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Introduction: In the face of escalating apprehensions surrounding food security, 
the sustainability of food systems, and food quality, the ingenuity of resource 
management strategies becomes paramount. A key component within these 
strategies is the enhancement of chemical fertilizer utilization, an element 
that bears significant weight on agricultural yields and the preservation of our 
environment. The emergence of Integrated Water-Fertilizer Systems (IWFS) thus 
presents a significant innovation in boosting the efficiency of chemical fertilizer 
usage, necessitating in-depth examination.

Methods: Utilizing a rigorous analytical framework that combines meta-frontier 
production function with a Two-Stage Residual Inclusion model, this study delves 
into the multi-dimensional impacts of IWFS adoption on fertilizer use efficiency 
among cotton growers in Xinjiang, China.

Results: Empirical evidence demonstrates that those who have adopted IWFS 
achieve a fertilizer use efficiency score of 0.452, markedly outstripping the 
mean score of 0.382 among non-adopters. Intriguingly, efficiency increases 
proportionately with the size of the farm, hinting at a sophisticated interplay 
between the adoption of technology and operational parameters.

Discussion: The research further unveils additional benefits including augmented 
cotton yields and diminished labor inputs among adopters. These multifaceted 
outcomes bear significant policy implications, highlighting the transformative 
potential of IWFS in promoting sustainable food systems, bolstering food security, 
and enhancing food quality.
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1 Introduction

Chemical fertilizers serve a dual role in contemporary society: they are essential yet 
problematic. On one hand, they have significantly increased global crop yields by 30–50%, 
supporting the livelihoods of approximately 4 billion people born in the last century (Stewart 
et al., 2005; Erisman et al., 2008; Zhang et al., 2020). However, their usage has also led to various 
environmental issues (Wu, 2011; Zhang et al., 2015; Hu et al., 2019; Yuan and Zhang, 2021; 
Zhang and Yu, 2021). These adverse environmental effects primarily result from the excessive 
release of reactive nitrogen, phosphorus, and potassium into the environment. For example, 
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ammonia gas, nitrous oxide, and nitrogen oxidesescape into the 
atmosphere, contributing to air pollution and tropospheric ozone 
degradation (Liu et al., 2013). Likewise, the leaching and runoff of 
ammonium and nitrate contaminate groundwater and promote 
eutrophication in aquatic ecosystems (Zhang et al., 2015). Therefore, 
it is crucial to carefully consider the benefits and drawbacks of 
chemical fertilizer use in order to address both food security and 
environmental concerns. This study aims to explore strategies for 
optimizing the efficiency of chemical fertilizer use.

The concept of chemical fertilizer use efficiency has different 
interpretations in scholarly discourse. Agricultural scientists 
commonly define it as the proportion of chemical fertilizer converted 
into harvested crop products, a metric adopted by over 130 countries 
to achieve Sustainable Development Goals (Zhang et al., 2015). This 
efficiency is calculated using inputs and outputs either estimated from 
historical data and key variables (Zhang et al., 2015) or measured in 
the field trials (Zhang et al., 2016; Cui et al., 2018). However, this 
method relies on multiple parameters, and can be  influenced by 
factors like weather conditions, soil quality, measurement errors, and 
farming practices (Zhang G. et al., 2014; Zhang and Yu, 2021). In 
contrast, economists in the agricultural sector often define it as the 
ratio of minimum required chemical fertilizer to the actual amount 
used (Wu, 2011; Hu et  al., 2019). This definition considers 
technological constraints and other determinants. Some literature also 
conceptualizes it as allocation efficiency, examining the marginal 
utility of chemical fertilizer relative to its cost (Zhang et al., 2017; Yuan 
and Zhang, 2021; Zhang and Yu, 2021). For this research, we adopt the 
economist’s perspective and measure efficiency as the ratio of 
minimum required to actual chemical fertilizer use.

Integrated Water-Fertilizer Systems (IWFS) present a promising 
approach to enhance fertilizer use efficiency. Extensive literature has 
explored various factors influencing chemical fertilizer efficiency, 
including technological advancements and socio-economic variables. 
Among technological innovations, integrated soil-crop system 
management has been identified as a crucial element in improving 
fertilizer use efficiency (Chen et  al., 2014). Socio-economic 
determinants, such as management practices, farm size, policy 
distortions, land leasing, and pricing, have also received significant 
attention in scholarly research (Zhang et al., 2015; Wu et al., 2018; Hu 
et al., 2019; Zhang et al., 2023a). Research by Zhang et al. (2016) 
suggests that platforms like the Science and Technology Backyard, 
which embed agricultural scientists in farming communities to 
enhance farming practices and technology adoption, can reduce 
nitrogen use by 32% in wheat and 7.5% in maize. IWFS is a notable 
technological innovation that combines water and fertilizer, delivering 
them directly to crops through drip or sprinkler irrigation systems, 
thus minimizing fertilizer loss through volatilization and soil residue 
(Zhong et al., 2012; Gao et al., 2015). IWFS integrates the advantages 
of mulched drip irrigation (Hu et al., 2009; Wang et al., 2014; Zhang 
Z. et  al., 2014; Qi et  al., 2018) and integrated soil-crop system 
management (Chen et al., 2014), offering the potential to mitigate the 
negative impacts of socio-economic factors, weather conditions, and 
soil conditions on fertilizer efficiency.

