. The most useful energy crops are those that are
characterized by the efficient conversion of solar radiation energy into biomass and a high
content of dry matter. At the same time, these plants should be distinguished by economical
water management and high resistance to diseases and unfavorable environmental conditions.

According to the IPCC report [5], the global increase in air temperature in the years
1880-2012 amounted to 0.85 °C and this trend continues [6]. However, the rate of changes
in the thermal conditions of the air in the lowest part of the troposphere differs, depending
on the region of the world, because it is subject to modification by regional factors. Climate
changes are also observed in Poland [7], which is located in the temperate climate zone
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with a transitional character between the maritime and continental climates. From west to
east, the characteristics of the maritime climate disappear, letting up continental air masses
from Eastern Europe [8,9]. Significant variability of weather and climatic conditions caused
by variable atmospheric circulation is observed. The analysis carried out by Kejna and
Rudzki [10] confirmed that in the years 1961-2018 the air temperature in central Poland
increased by 0.33 °C on average per 10 years. The greatest warming in the analyzed period
occurred in the summer months (in July by 0.48 °C per 10 years), but equally significant
changes were characteristic for the winter months (in January by 0.46 °C per 10 years)
and spring (in April by 0.41 °C per 10 years). On the other hand, forecasts of trends of
changes in precipitation totals are subject to a high degree of uncertainty [11]. In the face
of rising air temperature, the sums of evapotranspiration and evaporation will increase,
which will translate into a change in the water needs of cultivated plants. According
to Wang-Erlandsson et al. [12] on a global scale, the largest contribution to continental
evaporation is transpiration (59%), followed by vegetation and substrate interception (31%),
evaporation from the soil (6%) and finally evaporation from the free surface of inland water
reservoirs (4%). Since changes in ground evaporation can lead to warming or cooling of the
land surface [13], a better understanding of evapotranspiration changes is essential for the
accurate determination of global and regional water balances and a better understanding
of the hydrological interactions between land and atmosphere.

Jerusalem artichoke (Helianthus tuberosus L.) is known as a plant with a high ability to
bind solar energy and convert it into organic matter. This is possible because, in addition
to mesophyll cells, the leaves contain the cells packed around conductive bundles that
bind carbon dioxide in the Calvin cycle, and thus the plant has a C3 metabolic pathway
for carbon binding in photosynthesis. The photochemical efficiency of this species is
higher than that of many C3 species and is comparable to some C4 species [14,15]. Leaf
viability, especially the late cultivars, is longer, leading to higher photochemical products
and higher dry matter yields. Jerusalem artichoke, despite the need to use additional energy
in the form of ATD, is characterized by higher photosynthesis efficiency and faster biomass
production [16-19]. Thus, Jerusalem artichoke plants have a high yield of dry matter per
hectare. For example, Sawicka et al. [20] obtained the dry matter yield of plants (‘Albik’
and ‘Rubik’ cultivars) at the level of 22.84 t ha~! in tests carried out on light soils. The total
biomass yield of Jerusalem artichoke may reach as much as 110 t ha~!, where the weight of
the green mass is 75.6 t ha~!, and the weight of tubers is 32.4 t ha~! [4]. The biomass of
Jerusalem artichoke plants can be used as a raw material for the combustion and production
of formed fuels, subjected to alcoholic fermentation or processed into biogas [19,21-26].
For example, in the studies by Piskier [25], converted to energy value for an average of two
years of research, Jerusalem artichoke generated an energy yield ranging from 84.1 GJ] ha~!
(‘Albik’ cultivar) to 92.7 G] ha~! (‘Rubik’ cultivar). On the other hand, in the research by
Sawicka et al. [20] Jerusalem artichoke, converted to the calorific value, during three years
of research generated a value from about 317 GJ ha~! in the case of the ‘Rubik’, and about
341 GJ ha! in the case of the “‘Albik’.

It is believed that Jerusalem artichoke is undemanding in terms of climatic condi-
tions and resistant to low temperatures (frosts) and periods of drought (periodical lack of
water) [4]. The most favorable for the growth and development of this species is warm and
humid weather. It grows best on moderately compact and airy soils, rich in nutrients and
moisture. However, it yields poorly on very wet and acidic soils [1].

The real possibility of setting up plantations of energy crops, e.g., species such as
Jerusalem artichoke, on less fertile soils (excluding areas of natural value) exists in the
Kuyavian-Pomeranian Province of Poland [4]. Such actions could effectively prevent
possible fallowing and degradation of a part of arable lands. On the other hand, it can also
further stimulate the economy and improve the balance of renewable energy production.

This research aimed to estimate the water needs of Jerusalem artichoke in the period
2021-2050 in the Kuyavia region in central Poland. The calculations were made taking
into account the expected changes in air temperature. The Kuyavia region is located in the
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central part of the country, where there is the greatest need for supplementary irrigation
in Poland during the growing season [27-32]. The very high need for supplementary
irrigation is evidenced by, inter alia, negative values of the climatic water balance that occur
in the Kuyavian-Pomeranian Province [33,34].

2. Materials and Methods

The projected values of average monthly air temperatures and precipitation totals
for the Kuyavia region (Figure 1) in the years 2021-2050 (forecast period) were used in
the research. The estimation was carried out according to the climate change scenario for
Poland SRES (Special Report on Emissions Scenarios): A1B [35,36]. The 30-year period
1981-2010 was adopted as the reference period, using the values of average monthly
air temperatures and monthly precipitation totals for the Kuyavia region according to
measurements collected at the meteorological station of the Institute of Technology and
Life Sciences in Falenty.

Kuyavian-Pomeranian Province

Poland

Figure 1. Geographical location of the Kuyavia region in Poland and Europe.

The water needs of Jerusalem artichoke were calculated using the crop coefficients
method based on reference evapotranspiration (ETo) [37]. In this method, water needs are
identified with the potential evapotranspiration (ETp) of Jerusalem artichoke. Potential
evapotranspiration of Jerusalem artichoke was calculated from the following Formula (1):

ETp = kc x ETo (1)

where:

ETp = crop (potential) evapotranspiration (mm);

kc = crop coefficient (ratio of evapotranspiration measured in conditions of sufficient soil
moisture and reference evapotranspiration).

