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Abstract: This study investigated the usefulness of three methods: (1) Press, (2) Grabarczyk and
Rzekanowski, and (3) Treder, in estimating the water needs of apple, pear, cherry and plum trees
grown in central Poland, where particular water deficits are observed. The assessments were based
on meteorological data for the growing seasons 1989–2020. Orchard irrigation requires a simple and
accessible method of estimating plant water requirements. The average water needs assessed for
apple ranged from 435 mm (Press) to 729 mm (Grabarczyk and Rzekanowski), for pear between
353–699 mm (Grabarczyk and Rzekanowski), for cherry between 315 mm (Press) and 660 mm
(Grabarczyk and Rzekanowski), and plum ranged from 455 mm (Press) to 718 mm (Grabarczyk and
Rzekanowski). Regardless of the method used, precipitation in the studied period did not cover the
water needs of the fruit trees. Additionally, there was a tendency to increase the water requirements
of the plants. In each method, water needs in the second and third decades were higher than in the
first. The highest water needs of the fruit trees were calculated using the Treder method, and the
lowest using the Press method. In practice, each of the methods can be used to forecast the water
needs of fruit plants, but the Treder method seems to be the simplest and most accessible.

Keywords: apple tree; cherry tree; evapotranspiration; pear tree; plum tree; precipitation deficit

1. Introduction

Precipitation is the basis for proper functioning agriculture, not only in Poland but
worldwide, as it is retained in the soil and serves as a source of water for plants. Its intensity
and distribution determine soil humidity, which affects plant growth and development. In
central Poland, where water shortages are frequent, intensive vegetable and fruit growing
is exclusively dependent on the course and distribution of precipitation and air temper-
ature [1]. In some regions of central Poland, in which intensive farming is practiced, the
average multiannual rainfall amounts to 550–600 mm; however, it does not exceed 500 mm
in particularly dry years [2]. Moreover, precipitation in Poland is characterized by high
spatial variability, from 500 mm in central Poland to 700 mm and even 800 mm in the
coastal and foothill areas. Yet, in the case of temperate climate areas, the precipitation
level required for intensive farming is 600 mm, while annual precipitation below 500 mm
is deemed to be the threshold for steppe-formation [3]. Spatial and temporal variability
of precipitation is a characteristic feature of the Polish climate, which makes it difficult
to estimate water needs of plants and forecast water balance [1]. Plant water needs vary
due to the changing climate and meeting them becomes increasingly difficult every year.
It is expected that Poland water balance will continue to deteriorate in the next several
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years [1,4]. Most climate models indicate that, in the case of Poland, the amount of precipi-
tation in the summer half-year period will decrease due to global warming. At the same
time, the water balance will deteriorate significantly due to increased evapotranspiration
caused by the rising average temperature [5,6].

Water scarcity and reasonable water management issues have been the subject matter
of many studies of the European Commission and Parliament, with many regulations on
them being issued. This is one of the reasons why developing and introducing a water
management system for farming purposes is recommended. An insufficient amount of
water during the growing season significantly impacts crop output, but, above all, it
limits crop quality, particularly in the case of fruit and vegetables. Fruits developing in
drought conditions typically have less-attractive coloring and are smaller and more likely
to succumb to diseases compared to ones developing with access to a sufficient amount
of water [7,8]. The research conducted to date has shown that, to develop optimally,
fruit plants in Poland require annual precipitation ranging from 700 mm to 800 mm, and
potentially even up to 800–900 mm [9,10]. The precipitation in Poland does not reach such
values and the average amount of precipitation over long-term periods is 602 mm, with
deviations from the average of +/–30% in some years [4]. Apart from annual amounts of
precipitation, the distribution of precipitation in the vegetation season is equally important
for the proper water supply of fruit plants, as it affects its effective use in the period of
increased water needs [11–13]. The effectiveness of precipitation depends on its intensity.
The least effective is heavy rainfall, which constitutes a relatively large yield in the climate
balance of Poland [14]. In the case of high or excessive precipitation, part of the water
may seep out of the range of root systems or be discharged from the field as surface
run-off [15–19]. According to Drupka [20], only precipitation higher than daily values
of potential evapotranspiration can be considered significant in the water balance of soil.
Therefore, when analyzing water needs, the factor that should be considered is not the
amount of precipitation but the amount of effective precipitation. In Poland, statistically
dry years occur every 5 or 6 years, while extremely dry years occur every 10 or 11 years.
Every year, there are periods of several weeks of rainfall deficiency. They are particularly
dangerous for vegetable and fruit production on light soil, which prevails in Poland.
Atmospheric droughts occur in central Poland and last longer than 15 days in May and
June (in 30–40% of years) and July and August (30–35% of years) [21].

