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Abstract: Knowledge of the response of growth parameters of almond (Badam) trees to different
water supply conditions is important for Badam production. To identify growth parameters that are
sensitive to water deficit in almond trees, field experiments were conducted during a median water
year to monitor the major growth characteristics of almond trees under different irrigation conditions
in Shache County, Xinjiang, China. A field (in-situ) monitoring system was also constructed using
various sensors for the continuous and non-destructive monitoring of the growth parameters, such
as soil water in the root zone, canopy temperature depression, trunk diameter, and fruit diameter of
almond trees. The results confirmed the reliability of the monitoring system. Both canopy temperature
depression and the diameter shrinkage of the trunk and fruit were significantly negatively correlated
(r values ranging from −0.996 to −0.823) with the irrigation water quantity. This correlation was
observed from the young fruit stage to the maturation stage of almond trees, under irrigation
conditions representing 50–100% of crop evapotranspiration (ETc). These parameters were sensitive
(|r| ≥ 0.778) to the water deficit status of almond trees from 14:00 to 18:00 in sunny weather. These
results can provide both technical and theoretical support for real-time non-destructive assessment of
the water deficit status of almond trees.

Keywords: almond (Badam); irrigation conditions; soil moisture; canopy temperature; trunk diameter;
fruit diameter

1. Introduction

Almonds (Badam) are one of the most popular dried fruits in the world [1]. The
promotion and planting of almond trees have played a very important role in enhancing
regional GDP and building ecological barriers [2]. Xinjiang is the main production area
of almonds in China, of which the planting area in Shache County alone has reached
approximately 60,213 ha, with a total output of approximately 93,000 tons. Reduced fruit
yield, plant height, leaf area, and stomatal conductance are the result of water stress, which
has a substantial impact on the growth and physiological features of almond trees [3–5].
According to Hang et al. [6], fruit trees receiving deficit irrigation grow less than those
receiving reasonable irrigation and the scarcity of water resources in the main planting
areas of Xinjiang should be considered [7]. These results underline the importance of
understanding how water shortages affect almond farming and the necessity of efficient

Water 2023, 15, 3731. https://doi.org/10.3390/w15213731 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w15213731
https://doi.org/10.3390/w15213731
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0001-5972-4167
https://doi.org/10.3390/w15213731
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w15213731?type=check_update&version=1


Water 2023, 15, 3731 2 of 21

water management measures to promote optimum development and nutrient uptake in
places like Shache County, Xinjiang.

Water deficit limits transpiration and the dissipation of the associated latent heat of
evaporation [8], and lead to changes in plant growth parameters such as leaf temperature [9],
trunk [10], and fruit volume [11]. Plant water potential is an important indicator to assess
crop water stress. But the use of the leaf pressure chamber is complicated, and it requires a
relatively long time for manual measurement. Continuous monitoring of fruit tree growth
dynamics using relatively simple, reliable, and nondestructive sensors allows researchers
to assess water supply status in a timely manner [12,13]. Since the temperature of the leaves
rises in the early stages of water stress, the tree’s response to drought can be monitored
using thermal sensors mounted above the canopy [6]. In addition, the diameter of the trunk
or fruit fluctuates depending on the water content of the tissues [14–16]. Therefore, the use
of diameter measuring instruments can effectively identify the water supply status of fruit
trees. The use of these sensors can better explain the relationship between fruit tree growth
patterns and moisture environment.

At present, many scholars have carried out relevant research on the monitoring of
water stress in fruit trees. Because leaf temperature rises in the water stress state [17],
water stress can be monitored by measuring the canopy temperature of the fruit trees.
For example, Gomez-Candon et al. [18] continuously observed the response of different
apple varieties to a progressive water deficit environment by placing a thermal radiation
sensor 1.50 m above the canopy. In addition, the threshold criteria for drought stress
in fruit trees can be constructed using parameters such as canopy thermography [18] or
the ratio of canopy temperature to carbon isotopes [19]. Water deficit can lead to volume
shrinkage of plant organs (stems, fruits, leaves, etc.); therefore, micro-changes in plant organ
volume can be used as diagnostic indicators of water scarcity [20] and guide irrigation [21].
Velez et al. [22], Conejero et al. [23,24], Puerto et al. [25], and Du et al. [26] studied trunk
diameter changes and found that the maximum daily trunk shrinkage was relatively reliable
when assessing the moisture status of citrus, peach, almond, and apple plants. Monitoring
water stress by combining micro-changes in the volume of multiple plant organs [27,28] is
also a current research trend. Based on this method, fruit yield evaluation, variety selection,
and evapotranspiration prediction can be realized. For example, Mesejo et al. [29] studied
the changes in the canopy temperature, trunk diameter, and fruit diameter of citrus trees
under different soil and water conditions and concluded that variations in the water status
increased the probability of fruit cracking. Ruas et al. [30] investigated the differences in
the chlorophyll content and leaf area of two different varieties of papaya under different
irrigation conditions and completed the screening of drought-resistant papaya genotypes.
Zambrano-Vaca et al. [31] found that the canopy cover area and trunk cross-sectional area
of peach seedlings correlate significantly with plant water consumption and can be used to
further estimate actual daily evapotranspiration. Although the above research is rich and
diverse, there are few studies on the water stress of almond (Badam) trees in Xinjiang.

