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Abstract: Over the past years, we experienced more extreme weather conditions during
the growing season, April till October, with prolonged droughts. Rain-fed production of
high-quality forest trees was possible, but recent droughts proved to have an economic
impact on the plant quality. Therefore, the hardy nursery sector demands irrigation thresh-
olds and suitable tools including soil and plant sensors to schedule irrigation based on crop
water demand. Two trials were conducted with Acer pseudoplatanus liners (1 + 0) grown in
a sandy soil in 2022 and 2023 at Viaverda (Destelbergen, Belgium). A rain-fed treatment
was compared with a sprinkler irrigation treatment in both trials. Irrigation doses were
evaluated with a soil water balance model, which is based on reference crop evapotran-
spiration (ET0), rainfall, and soil hydraulic properties. The soil water balance model was
calibrated based on the measurements of soil sensors and soil samples. Simultaneously,
stem water potential at solar noon, tree length, and growth were measured. The irrigation
treatment had a positive effect on the stem water potential of Acer in both trials with a less
negative value, ±0.7 MPa, compared to the rain-fed treatment. Irrigation increased growth
with 28.4% in 2022 and 5.8% in 2023 compared to the rain-fed treatment, resulting in trees
of higher commercial quality that could even be classified into a superior grading range
in 2022.

Keywords: forest tree; sycamore maple; irrigation scheduling; soil water balance model;
plant sensors; soil sensors; growth

1. Introduction
Ornamental horticulture is a small, but economically important sector in Belgium with a

production value of EUR 507 million in 2022, of which 70% is produced by the tree nursery
sector and more specifically 10% by forest tree cultivation. The export of ornamental products
also has an important value with a revenue of EUR 147 million in 2021 [1,2]. Until recently,
rain-fed production of high-quality forest trees was possible. However, climate change is
causing more extreme weather conditions, with prolonged drought and heat periods [3],
which has an important economic impact on the plant quality. Previous research shows that
shoot biomass of Acer pseudoplatanus seedlings grown under drought conditions decreased
by approximately 30% [4,5]. Also, for more drought-tolerant Acer species, e.g., Acer campestre
and Acer platanoides, a reduction in growth was observed under drought stress conditions [6].
To mitigate the negative impact of a changing climate, an increasing number of growers are
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considering irrigation to maintain their high plant quality. Hipps et al. (1996) and Koç (2022)
showed in their studies that irrigation had a positive effect on growth and economic quality of
Acer pseudoplatanus, with a doubling in tree length [7,8]. Other studies on Acer pseudoplatanus
grown both in soil and containers have reported no effect or even a negative effect of irrigation
on tree growth compared to non-irrigated plants, which could possibly be explained by an
excessive irrigation dose [9,10].

Since agriculture is the primary sector for water use, rational water use clearly pro-
vides environmental and economic benefits for both farmers and the society [11]. Therefore,
the hardy nursery sector demands irrigation thresholds and suitable tools including soil
and plant sensors to schedule irrigation based on crop water demand to use water effi-
ciently. Despite the widespread recognition that accurate irrigation scheduling is critical
to use water efficiently, avoid undesirable levels of nutrient leaching, and yield reduc-
tion due to water shortage, it appears that still over half of the irrigation decisions are
based on intuition [12]. Several approaches are available to schedule irrigation. Irrigation
scheduling is conventionally based on soil moisture or soil water potential measurements
by sensors and/or calculations of soil moisture content based on a soil water balance
(SWB) model [13–16]. Soil sensors have the advantage of giving a real-time estimate of
soil moisture content if they can be connected with an online platform, making automatic
irrigation control possible. However, thresholds for irrigation that define the start and stop
moment will still be necessary to interpret the measurements. These thresholds will be
depending on several factors such as soil type, crop type, and climate, which complicates
practical implementation of soil sensors by growers to control their irrigation [16]. Another
drawback is that the single point measurements of the sensors make it more difficult to
map the variability and heterogeneity of a field, unless many sensors are widely distributed
across the field, which will increase the investment cost. If a single representative monitor-
ing plot can be indicated in the field, this plot can be used to determine the water status of
the entire field [13,16]. Another problem of soil sensors is their lack of forecasting ability
and the need to be calibrated.

To solve this, a soil water balance model in combination with the calculation and predic-
tion of the reference evapotranspiration can be an efficient way to forecast the soil moisture
content for the coming days [16,17]. However, the necessary crop coefficients to convert
reference evapotranspiration vary between crops or are not always available as is the case
for ornamental crops. Furthermore, soil water dynamics, like for example capillary rise from
shallow groundwater, are hard to estimate resulting in an accumulation of potential errors in
the estimated soil moisture content. A common limitation of soil water-based approaches is
that many aspects of tree physiology respond directly to changes in water status in the plant
tissues rather than to changes in bulk soil water content. Soil sensors also do not take into
account the crop’s transpiration demand, so they cannot indicate plant stress [16,18].

Taking these drawbacks into account, irrigation can also be controlled using plant-
based methods, which measure either directly or indirectly the leaf or shoot water status,
e.g., visual wilting, leaf or stem water potential, or detect other physiological responses like
stomatal conductance, sap flow, and growth [14,15]. Plant sensors can also be integrated
with mechanistic plant modelling to simulate water potential and enable more precise,
plant-based irrigation scheduling [19]. The plant water potential is probably the most
straightforward plant-based indicator of drought stress, as it measures the integrated effect
of soil, plant, and atmospheric conditions on water availability in the plant itself [20]. Leaf
water potential is highly fluctuating as it is associated with rapidly changing environmental
conditions, making this parameter too sensitive to be used as a useful measure of plant
stress [15,16]. By enclosing the leaves, the leaf water potential is expected to equilibrate
with the stem water potential due to a transpiration stop. In this way, stem water potential
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approaches more closely the soil water status as it is less influenced by short-term envi-
ronmental variability [20–23]. The disadvantage of measuring the stem water potential
or plant water potential is that it is still too sensitive to environmental changes and too
difficult to automate and use for routine irrigation scheduling [16].

The goal of the current study is to assess the effect of irrigation, based on a SWB calcula-
tion to optimize the irrigation dose according to the theoretical plant needs, on the soil and
plant water status, tree growth, and commercial quality of Acer pseudoplatanus forest tree liners
(1 + 0) grown under non-limiting and limiting soil water conditions. This study will serve as a
basis for advising forest tree nurseries in our region and climate conditions in converting to
irrigation and to be able to answer their questions on when and how much to irrigate.

2. Materials and Methods
2.1. Plant Material

Acer pseudoplatanus L. liners (1 + 0) were planted during the winters of 2021–2022 and
2022–2023 at the fields of Viaverda in Destelbergen, Belgium (51◦3′ N; 3◦48′ E). The trees
were planted on a planting bed of 1 m in five rows of 70 trees, with a spacing of 25 cm
between the tree rows of a planting bed and 15 cm in the tree row. Four planting beds per
experimental unit were installed 60 cm apart from each other, with the two outer planting
beds serving as a border, as were the first and last five trees per tree row of the two inner
planting beds. Before planting, compost (2.4 kg·m−2) and lime (0.2 kg·m−2) were applied
to the soil based on soil analyses. Weeds were primarily controlled mechanically.

