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Abstract: Although water-saving measures are increasingly being adopted in orchards, little is known
about how different irrigation methods enhance water use efficiency at the root system level. To study
the allocation of water sources of water absorption by cherry roots under two irrigation methods,
surface irrigation and drip irrigation, oxygen isotope tracing and root excavation were used in this
study. We found that different irrigation methods have different effects on the average 5'0 content
of soil water in the soil profile. The IsoSource model was applied to calculate the contribution rate
of water absorption by cherry roots under these irrigation methods. During the drought period
in spring (also a key period of water consumption for cherry trees), irrigation water was the main
source of water absorbed by cherry roots. In summer, cherry roots exhibited a wide range of water
absorption sources. In this case, relative to the surface irrigation mode, the drip irrigation mode
demonstrated higher irrigation water use efficiency. After two years of the above experiment, root
excavation was used to analyze the effects of these irrigation methods on the distribution pattern of
roots. We found that root distribution is mainly affected by soil depth. The root system indexes in
10-30 cm soil layer differ significantly from those in other soil layers. Drip irrigation increased the
root length density (RLD) and root surface area (RSA) in the shallow soil. There was no significant
difference in root biomass density (RBD) and root volume ratio (RVR) between the two irrigation
treatments. The effects of these irrigation methods on the 2D distribution of cherry RBD, RLD, RSA
and RVR, which indicated that the cherry roots were mainly concentrated in the horizontal depths of
20 to 100 cm, which was related to the irrigation wet zone. In the current experiment, more than 85%
of cherry roots were distributed in the space with horizontal radius of 0 to 100 cm and vertical depth
of 0 to 80 cm; above 95% of cherry roots were distributed in the space with the horizontal radius of
0 to 150 cm and the vertical depth of 0 to 80 cm. Compared with surface irrigation, drip irrigation
makes RLD and RSA more concentrated in the horizontal range of 30-100 cm and vertical range of
0-70 cm.

Keywords: stable oxygen isotope; root excavation; water uptake; isotope; cherry; irrigation

1. Introduction

Root growth is an important stage of plant growth. Many studies have investigated many
aspects of plant roots, such as their growth and distribution, water absorption, and adaptive
self-regulation [1-3]. Plant roots can extract water from various sources, including soil water, irrigation
water, rainwater and groundwater [4,5]. The implementation of water-saving irrigation measures in
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orchards influences the distribution of roots, maximum root depth, and water absorption by roots [6-9].
In addition, the distribution range of roots shifts in accordance with the soil water content [10].

The stable oxygen isotope composition varies significantly amongst irrigation water, soil water at
different depths, and groundwater because of the physical processes of evaporation, penetration, and
slow chemical reactions [11,12]. Specifically, water absorbed by plant roots is considered to contain a
mixture of all possible sources of water. Therefore, the relative contribution rate of each source of water
to plant growth can be quantitatively determined by comparing the relationship between the water
content of xylem and the isotopic characteristics of other sources of water [13]. This method forms the
theoretical basis for the evaluation of plant water use with the stable oxygen isotope method. Relative
to traditional methods, such as root excavation and soil moisture measurement, the stable isotope
technique is perceived as a more valuable tool for more accurate assessment of water uptake patterns
during crop growth [14,15]. This method causes minimal harm to the root environment and is thus
suitable for long-term research [16]. Yano et al. stated that the stable hydrogen isotope composition of
dry-farmed rice fields in the lowlands fluctuates due to the influence of precipitation [17]. Trees adapt
their water absorption in the growing season and under varied soil moisture conditions [18]. Cao et al.
found that cherry trees could absorb soil water and irrigation water at different depths depending
on the degree of water deficit during different growth stages [19]. These findings indicate that the
variation in and the ability to adapt the water extraction strategy can benefit root growth and improve
a plant’s water-use efficiency, which is critical for irrigation water productivity and final yields in
water limiting environments.