Therefore, this study aimed to examine the changes in the major growth parameters of
almond trees in relation to water supply conditions through field experiments based on
the constructed measurement system in Xinjiang. The specific research objectives of this
study were as follows: (1) to use various sensors to construct a monitoring system that can
continuously and non-destructively measure the growth environment and physiological
data of almond trees; (2) to perform an irrigation experiment covering all the growth stages
of almond trees under different irrigation levels, and summarize the changing patterns
of various physiological parameters related to almond trees under different SWCs; and
(3) to select physiological parameters and measuring time during the day in Xinjiang that
can be useful for monitoring the water deficit status of almond (Badam) trees based on the
changing patterns of various physiological parameters. The research roadmap is shown in
Figure 1.
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Figure 1. Research idea roadmap for this study.

2. Materials and Methods
2.1. Experimental Site

The experiments were carried out in the state-owned No. 2 Forest Farm in Shache
County (Kashgar, Xinjiang, China; latitude: 38◦12′1′′ N, longitude: 77◦8′20′′ E). This
experimental site is located in Aslanbagh Town in the south of Shache County, which is
in the northern foothills of the Kunlun Mountains and in the middle and upper reaches
of the Yarkant River. The site has a temperate continental climate, which is characterized
by four distinct seasons, dry weather, long sunshine hours, large evaporation, more sunny
days, and a large temperature difference between day and night. It has an elevation of
1231.2 m and an average annual temperature of 11.4 ◦C. The precipitation varies greatly, and
the annual average precipitation ranges from 46.1 to 50.0 mm. Although the precipitation is
low, it is concentrated in specific months, mostly from April to September. Northwesterly
winds prevail throughout the year, with annual average and maximum wind speeds of
1.9 m/s and 28 m/s, respectively. The average frost-free period is 214 days. The average
number of sunshine hours throughout the year is 2806 h, and the total annual solar radiation
is 145.8 kcal/cm2 [7]. The soil type at the experimental site is sandy loam, with the bulk
density of 1.45 g/cm3, the permanent wilting point is 5.8% (v/v), and the field capacity of
the soil is 35.19% (v/v) within 100 cm, an organic matter content of 10.69 g/kg, quick-release
contents of nitrogen 51.55 mg/kg, phosphorus 7.59 mg/kg, and potassium 143.90 mg/kg,
and a pH of 8.2 [32]. Surface water was used for irrigation, mainly from the Yarkant River
which was approximately 150 m from the experimental site.

The almond (Badam) variety “Wanfeng” (Shache-18) was used for the experiments.
Almond trees of this variety were planted with a row spacing of 8 m and a plant spacing of
6 m. The growing environment is shown in Figure 2, and the specific irrigation treatments
employed in the experiment are listed in Table 1. Tree growth was observed from April
to July in 2020. The growth period was categorized into five stages: bud swelling from
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5 March to 3 April, flowering from 4 April to 13 April, young fruit from 14 April to 10 May,
fruit expansion from 11 May to 15 June, and maturation from 16 June to 15 July.
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Table 1. Irrigation amount (mm) in different irrigation treatments during the critical growth stages of
almond trees in 2020.

Irrigation
Treatment

Bud Swelling
Stage

Flowering
Stage

Young Fruit
Stage

Fruit Expansion
Stage

Maturation
Stage

05/03~03/04 04/04~13/04 14/04~10/05 11/05~15/06 16/06~15/07

I1 90 0 180 270 210
I2 67.5 0 135 202.5 157.5
I3 45 0 90 135 105

2.2. Experimental Design

The almond orchard was equipped with a drip irrigation system that included two
drip lines for each row of trees. Both were placed 1 m apart from each row. Every
tree in the study had twelve drippers (dripper spacing was 0.3 m and the flow rate was
8 L/h), which can create a wetted zone centered on the tree’s root with a diameter of
approximately 2 m and a wetted depth can be reached of about 1 m. From planting
until the irrigation experiments started in 2020 all trees in the orchard received standard
commercial dormant pruning and a basal application of 12,000 kg/ha organic fertilizer
(N + P2O5 + K2O ≥ 5.0%), a follow-up application of 249 kg/ha ammonium sulfate
(N ≥ 21.0%), 53 kg/ha diammonium phosphate (N + P2O5 ≥ 64.0%), and 30 kg/ha
potassium chloride (K2O ≥ 62.0%) in the spring and were uniformly and adequately
irrigated to meet their normal water demands.

The nine-year-old almond trees (medium term of full fruit period) with similar plant
height, crown volume, and trunk diameter (with a mean trunk cross-sectional area of
295 ± 10 cm2) were selected from the almond orchard to constitute the experimental
area. Each irrigation treatment in the experimental area was designed as a randomized
complete block. The treatment blocks were spaced approximately 30–50 m apart to prevent
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mutual interference between treatments. Each treatment block consisted of 15 trees in three
adjacent rows, with the three centrally located almond trees selected as the sample trees for
measurement and the remaining trees used as guards. Three irrigation treatments were
set up for almond trees: location I1, a full irrigation treatment with an irrigation indicator
of 100% crop evapotranspiration (ETc); the other two locations were deficit irrigation
treatments, with irrigation indicators of 75% ETc (I2) and 50% ETc (I3). ETc was calculated
based on the reference crop evapotranspiration (ET0) and crop coefficient (Kc), which can
be calculated as follows:

ETc = Kc × ET0 (1)

where ETc is the actual water demand of almond trees in a certain time period (mm/d),
ET0 is the evapotranspiration of local reference crops in a certain time period (mm/d),
and it was calculated by the Penman–Monteith method; Kc is the crop coefficient, which
is set with reference to the data provided by the United Nations Food and Agriculture
Organization (FAO), Kc was 0.96, 1.11, 1.29, 1.32, and 0.93 at bud swelling, flowering, young
fruit, fruit expansion, and maturation stages, respectively. The amount of water used for
irrigation at each growth stage of the tested almond trees is listed in Table 1.

