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Abstract: As freshwater becomes an increasingly scarce and expensive natural resource, novel water-
saving irrigation methods for dwarfing apple orchards are needed in the Loess Plateau. However,
studies are lacking on the effects of novel root-zone irrigation technology on leaf-level photosyn-
thesis, which directly determines the yield and survival ability of trees. In this study, the leaf gas
characteristics and water status of five-year-old dwarfing apple trees in the Loess Plateau of China
were monitored during the 2016–2017 growing seasons under water storage pit irrigation (WSPI) and
surface irrigation (SI) treatments. Under WSPI, the leaf water potential (Ψm), net photosynthesis
rate (Pn), stomatal conductance (gs), and chlorophyll content (Chl) were significantly higher than
those under SI (by 12.21–28.36%), while non-photochemical quenching, superoxide dismutase, and
sucrose were lower. Compared with SI, WSPI improved dwarfing apple yield by 25.4% and 26.7%
in 2016 and 2017, respectively. WSPI increased the photosystem II (PSII) activity by increasing the
chlorophyll fluorescence features (the potential quantum yield of PSII (Fv/Fm), actual quantum
yield (ΦII), photochemical quenching (qP), and electron transport rate (ETR)). Principal component
analysis showed that Ψm, Chl, the chlorophyll fluorescence features (qP, ΦII, and ETR), Pn, and gs
could represent the leaf photosynthetic difference between WSPI and SI treatments. Results indicated
that apple under WSPI could improve its yield through enhancing leaf photosynthetic performance,
and water storage pit irrigation is an effective root-zone irrigation method for apple orchards on the
Loess Plateau.

Keywords: water storage pit irrigation; soil water distribution; leaf gas exchange; carbon assimilation;
dwarfing apple

1. Introduction

In the main apple regions, there has been an increasing tendency to grow dwarfing
apples using high-density planting [1,2], as this cultivation pattern both increases fruit yield
and decreases labor costs. Nonetheless, these dwarfing apple orchards in the Loess Plateau
of China are characterized by poor irrigation water quality and small and discontinuous
land use [3], which has led to high costs associated with equipment and difficulty in
operating drip- and micro-irrigation systems in small orchards. For these reasons, surface
irrigation (SI), such as border irrigation and flood irrigation, is still the most conventional
method [4]. However, the use of SI results in substantial water loss due to evaporation
from the soil surface and soil erosion risk increase due to soil compaction [5], which means
that it is necessary to develop new water-saving irrigation techniques to improve both
water-use efficiency and yields in these small-holding orchards.

Water storage pit irrigation (WSPI) is a novel root-zone irrigation technology, which
has been tested in rainfed dwarfing apple orchards on the Loess Plateau [6,7]. WSPI allows
irrigation water or rainfall runoff to directly infiltrate into the subsurface soil through special
emitters (water storage pits) dug around half of the radius of a tree canopy [8]. To promote
the radial movement of soil moisture and to avoid the possibility of deep percolation caused
by pit irrigation, each storage pit has an impermeable bottom and an infiltrating pit wall [9].
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These strategies combine the advantages of both pit irrigation [10], which is inexpensive
and can easily be employed by an orchardist; and subsurface irrigation, which increases
the soil water available to the deep root zone [11]. Although WSPI has been applied
to improve apple yield and water-use efficiency [12,13], most research has concentrated
on the plant–soil interface and the underlying mechanism, such as root growth and soil
water distribution [7,14], while little is known about the leaf physiological characteristics
under WSPI.

Leaf photosynthesis is the fundamental physiological process that a plant uses for
growth and development, and is the ultimate basis of yield formation [15,16]. Irrigation
would affect the leaf photosynthetic efficiency of the apple by influencing the soil–plant–
atmosphere continuum (SPAC) water potential and root distribution [17–19]. Numerous
measurements have been performed to determine the leaf photosynthetic performance for
varied apple rootstocks under different irrigation levels and irrigation frequencies [20–23],
and most have focused on drip irrigation [24] and partial root-zone drying irrigation [25].
However, few studies have investigated these variations in the dwarfing apple under
nonuniform soil water content and root distributions. More studies on the effects of WSPI
on leaf photosynthetic characteristics are needed to further clarify the carbon accumulation
strategy and formulate reasonable irrigation systems in dwarfing apple orchards.