ETo = reference evapotranspiration (mm);
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The values of the kc coefficient for individual months of the growing season of
Jerusalem artichoke in the Kuyavia region are given in Table 1.

Table 1. Values of the crop coefficient for the Penman-Monteith formula for Jerusalem artichoke
grown in the Kuyavia region [1].

Month 21-31 May  1-30 June 1-31July  1-31 August 1-30 September
Crop Coefficient 0.46 0.83 0.77 0.69 0.67

Reference evapotranspiration in the reference period (1981-2010) was determined
according to the Penman-Monteith method based on the following Formula (2) [38,39]:

0.408AR, + v % u(es — e,)

ETo =
°e=n A+ v(1+0.34u)

@

where:

ETo = reference evapotranspiration (mm d—1);

n = number of days;

A = slope vapour pressure curve (kPa °C1);

Ry = net solar radiation at the crop surface (MJ m-2d1);
y = psychrometric constant (kPa °C~1);

T = air temperature at 2 m height (°C);

u = wind speed at 2 m height (m s7h);

es = saturation vapour pressure (kPa);

e, = actual vapour pressure (kPa).

Reference evapotranspiration in 2021-2050 was calculated using linear regression
equations between Penman-Monteith reference evapotranspiration and air temperature.
These equations were determined using meteorological data in the reference period. The
same methodological assumption was adopted by Labedzki et al. [40] estimating reference
evapotranspiration according to Penman-Monteith for determining the water needs of
late potato in the years 2021-2050 and 2071-2100 and Rolbiecki et al. [41] estimating the
reference evapotranspiration according to Penman-Monteith when determining the water
needs of Giant miscanthus.

The results were processed statistically by determining the following values: maxi-
mum, minimum, mean, and median, as well as standard deviation and variability coef-
ficient. An attempt was also made to determine possible trends in changes in the water
needs of Jerusalem artichoke in both compared periods using linear regression analysis,
with the determination of correlation and determination coefficients. The significance of the
correlation coefficients, with a sample size of n = 30, was determined for p = 0.05. Therefore,
the value of the correlation coefficient was significant for rac > 0.362 [42] according to the
confidence interval.

Precipitation deficiencies (N) for Jerusalem artichoke in the medium (Nsq9,), medium
dry (N2s¢,), and very dry (Nj9,) years were determined with the Ostromecki method [43-46]
using the following Formula (3):

Np% = Ap% x ETp —Bp% x P (©)]

where:

Np% = precipitation deficit at the probability occurrence p% (mm period ~1);

Ap% and Bp% = numerical factors characterizing the variability of precipitation and
evapotranspiration in a given meteorological station;

ETp = average multi-year amount of evapotranspiration in the analyzed period (mm
period—1);

p = multi-year average amount of precipitation in the analyzed period (mm period~1).
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3. Results

The standard deviation (SD), as a measure of the variability of the monthly totals of
Jerusalem artichoke water needs, was the highest in June and July (Table 2). In the forecast
period (2021-2050), the highest value of this parameter was recorded in June (13.940 mm),
and slightly lower in July (10.449 mm). In the reference period (1981-2010), the highest
values of the standard deviation occurred in July (13.073 mm) and June (11.107 mm).

Table 2. Statistical characteristics of the Jerusalem artichoke water needs defined as potential evapo-
transpiration in the growing season for the reference and forecast years.

Months of the Growing Season

Characteristics
21-31 May 1-30 June 1-31 July 1-31 August 1-30 September 21 May-30 September
Reference Period 1981-2010
Minimum (mm) 10.5 66.7 65.7 51.0 25.0 237.7
Maximum 18.6 115.7 117.1 80.7 45.5 348.4
(mm)
Mean (mm) 15.0 88.8 89.2 64.8 343 292.1
Median (mm) 15.4 88.0 84.1 64.3 33.0 2925
Standard 1.816 11.107 13.073 7.59 5137 25.444
Deviation
Variability
Coefficient (%) 12.1 125 14.7 117 15.0 8.7
Forecast Period 2021-2050
Minimum (mm) 9.8 64.9 72.9 57.3 34.6 266.1
Maximum 19.5 117.0 1152 90.7 48.9 368.7
(mm)
Mean (mm) 14.0 90.6 96.6 75.1 402 318.4
Median (mm) 13.7 90.6 96.5 75.1 41.6 318.8
Standard 2.440 13.940 10.449 7.556 4.026 27.518
Deviation
Variability
Coefficient (%) 17.5 15.4 10.8 10.1 95 8.6

Relative differentiation of Jerusalem artichoke water needs in the analyzed growing
season, which is expressed by the variability coefficient (VC), for the forecast and reference
periods was 8.6% and 8.7%, respectively. The highest monthly values of the variability
coefficient for the forecast and reference periods, respectively, were calculated from 21 to
31 May (17.5%) and in September (15.0%).

The variation in monthly precipitation totals in the analyzed periods, expressed by
the variability coefficient, was much higher than the variation in monthly water needs and
exceeded the value of 50% (except for June in the forecast period) (Table 3). The greatest
relative variation of monthly precipitation totals occurred in August and September in the
forecast period and amounted to 73.9% and 76.4%, respectively.

Table 4 presents linear regression equations of the trend of time variability of Jerusalem
artichoke water needs, which were determined for individual months in both compared
periods. Monthly totals of water needs of Jerusalem artichoke, expressed as potential evap-
otranspiration, showed an upward trend in the forecast period (except for September). In
the reference period, an upward trend in Jerusalem artichoke evapotranspiration occurred
in June and September.

Throughout the analyzed growing season of Jerusalem artichoke (i.e., from 21 May
to 30 September), an upward trend in potential evapotranspiration (i.e., water needs of
Jerusalem artichoke) was found (Table 5). However, the trend of time variability of water
needs was insignificant in both the reference and forecast periods. The largest increase
(7.2 mm decade™ 1) in Jerusalem artichoke water needs was recorded in the forecast period.
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Table 3. Statistical characteristics of the rainfall amount in the growing season for the reference and

forecast years.