In addition, pest and disease control was performed in the almond orchard according
to the growing environment. To ensure 0% weed cover, mowing and herbicide applications
were combined to suppress weed growth. All irrigation treatments maintained uniform
fertilization management (same as in Section 2.1), which was based on the recommendations
in the local almond fertilizer guide.

2.3. Collection of Experimental Data

The system for collecting data pertaining to the growth parameters of almond trees
during the experiments consisted of a weather station, soil moisture sensor, canopy temper-
ature sensor, plant canopy analyzer, chlorophyll meter, trunk diameter sensor, and fruit
diameter sensor. To guarantee the accuracy of the measurement results, all sensors were
checked for accuracy before use. This system can collect environmental information such
as air temperature, photosynthetically active radiation (PAR), and soil water, as well as
plant information such as LAI, chlorophyll content, trunk diameter, and fruit volume, in a
real-time manner during the observation period (Figure 3). The time periods for collecting
experimental data were the same as those for the growth stages listed in Table 1.

2.3.1. Environmental Meteorological Information

A weather station (ATH-3z, AWL Agricultural Technology (Taizhou) Co., Ltd., Taizhou,
China) was set up approximately 2 m above ground to obtain meteorological data such
as wind speed, wind direction, PAR (400–700 nm), air temperature, air humidity, and
precipitation (Table 2). Based on local 30-year precipitation data, 2020 was a median
water year.

2.3.2. Soil Moisture

For each sample tree, a ground location 50–100 cm from the root was selected as the
measurement point. Since the root system of the almond tree is predominantly located at a
depth of 1 m from the ground surface, soil moisture sensors (SMTE-3z, AWL Agricultural
Technology (Taizhou) Co., Ltd., Taizhou, China) were strategically positioned under the
drip irrigation belt, near the center of the wetted zone. A vertical alignment was maintained
for the sensor probes, which were placed horizontally at distances of 15, 45, and 80 cm
from the ground surface. This arrangement was intended to show the soil water content at
depths of 0–30 cm, 30–60 cm, and 60–100 cm. To determine the accuracy of the sensors, the
oven-drying method was used to verify the data obtained from the soil moisture sensors
prior to starting the experiments. Soil moisture content is measured in % (v/v).
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(PAR).

Table 2. Environmental meteorological parameters during the experiment in 2020.

Parameter March April May June July

Daily mean air temp. (◦C) 10.0 16.5 22.5 25.0 26.6
Daily maximum air temp. (◦C) 22.8 29.8 35.2 39.7 35.7
Daily minimum air temp. (◦C) −1.3 6.2 10.1 13.9 15.7
Daily minimum relative humidity (%) 30.6 32.7 42.7 36.7 37.4
Daily mean net solar radiation (W m−2) 128 171 256 273 303
Daily mean wind speed (m s−1) 1.71 1.65 1.90 1.89 1.67
Daily mean vapor pressure deficit (kPa) 0.85 1.26 1.55 1.99 2.17
Total precipitation (mm) 3.2 5.1 7.7 9.2 6.6
Reference crop evapotranspiration (mm day−1) 2.9 4.2 4.8 4.7 4.8

2.3.3. Canopy Temperature

The canopy temperature was measured using an infrared thermometer (SYS-3205,
Liaoning Saiyasi Technology Co., Ltd., Panjin, China), which was employed in this study
to measure non-metallic targets using 0.95 emissivity within the 5–14 µm wavelength
range (infrared). The canopy locations for temperature measurement using the infrared
thermometer are shown in Figure 4. At approximately 14:00 every day, three values were
measured at approximately 0.5 m above the canopy at each of the four directions (east,
south, west, and north) at a 45◦ angle of elevation back and forth. Their average value was
taken as the canopy temperature of the almond trees. In addition, measurements were
taken every 2 h from 08:00 to 18:00 in typical weather (sunny and cloudy days) to measure
the daily variations in canopy temperature. The canopy/air temperature difference (∆T)
was obtained by calculating the difference between the canopy temperature (Tc) and the air
temperature (Ta) during each measurement.
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using an infrared thermometer.

2.3.4. Leaf Area Index

Every three days, we used a plant canopy analyzer (CI-110, CID Inc., Saint Paul,
MI, USA) to capture all-sky images of the canopy of the orchard population in clear and
windless mornings or evenings (ground observation points were selected every 4.0 m along
both the plant spacing and row spacing directions). The software (CI-110 Plant Canopy
lmager.1.0) dedicated to the canopy analyzer (CID Inc., Camas, WA, USA) was used to
obtain the leaf area index (LAI) data of test trees from the images.

2.3.5. Relative Chlorophyll Content

Six healthy, intact leaves (24 leaves per tree) were labeled in the upper middle
(1.5–1.8 m above the ground) of each sample tree from the east, south, west, and north to
obtain chlorophyll and leaf area information. A chlorophyll meter (SPAD-502) was used to
measure the soil and plant analyzer development (SPAD) values of labeled leaves.

2.3.6. Trunk Diameter

A trunk diameter sensor (SD-6z, AWL Agricultural Technology (Taizhou) Co., Ltd.,
China, with an accuracy of 0.002 mm) was installed 20 cm above the ground at the bottom
of the trunk of each sample tree to measure trunk diameter shrinkage (TDS). The trunk
diameter sensor monitored the data every 10 min.

2.3.7. Fruit Diameter

One healthy almond fruit with uniform growth was selected near the labeled leaves
(from four directions: east, south, west, and north) as the sample fruit for measurement
(a total of four fruits were measured per tree). Then a fruit diameter sensor (FI-Sz, AWL
Agricultural Technology (Taizhou) Co., Ltd., Taizhou, China, with an accuracy of 0.02 mm)
was used to measure the fruit diameter shrinkage (FDS).