We previously found that the total fine root length was increased under WSPI, as
well as increasing soil water storage in deep soil compared to SI [14,26]. In addition, we
found that the depth of root water uptake for apple trees changed from 20 cm to 100 cm
under WSPI, while SI mainly used 0–40 cm soil depth of soil water [27]. Deep-rooted plants
would influence leaf water status and stomatal regulation [28,29], and then might lead to
differences in the photosynthetic rate of apple trees. However, there are few reports on
the leaf photosynthetic response to WSPI. Previous studies have shown that the leaf gas
exchange characteristics in young or mature apple trees varied for WSPI at different pit
depths (20 cm, 40 cm, and 60 cm) and soil water content limits, but it could not indicate
whether there was a difference between WSPI and SI. To provide further insight into
the relationship between net photosynthetic rate variation and leaf water status under
WSPI compared to SI, a two-year field study (2016–2017) was conducted in a dwarfing
apple orchard in the Loess Plateau of China. Leaf water potential, soil water content,
and stomatal and nonstomatal parameters were measured to determine the differences in
carbon accumulation between WSPI and SI. It was hypothesized that WSPI would improve
leaf photosynthesis, resulting in an increased apple yield as compared to SI. This study
aims to contribute to the scientific basis for the accelerated generalization and adaptation
of irrigation theory and technologies under WSPI in the Loess Plateau.

2. Materials and Methods
2.1. Study Site

Experiments were conducted in the dwarfing apple interstock orchard at the Shanxi
Academy of Agricultural Sciences, located in Taigu County, Jinzhong City, in the Shanxi
Province (37◦23′ N, 112◦32′ E, 781.9 m elevation). The site has a semiarid climate with a
mean annual air temperature of approximately 9.8 ◦C and a mean annual rainfall of 460
mm. The soil texture of 0–100 cm depth is mainly silt loam; the average soil bulk density is
1.47 g cm−3. The soil moisture at the field capacity is 0.30 cm3 cm−3, and at the saturated
water content is 50%. Air temperature, rainfall, and reference evapotranspiration (ET0,
calculated using the Hargreaves equation) over the course of the experiment from April to
October in 2016 and 2017 are shown in Figure 1. Table 1 is the main meteorological factors
in the experiment zone.
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Figure 1. Air temperature, rainfall, and reference evapotranspiration (ET0) in the growing seasons of
apple in 2016 and 2017.

Table 1. Monthly average solar radiation (Rs), mean relative humidity (RH), mean atmosphere
temperature (Ta), mean vapor pressure deficit (VPD), total precipitation (P), total evapotranspiration
(ET0), and irrigation amount (I) in 2016 and 2017.

Year Month Rs
(W m−1)

RH
(%)

Ta
(°C)

P
(mm)

VPD
(kPa)

ET0
(mm)

I
(mm)

April 239.55 55.52 16.26 48.6 0.79 130.78 45
May 234.67 59.85 18.17 24.0 0.81 168.79
June 265.69 73.35 23.19 76.0 0.71 187.17 45

2016 July 233.92 87.91 25.05 262.8 0.35 170.89
August 240.54 87.64 25.24 134.2 0.35 155.29

September 224.33 82.37 20.18 24.2 0.39 123.81 45
October 155.75 83.39 12.95 58.5 0.21 74.19

April 237.13 52.63 14.69 31 0.80 124.57 45
May 258.58 49.91 21.25 43.6 1.18 191.65 45
June 241.54 72.87 23.07 51.6 0.72 187.47 45

