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Abstract: Scarce water resources limit protected vegetable production in North China. Implementing
efficient water-saving techniques is crucial for maintaining protected vegetable production and
sustainability. A two-growing season field experiment was conducted in a glass greenhouse to explore
the effects of water-saving techniques with irrigation scheduling based on soil water content on the
growth and quality of pakchoi and the fate of irrigation water. Three water-saving techniques were
investigated: micro-irrigation (M-0), furrow irrigation with plastic mulch (F-P), and micro-irrigation
with plastic mulch (M-P) compared to furrow irrigation (F-0). F-P and M-P treatments enhanced
pakchoi growth and primarily increased the total root length of the root system (0–0.2 m) compared to
F-0. The two treatments further induced an improvement of pakchoi quality. Compared to M-0, F-P
and M-P treatments showed better performance in reducing evaporation by 57–70% and proportion
of evaporation in evapotranspiration, and consequently exhibited more pronounced effects on water
saving. Irrigation water use efficiency (IWUE) was improved in F-P by 50% in both seasons and
was improved in M-P by 84 and 95% in spring season and autumn season, respectively. Combining
irrigation scheduling based on soil water content with plastic mulch is a feasible way to improve
IWUE in protected vegetable production by reducing water consumption and enhancing crop growth.

Keywords: irrigation water use efficiency; micro-irrigation; plastic mulch; pakchoi; root morphology;
vegetable quality

1. Introduction

Protected vegetable cultivation releases vegetable production from the constraints of climatic
conditions, allowing year-round production. A protected vegetable production system is covered
by glass or plastic materials, creating a closed or semi-closed environment. Such an environment
determines that the production inevitably depends on irrigation. As protected vegetable production
and the demand for vegetable consumption are increasing [1], the water consumption in such
production may put pressure on water resources (i.e., groundwater), which are scarce in North
China [2]. Additionally, irrational irrigation by growers can exacerbate the problem of water scarcity [3].
Traditional surface irrigation methods (such as furrow irrigation) with low irrigation water use
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efficiency (IWUE) are widely applied in over 90% of irrigation areas [4] and are commonly seen in
Chinese protected vegetable production where many farmers lack knowledge and are not willing to put
in the extra work for advanced irrigation techniques. To alleviate the overexploitation of groundwater
and achieve sustainable agriculture, it is important to develop and implement water-saving techniques
for protected vegetable production.

Water-saving techniques, compared to furrow irrigation, can reduce water consumption, improve
crop yields and consequently improve IWUE to various extents depending on the crop species and
agronomic conditions. For instance, irrigation scheduling based on soil water content can save water,
improve the yield and quality of vegetables, and increase IWUE [5,6]. Drip and micro-sprinkling
irrigation have been developed to improve water use efficiency [7]. Drip irrigation reduces water
consumption by 6–30% and improves the yield of cotton (Gossypium hirsutum L.) by 38% compared to
furrow irrigation, leading to high IWUE [8]. Micro-sprinkling irrigation with similar water supply
rates as furrow irrigation improves the growth and yield of winter wheat (Triticum aestivum L.),
thereby increasing IWUE [9]. Moreover, the use of plastic mulch has been reported to reduce water
consumption and evaporation and increase yield [10–12]. However, some water-saving techniques may
induce water stress and subsequently change the development of roots. Changes in root development
further influence water and nutrient uptake and consequently plant growth [13,14]. On the other hand,
water stress induced by water-saving techniques affects the quality of vegetables (such as soluble
solids and vitamin C), particularly fruity vegetables [15,16], due to the osmotic potential regulation or
stimulation of antioxidant activity. Moreover, the use of plastic mulch, particularly combined with
drip irrigation, improves the micro-environment and nutrient uptake, and consequently vegetable
quality [10,17].

Pakchoi (Brassica rapa subsp. chinensis), which originated in China, is a short-season vegetable
prevalent in China and can be grown in the northern and southern parts of the country. To date, there is
a lack of studies revealing the water use and response of greenhouse-grown pakchoi production to
water-saving techniques. In order to fill the gap, a two-growing season experiment was conducted in
a glass greenhouse to investigate the performance of water-saving techniques, micro-irrigation and
plastic mulch, in water savings in greenhouse-grown pakchoi. These water-saving techniques were
combined with irrigation scheduling based on soil water content. The performance was evaluated
by measuring the pakchoi growth and quality and the fate of irrigation water. We hypothesized that
(1) micro-irrigation and the use of plastic mulch would improve IWUE by enhancing crop growth
and quality and reducing the water consumption; and (2) the combined use of plastic mulch and
micro-irrigation would have the best performance in improving IWUE.

