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Abstract: Willows are one of the plants which can be used to produce biomass for energy purposes.
Biomass production is classified as a renewable energy source. Increasing the share of renewable
sources is one of the priority actions for European Union countries due to the need to reduce
greenhouse gas emissions. To achieve the best possible growth of the willow and increase its biomass
for fuel, it is crucial to provide optimal water conditions for its growth. The aim of the study was
to determine the water requirements of willows under the conditions of the western Polish climate
and to verify whether this area is potentially favourable for willow cultivation. The novelty of this
paper lies in its multi-year climatic analysis in the context of willow water needs for the area of
three voivodships: Lubusz, Lower Silesian, and West Pomeranian. This is one of the few willow
water-needs analyses for this region which considers the potential for widespread willow cultivation
and biomass production in western Poland. Reference evapotranspiration (ETo) was determined
by the Blaney-Criddle equation and then, using plant coefficients, water needs for willow were
determined. Calculations were carried out for the growing season lasting from 21 May to 31 October.
The estimated water needs during the vegetation season amounted on average to 408 mm for the
West Pomeranian Voivodeship, 405 mm for the Lubusz Voivodeship, and 402 mm for the Lower
Silesian Voivodeship. The conducted analysis of variance (ANOVA) showed that these needs do
not differ significantly between the voivodeships. Therefore, it can be concluded that the water
requirements of willows in western Poland do not differ significantly, and the whole region shows
similar water conditions for willow cultivation. Furthermore, it was found that water needs are
increasing from decade to decade, making rational water management necessary. This is particularly
important in countries with limited water resources, such as Poland. Correctly determining the water
requirements of willow and applying them to the cultivation of this plant should increase the biomass
obtained. With appropriate management, willow cultivation in Poland can provide an alternative
energy source to coal.
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1. Introduction

One of the priority strategies of the European Union is “Climate Neutral by 2050”.
This document assumes reducing greenhouse gas emissions by the Member States and
striving for climate neutrality (i.e., zero emissions). The implementation of this task focuses,
among other things, on the use of alternative sources of energy to eliminate conventional
fuels. This is particularly important in Poland, where most energy comes from burning
fossil fuels. In 2019, the share of renewable energy in gross final energy consumption in this
country was only 12.2% [1]. This is one of the lower results concerning the European Union
countries. One of the ways to improve the current situation is to replace classical energy
sources with biofuels created from biomass. Biomass can be obtained from energy crops.
The energy plants cultivated in the conditions of Polish climate include poplar (Populus L.),
Robinia acacia (Robinia pseudoacacia L.), Virginia fanpetals (Sida hermaphrodita), Jerusalem
artichoke (Helianthus tuberosus), Giant miscanthus (Miscanthus x giganteus), and willows
(Salix L.).

The willow is a plant that is easy to reproduce and overgrows. The willow com-
prises more than 300 species that occur as trees, shrubs, or dwarf shrubs. It has low soil
requirements but broadly responds to habitat conditions, especially water conditions and
organic and mineral fertilization [2]. Salix tolerates moist habitats, and its cultivation is not
complicated. It usually occupies clay soils with poor permeability and difficult ground-
water recharge [3]. Researchers highlight that the willow is a cleaner energy source than
fossil fuels and one of the most promising biomass fuels [4]. According to Heinsoo [5],
under moderate climate conditions, annual woody biomass production of Salix species
can approach 20 Mg of woody dry matter per hectare. Once planted, it provides yields
for about 25-30 years. Furthermore, it was estimated that the mean yield of dry willow
biomass achieved in Poland is approx. 8.5 Mg ha~! y~! d.m. [6]. It was also found that
0.5 ha of willow (Salix viminalis) cultivation can supply any farm with fuel throughout
the year [2]. In biomass production from willow for energy purposes, an important role
is played by the density of plants per area unit. Research results conducted by different
authors [7,8] indicate that the optimum plant density should be from 15,000 to 25,000 stem
cuttings per ha and depend on habitat conditions and the willow variety. Based on the
review of previous research, it was concluded that in Poland, the cultivation of new willow
clones in the SRC system (short rotation coppice) on former agricultural land should be at
a density of about 20,000 cuttings ha~! and harvested in three-year cycles [6]. Moreover,
the willow has higher calorific values (19 MJ-kg~!) than other energy crops under the
conditions of the Polish climate (Table 1). Although this value does not match the value of
hard coal, which is 21 MJ-kg !, the willow is nevertheless a viable alternative energy source
for heating purposes [9]. Furthermore, when assessing the calorific value, the percentage of
ash after biomass combustion is an important aspect. It has been estimated that this should
not exceed 1.5 percent. This value for the willow is around 1.10 percent and thus meets the
requirements. It should be noted that for other energy crops such as giant miscanthus or
Jerusalem artichoke, this value is exceeded up to four times (Table 1).

Table 1. Energy crop parameters [9].

