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Abstract
Climate warming has led to the expansion of arable land at high altitudes, but it
has also increased the demand for water use efficiency (WUE). To address this
issue, the development of water-saving irrigation technology has become crucial
in improving water productivity and economic returns. This study aimed to as-
sess the impacts of three irrigation methods on water productivity and economic
returns in wolfberry (Lycium barbarum L.) cultivation on the Tibetan Plateau,
China during a two-year field trial. Results showed that subsurface irrigation
with ceramic emitters (SICE) outperformed surface drip irrigation (DI) and
subsurface drip irrigation (SDI) in terms of wolfberry yield. Over the two-year
period, the average yield with SICE increased by 8.0% and 2.3% compared with
DI and SDI, respectively. This improvement can be attributed to the stable soil
moisture and higher temperature accumulation achieved with SICE. Further-
more, SICE exhibited higher WUE, with 14.6% and 4.5% increases compared
with DI and SDI, respectively. In addition to the agronomic benefits, SICE also
proved advantageous in terms of economic returns. Total average annual input
costs of SICE were lower than the other two methods starting from the 8th year.
Moreover, the benefit-cost ratio of SICE surpassed the other methods in the
4th year and continued to widen the gap with subsequent year. These findings
highlight SICE as an economically viable water-saving irrigation strategy for
wolfberry cultivation on the Tibetan Plateau. Thus, this research not only pro-
vides an effective water-saving irrigation strategy for wolfberry cultivation but
also offers insights into addressing irrigation-related energy challenges in other
crop production systems.
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Abstract
Climate warming has led to the expansion of arable land at high altitudes, but it
has also increased the demand for water use efficiency (WUE). To address this
issue, the development of water-saving irrigation technology has become crucial
for improving water productivity and economic returns. This study aimed to as-
sess the impacts of three irrigation methods on water productivity and economic
returns in wolfberry (Lycium barbarum L.) cultivation on the Tibetan Plateau,
China, during a two-year field trial. Results showed that subsurface irrigation
with ceramic emitters (SICE) outperformed surface drip irrigation (DI) and
subsurface drip irrigation (SDI) in terms of wolfberry yield. Over the two-year
period, the average yield with SICE increased by 8.0% and 2.3% compared with
DI and SDI, respectively. This improvement can be attributed to the stable soil
moisture and higher temperature accumulation achieved with SICE. Further-
more, SICE exhibited higher WUE, with 14.6% and 4.5% increases compared
with DI and SDI, respectively. In addition to the agronomic benefits, SICE also
proved advantageous in terms of economic returns. Total average annual input
costs of SICE were lower than the other two methods starting from the 8th year.
Moreover, the benefit-cost ratio of SICE surpassed the other methods in the
4th year and continued to widen the gap in subsequent years. These findings
highlight SICE as an economically viable water-saving irrigation strategy for
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wolfberry cultivation on the Tibetan Plateau. Thus, this research not only pro-
vides an effective water-saving irrigation strategy for wolfberry cultivation but
also offers insights into addressing irrigation-related energy challenges in other
crop production systems.

Keywords: irrigation system; soil water content; soil temperature; water use
efficiency; economic benefit

1 Introduction
In recent years, temperature increases associated with global warming in high-
altitude areas have met the heat requirements of crops, leading to the recla-
mation of increasingly more land in these regions [?, ?]. The Tibetan Plateau,
being the highest plateau in the world, has experienced an increase in arable land
from 956 km2 in 1990 to 2180 km2 in 2020 [?, ?]. This expansion in agricultural
land area means that more irrigation water is needed to meet the demands of
agricultural production. However, due to the impacts of climate change, water
resources on the Tibetan Plateau are decreasing annually [?]. The increasing
demand for water resources coupled with decreasing water reserves not only
limits local agricultural production but also threatens water security in down-
stream areas [?, ?]. Improving the efficiency of local agricultural water resource
utilization represents an important measure to alleviate the imbalance between
water supply and demand.

The application of water-saving irrigation techniques has contributed to en-
hanced WUE [?]. Two widely used irrigation techniques in China are deficit
regulation irrigation and alternate root zone irrigation [?]. By regulating wa-
ter allocation, these techniques reduce crop water consumption without caus-
ing noticeable declines in yield, increasing WUE by more than 25% and 41%
for deficit regulation irrigation and alternate root zone irrigation, respectively,
compared with adequate irrigation [?]. However, these techniques are frequently
combined with drip irrigation and pump systems, which may limit their use in
high-altitude areas due to high operational energy consumption and difficult
energy supply [?, ?]. In addition, although water-saving irrigation has potential
to generate significant ecological and social benefits [?, ?], farmers are usually
more concerned about its impact on individual economic benefits [?]. Therefore,
cost-effective and low-power approaches to increase water productivity should
be considered.