Poland is a significant producer of fruit and vegetables in Europe. To maintain
their strong market position, Polish producers must ensure the continued quality of their
products while also steadily lowering their costs. This is why crop irrigation during the
growing period is vital, as it ensures a high yield of good quality fruit. However, the
finite amount of water available and increasing water needs (due to climate changes and
crop production intensification) necessitate that the most effective irrigation methods must
be used in practice. Nowadays, the majority of farming (ca. 78%) uses water-saving
drip irrigation systems [11]. Unfortunately, few farmers know any crop water needs-
estimation methods. More than 80% of users of irrigation systems declared that they
estimate their crops’ water needs at a guess. Surveys have shown that the vast majority of
fruit producers fail to apply any reliable irrigation needs-estimation methods, which results
in very irrational water use. Methods that use measurement equipment (tensiometers,
soil moisture sensors) require not only significant outlays to obtain them, but also proper
operation during their use (conducting testing, analyzing the results), which increases their
cost even further, especially in small farms with very limited investment capacity. Based
on a principle that is being adopted across the world, plant water needs are determined
by measuring the climate parameters, whereas local soil moisture measurements are
merely complementary to the entire calculation system (they are used for calibration). This
approach makes it possible to estimate the needs on a macro- and micro-regional scale, in
any number of combinations [22,23]. In practice, both complex and simplified calculation
models are used to estimate evapotranspiration. Complex models require inputting solar
radiation, wind flow speed, and air temperature and humidity data. The data required to
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estimate evapotranspiration using a simple model typically include temperature change
measurements or air temperature and humidity data [24].

Regarding Poland’s climate conditions, the most significant precipitation deficits,
particularly unfavorable water balance, and increased frequency of periods without rainfall
occur in its central, lowland area, so-called the Land of the Great Valleys. It is a particularly
water-scarce area [24–28]. Considering the climate criterion, the above area has the greatest
irrigation needs in all of Poland. These areas are characterized by the lowest precipitation
during the growing season (April–September), extremely unfavorable climatic water bal-
ances and an increased frequency of long-term rain-free periods. They include areas with
light and very light soils, located in a zone with precipitation isohyet of 350 mm in the
period April–September. Rzekanowski [21] believes that these areas show the greatest need
for irrigation in Poland as they meet the climatic criterion of irrigation application. The
share of poor soil in complex soils in this region is significant at 37.5%. The frequent water
shortages must be rectified to increase the productivity of these soils. In light of the climate
changes expected to take place in Poland, both a significant increase in the water needed for
irrigation purposes and increasing water shortages in summer are visible [29]. This is due
to the temperature increase in the growing period, which increases evapotranspiration as
well. In this case, irrigation, particularly using water-saving micro-irrigation systems, is the
primary factor affecting the soil hydrographic conditions during prolonged rain-free peri-
ods, which are bound to intensify even further [4,29–31]. Thanks to their high effectiveness,
lower maintenance costs compared to other solutions, as well as decreasing investment
outlays needed for their purchase, such irrigation systems are becoming more and more
prevalent in fruit farming [4,11,32–36]. Such systems also comply with the requirements of
so-called precision agriculture. Their very high energy and water use efficiency qualities
(low water use at low pressure) and localized plant irrigation capabilities make it possi-
ble to create natural, technical, and economic systems harmoniously integrated into the
farming environment [21,37]. To increase the efficiency of the use of scarce water resources
for irrigation, precise methods for determining water needs of plants, irrigation needs and
irrigation control should be introduced in agricultural practice [24,38–40].

In Poland, as opposed to countries located in warmer climate zones, plant irrigation
is typically interventional. Its purpose is to supplement periodic precipitation deficits in
relation to the water needs of cultivated plants. It is also meant to retain the water resources
in the soil layer penetrated by the majority of the plants’ root systems, thus making them
easily available for plants [21]. This principle can only be met through adequate irrigation
management, which requires determining the proper irrigation time [40]. Irrigation time
may be determined based on various criteria, including plants [41,42], soil, using probes
and tensiometers [16,43], and climatic factors [44,45], based on the assumption that plant
water use is determined based on the weather conditions and the plant development phase.
According to Żarski et al. [40], the most vital part in the case of the water gained is to
determine the effective natural precipitation, whereas in the case of the water lost it is
evapotranspiration, determined using models requiring either full or limited access to
meteorological data. According to FAO recommendations, the Penman–Monteith formula
is advised to determine reference evapotranspiration [27,44]. In Polish conditions, its use in
practice to determine water needs is often limited due to the large amount of data needed
for calculations [24,40]. There is, therefore, a great need to adapt models based on simple
meteorological measurements, such as air temperature and humidity, to practice. Two
models are already in line with this criterion: the Grabarczyk model [46] and Hargreaves
model [47] modified by Droogers and Allen [48]. Their suitability for determining reference
evapotranspiration in Polish conditions has been confirmed by Treder et al. [24].