2.2. Soil Characteristics

The soil profile can be identified as an Arenosol according to World Reference Base
classification. A homogeneous experimental field was assumed, but a gradient in the
experimental field was visually observed based on a difference in plant growth by the
researchers as by expert growers, with the front zone resulting in better growth compared
to the back zone under the same fertilization conditions and independent of irrigation
treatments. Several soil analyses were conducted to explain the soil gradient. Some
differences in soil texture (according to USDA classification), total organic carbon, pH-KCL,
magnesium, and calcium content were observed (Table 1).

Apparent electro-magnetic induction was measured on 24 November 2021 with aid
of a soil scanner that applies electro-magnetic induction on one transmitter coil and four
receiver coils. Apparent electrical conductivity was higher in the back zone compared to
the front zone. This difference can be explained by the difference in altitude between both
zones. The soil surface of the back zone was 10 cm lower than the front zone and, thus,
closer to the shallow ground water table.

Via a penetrometer (Eijkelkamp, The Netherlands; 2 cm2 cone), soil resistivity (MPa)
was determined every 10 cm till −80 cm depth at five different locations in both the
front zone and back zone. A significant higher resistance was found in the front zone
from −50 cm depth compared to the back zone (Figure 1). Because of the presence of the
gradient, the location of the irrigation treatments in the field was switched between the
two trials so that each treatment was once positioned in the front and once in the back zone.

Table 1. Differences in soil texture, pH, total organic carbon, magnesium, and calcium content
between the front and back zone of the field based on destructive soil analysis.

Location in
Field Soil Texture pH-KCL Total Organic

Carbon (%)
Magnesium
(mg·100 g−1)

Calcium
(mg·100 g−1)

Front zone Fine sand 5.0 1.61 9.0 74
Back zone Coarse sand 4.3 1.53 5.0 41
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Figure 1. Soil resistivity measured with a penetrometer every 10 cm till −80 cm depth in both the front and
back zone. Soil resistivity was analyzed by a Student’s t-test at −10, −20 and −30 cm. The soil resistivity
at the other depths (−40 to −80 cm) were analyzed by a Mann–Whitney–Wilcoxon test. Different letters
(a and b) per measuring depth indicate a significant difference at p ≤ 0.05 (mean ± SE, n = 5).

Generally in the field, a shallow ground water was present, which was about −1.1
and −1.4 m below the soil surface at the beginning of spring and between −1.5 and −2 m
below the soil surface at the end of summer. Depth of the groundwater table was recorded
manually every month with the aid of a piezometer.

The soil’s water retention curve (pF) was determined at the start of the trials in 2022
and 2023, by undisturbed soil samples of 100 cm³ (Kopecky rings). In one plot per treatment,
three samples were collected at a depth of −15 cm. Samples were used to measure bulk
density and soil water retention points on pF 0 (0 kPa), pF 2 (−10 kPa) pF 2.7 (−50 kPa),
and pF 4.2 (−1584 kPa). Water retention characteristics were acquired using pressure
plates in the laboratory according to ISO NBN EN 11274 [24]. Other points on the water
retention curve were interpolated with the aid of a polynomial regression. There was a
slight variation in water retention characteristics over the two experimental years. The
water-holding capacity of the soil can be defined as the fraction of soil water withheld
between pF 2 and pF 4.2. In 2022, this fraction was higher in the irrigation treatment while
it was the other way around in 2023. This makes sense since the location of the treatments
was shifted between the years to exclude the effect of the field gradient (Table 2).

Table 2. Soil properties of the experimental fields. For water retention characteristics distinction is
made between the irrigation and the rain-fed treatment (Mean ± SE; n = 3).

Treatment and Year 2022 2023

Water retention at pF 0 Rain-fed 0.44 ± 0.01 0.42 ± 0.01
Irrigation 0.43 ± 0.00 0.42 ± 0.01

Water retention at pF 2 Rain-fed 0.26 ± 0.01 0.24 ± 0.01
Irrigation 0.27 ± 0.00 0.23 ± 0.01

Water retention at pF 2.7 Rain-fed 0.15 ± 0.02 0.15 ± 0.01
Irrigation 0.18 ± 0.01 0.17 ± 0.02

Water retention at pF 4.2 Rain-fed 0.05 ± 0.01 0.05 ± 0.00
Irrigation 0.05 ± 0.01 0.05 ± 0.00
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2.3. Soil Moisture Measurements

Soil moisture content (vol%) was continuously measured with Teros-10 soil capacitance
sensors (METER group, USA) at −15 cm depth to be able to monitor the soil water content of
the upper soil layer (0–30 cm) most affected by irrigation. Three sensors per treatment were
installed, spaced 30 cm from each other. Each sensor was connected to a communication
module that sends the observed field data to the cloud using the Sigfox LPWAN network.
Sensors were calibrated with the aid of two specific soil samples to improve their accuracy.
These destructive, composite samples were taken with a gauge auger in the soil layers of
0–30 cm. Calibration of the raw sensor measurement was performed by adding the average
difference with the respective soil sample.

2.4. Soil Water Balance Model (SWB)

A classical soil water balance model, for example BUDGET [25], calculates the root
zone depletion for the simulation period (∆t = 1 day) by considering the measured soil
water content in the root zone at day i (Di), the daily rainfall (R), irrigation (I), estimated
capillary rise (CR), and the crop evapotranspiration, which is calculated by multiplying
reference evapotranspiration (ETo) with the crop coefficient Kc [13]. Deep percolation (DP)
is considered when soil water content exceeds field capacity:

Di [mm]= Di−1 [mm]+ R [mm] + CR [mm] − DP [mm] + I [mm] − Kc ETo [mm] (1)

The model used in our study builds upon this classical framework, is written in an
R code, and has previously been described and used to calculate soil water dynamics in
pear orchards [26] and strawberry fields [27]. Further specifications and differences with
BUDGET [25] are described in Appendix A. The soil water balance model has been used by
the Soil Service of Belgium to schedule irrigation on hundreds of farms in Belgium on a
yearly basis since 2006. A detailed description of the model is added in Appendix A.

The daily ETo was calculated according to Penman–Monteith [13] based on observa-
tions of temperature, relative humidity, wind speed, and hours of sunshine collected at a
weather station in Semmerzake, 18 km from the experimental site. The station is part of
the observation network of the Royal Meteorological Institute of Belgium. Rainfall was
collected on site.

In the SWB, field capacity is assumed at pF 2.1. Reduced actual evapotranspiration
(ETa) due to drought stress, and closing of the stomata, is assumed at pF 2.5. The rooting
depth of the crop was assumed to be 30 cm continuously over the entire growing season.
The Kc factor that relates ET0 with maximal crop evapotranspiration ETc was assumed to
evolve from 0.3 to 1.1 (Figure 2). Due to the lack of specific crop coefficients in the literature,
an assumption was made based on the evolution of soil cover during the growing season.
At planting there were no leaves at the trees, while soil cover in the plant beds was 100% at
the end of the observation period at the start of October. The Kc factor was adjusted for
evaporation. The first seven days after a wetting event, an increased potential ET is assumed
according to the Equation (A5), according to the procedure described in Appendix A.