Several methods can be adopted to quantitatively assess the spatial distribution of roots in soil,
including profiling, soil drilling, clod method, or excavation of intact root structures [1]. Despite
the various advantages of the stable isotope methods, obtaining a thorough understanding of root
growth and root distribution is considered the most direct means, and also the most challenging, for
understanding crop growth, especially for large perennials such as fruit trees [20]. By far, the profiling
method is the most commonly used method in orchard research [21,22]. Crop root distribution
is influenced by many factors, including soil properties, soil types, rootstock types, and orchard
management [23,24]. Different research groups have reported an important link between the root
distribution of fruit trees and the soil moisture characteristics [25,26]. Based on the root excavation
method, Williamson et al. and Parker and Meyer evaluated the root distribution of peach trees [2,3].
Yao et al. examined the growth, variation, and distribution of apple tree roots under different orchard
ground management regulations [27]. Liang et al. studied the spatial distribution characteristics of
the root system of intercropped apricots [28]. Paltineanu et al. studied the root distribution of apricot
and peach trees [29,30] and Ceausescu et al. analyzed the relationship between root morphology, and
stomata, solar radiation angle, orchard management and fertilization [31].

Cherry tree (Prunus avium) is an important fruit tree species in the suburbs of Beijing, China.
Hence, it is essential to study the effects of irrigation in agricultural water-saving practices on cherry
root distribution, root water absorption characteristics and water-use efficiency. Most of the existing
studies focused on forest, grassland, and field crops to clarify the effects of different sources of water
on root distribution and water absorption [3-6,20-25]. However, few studies focused on fruit trees to
assess how different water sources, especially different irrigation methods, affect root water uptake
patterns and then influence the root redistribution. The selection of water source and estimation of the
possible contribution of each water source via irrigation water to total water absorption under different
irrigation methods requires an in-depth study of root water uptake and root system distribution in
cherry orchards [32]. The aim of this study was to identify the contribution of irrigation water to
total plant root water uptake and root distribution under different irrigation methods to provide an
adequate theoretical basis for guiding the precise water management of orchards.
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2. Data and Methods

2.1. Site Description

The field experiments were conducted at Xi Feng Yue water-saving irrigation demonstration
orchard (39°43" N, 116°41" E, 23.73 m a.s.l.) located in Tongzhou District in Beijing, China, in 2015 and
2016. The area has a typical semi-arid temperate continental monsoon climate characterized by drought
in spring, hot and rain in summer, autumn sunny, and cold and dry in winter. The area receives
considerable sunlight with a mean annual sunshine duration of 2562-2744 h and annual average
temperature of 11.5 °C. The average annual precipitation is 565 mm, the mean annual evaporation is
1140 mm. No groundwater is available to influence cherry tree water uptake. The test period lasted
from April to November. Note that the rainy season starts in June and ends in September, where the
precipitation accounts for over 75% of the annual precipitation. The physical properties of soil in this
area are listed in Table 1.

Table 1. Physical properties of the soil at the experimental site.

Volumetric Saturated Field Water Soil
Soil Depth Weight Water Content Holding Component Soil Texture
& (Ow) Capacity (6w) (%)
(cm) (g/cm3) (%) (%) Clay/Silt/Sand
0—-20 1.26 26.4 25.6 8.75/47.25/44.00 Loam silt
2040 1.45 27.3 26.1 9.82/52.76/37.42 Silt
40-60 1.48 31.6 27.8 5.27/31.25/63.48  Loam sandy
60-80 1.52 36.8 25.6 3.83/26.54/69.63  Sandy loam
80-100 1.46 36.5 254 0.84/6.53/92.63 Sand

2.2. Experimental Design

Before the experiment began, the orchard was irrigated by surface irrigation. A comparative
study was completed by adding drip irrigation in March 2015. We selected the cherry orchard (cultivar
is P. avium, rootstock is P. pseudocerasus) with average tree age of five years (+1 year) by 2015, and a
planting density of 625 plants per hectare (4 X 4 m). Pipe irrigation was employed for the surface
irrigation group, where each row of cherry trees has a pipe, and irrigation volume was measured with
a water meter. Two rows of drip irrigation devices were placed along both sides of each fruit tree at
intervals 0.7 m between the two adjacent rows. The space between emitters was 30 cm, and the water
flow was 2 L/h for each emitter. Figure 1 depicts the two irrigation methods.