Plant irrigation needs in Poland are a result of precipitation deficits, with precipitation
being the primary source of water for plants during their growing period. Precipitation
deficits are defined as differences between plant water needs indicators and the actual
precipitation during the entire growing period or specific plant growth and development
phases. They are typically calculated in relation to the entire multiannual period, which
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makes it possible to assess the space variation, or, for the subsequent plant growing seasons,
makes it possible to assess the time variation. In the case of Poland’s transitional climate
conditions, the analysis of precipitation deficit variation over time, and thus irrigation
needs, seems to be more important as the differences in the water supply for plants in
specific years exceed the average differences in particular regions. Despite the significant
amount of research conducted, quantifying plant water needs remains difficult. This is
partly due to the incredibly complex relations between plant water needs indicators and the
soil and meteorological factors, as well as the differences between the specific plant species
and cultivars. Plant water needs are determined based on indicators, typically optimal
precipitation or precipitation requirements, or by determining the evapotranspiration of a
field of plants under optimal soil moisture conditions. Precipitation indicators are partic-
ularly useful for assessing irrigation needs while evapotranspiration indicators are more
important when it comes to monitoring soil water use, which is vital for proper irrigation
dosage, i.e. irrigation management. In Poland, the attempts to regionalize the irrigation
needs of plants were based, among others, on the optimal Klatt rainfall as an indicator of
water needs [46], and numerous studies using rainfall needs determined on the basis of
plant yield [49]. Using models enabling the calculation of reference evapotranspiration to
estimate plant water needs requires determining the k plant coefficients, which depend on
the species and plant development phase [49,50].

The research conducted in central Poland has shown the expediency of using irrigation
as the primary crop-enhancing measure in the case of low-retentivity soils [51]. The use of
irrigation on light soils has allowed the cultivation of both fruits and vegetables [21,52–55].
The water requirements of plants vary depending on the species, type of soil and substrate,
age and planting density, groundwater level and physiological conditions. The water needs
increase as the period of growth and ripening of fruits is extended. Water needs of fruit
plants grow with the shallowing of the root system, which depends on the species and type
of rootstock [9,56]. Therefore, it is assumed that out of all fruit plants, berry plants have
the greatest water needs, and among them blueberry, strawberry and strawberry, followed
by raspberry, currant and gooseberry [57]. Fruit trees also have relatively high water
needs; apple and plum have the highest water needs (especially on dwarf and semi-dwarf
rootstock), peach, cherry, pear and walnut have medium water needs, and apricot and
cherry trees have relatively low needs [9,57].

Polish scientific literature features little information on calculating the water needs of
fruit plants and the technology of irrigating such plants. According to Rzekanowski [56],
the awareness of how the evapotranspiration process changes along with changes to soil
humidity is vital for managing irrigation in farming areas. In the Polish literature [58–61]
on estimating water needs of fruit trees, the amounts of precipitation necessary to obtain
high yields are given, described as optimal precipitation according to Kemmer and Schulz
and Press. Based on the study published by Grabarczyk et al. [60], regression equations
were determined and formulas useful for assessing water needs of selected species of
fruit trees based on air temperatures were given. Water needs of fruit trees according to
Drupka [17,20] were defined as water consumption from a controlled moisture layer. These
formulas allow to calculate water needs of fruit trees in each month of the growing season
for two soil categories: cohesive and sandy. In rain-free periods, these values represent a
shortage of water needed to cover the potential evapotranspiration of fruit trees.

In the research, the usefulness of three methods of estimating water needs was assessed.
The analysis was performed with the methods developed by (1) Press, (2) Grabarczyk, and
(3) Rzekanowski and Treder. The water needs of four species of fruit plants, apple, pear,
cherry and plum trees growing in central Poland, were calculated. The estimates were made
on the basis of meteorological data for the growing season (April–September) in the years
1989–2020. The aim of the research was to indicate a simple and generally accessible method
of estimating water needs in fruit crops. The obtained results will indicate the most favorable
method of assessing the water needs of fruit trees, which can be used in the development of
sustainable irrigation methods, adapted to the meteorological conditions in central Poland.
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2. Materials and Methods
2.1. Experimental Site and Weather Conditions

The study was carried out for apple, pear, cherry and plum tree crops in central Poland,
where the lowest precipitation in the country during the growing season is observed [56].
This area of Poland contains mostly luvisols of IV, a valuation class. In this area, the
climatic risk of fruit plant cultivation is particularly high, which translates into the need for
irrigation systems and, above all, precise determination of irrigation doses.