The SWB was calibrated with the Teros-10 sensor data. The coefficient of determination
(R2) between observed and modelled water content was calculated just as the root means
squared error (RMSE) (Equation (2)) and the Nash–Sutcliffe model efficiency coefficient
(NSE) (Equation (3)). The root mean square error (RMSE) measures the average difference
between a statistical model’s predicted values and the actual values and is expressed in
units of soil water content (mm). NSE is an indicator that describes the predictive power of
a model. In the situation of a perfect model with an estimation error variance equal to zero,
the resulting Nash–Sutcliffe Efficiency equals 1.



Horticulturae 2025, 11, 435 6 of 24

RMSE =

√
1
n∑n

i=1

(
θ̂i − θi

)2
(2)

NSE = 1 − ∑n
i=1

(
θ̂i − θi

)2

∑n
i=1

(
θ̂i − θo

)2 (3)

In these equations, θ̂ is the SWB-predicted plant available water (mm), θi is the Teros-
10-observed plant available water (mm), θo is the average observed plant available water
(mm) with the Teros-10 sensor over the entire observation period, n is the amount of days
over which the soil water storage times series is considered.
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Figure 2. Kc factor assumed for the soil water balance model. Kc_adj 2022 and Kc_adj 2023 reflect the
adjustment of the Kc value to account for increased evaporation after a wetting event, as described in
Appendix A.

2.5. Irrigation

Water was supplied by a sprinkler irrigation system (Eindor 961/120) with a discharge
of 120 L·h−1. Irrigation treatments were installed per experimental unit. The experimental
units were spaced 20 m from each other to overcome interference of irrigation treatments.
In the growing season of 2022, an irrigation treatment was located in the front and a rain-fed
treatment in the back zone of the field. In 2023, the position of the treatments was switched
to exclude any effects from the soil gradient present in the field (see Section 2.2). The
irrigation was based on the predictions of the soil water balance model and was initiated
when the total fraction of plant available water in the soil was depleted.

2.6. Plant Physiological Responses

In this study, the midday stem water potential (MPa) was determined each month, on
the same day when soil samples were taken, with a pressure chamber (PMS Instrument,
Wokingham, UK). To balance the water potential in the xylem of the leaf with the water
potential in the xylem of the stem, leaves were enclosed in bags made of aluminum foil at
least 1.5 h before sampling to be able to stop leaf transpiration [19,20]. Measurements were
destructively performed on one leaf per tree and four trees per treatment.

In the growing season of 2023, continuous measurements of stem diameter variation us-
ing linear variable displacement transducers (LVDT; DF-5 series, Solartron Metrology Ltd.,
Steyning Way, UK) were performed on six trees, three trees of the rain-fed treatment and
three trees of the irrigation treatment. In the rain-fed treatment, only two LVDT sensors
recorded stem growth due to technical problems of the third sensor. One of the two working
sensors also had technical problems for a 10-day period in June. In the irrigation treat-
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ment, all sensors were registering, but for two weeks in July growth was monitored by
only two sensors. The sensors were calibrated prior to the experiments by measuring the
signal in voltage at a known displacement of the sensor resulting in a linear regression
between the voltage and the known displacement with R2 > 0.979 for each sensor, to be
able to convert the raw voltage data into stem diameter variations (mm). The continuously
measured stem diameter variations were used to calculate stem diameter growth, as the
difference between the stem diameter variation measured at the start of the measurement
campaign and at the moment when growth was determined.

2.7. Morphological Parameters

The length of 120 trees per treatment was monthly measured with a folding meter to
follow up the growth increase. The tree length is used to sort the trees into commercial
grading ranges after grubbing. Each month on the same day the length was measured;
four (2022) or eight (2023) trees were harvested by cutting the stems just above the ground
to determine fresh and dry weight and calculate LAI. The latter was achieved by measuring
the total green canopy leaf area per unit surface area (estimation of 375 cm2 per tree based
on the planting distances). The dry weight was obtained by heating the samples (stem and
leaves) at 70–90 ◦C for at least one week.

2.8. Statistical Analyses

Statistical analysis was performed using Rstudio (R version 4.3.0) [28], complete
with packages for making graphs [29–32]. If the data complied with normality and
homoscedasticity, the two treatments, the rain-fed and irrigation treatment, were com-
pared by a Student’s tt-test (p ≤ 0.05). Non-parametrical data were analyzed by a
Mann–Whitney–Wilcoxon test (p ≤ 0.05). All results were expressed as means ± standard
error (SE).

3. Results
3.1. Soil Water Balance Calculation

The dynamics of plant available water could be acquired with aid of the SWB
(Figures 3 and 4). The SWB agreed reasonably well with the observed water content. The
NSE was positive, RMSE was lower than 10 mm, which is about 0.03 m3·m−3 in a root zone
of 30 cm. In nearly all treatments, there was a considerable variation between the three soil
sensors. Only in 2023 in the rain-fed treatment, there was barely any variation. In this trial.
there was a breakdown of the Teros-10 sensor module located in the irrigation treatment
and data are only available from mid-June onwards.

In 2022, the plant available water was depleted in the beginning of July and irrigation
was then initiated in the irrigation treatment. In total, 19 mm was irrigated, mainly until the
end of August. In 2023, the plant available water was depleted in mid-June. Irrigation was
maintained at a higher rate during the months of August: in total, 224 mm was irrigated.

The difference between rainfall and ETo was lower in 2023 (Figure 5, Table 3) than
in 2022. The groundwater table was closer to the soil surface and there was more irrigation
in 2023 compared to 2022, which led to a higher ETa but also to a higher ETa·ETc

−1.
Irrigation had a positive effect on ETa in both 2022 and 2023. While the effect of irrigation
on ETa was limited in 2022, it had a big impact on ETa in 2023. In the irrigation treatment,
ETa was 91 mm higher, which is 40% of the total irrigated amount.
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 Figure 3. Soil water balance models for the rain-fed field in 2022 (A), the irrigated field in 2022 (B),

the rain-fed field in 2023 (C), and the irrigated field in 2023 (D). Dates are shown as D/M. Standard
error over the three soil sensors per plot is indicated with the vertical bars.
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Figure 4. Agreement between measured (with Teros-10 sensor) and calculated volumetric soil water
content (θv) as indicated by the square of correlation (R2) and slope of the trendline between observed
and calculated plant available water. Root mean square error (RMSE) and Nash–Sutcliffe model
efficiency coefficient (NSE).
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Figure 5. Cumulative fluxes of the SWB calculation ((A): SWB calculation of 2022; (B): SWB calculation
of 2023). Fluxes adding water to the root zone are shown (rainfall, irrigation, capillary rise) as
positive, while fluxes that account for a decrease in water in the root zone are shown as negative
(ET, percolation).

Table 3. Input parameters and output summary of the soil water balance calculation in the two trials
in the irrigation and the rain-fed treatment.