Energy Crop Calorific Value [M]-kg—1] Ash Content [%]
Energy willow 19.23 1.1
Tuberous sunflower 15.31 5.36

Miscanthus giganteus 16.28 6.89




Energies 2022, 15, 484

30f19

Willows have a high demand for nutrients, and adequate soil moisture promotes the
tree’s movement and uptake of these nutrients. One way of meeting willow requirements
is to provide nutrients by fertilising with municipal sewage after pre-treatment. This is
particularly applicable on land that does not directly include food or fodder crops [10]. It
should be mentioned that willow stands significantly reduce nitrogen and phosphorus
concentrations in wastewater. According to Borjesson [11], this value is even 75-90%.
Using wastewater to irrigate willow crops can significantly increase yield and biomass.
Furthermore, it also reduces the risk of groundwater pollution and eutrophication of surface
waters through the trees’ partial uptake of nitrogen and phosphorus. The use of willow
as a natural filter for wastewater treatment is an excellent way to clean the environment
while increasing biomass production without using additional costs associated with (e.g.,
fertilization). Another factor in preferring this type of management is the reduction of
natural water resources under climate change conditions in favour of using water from
municipal [12] or agricultural wastewater [13].

The main factor limiting the growth of energy crops, including the willow, is water
availability. This is especially true in regions with temperate climatic conditions, where
insufficient rainfall limits biomass growth even with high nitrogen fertilization [14]. In
the period of the maximum increase of plant mass (from June to August), the willow
reacts particularly to the course of weather conditions. Precipitation and moderately high
temperature in this time have a positive effect on biomass yields, while drought may cause
a decrease in yields even by 50% [15]. Plant water consumption depends mainly on the
species, the yield obtained and the meteorological conditions, and the length of the growing
season [16]. To quantify trees water use (including willow), methods such as Bowen ratio
energy balance system, Eddy covariance, and plant water flow (SF) evaluation techniques
are used. SF of willow shows diurnal and seasonal variability. Air temperature is the main
factor controlling the seasonal variation of SF. The highest water use by willow occurs in
May, June, July, August, and September [17]. The willow’s groundwater use also depends
on the soil’s depth, the plant’s root system structure, and the soil type. The willow has
a deep and well-developed root system, allowing it to use shallow groundwater, unlike
field crops usually supplied with water stored in the aeration zone [18]. The range of
optimum groundwater table under different soil conditions for willow cultivation is wide
and between 1 and 3 m. The increase in willow yields is mainly related to the enhancement
of transpiration and the correct ratio between water and air in the soil [19]. The measured
transpiration rates for willow are among the higher values compared to other cultivated
trees. This is partly due to the fact that the willow is a highly hydrophilic plant that requires
high transpiration for biomass production [20]. Despite willow’s high water use efficiency
(6.3 g dry biomass per kg transpired water), researchers note that water availability is a
critical factor shaping willow short-rotation forestry [21]. Therefore, it is crucial to carry
out research on willow water management and the possibilities of meeting its water needs.

This study aims to determine the water requirements of willow in western Poland. To
check whether the water needs of willow are fulfilled in this region, an analysis of the course
of climatic conditions and precipitation deficit values was carried out. The hypothesis that
the water needs of willow differ between the three analyzed voivodships (Lubusz, Lower
Silesian, and West Pomeranian) was considered in this study. Also, trends in changes in
water needs were determined. Estimating water needs based on current climatic conditions
is essential in appropriate crop management of this plant in this part of the country. This
is one of the few studies on the water needs of willow cultivation in western Poland. The
conducted research will be a valuable practical guideline for cultivating this plant for
farmers and growers.

2. Materials and Methods

The assessment of water needs of willow (Salix L.) was carried out for three voivod-
ships located in western Poland, namely the Lower Silesian, Lubusz, and West Pomeranian
voivodships. Calculations were based on data obtained from meteorological stations located
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in the largest cities of each province (i.e., for the Lower Silesian voivodship from Wroctaw,
for the Lubusz voivodship from Zielona Gora, and the West Pomeranian voivodship from
Szczecin (Figure 1)).

West Pomeranian

Lower Silesian o

100 0 100 200 300 400 km
I TN 00O

Figure 1. The location of the analyzed voivodships and meteorological stations.

The analysis was carried out for the years from 1981 to 2010. The calculations were
made for the growing season lasting in the studied area from the third decade of May
(21 May) to the end of October. Based on meteorological data, the reference evapotran-
spiration (ETo) was determined. ETo is an agrometeorological parameter essential in
irrigation planning and management [22]. ETo was calculated using the Blaney-Criddle
(B-C) Formula (1) modified by Zakowicz [23] for the conditions of Poland. In this study,
equation B-C was chosen to estimate ETo due to the limited availability of meteorological
data (only monthly temperature values for the period from 1981 to 2010 are accessible).
FAOQ Irrigation and Drainage Paper No. 24 ‘Crop water requirements’ [24] suggests using
the Blaney-Ciddle formula when only air temperature data are available [25]. The B-C
formula is commonly used to estimate evapotranspiration with a limited number of avail-
able meteorological parameters. This is confirmed by several studies in various world
areas [26-28].