A low-pressure subsurface irrigation with ceramic emitters (SICE) technique
developed by [?] relies on soil water potential differences as irrigation drivers,
reducing pressure in the irrigation system and contributing to lower energy con-
sumption and operating costs. According to experiments and simulations, SICE
would spontaneously and consistently irrigate with“just the right amount,”main-
taining soil water content within a small range [?]. This stable and continuous
water supply facilitates improved crop production and simplified field manage-
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ment [?, ?]. In addition, SICE exhibited significant insulation properties during
occasional temperature drops [?], which may assist in temperature accumula-
tion for crops to obtain greater yields in high-altitude areas. Therefore, this
study was conducted on wolfberry irrigated with SICE technique and aimed to
determine: (1) the validity of SICE, and (2) an economic irrigation strategy for
wolfberry cultivation on the Tibetan Plateau, China.

2.1 Study area
The experiment was performed in Hoit Taria Town, Qinghai Province, north-
eastern Tibetan Plateau, China (37°21�N, 96°44�E; 2869 m a.s.l.). The region
has an arid climate, with an annual precipitation of about 200 mm, more than
70% of which falls between June and September, and over 3000 h of sunshine
per year with strong evaporation. The weather is very hot in summer and cold
in winter, with a frost-free period of approximately 97 days. According to the
International Soil Classification System, the soil type in this area is loamy sand.
The physical properties are shown in Table 1 . The reproductive period division
of wolfberry and meteorological data in 2018 and 2019 are shown in Table 2 .

Table 1 Soil particle composition of the study area

Soil depth Bulk density (g/cm3) Porosity Field capacity (cm3/cm3)
0–20 cm 1.60$±0.08|39.64±1.71|0.16±0.01||20–40𝑐𝑚|1.71±0.07|35.57±2.02|0.18±0.01||40–60𝑐𝑚|1.50±0.05|43.24±1.49|0.18±0.01||60–80𝑐𝑚|1.55±0.04|41.39±1.62|0.19±0.02||80–100𝑐𝑚|1.55±0.06|41.65±1.56|0.21±$0.01

Note: Mean±SD; n=3.

Table 2 Growth period division of wolfberry in 2018 and 2019

Growth period 2018 2019
Accumulated
precipitation
(mm)

Average daily
temperature
(°C)

Germination stage 6 May–10 Jun 11 Jun–14 Jul
Vegetative stage 11 Jun–14 Jul 15 Jul–4 Aug
Full-bloom stage 15 Jul–4 Aug 5 Aug–1 Sep
Summer harvest stage 5 Aug–1 Sep 2 Sep–22 Sep
Autumn harvest stage 2 Sep–22 Sep Whole growth

period
Whole growth period
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2.2 Experimental design
The experiment was conducted in a plantation from 2018 to 2019, with 3–
4-year-old wolfberry trees planted at 0.8 m and 1.2 m spacing. Three types
of irrigation were used: surface drip irrigation (DI), subsurface drip irrigation
(SDI), and subsurface irrigation with ceramic emitters (SICE; Fig. 1a [Figure 1:
see original paper]). DI was supplied by a traditional pump system, adopting
the Netafim patch type with sprinkler flow and spacing of 1.10 L/h and 30 cm,
respectively. Its irrigation schedule used the experience of local plantations over
many years, which involved irrigating when soil moisture reached 60% of field
capacity, with an irrigation amount of 182 mm throughout the entire growth
period. The same schedule was implemented for SDI.

SICE used a special water supply system (Fig. 1b and c), which was divided
into two parts: a storage tank (80 L) and a supply tank (30 L). The storage tank
was used to meet water requirements for continuous irrigation, and the supply
tank (equipped with a floating ball valve inside) was used to maintain constant
pressure in the irrigation pipe. A scale was marked on the water storage tank
to record water consumption. Meanwhile, to avoid blockages caused by long
periods of continuous irrigation, we fitted SICE pipes with venting valves at
the end, with manual flushing before and after irrigation. To ensure consistent
irrigation volume under different irrigation methods, we set irrigation spacing
and flow rate to be 20 cm and 0.30 L/h, respectively, for the SICE treatment.
Moreover, depending on soil type and root system distribution of wolfberry [?],
we installed the subsurface pipes of SDI and SICE at a depth of 30 cm (Fig.
1b). Each treatment used a pipeline to irrigate 50 trees and was replicated
three times. All treatments were subjected to similar agronomic methods (such
as mulching, trimming, and weeding).

Fig. 1 Subsurface irrigation with ceramic emitters (SICE) irrigation system
(a), and layout of subsurface irrigation (b) with ceramic emitters (c).