2.3.8. Yield

Fruits of the observed plants were harvested during the maturation stage. After each
harvest, fresh fruit was weighed using an electronic scale (1.0 g). The flesh was then
stripped from the kernel and sun-dried until the kernel was dry and brittle (with a water
content of 8%). The nut yields were calculated separately for kernel with and without flesh.
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Finally, the average yield per plant for each irrigation treatment was calculated based on
the yield data.

2.4. Data Analysis

Origin 2019b (OriginLab, Northampton, MA, USA) was used to present the scatter
plots, point-line plots, and correlation heat maps of the experimentally observed parame-
ters. The correlations (Pearson’s correlation coefficient r) between the parameters and the
significance of these correlations were evaluated using the analysis of variance (ANOVA)
using SPSS 20.0 (IBM Corp., Armonk, NY, USA).

3. Results and Analysis
3.1. Variations of Measured Indicator Parameters

After completing sensor installation and accuracy verification, the data for the target
parameters were monitored. The parameters measured in the experiment were categorized
into two types: crop and environmental. The crop parameters included ∆T, LAI, chlorophyll
content, and fruit and trunk diameter variation. In addition to the SWC, the environmental
parameters also included PAR values to better understand the change patterns of crop
parameters [27,30,33].

3.1.1. Soil Water Content

The variations of soil water content (SWC) under different irrigation treatments are
shown in Figure 5. The overall SWC under I1 treatment was the highest (Figure 5a), ranging
from 15.10 to 30.28%. This was followed by the I2 treatment (Figure 5b), with the overall
SWC ranging from 13.19 to 28.18%. The lowest SWC throughout the growth stages was
observed in I3 treatment (Figure 5c), ranging from 9.90 to 25.54%. As shown in Figure 5,
SWC exhibited a peak of significant increase at each critical growth stage when irrigation
was performed (3 March 2020, 23 April 2020, 5 May 2020, 16 May 2020, 28 May 2020, 7
June 2020, 19 June 2020, 7 July 2020, and 17 July 2020). Under I1 treatment for example
(Figure 5a), the peak duration corresponding to each irrigation was synchronous with
the irrigation period, and the peak value was significantly correlated with the irrigation
amount. That is, the greater the irrigation amount, the higher the SWC peak value. The
SWC peak values corresponding to the irrigation amounts of 90, 180, 270, and 210 mm
were 25.67, 28.12, 30.28, and 27.70%, respectively, within two to three days after irrigation.

Following each irrigation, the SWC decreased significantly due to evapotranspiration,
fruit tree uptake, and transport to subsoils [20,30,31], after which the decreasing trend
in water content slowed. The average soil water content exhibited a consistent pattern
of change across all layers and treatments throughout each growth stage. Specifically,
from the bud swelling stage to the flowering stage, the almond tree leaves were not fully
expanded, resulting in water consumption being primarily driven by inter-tree evaporation.
Additionally, the low air temperature and weak solar radiation further contributed to
reduced water consumption during this period. Irrigation was applied regularly during the
young fruit stage, characterized by a fully developed tree canopy, elevated ground cover,
low inter-tree evaporation, and high plant transpiration [33], which is a crucial period for
water demand in the growth of Badam fruits. Subsequently, as the fruits reached maturity,
irrigation was reduced, and soil water content tended to decline.

It was also observed that SWC correlated with the depth of the soil layer. That is,
the SWC increased with the depth of the soil layer, and its variation synchronized with
a certain relative difference. Almond trees are shallow-rooted plants with vertical root
distribution within 1 m, and the main root system is distributed at depths of 20–70 cm
from the surface [34]. Therefore, this study focused on analyzing changes in soil moisture
within the 0–100 cm range. A moist layer slightly below the main root distribution area
can encourage deeper root growth, increasing wind resistance and nutrient availability
to the plant, thereby increasing the ability of the root to absorb and utilize nutrients. For
this experiment, the increase in root soil moisture after each irrigation event was roughly
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consistent with the amount of irrigation water, and the SWC of the deep soil after irrigation
did not exceed the field water holding capacity, so there was no obvious deep leakage
during irrigation. In the experiment, soil moisture sensor measurements at a depth of 80 cm
below the surface were used to calculate soil moisture content at a depth of 0–100 cm. The
root system of the nine-year-old almond tree can reach about 90 cm underground, so the
soil moisture detected by the soil moisture sensor at the lowest point gradually decreased
over time due to the water absorption of the root system. In addition, since the root system
of almond trees is mainly distributed at a depth of 20–70 cm, the moisture content of the
soil layer at a depth of 30–60 cm decreased due to the water absorption of the root system,
and the soil matric potential increased. At the same time, the water in the soil layer at a
depth of 60–100 cm was replenished, driven by capillary action and water potential, which
may also lead to a decrease in soil moisture content at the lowest point [35].
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3.1.2. Leaf Area Index and Chlorophyll Content