Input Parameters

Experimental Period 5 April 2022–1 October 2022 1 April 2023–5 October 2023

Average depth groundwater (m) 1.9 1.4
Rainfall (mm) 376 408

ETo (mm) 540 509

Output Parameters

Irrigation Treatment Rain-Fed Irrigation Rain-Fed Irrigation

Irrigation (mm) 0 19 0 224
Capillary rise (mm) 16 16 51 48
Water losses due to
percolation (mm) 116 105 151 298

ETC (mm) 508 508 470 479
ETa (mm) 286 315 367 458
ETa·ETc

−1 0.56 0.6 0.78 0.95

In 2023, higher irrigation, rainfall, and capillary rise led to higher water percolation out
of the root zone compared to 2022. In 2022, total percolation was quite similar between the
irrigation and the rain-fed treatment, while in 2023 there was a big difference. In 2023, there
was 147 mm pore percolation out of the root zone in the irrigation treatment compared
to the rain-fed treatment, which is 65% of the total amount of irrigation. Percolation was
high in 2023 due to the abundant, and rather unpredictable, rainfall in the second part
of summer.
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3.2. Effect of Irrigation on Midday Stem Water Potential

In 2022, during the months of April, May, and June, there was no irrigation. In
this period, the stem water potential between the two treatments was more or less equal
(Figure 6A). From the end of June, irrigation was started in the irrigation treatment. The
stem water potentials began to differ between the rain-fed and the irrigation treatment,
so irrigation also had an effect at plant level, but the differences were not significant. An
additional measurement of stem water potential was taken on 9 August 2022, because the
trees showed visible symptoms of drought and heat stress at that time. The stem water
potential of the rain-fed treatment dropped to −1.85 ± 0.28 MPa. By irrigating the trees,
the stem water potential of the irrigation treatment remained −1.18 ± 0.14 MPa. From
September 2022, the dry period stopped and sufficient precipitation fell. From this month,
the differences in stem water potentials between the treatments were minimized.

In 2023, during the dry weeks in June and early July, a difference in midday stem
water potential was visible (Figure 6B). Irrigated trees had a less negative stem water
potential value compared to the rain-fed treatment, which was already slightly stressed,
especially on 13 June 2023 and 19 June 2023. On 19 June 2023, irrigation seemed to exert
its effect where the irrigated trees had a midday stem water potential of −1.29 ± 0.38 MPa
compared to a stem water potential of −2.48 ± 0.37 MPa of the rain-fed treatment. The
difference between the treatments in midday stem water potential was not significant
despite the hot and dry summer day of 19 June 2023. The stem water potentials differed
significantly when determined on 17 July 2023, with the irrigation treatment having a value
of −0.58 ± 0.04 MPa, and the rain-fed treatment having a value of −1.34 ± −0.12 MPa.
From then on, irrigation barely had any effect on midday stem water potential, with no
significant differences detected between treatments.
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Figure 6. Effect of the irrigation treatment on the midday stem water potential (MPa) of Acer pseudo-
platanus liners in both trials ((A): 2022; (B): 2023) compared to the effect of the rain-fed treatment. Stem
water potential was analyzed by Student’s t-test, except for the stem water potential on 09/08/2022,
26/09/2022, and 03/10/2023 (Mann–Whitney–Wilcoxon test). Different letters (a and b) per parame-
ter, per measurement day indicate a significant difference at p ≤ 0.05 (mean ± SE, n = 4 except for
30/05/2022 and 04/07/2022 n = 3). Dates are written as DD/MM/YYYY.
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3.3. Effect of Irrigation on Plant Growth and Quality

Monthly, four trees of both treatments, the irrigation treatment and rain-fed treatment,
were harvested and their fresh and dry weight and LAI were determined (Figure 7). Heavier
plants with higher LAI were measured in the irrigation treatment from the beginning of
July on 6 July 2022, even before irrigation started, although the differences were not
significant (FW: rain-fed treatment 37.0 ± 6.6 g—irrigation treatment: 55.0 ± 5.2 g; LAI:
rain-fed treatment 1.70 ± 0.36—irrigation treatment 2.79 ± 0.54). This observation raised
the suspicion of a gradient in soil conditions across the field (as described in Section 2.2),
with the irrigation treatment oriented in the front and more optimal zone of the field in
2022. The irrigation treatment had a positive effect on the trees and further increased the
difference in biomass between the treatments at the beginning of August, although the
standard error is high as only four measurements were performed per treatment (rain-fed
treatment: 37.3 ± 11.0 g; irrigation treatment: 71.1 ± 20.7 g). From then, weight and LAI
decreased again, which can be explained by the effect of the drought and heat period in
early August, which advanced the autumn leaf fall.
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Figure 7. Effect of the irrigation treatment on the average fresh (A) and dry weight (B) and LAI (C) of
the intermediate harvested Acer pseudoplatanus liners in 2022 compared to the effect of the rain-fed
treatment on these parameters. The fresh weight, dry weight, and LAI were mostly analyzed by
Student’s t-test. On 24/10/2022 the fresh weight, on 02/08/2022, 27/09/2022, and 24/10/2022 the
dry weight, and on 02/08/2022 the LAI were analyzed by Mann–Whitney–Wilcoxon test. Different
letters (a and b) per parameter, per measurement day indicate a significant difference at p ≤ 0.05
(mean ± SE, n_rain-fed = 4, n_irrigation = 4). Dates are written as DD/MM/YYYY.

The effect of the soil gradient can also be seen on plant length at the time of the first
measurement, where a significant difference between the treatments is present (Figure 8A).
Irrigation started in mid-July had an additional effect on tree growth and further increased
the difference in length between treatments. On 30 August 2022, the irrigated trees had
an average length increase, compared to the tree length before the start of irrigation on
6 July 2022, of 70.5% compared to a length increase of 15.5% of the rain-fed trees. The
growth in length since the start of irrigation is shown in Figure 8B. There was still growth
in August after the growth spurt in June and July, the moment in the season of strongest
growth, but it declined and stopped from September. The trees in the rain-fed treatment
stopped growing earlier, since they had less water available from mid-July. At harvest,
forest trees are sorted according to their length into commercial grading ranges. The effect
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of the treatments on this grading was also assessed (Figure 8C). Irrigation combined with
optimal soil quality conditions in the front zone of the field had a significant effect on
grading with more trees in higher grading ranges. The irrigation treatment had 13% of trees
sorted in the commercial grading range 3 (125–150 cm), while in the rain-fed treatment,
no trees were sorted in this grading range. In the rain-fed treatment, 97.5% of the trees
were sorted in the lowest grading range (50–80 cm) compared with 40% of the trees in the
irrigation treatment.
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Monthly, four trees were harvested for each treatment and their fresh and dry weight 
and LAI were determined (Figure 9). Before the start of the irrigation treatments (until 19 
June 2023), hardly any differences between the treatments were observed. During the 
measurements in July and August, it is noticeable that the rain-fed treatment received a 
huge growth spurt despite the drought and the fact that this treatment did not receive 
irrigation (28.9 ± 6.5 g for the rain-fed treatment compared to 21.4 ± 3.7 g for the irrigation 
treatment, measured at 16 August 2023), explainable by its location in the field. Irrigation 