2.3.1 Soil water content (SWC) and evapotranspiration
(ET)
SWC and soil temperature at depths of 0–100 cm were measured every 15 days
throughout the growth period, with an additional measurement when irrigation
occurred. After evaluation of site-specific calibration equations by oven drying
method, SWC and temperature of 0–20, 20–40, 40–60, 60–80, and 80–100 cm
soil depths were measured using a time-domain reflectometry downhole sensor
(TRIME-PICO-IPH, IMKO, Ellingen, Germany). Since more than 75% of wolf-
berry fine roots are distributed within 0–60 cm of soil [?], SWC was discussed
for 0–60 and 60–100 cm soil depths.

The following formula was used to calculate soil water storage (SWS, mm):
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𝑆𝑊𝑆 = 𝑆𝑊𝐶 × 𝑆𝐷

where SWC is the soil water content (%); and SD is the thickness of soil depth
(mm).

A soil water balance equation was used to calculate evapotranspiration (ET):

𝐸𝑇 = 𝐼 + 𝑃 + 𝑈 − 𝐷 − Δ𝑆𝑊𝑆

where ET is the crop evapotranspiration during the wolfberry growth period
(mm); I is the irrigation amount (mm); P is the effective rainfall (>5 mm)
measured by an automatic weather station (mm) [?]; U is the water movement
from deep soil into root zone, which was assumed to be zero in this study as
the groundwater table was deeper than 50 m (mm); D is the deep percolation,
which is calculated by subtracting soil water content above field capacity from
total amount of soil water in root zone (mm); and ΔSWS is the change in soil
water content from the beginning to the end of reproductive period in the 0–
100 cm soil layer (%).

2.3.2 Growth parameters
Plant height, ground diameter, and leaf area index (LAI) were measured at 15–
20 day intervals throughout the growth period of wolfberry. Plant height was
measured from the highest point of the main stem to ground with a tapeline;
ground diameter was measured with a vernier caliper at 10 cm of main stem from
soil surface; and LAI was measured by the LAI-2200C plant canopy analyzer
(LI-COR Inc., Lincoln, Nebraska, USA). Meanwhile, LAI and ET were used to
estimate the inter-plant evapotranspiration [?]:

𝐸𝑠 = 𝐸𝑇 × 𝑒−1.21×𝐿𝐴𝐼0.70

where Es is the inter-plant evaporation (mm); and LAI is the leaf area index.

2.3.3 Yield (Y) and water use efficiency (WUE)
At harvest stage, twelve plants were randomly selected in each treatment to
determine dried fruit yield. WUE was calculated as:

𝑊𝑈𝐸 = 𝑌
𝐸𝑇
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where WUE is the water use efficiency (kg/(hm2・mm)); and Y is the dried fruit
yield (kg/hm2) [?].

2.4 Economic benefit
Economic benefit is a comprehensive indicator of economic activity, which can
be expressed in terms of irrigation water productivity (IWP) and benefit cost
ratio (BCR) [?]. In addition, we did not calculate all economic inputs (such
as the cost of planting trees, pesticides, etc.) in this trial, and focused on the
relationship between irrigation system inputs and benefits.

𝐼𝑊𝑃 = 𝐶𝑠 × 𝑌
𝐼

𝐵𝐶𝑅 =
∑𝑛

𝑡=1
𝐶𝑠×𝑌
(1+𝑟)𝑡

∑𝑛
𝑡=1

𝐶𝑡
(1+𝑟)𝑡

where IWP is the irrigation water productivity that indicated by gross return
divided by irrigation water supplied to wolfberry (CNY/m3); Cs is the selling
price of wolfberry (CNY/kg); BCR is the benefit cost ratio, which attempts to
determine the relationship between benefits and costs of growing wolfberries in
irrigation systems (when BCR>1, economic benefit reaches acceptable levels);
Ct is the annual total cost (CNY); r is the social discount rate; t is the variable
of year; and n is the total number of years to be included in the cumulation.

A costing method for micro-irrigation systems was devised by [?]. The total
costs are calculated as sum of capital costs, operating costs, and water costs:

𝐶𝑡 = 𝐶𝑎𝑛𝑛𝑢𝑎𝑙 + 𝐶𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 + 𝐶𝑤𝑎𝑡𝑒𝑟

where Cannual is the annual capital cost (CNY); Coperating is the operating
cost (CNY); and Cwater is the water cost (CNY).

Considering interest rate i, capital recovery factor (CRF), and irrigated area,
total capital cost can be converted to annual capital cost [?]:

𝐶𝑎𝑛𝑛𝑢𝑎𝑙 = 𝐶𝑖 × 𝐶𝑅𝐹 = 𝐶𝑖 × 𝑖(1 + 𝑖)𝑛

(1 + 𝑖)𝑛 − 1

where i is the interest rate; and Ci is the total capital cost (CNY).