ETo =n x [p x (0437 x t+7.6) — 1.5] (1)

where:

ETo = reference evapotranspiration (mm);
n  =number of days in the month;
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p = evaporation coefficients according to Doorenbos and Pruitt [24] for months and
latitude determined from the tables;
t = monthly mean air temperature (°C).

Crop (potential) evapotranspiration was then estimated with equation (2). This method
is widely used in scientific research [29-32]. Moreover, this equation is also used to calculate
crop transpiration in the AquaCrop model developed by the Land and Water Division of
FAO [33].

ETp = ETo x kc )

where:

ETp = crop (potential) evapotranspiration (mm);

ETo = reference evapotranspiration (mm);

ke =crop coefficient defined as the quotient of evapotranspiration measured in conditions
of sufficient soil moisture and reference evapotranspiration (Figure 2) [34].

crop coefficient k.

R N June July August September October
0.81 0.86 0.85 0.81 0.54

Figure 2. Crop coefficient for the Blaney-Criddle equation for willow depending on the month [34].

The final calculation stage determined the precipitation deficit using Ostromecki’s
formula (3) [35,36]. The rainfall deficit determines the difference between the sum of
evapotranspiration of plants and the sum of precipitation. Therefore, by estimating the
precipitation deficit, it is possible to determine to what extent plants” water needs are met
by precipitation, how much water is lacking, and what amount should be supplied to crops
for adequate growth. Rainfall deficit assessments were made for the occurrence probability
of the normal years (N50%), medium dry years (N25%), and very dry years (N10%).

Np% = Ap% x ETp — Bp% x P (©)]

where:

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

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);

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

The obtained results were statistically analyzed in R and Microsoft Excel environments.
They aimed to determine the tendency of changes in the water needs of willow and signifi-
cant differences in the results for individual voivodeships. ANOVA analysis of variance
was used to find significant differences in water needs between the three voivodeships,
preceded by Shapiro-Wilk tests and Bartlett’s test for equality of variance. The analysis
considered the following hypothesis:

Hypothesis 1 (H1): the water needs of willow do not differ between voivodships.

The linear correlation coefficient (r) method, widely used and proven in many studies,
was used to determine the trend of changes in water needs.

3. Results

The results of willow ETp for individual growing seasons (third decade of May to the
end of October) in the years from 1981 to 2010 were analyzed. The calculated values for
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each of the three provinces were compared to precipitation in the growing season. The
analysis for the West Pomeranian voivodship showed that only in two years, 1996 and
2007, precipitation values (P) were higher than water needs (ETp). Therefore, it can be
concluded that for this region, the course of climatic conditions in the studied period is
unfavorable concerning the water needs of willow (Figure 3). The highest ETp values
were estimated for 2006 and amounted to 442 mm. At the same time, the precipitation
reached 253 mm. The lowest rainfall values were recorded in 1982-1983 and were about
162-174 mm. However, it should be noted that this was at the same time also in the period
when the greatest differences between ETp and P occurred, amounting to 262 and 247 mm,
respectively. Large differences were observed in 1992 (221 mm) and 1994 (209 mm). The
standard deviation (SD) value for precipitation in the West Pomeranian province in 1981-
2010 was 75.1. For the same period, the SD of water needs reached 13.6. Other statistical
characteristics are presented in Table 2.

500-

€
E

300- — N

200-

2010

Figure 3. Precipitation (P) and water needs (ETp) in the growing season (third decade of May—
October) in 1981-2010 in the West Pomeranian voivodeship (SD of P =75.1, SD of ETp = 13.6).

Table 2. Statistical characteristics of willow water needs (ETp) and precipitation during 1981-2010
for each province.

West Pomeranian Lubusz Lower Silesian
Specification
P ETP P ETP P ETP
Maximum [mm)] 538 442 544 444 522 429
Minimum [mm] 207 385 189 377 251 378
Mean [mm)] 365 408 381 405 384 402
Standard Deviation SD 75.1 13.6 93.0 174 85.7 12.6

The situation was slightly better in Lubusz voivodship, where precipitation was
greater than water needs in the growing seasons in the analyzed 5 out of 30 years (Figure 4).
This group includes 1981, 1985, 1993, 1996, and 1998. The highest precipitation values
occurred during the growing season in 1981 and amounted to 463 mm, while the lowest
of 150 mm was recorded a year later (1982). The standard deviation of precipitation for
the years analyzed reached 93. The difference in the driest year between P and ETp was
249 mm. However, it should be noted that this was not the highest value for the analyzed
multi-year period. The greatest difference between precipitation and water needs in the
West Pomeranian Voivodship was recorded in 1992, and it amounted to 278 mm. The
maximum value of water needs was in 2006 and amounted to 444 mm. The standard
deviation of the ETp in the analyzed years was 17.4 (Table 2).
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Figure 4. Precipitation (P) and water needs (ETp) in the growing season (third decade of May—
October) in 1981-2010 in the Lubusz voivodeship (SD of P = 93, SD of ETp = 17.4).

