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Abstract: A field experiment was conducted to evaluate the effects of regulated deficit irrigation
(RDI) on the fine root redistribution of mature pear trees in 2009 and 2010. The experiment consisted
of four RDI treatments: MRDI-1 and SRDI-1, in which the trees received irrigation replacing 60%
and 40% of pan evaporation (Ep) during Stage 1 (cell division stage), and MRDI-1+2 and SRDI-1+2,
in which the trees received irrigation replacing 60% and 40% of Ep during Stage 1+2 (cell division
and slow shoot growth stage). All the RDI-treated trees received irrigation replacing 80% of Ep (full
irrigation) in other stages, and the control trees were fully irrigated during the whole growth season.
The results showed that the fine root length density (RLD) of mature pear trees was reduced by water
stress. The resumption of full irrigation boosted fine root growth. The RLD of the SRDI-1-treated trees
in the irrigated zones recovered in early July, they maintained water and nutrient absorption during
the fruit enlargement stage, and the final fruit yield was significantly improved. The RLD of trees in
the irrigated zones with MRDI-1 and MRDI-1+2 recovered in July and September, respectively, but
there were no significant differences in fruit yield between the MRDI-1, MRDI-1+2, and the control.
This indicates that the fruit yield was not negatively or positively impacted by the redistribution of
moderate water stress applied during either Stage 1 or Stage 1+2.

Keywords: pear tree; root length density; tree growth; yield

1. Introduction

Fine roots are mainly responsible for the uptake of water and nutrients [1], especially
in arid regions with high competition for water between trees and crop plants. Knowledge
of fine root distribution is essential for the effective design and management of agroforestry
systems [2–5]. Fine root growth and distribution are affected by many factors, and soil
water status is one of the key factors. Soil water status is impacted by irrigation scheduling
and affects the growth and redistribution of fine roots. In particular, soil water deficit
irrigation usually induces restricted root growth and activity [6–8]. Full irrigation produces
higher root length density in potatoes compared to deficit irrigation [9], and winter wheat
enduring water stress has less root biomass and a lower ratio of root biomass to root
length [10]. The size of a root system has long been recognized as crucial to cope with
drought conditions [11], and water stress inhibits shoot growth more significantly than
root growth, leading to a greater root/shoot ratio [6,11,12].

The regulated deficit irrigation (RDI) strategy can effectively improve water use
efficiency and has been widely used in semi-arid and arid regions. The RDI imposes water
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stress, which inhibits vegetative growth, while full irrigation resumes during the fruit
enlargement period in order to improve the yield or fruit quality [13–16]. The vegetative
growth is influenced by the degree and duration of the water deficit; the growth rate
decreases with an increasing degree and duration of water deficit, and a severe and long
water deficit may result in a significant decline in final yield. During the water deficit
periods, fine root growth is inhibited, and then recovers after the resumption of full
irrigation in the fruit enlargement stage. The recovery of fine root growth during the fruit
enlargement stage requires leaf photosynthetic products, which may be competitive with
fruit growth and result in a decline in fruit yield. Thus far, the impacts of RDI on the
growth and yield of pear trees [15–23] and other fruit trees [24–32] have been reported
by many researchers. Nevertheless, the impacts of water stress, imposed before the fruit
enlargement stages, on fine root variation and its effects on the growth of pear trees and
fruit yield are not well discussed in previous studies. Thus, it is difficult to evaluate the
impacts of water stress and the resumption of full irrigation in the RDI strategy on the fine
root variation of fruit trees and its effects on fruit trees’ growth and fruit yield.

Therefore, this research was conducted in an extremely arid region, and the objective
was to find out (1) the responses of the fine root of mature pear trees (Pyrus bretschneideri
‘sinkiangensis’) to water stress imposed during different growing stages, and the resump-
tion of full irrigation during the rest of the stages, and (2) the potential impacts of fine root
redistribution on tree growth and fruit yield.