Total capital cost is determined by costs of pipes (Cp), emitters (Ce), pump
system (Cpu), and ditch (Cd).

Pipe cost is defined as:
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𝐶𝑝 = 𝑉 × 𝜌𝑚 × 𝐶

𝑉 = 𝜋 × 𝑒 × (𝐷 + 𝑒) × 𝐿

where V is the pipe material volume (m3); �m is the density of pipe material
(kg/m3); C is the cost per unit weight (CNY/kg); e is the pipe wall thickness
(mm); D is the pipe internal diameter (mm); and L is the pipe length (m).

The required e is defined as:

𝑒 = 𝑟𝑤 × 𝐻𝑎 × 𝐷
2𝜎

where 𝜎 is the allowable pipe stress (kPa); rw is the weight of water per unit
volume (N/m3); and Ha is the allowable pipe pressure (m).

Emitter cost is defined as:

𝐶𝑒 = 𝐴
𝑆𝑒 × 𝑆𝑟 × 𝐶𝑒𝑖

where A is the irrigated area (hm2); Se and Sr are the plant spacing and row
spacing of wolfberry (m), respectively; and Cei is the emitter unit price (CNY).

Drip irrigation costs from Cpu account for around 9% of total capital cost and
this can be approximated as 10% of pipe cost [?, ?]. As the SICE pump system
is simple, it is approximated at 1% of pipe cost. Cd can be considered as the
ditching cost of subsurface irrigated farmland.

The annual Coperating was calculated as:

𝐶𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 = 𝑃𝑚 × 𝑂𝑡 × 𝐶𝑒𝑛𝑒𝑟𝑔𝑦

where Pm is the electric motor power required (kW); Ot is the irrigation system
annual operating time (h); and Cenergy is the energy unit price (CNY/(kW・
h)).

Gross irrigation water per year was determined by actual water applied. It will
be equal to I and the water cost (Cwater) was calculated as:

𝐶𝑤𝑎𝑡𝑒𝑟 = 𝐼 × 𝑃𝑤𝑎𝑡𝑒𝑟

where Pwater is the cost of obtaining water from the source (CNY/m3), which
depends on water availability and the initial water energy.
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2.5 Statistical analysis
The effects of different irrigation methods on soil moisture, soil temperature,
crop growth, and yield were assessed by one-way analysis of variance (ANOVA)
followed by least significant difference (LSD) test, with P<0.05 level consid-
ered statistically significant. All statistical analyses were performed using SPSS
Statistics v.18.0 (IBM Corporation, Armonk, NY, USA). Figures were drawn
using the Origin 2016 software (Origin Lab, Northampton, MA, USA).

3.1 Soil water content
Dynamics of mean SWC over time in different soil layers are shown in Figure
2 [Figure 2: see original paper]. In the 0–60 cm soil depth, SWC of DI and
SDI showed alternating wet and dry status throughout the reproductive period,
with SWC rising rapidly from 10.8% to 16.2% during irrigation, which equated
to 60%–90% field capacity (FC), then gradually declining to the pre-irrigation
state, repeating several times. The mean coefficient of variation (CV) in 2018
and 2019 for DI and SDI was 20.3% and 17.5%, respectively. In contrast, SWC
for SICE remained at 10.4%–14.8% (57.9%–82.0% FC) due to differences in
irrigation regimes, and CV was 8.9%, which remained stable compared with DI
and SDI. In the 60–100 cm soil depth, SWC of DI and SDI fluctuated between
8.2%–12.6% and 8.9%–13.1%, with mean values greater than 10.0%. Meanwhile,
SICE remained at 8.8%–10.7% and stayed close to the initial state. In addition,
because there was very little rainfall in the area and minor variations in climate
between the two test periods, the alterations in SWC were similar for the same
treatment in both test periods.

Fig. 2 Variations of soil water content in depths of 0–60 (a) and 60–100 cm (b)
over different growth stages. DI, surface drip irrigation; SDI, subsurface drip
irrigation; SICE, subsurface irrigation with ceramic emitters. Bars are standard
errors.

3.2 Soil temperature
Average soil temperature variations in 0–60 cm soil depth at different stages in
2018 are shown in Figure 3 [Figure 3: see original paper]. There was a lag be-
tween soil and atmospheric temperatures at daily scales, with soil temperatures
starting to rise after 12:00 (LST) and atmospheric temperatures often before
10:00. Meanwhile, soil temperature variation range (R) was obviously smaller
than air temperature because the specific heat capacity of soil was greater than
that of air, and DI (R=3.8) was significantly higher than SDI (R=2.0) and
SICE (R=0.8) as influenced by soil moisture. Additionally, the difference in
daily cumulative temperature among the three treatments decreased as temper-
ature rose. At the full-bloom stage, temperature of DI was only about 0.2°C
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and 0.8°C less than those of SDI and SICE. From the whole growth period
perspective, average daily temperature of SICE increased by 1.3°C and 0.9°C
compared with DI and SDI, with growth rates of 7.1% and 5.2%, respectively.