Surface irrigation (SI) Drip irrigation (DI)
Figure 1. Photographs of surface irrigation (left) and drip irrigation (right) at the experimental site.
Similar to the local management methods, we adopted routine management practices such

as fertilizer application, orchard pruning, and pest and disease control along with the two
irrigation methods.
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The irrigation amount () is calculated using [33]:

m = 0.001zy0wp (B1 — B2)7 (1)

where z is the depth of soil moisture (we set a depth of 70 cm for a cherry tree at five years old in
accordance with field experiments of similar orchards) [18,19,33], <y is the average volumetric density
across the soil profile for 0-70 cm (at 1.41 g/cm?), fw is the average field capacity of 26.57%, p (%) is
the designed wetted soil surface area of 25%; p; is 0.95 times the upper threshold of soil moisture,
and B; is 0.60 times the lower threshold of soil moisture. The irrigation efficiency () for the surface
irrigation is 0.5, whereas that for the drip irrigation is 0.9. Based on Equation (1), the irrigation amount
for the surface irrigation and drip irrigation were 44.40 mm and 24.67 mm, respectively. The growth
periods of the cherry trees in 2015 and 2016 are shown in Table 2.

Table 2. Growth periods of cherry trees in 2015 and 2016.

Growth Stage Flowering Fruit Growth Harvest Postharvest Leaf Fall Dormancy
2015 (month/day) 3/30-4/2 5/7-6/7 6/8 6/9-8/30 9/1-10/15 11/7
2016 (month/day) 4/2-4/6 5/2-6/5 6/6 6/7-9/2 9/2-10/20 11/10

The rainfall and soil moisture content at depths of 20-40 cm for both surface irrigation and drip
irrigation are shown in Figure 2.
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Figure 2. Volumetric soil water content (20-40 cm) under surface irrigation (SI), drip irrigation (DI),
irrigation, and precipitation from April to October in 2015 and 2016.

Most of the precipitation in Tongzhou District in Beijing occurred during the late growth stage of
cherry trees (from June to September). After July, there was more effective precipitation and higher
average soil moisture (Figure 2). The precipitation during the late growth stage in 2015 and 2016
accounted for about 83% and 90% of the annual precipitation, respectively (Figure 2). Therefore, the
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research time was divided into two periods, spring drought season and summer rainy season, in order
to analyze the oxygen isotope profile of the soil water and the characteristics of water absorption
by cherry roots. The root excavation method was employed to study the distribution of the root
system. Since this method is destructive to cherry fruit trees, it was implemented at a later stage of the
experiment. After the isotope study, to determine the water absorbed by the roots treated under the
two irrigation methods in 2015 and 2016, the excavation profile measurement was determined as the
spring soil warmed up in 2017.

2.3. Sampling and Measuring

The water that was collected as sample included irrigation water (groundwater at the local area),
soil moisture at different depths and stem water. The collection lasted from the flowering period to the
late growing period.

2.3.1. Xylem Stem Water

About 3 days after each irrigation when rainfall had not occurred for at least 3 days, 3 trees with
similar growth potential were selected for each treatment. Cut stem sections were chosen with a length
of 3-5 cm from branches that appeared fully suberized without green (photosynthetic) tissue or bark
to avoid possible isotope fractionation caused by plant transpiration. The sections were then placed
into glass vials and each vial was sealed with plastic film and refrigerated immediately to prevent
evaporation [6]. Stem water was extracted using a cryogenic vacuum distillation system and then
placed into 5-mL polyethylene air-tight vials [16]. In order to ensure that the isotopic composition of
the stem xylem sap was not affected by light, temperature, or other external conditions, each sampling
was completed at 8:00 a.m.

2.3.2. Water Sample from the Soil

About 3 days after each irrigation, when rainfall had not occurred for at least 3 days, 3 positions
close to the drippers were chosen as soil sample locations from each layer (0-30 cm, 30-60 cm, and
60-100 cm) using a soil auger. The sampling location of surface irrigation treatment was the same as
that of drip irrigation treatment. All the soil samples were collected at 8:00 a.m. The water samples
were collected using the same method for the xylem sap samples.