The meteorological data, including precipitation amounts and average air tempera-
tures, were collected by the Institute of Meteorology and Water Management stations in
Toruń and Bydgoszcz, as well as the meteorological stations of Brown Coal Mine Konin in
Lubstów and Kleczew. The precipitation amount was calculated by creating isohyets [62].
The average precipitation amount for central Poland for the growing season, considered
as 1 April to 30 September in the years 1989–2020, was also calculated using the Thiessen
polygon method [63].

Figure 1 shows the sums of precipitation and the average temperatures for the growing
season (April–September) in the years 1989–2020. The precipitation was highly variable
and exhibited both temporal and spatial discontinuities. Large differences in monthly and
annual precipitation totals in specific years occurred in the studied region of central Poland
that may be considered characteristic for this part of Europe. In 1989–2020 the average
precipitation in central Poland in the period April–September was 336 mm. The lowest
amount of precipitation occurred in 1989 (142 mm) and was 194 mm lower than the long-
term average, while the highest amount of precipitation was observed in 2010 (563 mm)
and was 227 mm higher than the long-term average. Mean air temperature during the
growing season in the years 1989–2020 was 16.1 ◦C and ranged from 14.1 ◦C in 1989 to
18.4 ◦C in 2003. In the second and third decades, a significant increase in temperature by
more than 1 ◦C was noticed.
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2.2. Water Needs of Fruit Trees Calculated by Press

Based on the daily and monthly air temperatures obtained, water needs for apples,
pears, cherries and plums were read from a table prepared by Press for each month of the
vegetation period (Table 1). Table 1 contains water needs (mm) for medium-compacted
soils, developed for the climatic conditions of East Germany, depending on four ranges
of air temperature in the subsequent months of the growing season. Table 1 shows that
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plum and apple trees exhibit the highest water needs, at 400–510 mm and 380–490 mm,
respectively, whereas cherry trees have the lowest water needs at 280–345 mm.

Table 1. Equations for fruit tree water needs determination on the basis of optimal precipitation by
Press; developed by Rolbiecki [64] and based on report of Żakowicz et al. [25].

Period Plant Water Needs Range (mm)

1 April to 30 September apple 380–490
1 April to 30 September pear 325–400

1 April to 31 August cherry 280–345
1 April to 30 September plum 400–510

Rolbiecki [61,64] developed formulas for *determining water needs of fruit trees based
on the assumptions by Press, which make it possible to calculate the required precipitation
amounts in the specific months of the growing period: April to August for cherries, or
April to September for apple, cherry, pear and plum trees, for three soil categories: light,
medium and heavy. The Press method, using the equations developed by Rolbiecki [61],
was used to determine the fruit tree water needs as optimal precipitation [65]. For pear,
apple and plum trees, the water requirements were calculated for the period from 1 April
to 30 September and for cherry trees for the period from 1 April to 31 August (Table 1).

Four variants of water needs were determined in each month of the growing season,
depending on the average air temperature. When the temperature rises by 2 ◦C, the amount
of precipitation or the irrigation dose should be higher by 5 mm to 10 mm to provide the
plants with a sufficient amount of water.

2.3. Water Needs of Fruit Trees According to the Method of Rzekanowski and Grabarczyk

In this method, the Grabarczyk [46] formula was used to calculate the amount of
reference evapotranspiration Equation (1).

ETo = 0.32 × (Σd +
1
3

Σt), (1)

where: ETo = reference evapotranspiration (mm); Σd = sum of average daily air humidity
deficiency (hPa); Σt = sum of average daily air temperatures (◦C).

The reference evapotranspiration for all months of the growing season was calculated
according to Equation (1). Then, for each fruit plant studied, the potential evapotranspi-
ration was calculated by multiplying it by the plant coefficient kc (Table 2) according to
Rzekanowski’s formula [56] (Equation (2)):

ETp = kc × ETo, (2)

where: ETp = potential evapotranspiration (mm); kc = plant coefficient depending on the
development phase and the condition and type of vegetation (Table 2); ETo = reference
evapotranspiration (mm).

Table 2. Monthly values of the plant kc coefficient of fruit plants [22].

Month Empirically Determined
Plant Coefficient α

Plant kc Coefficient

Apple Pear Cherry Plum

April 0.28 0.50 0.45 0.45 0.50
May 0.21 0.75 0.75 0.75 0.75
June 0.19 1.10 1.05 1.00 1.10
July 0.18 1.20 1.15 1.10 1.20

August 0.17 1.20 1.15 1.10 1.20
September 0.16 1.15 1.10 0.90 1.15
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The actual evapotranspiration for apple, pear, cherry and plum trees was determined
by multiplying the value of reference evapotranspiration obtained from Grabarczyk’s
formula [46] by the plant coefficient kc.