2. Materials and Methods
2.1. Experimental Material and Location

The experiment was conducted in 2009 and 2010, from the middle of April to early
September, in southwestern Korla (41◦43′ N, 86◦6′ E), Xinjiang, China. The experiment
orchard is located in an oasis in the Taklimakan desert. The climate of the experimental site
is extremely dry with a mean annual temperature of 11.4 ◦C and an average annual rainfall
of 50 mm, while the mean annual evaporation reaches 1600 mm. During the experimental
period, the evaporation was 800 mm and 773 mm in 2009 and 2010, respectively, and the
precipitation in 2009 and 2010 was 21.2 mm and 24 mm, respectively (Table 1). The soil in
the experimental orchard is silt loam, consisting of 5.6% clay, 44.0% sand, and 50.4% silt.
From the soil surface to a depth of 1.5 m, the average soil bulk density is 1.5 g/cm3. The
pear trees (Pyrus bretschneideri ‘sinkiangensis’) grafted on the rootstock of Pyrus betulaefolia,
planted at 6 m × 5 m (333 tree/ha), were 24 years old in 2009. The experimental pear trees
were watered by two driplines, which were located on each side of the tree row, and the
distance between the tree row and dripline was 1 m. The emitter space was 0.5 m along
the laterals, which had an outside diameter of 16 mm. The discharge rate of emitters was
2.8 L/h.

Table 1. Precipitation, evaporation, and irrigation amount of each treatment.

Year Stages Precipitation (mm) Evaporation (mm)
Irrigation Amount (mm)

MRDI-1 SRDI-1 MRDI-1+2 SRDI-1+2 Control

2009

Stage 1 2.4 171.5 94 58 94 59 122
Stage 2 9.2 364.8 306 308 222 144 310
Stage 3 9.6 264.0 226 229 224 227 227
Total 21.2 800.3 626 595 540 430 659

2010

Stage 1 9.2 136.5 74 44 73 44 97
Stage 2 12.6 319.3 261 261 187 135 260
Stage 3 2.2 317.5 271 275 274 273 274
Total 24.0 773.3 606 580 534 452 631

Note: Stage 1 was the cell division stage (from the middle of April to the middle of May, 0–30 DAB), Stage 2 was the slow shoot growth
period (from the middle of May to the beginning of July, 31–86 DAB), and Stage 3 was the fruit enlargement period (from the beginning of
July to harvest, 87–147 DAB). MRDI-1 and SRDI-1 were applied with moderate and severe water stress, respectively, during Stage 1, and
fully irrigated during other stages; MRDI-1+2 and SRDI-1+2 were applied with moderate and severe water stress applied during Stage 1+2,
respectively, and fully irrigated during other stages.
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2.2. Experimental Design

The full bloom date of the experimental pear trees was April 10 and 15 in 2009 and
2010, respectively. According to the research of Yan et al. [33], the whole growing season of
the experimental pear trees is divided into three periods, including the cell division period,
from full blooming to 30 days after full blooming (DAB); the slow fruit and shoot growth
period, 31–86 DAB; and the fruit enlargement period, 87–147 DAB.

The experiment comprised four RDI treatments and a control treatment. The moderate
(MRDI-1) and severe (SRDI-1) regulated deficit irrigation treatments were carried out using
irrigation equivalent to 60% and 40%, respectively, of pan evaporation during Stage 1
(cell division stage), and irrigation replacing 80% of pan evaporation in the other stages.
The moderate (MRDI-1+2) and severe (SRDI-1+2) regulated deficit irrigation treatments
consisted of irrigation replacing 60% and 40%, respectively, of pan evaporation during
Stages 1 and 2 (Stage 2, slow fruit and shoot growth stage), and irrigation replacing 80%
of pan evaporation in Stage 3 (fruit enlargement stage). The control treatment received
irrigation replacing 80% of pan evaporation during all stages. The first irrigation was
conducted on April 12 and 17 in 2009 and 2010, respectively. All plots were irrigated
weekly; the irrigation amount is shown in Table 1. The experimental orchard was flood
irrigated and shifted to surface drip irrigation at the end of 2008. The experiment was
a completely randomized design, and each of the treatments were repeated three times.
Every repetition consisted of two pear trees, which were surrounded by the ten guard trees
in three rows.

2.3. Measurements
2.3.1. Soil Moisture and Evaporation Measurements

Soil water status was measured by a capacitance probe (Diviner 2000, Sentek Pty Ltd.,
Stepney, SA, Australia). Two access tubes per repetition were installed at a depth of 1.5 m.
One was just under the dripline in the irrigated zones, and another was 2 m away from
the tree row and opposite the tree trunk in the non-irrigated zones. The volumetric soil
water content was measured immediately before each irrigation event, and the readings
were converted into soil water potential [23]. A USA class A pan was installed near the
experimental site to monitor evaporation, and the measurement was conducted daily.