2.3.3. Soil Water Content

A time domain reflection (TDR) sectional soil moisture measurement system (TRIME-PICO-IPH,
IMKO, Ettlingen, Germany) and frequency domain reflection (FDR) tubular moisture analyzer
(Insentek Technology Co., Ltd., Beijing, China) were used to determine the soil moisture content.
During the growing season (April to November), soil moisture content at the soil depths of 0-10,
10-20, 2040, 40-60, 60-80, and 80-100 cm were measured using a FDR tubular moisture analyzer,
where the measurements were collected at 1-h intervals. The TDR measurements were validated using
the additional gravity measurement of the soil sample. Similar to previous studies [19,34], the soil
moisture content (at depths of 20-40 cm) was higher than 60% of the soil saturated water content (Opc)
and the corresponding soil moisture content was 22.71%.

2.3.4. Collection of Root Samples

The distribution of cherry roots was studied using the profile method in May 2017. Three trees
were selected for each irrigation treatment. Every sample tree was the same age and had similar
canopy growth. Average values of each treatment were taken as root samples for one-dimensional and
two-dimensional graphics. A section (200 cm long, 100 cm wide, and 120 cm deep), perpendicular to
the tree rows, was dug at a distance of 30 cm from the trunk. The length of the section was exactly the
distance between the midpoint of the two rows, and the section line faced the trunk. This configuration
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ensured the symmetry of the soil samples and minimized errors. Every 10 cm along the horizontal
direction from 30 cm to 200 cm was set as one unit, and every 10 cm of the upper layer of the soil
along the vertical direction was set as one unit. As there were fewer roots in the lower soil layers, the
interval along the vertical direction gradually increased till no roots were found in the excavated soil
to reduce the workload. From the experiment, there were basically no roots in the soil layer below the
depth of 100 cm. A total of eight groups of samples were excavated from these soil depths: 0-10, 10-20,
20-30, 3045, 45-60, 60-80, 80-100, and 100-120 cm. All the excavated soil samples were placed into
separate sample bags and delivered to the laboratory. The roots were separated from each soil sample
via sieving with a 3-mm pore size sifter and stored in cling wrap. After being rinsed with water, roots
shorter than 2-mm long were picked out for weighing with an electronic balance and scanned using a
full-color scanner (Epson, Perfection 4870 photo, Suwa, Japan) [35-37]. By analyzing the weighing data
and scanned results with Win RHIZO (Regent Co. Ltd., Beijing, China; Quebec City, Canada) analysis
software, we obtained four parameters: root biomass density (RBD, g/cm?), root length density (RLD,
cm/cm?), root surface area (RSA, cm?/cm?), and root volume ratio (RVR, cm3/cm3).

2.3.5. Other Sampling Procedures and Data

Data of solar radiation (Avalon, AV-20P, Chicago, IL, USA), photosynthetically active radiation
(Avalon, AV-19Q), Chicago, IL, USA), net radiation above the canopy (Jinzhou Sunshine Technology Co.
Ltd., TBB-1, Jinzhou, China), air temperature and relative humidity (Avalon, AV-10TH, Chicago, IL,
USA), air pressure (Avalon, AV-41BP, Chicago, IL, USA), wind speed (Avalon, AV-30 WS, Chicago, IL,
USA), and precipitation (Avalon, AV-36R, Chicago, IL, USA) were recorded using an automatic weather
station located about 200 m away from the orchard. Average (or total, in the case of precipitation)
observed data were recorded at half-hour intervals with a Squirrel Data Logger (Yugen Technology Co.
Ltd., Grant 2040 series, Beijing, China) and were downloaded automatically.

2.3.6. Oxygen Isotope Measurement

All water samples were stored in containers sealed with parafilm and subsequently frozen at
approximately —20 °C prior to analysis. At the Institute of Environmentally Stable Isotopes, Chinese
Academy of Agricultural Sciences, a liquid water isotope analyzer (Isoprime Ltd., Isoprime 100,
Cheadle Hulme, SK, UK and Lachat, Quick Chem 8500, Loveland, CO, USA) was used to analyze the
oxygen stable isotope composition (8, %) of the water samples. The Vienna Standard Mean Ocean
Water (V-SMOW) was set as reference [19]. The results were calculated using the following formula:

5180 = (Rsample/Rstandard — 1) x 1000 (2)

where Rgample is the molar ratio of 180/160 in a water sample and Rgiandarg is the molar ratio of
180/160 in the V-SMOW. The analysis accuracy of $'80 is £-0.1%o (2 standard deviation).