The variations in LAI and SPAD values of almond trees during the growth stages
are shown in Figure 6. It can be seen that both parameters exhibit an overall gradually
increasing trend. As shown in Figure 6a, the LAI value was zero when the leaves in the
canopy were in the sprouting state at the bud swelling stage of almond trees. As the
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weather warmed up, the canopy grew and developed, and the leaves grew rapidly with
LAI increasing from 0.7–1.1 at flowering stage to 2.8–4.0 at young fruit stage. After the
young fruit stage, the nutritive growth phase of almond tree ended, and the reproductive
growth phase began. The plant began to transport nutrients primarily to the fruit, leading
to a gradual slowdown in canopy leaf growth. Therefore, LAI remained at a relatively
stable level (3.3–4.5) throughout fruit expansion and maturation. Under different irrigation
treatments, the canopy LAI of almond trees gradually differed with plant growth. The
LAI from the young fruit stage to the maturation stage was ranked in the order of I1
(4.0–4.5) > I2 (3.6–3.9) > I3 (2.8–3.5). This suggests that SWC had a significant effect on
canopy leaf growth. Although the overall trend for SPAD (Figure 6b) was similar to that of
LAI, there was no significant difference in the SPAD values under different SWC values,
suggesting that the canopy chlorophyll content measured using the SPAD instrument did
not effectively reflect the changes in the moisture content in the almond trees’ environment.
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3.1.3. Canopy/Air Temperature Difference

The variations in canopy/air temperature difference (∆T) throughout the growth
period of the sampled almond trees in this experiment are shown in Figure 7. The ex-
perimental observations were initiated at the bud swelling stage when the leaves were
young (LAI ≈ 0) and their physiological activities were relatively slow, which did not
permit effective transpiration. Under sunlight (10:00–14:00), the solar radiation absorbed
by the canopy of almond trees was converted into heat energy [18]. Therefore, the canopy
temperature at the bud swelling stage was higher than the air temperature [19], i.e., the
∆T at this stage was approximately 1 ◦C. As the leaves of almond trees fully developed
(LAI ≥ 2.5), the canopy transpiration rate normalized, which converted liquid water into
gaseous water vapor while consuming heat, resulting in a reduction of leaf temperatures.
Therefore, the ∆T of almond trees decreased gradually (∆T < −2 ◦C) from the flowering
stage to the maturation stage. From the bud swelling stage to young fruit stage, canopy
leaves grew rapidly, and LAI increased to 2.8–4.0, causing ∆T to rapidly decrease from
0.7–1.2 ◦C to values between −5.6 and −3.95 ◦C. During subsequent growth, almond trees
shifted from the nutrient growth phase to the reproductive growth phase, in which the leaf
development rate slowed, and the overall canopy leaves were maintained in a stable state.
Consequently, the ∆T value of almond trees was maintained between −5.6 and −3.1 ◦C
from the young fruit stage to maturation stage.
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As shown in Figure 7, different irrigation treatments had significant effects on the ∆T
of almond trees, where differences in ∆T between different soil water environments were
lower at early growth stages (i.e., bud swelling and flowering stages) when the canopy
leaves were young (LAI ≤ 1.1). As trees grew, almond trees with adequate water supply
had greater leaf area values; (LAI was the highest under I1 treatment, followed by I2, and
then I3 (I1 > I2 > I3). Additionally, transpiration was more intense in trees irrigated with
higher amounts of water [8]. As a result, the ∆T between different irrigation treatments
gradually widened from the young fruit stage to the maturation stage. Overall, ∆T was
the lowest in I1 treatment, followed by I2 and I3. That is, I1 (−5.6 to −5.1 ◦C) < I2 (−4.8 to
−4.3 ◦C) < I3 (−3.95 to −3.1 ◦C).

To understand the changing pattern of the ∆T of almond trees in-depth, canopy tem-
perature was monitored throughout the day on a typical sunny day (1 July 2020, Figure 8a)
and a typical cloudy day (28 June 2020, Figure 8b). The sample plants under I1 treat-
ment on these two days were at the maturation stage and were characterized by more
stable physiological activities [36,37]. Therefore, the daily variation in their canopy tem-
perature is relatively representative. The changing trends of the ∆T and PAR of almond
trees in the sunny environment presented in Figure 8a show an overall increasing trend
first, then decreasing, and increasing again. Combined with the trend plot of photosyn-
thetically active radiation values, data show that solar radiation was 0 during nighttime
(0:00–6:00), the canopy temperature did not differ much from the air temperature, and
∆T was approximately 0 ◦C. As the sun rose, the light radiation received by the canopy
was converted into heat, leading to a gradual increase in ∆T. At approximately 8:00, the
canopy began transpiration, and water volatilized by absorbing part of the heat, resulting
in a gradual decrease in canopy temperature. As solar radiation was too strong after
12:00, the leaf stomata of the canopy were partially closed [38], and transpiration was
relatively reduced, causing an increase in ∆T. After 16:00, the intensity of solar radiation
weakened, the leaf stomata reopened, and the effect of canopy transpiration increased,
causing a slight decrease in ∆T. After 18:00, with sunset, the intensity of sunlight and
transpiration decreased, resulting in a gradual increase in ∆T until it eventually returned
to near 0 ◦C. The variation trend of ∆T on the cloudy day was approximately the same
as that on the sunny day. However, the variations in ∆T values were lesser on the cloudy
day (5.4 ◦C) than those on the sunny day (12.3 ◦C), which was due to the weaker intensity
of solar radiation and the reduced transpiration on the cloudy day. The heat absorbed by
the canopy on the cloudy day was reduced, ultimately resulting in a higher ∆T (−3.9 to
1.5 ◦C) than that on the sunny day (−8.8 to 3.5 ◦C). Regardless of whether the days were
sunny or cloudy, the all-day ∆T under different irrigation treatments also showed a trend
similar to that of ∆T on sunny days (Figure 8a); that is, I1 < I2 < I3. It can be seen that
the effect of soil water content on the ∆T of almond trees was consistent throughout plant
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growth, but the significance of its effect on the ∆T still needs to be further analyzed in the
following sections.
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3.1.4. Trunk Diameter Variation

Thermal effect and transpiration are among the factors causing the variations in plant
trunk diameter. Under optimal weather conditions, the solar radiation absorbed by plants
is converted into heat energy, which causes a minor swelling of water-storing organs.
This is an external manifestation of the thermal effect in plants [28]. In addition, the
transpiration rate of plants at midday is generally greater than the water uptake rate by the
root system [20]. To meet the demand of the canopy transpiration, the water stored in each
organ (root, stem, and fruit) of a plant begins to flow towards its leaves, which leads to a
shrinkage of these organs. Thus, the external manifestation of shrinkage in the plant trunk
is the result of a dynamic balance between thermal effect and transpiration.