Empirical evaluations of IWFS heavily rely on field trials, which 
provide valuable insights into its impact on fertilizer efficiency across 
various crop types. While the global average for chemical fertilizer use 
efficiency is approximately 40%, China’s rate lags behind at around 
30%, which is 15–30% lower than that of developed countries (Zhang 

et al., 2015; Liu et al., 2019). Zhang G. et al. (2014) demonstrated that 
the adoption of IWFS with drip irrigation couldincrease phosphorus 
fertilizer efficiency to 40.6% for corn production. Similarly, Wu et al. 
(2016) reported that implementing IWFS through mulched drip 
irrigation not only enhanced the yield and quality of potatoes but also 
improved the efficiencies of nitrogen, phosphorus, and potassium 
fertilizers by 22.7, 20.5, and 23.5%, respectively. It is important to note 
that these field trials are typically conducted by experts, setting an 
upper limit on efficiency that may not be fully attainable for average 
farmers. This study aims to assess the effectiveness of IWFS in 
enhancing chemical fertilizer use efficiency from the perspective 
of farmers.

This study makes two primary contributions to the existing 
literature. Firstly, it sheds light on the impact of IWFS on chemical 
fertilizer efficiency, using data from cotton farmers in Xinjiang, China. 
Xinjiang, known for its arid climate with high water evaporation rates, 
low fertilizer efficiency, and delicate ecosystems, accounts for nearly 
90% of China’s cotton production (Zhang et al., 2023b). Given the 
significance of cotton in the region and the ecological challenges 
poses, it is crucial to explore the potential benefits of IWFS in 
improving chemical fertilizer efficiency.

Secondly, this research addresses the potential endogeneity of 
IWFS adoption by employing a two-stage residual inclusion approach 
(2SRI) and utilizes a meta-frontier analysis to accurately assess 
chemical fertilizer use efficiency, considering differentiated production 
frontiers between IWFS adopters and non-adopters (Zhang et al., 
2023c). The decision to adopt IWFS is not random, as farmers self-
select based on unobservable factors such as environmental 
motivation or inherent capabilities (Ma et al., 2018). Furthermore, 
IWFS not only enhances fertilizer efficiency but also crop yield, 
potentially leading to a shift in the production frontier (Bravo-Ureta 
et al., 2020).

We find that the chemical fertilizer use efficiency of IWFS 
adopters is 0.452, 1.6 times larger than that of non-adopters, with a 
mean value of 0.382. Adopting IWFS can contribute to 0.223 increases 
in chemical fertilizer use efficiency, and efficiency gains increase with 
farm size. In the context of sustainable food production and 
consumption, the findings of this paper have significant implications. 
Efficient fertilizer use facilitated by IWFS adoption can contribute to 
improved food security, food quality, and safety, while mitigating 
environmental degradation. This aligns with broader goals of 
agricultural sustainability, particularly in regions like Xinjiang that 
face complex ecological challenges.

The remainder of this paper is structured as follows: Section 2 
provides background information on chemical fertilizer consumption 
and IWFS adoption in China. Section 3 outlines the meta-frontier 
production function and describes the estimation strategy using the 
2SRI approach. Section 4 presents the data and descriptive statistics, 
followed by a discussion of empirical results in Section 5. Finally, 
Section 6 offers the conclusion.

2 Background

2.1 Chemical fertilizer use in China

China holds the position of the world’s largest consumer of 
chemical fertilizers. The country’s global share of nitrogen usage 
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peaked at 30.6% in 1995, but has declined to 19.6% in 2021. 
Specifically, nitrogen consumption in China has risen from 
0.54 million tons in 1961 to 21.27 million tons in 2021, with a peak 
of 30.98 million tons in 2014. This represents an average annual 
growth rate of 6.3% (Figure  1). Furthermore, the intensity of 
nitrogen use in China has significantly increased, with per hectare 
usage rising from 5.21 kilograms in 1961 to 166.4 kilograms in 
2021, which is 2.54 times higher than the global average (Figure 2). 
This significant expansion in chemical fertilizer application has 
contributed to a 40% increase in China’s grain production 
(MOARA, 2015).

The intensity of chemical fertilizer application has shown an 
upward trend, increasing from 382.50 kilograms/hm2 in 2004 to 
622.05 kilograms/hm2 in 2021 (Figure 3). However, the amount of 
chemical fertilizer used per kilogram of cotton has remained 
relatively stable at around 0.33 kilograms, primarily due to consistent 
increases in yield per hectare (Figure 4). It is worth noting that while 
fertilizer use per unit area in Xinjiang exceeds the national average, 
the opposite is true for fertilizer use per kilogram of cotton. The 
climatic conditions in Xinjiang contribute to higher cotton yields per 
unit area, but they may also result in lower fertilizer use efficiency. 
Nevertheless, the widespread adoption of IWFS has the potential to 
alleviate this effect.