2.4. Data Analysis Methods

Excel (Microsoft, Office 2016, Redmond, WA, USA) was used to sort, calculate and map the test
data. Statistical software (IBM, SPSS 18.0, Amund, NY, USA) was used to perform the statistical
analysis and comprehensive evaluation. Oxygen isotope contents of soil water were investigated
with a two-way ANOVA and Duncan multiple range test with factors irrigation methods and soil
layers, and 6 replicates. Oxygen isotope contents of stem water were investigated with a one-way
ANOVA with factor irrigation methods, and six replicates. Vertical distribution characteristics of
cherry roots were investigated with a two-way ANOVA and Duncan multiple range test with factors
irrigation methods and soil layers, and 3 replicates. Two-dimensional graphs of the roots in the soil
were prepared using the Surfer (Golden Software, Surfer 15.4.354, Golden, CO, USA).

In this study, two methods were adopted to analyze the water absorbed by cherry roots. The first
method is a direct referencing method that compares the 5!80 values in the stem water with those of
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soil water in each depth range [16,19]. An IsoSource model (Donald L. Phillips) based on multi-source
mass balance was used as the second method [38]. For water in the soil samples and sap in the plant
xylem stem samples collected at the same stage, the ratio of each water source to the total water uptake
was be calculated as:

0X = fl 5X1 + f25X2 + f36X3 + f45X4 (3)

1=f1+f2+f3+f4 (4)

where f;, f5, f3, and £ are the percentages of each water source in the water absorbed by cherry roots;
8X1, 86Xy, X3, and 6X4 are the isotope contents of each water source, including soil water samples at
each depth range (0-30 cm, 30-60 cm and 60-100 cm) and irrigation water §; and 6X is the isotope
characteristics of sap in the dry xylem and is considered as a mixture of these possible water sources.
The tolerance for this method is 0.01%, the level of uncertainty is 0.2, and the increment is 1%.

3. Results

3.1. Oxygen Isotope Contents of Soil Water, Irrigation Water and Stem Water

Oxygen isotope content in irrigation water was measured before irrigation. The average 580
contents of irrigation water in spring and summer were —8.46%0 and —8.20%.. Figures 3 and 4 show the
average 5180 contents of the soil water and stem water after different treatments in spring and summer,
respectively. The average 580 contents of the soil water at the difference depths were difference.
In spring, there were significant differences in the soil §'80 content at the depths of 0-30 cm and
60-100 cm between the two irrigation treatments. Significant differences were observed in the soil !0
content at depths of 30-60 cm and in the stem water between the two irrigation treatments. In summer,
significant differences between the two irrigation treatments were recorded in the soil §'80 content at
depths of 0-30 cm. There were significant differences in the soil §!80 content at depths of 30-60 cm
and the stem water between two irrigation treatments. There was no significant differences in the soil
5180 content at depths of 60-100 cm between the two irrigation treatments.
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213 0-30CM 30-60CM 60-100CM
-1387 a
-1522 b
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-16.59d

-18
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Figure 3. 5180 contents of soil water at different soil depths, stem water, and irrigation water under
drip irrigation (DI) and surface irrigation (SI) in spring. Different letters in the figures show significant
differences for the probability p < 0.05% according to Duncan multiple range test.

We deduced that the 5'80 content of soil water at each layer is related to the irrigation method,
irrigation duration, and soil moisture depth. Surface irrigation consumes less time but requires large
amounts of water per unit time, which is likely to cause the percolation of water into the deeper soil
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layers. The 5'80 content of irrigation water more strongly influences the increase in 'O content of
water in the deep soil, but has a lesser effect on the increase in 51830 content of water in the shallow
soil. By contrast, drip irrigation process takes longer, and the soil wet zone is distributed within the
depth of 70 cm. In this case, the §'80 content of irrigation water has little role in the increase in 580
water content in the deep soil, and has a stronger impact on the increase in 5'80 content of water in
the shallow soil.
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Figure 4. 5180 contents of soil water at different soil depths, stem water, and irrigation water under
DI and SI in summer. Different letters in the figures show significant differences for the probability
p < 0.05% according to Duncan multiple range test.