2017 July 228.24 79.65 26.75 125.4 0.67 194.26 45
August 214.65 88.24 23.91 95 0.33 151.73 45

September 199.51 81.01 20.29 6.6 0.42 125.15
October 106.32 91.23 12.08 104.2 0.12 65.83

2.2. Experimental Design

Five-year-old ‘Red Fuji’ (Malus domestica Borkh.) apple trees were scion-grafted
onto an SH interstock and crabapple (Malus robusta Rehd) rootstock, then transplanted
with a row spacing of 4 m and a plant spacing of 2 m, considering future tree growth and
diameter. In April 2016, two irrigation treatments, WSPI (pit diameter 30cm and depth
40 cm, Figure 2) and SI (traditional surface border irrigation, equipped with PE pipe),
were randomly applied across the middle of the experimental site (100 × 12 m2), with
six replicate trees per treatment. The irrigation date and amount were the same for both
treatments. According to local rainfall and farmer’s irrigation habits [27], irrigation was
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performed on 21 April, 1 June, and 6 September in 2016 and on 19 April, 17 May, 19 June,
19 July, and 16 August in 2017, respectively (Table 1). The total irrigation amount was
135 mm and 225 mm in 2016 and 2017, respectively, which accounted for 61% and 64% of
the calculated crop evapotranspiration (ETc). The crop coefficient (Kc) for apple trees and
ETc were calculated according to the methodology described by Jaouhari et al. [30]. Each
year, the trees were fertilized with 600 kg ha−1 of urea, 150 kg ha−1 of superphosphate
and 100 kg ha−1 of potassium sulphate [13]. Other management options such as pruning
branches and weeding were kept constant throughout the experiment.
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Figure 2. Diagram of water storage pit irrigation (WSPI) systems. (a) Field three-dimensional
schematic. (b) Actual location of water storage pit arrangement, and the pit edge was 60 cm from the
trunk. (c) Water storage pit.

2.3. Data Collection
2.3.1. Gas Exchange Parameters, Leaf Water Potential, and Soil Water Content

For one sunny day of each month in 2016 and 2017, during the growth stage of the
apple trees, three fully expanded and sunlight-exposed leaves in the middle of new shoots
were sampled randomly for gas exchange parameters from each tree (three randomly
selected trees, n = 9). Between 9:00 and 11:00 am, the net photosynthesis rate (Pn), stomatal
conductance (gs), intercellular CO2 concentration (Ci), and transpiration rate (Tr) were
measured using a LI-COR 6400XT portable photosynthesis system (LI-COR Inc., Lincoln,
NE, USA) with a 6400-02B LED source. Water-use efficiency (WUE) was calculated as
Pn divided by Tr. The photosynthetic photon flux was set at 1500 µmol m−2 s−1, leaf
temperature was 25 ± 2 ◦C, and relative humidity was 65 ± 5%.

On the same dates, predawn leaf water potential (ΨPL) and midday leaf water potential
(ΨM) were measured using a chilled-mirror dewpoint potentiometer (WP4C, Decagon
Devices, Inc., Pullman, WA, USA). After measuring Pn, the same leaves were sampled
between 11:30 am and 1:00 pm, detached without the veins, and stored in a sealed chamber.
The chamber temperature was set as to 25 ◦C, on fast mode. Weekly, both before and
after irrigation, soil water content was measured using a time-domain reflectometry with
intelligent microelements (TRIME, IMKO, Ettlingen, Germany). The measurements were
performed in 20 cm increments at depths of 0–100 cm. The sites of water determination
were installed at a distance of 50 cm from each tree trunk under the SI treatment and
through the center of two adjacent pits under the WSPI treatment.