2.4. Water Needs of Fruit Trees Calculated Using the Treder Method

The third method of determining the water needs of fruit plants was the Treder
method [24]. In this method, the reference evapotranspiration value of each plant for
each month, obtained using the method of Grabarczyk [46], was multiplied by the plant
coefficient kc, thus obtaining the actual evapotranspiration value. Water needs of fruit
plants according to the Treder’s model were calculated using the Web-based Decision
Support System [66]. As a result of work aimed to improve the efficiency of water use
for fruit plant irrigation, the Institute of Horticulture in Skierniewice created an Internet
Platform for Hydration Decision Support [66]. It was developed and implemented online
and uses simple methods to estimate fruit plant water requirements. The platform contains
both historical and up-to-date meteorological data, as well as climatic water balance in-
formation. Meteorological data are acquired using iMetos measuring (Pessl). This allows
users whose orchards are located in meteorological measurement areas to directly use
evapotranspiration and precipitation data. However, due to the high natural variability of
rainfall [11], users can also adjust the data by entering their own rainfall measurements on
the website. Users who do not use measured data can determine the reference evapotran-
spiration themselves using the calculation models included in the applications. If complete
meteorological data are available, calculations can be made using the Penman—Monteiha
model [49]. When the data are incomplete, the user can choose from among three additional
models, ranging from the simplest temperature model, subject the largest error, to the
Grabarczyk [46] and Hargreaves [47] models. The Internet Platform for Hydration Decision
Support was used to determine the water requirements of selected fruit plants. The factors
determined included plant spacing, soil type, the species for which the calculations were
conducted, as well as the evapotranspiration rate calculated using the Evapotranspira-
tion application. Water needs of specific plants (ETc) were estimated by multiplying the
reference evapotranspiration (ETo) value and the plant-specific kc coefficient [44]. The
result obtained is the minimum water application rate or the necessary irrigation time to
balance plant water needs for a specific calendar day and evapotranspiration rate. This
confirms the practical usefulness of estimating tree water needs based on meteorological
data for irrigation management in large-scale production farms. The formula for reference
evapotranspiration given by Treder, using the empirically determined plant coefficient
α and plant coefficients kc adapted to this equation, makes it possible to determine the
evapotranspiration of plums, pears, apple trees and cherries during the period April to
October. Using the Hargreaves model [47] modified by Droogers and Allen [48] in the
Treder method [24], very similar ETo values were obtained (compared to the reference val-
ues according to the Penman-Monteith model [49]). Treder method [24] recommend using
this relatively simple model for individual farms and local websites. Indeed, the only thing
needed to determine fruit tree water needs in the case of this model is daily measurements
of maximum and minimum air temperature, as well as the plant coefficients kc.

Fruit tree water needs according to the Treder model [24] were estimated in three steps:

1. Estimation of the reference evapotranspiration (ETo) that were made according to the
formula Equation (3):

ETo = α× T, (3)

where: ETo = reference evapotranspiration (mm); α = empirically determined plant
coefficient; T = average temperature on the given day (◦C), calculated using the
following formula Equation (4):

T =
Tmin + Tmax

2
, (4)
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where: T = average temperature on the given day (◦C); Tmin = minimum temperature
(◦C); Tmax = maximum temperature (◦C).

2. Estimation of the evapotranspiration of a specific species (ETr) that were made ac-
cording to the formula Equation (5):

ETp = kc × ETo, (5)

where: ETp = potential evapotranspiration for a specific species (mm); kc = plant
coefcient, assumed for a specific species and month (Table 2); ETo = reference evapo-
transpiration.

3. Estimation of the evapotranspiration of a specific planting, taking into account tree
sizes (ETr*) that were made according to the formula Equation (6):

ETr∗ = wp × ETp, (6)

where: ETr* = evapotranspiration of a specific planting, taking into account tree
sizes; wp = correction coefficient, read from the diagram based on the shading of the
ground by the tree crowns (%). The correction coefficient (wp) increases along with
the increase of the shading of the ground by tree crowns. For example: for shading
equal to 10%, 20%, 30%, 40%, 50% and 60%, the wp coefficient is about 28%, 48%, 65%,
80%, 90% and 98%, respectively; ETp = potential evapotranspiration for a specific
species (mm).

The results were developed through the statistical determination of the following
values: mean, median, maximum and minimum, standard deviation and coefficient of
variation. An attempt was also made to determine possible tendencies (trends) towards
changes in the examined index of water needs of fruit plants in central Poland. The
methodology [67] proposed also by Rolbiecki [61] was used in the previous calculations.