Among the analyzed regions, Lower Silesian voivodship had the highest number of
vegetation seasons in which precipitation exceeded water needs. In this case, positive
values were recorded in 6 out of 30 years, more precisely in 1981, 1986, 1995, 1997, 2001,
and 2009 (Figure 5). The year 1981 was also in this region characterized by the lowest
precipitation in the vegetation season, amounting to 179 mm. It was also the year when
the difference between precipitation and ETp was the greatest and amounted to 233 mm.
A relatively large difference (220 mm) was re-recorded in 1994. The highest precipitation
values were reached in 1997 with 522 mm. For the 30 years analyzed, the SD of precipitation
was 85.7, while for water needs, the SD was 12.6 (Table 2).

500-
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Figure 5. Precipitation (P) and water needs (ETp) in the growing season (third decade of May—
October) in 1981-2010 in the Lower Silesian voivodeship (SD of P = 85.7, SD of ETp = 12.6).

Analyzing the climatic conditions during 30 years (1981-2010) in the growing seasons
for the three provinces, it can be seen that in most years in all voivodships the ETp values
were higher than P. Only in a few years the situation was reversed, and interestingly for
each province, there were different years in most cases. Looking at the graphs (Figures 3-5),
one can conclude that conditions were unfavorable for willow cultivation in most years. A
potential solution to the problem of large differences between precipitation and ETp values
for Salix cultivation could be the application of an adequate irrigation rate with treated
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wastewater. Many scientific studies underline that willow is a plant for which this type
of irrigation can benefit and contribute to plant development [10]. Wastewater irrigation
could also be a favourable solution in the case of Poland due to the country’s limited water
resources.

As part of the analyses, mean values of monthly water needs were determined for
each of the studied voivodships (Lower Silesian, Lubusz, and West Pomeranian) for the
measurement periods in 1981-2010 (Figure 6). It was observed that the beginning of the
growing season (3rd decade of May) is characterized by relatively low water needs resulting
from lower temperature and limited evaporation. These values are 18 to 25 mm for the
Lower Silesian and the West Pomeranian voivodships. In the case of Lubusz Voivodeship,
the maximum value of water requirements in the third decade of May is 47 mm. Low
values of water needs are also noted at the end of the growing season (October). Moreover,
the highest water needs are observed in June, July, and August. They resulted from plant
growth enhancement and increased evaporation.

120~

© e B

60- g—é f tz\tf)v:e;zsnesmn
45- B3 West Pomeranian
—— e

[t}
o

Water needs ETp [mm]

30-

3rd De‘c May Ju‘ne JL;\y Auéust Septémber Oct(‘)ber
Period
Figure 6. Water requirements (ETp) in the growing season calculated for individual voivodeships in
1981-2010.

The highest values of standard deviation (SD) characterizing the variability of water
demand also occurred in the summer months (i.e., June, July, August, and September
(Table 3)). Even though the value of the average potential evapotranspiration of willow
ETp for the three voivodeships was similar in the whole growing season and amounted
to 402-408 mm, there were differences in the value of the SD index. Among the studied
voivodeships, Lubusz had the highest monthly SD index values ranging from 3.0 to 9.3. In
the two other voivodeships, the values were similar. The highest SD value was reached in
July for Lubusz, and it was 9.3.
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Table 3. Statistical characteristics of willow water needs in the period 1981-2010 determined as

ETp [mm].
Period
Specification
3rd DecV VI VII VIII IX X 3rd Dec.V-X
WP 22 98 114 96 57 21 408
Mean L 23 97 111 97 57 22 405
LS 22 97 111 94 56 22 402
WP 1.5 48 74 43 39 27 13.6
Standard Deviation (SD) L 4.8 58 93 53 52 3.0 174
LS 14 51 6.7 44 43 28 12.6
WP 6.8 49 65 45 70 131 3.3
Coefficient of Variation (VC [%]) L 21.0 60 84 55 92 141 43
LS 6.2 53 61 46 76 129 3.1

Voivodeship: WP, West Pomeranian; L, Lubusz; LS, Lower Silesian.

Based on meteorological data from 1981-2010 for each analyzed voivodship, the
average water needs in the growing season (from the 3rd decade of May to the end of
October) were calculated (Figure 7). For the Lubusz Voivodship, average water needs
from 30 years were 405 mm, while the median was 407 mm. The maximum value was
444 mm, and the minimum was 377 mm. For the Lower Silesian province, the mean value
for the growing season was 3 mm lower than for the Lubusz vhoivodship and amounted to
402 mm. The minimum value of water needs of this voivodship in the growing season was
378 mm and a maximum 429 mm. In West Pomeranian voivodship, the average value of
water needs was the highest of all three studied voivodships and amounted to 408 mm.
The range of values, in this case, was from 385 mm to 442 mm.

Lower Silesian Lubusz West Pomeranian

Voivodeship

Figure 7. Average water requirements of willow for the analyzed voivodeships during the growing
season (3rd decade of May to the end of October) calculated based on data from 1981 to 2010. (SD
equaled 12.7, 17.4 and 13.6 for Lower Silesian, Lubusz and West Pomeranian, respectively).