In summary, during the growth stage of cherry trees in spring, the 5'80 water content absorbed
by cherry roots was similar for both irrigation water and soil water at depths of 0-30 cm. During the
growth stage of cherry trees in summer, the 'O content of water absorbed by cherry roots increased
slightly with the increase in 5180 content in soil, but the amount of absorbed water was still dominated
by soil water in the soil layer within the depth of 60 cm.

3.2. Contribution of Different Sources of Water to the Water Absorption of Cherry Trees

According to the change of 'O content in soil water specified in the previous section, only the
main depth of water absorption in cherry roots can be inferred. Different sources and shares of water
absorbed by cherry roots could not be determined. The frequency histograms of the contribution
rate of water absorption by cherry roots under different irrigation methods are shown in Figures 5
and 6. During the drought period in spring (also the key period of water consumption of cherry trees),
irrigation water was the main source of water absorbed by cherry roots. In the drip irrigation mode,
irrigation water accounted for 0-22% (peak 6%) of water absorbed by cherry roots (Figure 5d). The
soil water at these depths (0-30 cm, 30-60 cm, and 60-100 cm) provided equal proportions of the
total water absorption (Figure 5a—c). In the surface irrigation mode, irrigation water accounted for
0-6% (with a peak of 6%) of water absorbed by cherry roots (Figure 5h). Similar to above, the soil
water at the depths of 0-30 cm, 30-60 cm and 60-100 cm also has the same sources of water absorption
(Figure 5e—g).

Under drip irrigation in summer, irrigation water accounted for 0-12% (with a peak of 4%) of
the total water absorbed by cherry roots (Figure 6d). Again, soil water at these soil depths (0-30 cm,
30-60 cm, and 60-100 cm) provided equal proportions of the total water absorption (Figure 6a—).
Under surface irrigation, the irrigation water and the soil water at depths of 0-30, 30-60, and 60-100 cm
contributed equally to the total water absorption.
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Figure 5. Frequency histograms obtained by the multi-source mass balance, which show the estimated
ranges of proportional contribution of water from each water source to cherry root water uptake in
spring. (a) Frequency percentage in 0-30 cm soil layer under drip irrigation, (b) Frequency percentage
in 30-60 cm soil layer under drip irrigation, (c¢) Frequency percentage in 60-100 cm soil layer under
drip irrigation, (d) Frequency percentage in irrigation water under drip irrigation, (e) Frequency
percentage in 0-30 cm soil layer under surface irrigation, (f) Frequency percentage in 30-60 cm soil
layer under surface irrigation, (g) Frequency percentage in 60-100 cm soil layer under surface irrigation,
(h) Frequency percentage in irrigation water under surface irrigation.
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Figure 6. Frequency histograms obtained by the multi-source mass balance, which show the estimated
ranges of proportional contribution of water from each water source to cherry root water uptake in
summer. (a) Frequency percentage in 0-30 cm soil layer under drip irrigation, (b) Frequency percentage
in 30-60 cm soil layer under drip irrigation, (c) Frequency percentage in 60-100 cm soil layer under
drip irrigation, (d) Frequency percentage in irrigation water under drip irrigation, (e) Frequency
percentage in 0-30 cm soil layer under surface irrigation, (f) Frequency percentage in 30-60 cm soil
layer under surface irrigation, (g) Frequency percentage in 60—100 cm soil layer under surface irrigation,
(h) Frequency percentage in irrigation water under surface irrigation.

These results indicate that during the critical period of water consumption in spring, most of the
water absorbed by cherry roots was obtained from the irrigation system. When drip irrigation was
employed, the share of irrigation water supply increased (compared to that under surface irrigation).
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This implies that water saving measures enhanced the water absorbed by cherry trees. In summer,
cherry roots used a wide range of water absorption sources. In the surface irrigation mode, irrigation
water was not the main source of water absorption by cherry roots.