2. Materials and Methods

2.1. Experimental Sites and Design

The experiment was carried out during spring and autumn in 2016, in a greenhouse located at the
experiment station of China Agricultural University, Beijing, China (39◦54’ N, 116◦23’ E). The soil had
a bulk density of 1.00 g cm−3 and field capacity of 38.97% after tillage. The organic matter content in
the soil was 2.28% before the experiment started. Total N and available N content was 1.55 g kg−1 and
198.47 mg kg−1 and Olsen-P and K content was 107.72 and 163.33 mg kg−1, respectively.

A completely random design was used to investigate three water-saving techniques:
micro-irrigation (M-0), furrow irrigation with plastic mulch (F-P), and micro-irrigation with plastic
mulch (M-P). These techniques were compared to the traditional furrow irrigation (F-0). Each treatment
had three replicated plots. The plot size was 3.6 m2 (3.6 m × 1 m). Four rows of pakchoi were planted
in one plot with a row distance of 0.25 m. The micro-irrigation system was constituted by 28.6 mm
diameter pressured hoses made of black polyethylene. The hoses were attached to a 50-mm diameter
main pipe (polyethylene) with a distance of 1 m. Five holes with a diameter of 0.1 mm were punched in
every other 10 cm of the hoses for water outlet. The five holes were punched with a distance of 2.5 cm
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between two adjacent holes. One hose with a length of 3.5 m was arranged in the middle of one plot.
The side of the hose with holes was set to face downward, to ensure that the water directly went down
into the soil. In the treatments with furrow irrigation (F-0 and F-P), one 3.5 m hose without holes was
arranged straightly in the middle of one plot. Thus, the water outlet of the hose was close to the short
side of the plot. White polyethylene plastic film was used to mulch the soil in F-P and M-P treatments
after pakchoi was sown. Holes with 10 cm diameter were made on the white polyethylene plastic
mulch by scissors for sowing pakchoi and pakchoi growth. These holes were with a row distance of
0.25 m and a 0.2 m distance between two holes interrow. Adjacent plots were divided with a piece
of plastic film (polyethylene, without holes) to a soil depth of 0.5 m in order to avoid water runoff

between plots.
The soil water content at 0.15 m soil depth was monitored by using digital tensiometers (STEP

Systems, GmbH, Nürnberg, Germany). One tensiometer was set in one plot and installed 0.25 m and
1.8 m away from the long and short side of the plot, respectively. Thus, the tensiometer was 0.25 m
away from the hose and between the first two rows of pakchoi. The relationship between soil water
potential and soil relative water content was the same as reported by Chen et al. [10]. Irrigation was
set up to start when the field capacity was below 60%. The irrigation amount each time was set as
the difference in water amount between 60 and 80% of field capacity. The irrigation amount was
calculated by using Formula (1) [18] and the irrigation amounts were 233.85 and 219 m3 ha−1 in spring
and autumn, respectively.

Irrigation amount = B × p × D × θf × s × (q1 − q2) × η (1)

Here B is the soil bulk density (g cm−3) before the experiment; p is the soil wetting ratio, taken as
100%; D is the soil layer, taken as 0.3 m; θf is the field capacity (%); q1 and q2 represent the soil water
content expressed as % of field capacity, and were 80 and 60%; s is the soil area, taken as 3.6 m2; and η

is the water use coefficiency, which is 1.
The pakchoi cultivars Chunyou No. 5 and Xialv No.2 were selected for spring and autumn in

2016, respectively. Flat bedding cultivation was applied in the experiment with a bed size of 3.6 m2