3. Results and Discussion
3.1. Water Needs of Fruit Trees Calculated by Press Method

The calculations carried out using the Press method showed that the amount of
precipitation satisfied the water needs of apple trees only in three vegetation periods. The
precipitation exceeded the water requirements of apples by 76 mm in 2001, 53 mm in 2010
and 26 mm in 2017 (Figure 2, Table 3). The water needs of apples calculated using the Press
method were the lowest in 1991 (435 mm) and the highest in 2002 (560 mm). The average
apple water requirements amounted to about 488 mm. The average water needs of pear
trees (398 mm) were lower than those of apple trees. On the other hand, only in seven
growing seasons did the amounts of precipitation meet the water needs of pears: in 1993
(46 mm), 2000 (9 mm), in 2001 (151 mm), 2007 (10 mm), 2010 (148 mm), 2013 (29 mm), and
in 2017 (121 mm). Pear water needs were lowest in 1990 (356 mm) and highest in 2002
(455 mm). Compared to apple, pear, and plum trees, in the case of cherry trees the growing
season is one month shorter (April–August) which results in lower water requirements.
The lowest water needs occurred in 1991 (315 mm), the highest in 2002 (400 mm), and the
average was 347 mm. The greatest water deficit for cherry trees occurred in 1989 (188 mm),
and in 2018 (171 mm). Higher amounts of precipitation compared to the cherry water
requirements occurred in 2010 (by 198 mm), 2001 (by 196 mm) and 2017 (by 166 mm). Only
in twelve growing seasons between 1989 and 2020 was the amount of precipitation higher
than the water needs of the cherry trees. The highest plum tree water needs, calculated
using the Press method, occurred in 2002 (580 mm), while the lowest in 1991 (455 mm). The
amount of precipitation exceeded the water needs of plums by 56 mm in 2001, by 28 mm
in 2010, and by 11 mm in 2017. The average water requirement of plum trees was 506 mm.
The differences between the amount of rainfall during the growing seasons and the water
needs of fruit trees, calculated using Press method, show that plum trees are the most
demanding in terms of water needs among studied fruit plants. High water requirements
were noted also in the case of apple trees. According to the Press method, cherry trees
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showed the smallest water needs. The highest water needs in apple, pear and cherry trees
occurred in July (81–102 mm), and in plum in August (103 mm). The value of the variation
coefficient of the studied fruit trees was low and ranged from 6.2% to 6.6%.
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Figure 2. Water needs of apple, pear, cherry and plum trees determined using the Press method in comparison with
precipitation during the growing season (1989–2020).

Table 3. Statistical characteristics of fruit tree water needs determined using the Press method.

Months Mean
(mm)

Standard Deviation
(mm)

Variation Coefficient
(%)

Apple

April 68 7.8 11.5
May 78 8.1 10.3
June 88 8.2 9.3
July 102 11.0 10.8

August 94 13.2 14.1
September 58 4.6 8.0

April–September 488 32.1 6.6

Pear

April 55 4.6 8.4
May 69 7.8 11.3
June 76 4.4 5.9
July 81 11.1 13.7

August 68 6.4 9.4
September 53 5.1 9.6

April–September 398 26.5 6.6

Cherry

April 49 5.3 10.7
May 60 8.0 13.4
June 76 4.8 6.3
July 90 10.6 11.8

August 73 5.8 7.9

April–August 347 22.1 6.3
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Table 3. Cont.

Months Mean
(mm)

Standard Deviation
(mm)

Variation Coefficient
(%)

Plum

April 68 8.1 11.9
May 84 8.6 10.3
June 93 8.6 9.3
July 100 10.9 10.9

August 103 8.3 8.0
September 57 5.7 10.1

April–September 506 31.2 6.2

3.2. Water Needs of Fruit Trees According to the Method of Rzekanowski and Grabarczyk

The water needs of the tested fruit trees, estimated using the method of Grabarczyk
and Rzekanowski, were at a similar level (Figure 3, Table 4). The water needs during the
growing seasons in 1989–2020 ranged from 456 mm (2008) to 729 mm (2018) for apple trees,
with an average of 596 mm; from 453 mm (1996) to 699 mm (2018) for pear trees, with an
average of 578 mm; from 428 mm (1996) to 660 mm (2018 and 2019) for cherry trees, with
an average of 546 mm; and from 462 mm (1997) to 718 mm (2019) for plum trees, with an
average of 587 mm. For all species, the lowest water needs were in April (27–31 mm) and
the highest in July (139–152 mm). Generally, in all tested fruit trees, the Grabarczyk and
Rzekanowski method showed very high water deficits. The smallest differences between
the water needs of the studied fruit trees and the amount of precipitation were found in
2001, 2010 and 2017. The highest variability of plant water needs was observed in July and
September (21.0–21.6%), while the lowest was in June (15.9–16.4%).

Table 4. Statistical characteristics of fruit tree water needs in Grabarczyk and Rzekanowski method.