Figure 8. (A) Effect of the irrigation treatment on the average length of Acer pseudoplatanus liners in
2022 compared to the effect of the rain-fed treatment on this parameter. (B) Effect of the irrigation
treatment compared to the effect of the rain-fed treatment on the length increase in Acer pseudoplatanus
liners compared to the length values measured before the start of irrigation treatments on 06/07/2022.
(C) Effect of the irrigation treatment on the distribution of the Acer pseudoplatanus liners across the
commercial grading ranges (1: 50–80 cm; 2: 80–120 cm; 3: 125–150 cm) in percentages at the end of the
growing season compared to the effect of the rain-fed treatment. The length, growth, and distribution
were analyzed by a Mann–Whitney–Wilcoxon test, except for the length on 07/06/2022 and the
length increase on 30/08/2022. These results were analyzed by a Student’s t-test. Different letters
(a and b) per measurement day/parameter indicate a significant difference at p ≤ 0.05; (mean ± SE,
n = 120). Dates are written as DD/MM/YYYY.

Monthly, four trees were harvested for each treatment and their fresh and dry weight
and LAI were determined (Figure 9). Before the start of the irrigation treatments (until
19 June 2023), hardly any differences between the treatments were observed. During the
measurements in July and August, it is noticeable that the rain-fed treatment received a
huge growth spurt despite the drought and the fact that this treatment did not receive
irrigation (28.9 ± 6.5 g for the rain-fed treatment compared to 21.4 ± 3.7 g for the irrigation
treatment, measured at 16 August 2023), explainable by its location in the field. Irrigation
still allowed these trees to catch up with the growth lag at the beginning of September. This
catch-up disappeared again the moment leaf fall began to occur in autumn, and from then
on the rain-fed trees had more biomass and a higher LAI. It was also visually observed that
leaf fall started later in the rain-fed treatment and so the front zone of the field.
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Figure 9. Effect of the irrigation treatment on the average fresh (A) and dry weight (B) and LAI (C) of
the intermediate harvested Acer pseudoplatanus liners in 2023 compared to the effect of the rain-fed
treatment on these parameters. The fresh weight was analyzed by a Mann–Whitney–Wilcoxon test,
except for the results on 24/04/2023, 22/05/2023, and 19/06/2023 (Student’s t-test). The dry weight
was analyzed by a Mann–Whitney–Wilcoxon test, except for the results on 19/06/2023, 17/07/2023,
and 04/09/2023 (Student’s t-test). The LAI was analyzed by a Mann–Whitney–Wilcoxon test, expect
for the results on 22/05/2023, 19/06/2023, 17/07/2023, and 02/10/2023 (Student’s t-test). No
significant differences per parameter, per measurement day were observed (same letter a) at p ≤ 0.05
(mean ± SE, n = 8). Dates are written as DD/MM/YYYY.

The effect of the soil gradient was already visible from bud burst in spring, resulting in taller
trees in the rain-fed treatment (see measurements 24 April 2023 and 22 May 2023, Figure 10A).
Irrigation was started during the dry period in mid-June and the dose was increased in mid-July;
from then on, it can be seen that the trees in the irrigation treatment caught up with their growth
lag that had built up due to their location in the back zone of the field. From 16 August 2023,
significant differences in length between the treatments disappeared. This is even more evident
in Figure 10B, where the length increases relative to the measurement before the start of the
irrigation treatments (22 May 2023) are depicted. The growth rate of the irrigated trees was
significantly higher (20.6 ± 3.0% on 23 October 2023) compared to the growth rate of the rain-
fed treatment on 23 October 2023 (14.8 ± 3.1%). At the end of the season, when the plants were
harvested, the trees were divided into different grading ranges based on their length, with
slightly more trees in range 1 (50–80 cm) for the irrigation treatment (21.7% compared to 16.7%
of the rain-fed trees sorted in grading range 1) (Figure 10C).

In 2022, a strong effect of the irrigation treatment was observed on tree growth through
the monthly length measurements. Therefore, we decided to install linear variable dis-
placement transducer (LVDT) sensors in 2023. This allowed continuous monitoring of tree
growth in terms of stem diameter and cumulative stem growth so the effect of irrigation
could be analyzed more in depth. From the start of irrigation in mid-June, we saw that the
cumulative stem diameter growth of the irrigated trees (slope of the blue curve) became
greater than the stem diameter growth of the rain-fed trees (slope of the orange curve),
meaning that irrigation immediately exerted a positive effect (Figure 11). A linear regres-
sion was fitted through both curves to quantify the difference in growth (dotted lines).
It can be stated that the cumulative growth in the irrigated trees (direction coefficient of
0.0121) was three times that of the rain-fed trees (direction coefficient of 0.0042). Continuous
monitoring of tree growth also showed that the growth decreased and stopped in August in
the case of the rain-fed treatment, but continued due to irrigation in the irrigation treatment
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until mid-September. Irrigation resulted in a cumulative growth of 1.5 mm compared to
only ± 0.3 mm in the rain-fed treatment.
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Horticulturae 2025, 11, 435 15 of 24

4. Discussion
A calibrated SWB gives insight in the crop response to low soil moisture. The SWB

links a low soil water status to reduced ETa and, thus, lower biomass production. The
calculations of the SWB agreed quite well with the observed plant available water content.
Agreement was better than previous efforts to link calculated soil water potential with
observations of granular matrix sensors in pear orchards [33]. This can be explained due
to the fact that in the current experiment, Teros-10 sensors were used, which measure soil
moisture instead of soil water potential measured with Watermark sensors, and that the
sensors were calibrated with in situ moisture samples. The observed NSE was comparable
to the SWB calculations in strawberry plants where comparison was made with in situ soil
moisture samples rather than sensor measurements [27].

The SWB was well calibrated but uncertainty about its underlying processes is inherent
in any SWB. For example an overestimation of evapotranspiration may be compensated
by an overestimation of capillary rise. Parameters like rooting depth, evaporation, tran-
spiration, and soil hydraulic properties are highly variable and can only be measured to a
certain extent. A view on the different fluxes in the soil water balance learned that when
a high amount of irrigation was applied, like in 2023, that then 65% of the total amount
of irrigation percolated out of the root zone. Despite this high amount of percolation,
ETa was still 10 mm lower than ETm. In previous SWB calculations, increased irrigation
was also linked to higher percolation [34–36]. The SWB calculation clearly shows that the
rain-fed treatment suffered from drought stress in accordance with the plant observations.
In the SWB, stress was assumed to start at pF 2.5. Previous experiments that link soil
water potential to water stress in ornamental trees grown in the open field are lacking. In
Mediterranean environments, water stress has been observed at pF 2.3 for pear [37], pF 2.6
for plum [38], and pF 2.7 for apple [39]. In the Belgian temperate climate, yield decline
for pear was observed at pF 3 [40]. To assure the profitability of an irrigation event in
A. pseudoplatanus, it is advised to start irrigation at mild water stress, which is expected to
occur between pF 2.6 and pF 2.9.