Months of the Growing Season

Characteristics
21-31 May 1-30 June 1-31 July 1-31 August 1-30 September 21 May-30 September
Reference Period 1981-2010
Minimum (mm) 24 9.6 18.8 9.0 4.0 90.0
Maximum 36.3 106.6 194.0 210.1 103.6 463.5
(mm)
Mean (mm) 16.4 51.0 78.4 59.7 44.6 250.0
Median (mm) 14.6 45.1 74.8 51.8 38.9 249.5
Standard 9.148 27.083 44325 40.871 27.666 80.953
Deviation
Variability
Coefficient (%) 56.0 53.1 56.6 68.5 62.1 32.4
Forecast Period 2021-2050
Minimum (mm) 5.0 22.0 8.0 0.0 0.0 76.3
Maximum 69.7 152.0 126.0 59.0 104.0 304.7
(mm)
Mean (mm) 21.8 62.4 06 21.5 32.9 181.2
Median (mm) 22 57.5 37.6 17.0 26.0 176.5
Standard 13.692 30.736 24.922 15.897 25.141 54.408
Deviation
Variability
Coefficient (%) 62.8 49.2 58.5 73.9 76.4 30.0

Table 4. Time trend equations of water needs of Jerusalem artichoke in the region of Kuyavia.

Months of the Growing Season  Reference Period 1981-2010  Forecast Period 2021-2050

21-31 May y = —0.0295x + 15.49 y = 0.0418x + 13.311

1-30 June y =0.2294x + 85.206 y = 0.3278x + 85.531

1-31 July y = —0.0493x + 89.953 y = 0.0558x + 95.69
1-31 August y = —0.0994x + 66.378 y = 0.3368x + 69.855 *
1-30 September y =0.0082x + 34.138 y = —0.0459x + 42.927

21 May-30 September y =0.0593x +291.17 y =0.7163x + 307.31

* Statistically significant at p = 0.05.

Table 5. The significance of the equations of trends water needs of Jerusalem artichoke and their
tendencies in the reference and in forecast years.

Months of the Growing Season = Reference Period 1981-2010 Forecast Period 2021-2050

Linear correlation coefficient (r)

21-31 May ns ns
1-30 June ns ns
1-31 July ns ns
1-31 August ns 0.392 *
1-30 September ns ns
21 May-30 September ns ns
Tendency of water needs (mm-decade 1)
21-31 May -0.3 0.4
1-30 June 2.3 3.3
1-31 July -0.5 0.6
1-31 August —0.1 3.4
1-30 September 0.1 —-0.5
21 May-30 September 0.6 7.2

* Statistically significant at p = 0.05 (P = 95%); ns = not significant.
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The calculations indicate that in the forecast period, the average daily water needs of
Jerusalem artichoke in July, August, and September will be higher than in the reference
period (Figure 2a). In light of the expected temperature change, the greatest daily water
demand for Jerusalem artichoke in the forecast period will occur in August.

2021
2022
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Figure 2. Jerusalem artichoke water needs, expressed as potential evapotranspiration, in the period
of 21 May-30 September in the reference and forecast years presented as daily values in the particular
months (a) and the cumulated sum curve (b).

Calculations of the water needs of Jerusalem artichoke, which were carried out for the
forecast meteorological conditions in the period 20212050, indicate that during this period,
the demand for water in the cultivation of Jerusalem artichoke, expressed by the increase in
potential evapotranspiration, will increase in the Kuyavia region (Figure 2b, Table 6). In the
thirty years 2021-2050, an increase in potential evapotranspiration by approximately 9%
can be expected during the growing season (21 May-30 September). In light of the expected
increase in air temperature, the largest monthly increase in potential evapotranspiration of
Jerusalem artichoke (by 10 mm, i.e., 16%) may occur in August (Figure 3, Tables 4-6).
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Figure 3. Time trend of Jerusalem artichoke water needs, expressed as potential evapotranspiration,
in August in the forecast years 2021-2050; the dash line is the trend line.



Energies 2023, 16, 533 80of 13

Table 6. Comparison of the Jerusalem artichoke water needs (mm) in the reference and forecast years.

Period
Years
21 May-30 September August
1981-2010 292.1 64.8
2021-2050 318.4 75.1
(2021-2050)—(1981-2010) 26.3 10.3
Change (%) +9 +16

4. Discussion

According to Kowalik and Scalenghe [47], the water needs of crops intended for
biomass production are 2-3 times lower in Poland compared to southern Europe. However,
it should be expected that soon the water needs of energy crops will increase by 20-30%,
and this will make these plants require supplementary irrigation [47].

The research presented in this paper aims to determine the water needs of Jerusalem
artichoke in the Kuyavia region, which is located in central Poland. The water needs
defined for the growing season of Jerusalem artichoke (21 May-30 September) amounted
to 292.08 mm in the reference period (1981-2010) and 318.42 mm in the forecast period
(2021-2050). It is believed that Jerusalem artichoke is undemanding in terms of climatic
conditions and resistant to periodic water shortages [4]. According to Rossini et al. [48], the
Jerusalem artichoke can be grown in regions with annual rainfall above 500 mm. In the
region of Kuyavia, which was analyzed in this study, the annual rainfall is slightly higher
than 500 mm and in the growing season (April-September) slightly higher than 300 mm.
In the three-year field experiment conducted by Zyromski et al. [1], in the growing season
covering Jerusalem artichoke vegetation, rainfall conditions were classified as wet in 2011
and 2012 (rainfall totals ranged from 454 mm to 428 mm, respectively) and very humid in
2013 (total rainfall amounted to 541 mm).