A significant quantity of nitrogen fertilizer is utilized in crop 
production; however, a considerable portion remains unabsorbed, 
persisting in the soil and atmosphere. The global average for chemical 
fertilizer use efficiency is approximately 0.4, indicating that only 40% 
of applied fertilizers contribute to crop yields (Zhang et al., 2015). 
Although China’s efficiency rate falls below the global average, there 
has been an upward trend, with an estimated 35.2% efficiency rate for 
grain production in 2014 (MOARA, 2015; MOARA, 2016). Several 
factors influence this efficiency, providing substantial opportunities 
to bridge the gap between China and developed nations (Gao 
et al., 2015).

2.2 Adoption of IWFS in China

Conventional methods of applying chemical fertilizer involve the 
spreading of solid fertilizer over soil surfaces. In this approach, the 
fertilizer dissolves upon encountering soil moisture, allowing the 
nutrients (nitrogen, phosphorus, and potassium) to be absorbed by 
crop roots. This technique, however, has limitations. It requires 
specific environmental conditions, such as adequate soil moisture, and 
rapid dissolution of fertilizers to prevent nutrient evaporation and air 
dispersal. Additionally, this method results in nutrient dispersion 
across the field, reducing the likelihood of nutrient uptake by roots 
located at a distance. Consequently, this traditional method exhibits 
low use efficiency.

IWFS offers a more efficient alternative by integrating solid 
fertilizer with water (Geng et al., 2014). This combined solution is 
directly delivered to the roots or foliage of crops through a piping 
system, shifting the focus of application from soil to crops themselves. 
The IWFS system enhances both water and fertilizer efficiency, 
promoting sustainable agricultural practices by reducing fertilizer 
volatilization and soil residues. Furthermore, the integration of IWFS 
with information and intelligent technologies enables automated, 
on-demand fertilizer application, reducing labor requirements.

The concept of IWFS originated from soilless agriculture practices 
in the United Kingdom and has evolved alongside efficient irrigation 
technologies like plastic conduits (Gao et al., 2015). The United States 
leads in global micro-irrigation areas, with IWFS being employed in 
60% of potato, 25% of corn, and 33% of fruit production (Gao et al., 
2015). The Netherlands also implements IWFS in its greenhouses. In 
China, IWFS was initially applied to cotton production in Xinjiang 
due to the region’s arid climate and high evaporation rates. In 2002, 
China invested over 100 million RMB to promote IWFS, establishing 
demonstration bases in more than 20 provinces, covering an area of 
3 million hectares. Subsequent policies, such as the National 
Agricultural Water Conservation Outlines (2012–2020) and the 

FIGURE 1

China’s nitrogen use quantity and the ratio to the world. Data is from FAO.
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Implementation Plan for Promoting Integrated Water-Fertilizer 
System (2016–2020), have further encouraged the adoption of IWFS, 
with the aim of expanding its use to 150 million mu by 2020.

3 Estimation strategies

3.1 Meta-frontier production function and 
fertilizer use efficiency

IWFS represents a technological innovation that could alter the 
relationship between inputs and outputs. Therefore, different 
production frontiers may exist for IWFS adopters and non-adopters 
in cotton production. Estimating a single production function could 

lead to biased technical efficiency assessments (Bravo-Ureta et al., 
2020). Technical efficiency is calculated relative to the production 
frontier and constitutes a vital component in determining chemical 
fertilizer use efficiency. Consistent with prior research (Battese et al., 
2004; O’Donnell et al., 2008; Zhang et al., 2023c), this paper estimates 
separate production functions for both groups and calculates 
comparative technical efficiencies via a meta-frontier 
encompassing both.

Battese et  al. (2004) and O’Donnell et  al. (2008) employed a 
mathematical programming technique to estimate the meta-frontier 
production function. Huang et al. (2014) argued that such techniques 
lack meaningful statistical interpretation and proposed a stochastic 
frontier regression method instead. In the present study, we employ 
the stochastic frontier regression technique developed by Huang et al. 

FIGURE 2

Nitrogen use intensity in China and the world average. Data is from FAO.

FIGURE 3

Chemical fertilizer use quantity per area for cotton production. Data is from China Agricultural Product Cost–Benefit Compilation.
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(2014) to estimate the meta-frontier production function and 
ascertain chemical fertilizer use efficiency. This method comprises 
two stages.