The calculated Etp values for the growing season for each year in the years 1981-2010
in the studied three voivodeships were also subjected to statistical analyses in R to check
whether there were significant differences between the provinces. First, for a data sequence
for each voivodship, the hypothesis of normality of distribution was verified using the
Shapiro-Wilk test. A significance level of « = 0.05 was assumed. The obtained results
for the probability level (p-value) were greater than 0.05. Based on this (p-value > «), it
was concluded that the assumption of normality of distribution is fulfilled (Table 4). Next,
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Bartlett’s test for equality of variance was performed. Also, a significance level was taken
as « = 0.05. A p-value of 0.1811 was obtained, greater than 0.05 (p-value > o). Therefore,
it was concluded that at a significance level of o = 0.05, there are no grounds to reject the
hypothesis stating the equality of variance of water needs in the growing season for the
three provinces. Therefore, further analyses can be carried out.

Table 4. P-value obtained after Shapiro-Wilk test.

Voivodeship p-Value
West Pomeranian (WP) 0.5853
Lubusz (L) 0.4485
Lower Silesian (LS) 0.8892

Another analysis performed in the R environment to determine whether there were
significant differences between water needs in the individual voivodships was an ANOVA
analysis of variance. It included hypothesis HO: the water needs of willow in the analysed
provinces do not differ. The significance level was taken as « = 0.05. The ANOVA analysis
resulted in a p-value of 0.33 (i.e., greater than 0.05 (p-value > o)). Therefore, it was concluded
that at a significance level of o = 0.05, there were no grounds to reject the HO hypothesis.
Thus, the values of water requirements in 1981-2010 calculated for the growing season
for the three voivodships do not differ statistically significantly. As there was no basis for
rejecting the HO hypothesis, no further multiple tests were conducted to test the significance
of the differences. Post-hoc tests were not performed since, based on ANOVA analysis, they
would not show differences between water needs in the analyzed provinces. Therefore, it
can be concluded that the whole area of western Poland is characterized by similar water
needs in the case of willow.

Analyzing the obtained values of water needs in the studied period compared to
precipitation for Lubusz, West Pomeranian, and Lower Silesian voivodships, it can be
noticed that water requirements in western Poland are not fulfilled. The precipitation
values were lower than the needs in all three voivodships (Figure 8). The most remarkable
difference is visible in West Pomeranian voivodship, where the average amount of rainfall
in the growing season is 365 mm, and the calculated water needs are 408 mm. In Lubusz
and Lower Silesian voivodeships, this difference was lower and ranged from 18-24 mm,
almost half as much as in West Pomeranian voivodeships. The standard deviation values
for the data are shown in Table 2.

382

[mm]
w
®

365

402 406 T L

400-

——

300-
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Figure 8. Water needs of willow and average precipitation during the growing season for individual
provinces in 1981-2010.
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The estimated water requirements of willow in individual decades (1981-1990, 19912000,
and 2001-2010) of the 1981-2010 period showed an increasing trend (Figure 9). In Lubusz
province in 1981-1990, the water needs were 394 mm and in 2001-2010 as much as 416 mm.
Thus, the needs in this province increased by 22 mm. It was the highest increase in
comparison to all three analyzed voivodeships. In Lower Silesian, this increase was 16 mm,
and in West Pomeranian 14 mm. In the first analyzed decade of 1981-1990, the highest
water requirements for willow were in the West Pomeranian voivodship. They amounted
to 403 mm, while the lowest (394 mm) were in the Lubusz voivodship. On the other hand,
the Lower Silesian province’s lowest value in 2001-2010 of 411 mm. Analysing standard
deviation (SD), the highest values in all three regions were recorded for data from the
decade 1991-2000. The greatest SD was for Lubusz province and reached 20.53. The lowest
SD was estimated for data from 2001 to 2010 in Lower Silesian and earned 8.51 (Table 5).
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Figure 9. Average water needs of willow in each decade (10-year periods) from 1981 to 2010 for the
analyzed voivodeships.

Table 5. Values of standard deviation (SD) for decadal data for each voivodship.

Decade
Voivodeship
1981-1990 1991-2000 2001-2010
West Pomeranian 11.96 14.93 11.26
Lubusz 12.87 20.53 11.95
Lower Silesian 11.29 13.30 8.51

4. Discussion

The impact of water resources on crops is particularly important in Poland, as Polish
water resources are relatively small compared to other European countries. The average to-
tal precipitation is about 630 mm (i.e., 196 km?® per year) [37]. Additionally, water resources
in Poland are characterized by high spatial and temporal variability. The recommended
way of rational management of limited water resources is retention. It consists in storing
water when there is an excess and giving it back to users and the environment in times
of shortage. Climate change scenarios indicate that we will increasingly be dealing with
extreme weather events that will cause droughts or floods, and therefore appropriate water
management is extremely important.