Fig. 3 Soil temperature variations in 0–60 cm soil depth at different growth
stages in 2018. (a) germination stage; (b) vegetative stage; (c) full-bloom stage;
(d) summer harvest stage; (e) autumn harvest stage; (f) whole growth period.
DI, surface drip irrigation; SDI, subsurface drip irrigation; SICE, subsurface
irrigation with ceramic emitters; LST, local standard time. Bars are standard
errors.

3.3 ET and soil evaporation
Average daily ET and soil evaporation for each treatment at different stages in
2018 and 2019 are shown in Figure 4 [Figure 4: see original paper]. DI and SDI
had the same ET variation pattern at different stages, decreasing from germi-
nation stage to full-bloom stage (from 2.1 to 1.2 mm), with a large increase at
summer harvest stage and then continuing to decrease (from 2.6 to 1.3 mm). In
contrast, ET of SICE increased continuously from germination stage to summer
harvest stage (approximately from 1.4 to 2.7 mm), and then began to decline.
Notably, ET of SICE was significantly lower than those of DI and SDI at ger-
mination stage due to irrigation regime, with decreases of 32.8% and 29.7% in
2018 and 2019, respectively. However, due to differences in crop growth, SICE
increased by 44.6% and 53.0% compared with DI and SDI at full-bloom stage.
Meanwhile, the highest ET values of DI, SDI, and SICE all occurred at summer
harvest stage, accounting for 28.3%, 28.2%, and 30.8% of the total ET, respec-
tively. Moreover, soil evaporation changes among the three treatments were
generally consistent, showing a decreasing trend at summer harvest stage. Soil
evaporation values of DI and SDI were larger at germination stage and sum-
mer harvest stage, accounting for 12.8% and 12.2% of the total ET for DI, and
12.4% and 11.3% for SDI, respectively. SICE only had large soil evaporation at
summer harvest stage, accounting for 11.7% of the total ET.

Fig. 4 Average daily evapotranspiration (ET, a and b) and soil evaporation
(c and d) for each treatment at different stages in 2018 and 2019. Different
lowercase letters within the same stage indicate significant differences among
different treatments at P<0.05 level. Harvest (s), summer harvest stage; Harvest
(a), autumn harvest stage; DI, surface drip irrigation; SDI, subsurface drip
irrigation; SICE, subsurface irrigation with ceramic emitters. Bars are standard
errors.

chinarxiv.org/items/chinaxiv-202311.00099 Machine Translation

https://chinarxiv.org/items/chinaxiv-202311.00099


3.4 Growth parameters, yield, and WUE
Variations of plant height, ground diameter, and LAI for wolfberry in 2018 and
2019 are shown in Figure 5 [Figure 5: see original paper]. Plant height and
ground diameter increased as wolfberry grew, while LAI peaked at the summer
harvest stage and then gradually decreased. Among the treatments of DI, SDI,
and SICE, plant height was affected by pruning, and there were only signifi-
cant differences at the end of reproduction. However, the differences in ground
diameter and LAI were obvious, with a slight decrease in growth parameters
at full-bloom stage found for DI and SDI. During the two-year experiment,
the highest plant growth was found for SICE. Average ground diameter of DI
increased by 2.84 mm, and they were 3.01 and 3.24 mm for SDI and SICE, re-
spectively. Average LAI peaked at 1.37 for DI, and they were 1.46 and 1.52 for
SDI and SICE, respectively.

Yield and WUE followed a similar pattern to wolfberry growth between treat-
ments (Table 3 ). Average yield and WUE of DI were 2788.1 kg/hm2 and 10.6
kg/(hm2・mm), 2944.0 kg/hm2 and 11.7 kg/(hm2・mm) for SDI, and 3012.5
kg/hm2 and 12.2 kg/(hm2・mm) for SICE, respectively. Yield of SICE increased
by 8.0% and 2.3%, and WUE increased by 14.6% and 4.5% compared with those
of DI and SDI.

Fig. 5 Growth parameters of wolfberry at different stages in 2018 (a–c) and
2019 (d–f). LAI, leaf area index. DI, surface drip irrigation; SDI, subsurface drip
irrigation; SICE, subsurface irrigation with ceramic emitters. Bars are standard
errors.