In the first stage, separate production frontiers are estimated for 
IWFS adopters and non-adopters.
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where lnYiFdenotes the logarithm of cotton yield of farmeri among 
IWFS adopters (F =1) and non-adopters (F = 0). ln xikdenotes the 
logarithm of the input vectors for farmeri, where k =1 2 3, ,  correspond 
to land, labor, and intermediate input, respectively. ln fi is the 
logarithm of chemical fertilizer input for farmeri. The parametric 
vectors α are to be estimated associated with the inputs. The error 
termεiis independently and identically distributed asN 0

2
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to technical inefficiency and is independently and identically 
distributed as N u u
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The optimal yield lnYi∗ can then be predicted for both groups 

using the estimated parameters from Equation 1. Subsequently, these 
optimal yields replace observed yieldslnYi with optimal yields lnYi∗to 
estimate the meta-frontier production function, which serves as a 
smooth envelope corresponding to the separate frontiers for both 
groups. The meta-frontier production function for both IWFS 
adopters and non-adopters is as follows:
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All symbols retain their meanings from Equation 1. Huang et al. 
(2014) suggested that the comparable technical efficiency for both 
groups can be calculated as follows:

 
TE u ui i i

M∗ = −( )× −( )1 1
 

(3)

Where  1− uiM is defined as the production technology gap relative 
to the meta-frontier. The comparable technical efficiency metric 
specifically accounts for potential differences in production 
technologies between IWFS adopters and non-adopters.

Based on the estimated comparable technical efficiency TEi∗, 
we extend our analysis to compute chemical fertilizer use efficiency. 
By definition, an environmentally efficient farmer minimizes fertilizer 
input to achieve a given cotton yield, with technology held constant. 
Thus, we substitute ln fi  with ln fiE , and set uiM = 0 in Equation 2. 
Rewriting Equation 2 yields:
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Chemical fertilizer use efficiency equates to the ratio of minimum 
fertilizer input fiE  to the observed input fi . When expressed in 
logarithmic form, this isln ln lnfe f fi i

E
i= − . By combining Equations 

2 and 4, we can derive a quadratic equation in terms ofln lnf fi
E
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FIGURE 4

Chemical fertilizer use quantity per kilogram cotton. Calculating by authors using data from China Agricultural Product Cost–Benefit Compilation.
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The solution for chemical fertilizer use efficiency can be found in 
Equation 5 as:
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In theory, Equation 5 offers two possible solutions. However, 
following Zhou et  al. (2015) suggestion, we  only use the solution 
reported in Equation 6. It is noteworthy that uiM in equation (2 is the 
technology gap between the individual frontiers and meta-frontier. 
For Equation 6, it is essential to use farmers’ technical inefficiency, 
gauged by the distances from production points to the meta-frontier, 
thus, u TEi

M
i

' = − ∗
1 .

3.2 Two-stage residual inclusion approach

Given that farmers make a self-selection choice to adopt IWFS, 
the IWFS variable is potentially endogenous. To address this issue, this 
study employs a Two-Stage Residual Inclusion (2SRI) model. In this 
paper, the treatment variable is the IWFS adoption decision which is 
a binary variable. Thus, a 2SRI model is used to address the 
endogeneity issue of a binary treatment variable, while 2SLS model is 
used for a continuous endogenous treatment variable. A 2SRI model 
consists of two steps.

Step 1: To estimate the probability of farmeriadopting IWFS by 
using a logit model:
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Where IWFSi∗ is the propensity of a farmer to adopt IWFS, which 
is observed by IWFSi. Specifically, IWFSi =1 if the farmer is an IWFS 
adopter, and 0 otherwise. IV serves as an instrumental variable that 
isolates the part of the IWFS variable uncorrelated with unobservable 
factors. Zi  refers to a vector of control variables, including gender, 
nationality, age and education level of the household head, and 
agricultural training, price of cotton and fertilizer, cooperation 
organization participation, household size, subsidy, and share of 
agricultural income. Ci  is a dummy variable to control county fixed 
effect. θi is an error term. β0 is a constant. β1, β2 and β3 are parameters 
to be estimated.

The ratio of IWFS adoption in the village, excluding the individual 
farmer, is used as the instrumental variable to estimate Equation 7. 
This instrument must be correlated with the endogenous variable and 
uncorrelated with unobservable factors. A higher ratio of IWFS 
adoption in the village likely influences a farmer’s choice to adopt 
IWFS due to peer effects. Moreover, this ratio is uncorrelated with the 
individual farmer’s motivation or inherent environmental 
conservation abilities.

Step 2: Estimating the 2SRI model to reveal the impacts of IWFS 
adoption on chemical fertilizer use efficiency. The empirical 
specification is as follows:

 fe IWFS Z C Ri i i i i i= + + + + +λ λ λ λ λ δ0 1 2 3 4  (8)

where fei is farmer i‘s chemical fertilizer use efficiency. IWFSi, Zi  
and Ci are defined above. Ri  is the residual term in Equation 7. We add 
the residual term in Equation 8 to control the unobserved 
heterogeneity that is correlated with IWFS variable and will result in 
biased estimation for IWFS variable. δi  is an error term. λ0 is a 
constant. λ1, λ2 andλ3 are parameters to be estimated.