The assessment of climatic water balance for western Poland in the six-month growing
season (April-September) indicates the occurrence of large negative differences between
precipitation and evapotranspiration values. The increasing likelihood of heatwaves in
summer may result in short- or long-lasting droughts that significantly impact crops [38].
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Also, in this study on willow, large differences between precipitation values and potential
evapotranspiration are noticeable (Figures 3-5). It is predicted that the values of the P-E
index will change unfavorably in the future, leading to more frequent and more severe
summer water stress. Therefore, western and central Poland areas require the necessary
protection of agriculture against the negative effects of water shortage during the growing
season [39]. Moreover, studies conducted in this paper indicate that plants” water needs
will also increase. The determined time trend of the variability of water needs and the linear
correlation coefficient (r) showed that in all of the three studied voivodeships, there was a
significant tendency for the water needs of willow to increase during the growing season
(Table 6). Significant differences were also observed in the summer months (June, July)
for Lubusz province. In the Lower Silesian voivodeship, significant differences were also
observed in August besides these two months. However, at the same time, no differences
were noticed in West Pomeranian.

Table 6. Water needs (mm) of willow in the years between 1981 and 2010 in the provinces of
western Poland.

Provinces
Periods X .
West Pomeranian Lubusz Lower Silesian
Linear correlation coefficient (r)

3rd Decade of May 0.01ns 0.020 ns 0.118 ns
June 0.255 ns 0.460 ** 0.450 **
July 0.282 ns 0.425 ** 0.382 **
August 0.176 ns 0.240 ns 0.334 *
September 0.153 ns 0.104 ns 0.099 ns
October 0.128 ns 0.123 ns 0.089 ns
May 21-October 31 0.316 * 0.469 *** 0.461 **

The tendency of water needs [mm-decade™!]

May 21-October 31 5.0 94 6.7

***__significant at p = 0.01; **—significant at p = 0.05; *— significant at p = 0.1; n.s.—not significant (r = 0.46398,
r=0.362 and r = 0.30692 for p = 0.01, p = 0.05, and p = 0.1, respectively (i.e., for probability 99%, 95%, and 90%
accordingly)).

Analyzing the trend of changes in water needs in the thirty years 1981-2010, it can
be observed that for the whole growing season in Lubusz, West Pomeranian, and Lower
Silesian voivodeships, the trend is positive (Table 4). The highest is in Lubusz, and it
is 9.4 mm-decade™!. The values are similar in the following two provinces, and they
are 6.7 mm-decade™! for Lower Silesian and 5.0 mm-decade™! for West Pomeranian.
Analyzing monthly data, the highest increasing tendency of water needs of willow was
4.6 mm-decade ! in July. On the other hand, slight negative tendencies for all voivodeships
were observed in October (Figure 10).

Poland’s western and central areas require necessary protection of agriculture against
the adverse effects of water shortage during the growing season. The water deficit is
evident on light soils with low water retention capacity. Security of crop production against
drought is ensured by irrigation. Therefore, irrigation becomes an indispensable element
of cultivation in large parts of the country, especially where the climatic water balance
is negative (e.g., Wielkopolska, Kujawy), and the soils are characterized by low water
retention [39]. The problem of water scarcity is also analyzed in this publication in the
context of willow plantations. The precipitation deficits for three voivodeships in the
growing season determined by Ostromecki’s method [35] are presented in Figure 11. The
results of the calculations were shown for three categories of years: very dry years (once
per ten years, N10%), medium dry (once per four years, N25%), and normal years (once per
two years, N50%). The highest rainfall deficits occurred in the West Pomeranian Province
in the very dry year and amounted to 286 mm. Among the three analyzed voivodships,
in West Pomeranian voivodship, the deficits were also the highest in average dry years
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(222 mm) and normal years (132 mm). Moreover, the lowest precipitation deficits in the
studied period were recorded in Lower Silesian Province. They amounted to 263 mm for
very dry years, 193 mm for medium dry years, and 99 mm for normal years.
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Figure 10. The trend of water needs of willow in each month for the analyzed voivodships.
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Figure 11. Rainfall deficit for willow cultivation in the analyzed provinces in 1981-2010.

The results confirm a problem of precipitation shortage in western Poland. In com-
bination with its low water resources, it creates a particular threat to agriculture and the
production of productive crops. Researchers emphasize that the decision on the location of
energy crops with a high share in the catchment should take into account the water needs
of energy crops, as their cultivation can significantly affect water balance parameters [40].
The analyses carried out on water need help to determine the potential of a region for
willow cultivation. Published scientific articles note the potential of relatively large areas of
marginal land and fallow grounds in Poland as suitable sites for willow growth. It should
be noted that fallow grounds constitute as much as 10% of shares of arable lands [41].
Research carried out by scientists shows that in the management of fallow and uncultivated
land in Poland for willow weed cultivation, the amount of energy obtained would be
3083 TJ. Moreover, it was shown that one of the voivodeships with the largest potential
energy resource is the Lower Silesian voivodeship analyzed in this paper (with a volume
of 386 TJ) [42]. Subsequent estimations carried out assuming willow cultivation on the
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total fallow area in Poland in 2014 showed that the energy value of willow wood dry
mass would be 138,285,528 GJ-yr—!. Moreover, the dry wood mass for the whole country
would be 7,128,120 t-yr~!. The ecological effects of obtaining energy willow biomass for
heating purposes were also estimated in these analyses. It was found that as a result of
this practice, nitrogen oxide emissions could potentially be reduced in Poland by 26,274
tons per year, carbon dioxide emissions by 13,828,553 tons and sulphur dioxide emissions
by about 103,714 tons per year [43]. Therefore, it can be concluded that growing willow
on fallow land and harvesting it for use would be a potentially positive measure in the
face of climate change and the need to reduce greenhouse gases. Moreover, it would allow
meeting the objectives of the European Union policy on greenhouse gas reduction.