Plant-based methods for irrigation control, e.g., determination of leaf or stem wa-
ter potential, can be used as plants might respond directly to changes in water status
in their plant tissues rather than to changes in soil water content [15,16,22]. However,
determination of the leaf or stem water potential at solar noon cannot be used to evalu-
ate and monitor soil water content itself, relative to the predawn measurement of stem
water potential. Yet, the determination at solar noon will still indicate whether a plant or
tree is under stress and not adequately irrigated [41,42]. In this study, irrigation exerted
a positive effect on midday stem water potentials, resulting in less negative values. At
the driest and warmest moment in 2022, in early August, the stem water potential of
the rain-fed trees dropped to −1.84 ± 0.28 MPa, while the potential of the irrigated trees
dropped only slightly below −1 MPa. During the dry period in June 2023, the stem water
potentials of the rain-fed trees reached values around −3 MPa, as did the stem water
potential of the irrigated trees. The irrigation dose was still not sufficient at this time, as
the soil moisture still decreased despite the first irrigation doses in June. Irrigation rate
was, therefore, increased in July 2023. The increase in irrigation dose was also reflected
at plant level. By mid-June 2023, the expected effect of the irrigation treatment on stem
water potential was observed, with the rain-fed trees having the lowest stem water po-
tential of −2.48 MPa and the irrigated trees a potential of −1.29 MPa. McDonald, 1984,
described in his forest nursery manual that tree seedlings will be stressed at plant water
potentials between −1 and −1.5 MPa, irrespective of species [41]. This threshold cannot be
fully adopted, since our study tested irrigation treatment on 1 + 0 transplants and not on
seedlings. Previously, irrigation research specific to A. pseudoplatanus was mainly conducted
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on potted Acer trees grown under protection, in which leaf water potentials were measured.
Overall, irrigation had no discernible effect on leaf water potential with no significant differ-
ences observed between the non-irrigated and irrigated trees [5,10,43]. Leaf water potentials
are more variable and, thus, more difficult to compare with the stem water potentials mea-
sured in our study. Keller et al. (2024) studied Acer rubrum trees grown in soil under
drought and well-watered conditions. Stem water potentials reached values of −1.2 MPa
under drought conditions [44]. Most previous research on irrigation scheduling has been
conducted in soil-grown fruit orchards, where stem water potential has typically been
measured at solar noon, allowing for comparison with our study. Midday stem water poten-
tial of well-irrigated apple [45–47], pear [48], peach [22,49], prune [20,50], almond [51,52],
grapevine [46,53], and raspberry [54] trees varied between −0.5 and −1.0 MPa. From these
studies, it can also be concluded that under drought stress conditions, stem water potential
decreased to levels below −1.5 and −2.0 MPa depending on the drought stress tolerance of
the species. These values are lower than those observed by Keller et al. on Acer rubrum [44]
and described by McDonald for forest tree seedlings [41]. Based on these studies, it can
be said that the irrigated Acer trees did not experience drought stress compared to the
rain-fed treatment during dry periods, at least based on the midday stem water potentials.
Determination of stem water potential is an intensive measurement techniques that is also
a snapshot in time, making it less suitable for irrigation control by the growers themselves.
However, these measurements will help us with further finetuning the irrigation thresholds
at soil level in future.

Irrigation also exerted a positive effect on tree growth in both trial years. In the
drier year of 2022, irrigation stimulated growth with 28.4% compared to the rain-fed
treatment, and with trees being sorted into higher commercial grading ranges and, thus,
on average, having a higher commercial value. In 2023, irrigation resulted in only 5.8%
more growth compared to the rain-fed treatment. This smaller effect can be explained
by two reasons. On the one hand, 2023 was wetter compared to 2022 (see Appendix B,
Tables A1 and A2), theoretically requiring less irrigation. Nevertheless, due to finetuning of
the model, more irrigation was applied in 2023 than in 2022, suggesting that factors beyond
water supply also have an effect on tree growth. As described in Section 2.1, a homogeneous
experimental field was assumed but proved not to be the case by visual assessment of
tree growth and analysis of the soil. Apparent electrical conductivity, acquired with the
soil scanner, was different between both zones. The front zone of the experimental field
appeared to have more optimal soil quality conditions with a slightly higher pH, total
organic carbon, magnesium, and calcium content. and a fine sand soil texture compared
to the back zone of the field (Table 1). However, these conditions ensured that irrigation
could exert an additional effect in 2022 when the irrigation treatment was applied in this
apparent more optimal front zone of our experimental field. In 2023, the treatments were
switched positions, with the irrigation treatment being applied in the back and less optimal
soil quality zone of our experimental field. This location limited the effect of irrigation to
only 5.8% more growth. Yet, irrigation successfully mitigated the less favorable growth
conditions in the back zone of the field, resulting in tree growth similar to that in the
rain-fed treatment in the more optimal zone.

Hipps et al. (1996) assessed the effect of a low and high irrigation rate on the growth
of A. pseudoplatanus seedlings [8]. The high-rate irrigated trees were double in length and
had ±60% increase in seedling dry weight and an increase in total leaf area linked with
higher LAI. In our study, the direct effect of irrigation was more limited. However, since
irrigation regimes were tested on transplanted seedlings (1 + 0), direct comparison is chal-
lenging. This is consistent with the findings of Fini et al. (2007), who reported no effect of
irrigation on plant height of A. pseudoplatanus [9]. However, in one of their trials, irrigation
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significantly enhanced shoot elongation compared to the non-irrigation treatment [8]. The
set-up of irrigation and drought experiments in containers and greenhouses are more
predictable, as climate conditions and growing medium can be controlled, as demonstrated
by Koç [7] and Fini et al. [10]. In the study of Koç (2022) on 2-year-old A. pseudoplatanus in
containers, the well-watered trees were 34.8% taller compared to the trees grown under
reduced irrigation [7]. In the experiment of Fini et al. (2008), A. pseudoplatanus trees grown
in 3 L containers filled with peat and perlite were subjected to two irrigation treatments:
normal irrigation vs. reduced (50%) irrigation. However, it was observed that the irrigated
trees were 30.5% smaller and had 38.4% less shoot dry weight compared to the reduced
irrigated trees, although these differences were not significant. They explained this con-
tradictory observation by the fact that the normal irrigation regimes in tree nurseries are
too high and would be better reduced for more optimal tree growth depending on the
tree species [10]. Furthermore, already quite a bit of research has been conducted on other
Acer species, such as A. rubrum, A. x freemanii, and A. campestre but comparison with A.
pseudoplatanus is not always obvious as the different species will cope differently with
drought. In the research of Fox and Montague (2009), three irrigation regimes (100, 60, and
30% ETo) were tested on different Acer species [55]. For the A. x freemanii and A. truncatum,
the 60% ETo treatment gave the best effect on shoot elongation, compared to A. campestre,
which responded best to the 30% ETo treatment. This species is known to be more drought
tolerant. Also in another study, A. x freemanii responded best on the 60% ETo irrigation
dose [56]. Irrigation studies were also already performed on A. rubrum. Ponder et al. (1984)
found significant effects of 100 and 50% irrigation treatments on tree growth in length
(+9.5%) at the end of the growing season compared to the non-irrigated trees, with no
significant difference between the 100% and 50% deficit irrigation treatment [57]. In general,
irrigation exerts a positive effect on growth, especially under drought conditions, also in
our study. Further research will determine the reduction in growth at the critical irrigation
threshold at soil level, so that growers will be able to control their irrigation based on this
growth parameter.