(3.6 m × 1 m), meaning one bed per plot. On 13 March and 7 September 2016, pakchoi seeds were
sown with a row distance of 0.25 m by hand in the treatments without plastic mulch (F-0 and M-0),
while in F-P and M-P treatments, pakchoi seeds were sown in the soil under each hole of white plastic
mulch. There were four rows of pakchoi (a row distance of 0.25 m) in each bed/plot. On the same days
of sowing, 156 and 219 m3 ha−1 irrigation water was given by the corresponding irrigation method
in each treatment in spring and autumn, respectively, for better soil contact with seeds stimulating
seeds germination and plant establishment. In the first 2 weeks after sowing, seedlings were thinned
twice by hand to keep the plant distance at 0.2 m in F-0 and M-0 treatments, while in F-P and M-P
treatments, seedlings coming out from each hole of plastic mulch were thinned to one plant per hole.
Hence, the plant density was 200,000 plants ha−1 in all treatments. Basal fertilizer was applied before
bedding in the forms of composted chicken manure (total content of N, P, and K was more than 4%
and organic matter content was more than 30%) and synthetic fertilizer (N:P2O5:K2O = 15:10:15) at
rates of 67,500 kg ha−1 and 1950 kg ha−1, respectively. The mean daily air temperature during the
experimental period in the glass greenhouse was monitored by Greenhouse Baby (Xinyuan Company,
Beijing, China) and is shown in Figure 1.
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2.2. Plant and Soil Samplings

Pakchoi was harvested on 9 May and 10 November 2016 (two rows of pakchoi × 1 m per plot).
The second and third rows were chosen to avoid edge effect. Whole plants were harvested by
excavating the soil to a depth of 0.2 m using a shovel [19]. The aboveground and belowground parts
were separated by a knife. The roots were rinsed with tap water to remove soil and dirt. Then, the root
systems were divided into top 0.1 m and roots in 0.1–0.2 m and stored at −4 ◦C for future analysis.
On the same days, soil in the top 0.3 m soil layer was collected by the soil auger method, for which five
spots in an S-shape were selected in each plot [20].

2.3. Plant and Soil Analysis

The aboveground and belowground fresh weights were determined. Since no senescence of
pakchoi happened at harvest, the yield was measured as the total aboveground fresh weight in
the sampled plot without removing any leaves. The total leaf area of each plant (cm2 plant−1) was
scanned by using an Epson Perfection V800 photo scanner and analyzed by WinRHIZO (LC4800-II
LA2400, Regent Instruments, Quebec, QC, Canada). The SPAD value of pakchoi was measured on
three full expanded leaves by using a SPAD meter (SPAD-502, Minolta Camera Co., Osaka, Japan).
The dry biomass of pakchoi was measured after oven-drying at a temperature of 80 ◦C to a constant
weight. The water content was calculated as the ratio of difference between fresh and dry weight
to fresh weight. The content of soluble sugar was measured in fresh pakchoi material by anthrone
colorimetry [21]. The vitamin C content was measured by the 2,6-dichloroindophenol titrimetric
method [22]. The content of N and P in pakchoi was measured with the combustion method according
to VDLUFA [23]. The sum of cellulose, hemicellulose and lignin was referred to neutral detergent
fiber (NDF). The content of hemicellulose was the content difference between NDF and acid detergent
fiber (ADF). NDF and ADF were measured by using a semiautomatic fiber analyzer (ANKOM A200i,
ANKOM Technology, Macedon, NY, USA). Before root morphology analysis, the roots were thawed at
room temperature. Roots were placed on a transparent plastic plate and scanned (Epson Perfection
V800). The root length per plant (cm plant−1) was obtained by analyzing the pictures with WinRhizo
software (LC4800-II LA2400, Regent Instruments, Quebec, QC, Canada).

The content of N, available P, and available K in soil was measured with the method according to
VDLUFA [23]. Soil EC value (µS cm−1) was measured at a 1:5 ratio of soil to distilled water suspension
by using a conductivity meter (DDS–307, INESA Scientific Instrument Co., Ltd., Shanghai, China).
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2.4. Evaporation Measurements

Evaporation during the two growing seasons was measured by using a micro-evaporator,
which was a 100-mm-high PVC tube with an outer diameter of 100 mm and inner diameter of 90 mm,
covered with nylon mesh at the bottom for water and gas exchange. One micro-evaporator was
installed in one plot before the plastic mulch was applied. After bedding and before sowing, soil from
the plots was collected and packed to micro-evaporators to a bulk density of 1.00 g cm−3, the same as
the bulk density after tillage. The micro-evaporator was directly installed 0.1 m away from tensiometer
and 0.25 m away from the hose by digging a hole to fit the PVC tube. The PVC tubes were weighed
daily at 16:00 and evaporation was recorded as weight loss between two consecutive days. In F-P and
M-P treatments, a hole with 100-mm diameter was made in the plastic film right above the PVC tube
and covered with a small piece of plastic film affixed by Scotch tape. The small piece of plastic film was
removed for each measurement, so that the PVC tube could be taken out with minimal disturbance to
the plastic mulch.