4 Data sources and descriptive 
statistics

The farm-level data used in this paper was collected in 2019 from 
Xinjiang, China, by Xinjiang Agricultural University and China 
Agricultural University. The survey methodology, which involved 
multistage random sampling, is detailed in Zhang et al. (2023b). First, 
three counties in north Xinjiang and five counties in south Xinjiang 
were chosen based on their agricultural output values. Second, two 
towns from each county and three villages from each town were 
randomly selected. Finally, the dataset includes information from 352 
cotton producers located in 41 villages across seven counties within 
Xinjiang. Within this sample, the adoption prevalence of IWFS 
stands at 75%.

Table 1 presents a statistical summary of the dataset, including the 
mean values for variables, as reported in Zhang et al. (2023b). This 
study primarily focuses on a comparative analysis between IWFS 
adopters and non-adopters, revealing statistically significant 
differences in both inputs and outputs. IWFS adopters, for instance, 
manage larger farms with an average size of 118.2 mu, which is nearly 
eight times larger than their non-adopter counterparts. In terms of 
demographic and household variables, IWFS adopters tend to 
be  older, predominantly of Han ethnicity, and more likely to 
participate in cooperative organizations. They also have higher levels 
of educational attainment, smaller household sizes, and a decreased 
reliance on agricultural income. Despite these differences, gender 
distribution and agricultural training remain consistent across both 
groups. It is important to note that although IWFS adopters face 
higher fertilizer costs, they also benefit from increased subsidies.

The notable disparities outlined in Table  1 call for additional 
scrutiny since they do not accommodate potential confounding 
variables. Consequently, the succeeding section will focus on a more 
rigorous examination of the impact of IWFS adoption on fertilizer use 
efficiency, factoring in these variables.

5 Results and discussion

This section is structured to provide a detailed explanation of the 
estimation of separate production frontiers and the meta-frontier, 
followed by the calculation of chemical fertilizer use efficiency. 
Subsequently, a Two-Stage Residual Inclusion (2SRI) model is 
deployed to assess the influence of IWFS adoption on both chemical 
fertilizer use efficiency and intensity, which is a fundamental measure 
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of use efficiency. Additionally, the impact of IWFS adoption on yield 
and labor utilization will be elucidated.

5.1 Chemical fertilizer use efficiency of 
cotton farmers

The current study employs a translog production function, 
integrating linear, quadratic, and interaction terms of inputs. The 
selection of the translog function is driven by its flexibility and its 
capability to approximate any unknown function to the second order 
(Zhou et al., 2015). The estimators linked to both separate frontiers 
and the meta-frontier are displayed in Table 2. It merits emphasis that, 
among IWFS adopters, linear terms pertaining to labor, fertilizer, and 
intermediate inputs, the quadratic term for intermediate inputs and 
numerous interaction terms exert a considerable influence on cotton 
yields. In contrast, for IWFS non-adopters, linear terms of fertilizer 

and intermediate inputs, coupled with quadratic terms for farm size 
and fertilizer, significantly affect cotton production.

The discrepancy in estimators between columns (1) and (2) 
verifies that IWFS adopters and non-adopters function under unique 
production frontiers. Consequently, it is essential to estimate separate 
frontiers for each group, culminating in a meta-frontier that 
encompasses both. The results from the meta-frontier estimation 
reveal that all terms, encompassing linear, quadratic, and interaction 
terms–with the exception of the labor-fertilizer interaction term–
make substantial contributions to cotton yields.

Before proceeding to the computation of chemical fertilizer use 
efficiency, it is imperative to estimate the comparative technical 
efficiency. This is gauged by two metrics: the distance from the 
separated frontiers to the meta-frontier (denoted as the technology 
gap uiM ) and the distance from the operational point to the separated 
frontiers (termed incomparable technical inefficiency ui). Table  3 
reveals that IWFS adopters are proximate to the meta-frontier, 
signifying a higher level of technological sophistication. The calculated 
comparative technical efficiencies suggest potential increases of 24.8 
and 41.6% in cotton yield for IWFS adopters and non-adopters, 
respectively, under existing technological and input conditions, if 
technical inefficiencies are fully eradicated. In simpler terms, IWFS 
adopters are capable of either producing the same cotton yield with 
fewer inputs or achieving higher yields with the same number of 
inputs compared to non-adopters.

Using the parameters outlined in Table  2 and the derived 
comparative technical efficiency, the calculation of chemical 
fertilizer use efficiency for both IWFS adopters and non-adopters 
is performed using Equation 6. The results, presented in Table 3, 
reveal an average chemical fertilizer use efficiency of 0.382 among 
cotton farmers in Xinjiang. This indicates that more than 60% of 
chemical fertilizers are not utilized effectively, contributing to 
environmental degradation. MOARA (2015), MOARA, 2016) states 
that the national average efficiency of chemical fertilizer use in 
grain production is 0.352. However, caution should be exercised 
when comparing these two efficiency metrics due to variations in 
definitions and measurement methods. In addition, Hu et al. (2019) 
reveals that the average chemical fertilizer use efficiency of rice in 
Jiangsu province is 0.6, which is higher than that of cotton 
production in Xinjiang China. The differentiated chemical fertilizer 
use efficiency may be arised from the different capacity of fertilizer 
absorption between cotton and rice, and geographical condition. 
Few literature studied cotton farmers chemical fertilizer use 
efficiency. Hu et al. (2009) argue that drip irrigation could promote 
cotton root growth. Geng et  al. (2014) calculate the technical 
efficiency of cotton farmers in Xinjiang, and pointed out that 15% 
of potential yield could be achieved without any other inputs, which 
is 29.1% in this paper. We also find that the efficiency for IWFS 
adopters is 0.452, which is 1.6 times higher than that for 
non-adopters.