2.3.2. Leaf Chlorophyll Content and Chlorophyll Fluorescence Features

For each month of 2017, leaf chlorophyll (Chl) was measured according to Porra
et al. [31]. Undamaged and fully expanded leaves were sampled between 9:00 am and
11:00 pm. A total of 0.2 g of fresh leaf mass was homogenized, filtered, and diluted with
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80% acetone. The absorbance of the extract was measured at 645 and 664 nm using a
spectrophotometer. Chlorophyll content was calculated according to the following formula:

Chla = 12.72 × D663 × 2.59 × D645 (1)

Chlb = 22.88 × D645 × 4.67 × D663 (2)

Chl = Chla + Chlb (3)

During the same period, mature leaves from the upper part of three trees per treatment
were selected to measure chlorophyll fluorescence. Maximum (Fm) and minimum (F0)
fluorescence yields of dark-adapted leaves were recorded in the predawn hours (between
5:00 and 6:00 am), using a LI-COR 6400XT portable photosynthesis system (LI-COR Inc.,
Lincoln, NE, USA) with an integrated leaf chamber fluorimeter (Li-6400-40, LI-COR Inc.).
The maximum light-adapted fluorescence (Fm′) and steady-state light-adapted fluorescence
(Fs′) were assessed diurnally. Minimal fluorescence under light conditions (F0′) was
calculated using the following:

F0′ = F0/(Fv/Fm+F0/Fm′) (4)

The potential quantum yield of PSII (Fv/Fm) was estimated, where Fv is the maximum
variable fluorescence (Fv= Fm − F0). Other data-derived parameters included the actual
quantum yield, ΦII = (Fm′ − Fs)/Fm’; photochemical quenching, qP = (Fm′ − Fs)/(Fm′ −
F0′); non-photochemical quenching, NPQ = (Fm − Fm′)/Fm′, and electron transport rate,
ETR = ΦII × 0.5 × PPFD × 0.85.

2.3.3. Antioxidant Enzyme and Soluble Sugar Content

Simultaneously, 15 undamaged leaves from each tree were collected at midday from
both WSPI and SI treatments (three replicates for each treatment). The midrib was removed
from the leaves, before they were immediately frozen in liquid nitrogen, lyophilized, and
kept at −80 ◦C until analysis. For sucrose and fructose assays, 0.5 g of leaf dry mass was
ground to a fine powder with a mortar and pestle, and extraction was performed three times
with 10 mL 80% ethanol in a water bath at 80 ◦C for 10 min, followed by centrifugation at
4000× g. The pooled supernatants were extracted, combined, and allowed to evaporate
until dry at 100 ◦C, at which point 5 mL of distilled water was added and the solution
was filtered (0.45 µm). The content of sucrose and fructose was analyzed using resorcinol
colorimetric assay [32].

To measure the amount of the antioxidant enzyme, superoxide dismutase (SOD), 5 g
frozen leaf samples were ground to a fine powder in liquid nitrogen and homogenized
on ice in 50 mM phosphate buffer (pH 7). The homogenate was centrifuged at 4 ◦C and
12,000× g for 30 min, to obtain the enzyme extract as the supernatant. A 3 mL total reaction
mixture contained 50 mM phosphate buffer (pH 7.8), 13 mM methionine, 75 µmM nitro
blue tetrazolium (NBT), 0.1 mM EDTA, 2 µM riboflavin, and 0–200 µL enzyme extract.
SOD activity was measured on the basis of its ability to inhibit the photochemical reduction
in NBT in the presence of riboflavin in 560 nm light [33]. One unit of SOD activity was
defined as the amount of enzyme required to cause a 50% inhibition of NBT photoreduction
at 25 ◦C.

2.4. Data Analysis

Analysis of variance (ANOVA) and correlation analysis were performed using the
software package SPSS (IBM SPSS Statistics 26, SPSS Inc., Chicago, IL, USA). The least
significant difference (LSD) test was used to compare means, and differences were con-
sidered significant at a level of p < 0.05. Principal component analysis (PCA) was used
to analyze the best linear combination of variables (including leaf water potential, gas
exchange parameters, chlorophyll content, chlorophyll fluorescence features, SOD, sucrose
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and fructose, total 17 traits in 2017, and n = 204), which would account for the greatest total
variance in the data.