2.5. Calculation and Data Analysis

Water use in this experiment was evaluated by irrigation water use efficiency (IWUE) and water
partitioning into the soil and plants. IWUE was calculated using Formula (2):

IWUE = yield / total irrigation amount (2)

Since the irrigation amount given was only 20% of field capacity of water, it was assumed that
neither water runoff on the soil surface nor leaching happened during the growing seasons. Therefore,
the transpiration of pakchoi during each growing season was calculated using Formula (3):

Transpiration = Irrigation − ∆W − Evaporation (3)

where irrigation is the total amount given in each growing season; ∆W is the difference in soil water
contents at the start and end of the experiment; and evaporation represents the sum of daily evaporation.

A general linear model procedure (R software version 3.51) was used for analysis of variance
(F-test), to test the effects of water management techniques on pakchoi growth, root morphology,
quality, nutrient content, soil EC values, and water use. The data from two growing seasons were
analyzed separately. The Shapiro–Wilk test was used to check normality. Data were transformed by
the function y = x1/2 or y = log(x) to obtain the homogeneity of variance. Multiple comparisons were
conducted by using Tukey’s test.

3. Results

3.1. Pakchoi Growth and Yield

The yield of pakchoi in M-P was higher than that in F-0 and M-0 in both growing seasons and
higher than that in F-P in autumn season (p < 0.05). Compared to F-0, M-P increased the yield by
40.1% in spring season and 63.6% in autumn season, respectively. Similarly, the aboveground dry
biomass in M-P was higher than that in F-0 and M-0 in both growing seasons and higher than that
in F-P in autumn season (p < 0.05). However, the belowground dry biomass was only influenced by
treatments in autumn season, when it was higher in M-P than in F-0 and M-0 (p < 0.05). The sum of
aboveground and belowground dry biomass accumulation in M-P and F-P was increased by 35.3 and
33.4%, respectively, in spring season and by 64.2 and 30.0%, respectively, in autumn season (Table 1).



Agronomy 2020, 10, 1257 6 of 15

Table 1. The effects of water management techniques on pakchoi yield, dry biomass accumulation,
and irrigation water use efficiency (IWUE) in spring and autumn seasons.

Growing
Seasons Treatments Yield Dry Biomass

IWUE
Aboveground Belowground

(kg m−2) (g m−2) (kg m−3)

Spring

F-0 5.21 b 191 b 12 a 17.59 c
M-0 5.50 b 194 b 12 a 20.18 c
F-P 6.56 ab 258 a 13 a 26.30 b
M-P 7.30 a 259 a 16 a 32.31 a

Autumn

F-0 4.21 c 188 c 16 b 21.81 c
M-0 5.51 b 221 b 17 b 27.94 c
F-P 6.09 b 244 b 21 ab 32.82 b
M-P 6.86 a 309 a 26 a 42.60 a

Notes: F-0, M-0, F-P, and M-P were abbreviations for furrow irrigation, micro-irrigation, furrow irrigation with
plastic mulch and micro-irrigation with plastic mulch. The different lower-case letters indicate the significant
difference among water management techniques in each season at p < 0.05 (n = 3).

The roots in the top 0.1 m and in 0.1–0.2 m showed different responses to water management
techniques. In the top 0.1 m, the root length per plant in M-P was the highest compared to the other
three treatments in both growing seasons (p < 0.05). The root length in F-P was also higher than that in
F-0 and M-0 in both growing seasons (p < 0.05). In contrast, the roots in 0.1–0.2 m were longer in F-0
and M-0, compared to F-P and M-P in both growing seasons (p < 0.05). In spring season, the total root
length was higher in M-P than in F-0 (p < 0.05). The total root length was higher in M-P and F-P than
in F-0 and M-0 in autumn season (p < 0.05). In both growing seasons, M-0, F-P, and M-P treatments
increased the leaf area per plant and SPAD value compared to F-0, and the leaf area and SPAD value
were higher in M-P and F-P than in M-0 (p < 0.05) (Table 2).

Table 2. Pakchoi morphology, including root length of root system in 0–0.1 m and 0.1–0.2 m and leaf
area and SPAD value under different water management techniques in spring and autumn seasons.