Although the summary statistics in Table 3 suggest that IWFS 
adoption enhances chemical fertilizer use efficiency, a direct 
comparison between IWFS adopters and non-adopters lacks causal 
validity. The decision to adopt IWFS is endogenous, and variations in 
chemical fertilizer use efficiency could also be influenced by other 
variables. Hence, the subsequent analysis employs a 2SRI model to 
ascertain the causal effect of IWFS adoption on chemical fertilizer 
use efficiency.

TABLE 1 Descriptive statistics for variables.

Variables IWFS 
Adopter

IWFS Non-
adopter

Differences

Yield (kilogram) 38039.9 (3929.4) 3342.9 (417.6) 34696.9*** (6791.0)

Farm size (mu) 118.2 (12.8) 15.3 (2.0) 102.9*** (22.1)

Labor (day) 857.5 (96.4) 123.1 (16.6) 734.5*** (166.7)

Fertilizer 

(kilogram)

11112.0 (1554.7) 11307.4 (234.5) 9804.6*** (2688.6)

Intermediate 

inputs (RMB 

yuan)

52233.4 (5181.9) 4320.2 (599.4) 47913.2*** (8956.7)

Gender 0.796 (0.02) 0.787 (0.04) 0.010 (0.05)

Nationality 0.242 (0.03) 0.989 (0.011) −0.747*** (0.05)

Age of household 

head (Year)

52.5 (0.53) 47.2 (1.20) 5.3*** (1.15)

Education level 

(year)

8.23 (0.16) 7.71 (0.31) 0.52* (0.33)

Agricultural 

Training

0.75 (0.03) 0.70 (0.05) 0.05 (0.05)

Price of cotton 

(yuan/kilogram)

3.02 (0.03) 3.52 (0.08) −0.49*** (0.07)

Price of fertilizer 

(yuan/kilogram)

3.07 (0.07) 2.92 (0.11) 0.15 (0.14)

Cooperation 

organization

0.22 (0.03) 0.15 (0.04) 0.08* (0.05)

Household size 

(person)

3.91 (0.09) 4.65 (0.18) −0.73*** (0.18)

Subsidy (RMB 

yuan)

9.30 (0.15) 7.79 (0.19) 1.51*** (0.28)

Share of 

agricultural 

income (%)

0.52 (0.16) 0.60 (0.03) −0.08**** (0.03)

Nationality: 1 if minority, 0 for Han; Subsidy: it is the log form of agricultural subsidies 
(Yuan). ***p < 0.01, **p < 0.05, *p < 0.1; Standard deviations are presented in parentheses.
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5.2 Effects of IWFS adoption on fertilizer 
use efficiency

The first-stage results of the 2SRI model are provided in 
Supplementary Table A1, indicating that the instrumental variable, 

represented by the ratio of IWFS adoption in the village, as well as 
factors such as agricultural training, subsidies, farm size, and 
participation in cooperative organizations, significantly influence 
cotton farmers’ adoption of IWFS. The impact of IWFS adoption on 
chemical fertilizer use efficiency is elucidated in Table 4 through the 
2SRI model. Columns (1) and (2) of Table  4 indicate that the 
coefficients of the residual terms are statistically significant, 
confirming the presence of unobserved factors correlated with the 
IWFS adoption variable. Consequently, addressing endogeneity 
becomes necessary.

The coefficient for IWFS adoption in Column (1) of Table 4 
indicates that adopting IWFS enhances chemical fertilizer use 
efficiency by 0.146 units. It is noteworthy that irrigation method 
used to deliver the mixed solution of chemical fertilizer and water 
may have different impacts on chemical fertilizer use efficiency. 
We  do not distinguish the differentiated effects of these two 
methods for the following reasons. First, the data used in this paper 
did not distinguish the irrigation method to deliver the mixed 
solution of chemical fertilizer and water. Second, we found that 
most of surveyed farmers use drip irrigation to deliver the mixed 
solution to cotton.