2.3.2. Tree Measurements

One tree per replication was selected in order to measure the fine root length with
a root diameter of less than 1 mm [34–36]. Root sampling of the experimental trees was
conducted in early July (end of the water deficit cycle, 87–90 DAB) and in the middle of
September (after fruit harvest, 150–155 DAB) in 2009 and 2010. Two sampling points per
plot were located between tree rows, 1 m (Location A, irrigated zone) and 2 m (Location B,
non-irrigated zone) from the trunks (Figure 1). Along the tree rows, the roots were sampled
once per repetition at a horizontal distance of 1 m (Location C, non-irrigated zone) from the
trunk (Figure 1). In the middle of May of 2010 (30–35 DAB), the root of MRDI-1, SRDI-1,
and the control treatments were sampled at point A. From soil surface to a depth of 0.9 m,
roots were sampled using a drill with an inside diameter of 100 mm and divided into three
layers: 0–20 cm, 20–60 cm, and 60–90 cm. The roots were separated from the soil by means
of wet sieving and visually inspected to remove root of other species [4]. The length of the
root samples was measured using the WinRHIZO root analysis system (Regent Instrument
Inc., Quebec, QC, Canada). The root length density (RLD) was the ratio of the fine root
length to the corresponding sampling volume.
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Figure 1. Sketch of root sampling and driplines layout. The sampling point A (irrigated zone) was
located between tree rows and 1 m away from the trunk; the sampling point B (non-irrigated zone)
was located between tree rows and 2 m away from the trunk; the sampling point C (non-irrigated
zone) was located along the tree row and 1 m away from the trunk. Two driplines (solid line) were
located on each side of the tree row, and the distance between the tree row and dripline was 1 m. The
dashes lines on each side of the dripline represent the wetted zone of the dripline, with a width of
1 m.

The leaf photosynthetic rate (Pn) measurements were taken from 10:00 a.m. to 11:30 a.m.
on three sunny days during each stage. Two healthy leaves per replicate were randomly
labeled at the same position of the canopy, and the leaf photosynthetic rate was measured
two times with a photosynthesis system (CB-1102, Yaxinliyi Science and Technology Co.,
Ltd., Beijing, China). Twenty shoots from the south part of the canopy per replication
were labeled, and shoot length was measured weekly with a measuring tape. Fruits of the
sample trees were harvested by hand on September 10 and 12 in 2009 and 2010, respectively,
and weighed by an electronic scale, and the yield of each tree was recorded separately.
Twenty fruits per treatment were sampled after harvest, and the fruit volume was measured
with the water displacement method. Ten fruits from each treatment were sampled in
order to measure the total soluble solids and soluble sugar content. The total soluble
solids content was determined using a refraction instrument (WYT-1, Quanzhou Zhongyou
Optical InstrumentCo., Ltd., Fujian, China); total soluble sugar was measured by titration
with Fehling’s solution.

2.4. Data Analysis

The experimental data were analyzed using analyses of variance. Tukey tests were
used to assess the differences between means, and significant differences were based on
p < 0.05. The statistical analysis was performed using the Statistical Analysis Software
(SPSS 16.0).
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3. Results
3.1. Soil Water Status Affected by RDI

Compared to the control, the amount of irrigation reduced by 5.0%, 9.7%, 18.1%, and
34.7% with the treatment in MRDI-1, SRDI-1, MRDI-1+2, and SRDI-1+2, respectively, in
2009; the corresponding values in 2010 were 4.0%, 8.1%, 15.4%, and 28.4%, respectively.
Consequently, this reduction in irrigation water resulted in a concomitant decrease in
soil water potential during the water stress period. Additionally, the soil water potential
of the control constantly maintained a higher value (ca. −50 kPa) throughout the whole
experimental period, which indicated less or no water stress. After RDI treatments resumed
full irrigation, the soil water potential at each depth of soil layer was gradually restored,
and then fluctuated in a narrow range around −50 kPa (Figure 2). The soil water potential
in the non-irrigated zones gradually declined, and it reached approximately −700 kPa in
the soil profile above 60 cm in August of 2010 (Figure 3) due to nearly no water reception
in these zones during the two experimental years. Moreover, no remarkable differences in
soil moisture between all treatments were observed in the non-watered zones.
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Figure 2. Soil water potential at 30 cm and 60 cm depth in irrigated zone in 2009 (a) and 2010 (b).
MRDI-1 and SRDI-1 were applied with moderate and severe water stress, respectively, during Stage
1 (0–30 DAB), and fully irrigated during the other stages; MRDI-1+2 and SRDI-1+2 were applied
with moderate and severe water stress, respectively, during Stage 1+2 (0–86 DAB), and fully irrigated
during other stages.
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Figure 3. Soil water potential at 30 cm and 60 cm depth in non-irrigated zone in 2010. MRDI-1 and
SRDI-1 were applied with moderate and severe water stress, respectively, during Stage 1 (0–30 DAB),
and fully irrigated during other stages; MRDI-1+2 and SRDI-1+2 were applied with moderate and
severe water stress, respectively, during Stage 1+2 (0–86 DAB), and fully irrigated during other stages.