Months Mean
(mm)

Standard Deviation
(mm)

Variation Coefficient
(%)

Apple

April 31 5.6 18.2
May 70 13.2 18.8
June 120 19.7 16.4
July 151 31.8 21.0

August 144 23.8 16.5
September 87 18.8 21.6

April–September 603 65.4 10.8

Pear

April 27 4.8 17.7
May 71 13.4 19.0
June 115 18.3 15.9
July 146 31.0 21.3

August 139 25.6 18.4
September 83 17.7 21.3

April–September 580 66.4 11.5

Cherry

April 27 5.0 18.1
May 71 13.8 19.4
June 110 17.7 16.1
July 139 29.1 21.0

August 134 25.6 19.2
September 68 14.7 21.6

April–September 548 61.9 11.3
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Table 4. Cont.

Months Mean
(mm)

Standard Deviation
(mm)

Variation Coefficient
(%)

Plum

April 28 5.4 19.4
May 70 13.4 19.0
June 120 19.5 16.3
July 152 32.4 21.3

August 138 22.9 16.6
September 87 18.7 21.5

April–September 595 66.7 11.2
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Figure 3. Water needs of apple, pear, cherry and plum trees determined using the Grabarczyk and Rzekanowski method in
comparison with precipitation during the growing season (1989–2020).

3.3. Water Needs of Fruit Trees Calculated Using the Treders Method

The water needs values calculated by the Treder method were comparable for all tested
fruit trees and amounted to 557 mm for apple trees, 534 mm for pear trees, 505 for cherry
trees and 550 for plum trees (Figure 4, Table 5). Generally, the lowest water requirements
of all studied fruit trees occurred in 1990 and the highest in 2002, and ranged from 497 mm
to 644 mm for apple trees, from 476 mm to 618 mm for pear trees, from 451 mm to 586 mm
for cherry trees, and from 489 mm to 633 mm for plum trees. In July, the mean water needs
of trees were the highest and amounted to 123–134 mm. Low water requirements were
observed in April. The calculations carried out using the Treders method showed a clear
deficit of precipitation in the analyzed period. Only in the growing season of 2001 were
the water needs of apple, pear and plum trees fully covered by rainfall. In the case of
cherry, the water requirements were covered by precipitation also in 2010 and 2017. The
highest variability of the water needs determined by the Treders method was noted in April
(17.1%), whereas the lowest was in August (8.8%). The value of the variation coefficient in
the entire growing season for all tested fruit trees was about 7%.
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Figure 4. Water needs of apple, pear, cherry and plum trees determined using the Treder method in comparison with
precipitation during the growing season (1989–2020).

Table 5. Statistical characteristics of fruit tree water needs determined using the Treder method.

Months Mean
(mm)

Standard Deviation
(mm)

Variation Coefficient
(%)

Apple

April 39 6.1 17.1
May 71 8.4 11.8
June 111 10.9 10.2
July 133 13.8 10.8

August 123 10.4 8.8
September 79 9.4 12.3

April–September 557 39.0 7.0

Pear

April 36 6.1 17.1
May 71 8.4 11.8
June 107 10.9 10.2
July 128 13.8 10.8

August 119 10.4 8.8
September 76 9.4 12.3

April–September 534 37.3 7.0

Cherry

April 36 6.1 17.1
May 71 8.4 11.8
June 102 10.4 10.2
July 123 13.2 10.8

August 113 10.0 8.8
September 62 7.7 12.3

April–September 505 35.1 6.9

Plum

April 36 6.1 17.1
May 71 8.4 11.8
June 112 11.5 10.2
July 134 14.4 10.8

August 119 10.4 8.8
September 79 9.8 12.3

April–September 550 38.3 7.0
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3.4. Comparison of the Methods Used to Calculate the Water Needs of Fruit Trees

Figures 5–9 summarize the water needs of apple, pear, cherry, and plum trees calcu-
lated using the Press, Grabarczyk and Rzekanowski, and Treder methods. In the study
reported by Drupka [17] the apple tree water requirements ranged from 370 mm to 811 mm.
In the present study, depending on the calculation method, the lowest apple tree water
needs ranged from 435 mm (1991) when calculated using the Press method, to 497 mm
(1990) when using the Treder method (Figure 5). The highest water requirements of apples
varied between 560 mm in 2002 in the case of the Press method to 729 mm in 2018 in the
case of the Grabarczyk and Rzekanowski method.