The results of our research are of great importance because, they fill the existing
knowledge gap regarding the water needs of Jerusalem artichoke grown not only in the
Kuyavia region, but even more broadly in the central part of Poland. In studies published up
to now regarding Jerusalem artichoke, the provided information is not precise. Furthermore,
the water needs of Jerusalem artichoke cultivated in the climatic conditions of Poland are
little known. For example, in the research conducted by Bogucka et al. [49,50] through the
absence of other reliable standards, the water needs of Jerusalem artichoke were estimated
based on water needs developed for late potato. The results of our research may be useful
not only in other regions of Poland, but also in other Central European countries located
in the moderate transitory climate zone, oscillating between the maritime-type climate of
Western Europe and the continental one of Eastern Europe. This climate is characterized by
a diversity of weather types changing during the seasons of the year and showing great
variability between the subsequent years.

The established assumptions and calculations made it possible to assess not only
water needs, but also to determine rainfall deficiencies, which may be useful in planning
irrigation in the investigated area of Poland. According to the adopted methodology [43]
and forecasted changes in temperature and precipitation [35,36], in the reference period,
precipitation deficiencies during the growing season of Jerusalem artichoke in the Kuyavia
region were 54 mm, 121 mm, and 176 mm in the medium (Nsge,), medium dry (Nase,),
and very dry (Njgq,) years, respectively (Table 7). In the forecast period, rainfall deficits
were higher and amounted to 145 mm, 207 mm, and 255 mm for N5, Nose,, and Nigo,,
respectively. Deficiencies in precipitation Nsg9,, Noso,, and Nigo, cover water needs at the
level of 50%, 75%, and 90%, respectively [46]. This has its practical application, as it allows,
among other things, to calculate the amount of water needed for irrigation, and thus the
volume of the water reservoir intended for irrigation.
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Table 7. Precipitation deficit (mm) in the cultivation of Jerusalem artichoke in the region of Kuyavia in
normal (N5qe,), medium dry (Npse,) and very dry (Nyg9,) years for the reference and forecast period.

Years 21-31 May 1-30 June 1-31 July 1-31 August 1-30 September 21 May-30 September

Normal years
1981-2010 0 38 11 5 0 54
2021-2050 0 28 54 54 9 145

Medium dry years

1981-2010 3 57 35 24 2 121
2021-2050 0 50 72 65 20 207

Very dry years
1981-2010 7 71 52 36 10 176
2021-2050 1 65 86 75 28 255

Jerusalem artichoke is a plant that responds well to irrigation. In a field experiment
conducted in north-eastern Poland by Bogucka et al. [49,50] in response to irrigation, yields
of fresh weight and dry weight of Jerusalem artichoke tubers increased by 69.3% and 65.2%,
respectively. Moreover, in the case of above-ground parts of Jerusalem artichoke plants,
irrigation increased fresh and dry matter yields by 42% and 43%, respectively. In these
studies, Jerusalem artichoke irrigation was effective despite a large amount of precipitation
during the growing season. The sum of precipitation amounted to 369 mm in the period
from 1 May to 31 October, and as much as 141 mm was recorded in July. According to
reports published by Baldini et al. [51] in studies conducted in different regions of Italy,
irrigation increased the tuber dry matter yield of Jerusalem artichoke by 24.2%. Moreover,
in the study reported by Kai et al. [52], irrigation significantly enhanced the yields of
underground biomass, above-ground biomass, and tubers of Jerusalem artichoke.

The increase in the water needs of Jerusalem artichoke in the years 2021-2050 cal-
culated in this study is the result of the projected increase in air temperature during the
growing season (especially in August). Bak and Labedzki [35] and Labedzki [53,54] also
found that an increase in air temperature causes an increase in the water needs of plants.
Labedzki [53,54] reports that in Poland an increase in air temperature in the range of 2 °C to
4 °C can be expected. Kasperska-Wotowicz and Bolewski [55], based on over 80 years of ob-
servations conducted in the Kuyavian-Pomeranian Province, noticed a significant upward
trend in the average annual air temperature, which showed an increase in temperature by
0.19 °C per 10 years, i.e., approximately 2 °C per 100 years. It is also important that the sce-
narios of changes in temperature and precipitation in Poland until 2050 or 2080, developed
using various mathematical models, differ significantly, especially for the summer period,
covering the months of June and August, i.e., the period of increased water demand for
plants. All these climate change scenarios predict an increase in air temperature, but only
some of them predict an increase in precipitation. Some of the climate change scenarios
developed for Poland even predict a decrease in the amount of precipitation. It is expected
that the average monthly value of air temperature in July and August (except for the Baltic
Sea coastal regions) will exceed 25 °C [53]. Most climate change scenarios for Poland do not
predict an increase in precipitation during the year. However, on their basis, an increase in
winter precipitation can be expected, and a decrease in rainfall during the summer [56-62].

It is expected that the current climate changes, as shown by the results of this study,
and climate changes that are forecast in the future, will or may cause an increase in the water
needs of plants [35,36,63,64]. Therefore, there is a justified need to take adaptive actions
to the situation of rainfall deficit, which does not fully cover the water needs of plants.
Supplementary hydration can certainly be included in such activities. Many researchers
agree that with the intensification of unfavorable climate changes, the importance of
irrigation in Poland will increase, which will especially concern the central part of the
country, including the Kuyavia region [27,40,53,54,65-70].
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The results of research published by Somorowska [71] indicate that in the years
1980-2020 there was a significant increase in evaporation in most of Poland. The warm
climate, together with a slight increase in precipitation, led to increased plant activity.
This was manifested by an increased loss of transpiration and interception, which were
not compensated by a decrease in evaporation and sublimation of the surface without
vegetation cover. Increased plant activity was manifested by higher water consumption,
especially in the summer months, i.e., in June, July and August. These monthly increases in
plant water consumption contributed to annual changes in evaporation from the continental
surface of 1.36 mm per year. Somorowska [71] found that in the period 20072020, annual
evaporation increased by 7% compared to the reference period 1980-2006.

Nevertheless, it is expected that the irrigation area and water consumption for agricul-
tural irrigation in Poland in the future will depend primarily on the adopted agricultural
development strategy and economic conditions of agriculture. Unfortunately, the devel-
opment of irrigation systems in Polish agriculture will depend to a much lesser extent on
climatic conditions [54,72,73].