Even though forest nursery plants are sorted according to their length, in 2023, we
assessed continuous measurements of swelling and shrinking of the stem and stem diameter
growth with LVDT sensors. Measurement with this sensor is interesting because it allows
detection of when and how fast growth responds to irrigation [58,59]. From our study, it
can be concluded that the growth of rain-fed A. pseudoplatanus decreased from mid-August
as daylength shortened. Irrigation had an additional effect and delayed the decrease
in and cessation of stem growth until September. Irrigation applications in September
(Appendix B, Table A2) no longer had any effect on growth. It can be inferred that even
if the weather still appears to be vigorous in the late summer months, September and
October, irrigation no longer had any additional effect on growth of Acer pseudoplatanus
as the trees prepare for winter dormancy. In another study on older A. pseudoplatanus
trees in a mixed forest in Germany, Köcher et al. (2012) installed dendrometers to analyze
the influence of rainfall, soil moisture, air humidity, atmospheric vapor pressure deficit,
air temperature, and global radiation on stem radius changes [60]. The stem diameter
increment started mid-May and decreased from the middle of August, comparable with
our study. Valdovinos-Ayala et al. (2022) installed several dendrometers on A. rubrum
trees in a common garden [61]. Every 2–3 days, the trunk diameter was measured by
the dendrometers so that growth could be determined. They too determined that trunk
diameter growth of A. rubrum stopped from mid-August onwards, 2.5 months before full
leaf fall of the trees. The strongest stem diameter growth was observed in the months of May
and June. In our experiment on A. pseudoplatanus, the strongest growth in stem diameter
occurred in June–July, as we studied another Acer species grown under a different climate.
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Ponder et al. (1984) determined also the effect of different irrigation treatments, 0, 50, and
100% irrigation, on the cumulative trunk diameter increase of A. rubrum [57]. Irrigation
positively influenced stem diameter growth with continued growth until November, while
growth of non-irrigated trees decreased from August and stopped from September. There
was little difference between the 50 and 100% irrigation treatment, with the 100% leading to
slightly more growth (not significant). Garnier and Berger, 1986, studied the effect of 50%
and 100% irrigation on peach trees and measured the daily stem diameter growth [62]. They
observed that cumulative stem growth was not much affected by the 50% deficit treatment
until mid-July, while stem diameter growth continued longer in the 100% irrigated trees.

5. Conclusions
This study concludes that the rain-fed treatment suffered from drought stress at pF 2.5,

based on the SWB calculation, in accordance with the plant observations. From an economic
point of view, it may be interesting to set a drier threshold, between pF 2.6 and 2.9, to trigger
irrigation to guarantee that the benefit covers the irrigation cost. This drier threshold
will also decrease the amount water percolation out of the root zone linked to irrigation.
Sprinkler irrigation, based on the SWB calculation, in the cultivation of forest tree liners
positively affected the growth and quality of 1 + 0 liners of Acer pseudoplatanus, with growth
increases of 28% and 6% in 2022 and 2023, respectively. The effect of irrigation will be
year-dependent, given the difference in climate conditions between years, but will also
be plant-dependent. Additionally, irrigation could delay the decrease in and cessation of
stem growth until September compared to a stop in stem growth from mid-August in the
case of the rain-fed treatment, but the application in September no longer had any effect
on growth as the trees prepared for winter dormancy. Improved growth with irrigation
was accompanied by higher (less negative) midday stem water potential, indicating the
absence of stress conditions.
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Appendix A. Description of the Soil Water Balance Calculation
A classical soil water balance model, for example BUDGET [25], calculates the root

zone depletion for the simulation period (∆t = 1 day) by considering the measured soil
water content in the root zone at day i (Di), the daily rainfall (R), irrigation (I), estimated
capillary rise (CR), and the crop evapotranspiration, which is calculated by multiplying
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reference evapotranspiration (ETo) with the crop coefficient Kc [13]. Deep percolation (DP)
is considered when soil water content exceeds field capacity:

Di [mm] = Di−1 [mm] + R [mm] + CR [mm]− DP [mm] + I [mm]− KcETo [mm] (A1)

The soil water balance used in the experiment has the same basic algorithms as
BUDGET [25].

The differences with BUDGET [25] are:

1. Field capacity was set at pF 2 and when soil water content exceeds field capacity, water
drains out of the root zone to field capacity the day after. Field capacity was considered
at pF 2 because there was a shallow ground water table present in Hoogstraten
approximately at 100 cm below the soil surface. In Sint-Truiden, water was retained in
the subsoil due to clay accumulation in the Luvisol soil type, which also supports the
choice of setting field capacity at pF 2. It has been demonstrated that field capacity
differs in function of soil texture, hydraulic conductivity, evapotranspiration, and
rooting depth [63,64].

2. The soil water balance was for the entire growing season calculated for a single soil
layer from 0 to 30 cm.

3. In the soil water balance model, capillary rise is calculated with empirical algorithms
derived from UPFLOW [65], which calculates the capillary rise as a function of the
groundwater table depth, and water retention characteristics. A similar approach was
used in the water balance algorithms that underlie AquaCrop [66] (Equation (A2) and
Figure A1).

CR = exp(log(z)− (0.32ln(Ksat)− 0.02)/(0.02ln(Ksat)− 0.2)) (A2)

With z: depth of ground water table (m), CR: capillary rise (mm·day−1), and Ksat:
saturated hydraulic conductivity (m·day−1), which was assumed 0.8 m·day−1 in the
current study.

Especially in Hoogstraten, there was a significant contribution of capillary rise due
to the shallow ground water table. Capillary rise in Hoogstraten was expected to vary
between 0 and 1.2 mm·day−1 depending from the ground water table depth, which was
summarized to be about 75 to 120 mm·year−1.

Horticulturae 2025, 9, x FOR PEER REVIEW 20 of 26 
 

 

With z: depth of ground water table (m), CR: capillary rise (mm·day−1), and Ksat: sat-
urated hydraulic conductivity (m·day−1), which was assumed 0.8 m·day−1 in the current 
study. 

Especially in Hoogstraten, there was a significant contribution of capillary rise due 
to the shallow ground water table. Capillary rise in Hoogstraten was expected to vary 
between 0 and 1.2 mm·day−1 depending from the ground water table depth, which was 
summarized to be about 75 to 120 mm·year−1. 

 

Figure A1. Relationship between capillary rise and depth of ground water table used in the soil 
water balance calculation. 

4. When Ψsoil drops below a critical Ψkrit of −31 kPa. an empirical relationship was used 
to define an exponential decrease in actual evapotranspiration (ETa) in relation to 
maximal potential evapotranspiration (ETc), similar to many other models [67] 
(Equation (A3) and Figure A2). 