3. Results
3.1. Soil Water Content and Leaf Water Potential

In terms of the 0–100 cm profile, the peak area of soil moisture content under SI was
concentrated in 40 cm, while the high-value area under WSPI was basically located at
60–80 cm (Figure 3). In 2016 and 2017, the mean soil moisture content of 0–20 cm under
SI was 21.2% and 20.29%, which were 1.12 and 1.13 times higher than those under WSPI,
respectively. However, WSPI significantly increased the water content of the 40–80 cm soil
layer (p = 0.0221) and kept the soil water content at approximately 23% (76% of field water
capacity). Compared with SI, the soil moisture content of 40–80 cm under WSPI increased
by 1.09 and 1.14 times in 2016 and 2017, respectively.
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The seasonal variations in midday leaf water potential (Ψm) under different treatments
during the period 2016–2017 are shown in Figure 4. There was a significant difference in
Ψm between WSPI and SI treatment for both years (p < 0.05), except for July of 2016, for
bud development and flowering (April and May) and September of 2017. With the same
amount of irrigation, the mean value of Ψm from the WSPI treatment was 12.4 and 11.6%
higher in 2016 and 2017, respectively, than that from SI.
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3.2. Gas Exchange Characteristics

The most significant differences between treatment effects were found during the
hottest time of each growing season, usually from July to August (Figure 5). The WSPI
treatment exhibited significantly higher Pn than the SI treatment in both years, and the
single peak in August was 16.1% and 16.8% greater in 2016 and 2017, respectively (Fig-
ure 5a,e). The gs, Tr, and Ci for WSPI were higher than those of SI, and showed a more
significant difference in 2016. The mean value of gs, Tr, and Ci for WSPI was greater than
that of SI by 28%, 8.7%, and 2.7%, respectively. Significant linear correlations (p < 0.05)
were found between leaf gas exchange and predawn leaf water potential (ΨPL) during the
growing season in both years (Figure 6), as a higher ΨPL was accompanied by increased A,
gs, and Tr. However, the relationship between Wue and ΨPL was not significant.
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Figure 5. Net photosynthesis rate (Pn), stomatal conductance (gs), intercellular CO2 concentration
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irrigation (SI) in 2016 (a–d) and 2017 (e–h). Bars indicate standard errors of the mean (n = 9); the same
letters in figure indicate nonsignificant differences between the treatments, whereas different letters
show significant differences (p < 0.05).



Agriculture 2022, 12, 1362 8 of 14

Agriculture 2022, 12, x FOR PEER REVIEW 9 of 16 
 

 

 

 
Figure 6. Relationship between leaf gas exchange and predawn stem water potential (ΨPL) during 
the growing season in 2016 and 2017. r indicates correlation coefficients between each pair of tested 
parameters. Pn means net photosynthesis rate, gs means stomatal conductance, Tr means transpi-
ration rate, and Wue means water-use efficiency. 

3.3. Chlorophyll Content and Fluorescence Features of Leaves 
The analysis of the Chl content of leaves in early, mid-, and at the end of August 

allowed us to study the physiological changes under different treatments (Figure 7). Com-
pared with SI, WSPI treatment increased the content of Chla, Chlb, and total chlorophyll 
in August of 2017 (Figure 7f–h), as those values were higher by an average of 12.2 (p = 
0.001), 25.1 (p = 0.049), and 16.8% (p = 0.014), respectively. The WSPI treatment exhibited 
a higher Fv/Fm than the SI treatment (p = 0.019), as well as a higher qP (p = 0.008), ΦII (p = 
0.008), and ETR (p = 0.002) (Figure 7a,b,d,e). There was no significant difference in the 
Fv/Fm between WSPI and SI treatments in mid-August (17 August), as both treatments 
were irrigated (16 August) and not affected by water stress. However, the qP, ΦII, and 
ETR of leaves in the WSPI treatment were significantly higher at the mid and final meas-
urement points of August than those of the SI. The values of Fv/Fm, qP, ΦII, and ETR 
decreased during August without considering irrigation treatments, but the magnitude of 
the decrease in SI was greater than that in WSPI. There was no significant difference in 
NPQ at the early and mid-points of August between treatments, but at the final point in 
August, the NPQ of leaves for SI was higher than that of the WSPI treatment. 