Growing
Season Treatment Root Length (cm Plant−1) Leaf Area

(cm2 Plant−1)
SPAD Value 1

0–0.1 m 0.1–0.2 m Sum

Spring

F-0 652.27 c 631.88 a 1284.15 b 844.39 d 37.90 d
M-0 751.25 c 568.64 b 1319.89 b 909.37 c 39.23 c
F-P 954.62 b 359.50 c 1314.12 b 1301.88 b 40.20 b
M-P 1119.61 a 388.79 c 1508.4 a 1314.97 a 42.61 a

Autumn

F-0 705.82 c 707.38 a 1413.2 c 734.83 d 38.81 d
M-0 794.02 c 647.24 a 1441.26 c 816.27 c 39.46 c
F-P 1309.56 b 495.00 b 1804.56 b 1156.35 b 42.61 b
M-P 1462.40 a 460.81 b 1923.21 a 1264.69 a 43.76 a

Notes: F-0, M-0, F-P, and M-P were abbreviations for furrow irrigation, micro-irrigation, furrow irrigation with
plastic mulch, and micro-irrigation with plastic mulch. The different lower-case letters indicate the significant
difference among water management techniques in each season at p < 0.05 (n = 3). 1 Arbitrary unit of SPAD-502 meter.

3.2. Quality, Nutrient Concentration in Plants and Soil EC Values

The vitamin C and soluble sugar contents were influenced by water management techniques.
The vitamin C contents was higher in M-P and F-P than in F-0 and M-0 in both growing seasons
(p < 0.05). M-P increased the vitamin C content by 64% in spring season and 62% in autumn season,
compared to F-0. F-P increased the vitamin C content by 53% in spring season and 46% in autumn
season, related to F-0. The soluble sugar content in M-P was the highest among the four treatments
in both growing seasons, and it was higher in F-P than in F-0 and M-0 in spring season (p < 0.05).
Compared to F-0, M-P increased soluble sugar content by 49% in spring season and 60% in autumn



Agronomy 2020, 10, 1257 7 of 15

season. F-P increased soluble sugar content by 35% in spring season and 54% in autumn season, related
to F-0. On the contrary, the total content of cellulose, hemicellulose, and lignin was higher in F-0 and
M-0 than in F-P and M-P in both growing seasons (p < 0.05). However, there was no difference in the
content of hemicellulose among treatments in both growing seasons (Table 3).

Table 3. The Vitamin C, soluble sugar and cellulose, hemicellulose, and lignin contents in pakchoi
under different water management techniques in spring and autumn seasons.

Growing
Seasons

Treatment
Vitamin C Soluble Sugar 1

Cellulose,
Hemicellulose
and Lignin 2

Hemicellulose 2

(mg 100 g−1) (%)

Spring

F-0 5.163 b 2.41 b 21.91 a 4.75 a
M-0 6.256 b 2.79 b 20.31 a 3.43 ab
F-P 7.897 a 3.26 a 18.78 ab 4.05 a
M-P 8.444 a 3.58 a 17.02 b 2.9 b

Autumn

F-0 3.522 b 2.52 b 20.88 a 5.63 a
M-0 4.616 b 2.86 b 20.12 a 5.14 a
F-P 5.163 a 3.88 ab 17.79 b 4.96 a
M-P 5.709 a 4.02 a 17.01 b 4.5 a

Notes: F-0, M-0, F-P, and M-P were abbreviations for furrow irrigation, micro-irrigation, furrow irrigation with
plastic mulch, and micro-irrigation with plastic mulch. The different lower-case letters indicate the significant
difference among water management techniques in each season at p < 0.05 (n = 4). 1 Soluble sugar content was
expressed as percentage of pakchoi fresh weight. 2 Cellulose, hemicellulose, and lignin contents were expressed as
percentage of pakchoi dry weight.

In both growing seasons, the N and P content in both aboveground and belowground biomass
was higher in M-P than in F-0, except for the N content in belowground biomass in autumn season
(p < 0.05). The N and P content in aboveground biomass in F-P was higher than that in F-0 in both
growing seasons, while the N and P content in belowground biomass was only higher in F-P than in
F-0 in spring season (p < 0.05) (Figure 2).
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Figure 2. The N and P contents of aboveground and belowground pakchoi under water management
techniques in spring and autumn seasons. F-0, M-0, F-P, and M-P were abbreviations for furrow
irrigation, micro-irrigation, furrow irrigation with plastic mulch, and micro-irrigation with plastic
mulch. The different lower-case letters indicate the significant difference among water management
techniques in each season at p < 0.05 (n = 3).