3.3. Vertical Distribution Characteristics of Cherry Roots

Cherry trees seldom reached a vertical depth of 100 cm, and the main root depth was within
the range of 0 to 80 cm at the experimental site. The distributions of average RBD, RLD, RSA and
RVR of the cherry trees were highest at around 20-cm deep and decreased with increasing depth
(Figure 7). Since the root system of the cherry trees in the orchard within 0 to 10 cm is easily affected by
the surroundings, the root system within this depth range grew poorly due to fertilization, weeding,
trampling, and strong evaporation from the surface soil. The most densely-distributed root system
appeared at the depth range of 10 to 20 cm. The vertical distributions of the four parameters of the
root system were basically the same, and the cumulative parameters at the depth range of 0 to 60 cm (0
to 80 cm) accounted for 90% (95%) of the corresponding parameters of the entire root system.
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Figure 7. Vertical one-dimensional distributions of the cherry root parameters. (a) Root biomass density,
(b) root length density, (c) root surface area, (d) root volume ratio. Different letters in the figures show
significant differences for the probability p < 0.05% according to Duncan multiple range test.

Root distribution is mainly affected by soil depth. The root system indexes in 10-30 cm soil layer
differ significantly from those in other soil layers (Figure 7). Compared with drip irrigation, some
changes were observed in the distribution characteristics of the root systems of cherry trees. Relative
to surface irrigation, drip irrigation increased the RLD in the shallow soil by 18.9% (20 cm) and 11.1%
(10 cm), slightly reduced the RLD in the 40-70 cm soil layer, which shows in Figure 7b. Enhanced the
RSA in the 20 cm soil layer by 10%, which shows in Figure 7c. Statistical analysis showed that there
was no significant difference in RBD and RVR between the two irrigation treatments after two years of
experiment, which shows in Figure 7a,d.

3.4. Two-Dimensional Spatial Distribution Characteristics of Cherry Roots

The two-dimensional (2D) distribution of cherry roots (i.e., vertically and horizontally) for each
surface irrigation mode further reflects the characteristics of root distribution in the study area. The 2D
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distributions of the cherry RBD, RLD, RSA, and RVR are shown in Figures 8-11, respectively. These
results demonstrate that the root system was mainly concentrated within the radius of 30-100 cm in
the horizontal direction, in relation to the wet zone under the surface irrigation. More than 85% of
cherry roots were distributed in the horizontal radius range of 0 to 100 cm and in the vertical depth of
0-80 cm. Above 95% of cherry roots were distributed in the horizontal radius of 0-150 cm and vertical

depths of 0-80 cm.
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Figure 8. A two-dimensional (2D) distribution map of the cherry root biomass density (RBD, g/m?)

for (a) surface and (b) drip irrigation. The maps derive from soil sections transversal to the tree row.
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Figure 10. A 2D distribution map of the cherry root surface area (RSA, cm?/dm?) under (a) surface
and (b) drip irrigation. The maps derive from soil sections transversal to the tree row.
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Figure 11. A 2D distribution map of the cherry root volume ratio (RVR, cm®/cm?®) under (a) surface
and (b) drip irrigation. The maps derive from soil sections transversal to the tree row.

RLD and RSA are important indicators of root water uptake. Compared with the RLD and RSA
distribution under surface irrigation shows in Figures 9a and 10a. Under drip irrigation, RLD and
RSA distribution results show that the root system more concentrated within the radius of 30-100 cm
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in the horizontal direction, which was related to the wet zone under the drip irrigation shows in
Figures 9b and 10b. Beyond 85% of cherry roots were distributed in the space with the horizontal
radius range of 0 to 100 cm and the vertical depths of 0-70 cm, whereas more than 95% of cherry roots
were distributed in the space with the horizontal radius of 0-150 cm and vertical depths of 0-80 cm.
Hence, drip irrigation is suitable for a shallow-root plant species like cherry trees. Surface irrigation
results in water wastage and nutrient loss. According to the distribution range of the RLD and RSA
shows in Figures 9 and 10, high water-use efficiency is achievable using drip irrigation if the wet layer
appears at the depth of 0-60 cm and the horizontal wet zone is within the radius range of 100 cm from
the trunk.