To examine the heterogeneous effects across different farm 
sizes, an interaction term between IWFS adoption and farm size is 
introduced into the empirical model. The coefficient of this 
interaction term suggests that efficiency gains increase with farm 
size. This finding diverges from Hu et al. (2019) who reported an 
inverse relationship between farm size and chemical fertilizer use 
efficiency. A plausible rationale is that IWFS reduces reliance on 
managerial capabilities, thereby preventing a decline in chemical 
fertilizer efficiency as farm size increases. Specifically, the marginal 
effect of adopting IWFS on chemical fertilizer use efficiency is 
0.223, indicating an average increase of 0.223 units in a farmer’s 
efficiency upon IWFS adoption. MOARA (2015) noted that 
integrated soil-crop system management led to incremental 
efficiencies of 0.05, 0.12, and 0.1 for nitrogen, phosphorus, and 
potassium fertilizers in grain production, respectively, reaching 
levels of 0.33, 0.24, and 0.42 in 2015. Therefore, the IWFS effect 
surpasses that of integrated soil-crop system management, 
benefiting from the synergies of both systems.

The control variables also provide noteworthy insights. For 
example, higher prices for both fertilizer and cotton appear to enhance 
chemical fertilizer use efficiency, possibly due to increased diligence 
in production when input and output prices rise. Conversely, the 
negative coefficient associated with age implies a decrease in chemical 
fertilizer use efficiency among older farmers.

To ensure robustness, we  extend our analysis to assess the 
impact of IWFS adoption on the quantity of chemical fertilizer used 
per unit land area, which serves as a valid proxy for fertilizer use 
efficiency. Columns (3) and (4) present the effects of IWFS adoption 
on this measure. The coefficient in Column (3) is −0.386, 
statistically significant at the 5% level, indicating a 38.6% reduction 
in fertilizer use per unit area resulting from IWFS adoption. This 
finding is supported by Cui et  al. (2018), who observed an 
8.5–15.6% reduction through integrated soil-crop system 
management. The inclusion of an interaction term between IWFS 
adoption and farm size in Column (4) reveals that larger farms 
experience an even greater reduction in chemical fertilizer use 
intensity upon IWFS adoption.

TABLE 2 The estimators of separated frontiers and meta-frontiers.

Variables IWFS 
adopter

IWFS 
non-

adopter

Meta-
frontier

(1) (2) (3)

Farm size −0.742 (1.60) 0.880 (0.61) −1.030*** 

(0.28)

Labor −1.861*** 

(0.68)

−0.788 (0.66) −1.172*** 

(0.12)

Fertilizer 1.771** (0.69) 0.569** 

(0.231.)

1.190*** (0.15)

Intermediate inputs 2.698*** (0.60) 1.167* (0.66) 2.449*** (0.13)

Farm size×Farm size 0.080 (0.44) −0.604*** 

(0.21)

−0.152** (0.08)

Labor×Labor −0.040 (0.09) −0.704 (0.46) −0.084*** 

(0.02)

Fertilizer×Fertilizer −0.018 (0.13) 0.490** (0.23) 0.083*** (0.03)

Intermediate 

inputs×Intermediate 

inputs

−0.291*** 

(0.08)

−0.093 (0.06) −0.240*** 

(0.02)

Farm size×Labor −0.325* (0.19) 0.520** (0.21) −0.218*** 

(0.03)

Farm size×Fertilizer 0.192 (0.19) −0.026 (0.29) 0.177*** (0.04)

Farm size×Intermediate 

inputs

0.168 (0.15) −0.097 (0.07) 0.242*** (0.03)

Labor×Fertilizer 0.032 (0.09) −0.100 (0.17) 0.020 (0.02)

Labor×Intermediate 

inputs

0.302*** (0.08) 0.409*** 

(0.15)

0.228*** (0.02)

Fertilizer×Intermediate 

inputs

−0.253*** 

(0.10)

−0.261* 

(0.16)

−0.268*** 

(0.02)

Constant −6.270*(3.20) 3.878(3.28) −3.972***(0.57)

Number of observations 263 89 352

***p < 0.01, **p < 0.05 and *p < 0.1; Robust standard errors are presented in parentheses.

TABLE 3 The differences of technical efficiency and fertilizer use 
efficiency between IWFS adopter and non-adopter.

Means Adopter Non-
adopter

Differences

Technology 

gaps

0.952 

(0.048)

0.965 (0.001) 0.913 (0.008) 0.052*** (0.005)

Comparable 

technical 

efficiencies

0.709 

(0.196)

0.752 (0.011) 0.584 (0.022) 0.167*** (0.022)

Fertilizer use 

efficiencies

0.382 

(0.257)

0.452 (0.015) 0.173 (0.014) 0.280*** (0.028)

***p < 0.01, **p < 0.05 and *p < 0.1; Standard errors are presented in parentheses.
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5.3 Effects of IWFS adoption on yield and 
labor use

Table 5 presents the results pertaining to the influence of IWFS 
adoption on cotton yield per unit area. The coefficient for IWFS 
adoption is 0.222, indicating a 22.2% increase in cotton yield per mu 
with the adoption of IWFS. The findings from both Tables 4, 5 
collectively demonstrate that IWFS adoption achieves the dual 
objectives of enhancing cotton production and promoting 
environmental sustainability. Notably, the interaction term between 
IWFS adoption and farm size lacks statistical significance, aligning 
with the classical inverse relationship between farm size and yield per 
unit area, as documented by (Zhang et  al., 2019). Therefore, this 
inverse relationship counterbalances the positive effect of IWFS 
adoption on yield.