Moreover, studies conducted in Poland on willow cultivation in a short rotation woody
crops (SRWC) system (of three- to four-year rotation) and Eko-Salix systems (five-year
rotation) have shown that the energy gain obtained is even 20 times higher than the inputs
needed to run the plantation and harvest the willow biomass [44]. Therefore, this shows that
willow cultivation benefits the climate, environment, and economic context. All of these
studies support Poland’s high potential for this type of cultivation. As Jadczyszyn et al. [45]
estimated, the potential area of willow cultivation for energy purposes in Poland amounts
to 9541 km? or 4.6% of agricultural land. However, this analysis did not cover soils with
the highest production potential belonging to the wheat and very good rye complexes and
the weakest, too dry soils of the very weak rye complex. It also excluded mountain areas,
protected areas and areas with annual precipitation <550 mm. For the West Pomeranian
voivodship, the estimated potential area for willow cultivation amounted to 1094 km? (6.5%
of agricultural land), for the Lubusz voivodship 534 km? (6.5% of agricultural land) and
the Lower Silesian voivodship 883 km? (6.8% of agricultural land) [45]. Thus, it can be
concluded that these provinces not only do not differ concerning the water needs of willow
(as shown in this paper) but also the potential area under willow cultivation is similar for
the percentage of agricultural land in the given voivodship (it is about 6.5-6.8% of the
agricultural land of the voivodship). The research carried out in this study has shown that
in the area of the three voivodships of western Poland, there are no significant differences
in the water needs of willow estimated for the growing season between 1981 and 2010. Lack
of significant differences in the obtained ETp values results most probably from the course
of air temperatures in the analyzed period in the voivodships. The used Blaney-Criddle
formula is based on air temperature, and hence the data strongly affect the obtained results.
However, it should be noted that the use of the B-C formula in this study captured an
extremely important trend, namely the increase of water needs of willow. This is due to the
fact that the predicted climatic changes under Polish conditions include an increase in air
temperature, which affects the growth of plants’ water needs.

The water requirements of willow estimated in the paper showed the current unfa-
vorable state of conditions for the cultivation of this plant in western Poland. To obtain
the largest possible biomass for energy purposes, providing the willow plant with optimal
water conditions is crucial. World research papers have increasingly focused on water
management in crops and estimated the necessary amount of water required for adequate
irrigation. It is also essential to carry out studies considering the impact of climate change
on plants” water needs [46]. Increasingly, research work is being conducted to model crop
water requirements and the necessary amount of irrigation water under different climate
change scenarios [30,47]. Previous analyses show that climate change has an impact on
irrigation water requirements. Furthermore, irrigation demand will increase for many
crops due to climate change [48].

Worldwide research indicates the need for precise estimation of plant water require-
ments. When making such calculations, it is crucial to use appropriate kc coefficients.
Measurements conducted for Peach-leaf willow (Salix amygdaloides) in the Platte River
basin in central Nebraska, USA, contributed to the development of crop evapotranspiration
coefficient (KcET) curves for this cultivar [49]. However, it should be remembered that
the water needs of willow depend on climatic conditions. In a study conducted on Salix
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gooddingii grown in restoration plots in three irrigation districts on the Lower Colorado
River, reference crop evapotranspiration (ETo) values ranged from 1890 to 1969 mm-yr~1.
For the same sites, irrigation requirement was estimated from 1817 to 1962 mm-yr—! [50].
Evapotranspiration (ET) values were also evaluated for wetlands and the willow variety
Salix miyabeana. From May to October, the average evapotranspiration rate in eastern
Canada was 22.7 mm~day_1 [51]. Therefore, it can be concluded that the estimation of ETp
for willow in this study is fundamental in the context of its proper cultivation, and these
analyses fit into the trend of global research. Moreover, this study fills a gap in science
concerning the determination of the water needs of this plant for the conditions of western
Poland. This is one of the few studies on this subject for this region.