ா்ೌா ೘் = ቀ− ଵଵହହ଴଴ቁ (10(ఏିఏೖೝ೔೟)൬ భ.ఱ൫ೢ೛షഇೖೝ೔೟൯ାଶ.଻൰ − 16000)m (A3) 

With ETa: actual daily evapotranspiration (mm), ETm: maximal daily evapotranspira-
tion (mm·day−1), θ: soil moisture (cm3·cm−3), and θkrit: soil moisture threshold (cm3·cm−3) at 
which the plant suffers from water stress. 

 

0.0 0.5 1.0 1.5

0
2

4
6

8
10

z (m)

C
R

 (m
m

/d
ay

)

0.05 0.10 0.15 0.20 0.25

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

θ (cm³/cm³)

ET
a/

ET
m

Figure A1. Relationship between capillary rise and depth of ground water table used in the soil water
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4. When Ψsoil drops below a critical Ψkrit of −31 kPa. an empirical relationship was
used to define an exponential decrease in actual evapotranspiration (ETa) in relation
to maximal potential evapotranspiration (ETc), similar to many other models [67]
(Equation (A3) and Figure A2).

ETa

ETm
=

(
− 1

15500

)
(10

(θ−θkrit)(
1.5

(wp−θkrit)
+2.7) − 16000)m (A3)

With ETa: actual daily evapotranspiration (mm), ETm: maximal daily evapotranspira-
tion (mm·day−1), θ: soil moisture (cm3·cm−3), and θkrit: soil moisture threshold (cm3·cm−3)
at which the plant suffers from water stress.
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Figure A2. Effect of water stress, quantified by ETa·ETm−1 in function soil moisture when critical
soil moisture is set at 0.25 cm3·cm−3.

5. After a wetting event, actual evapotranspiration will be dominated by evaporation
and is calculated through a Ke factor (Equation (A4)). This Ke factor is related to
the time after a wetting event in a curved empirical relationship (Equation (A5) and
Figure A3). The first four days after the wetting event, Ke is close to 1, representing the
stage I, whereby vaporization is controlled by capillary flow to the vaporization plane
at the surface. After four days Ke decreases, representing stage II of vaporization
where vapor diffusion is controlled [68].
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Appendix B 

Table A1. Weekly temperature, radiation sum, relative humidity, precipitation and irrigation dur-
ing the 2022 trial. 

Week Average Tempera-
ture (°C) 

Radiation Sum 
(W·m−2) 
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ETa = ET0Ke (A4)

Ke = 0.25 + (1 − 0.25)(1 − (
w
8
)

5
) (A5)

With Ke: soil evaporation coefficient and w: days after soil wetting.

Appendix B

Table A1. Weekly temperature, radiation sum, relative humidity, precipitation and irrigation during
the 2022 trial.

Week Average Temperature (◦C) Radiation Sum
(W·m−2)

Relative
Humidity (%)

Precipitation
(mm)

Irrigation
(mm)

W18 (25/04) 9.9 33,472 79.5 0.6 0
W19 (02/05) 13.6 36,914 80.3 25 0
W20 (09/05) 16.6 42,191 70.4 0 0
W21 (16/05) 18.0 35,063 80.1 21.8 0
W22 (23/05) 14.5 29,659 82.2 11.4 0
W23 (30/05) 15.1 34,701 78;6 17.2 0
W24 (06/06) 16.8 30,755 81.2 14.4 0
W25 (13/06) 19.6 44,760 72.6 2 0
W26 (20/06) 18.6 35,692 79.7 20.8 0
W27 (27/06) 17.8 34,132 79.7 24.6 0
W28 (04/07) 18.2 39,591 79.1 0.6 0
W29 (11/07) 20.6 38,191 73.0 0 0
W30 (18/07) 21.8 34,753 77.5 14.4 5.1
W31 (25/07) 19.4 32,717 77.5 1.2 1.7
W32 (01/08) 21.2 34,135 73.8 0 5.1
W33 (08/08) 22.9 40,933 65.5 0 5.1
W34 (15/08) 20.5 24,952 84.6 24.2 2.5
W35 (22/08) 21.0 28,340 80.3 0 2.5
W36 (29/08) 19.7 26,517 80.3 0 0
W37 (05/09) 18.2 20,759 89.3 58.2 0
W38 (12/09) 14.6 14,999 93.8 65.6 0
W39 (19/09) 11.9 19,453 91.7 12.4 0
W40 (26/09) 11.6 14,155 93.0 57.8 0
W41 (03/10) 12.2 15,258 88.8 2.2 0
W42 (10/10) 11.5 12,214 94.1 3.4 0
W43 (17/10) 14.7 11,548 94.8 10.4 0
W44 (24/10) 15.4 11,725 91.6 2.4 0

Table A2. Weekly temperature, radiation sum, relative humidity, precipitation and irrigation during
the 2023 trial.

Week Average
Temperature (◦C)

Radiation Sum
(W·m−2)

Relative
Humidity (%)

Precipitation
(mm)

Irrigation
Treatment (mm)

W18 (24/04) 9.8 28,550 67.5 6.4 0
W19 (01/05) 14.0 33,012 66.9 21 0
W20 (08/05) 13.8 22,901 80.1 26.8 0
W21 (15/05) 13.0 38,675 66.4 4.2 0
W22 (22/05) 14.8 40,198 64.0 0 0
W23 (29/05) 16.3 50,469 57.1 0 0
W24 (05/06) 21.1 48,772 55.7 0 18
W25 (12/06) 22.5 43,780 50.5 0.6 21
W26 (19/06) 21.7 39,262 66.4 17.8 18
W27 (26/06) 19.0 26,008 64.6 5.8 18
W28 (03/07) 19.9 34,068 61.7 12.6 18
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Table A2. Cont.

Week Average
Temperature (◦C)

Radiation Sum
(W·m−2)

Relative
Humidity (%)

Precipitation
(mm)

Irrigation
Treatment (mm)

W29 (10/07) 20.4 35,065 61.3 10.6 19
W30 (17/07) 18.0 30,327 67.9 13.2 30
W31 (24/07) 17.9 25,584 74.2 43.4 0
W32 (31/07) 16.3 19,845 83.4 63.8 0
W33 (07/08) 18.5 33,279 71.2 17.2 0
W34 (14/08) 20.6 30,832 73.6 0 15
W35 (21/08) 18.9 24,655 77.2 27.8 15
W36 (28/08) 16.8 22,388 80.6 22.4 0
W37 (04/09) 22.0 31,190 73.8 0.2 0
W38 (11/09) 18.6 21,195 81.7 37.4 17
W39 (18/09) 15.6 15,842 79.5 29.2 0
W40 (25/09) 16.0 16,798 79.9 1.2 17
W41 (02/10) 16.5 16,290 75.4 0.8 17
W42 (09/10) 15.0 11,488 80.8 26.8 12
W43 (16/10) 12.0 10,380 82.1 33 0
W44 (23/10) 10.8 10,356 89.0 28.2 0
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