Table 3 Yield and WUE of wolfberry for each treatment in 2018 and 2019

Treatment ET (mm) Yield (kg/hm2) WUE (kg/(hm2・mm))
2018
DI 256.4a 2931.5c 11.4c
SDI 246.2b 3126.4b 12.7b
SICE 242.6b 3199.6a 13.2a
2019
DI 269.4a 2644.8c 10.6b
SDI 259.9b 2761.5b 11.3a
SICE 252.7b 2844.4a 11.3a

Note: WUE, water use efficiency; ET, evapotranspiration; DI, surface drip irri-
gation; SDI, subsurface drip irrigation; SICE, subsurface irrigation with ceramic
emitters. Different lowercase letters within the same year indicate significant
differences at P<0.05 level.

chinarxiv.org/items/chinaxiv-202311.00099 Machine Translation

https://chinarxiv.org/items/chinaxiv-202311.00099


3.5 Economic benefit
Tables 4 and 5 show the input data and pipeline characteristics required to
calculate local capital costs. Economic revenues and expenditures for DI, SDI,
and SICE were calculated from the above data as shown in Table 6 . The costs
and economic benefits over 10 years were estimated in Figure 6 [Figure 6: see
original paper].

Among input costs, SICE emitters cost approximately 2.8 times more than DI
and SDI, increasing by 3819.6 CNY/hm2, but construction costs for the pump
system reduced by 1262.8 CNY. Meanwhile, taking into account the deprecia-
tion and operation of the irrigation system, total annual cost of SICE was less
than SDI from the 3rd year onwards and less than DI from the 8th year onwards.
In addition, all three irrigation methods recovered the irrigation investment in
the first year when planted with wolfberries. SICE offered considerable eco-
nomic benefits due to increased yield, which increased IWP by 8.0% and 2.5%
compared with DI and SDI. BCR of SICE exceeded that of SDI in the 2nd year
and DI in the 4th year. Compared with DI and SDI, BCR of SICE increased
to 4.7% and 6.9% in the 5th year, and in the 10th year, it reached 13.5% and
14.9% (Fig. 6).

Table 4 Input data for economic calculation

Parameter Value
Se-DI,SDI (m) 0.3
Se-SICE (m) 0.2
Sr (m) 1.2
Pw (CNY/m3) 0.5
Pm (kW) 2.2
Ot (h) 120
I (m3/hm2) 1820
Cei-DI,SDI (CNY/unit) 0.3
Cei-SICE (CNY/unit) 0.85
Cs (CNY/kg) 40
Cenergy (CNY/(kW・h)) 0.6
Cd (CNY/hm2) 1500
r 0.08
i 0.05

Note: Se-DI,SDI and Se-SICE are the emitter spacing of DI, SDI, and SICE, re-
spectively; Sr, row spacing of wolfberry; Pw, cost of obtaining water from source;
Pm, electric motor power required; Ot, irrigation system annual operating time;
I, irrigation amount; Cei-DI,SDI and Cei-SICE are the emitter unit price of
DI, SDI and SICE, respectively; Cs, selling price of wolfberries; Cenergy, energy
unit price; Cd, cost of ditch; r and i are the social discount rate and interest
rate, respectively.

chinarxiv.org/items/chinaxiv-202311.00099 Machine Translation

https://chinarxiv.org/items/chinaxiv-202311.00099


Table 5 Pipeline characteristics for determining capital cost

Parameter Lateral Manifold
�m (kg/m3) 950 950
C (CNY/kg) 12 12
Ha (m) 10 10
𝜎 (kPa) 2500 2500

Note: �m, density of pipe material; C, cost per unit weight; Ha, allowable pipe
pressure; 𝜎, allowable pipe stress.

Table 6 Cost, income, and economic efficiency

Parameter DI SDI SICE
Cp (CNY) 12,928.6 12,928.6 11,682.5
Ce (CNY) 15,749.3 17,249.3 18,559.9
Cpu (CNY) 83,643.8 88,318.5 90,375.0
Cd (CNY) 1,500 1,500 1,500
Ci (CNY) 113,821.7 119,996.4 122,117.4
Cannual (CNY) 14,734.9 15,533.5 15,808.0
Coperating (CNY) 158.4 158.4 7.9
Cwater (CNY) 910.0 910.0 910.0
Cs×Y (CNY) 111,524.0 117,760.0 120,500.0
Irrigation water productivity (CNY/m3) 61.3 64.7 66.2

Note: DI, surface drip irrigation; SDI, subsurface drip irrigation; SICE, sub-
surface irrigation with ceramic emitters; Cp, cost of pipes; Ce, cost of emitters;
Cpu, cost of pump system; Cd, cost of ditch; Ci, total capital cost; Coperating,
operating cost of irrigation system. Considering SICE irrigation pressure is 5%
of DI and SDI, the operating cost is also estimated at 5% of DI and SDI; Cwater,
cost of water; Cs, selling price of wolfberry; Y, dried fruit yield of wolfberry, and
estimated as the average yield of a two-year experiment.