In our research, the water needs of Jerusalem artichoke were calculated using the crop
coefficients method, based on reference evapotranspiration (ETo) [37]. ETo was determined
according to the Penman-Monteith method recommended by the FAO for worldwide
use [38,39]. Additionally, it was supported by the fact that the kc coefficients for Jerusalem
artichoke calculated by Zyromski et al. [1] were developed to be used only with the ETo
formula by Penman-Monteith. There are also other methods of estimating the water needs
of plants, but we did not compare them in this study. There is, however, a need for future
research to compare several methods of determining the water needs of plants for several
scenarios of predicted climate change, also taking into account other regions of Poland and
even neighboring countries located within Central Europe.

5. Conclusions

Jerusalem artichoke is a valued energy plant in Poland. Jerusalem artichoke tubers
are a material for the production of alcohols used as fuel. Above-ground shoots after
drying and grinding can be either burned directly in furnaces or used as a material for the
production of briquettes and granules (pellets). It is a species that is not sensitive to water
shortages in the soil, but it grows best in medium-humid and moist soils. According to
most of the weather change scenarios developed for Poland, a significant increase in air
temperature is expected in the coming years, which is not necessarily associated with an
increase in the amount of precipitation. As a consequence of these changes, an increase
in the water needs of crops should be expected, which necessitates the development of
irrigation systems. To precisely determine a schedule of crop irrigation, it is necessary to
investigate the water needs of plants and to estimate the prospects of those changes in the
future. The purpose of the research presented in this paper was to estimate the water needs
of Jerusalem artichoke in the period 2021-2050 in the Kuyavia region located in central
Poland. Based on the calculations, it was found that in the years 2021-2050, during the
growing season, i.e., from 21 May to 30 September, in the Kuyavia region, an increase in
the water needs of Jerusalem artichoke should be expected by 26 mm, i.e., 9%. The highest
increase in the water needs of Jerusalem artichoke during the growing season should be
expected in August. The equation of the trend of time variability of water needs determined
for August shows that the water needs of Jerusalem artichoke will increase by 3.4 mm in
each subsequent decade. Therefore, it can be expected that in the forecasted thirty years,
the water needs of Jerusalem artichoke in August will increase by 10 mm, i.e., by 16%. The
results presented in this paper will be useful in preparing a strategy for the development of
irrigation systems for Jerusalem artichoke crops in central Poland, in particular in Kuyavia,
where there are the highest rainfall deficits in the country.



Energies 2023, 16, 533 11 of 13

Author Contributions: Conceptualization, S.R., R.R. and ].Z.; methodology, S.R.; software, B.J.;
validation, S.R., R.R. and R.K.-T.; formal analysis, S.R.; investigation, S.R.; resources, R.K.-T. and
W.K.-W.; data curation, J.Z.; writing—original draft preparation, S.R. and B.J.; writing—review and
editing, S.R., RK.-T., WK.-W,, H.S. and A.L.; visualization, RK.-T., B.J., WK.-W,, HS. and A.L.;
supervision, S.R. and R.R.; project administration, S.R.; funding acquisition, S.R., R.R., RK.-T. and ].Z.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data supporting reported results can be found in the Institute of
Technology and Life Sciences—National research Institute.

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

References

1. Zyromski, A.; Biniak-Pierég, M.; Szulczewski, W.; Kordas, L.; Kabata, C.; Gatka, B. Mathematical Modeling of Evapotranspiration of
Selected Energy Crops; Monographs CCII; UP: Wroctaw, Poland, 2016; pp. 1-158.

2. Zyromski, A.; Szulczewski, W.; Biniak-Pier6g, M.; Okrasifiska, H. WSMT model application for topinambour and giant Chinese
silver grass evapotranspiration estimation. Water—Environ.—Rural Areas 2012, 12, 401-409. (In Polish)

3. Zyromski, A.; Szulczewski, W.; Biniak-Pierég, M.; Okrasifiska, H. Simple model of evapotranspiration of selected energy plants.
Water—Environ.—Rural Areas 2012, 12, 391-399. (In Polish)

4. Ostrowski, J.; Gutkowska, A. Modeling the Assessment of Alternative Management of Drained Arable Land for the Cultivation of Energy
Crops; ITP: Falenty, Poland, 2016. (In Polish)

5. IPCC. Climate Change. The physical science basis. In Contribution of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change; Stocker, T.F., Qin, D., Plattner, G.-K,, Tignor, M., Allen, S.K., Boschung, J., Nauels, A.,
Xia, Y., Bex, V., Midgley, PM., Eds.; Cambridge University Press: Cambridge, UK, 2013; p. 1535.

6.  Simmons, A.; Berrisford, P.; Dee, D.; Hersbach, H.; Hirahara, S.; Thépaut, ].N. Estimates of Variations and Trends of Global Surface
Temperature. ERA Report Series 25. 2016. Available online: http://old.ecmwf.int/publications/ (accessed on 1 August 2020).

7. Luterbacher, J.; Dietrich, D.; Xoplaki, E.; Grosjean, M.; Wanner, H. European seasonal and annual temperature variability, trends
and extremes since 1500. Science 2004, 303, 1499-1503. [CrossRef]

8.  Marsz, A.A. Oceanism Index as a Measure of Climatic Interaction in the Ocean-Atmosphere-Continents System; Wyzsza Szkota Morska:
Gdynia, Poland, 1995. (In Polish)

9.  Gorczynski, W. Sur le calcul du degree de continentalisme et son application dans la climatologie. Geogr Ann. 1920, 2, 324-331.