There was no difference in soil EC values among treatments before sowing in two growing seasons.
However, after harvesting, both F-P and M-P treatments showed lower EC values compared to F-0 and
M-0 treatments in two growing seasons (p < 0.05) (Table 4).
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Table 4. The EC values (µS cm−1) in soil before sowing and after harvesting in top soil layers (0–0.1,
0.1–0.2, and 0.2–0.3 m) under different water management techniques in spring and autumn seasons.

Soil Layer Treatment
Spring Autumn

Before Sowing After
Harvesting Before Sowing After

Harvesting

0-0.1 m

F-0 1185.33 a 421.67 a 655.33 a 407.00 a
M-0 1143.33 a 457.33 a 646.67 a 350.33 b
F-P 1036.67 a 362.00 b 603.00 a 272.67 c
M-P 1095.33 a 301.33 c 624.00 a 268.67 c

0.1-0.2 m

F-0 743.00 a 284.67 a 530.67 a 314.67 a
M-0 730.33 a 252.67 b 517.33 a 298.00 a
F-P 760.33 a 254.00 b 521.33 a 287.67 b
M-P 717.67 a 233.33 b 496.00 a 256.33 b

0.2-0.3 m

F-0 421.00 a 263.67 a 372.67 a 286.00 a
M-0 457.33 a 254.00 a 368.67 a 269.33 a
F-P 437.33 a 229.67 b 349.67 a 216.67 b
M-P 446.67 a 208.33 c 358.33 a 198.33 b

Notes: F-0, M-0, F-P, and M-P were abbreviations for furrow irrigation, micro-irrigation, furrow irrigation with
plastic mulch, and micro-irrigation with plastic mulch. The different lower-case letters indicate the significant
difference among water management techniques in each season at p < 0.05 (n = 4).

3.3. Evapotranspiration and IWUE

Irrigation was given twelve, eleven, ten, and nine times in F-0, M-0, F-P, and M-P, respectively,
during the spring season. With extra irrigation given at sowing, the water consumption in spring season
was reduced by 23, 16, and 9% in M-P (2261 m3 ha−1), F-P (2495 m3 ha−1), and M-0 (2728 m3 ha−1),
respectively, related to F-0 (2962 m3 ha−1). In autumn season, irrigation was given nine, eight, seven,
and six times in F-0, M-0, F-P, and M-P, respectively. Compared to the water consumption in F-0 in
autumn season (2190 m3 ha−1), the water was saved in M-P (1533 m3 ha−1), F-P (1752 m3 ha−1), and M-0
(1971 m3 ha−1) treatments by 30, 20, and 10%, respectively. The sum of evaporation amount was the
highest in F-0, followed by M-0, F-P, and M-P (p < 0.05), regardless of growing seasons (Figure 3A).
Transpiration was higher in M-P and F-P than in F-0 (p < 0.05) in spring, and transpiration in F-P was
higher than in M-0 in autumn (p < 0.05) (Figure 3B). Additionally, the plant water content was higher
in M-P and F-P in both growing seasons (p < 0.05) (Figure 3C). In both seasons, IWUE of pakchoi in
M-P was the highest among water management techniques and was improved by 84% in spring season
and 95% in autumn season, compared to F-0. Besides, IWUE was higher in F-P than in F-0 and M-0
(p < 0.05), improved by 50% in both growing seasons (Table 1).
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Figure 3. The irrigation water distribution under different water management techniques in spring and
autumn seasons. (A): the sum of evaporation amount during the two growing seasons; (B): the sum of
transpiration during the two growing seasons; (C): the plant water content at harvest; (D): the soil water
content at harvest time. F-0, M-0, F-P, and M-P were abbreviations for furrow irrigation, micro-irrigation,
furrow irrigation with plastic mulch, and micro-irrigation with plastic mulch. The different lower-case
letters indicate the significant difference among water management techniques in each season at p < 0.05
(n = 3).