Figure 6. Relationship between leaf gas exchange and predawn stem water potential (ΨPL) during
the growing season in 2016 and 2017. r indicates correlation coefficients between each pair of
tested parameters. Pn means net photosynthesis rate, gs means stomatal conductance, Tr means
transpiration rate, and Wue means water-use efficiency.

3.3. Chlorophyll Content and Fluorescence Features of Leaves

The analysis of the Chl content of leaves in early, mid-, and at the end of August
allowed us to study the physiological changes under different treatments (Figure 7). Com-
pared with SI, WSPI treatment increased the content of Chla, Chlb, and total chlorophyll
in August of 2017 (Figure 7f–h), as those values were higher by an average of 12.2 (p =
0.001), 25.1 (p = 0.049), and 16.8% (p = 0.014), respectively. The WSPI treatment exhibited a
higher Fv/Fm than the SI treatment (p = 0.019), as well as a higher qP (p = 0.008), ΦII (p
= 0.008), and ETR (p = 0.002) (Figure 7a,b,d,e). There was no significant difference in the
Fv/Fm between WSPI and SI treatments in mid-August (17 August), as both treatments
were irrigated (16 August) and not affected by water stress. However, the qP, ΦII, and ETR
of leaves in the WSPI treatment were significantly higher at the mid and final measurement
points of August than those of the SI. The values of Fv/Fm, qP, ΦII, and ETR decreased
during August without considering irrigation treatments, but the magnitude of the decrease
in SI was greater than that in WSPI. There was no significant difference in NPQ at the early
and mid-points of August between treatments, but at the final point in August, the NPQ of
leaves for SI was higher than that of the WSPI treatment.
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Figure 7. The potential quantum yield of PSII (Fv/Fm, shown in a), photochemical quenching (qP, b),
non-photochemical quenching (NPQ, c), actual quantum yield (ΦII, d), (e) electron transport rate
(ETR, e), and chlorophyll content (f–h) of apple leaves under water storage pit irrigation (WSPI)
and surface irrigation (SI) during the August of 2017. The Bars indicate standard errors of the mean
(n = 3 for chlorophyll content parameters, and n = 9 for chlorophyll fluorescence parameters); the
same letters in figure indicate nonsignificant differences between the treatments, whereas different
letters show significant differences (p < 0.05).

3.4. Antioxidant Enzyme, Soluble Sugar, and Yield

To explore whether WSPI could delay leaf senescence and reduce the extent of stress,
we measured the antioxidant enzyme activity and the content of soluble sugar in August
and October of 2017 (the second year after the implementation of WSPI). In October,
the leaves entered senescence, showing higher SOD activity than in August (Table 2).
Compared with SI, WSPI significantly decreased the activity of SOD in both August and
October, by 36.5% and 29.7%, respectively. There was no significant difference in fructose
content between WSPI and SI; however, WSPI significantly decreased the sucrose content
in August. Compared with SI, WSPI improved dwarfing apple yield by 25.4% and 26.7% in
2016 and 2017, respectively.

Table 2. Effects of water storage pit irrigation (WSPI) and surface irrigation (SI) on superoxide
dismutase (SOD), sucrose, fructose, yield, and single fruit weight in 2016 and 2017. Different letters
show significant differences (p < 0.05).