The variations in the trunk shrinkage of almond trees throughout the growth pe-
riod are presented in Figure 9. The trunk diameter exhibited an overall shrinking trend
due to the significant transpiration effect during the sampling period of 10:00–14:00. The
TDS increased to varying degrees as plants grew under each irrigation treatment. This is
because in winter and early spring, plant transpiration and tissue growth were weaker,
and the midday thermal effect expanded the volume of plant organs, partially counter-
acting the trunk shrinkage. In summer, the trunk growth of adult almond trees slowed,
and the variation in their volumes was primarily caused by water exchange between
plant tissues. The TDS values at each growth stage were as follows: bud swelling stage
(178.667–220.852 µm) < flowering stage (190.742–298.571 µm) < young fruit stage
(208.574–353.390 µm) < fruit expansion stage (212.342–366.317 µm) < maturation stage
(226.387–405.539 µm). In addition, the TDS values under different irrigation treatments were
as follows: I1 (201.896–226.387 µm) < I2 (178.667–298.571 µm) < I3 (220.852–405.501 µm).
This trend occurred because the amount of water that a plant can absorb from the soil
directly affects its internal water content and indirectly affects the volume variation of plant
organs [21,27,39]. Reduced water availability in the soil under the irrigation treatments
with lower amounts of water (I2 and I3) reduced the rate of water uptake by the root system
of plants. This increased the temporary deficit of water in the plant body, which in turn
exacerbated the shrinkage of the water-storing organs in almond trees. Ultimately, the
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higher the utilization of the water stored in the trunk under I2 and I3 treatments, the greater
the daily shrinkage.
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under irrigation treatments I1, I2, and I3.

The daily variation in the trunk diameter of almond trees on both sunny (Figure 10a)
and cloudy (Figure 10b) days exhibited a good periodicity, and the daily variation curve
showed an overall increasing, then decreasing, and again increasing trend. This periodic
shrinking/swelling variation in trunk diameter was mainly due to transpiration. The
transpiration rate of almond trees changed according to increases or decreases in solar
radiation, which in turn caused shrinkage and swelling of the trunk diameter. In particular,
at nighttime (22:00 on day 1 to 8:00 the next day), the transpiration intensity was weak, the
water absorption rate of the root system was greater than the transpiration rate, and the
water deficit in water-storing organs during the daytime was replenished. Therefore, the
volumes of the root, stems, and fruit were recovered and began to swell, implying that the
trunk diameter variation showed an opposite trend to that of solar radiation. Compared
with the daily trunk diameter variation (−278 to 122 µm) in the sunny environment
(maximum PAR = 1610 µmol m−2 s−1), the daily trunk diameter variation (−182 to 94 µm)
in the cloudy environment (maximum PAR = 294 µmol m−2 s−1) was more moderate, which
further demonstrated the effect of solar radiation on the shrinkage and swelling of the plant
trunks. In addition, the daily trunk diameter variations under different irrigation treatments
were ranked in a sequence of I1 < I2 < I3 under both sunny and cloudy environments,
but the trunk shrinkage was less under cloudy conditions, which was attributed to the
lower intensity of transpiration and the lower water consumption rate of almond trees on
cloudy days.

3.1.5. Fruit Diameter Variation

The variations in the FDS of almond trees are shown in Figure 11, which are similar to
those in the TDS both during the whole growth period and on a single-day scale. That is,
the FDS gradually increased from the young fruit stage to the maturation stage and was
ranked in the order of I1 < I2 < I3 under different irrigation treatments. On a single-day
scale, almond fruit also exhibited an initial swelling process, followed by shrinking and
swelling; the FDS under different irrigation treatments was also ranked in a sequence of
I1 < I2 < I3.

In addition, the maximum fruit shrinkage under sunny conditions was also greater
than that under cloudy conditions, as shown in Figure 12. The variation in fruit diameter
was similar to that in trunk diameter because almond fruit, a water-storing organ, partici-
pates in the water transport process related to transpiration together with the trunk. That is,
the variation in the volume of the plant’s water-storage organs during the day was actually
a balance between two basic biological processes: the exchange of water between its tissues
and its physiological growth and the thermal effect [29]. However, the difference in the
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variation in fruit diameter (−590 to 100 µm) was much greater than that in trunk diameter
(−278 to 122 µm), which was due to the greater variation in water content within the fruit
compared to the trunk. As the water content of the trunk decreased, the mature xylem
therein hardly deformed, whereas the immature xylem, phloem, and other associated
water-storing tissues shrank. Moreover, when the water content of the fruit decreased, the
fruit shrank more than the trunk due to the lack of support, similar to the xylem in the
trunk [40].
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In addition, variations in the fruit volume were closely related to the growth stages [41].
Young fruit shrank significantly during the daytime because their water was highly mobile
due to the low content of soluble solids in the fruit. In contrast, the water content of
mature fruit was lower, which limited the outflow of water from the fruit. As a result, the
volumetric shrinkage of fruit during the maturation stage was slightly reduced under water
stress conditions.
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3.2. Variations in Responses of Almond Trees to Irrigation