3.2. Responses of Fine Root Distribution to RDI Treatments

In 2009, the highest RLD for each treatment was observed in soil layers of a 20–60 cm
depth in the irrigated zones (Figure 4). In July, the RLD in the irrigated zones was signif-
icantly reduced by MRDI-1+2 and SRDI-1+2 in the 20–60 cm and 60–90 cm layers, with
the exception of the 0–20 cm layer. However, there were no remarkable differences in RLD
between MRDI-1, SRDI-1, and the control in the wetted root zones. After fruit harvest
(150–155 DAB), enhancement of fine root development in the two deeper layers of the
wetted zones under the RDI-1+2 treatments was observed, as compared to early July, and
the RLD of RDI-1+2 treatments was similar to the control.

In 2010, the RLD in the irrigated zones was also reduced by the soil water deficit, as
compared to the control (Figure 4). In May (30–35 DAB), the RLD of the RDI-1 treatments
was lower than that of the control. In early July (87–90 DAB), the RLD at each soil layer
of the RDI-1+2 treatments was significantly reduced as compared to the control, with the
exception of the 0–20 cm layer of MRDI-1+2 (Supplementary File Figure S1). The RLD of
RDI treatments was restored after the resumption of full irrigation. Especially in September,
significantly higher RLD values of each RDI treatment were observed for the 20–60 cm soil
layers, as compared to the control.

In the non-irrigated zones (Figure 4), in 2009, the highest RLD for each treatment
was detected in the deepest soil layer (60–90 cm), with the exception of the 0–20 cm layer
in sampling point C of the control (Supplementary File Figure S2). In July, significant
differences were observed for the 0–20 cm depth layer between the RDI-1+2 treatments
and the control. However, a higher RLD in all soil layers was observed for the RDI-
1+2 treatments after the fruit harvest, as compared to the control, although significant
differences were only detected between SRDI-1+2 and the control. In 2010, the RLD in all
three layers under each treatment was lower than that in 2009, especially in the 0–20 cm
layers, and the RLD in the 20–60 cm layers was higher than other two layers.

3.3. Leaf Photosynthetic Rate, Shoot Growth, and Fruit Yield of Each Treatment

The mean leaf photosynthetic rate values measured over three days during each stage
are shown in Figure 5. During the water deficit periods, the leaf photosynthetic rate of
RDI treatments was reduced; in particular, the differences between the RDI-1+2 treatments
and the control were significant in Stage 2 of two consecutive experiment years. After
the resumption of full irrigation, the leaf photosynthetic rate of the RDI treatments was
restored, and a significantly higher leaf photosynthetic rate was observed in SRDI-1 as
compared to the control during Stage 3, but the leaf photosynthetic rate of SRDI-1+2 was
still significantly lower than that of the control.



Agronomy 2021, 11, 2316 7 of 14

Agronomy 2021, 11, x FOR PEER REVIEW  7  of  14 
 

 

 

Figure 4. The root length density of each treatment. MRDI‐1 and SRDI‐1 were applied with moderate and severe water 

stress, respectively, during Stage 1  (0–30 DAB), and  fully  irrigated during other stages. MRDI‐1+2 and SRDI‐1+2 were 

applied with moderate and severe water stress applied, respectively, during Stage 1+2 (0–86 DAB), and fully  irrigated 

during other stages. Sampling point A was located  in the irrigated zone and sampling point B was located  in the non‐

irrigated zone. Vertical bars represent one standard deviation of the mean. ★ indicates significant differences between 

various treatments in the same layer at the p < 0.05 level. 

In 2010, the RLD in the irrigated zones was also reduced by the soil water deficit, as 

compared to the control (Figure 4). In May (30–35 DAB), the RLD of the RDI‐1 treatments 

was lower than that of the control. In early July (87–90 DAB), the RLD at each soil layer of 

the RDI‐1+2  treatments was significantly reduced as compared  to  the control, with  the 

exception of the 0–20 cm layer of MRDI‐1+2 (Supplementary File Figure S1). The RLD of 

RDI treatments was restored after the resumption of full irrigation. Especially in Septem‐

ber, significantly higher RLD values of each RDI treatment were observed for the 20–60 

cm soil layers, as compared to the control. 