4. Discussion

4.1. Pakchoi Growth Stimulated by Water-Saving Techniques

The two water-saving techniques with use of plastic mulch (M-P and F-P) stimulated the growth
of pakchoi, confirming the first part of hypothesis 1. However, the M-0 treatment did not show
constant effect on pakchoi growth in the two growing seasons. The pakchoi yield in the present
study was similar to the yield of 60 Mg ha−1 reported in a study where the plant density was only
one-fifth of ours [24]. Compared to that study, the present study reported higher plant density but
similar yield, indicating the intraspecific competition. Compared to the pakchoi in the F-0 treatment,
the higher yield in the M-P treatment (spring and autumn seasons) and F-P treatment (only autumn)
was the result of higher dry biomass accumulation (Table 1) and water content (Figure 3C). However,
the influence of white plastic mulch on yield was inconsistent among other crops that were also planted
with white plastic mulch. The inconsistent influence was probably due to the different agronomic
conditions [25]. The stimulation of dry biomass accumulation under the M-P and F-P treatments
in both growing seasons and under the M-0 treatment in autumn season could be ascribed to the
improved photosynthesis, indicated by increased total transpiration (Figure 3B) and leaf area and
higher SPAD value (Table 2). The former two parameters are related to the extent of stomata openings
beneficial to CO2 uptake and photosynthate synthesis [26], and the latter one reflected the total
chlorophyll content and photosynthesis process [27]. The stimulated growth might also be a result
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of the increased soil temperature [10] or more stabilized daily range of soil temperature [28] caused
by the plastic mulch used in the M-P and F-P treatments. Increased yields of crops such as lettuce
(Lactuca sativa L.) and potato (Solanum tuberosum L.) have also been linked to increased soil temperature
by plastic mulch, especially when the soil temperature was kept within an optimal range [10,29].
The underlying mechanism could be increased soil temperature enhancing root distribution in the top
soil, subsequently improving nutrient uptake [30,31], as proved by N and P contents (Table 2, Figure 2)
and decreased EC value (Table 4) in the present study. Moreover, the growth of pakchoi on mulched
soil might be due to the high level of CO2 escaping from punched holes created by the trapping effect
of the mulch [32]. The varying responses of dry biomass allocation aboveground and belowground to
the three water-saving techniques might be attributed to the different cultivars and climatic conditions
in the two growing seasons playing important roles in dry biomass allocation [13,33].

4.2. Change of Root Morphology under Plastic Mulch

Similar to pakchoi growth, root morphology was mainly influenced by the water-saving techniques
with use of plastic mulch. The changed root morphology was probably a complex result of the changed
micro-environment, such as temperature and gas exchange. In the present study, the total root length
per pakchoi was in the range reported by Pant et al. [34]. Although the root dry biomass accumulation
had different responses to the water-saving techniques in the two growing seasons, the root length
exhibited similar responses to the techniques. Water is one factor that stimulates root plasticity and
changes the root growth of crops [35]. However, neither severe water deficiency nor water infiltration
in the soil layer deeper than 0.3 m was assumed in all treatments, since soil water content was kept in
the range of 60–80% of field capacity in our case. The increased root length in the top part (0–0.1 m)
under the M-P and F-P treatments could be ascribed to the increased soil temperature under plastic
mulch, which has also been reported for maize (Zea mays L.), lettuce, and rape (Brassica napus subsp.
napus) [10,36,37]. Additionally, plastic mulch might alter other factors, such as soil structure and
nutrient cycling in the soil and consequently be beneficial to plant growth [38]. On the other hand,
the increased root length in the upper part of the root system under plastic mulch (M-P and F-P)
indicates that most of photosynthates were allocated to the upper part of the root system, resulting
in a small portion of photosynthates in the lower part. The allocation pattern of photosynthates
could explain the decreased root length in the lower part (0.1–0.2 m) of the root system. The change
in root morphology might also be explained by the soil water distribution in soil layers: reduced
evaporation from the top soil layer (0–0.1 m) ensured higher soil water content and allowed greater root
development in terms of increased root length in the upper part (0–0.1 m), while less frequent changes
in soil water content at 0.15 m (where the tensiometer was installed) did not stimulate root propagation
in the lower part (0.1–0.2 m). Compared to most in-situ studies reporting the root distribution or
root morphology with a 0.3 m interval in the soil profile, our study investigated the changes in root
morphology with a 0.1 m interval in the top soil, where water and nutrient uptake primarily happen.
A detailed investigation of root morphology is quite important for crops whose roots are mainly
restricted to the top soil (i.e., 0–0.15 m) by high soil nutrient contents in Chinese protected vegetable
production [39].