To better analyze the response of almond trees to different irrigation treatments, the
changes in major physiological parameters were summarized in relation to irrigation treat-
ments. As shown in Figure 13, all physiological parameters except SPAD were significantly
correlated with irrigation treatments. Among them, fruit yield and canopy LAI decreased
as the amount of water for irrigation reduced; ∆T, TDS, and FDS increased with the in-
creasing irrigation amount. The correlations (correlation coefficient r) between the main
physiological parameters and the irrigation amount at each growth stage are also shown
in Figure 13. During the early growth stages (bud swelling and flowering), only the TDS
was negatively correlated with the irrigation amount (r = −0.470 to −0.953). This was
because the water treatment experiment had just started, and the physiological activity of
almond trees was weak in the spring. With the onset of summer, solar radiation gradually
increased, leaves and fruits continued to grow, and all physiological activities of the plants
became more active. In addition, correlations among the parameters peaked at the matura-
tion stage. Specifically, ∆T, TDS, and FDS showed significantly negative correlations with
irrigation treatment and fruit yield (r = −0.949 to −0.996). Significant positive correlations
(r = 0.953–0.978) were observed between ∆T, TDS, and FDS. The correlation coefficients indi-
cate that when the irrigation amount was reduced, canopy LAI, fruit yield, and trunk/fruit
volume decreased, and canopy temperature increased accordingly. However, the SPAD
value did not change significantly.

Because the daily variations in ∆T, TDS, and FDS were obvious, it was necessary
to determine their sensitivity to the irrigation amount during different time periods. It
can be seen from Table 3 that under sunny conditions, ∆T was significantly correlated
with the irrigation amount from 8:00–18:00 (r = −0.991 to −0.778), and so were the TDS
from 4:00 to 22:00 (r = 0.676–0.998) and FDS from 8:00 to 22:00 (r = 0.758–0.999). Under
cloudy conditions, ∆T, TDS, and FDS were also significantly correlated with the irrigation
amount from 8:00 to 14:00 (r = −0.997 to −0.655), from 14:00 to 20:00 (r = 0.827–0.904), and
from 8:00 to 20:00 (r = 0.783–0.992), respectively. Overall, the moisture-sensitive periods of
the three measured parameters were correlated with the intensity of solar radiation and
transpiration.
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Figure 13. Correlations (correlation coefficient r) between parameters such as fruit yield, canopy
LAI, relative chlorophyll content (SPAD), canopy/air temperature difference (∆T), trunk diameter
shrinkage (TDS), and fruit diameter shrinkage (FDS) of almond trees at critical growth stages. Note:
* indicates the values are significant at the probability level p < 0.05; ** indicates that the values are
distinctly significant at the probability level p < 0.01.
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Table 3. Correlation coefficients of irrigation volume of canopy/air temperature difference (∆T),
trunk diameter shrinkage (TDS), and fruit diameter shrinkage (FDS) with the irrigation amount for
almond trees during the whole day under different weather conditions.

Time period 0:00 2:00 4:00 6:00 8:00 10:00

Sunny
day

∆T
0.156 −0.286 −0.380 −0.132 −0.990 −0.888
NS NS NS NS ** **

TDS
0.000 0.500 0.676 0.634 0.747 0.762
NS NS * * * *

FDS
0.000 −0.500 −0.421 0.271 0.758 0.943
NS NS NS NS * **

Time period 12:00 14:00 16:00 18:00 20:00 22:00

Sunny
day

∆T
−0.913 −0.778 −0.866 −0.991 0.401 −0.500

** ** ** ** NS NS

TDS
0.825 0.970 0.997 0.998 0.991 0.725

* ** ** ** ** *

FDS
0.948 0.952 0.999 0.962 0.851 0.644

** ** ** ** * *

Time period 0:00 2:00 4:00 6:00 8:00 10:00

Cloudy
day

∆T
0.554 0.493 −0.569 −0.220 −0.973 −0.989
NS NS NS NS ** **

TDS
0.000 −0.267 −0.466 −0.525 −0.507 0.394
NS NS NS NS NS NS

FDS
0.000 −0.365 −0.303 −0.233 0.828 0.940
NS NS NS NS * **

Time period 12:00 14:00 16:00 18:00 20:00 22:00

Cloudy
day

∆T
−0.997 0.655 −0.577 −0.397 0.138 0.367

** * NS NS NS NS

TDS
0.292 0.904 0.951 0.923 0.827 −0.413
NS ** ** ** ** NS

FDS
0.957 0.992 0.989 0.970 0.783 0.570

** ** ** ** * NS
Note: In this table, * indicates that the values are significant at the probability level p < 0.05; ** indicates the values
are distinctly significant at the probability level p < 0.01.