SOD (U/g FW) Sucrose (mg/g DW) Fructose (mg/g DW) Yield (kg/tree) Single Fruit Weight (g)
August October August October August October 2016 2017 2016 2017

SI 150.24 a 175.67 a 11.34 a 11.41 a 0.78 a 0.23 a 10.28 b 11.47 b 183.72 b 170.64 b

WSPI 95.39 b 123.56 b 6.98 b 11.71 a 0.77 a 0.27 a 12.89 a 14.53 a 234.39 a 213.03 a
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3.5. Principal Component Analysis (PCA)

The 17 measured parameters across the different irrigation treatments were analyzed
using PCA, and the results are summarized in Table 3. Based on the factor loadings of these
traits, the three principal components (PCs) could represent the effects of different irrigation
treatments on leaf photosynthetic performance, which explained 86.7% of the total variance.
Principle component 1 (PC1) was characterized by positive scores for Ψm, qP, ETR, and ΦII,
while PC2 was characterized by positive scores for Pn, gs, and Chl. NPQ was characterized
by positive scores for PC3. The leaf water status, Chl fluorescence features, leaf stomata
status, and chlorophyll content were sensitive indicators in the dwarfing apple response
to WSPI.

Table 3. Eigen vectors and eigen values of the first three principal components for different irrigation
treatments. The numbers in bold indicate values of factor loading > 0.8.

Traits PC1 PC2 PC3

Ψm 0.969 0.055 0.029
Pn 0.405 0.885 −0.080
gs −0.354 0.869 0.212
Ci −0.708 0.476 0.313
Tr 0.574 0.629 0.415

WUE −0.849 0.038 0.291
Fv/Fm 0.714 0.559 −0.123

qP 0.966 0.065 0.159
NPQ −0.131 −0.295 0.882
ETR 0.942 0.225 −0.109
ΦII 0.941 0.226 −0.108

Chla −0.597 0.722 −0.303
Chlb −0.498 0.782 −0.148
Chl −0.554 0.803 −0.223

SOD 0.053 −0.706 −0.298
Sucrose −0.770 −0.169 0.178
Fructose 0.685 0.220 0.452

Eigen value 7.991 5.023 1.731
Cumulative% 47.01 76.56 86.74

4. Discussion

Maintaining a relatively high Ψm was crucial for leaf photosynthesis [34,35]. Our
observations were comparable to the literature values of −0.7–−4.0 MPa in apple [36–39],
and based on the results of Sircelj et al. [40], apple trees would experience severe stress
when Ψm was −3 MPa or lower. In this study, Ψm did not decrease to this stress level for
WSPI treatment, but it did for SI. This result was due to the following factors: (1) Soil water
is an important factor that limits the plant water status. It has been demonstrated that Ψm
is high when soil water is maintained at a high level due to irrigation [25,41]. In this study,
the mean amount of SWC in a 0–100 cm soil profile under WSPI was 1.2 times that under
SI treatment. (2) The availability of soil water in deeper soil profiles is indispensable for
improving the leaf water content of plants and yield [42]. In this study, more irrigation
water was stored at a 40–80 cm soil depth. Previous research at the same site has also
shown that compared to SI, WSPI could significantly improve the soil water content of
the root zone in the medium soil layer (40–150 cm) [14] and reduce surface evaporation.
(3) Deeper plant roots have the ability to reduce the effect of drought stress in the Loess
Plateau of China [43]. Then, the development of deep roots could have enabled the shoots
to maintain a higher water status [44]. Compared with SI, the fine root length density for
WSPI was improved by 10.32% at soil depths from 40 to 100 cm [14], and the average stem
flow of apple trees under WSPI was 1.18–1.68 times higher from May to October [45].