According to the results published by Grabarczyk [65], the water requirement of
pear trees was 500–710 mm, whereas in the current research, the lowest pear tree water
needs ranged from 353 mm (1996) using the Grabarczyk and Rzekanowski method to
476 mm (1990) when using the Treder method (Figure 6). The highest water requirements
of pear were between 455 mm in 2002 (Press method) and 699 mm in 2018 (Grabarczyk
and Rzekanowski method).
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Depending on the calculation method used in this study, the lowest cherry water
needs ranged from 315 mm (1991) in the case of the Press method to 451 mm (1990) using
the Treder method (Figure 7). In turn, the highest water needs of cherry were from 400 mm
(2002) in the Press method to 660 mm (2018 and 2019) in the Grabarczyk and Rzekanowski
method. In Polish climate conditions, the annual amount of precipitation required to
provide cherry trees with the appropriate amount of water is between 500 mm and 600 mm
and between 280 mm and 345 mm during the growing season [57,58,60,68]. The average
multiannual precipitation totals in the central Poland fall within the required range, as
they amount to 520 mm [59,69,70]. For comparison, the average annual water needs of
cherry trees in the medium soil in the Bydgoszcz region, determined for the 1981–2015
period, were 532 mm [59]. The annual water requirements for cherry trees calculated in the
1981–1985 period ranged from 473 mm to 539 mm (495 mm on average) [71]. In the years
1976–2015, the water needs of cherry trees in medium soils during the period April–August
were 316 mm in the Bydgoszcz region and 326 mm in the Wrocław region [64]. According
to Rzekanowski [56], high water deficits occur in the case of fruit plants grown in the
central strip of Poland, which for cherry trees cultivated in medium soil amounted from
20 mm to 42 mm. To obtain positive production effects in cherry crops in central Poland,
sprinkling [48], drip irrigation [71–73] and sub-irrigation [74,75] should be performed.
In Polish conditions, the need for watering cherry trees occurs from mid-May to mid-
August and amounts to up to 140 mm [48]. According to Rzekanowski [56] and Treder [24],
precipitation deficiencies in cultivation of cherry trees in central Poland range from 39 mm
to 78 mm.

The lowest water needs of plum trees, assessed in the present study, varied from
455 mm in 1991 according to Press method to 489 mm in 1990 using the Treder method
(Figure 8). In turn, the highest water requirements of plum trees ranged from 580 mm
in 2002 in calculation by Press method to 718 mm in 2019 using the Grabarczyk and
Rzekanowski method. For comparison, lower water requirements, which averaged 486 mm,
were estimated in the case of peach [59,71–73].
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On the basis of estimations, in the analyzed period (1989–2020), certain tendencies
were found to increase the water needs of the studied fruit trees (Figure 9). Regardless of the
calculation method, the water needs of all tested fruit species in the first decade (1989–1998)
were lower than in the second (1999–2008) and the third decade (2009–2020). Nowadays,
the tendency to increase the water needs of crops is a huge problem in agriculture [1,4,5].
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In the present study, using three methods of calculating the water needs of plants, a clear
deficit in rainfall was demonstrated in apple, pear, cherry and plum tree cultivation in
central Poland. This proves the need to install irrigation systems in this area, and thus it
is also necessary to develop research aimed at introducing simple and easily accessible
methods of estimating the water needs of cultivated species. Many authors have previously
observed, especially in central Poland, the excellent effects of supplementing rainfall by
irrigation, both in orchards [76–79] and vegetable crops [80–82]. The water needs values
calculated using three methods (Press, Grabarczyk and Rzekanowski and Treder methods)
are varied (Figure 9). In general, the lowest water needs of the fruit plants were estimated by
the Press method, and the highest by the Grabarczyk and Rzekanowski method. However,
each of these methods is suitable for forecasting the water deficit of the studied species.
Nevertheless, due to the simplicity of use and easy access to the Treder method, which
is available through the online platform [66], it seems to be the most recommendable in
practical application.
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4. Conclusions

The paper presents an assessment of the water needs of such fruit plants as apple, pear,
cherry, and plum trees grown in central Poland, where a high water deficit is observed.
The calculations were made using three methods developed by (1) Press, (2) Grabarczyk
and Rzekanowski, and (3) Treder. According to each of the methods, the amount of rainfall
during the growing seasons in the years 1989–2020 did not meet the water needs of the
studied fruit trees. Moreover, in the analyzed period, there was a tendency to increase the
water needs of the plants. This indicates the necessity for the development of irrigation
systems allowing for supplementing the deficiencies in precipitation, which in turn is
associated with the need to advance methods of forecasting and estimating the water
requirements of the plants. It was found that in practice each of the applied methods is
suitable for forecasting the water needs of fruit trees. The investigated methods fit well with
the urgent need to estimate water requirements of plant using simple and publicly available
meteorological data. The use of these methods allows for a more precise determination
of irrigation doses. The investigated methods are particularly helpful in assessing the
irrigation needs of orchards in central Poland. Among the three methods used to assess the
water needs of apple, pear, cherry, and plum trees, the Treder method appears to be the
most accessible and easy to use for fruit growers.
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1. Kuchar, L.; Iwański, S. Symulacja opadów atmosferycznych dla oceny potrzeb nawodnień roślin w perspektywie oczekiwanych

zmian klimatycznych [Rainfall simulation for the prediction of crop irrigation in future climate]. Infrastruct. Ecol. Rural Areas
2011, 5, 7–18.
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Rol. 1994, 414, 145–152.
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