4.3. Quality of Pakchoi Improved by Water-Saving Techniques

The two techniques with plastic mulch primarily improved the quality of pakchoi (Table 3),
probably due to the improved micro-environment under the mulch and enhanced nutrient uptake,
rather than the irrigation methods themselves. The results partly confirmed the first part of hypothesis 1.
Many studies have linked such improvement with water stress [16,40], while large irrigation amount
decreased the soluble solids content in tomatoes [41]. In the present study, the improved quality of
pakchoi could not be ascribed to water stress, since the irrigation kept the field capacity in range of
60–80%. On the other hand, we speculated that the improved quality (such as vitamin C and soluble
sugar) was due to better uptake of nutrients such as N and P, which are related to quality indices



Agronomy 2020, 10, 1257 12 of 15

(soluble solids, titratable acidity, etc.) [42,43]. The cellulose, hemicellulose, lignin, and pectin are
polysaccharides for constituting cell wall. Cellulose and hemicellulose biosynthesis are related to
abiotic stress [44]. The decreased contents of cellulose, hemicellulose, and lignin under the F-P and M-P
treatments implies that the environment in the two treatments was more suitable for pakchoi growth.

4.4. Irrigation Water Use Improved by Water-Saving Techniques

The water-saving techniques with plastic mulch improved the IWUE of pakchoi, confirming
hypothesis 2. The improvement was mainly due to less irrigation water, reduced evaporation,
and improved yield. The improvement in IWUE in F-P (50% in both seasons) and M-P (84% in
spring and 95% in autumn) treatments in two growing seasons was comparable to that in other
studies on lettuce and maize [10,11]. Since the irrigation scheduling was based on water soil content,
reducing inefficient water use was the primary approach to reduce water consumption. Evaporation
under plastic mulch, accounting for 32–37% (spring) and 24–29% (autumn) of evapotranspiration,
was reduced by more than half of that in the F-0 treatment (Figure 3A). Evaporation can be reduced
by 74% with use of plastic mulch for watermelon (Citrullus lanatus) production in semiarid areas
in China [12]. However, evaporation in the M-0 treatment, accounting for 61% (spring) and 46%
(autumn) of evapotranspiration, was only reduced by 20% in spring and 23% in autumn related to that
in furrow irrigation (F-0). Consequently, plastic mulch (F-P and M-P) (16–24% in spring and 20–30% in
autumn) showed better performance in water saving than M-0 did (8% in spring and 10% in autumn),
when compared to furrow irrigation (F-0), due to slow decrease in soil water content and reduced
irrigation frequency. The proportion of water saving by using plastic mulch in the present study was
comparable to that for cucumber (Cucumis sativus L.) production [30]. The varying effects on water
saving between M-0 and treatments with plastic mulch indicate that evaporation was the limiting
factor when irrigation was scheduled based on soil water content. Along with soil evaporation, soil
water storage could also be considered as an inefficient water use (i.e., 199 m3 ha−1 for M-P in spring;
Figure 3D). Soil water storage could be reduced, for instance by suppressing or decreasing the last
irrigation event. This would have increased IWUE even further. On the other hand, the improved
growing environment induced by plastic mulch enhanced the development of the root system and
stimulated vegetative growth (Tables 1 and 2). It consequently enhanced the water and nutrient uptake
and photosynthesis, resulting in 26–40% (spring) and 45–63% (autumn) increased yield of pakchoi in
the two growing seasons regardless of irrigation method. The improved yield and reduced evaporation
contributed to the high IWUE under plastic mulch. Water saving and yield improvement by using
plastic mulch have also been reported for other crops [10,11,30].

5. Conclusions

The use of plastic mulch combined with furrow irrigation and micro-irrigation enhanced the
aboveground growth of pakchoi and primarily increased the root length in the top part of the root
system (0–0.1 m) and consequently the total root length. The improved growth was probably a result of
enhanced photosynthesis and nutrient uptake. The positive effect of plastic mulch on pakchoi further
induced an improvement of quality compared to furrow irrigation without plastic mulch. The two
water-saving techniques with use of plastic mulch showed better performance in reducing evaporation
by 57–70% and the proportion of evaporation in evapotranspiration, and there was a more pronounced
effect on reducing water consumption, which was more than double that in micro-irrigation without
plastic mulch. The better performance of the two techniques with the use of plastic mulch indicates
that evaporation was the limiting factor on water saving when irrigation was scheduled based on
soil water content. The reduced water consumption and enhanced pakchoi growth consequently led
to improved IWUE under the two techniques with the use of plastic mulch. Therefore, a combined
irrigation scheduling based on soil water content with the use of plastic mulch is a feasible way to
improve IWUE in protected vegetable production by reducing water consumption and enhancing
crop growth.
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