The leaf stomatal strategy is regulated by the leaf water status [46], and the gs was
directly related to the Pn [47]. To the best of our knowledge, this was the first investigation
of the differences between stomatal regulation and photosynthetic capacity between WSPI
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and SI. We found significant linear correlations between Pn, gs, and ΨPL (the value of
correlation coefficients were from 0.42 to 0.56, p < 0.01), which indicated that the variations
in Pn for different irrigation treatments were mainly due to stomatal regulation caused by
soil moisture and leaf water status [48]. In this study, the Pn, gs, and Tr of leaves for WSPI
were greater than those for SI. This observation indicated that stomatal limitation was the
major limiting factor in photosynthesis [49]. However, the Ci value for WSPI and SI did not
necessarily decrease with gs (r = 0.01, p > 0.05). Based on the physiological mechanism of
plant photosynthesis [50], Ci would increase when the gs value increases, while an increase
in photosynthetic capacity would consume CO2, thus reducing the correlation between Ci
and gs [51,52]. These relationships imply that there are also nonstomatal factors (such as
Chl content, chlorophyll fluorescence, and enzymatic activity) affecting the photosynthesis
of apple under different irrigation methods [53].

Chlorophyll is the key pigment for photosynthesis [54]. In general, healthy leaves
have greater chlorophyll content and a higher photosynthetic rate. In this study, WSPI
improved the Chl content of leaves during the growth stage (August) when compared to SI.
The Chl content was increased by Ψm, and improved soil nutrients [55]. Li et al. [56] found
that WSPI decreased the cumulative NH3 volatilization compared with SI. The significant
increase in chlorophyll content could effectively increase the light capture and conversion
efficiency [57,58]. Beyond these parameters, the increase in Fv/Fm, qP, ΦII, and ETR under
the WSPI treatment indicated that the PSII activity of leaves was improved compared
with SI. When subjected to water or temperature stress, the plant would maintain normal
photosynthesis through the xanthophyll cycle [53,59,60]. In this study, the rise in NPQ for
SI treatment suggested that apple trees under SI went though increasing energy dissipation
to protect the photosynthetic system. Furthermore, the rate of chlorophyll degradation for
WSPI slowed down when compared to SI (Figure 7h), in effect extending the functional
period of effective photosynthetic time.

Under soil water stress or during a period of senescence, oxidative stress was induced
by increasing the production of reactive oxygen species (ROS) [61]. SOD, the first step
in the system that scavenges excess ROS, plays a central role in protecting cells against
photodamage to PSII [62]. The activity of SOD under WSPI was significantly lower than
that of SI due to the lower oxidative stress. In this study, the activity of SOD was increased
in October when compared to August for both treatments. This increase in activity was
an adaptation response to water stress, high light levels, and the lower temperatures in
autumn [63]. However, this study found no significant difference in sucrose and fructose
levels under WSPI and SI, with the exception of sucrose in August. Unlike other plants,
sorbitol is the main soluble sugar of apple leaves and accounted for 60–70% of the photo-
synthesis in leaves [64]. The content of sucrose and fructose was measured in this study,
considering that sorbitol is converted to fructose by sorbitol dehydrogenase, and more than
80% of the total carbon flux via fructose [65]. Further studies are needed to investigate the
impacts of WSPI on sorbitol levels in apple leaves.

Under the same total amount of irrigation, WSPI increased the apple yield when com-
pared with SI (Table 2). This is consistent with the results of Zhao et al. [14], in that they
also found that the average yield for WSPI with 40 cm of pit depth was 1.17 times higher
than that of surface irrigation. Li et al. [10] showed that apple yield for pit irrigation using
less total water was not significantly lower than yields using furrow irrigation. The PCA
analysis of leaf photosynthetic performance showed that WSPI improved apple yield by
affecting the leaf water status, chlorophyll content and fluorescence features, and leaf stomata
status. However, other biochemical indices are also important for interpreting the holistic
photosynthesis mechanism, such as root growth, leaf area, and trunk diameter [66,67].

5. Conclusions

Based on our results, water storage pit irrigation could improve the leaf photosynthetic
performance of dwarfing apple compared with SI treatment, via increasing the soil water
content at the middle soil depth, leaf water potential, stomatal conductance, chlorophyll
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content, and PSII activity. The accumulation of SOD and sucrose was significantly reduced
under WSPI than that under SI. These findings contribute to gaining a more in-depth
understanding of water-saving mechanisms when using water storage pit irrigation.
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