10. Kejna, M.; Rudzki, M. Spatial diversity of air temperature changes in Poland in 1961-2018. Theor. Appl. Climatol. 2021, 143,
1361-1379. [CrossRef]

11. Bevacqua, E.; Shepherd, T.G.; Watson, P.A.; Sparrow, S.; Wallom, D.; Mitchell, D. Larger spatial footprint of wintertime total
precipitation extremes in a warmer climate. Geophys. Res. Lett. 2021, 48, €2020GL091990. [CrossRef]

12. Wang-Erlandsson, L.; van der Ent, R.J.; Gordon, L.J.; Savenije, H.H.G. Contrasting roles of interception and transpiration in the
hydrological cycle — Part 1: Temporal characteristics over land. Earth Syst. Dynam. 2014, 5, 441-469. [CrossRef]

13. Lagué, M.M.; Pietschnig, M.; Ragen, S.; Smith, T.A.; Battisti, D.S. Terrestrial evaporation and global climate: Lessons from
Northland, a planet with a hemispheric continent. J. Clim. 2021, 34, 2253-2276. [CrossRef]

14. Kays, S.J.; Nottingham, S.E. Biology and Chemistry of Jerusalem Artichoke Helianthus tuberosus L.; CRC Press, Taylor and Francis
Group: Boca Raton, FL, USA; Abingdon, UK; Oxford, UK; New York, NY, USA, 2008; p. 478.

15. Zaldariene, S. Chemical Composition of Different Genotypes of Organic Jerusalem Artichoke (Helianthus tuberosus L.) along the
Ontogenesis Cycle. Ph.D. Thesis, Aleksandras Stulginskis University, Akademija, Lithuania, 2017.

16. Sawicka, B.; Michatek, W. Evaluation and productivity of Helianthus tuberosus L. in the conditions of Central-East Poland. Electron.
J. Pol. Agric. Univ. 2005, 8, 42.

17.  Sawicka, B.; Michatek, W. Photosynthetic activity of Helianthus tuberosus L. depending on a soil and mineral fertilization. Polish ].
Soil Sci. 2008, 41, 208-222.

18. Sawicka, E. Energy value of Jerusalem Artichoke (Helianthus tuberosus L.) as a source of biomass. Zesz. Nauk. UP Wroc. Rol. XCVII
2010, 578, 245-256. (In Polish)

19. Sawicka, B.; Danil¢enko, H.; Jariene, E.; Skiba, D.; Rachon, L.; Barbas, P.; Pszczétkowski, P. Nutritional Value of Jerusalem
Artichoke Tubers (Helianthus tuberosus L.) Grown in Organic System under Lithuanian and Polish Conditions. Agriculture 2021,
11, 440. [CrossRef]

20. Sawicka, B.; Skiba, D.; Michatek, W. Jerusalem artichoke as an alternative source of biomass on the fallowed land in the Lublin
region. Zesz. Probl. Post. Nauk Rol. 2009, 542, 465-479. (In Polish)

21.  Scholz, V.V,; Ellerbrock, R. The growth productivity, and environmental impact of the cultivation of energy crops on sandy soil in
Germany. Biomass Bioenergy 2002, 23, 81-92. [CrossRef]

22.  Scholz, V.V,; Ellerbrock, R. Environment-Friendly and Energetically Efficient Cultivation of Energy Plants on Sandy Soil; IAB, ZAL:

Potsdam, Germany, 2004; pp. 1-2.


http://old.ecmwf.int/publications/
http://doi.org/10.1126/science.1093877
http://doi.org/10.1007/s00704-020-03487-8
http://doi.org/10.1029/2020GL091990
http://doi.org/10.5194/esd-5-441-2014
http://doi.org/10.1175/JCLI-D-20-0452.1
http://doi.org/10.3390/agriculture11050440
http://doi.org/10.1016/S0961-9534(02)00036-3

Energies 2023, 16, 533 12 of 13

23.
24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.
42.
43.
44.
45.
46.

47.

48.

49.

50.

51.

52.

53.

Koscik, B. Jerusalem artichoke. In Energy Raw Materials of Agricultural Origin; PWSZ: Jarostaw, Poland, 2007; pp. 35-39. (In Polish)
Stolarski, M.; Szczukowski, S.; Tworkowski, J. Biofuels from biomass of perennial energy crops. Energetyka 2008, 1, 77-80.
(In Polish)

Piskier, T. Energetic potential of Jeruzalem artichoke. Problemy Inzynierii Rolniczej 2009, 17, 133-136. (In Polish)

Khan, A.A.; de Jong, W.; Jansens, PJ.; Spliethof, H. Biomass combustion in fuidized bed boilers: Potential problems and remedies.
Fuel Process. Technol. 2009, 90, 21-50. [CrossRef]

Stachowski, P.; Markiewicz, J. The need of irrigation in central Poland on the example of Kutno county. Annu. Set Environ. Prot.
2011, 13, 1453-1472.

Rzekanowski, C.; Rolbiecki, S. The influence of drip irrigation on yields of some cultivars of apple trees in central Poland under
different rainfall conditions during the vegetation season. Acta Hortic. 2000, 537, 929-936. [CrossRef]

Rzekanowski, C.; Rolbiecki, S. The influence of drip irrigation on yields of some cultivars of stone fruit-bearing trees in central
Poland under different rainfall conditions during the vegetation season. Acta Hortic. 2000, 537, 937-942. [CrossRef]

Rolbiecki, S.; Rolbiecki, R.; Rzekanowski, C. Response of black currant (Ribes nigrum L.) cv. “Titania’ to micro-irrigation under
loose sandy soil conditions. Acta Hortic. 2002, 585, 649—-652. [CrossRef]

Rolbiecki, S.; Rolbiecki, R.; Rzekanowski, C. Effect of micro-irrigation on the growth and yield of raspberry (Rubus idaeus L.) cv.
‘Polana’ grown in very light soil. Acta Hortic. 2002, 585, 653-657. [CrossRef]

Zarski, J.; Dudek, S.; Kuémierek-Tomaszewska, R.; Rolbiecki, R.; Rolbiecki, S. Forecasting effects of plants irrigation based on
selected meteorological and agricultural drought indices. Annu. Set Environ. Prot. 2013, 15, 2185-2203.