In the non‐irrigated zones (Figure 4), in 2009, the highest RLD for each treatment was 

detected in the deepest soil layer (60–90 cm), with the exception of the 0–20 cm layer in 

sampling point C of the control (Supplementary File Figure S2). In July, significant differ‐

ences were observed for the 0–20 cm depth layer between the RDI‐1+2 treatments and the 

control. However, a higher RLD in all soil layers was observed for the RDI‐1+2 treatments 

after the fruit harvest, as compared to the control, although significant differences were 

Figure 4. The root length density of each treatment. MRDI-1 and SRDI-1 were applied with moderate and severe water
stress, respectively, during Stage 1 (0–30 DAB), and fully irrigated during other stages. MRDI-1+2 and SRDI-1+2 were
applied with moderate and severe water stress applied, respectively, during Stage 1+2 (0–86 DAB), and fully irrigated during
other stages. Sampling point A was located in the irrigated zone and sampling point B was located in the non-irrigated zone.
Vertical bars represent one standard deviation of the mean. F indicates significant differences between various treatments
in the same layer at the p < 0.05 level.

The shoots grew rapidly during the cell division stage (0–30 DAB), and the shoot
length of the control in late May accounted for about 90% of the final shoot length. As
compared to the control, the final shoot length was reduced by 15%, 20%, 20%, and
26% with MRDI-1, SRDI-1, MRDI-1+2, and SRDI-1+2 treatment, respectively, in 2009; the
corresponding values in 2010 were 19%, 24%, 22%, and 28%, respectively. The yield of the
SRDI-1 significantly increased by about 16% in 2009 and 19% in 2010, compared to the
control, and there were no significant differences in yield between MRDI-1, MRDI-1+2,
and the control treatment (Table 2). However, the fruit yield was significantly reduced by
the SRDI-1+2 in two consecutive experimental years, as compared to the control. There
were no significant differences in fruit volume between all treatments. As compared to
the control, the total soluble solids and soluble sugar content in the RDI treatments were
similar to or higher than those of the control, with the exception of MRDI-1 in 2010.
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Figure 5. The leaf photosynthetic rate in three growing stages. Each value is the mean value measured over three days
during each stage. Different lower letters within the same stage indicate significant differences between various treatments
at the p < 0.05 level. Vertical bars represent one standard deviation of the mean. MRDI-1 and SRDI-1 were applied with
moderate and severe water stress, respectively, during Stage 1 (0–30 DAB), and fully irrigated during other stages; MRDI-1+2
and SRDI-1+2 were applied with moderate and severe water stress, respectively, during Stage 1+2 (0–86 DAB), and fully
irrigated during other stages.

Table 2. Yield, fruit quality, and shoot length of each treatment.

Year Treatment Yield (t/ha)
Total Soluble

Solid
Content (%)

Soluble
Sugar

Content (%)
Fruit Volume (cm3) Final Shoot

Length (cm)
Shoot Length

in Late May (cm)

2009

MRDI-1 18.9 ab 12.3 b 8.14 c 94 a 27.5 b 25.6 b
SRDI-1 21.5 a 12.5 ab 8.82 a 100 a 25.9 bc 23.6 bc

MRDI-1+2 18.1 bc 12.0 bc 7.97 c 103 a 26.0 b 24.9 bc
SRDI-1+2 15.8 c 13.1 a 8.61 b 96 a 24.0 c 22.3 c
Control 18.6 b 11.5 c 6.93 d 98 a 32.4 a 30.2 a

2010

MRDI-1 21.2 ab 12.8 b 8.08 a 116 a 25.4 b 23.1 b
SRDI-1 23.6 a 13.8 a 8.05 a 123 a 23.9 c 21.9 b

MRDI-1+2 20.6 b 13.6 a 7.71 bc 113 a 24.3 bc 22.6 b
SRDI-1+2 17.2 c 13.9 a 7.99 ab 122 a 22.5 c 21.0 b
Control 19.8 b 13.6 a 7.63 c 114 a 31.3 a 29.1 a

Note: Different letters within the same column indicate significant differences at the p < 0.05 level. MRDI-1 and SRDI-1 were applied with
moderate and severe water stress, respectively, during Stage 1 (0–30 DAB), and fully irrigated during other stages; MRDI-1+2 and SRDI-1+2
were applied with moderate and severe water stress, respectively, during Stage 1+2 (0–86 DAB), and fully irrigated during other stages.
The shoot lengths in late May were measured on 20 and 21 May in 2009 and 2010, respectively; the final shoot lengths were measured on
4 September and 29 August in 2009 and 2010, respectively.