Fig. 6 Estimated cost (Ct) and economic efficiency over 10 years. DI, surface
drip irrigation; SDI, subsurface drip irrigation; SICE, subsurface irrigation with
ceramic emitters.

4.1 Soil hydrothermal environment
Soil hydrothermal conditions are important factors affecting crop growth in arid
areas [?], which are further enhanced at high altitudes due to heavy evapora-
tion and temperature differences [?, ?]. Influenced by irrigation schedule, SWC
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showed a clear alternation between wet and dry in DI and SDI, and small fluc-
tuations in SICE. These trends are generally consistent with other studies [?, ?].
DI and SDI had larger CV values in this study, about twice as high as SICE. At
the end of irrigation, DI had the maximum horizontal wetting distance and SWC
at soil surface, but due to water evaporation and redistribution, soil moisture
significantly reduced until the next irrigation to refill [?, ?]. SDI had a saturated
area in the soil when irrigation finished, which increased SWC in deeper soil al-
though it reduced evaporation loss [?]. Meanwhile, soil water saturation would
reduce the oxygen content, which had adverse effects on plant root growth and
nutrient uptake [?]. These reasons decreased WUE of DI and SDI. In contrast,
stable soil moisture conditions at SICE contributed to crop production [?], but
the stable level of SWC also had to be considered. Adverse effects might also be
caused when SWC was stable below or above specific thresholds that triggered
severe drought stress or internal flooding [?]. In this trial, by designing multiple
SICE treatments and selecting irrigation amounts consistent with DI and SDI,
SWC was stable in the range of 10.4%–14.8% (57.9%–82.0% FC) and increased
wolfberry yield.

Meanwhile, as an important medium for soil energy exchange, soil water influ-
ences the variation and accumulation of soil temperature [?]. Given that factors
such as soil texture, topography, and temperature that influence soil temper-
ature are consistent under the same experimental conditions, the variation in
soil temperature was primarily caused by soil moisture level. During all stages,
air temperature exerted a dominant influence on changes in soil temperature.
Numerous studies have also corroborated that both water recharge and air tem-
perature constitute pivotal factors affecting soil temperature [?, ?]. Moreover,
SICE provided a greater specific heat capacity by keeping soil moisture for
longer time; when soil temperature increased following air temperature, cumu-
lative temperature differences between SICE and other treatments decreased.
Previous studies showed that SICE provides better insulation during sudden
changes in temperature [?]. However, since low temperatures are frequently ob-
served at high altitudes [?], the lower soil temperature at high altitudes led to
a reduction in water uptake by crop roots [?]. This study evaluated the influ-
ence of various irrigation methods on soil temperature over the complete growth
period and determined that SICE was capable of sustaining soil temperature,
mitigating cold stress, and fostering crop growth [?, ?].

4.2 Plant growth and evapotranspiration
Rapid and stable plant growth are important for yield [?]. In the two-year trial,
three treatments had similar growth rates, but growth parameters of DI and SDI
showed a sudden drop at full-bloom stage. We speculated that this was caused
by imposed dormancy of wolfberry. Imposed dormancy means that growth is
forced to be extremely slow or briefly quiescent when plants encounter adverse
conditions such as low temperature and drought during reproductive stage [?].
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This phenomenon was mainly manifested by branches withering, leaves falling,
or main stem shrinking [?]. Because soil evaporation and plant transpiration
rapidly depleted soil water after drip irrigation [?], temporary drought condi-
tions occurred between wet and dry periods when employing drip irrigation. At
the same time, full-bloom stage was characterized by low rainfall and high tem-
peratures (Table 2), and water requirements were even more intense. Moreover,
research indicated that vegetation ecosystem resistance at high altitudes is lower
under extreme drought conditions [?]. These three reasons might have collec-
tively contributed to the unstable growth of wolfberry under DI and SDI. On
the contrary, due to continuous water supply and stable soil moisture environ-
ment, SICE improved soil drought conditions and inhibited imposed dormancy
in wolfberry, resulting in higher growth parameters.