Kaca, E. Methodology of assessing the relative environmental validity of developing drainage and irrigation on a regional scale. .
Water Land Dev. 2017, 35, 101-112. [CrossRef]

Kaca, E.; Rek-Kaca, G. Relative nature of the development of irrigation in the scale of provinces in Poland. In Proceedings of the
Symposium on Plant Irrigation “Irrigation of Plants in the Light of Sustainable Rural Development—Natural, Production and
Technical and Infrastructural Aspects”, Bydgoszcz-Fojutowo, Poland, 11-14 June 2019; pp. 33-35. (In Polish).

Bak, B.; Labedzki, L. Prediction of precipitation deficit and excess in Bydgoszcz region in view of predicted climate change. J.
Water Land Dev. 2014, 23, 11-19. [CrossRef]

Bak, B.; Labedzki, L. Thermal conditions in Bydgoszcz region in growing seasons 2011-2050 in view of expected climate change.
J. Water Land Dev. 2014, 23, 21-29. [CrossRef]

Labedzki, L.; Szajda, J.; Szuniewicz, ]. Evapotranspiration of agricultural crops—Terminology, definitions, calculation methods.
IMUZ Falenty 1996, 33, 1-15. (In Polish)

Allen, R.G; Pereira, L.S.; Raes, D.; Smith, M. Crop. Evapotranspiration. Guidelines for Computing Crop Water Requirements; FAO
Irrigation and Drainage Paper 56; Food and Agriculture Organization: Rome, Italy, 1998.

Labedzki, L.; Kanecka-Geszke, E.; Bak, B.; Stowinska, S. Estimation of reference evapotranspiration using the FAO Penman—
Monteith method for climatic conditions of Poland. In Evapotranspiration; Labedzki, L., Ed.; InTech: Rijeka, Croatia, 2011;
pp- 275-294.

Labedzki, L.; Bak, B.; Liszewska, M. Impact of climate change on water needs of late potato. Infrastruct. Ecol. Rural Areas 2013, 2,
155-165. (In Polish)

Rolbiecki, S.; Biniak-Pierég, M.; Zyromski, A.; Kasperska-Wotowicz, W.; Jagosz, B.; Stachowski, P; Liberacki, D.; Kanecka-Geszke,
E.; Sadan, A.H.; Rolbiecki, R.; et al. Effect of Forecast Climate Changes on Water Needs of Giant Miscanthus Cultivated in the
Kuyavia Region in Poland. Energies 2021, 14, 6628. [CrossRef]

Platt, C. Probability Theory and Mathematical Statistics; PWN: Warszawa, Poland, 1978.

Tabaszewski, J. Elementy Inzynierii Wodnej; ART: Olsztyn, Poland, 1980.

Zakowicz, S.; Hewelke, P. Selected Meteorological Materials; SGGW: Warszawa, Poland, 1995. (In Polish)

Zakowicz, S.; Hewelke, P. Basics of Environmental Engineering; SGGW: Warszawa, Poland, 2002. (In Polish)

Zakowicz, S.; Hewelke, P; Gnatowski, T. Basics of Technical Infrastructure in Production Space; SGGW: Warszawa, Poland, 2009.
(In Polish)

Kowalik, P.; Scalenghe, R. Water needs of energy crops—One of the environmental problems of Poland. In Polish Environmental
Engineering Five Years after Joining the European Union; Dudziniska, M., Pawlowski, L., Eds.; Komitet Inzynierii Srodowiska PAN:
Lublin, Poland, 2009; Volume 3, pp. 61-69. (In Polish)

Rossini, F.; Provenzano, M.E.; Kuzmanovic, L.; Ruggeri, R. Jerusalem Artichoke (Helianthus tuberosus L.): A Versatile and
Sustainable Crop for Renewable Energy Production in Europe. Agronomy 2019, 9, 528. [CrossRef]

Bogucka, B.; Jankowski, K. Jerusalem Artichoke: Quality Response to Potassium Fertilization and Irrigation in Poland. Agronomy
2020, 10, 1518. [CrossRef]

Bogucka, B.; Pszczétkowska, A.; Okorski, A.; Jankowski, K. The Effects of Potassium Fertilization and Irrigation on the Yield and
Health Status of Jerusalem Artichoke (Helianthus tuberosus L.). Agronomy 2021, 11, 234. [CrossRef]

Baldini, M.; Danuso, F.; Monti, A.; Amaducci, M.T.; Stevanato, P.; Mastro, G. Chichory and Jerusalem artichoke productivity in
different areas of Italy, in relation to water availability and time of harvest. Ital. . Agron. Riv. Agron. 2006, 2, 291-307. [CrossRef]
Kai, G.; Tie-Xia, Z.; Qi-Bing, W. Nitrogen fertilization, irrigation, and harvest times affect biomass and energy value of Helianthus
tuberosus L. J. Plant Nutr. 2016, 39, 1906-1914. [CrossRef]

Labedzki, L. Foreseen climate changes and irrigation development in Poland. Infrastruct. Ecol. Rural Areas 2009, 3, 7-18.


http://doi.org/10.1016/j.fuproc.2008.07.012
http://doi.org/10.17660/ActaHortic.2000.537.113
http://doi.org/10.17660/ActaHortic.2000.537.114
http://doi.org/10.17660/ActaHortic.2002.585.107
http://doi.org/10.17660/ActaHortic.2002.585.108
http://doi.org/10.1515/jwld-2017-0073
http://doi.org/10.1515/jwld-2014-0025
http://doi.org/10.1515/jwld-2014-0026
http://doi.org/10.3390/en14206628
http://doi.org/10.3390/agronomy9090528
http://doi.org/10.3390/agronomy10101518
http://doi.org/10.3390/agronomy11020234
http://doi.org/10.4081/ija.2006.291
http://doi.org/10.1080/01904167.2016.1189938

Energies 2023, 16, 533 13 of 13

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Labedzki, L. Expected development of irrigation in Poland in the context of climate change. J. Water Land Dev. 2009, 13b, 17-29.
[CrossRef]

Kasperska-Wotowicz, W.; Bolewski, T. Variability of air temperature in Bydgoszcz in the years 1931-2013. Woda Srod. Obsz. Wiej.
2015, 15/3, 25-43. (In Polish)

Parry, M.L. Assessment of potential effects and adaptation for climate change in Europe: The Europe ACACIA Project; Jackson Environ-
mental Institute, University of East Anglia: Norwich, UK, 2000.