4. Discussion
4.1. Fine Root Distribution in the Irrigated Zone Affected by RDI

Abrisqueta et al. [7] indicated that the RLD of peach trees was reduced by about 73%
under a continuous water deficit compared to that for well-irrigated trees. Ma et al. [37]
also concluded that the total root number of grapevines significantly decreased by about
55% from high to low irrigation rates under subsurface drip irrigation. Similar results
have been reported by Gao et al. [38], Ahmed et al. [39], and Ullah et al. [40]. In this
study, although the fine root growth was inhibited by the water stress applied during
Stage 1, significant differences in RLD were only observed between SRDI-1 and control
treatments in May of 2010. The duration and degree of water stress were the key factors
that controlled fine root growth. The water stress duration applied in Stage 1 (0–30 DAB)
was far shorter, and the evapotranspiration during this stage was low, which resulted in
relatively higher soil water tension. During Stage 2 (31–86 DAB), the shoots grew slowly,
and the soil water tension was low due to the higher evaporation and water consumption
of pear trees. Thus, as compared to the water stress applied in Stage 1+2, the effects of
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water stress applied in Stage 1 on fine root growth were relatively weak. The decrement in
RLD increased with the decreasing irrigation amount, as compared to the MRDI-1/1+2
treatments; lower RLD values were observed for the SRDI-1/1+2 treatments in May and
July, respectively. Asseng et al. [41] also indicated that the RLD at a 0–10 cm depth in
non-irrigated wheat was only about 20% of that of well-irrigated wheat. Additionally,
the growth of fine root was also impacted by the decline in photosynthetic products. The
leaf physiological parameters were sensitive to water stress [42]; thus, water deficiency
significantly reduced leaf photosynthetic rates (Figure 5), which resulted in a decline in
photosynthetic product accumulation. Less photosynthetic products during water stress
periods aggravated the restricted root growth. Therefore, fine root growth was inhibited
with increasing degrees of water stress and decreasing photosynthetic products.

In our study, the resumption of irrigation replacing 80% of pan evaporation promoted
the growth of fine root in the irrigated zone in both experimental years; in particular, at
a depth of 20–60 cm in 2010, the RLD of the MRDI-1+2 and SRDI-1+2 trees sampled in
September increased by almost 100% compared to that in July. Romero et al. [43] also
indicated that regulated deficit irrigation applied to mature almond trees increased root
dry weight below the emitter in the post-harvest period; in particular, the root dry weight
at a 40–60 cm depth increased by about 100%. The explanation of this mechanism can be
found in McCully’s [44] research on wheat, Opuntia ficus-indica, Lolium perenne L., and
desert succulents, indicating that drought induced the development of fine root primordia,
often in response to death or exhaustion of the parent root apical meristems, which are
drought resistant, and, when watered, rapidly develop into fine root, resuming water and
nutrient uptake. In early September 2009 (150–155 DAB), an obvious increment in RLD of
MRDI-1+2 and SRDI-1+2 was observed as compared that in July of 2009, but there were
no significant differences between the RDI treatments and the control. The pear trees in
our experimental orchard had been flood irrigated for 24 years, and this was transformed
into drip irrigation at the end of 2008. Therefore, the RLD in the wetted zone of the control
pear trees increased in 2009. It is reported that drip irrigation induces fine root of apple,
olive, grape, and apricot trees concentrated in irrigated zones [45–48]. In the next year,
the RLD of the control decreased and restored the level of adjacent flood-irrigated pear
trees (data not shown), indicating that mature pear trees needed one year to adapt to the
transformation of irrigation mode by redistributing their fine root in irrigated zones.

4.2. Fine Root Distribution in a Non-Irrigated Zone Affected by RDI

The experimental pear trees were flood irrigated before 2009 and drip irrigated in
2009; the transformation of irrigation method resulted in the root at sampling point B and
C not being irrigated from 2009. Therefore, the root systems in these non-irrigated regions
extended deep into the soil to adapt to the transformation of the irrigation methods, which
led to the higher RLD in the deeper soil layer (60–90 cm). Moreover, the mean RLD of the
RDI-treated trees at soil layers of a depth of 20–90 cm was higher than that of the control,
although there were no significant differences between each treatment. This may be due to
water stress promoting the root in the non-irrigated zone to grow to adapt to the variation
in the soil water environment. However, these variations did not last long. In 2010, the
RLD of each treatment decreased, and as compared to the control, the RDI treatments
decreased the RLD. This indicated that the fine root distributed in the wetted zone (located
on each side of the pear tree rows and at a distance of 1 m between each side) can meet
mature pear trees’ water and nutrition absorption requirements. Therefore, the growth
redundancy under water stress conditions, including root distributed in the non-irrigated
zone and shoot, was restricted in order to adapt to the decline in photosynthetic products
and to maintain the reproductive growth of the mature pear trees.