ET is an important basis for determining water management practices and de-
signing irrigation systems and regimes [?, ?]. Understanding ET patterns during
crop growth plays a crucial role in assessing irrigation practices. The most strik-
ing feature of this trial was that DI and SDI showed a decreasing trend in ET
from germination stage to full-bloom stage, which appeared opposite to crop
growth, while SICE showed a consistent trend in ET and crop growth. In gen-
eral, crop ET should be rising in the early stages of growth [?]. This may be
explained by the following two reasons. Firstly, irrigation strategies of DI and
SDI were influenced by the combination of soil moisture condition and irrigation
cycle, with plants being fully irrigated only when soil became fairly dry, which is
common in commercial plant production [?]. DI and SDI were irrigated twice at
the beginning of reproductive stage (germination stage) and only once at other
growth stages (Fig. 2). Secondly, precipitation had little effect on the irrigation
regime of DI and SDI due to poor soil texture and sparse rainfall. Therefore,
as irrigation and rainfall decreased, ET of DI and SDI continued to decrease
with wolfberry growth. As SICE adjusted outflow according to soil moisture
conditions [?], we used reduced emitter output during rainfall in water shortage
periods, which was equivalent to extended use of rainfall and increased avail-
ability of rainwater. Meanwhile, small and continuous water supply from SICE
also contributed to limiting water evaporation and discharge, further improving
WUE [?].

4.3 WUE and economic benefit
Increased WUE and economic benefit are important for improving the ecolog-
ical environment, developing agricultural production, and raising incomes of
farmers at high altitudes [?, ?]. In this experiment, SICE treatment had the
highest WUE, perhaps due to several combined factors. Firstly, low temper-
atures tended to constrain crop yields at high altitudes [?], while the stable
soil moisture maintained by SICE promoted more suitable soil temperatures for
the growth of high-altitude crops. Secondly, water stress generated between
alternate wet and dry cycles at the same irrigation amount resulted in reduced
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growth and yield of wolfberry [?], while continuous water supply avoided im-
posed dormancy and enhanced wolfberry growth and accumulation. Thirdly
and most importantly, SICE could autonomously adjust the emitter flow rate
based on soil moisture conditions to increase WUE. Variable rate irrigation
(VRI) technology also demonstrated that adapting water supply rates to soil
and crop characteristics helped conserve water and improved WUE [?, ?, ?].
Depending on the combination of crops and weather conditions, VRI could lead
to water savings of 10%–15% [?]. Although the SICE irrigation system does not
use sophisticated monitoring equipment such as VRI [?], micro-regulation was
achieved by reduced emitter outflow rate and continuous irrigation, and its fea-
sibility has been verified in this experiment and other simulations [?]. However,
this trial only considered the same irrigation amount for SDI and SICE as DI,
while SDI and SICE still had the potential to improve water productivity by
adjusting irrigation amount. Meanwhile, SICE requires more systematic sim-
ulation methods to determine the relationship between irrigation amount and
SWC level.

Trying new water-saving irrigation methods requires an assessment of produc-
tion costs and economic benefits, which will help farmers choose appropriate
management practices [?]. In this trial, SICE required higher inputs in the
initial construction, but due to low operating costs, the average annual input
costs of SICE started to be lower than the other treatments from the 8th year
onwards. Meanwhile, BCR of SICE treatment exceeded that of the other treat-
ments from the 4th year onwards due to its relatively high yield. In addition,
in sparsely populated high-altitude areas, labor is an important potential factor
in agricultural production. In Ecuador, farmers have opted to use water-saving
irrigation techniques in order to reduce the need for labor [?]. SICE only needs
to design the parameters before irrigation, and operation management under
continuous irrigation is simple. Reduced labor costs may further enhance the
economic benefits of SICE. However, the cost of ceramic emitters is still much
higher than plastic pipes due to preparation process and material formulation [?].
In this trial, the cost of SICE emitters increased by 3819.6 CNY/hm2 compared
with DI and SDI, representing 20.6% of its total capital cost. Thus, cheaper
ceramic emitters should be considered in future designs.

5 Conclusions
A two-year field experiment was conducted to assess the performance of DI,
SDI, and SICE in wolfberry cultivation on the Tibetan Plateau, China. The
results indicated that SICE could provide a relatively stable soil moisture envi-
ronment and increase the cumulative soil temperature under similar water con-
sumption compared with DI and SDI. On this basis, SICE treatment enhanced
the growth and yield of wolfberry by improving the hydrothermal environment.
Moreover, SICE contributed to higher productivity and WUE in wolfberry cul-
tivation on the Tibetan Plateau. Although SICE treatment required higher
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initial investment, its lower operational costs caused it to gradually surpass DI
and SDI treatments in terms of BCR over time. Therefore, SICE not only
maintained economic return but also reduced the energy consumption for the
irrigation system. In summary, this study verified the technical advantages of
SICE, which included low pressure, low flow, and continuous irrigation features.
Unfortunately, the study did not consider the integrated water-fertilizer effects
under SICE treatment; hence, future research should pay more attention to the
movement, absorption, and transformation of water and fertilizer under SICE
treatment.
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