Kundzewicz, Z. Climate change scenarios. In Is Poland at Risk of Climate Disasters? Komitet Prognoz, Polski Komitet Miedzynaro-
dowego Programu PAN: Warszawa, Poland, 2003; pp. 14-31. (In Polish)

Kundzewicz, Z. Climate change projections—hydrometeorological extremes. In Proceedings of the I Polish Conference ADAGIO,
Poznarn, Poland, 24 April 2007. (In Polish).

Alcamo, J.; Moreno, ].M.; Novaky, B.; Hindi, M.; Corobov, R.; Devoy, RJ.N.; Giannakopoulos, C.; Martin, E.; Olesn, J.E.; Shvidenko,
A. Europe. Climate Change 2007. Impacts, Adaptation and Vulnerability. Contribution of Working Group II to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change; Parry, M.L., Canziani, O.F,, Palutikof, ].P., van der Linden, PJ., Hanson,
C.E., Eds.; Cambridge University Press: Cambridge, UK, 2007; pp. 541-580.

IPCC. AR4 Climate Change 2007. Fourth Assessment Report. Intergovernmental Panel on Climate Change. Available online:
https:/ /www.ipcc.ch/assessment-report/ar4/ (accessed on 17 November 2022).

Randall, D.A.; Wood, R.A.; Bony, S.; Colman, R.; Fichefet, T.; Fyfe, J.; Kattsov, V.; Pitman, A.; Shukla, J.; Srinivasan, J.; et al.
Climate models and their evaluation. In Climate Change 2007. The Physical Science Basis. Contribution of Working Group I to the
Fourth Assessment Report of the Intergovernmental Panel on Climate Change; Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis,
M., Averyt, K.B., Tignor, M., Miller, H.L., Eds.; Cambridge University Press: Cambridge, UK; New York, NY, USA, 2007.

EEA. Impacts of Europe’s Changing Climate—2008 Indicator-Based Assessment; Joint EEA-JRC-WHO report. Report No 4/2008; EEA:
Copenhagen, Denmark, 2008.

Jagosz, B.; Rolbiecki, S.; Stachowski, P.; Ptach, W.; Langowski, A.; Kasperska-Wotowicz, W.; Sadan, H.A ; Rolbiecki, R.; Prus, P;
Kazula, M.]J. Assessment of water needs of grapevines in western Poland from the perspective of climate change. Agriculture
2020, 10,477. [CrossRef]

Jagosz, B.; Rolbiecki, S.; Rolbiecki, R.; Langowski, A.; Sadan, H.A.; Ptach, W.; Stachowski, P.; Kasperska-Wotowicz, W.; Pal-Fam, F.;
Liberacki, D. The water needs of grapevines in Central Poland. Agronomy 2021, 11, 416. [CrossRef]

Kuchar, L.; Iwanski, S. Rainfall simulation for the prediction of crop irrigation in future climate. Infrastruct. Ecol. Rural Areas 2011,
5,7-18.

Kuchar, L.; Iwariski, S. Rainfall evaluation for crop production until 2050-2060 and selected climate change scenarios for North
Central Poland. Infrastruct. Ecol. Rural Areas 2013, 2, 187-200.

Kuchar, L.; Iwanski, S.; Diakowska, E.; Gasiorek, E. Simulation of hydrothermal conditions for crop production purpose until
2050-2060 and selected climate change scenarios for North Central Poland. Infrastruct. Ecol. Rural Areas 2015, 11, 319-334.
Kuchar, L.; Iwarnski, S.; Diakowska, E.; Gasiorek, E. Assessment of meteorological drought in 2015 for North Central part of
Poland using hydrothermal coefficient (HTC) in the context of climate change. Infrastruct. Ecol. Rural Areas 2017, I, 257-273.
Rolbiecki, R.; Rolbiecki, S.; Figas, A.; Jagosz, B.; Stachowski, P.; Sadan, H.A.; Prus, P.; Pal-Fam, F. Requirements and effects
of surface drip irrigation of mid-early potato cultivar Courage on a very light soil in Central Poland. Agronomy 2021, 11, 33.
[CrossRef]

Rolbiecki, R.; Rolbiecki, S.; Figas, A.; Jagosz, B.; Prus, P; Stachowski, P.; Kazula, M.].; Szczepanek, M.; Ptach, W.; Pal-Fam, F,; et al.
Response of Chosen American Asparagus officinalis L. Cultivars to Drip Irrigation on the Sandy Soil in Central Europe: Growth,
Yield, and Water Productivity. Agronomy 2021, 11, 864. [CrossRef]

Somorowska, U. Changes in Terrestrial Evaporation across Poland over the Past Four Decades Dominated by Increases in Summer
Months. Resources 2022, 11, 6. [CrossRef]

Kuémierek-Tomaszewska, R.; Zarski, J.; Dudek, S. Assessment of Irrigation Needs in Sugar Beet (Beta vulgaris L.) in Temperate
Climate of Kujawsko-Pomorskie Region (Poland). Agronomy 2019, 9, 814. [CrossRef]

Ku$mierek-Tomaszewska, R.; Zarski, J. The Effects of Plant Irrigation in Poland. In Management of Water Resources in Poland;
Zelenakova, M., Kubiak-Wojcicka, K., Negm, A.M., Eds.; Springer Water; Springer: Cham, Switzerland, 2021.

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


http://doi.org/10.2478/v10025-010-0002-0
https://www.ipcc.ch/assessment-report/ar4/
http://doi.org/10.3390/agriculture10100477
http://doi.org/10.3390/agronomy11030416
http://doi.org/10.3390/agronomy11010033
http://doi.org/10.3390/agronomy11050864
http://doi.org/10.3390/resources11010006
http://doi.org/10.3390/agronomy9120814

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