4.3. Leaf Photosynthetic Rate, Shoot Growth, and Fruit Yield Affected by RDI

After the resumption of full irrigation, the recovery of the leaf photosynthetic rate
depended on the duration and degree of the previous soil water deficit. Compared to
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Stage 2, a similar leaf photosynthetic rate for MRDI-1 was observed in Stage 3, but a clearly
higher leaf photosynthetic rate was observed for SRDI-1. This may be because the severe
water stress treatment required more time for the recovery of the leaf photosynthetic rate,
as compared to the moderate water stress treatment. Similar results were reported by
Ramos and Santos [49] in olive trees and by Fereres et al. [50] in orange trees. Moreover,
significantly lower values of SRDI-1+2 were observed during the fruit enlargement stage,
as compared to the control. This indicated that the long period and severe water stress
resulted in the leaf photosynthetic rate not fully recovering, even after the resumption of full
irrigation. This may lead to insufficient photosynthetic products in the fruit enlargement
stage (87–147 DAB).

In our research, as compared to the control, the fine root length of the MRDI-1 and
SRDI-1 treatments in the irrigated zones was reduced by 8% and 18%, respectively, in May
of 2010; it was less than the decline in the final shoot length (Table 2). This indicated that
the water stress applied during the shoot rapid growth stage (0–30 DAB) restricted shoot
growth more than the fine root growth. Kramer et al. [12] indicated that root growth of
loblolly and scotch pine seedlings in slowly drying soil was reduced to about 25% of the
rate at field capacity, and shoot growth was reduced much more than root growth in drying
soil. Huang et al. [51] indicated that the root to shoot dry weight ratio of high fescue in
well-watered conditions was about 0.01, and that in drought stress conditions was about
0.015–0.02. Similar results were reported by Romero et al. [43] in mature almond trees.
However, until early July (87–90 DAB) in both experimental years, the fine root length of
SRDI-1+2 decreased by 53% and 50%, respectively, but there were no significant differences
in the shoot length of SRDI-1+2 between May and September; a similar phenomenon was
also observed in MRDI-1+2. The shoot growth of the mature pear trees nearly stopped
in Stage 2 (31 to 86 DAB); thus, water stresses imposed in this period did not impact
the shoot growth negatively [23]; only the root growth was inhibited by the water stress
applied in this stage. This indicated that water stress imposed only in the vegetative growth
stage (Stage 1) can effectively improve the root/shoot ratio of pear trees, and water stress
applied during the slow growth period of both shoots and fruit mainly inhibited fine root
development.