Scientists emphasize that the willow is not a demanding plant in cultivation conditions.
Furthermore, it has been noted that willow also shows salt tolerance, which has been
defined as sensitive to moderately tolerant [52]. Moreover, it has been demonstrated that
irrigation of willow with stormwater up to 1625 mg Cl had no short-term effect on biomass
accumulation and evapotranspiration [53]. All of these measurements indicate that willow
has a high tolerance to different growing conditions. However, it should be remembered
that it is a plant that needs an adequate amount of water for optimal growth. Soil water
availability is one of the determinants of willow growth in montane riparian communities
in the USA [54]. High available water content (AWC) values were also the most critical
determinant of willow yield in the Danish area. AWC had a much greater effect on yield
than precipitation, radiation sum, and region [55]. The Swedish researchers found that
water is critical for the excellent profitability of willow short-rotation forestry [56]. In
addition, studies have shown that the Carolina Willow (Salix caroliniana) seeds in saturated
soils kept moist by capillarity had the highest germination capacity [57]. The research also
included estimating factors affecting aboveground biomass allocation and water storage
ratio in alpine willow shrubs. It was observed that relative water storage allocation was
significantly affected by species types [58].

The analyses carried out in this paper have shown that water needs of willow in
Poland have an increasing tendency year by year. Due to the ongoing climatic changes,
the occurrence of drought periods, and thus precipitation deficits, it will be more and
more challenging to fulfill them. It may not be possible to supply the appropriate amount
of rainwater necessary for irrigation during drought periods. However, it should be
remembered that willow is a plant that can also be successfully irrigated with wastewater.
Worldwide research shows that using willow for energy production is an opportunity to
reduce greenhouse gas emissions. It has been found that the biomass of this plant can be a
carbon negative or low-carbon energy source with high emissions and energy return on
investment. This applies to regions with similar conditions for the plant’s growth, transport
distances, and infrastructure [59]. Therefore, it is crucial to continue research into willow
cultivation to optimize its cultivation and widespread use. Research should include field
experiments on different willow cultivation practices and varying water availability. In view
of climate change and the need for crop adaptation, all kinds of experiments simulating
stress conditions such as drought are desirable. Increasing research and knowledge is
extremely important, especially in countries such as Poland, which soon must change their
energy policy and drastically reduce coal burning in favour of other alternative energy
sources, including biomass.

5. Conclusions

The calculations and analyses carried out in this paper determined the water needs
of willow and evaluated the current conditions of its cultivation in three voivodships of
western Poland: West Pomeranian, Lubusz, and Lower Silesian. The main conclusions of
the study are as follows:

1.  Estimated water needs for the years between 1981 and 2010 in the growing season
(from 3rd decade of May to the end of October) amount on average to 408 mm for West
Pomeranian Voivodeship, 405 mm for Lubusz Voivodeship, and 402 mm for Lower
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Silesian Voivodeship. The highest values of water needs can be found in June, July,
and August, while the lowest can be found in the third decade of May and October.

2. The analysis of variance (ANOVA) of the willow water needs values for the growing
season from 1981 to 2010 did not show significant differences between the voivode-
ships (p-value = 0.33 > 0.05). The hypothesis HO stating that the water needs of willow
in the analyzed provinces do not differ was not rejected. Therefore, it can be concluded
that the whole region shows similar conditions for willow cultivation.

3. Precipitation in the studied area of all three voivodeships was lower than the calcu-
lated ETp values in most years. However, in only a few years, precipitation fulfilled
the water requirements of willow. Concerning this aspect, the best conditions pre-
vailed in the Lower Silesian voivodship, where rainfall was higher than ETp in 6 years
out of the analyzed 30 years.

4. Water needs of willows in the analyzed thirty-year period from 1981 to 2010 generally
show an increasing trend. This trend forces growers to manage water appropriately,
particularly important given Poland’s limited water resources.

5. The highest rainfall deficits are found in the West Pomeranian voivodship and range
from 132 to 288 mm, depending on the year, while the lowest values are found in the
Lower Silesian. The problem of precipitation shortage is currently one of the major
challenges for agriculture in Poland.

The analyses carried out show that similar conditions for willow cultivation character-
ize West Poland, and its water needs mainly were not fulfilled by precipitation in the period
from 1981 to 2010. Based on previous worldwide studies, one should consider trying to
apply adequate irrigation with water or irrigation with treated wastewater, which would
provide an appropriate amount of water to this plant. At the same time, this measure
could contribute to obtaining an adequate or even higher yield. The use of wastewater
in Poland for this purpose would also be potentially beneficial due to the relatively small
water resources. However, more research should be conducted in Poland to verify this
hypothesis. Nevertheless, without estimating the water requirements, it is not possible to
use adequate irrigation and carry out further experiments correctly. Therefore, this study
provides guidance and encouragement for further research and valuable practical advice
for farmers and growers.

Currently, scientists emphasize that due to Poland’s limited water resources, the
selection of a suitable energy crops should be based on the water needs of the plants [40],
which were estimated in this paper for the willow. This research project is one of the few
attempts to estimate willow ETp for the climate of western Poland. With the accurate
estimation of the water needs of the willow, it will be possible to optimize the cultivation of
this plant and thus increase the biomass obtained. With increased biomass, this plant could
potentially be a source of renewable energy for Poland, thus speeding up the country’s
transition away from coal mining. Such an action fits into the climate neutrality policy
of the European Union, which is currently one of the priorities to be implemented by
member states.
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