4. Discussion

In this study, a field (in-situ) monitoring system for almond trees was constructed using
various sensors. This system continuously monitored the physiological responses of the
almond trees in a non-destructive manner and exhibited good reliability. According to the
monitoring results of the sensor system, canopy LAI [40], ∆T [8], trunk shrinkage [29], and
fruit shrinkage [42] were more sensitive to water deficit. The findings of this study support
the assertion made by Li et al. [28] that poplar trunks undergo contraction during daylight
hours and expansion during nighttime; specifically, the gradual contraction between 8:00
and 16:00. The results of this study confirm a similar pattern of contraction and expansion
in almond (Badam) tree trunks occurring at approximately the same times of the day.
This study revealed that the variation in canopy temperature is strongly correlated with
the level of water stress, particularly around midday (12:00). This finding aligns with
the research conducted by Candon et al. [8] during the time frame from 11:00 to 14:20.
Additionally, it was observed that fruit trees experiencing adequate water supply exhibited
lower canopy/air temperature differences, which can be attributed to the delayed closure of
stomata in well-watered leaves. Rosa et al. [21], in their study on nectarine, found that the
TDS value increased with the increase of water requirement, and the TDS of the water deficit
treatment and the sufficient water treatment were about 300 µm and 200 µm, respectively,
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during the whole life span. The TDS of almond (Badam) trees exhibited a pattern similar
to the above studies of changes throughout their entire lifespan in the present study. This
pattern can be attributed to the gradual growth of trunks. Specifically, the TDS reached its
minimum value in March and its maximum value in July. The TDS values ranged from
221–406 µm for the deficit treatment to 179–226 µm for the well-watered treatment. In
a similar study, Giron et al. [29] examined the impact of varying water stress conditions
on the canopy/air temperature difference, trunk diameter, and fruit diameter of citrus
trees. Their findings revealed that reducing irrigation water by 50% resulted in a notable
increase of approximately 5 ◦C in the canopy temperature of citrus trees. Additionally, the
gradual intensification of transpiration between 9:00 and 17:00 h led to a contracted state
in both trunk and fruit diameter. These conclusions align closely with the observations
of the present study. Based on the trunk diameter changes, Palomo et al. [20], Malheiro
et al. [27], and Giron et al. [39] investigated the changing trend of indicators such as the
trunk growth rate, daily maximum shrinkage, daily net growth, daily variation of trunk
diameter, and time required for complete recovery on the same day under water deficit.
All the above indicators are important for measuring the water deficit in plants. Therefore,
further research is needed in subsequent experiments on almond trees to calculate the trunk
and fruit diameter variations and corresponding parameters over different time periods
under real-time observation.

In this study, the sensitivity of ∆T, TDS, and FDS to soil water deficit under different
weather conditions was determined. Considering the short duration of solar radiation
under cloudy conditions and the insufficient changes in the values of the main physiological
parameters of almond trees, the time period from 14:00 to 18:00 under sunny conditions
was considered suitable for measuring the ∆T, TDS, and FDS of almond trees during actual
production growth stages. Data analysis of the results in Section 3 indicated that all the
above parameters were also closely related to fruit yield at the maturation stage [36,42]. As
Corell et al. [41] found that, olive fruits are sensitive to water stress, and a water deficit leads
to a reduction in fruit size, which further affects yield. Thus, parameters such as canopy LAI,
∆T, trunk shrinkage, and fruit shrinkage can also be used to estimate the degree of water
deficit in almond trees in real time. In their study, Ballester et al. [18] asserted that canopy
temperature is strongly correlated with physiological processes, including the stomatal
regulation of transpiration and the evaporative cooling of leaves. This relationship enables a
more direct evaluation of plant water status, thereby proposing its utilization in conjunction
with trunk diameter variations as an indicator of water stress. It follows that multi-source
monitoring systems integrating the information of crop evapotranspiration [31], stem water
potential [28], and canopy phenology imaging [18] will certainly play a greater role in the
future [43].

Although in-situ tests were conducted in the field during the growth period of almond
trees for a single year (2020), which was characterized as a median water year using meteo-
rological data, the experimental data and conclusions presented herein serve as a valuable
reference for assessing the water deficit of almond trees in the Xinjiang region. Nevertheless,
there is a need to repeat irrigation experiments in subsequent years to further optimize
the sensor combinations [44], establish a reliable and accurate monitoring system [44], and
carry out studies on water deficit diagnosis [45]. For example, it is necessary to understand
how to enable sensors to simultaneously monitor the canopies of multiple almond trees in
a reasonable and convenient way for longer durations, and how to choose representative
trunks or fruits, to better capture the diameter shrinkage/swelling variations. It is also
recommended to calculate crop coefficients of almond (Badam) orchards [46], estimate
daily evapotranspiration [47], or construct a moisture decision model for almond trees
using machine learning algorithms [48].

5. Conclusions

In this study of the median water year, we developed a non-destructive physiological
information monitoring system consisting of the soil moisture sensor, infrared thermometer,
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plant canopy analyzer, chlorophyll meter, trunk diameter sensor, and fruit diameter sensor
to measure the soil water content in the root region, ∆T, LAI, SPAD, trunk diameter, and
fruit diameter of almond trees. During the experiment, measurements of multiple growth
parameters in different water supply environments confirmed good reliability of the system.
The results of the median water year showed that under the irrigation levels corresponding
to 100%, 75%, and 50% of ETc, ∆T, TDS, and FDS exhibited significant negative correlations
(r = −0.949 to −0.996) with the irrigation treatment and yield parameters. Additionally,
significant positive correlations (r = 0.953–0.978) were found between ∆T, TDS, and FDS. The
above correlation coefficients indicate that when the irrigation amount was reduced, canopy
LAI, fruit yield, and diameter of trunk and fruit decreased, and the canopy temperature
increased accordingly. However, the SPAD content did not show significant change. In
addition, the variations in the main parameters during the course of a single day suggest
that the time period from 14:00 to 18:00 under sunny conditions is appropriate for measuring
the ∆T, TDS, and FDS in the canopies of almond trees for effective real-time production
monitoring. This is because the results of the measurements during this period were
significantly correlated with the amount of water used for irrigation (|r| ≥ 0.778). The
findings of this study can provide technical suggestions and guidance for constructing and
establishing a water deficit diagnosis and monitoring system for almond trees in Xinjiang,
China.
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