The redistribution of RLD in various treatments had different impacts on the fruit
yield of pear trees. The RLD in the irrigated zones of SRDI-1 recovered before the fruit
enlargement stage, and a higher RLD of SRDI-1 was observed in September, as compared
to the control, although the differences in 2009 were not significant. These maintained the
sufficient absorption of nutrients and water during the following fruit enlargement stage
(87–147 DAB), which met the requirements for fruit enlargement and led to a higher yield.
Sokalska et al. [34] concluded that apple trees that have more fine root have a higher fruit
yield. Tanasescu and Paltineanu [52] also found a linear correlation between the cross-
sectional area of active tree root and the yield of apple trees. The research on hot peppers
also indicates that mean primary root length shows a significant positive correlation with
final fruit yield under normal and water stress conditions [11]. Moreover, the significantly
higher leaf photosynthetic rate of SRDI-1-treated trees during the fruit enlargement stage
also maintained the improvement of final fruit yield. However, the MRDI-1-treated trees
had a similar fruit yield to those of the control. Although the RLD of MRDI-1 in the
irrigated zones also recovered before the fruit enlargement stage, the vegetative growth of
MRDI-1 was closer to that of the control, as compared to SRDI-1, which resulted in a similar
nutrient consumption during the shoot growth stage in both the MRDI-1 and control. A
similar leaf photosynthetic rate in both the MRDI-1 and the control was also observed
during the fruit enlargement stage (87–147 DAB). Therefore, the recovery of RLD in July
was not enough to increase the fruit yield of MRDI-1. As compared to the control, the
significantly lower RLD in MRDI-1+2 and SRDI-1+2-treated trees in early July (87–90 DAB)
impacted pear trees’ water and nutrient absorption. The fine root system preferentially
grew to maintain the capability of nutrient and water absorption; thus, fruit growth may
be inhibited during the subsequent fruit enlargement stage (87–147 DAB). Kramer and
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Boyer [12] and Moreno et al. [53] also indicated that plants, being subjected to severe water
stress, usually do not regain their full capacity to absorb water until several days after
the soil is rewetted. Especially in SRDI-1+2, long-term, severe water stress significantly
inhibited the growth of pear trees, and the decrement in aboveground vegetative structure
growth and fine root before the fruit enlargement stage (0–86 DAB) resulted in significantly
decreased photosynthetic products and water and nutrient uptake, respectively, from the
soil. Thus, more time was needed for the root system to recover, so the fruit growth during
Stage 3 was negatively influenced. Additionally, fruit growth may also be impaired by
long-term, severe water stress imposed before the fruit enlargement stage. Moreover,
the leaf photosynthetic rate of SRDI-1+2 was significantly lower than that of the control
during the fruit enlargement stage (Figure 5). The limited photosynthetic products were
transferred to support fruit growth, which was another reason for the decline in fruit yield.
However, the inhibition of the root system in MRDI-1+2 was less than that of SRDI-1+2, so
the MRDI-1+2 treatment required less time to restore the root system, which ensured water
and nutrient absorption during the fruit enlargement stage and maintained final fruit yield.

The various RDI treatments had no impacts on the final fruit volume. A study on olive
trees also concluded that the fresh and dry weight of fruits are not impacted by different
irrigation amounts [54]. The total soluble solids content was significantly improved by
the severe water deficit treatments in 2009, with the exception of MRDI-1+2 in 2009, but a
similar phenomenon was not observed in 2010. As compared to the control, the soluble
sugar content was significantly improved by all RDI treatments in two experiment years,
with the exception of MRDI-1+2 in 2010. However, Marsal et al. [22] indicated that water
stress imposed on fruit slowly during the enlargement stage reduced the sugar content
of pear fruit. Therefore, it is worth further researching the effects of water deficit applied
before the fruit enlargement stage on the fruit quality of pear trees.

5. Conclusions

The water deficit applied before the fruit enlargement stage (0–86 DAB) inhibited fine
root and shoot growth in the irrigated zones, but only the water stress applied during
the cell division stage (fast shoot growth stage, 0–30 DAB) inhibited shoot development
more effectively than root growth due to the near cessation of shoot growth in other stages
(31–147 DAB). The resumption of full irrigation boosted fine root growth of previously
water-stressed trees in the irrigated zones. The RLD of SRDI-1-treated trees in the irrigated
zones recovered before the fruit enlargement stage (87–90 DAB) and maintained water
and nutrient absorption during the fruit enlargement stage (87–147 DAB), which resulted
in significantly higher fruit yields as compared to the controls. However, there were no
significant differences in fruit yield between the MRDI-1 and the control treatments. The
leaf photosynthetic rate in Stage 3 and the final vegetative growth of MRDI-1 were closer
to those of the control than SRDI-1, which may result in a similar fruit yield of both the
MRDI-1 and the control. Severe and long-term water stress significantly reduced the RLD
of SRDI-1+2-treated trees before early July (87–90 DAB), resulting in deficiency of water
and nutrient during the fruit enlargement stage; thus, fruit growth was inhibited and
fruit yield was decreased. As compared to the control, no significant differences in the
fruit yield of MRDI-1+2-treated trees were observed. This indicated that the root system
of MRDI-1+2-treated trees was restored quickly in order to maintain water and nutrient
absorption after the resumption of full irrigation in Stage 3; thus, the final fruit yield was
not negatively impacted. Therefore, the severe water stress imposed in Stage 1 can maintain
the fine root length density during the fruit enlargement stage, and significantly increase
the fruit yield of pear trees; the moderate water stress applied in Stage 1 or Stage 1+2 had
no impacts on the fruit yield, but it could reduce irrigation amount and increase water use
efficiency in a desert climate.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy11112316/s1, Figure S1: The root length density of MRDI-1, SRDI-1 and control;
Figure S2: The root length density of each treatment.
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