4. Discussion

The results of our studies showed that the effects of different irrigation methods on oxygen isotope
content in different layers of soils vary with seasons. The reason for this finding is that under different
irrigation methods, irrigation water and soil water at each growth stage contribute differently to the
water absorbed by cherry roots. Cherry trees mainly absorbed irrigation water in spring. Irrigation
water use with dripping irrigation was more efficient than that for surface irrigation. Drip irrigation
promotes the absorption of irrigation water by cherry roots. Beijing’s climate is generally dry during
spring. In the early growth stage of cherry trees, drip irrigation was applied, which benefited the
cherry growth and the effective use of irrigation water. Our findings align with those reported by
Cao et al. [19] and Bertrand et al. [6].

In summer, cherry roots used a wide range of water absorption sources. Compared to the surface
irrigation mode, drip irrigation more efficiently used water resources. Under the surface irrigation
mode, irrigation water was not the main source of water absorption by cherry roots. The reason for
this finding is that in summer, cherry grows slowly and requires less water. Root parameters, such
as root zone index or physiological activity of shallow roots, generally decrease with increasing root
depth [16]. In this period, the decline in the use rate of irrigation water might be due to the abundance
of rainfall during the rainy season, which increased the soil moisture content of the surface soil. After
rainfall and irrigation, the water absorption capacity of the lateral roots in the surface soil was greatly
activated. The surface soil water from rainfall basically met the water requirements for cherry growth,
and the soil water replaced the irrigation water as the main source of water absorption. Every layer
of soil water acts as sources of water absorption by cherry roots, and the benefit of water-saving
irrigation measures was reduced accordingly, which is similar other published results [14,34]. In
this circumstance, drip irrigation should be applied to reduce the deep migration caused by surface
irrigation and avoid the development of the root system into the deeper soil layers [39].

The root parameters of cherry trees irrigated under surface and drip irrigation were compared.
After two years of experiments, we found that drip irrigation significantly improved RLD in shallow
soil. For shallow soil, the RVR changed to some extent, but not significantly. The two-year test
showed little effect of irrigation system on RVR and RBD. To investigate the reason for this finding,
we examined the following. The 2D distribution of roots on the soil profile was analyzed to describe
the changes in soil moisture and nutrient uptake, which play important roles in the calculation and
prediction of root water absorption and nutrient absorption. The root distribution has high plasticity
and is sensitive to changes in external factors [40,41]. Compared with surface irrigation, drip irrigation
would cause the irrigation to concentrate in the shallow soil or middle soil. Since cherry is a shallow
root plant, micro-irrigation should be implemented more often. The horizontal humidification range
would ensure high water-use efficiency within 100 cm of the trunk. The adoption of drip irrigation
would improve the water use efficiency and produce water saving effects.

5. Conclusions

Different irrigation methods have different effects on the average 5'80 content of soil water in
the soil profile. The 5'0 content of irrigation water has little effect on the increase in 'O content in
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the deep soil water but has a greater impact on the increase in 5§'80 content in the shallow soil. §'80
content of soil water at each layer is related to the irrigation method, irrigation duration, and soil
moisture depth.

The IsoSource model was applied to calculate the contribution rate of water absorption by cherry
roots under different irrigation methods. During the drought period in spring (also the key period of
water consumption of cherry trees), irrigation water was the main source of water absorbed by cherry
roots. Under drip irrigation, the share of irrigation water supply increased compared to that under
surface irrigation. In summer, cherry roots were able to access more sources of water. Relative to the
surface irrigation mode, drip irrigation more efficiently uses irrigation water. Under surface irrigation,
irrigation water was not the main source of water absorbed by cherry roots.

Root distribution is mainly affected by soil depth. The root system indexes in 10-30 cm soil layer
differ significantly from those in other soil layers. Drip irrigation increased the RLD and RSA in the
shallow soil. There was no significant difference in RBD and RVR between the two irrigation treatments.

The 2D distribution of cherry roots under these irrigation methods show that cherry root systems
seldom reached a depth of 100 cm, and the main root length was within depths of 0-80 cm. The
distributions of RBD, RLD, RSA and RVR of the cherry roots at each layer generally decreased with
increasing depth. As the root system in the surface layer at a depth range of 0 to 20 cm was quite
sensitive to its surroundings. Compared with surface irrigation, drip irrigation makes RLD and RSA
more concentrated in the horizontal range of 30-100 cm and vertical range of 0-70 cm.
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