In theory, IWFS applies a combination of fertilizer and water 
directly to the cotton roots through tubing, thereby significantly 
reducing labor requirements. To empirically assess this, we examine 
the impact of IWFS adoption on labor inputs in cotton farming, as 
presented in Table 6. The coefficient for IWFS adoption is −0.536, 
suggesting a labor input reduction of 53.6% upon IWFS adoption. 
Furthermore, the coefficient of the interaction term indicates that this 
labor-saving effect is magnified with increasing farm size.

6 Conclusion

Chemical fertilizers have played a critical role in boosting crop 
yields in China, yet they have precipitated environmental challenges 
including soil salinization, air pollution, and water contamination. To 
address this conundrum, it is essential to improve chemical fertilizer 
efficiency to maintain yield levels and mitigate environmental damage. 
The Integrated Water-Fertilizer Systems present a promising 
technological innovation in this endeavor. Nevertheless, the existing 
body of knowledge primarily focuses on field trials, leaving an 
information gap regarding its impacts from the farmers’ perspective. 
Utilizing data from 352 cotton farms in Xinjiang, China, this study 
employs meta-frontier production functions and a two-stage residual 
inclusion (2SRI) model to assess the implications of IWFS adoption 
for chemical fertilizer efficiency.

The empirical findings suggest that IWFS adopters achieve a 
chemical fertilizer use efficiency of 0.452, a figure that is 1.6 times 
greater than their non-adopting counterparts, whose average 
efficiency is 0.382. IWFS adoption contributes to an efficiency increase 
of 0.223, a gain that magnifies with farm size. Notably, IWFS’s 
effectiveness in improving fertilizer use efficiency outperforms that of 
integrated soil-crop management systems due to the combined 
benefits of both techniques. In addition, IWFS adoption delivers 

TABLE 4 The impacts of IWFS adoption on fertilizer use intensity and use efficiency.

Variables Fertilizer use 
efficiency

Fertilizer use 
efficiency

Fertilizer use 
quantity per land 

area (log)

Fertilizer use 
quantity per land 

area (log)

(1) (2) (3) (4)

IWFS adoption 0.146*** (0.05) 0.131** (0.05) −0.386** (0.18) −0.083*** (0.021)

IWFS adoption ×Farm size 0.001** (0.00) −0.020** (0.01)

Farm size −0.000** (0.00) −0.001 (0.00) −0.023** (0.01) −0.002*** (0.00)

Gender −0.025 (0.04) −0.025 (0.038) 0.117 (0.16) 0.104 (0.16)

Nationality −0.202** (0.08) −0.201** (0.08) −0.281 (0.34) −0.312 (0.33)

Age of household head −0.005*** (0.00) −0.005*** (0.00) 0.009 (0.01) 0.007 (0.01)

Education level 0.007 (0.01) 0.007 (0.01) −0.017 (0.02) −0.023 (0.02)

Agricultural Training 0.021 (0.03) 0.024 (0.03) −0.086 (0.14) −0.013 (0.13)

Price of cotton 0.031* (0.02) 0.033* (0.02) −0.065 (0.10) −0.025 (0.09)

Price of fertilizer 0.816** (0.39) 0.794* (0.40) −1.195*** (0.19) −1.854*** (0.53)

Cooperation organization 0.028 (0.04) 0.032 (0.04) −0.715*** (0.14) −0.576*** (0.14)

Household size 0.004 (0.01) 0.004 (0.01) 0.030 (0.04) 0.021 (0.03)

Subsidy 0.002 (0.01) 0.002 (0.01) −0.115*** (0.03) −0.094*** (0.03)

Share of agricultural income −0.060 (0.06) −0.060 (0.06) 0.055 (0.25) 0.057 (0.23)

Residuals −0.164** (0.07) −0.150** (0.07) −1.838*** (0.35) −1.423*** (0.38)

County fixed effects Yes Yes Yes Yes

Constant −0.222 (0.15) −0.226 (0.15) 3.172*** (0.65) 3.061*** (0.58)

N 352 352 352 352

R2 0.224 0.226 0.675 0.707

***p < 0.01, **p < 0.05 and *p < 0.1; Robust standard errors are presented in parentheses.
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ancillary benefits such as increased cotton yields and reduced 
labor inputs.

To effectively tackle the urgent issues of sustainable food 
production and consumption, food security, and environmental 
conservation, it is essential for policy-makers to champion the 
widespread adoption of IWFS. Tailored interventions are particularly 
crucial for small-scale farmers who often encounter hurdles to 
adopting such innovative technologies. Enhancing infrastructural 
support can encourage these farmers to adopt IWFS, contributing to 
an array of interconnected objectives. For example, improving 
fertilizer use efficiency through IWFS can reduce environmental 
pollutants, promoting ecological sustainability. In the context of food 
security, efficient fertilizer use can optimize crop yields, ensuring a 
stable food supply. Additionally, minimization of fertilizer over-
application could result in safer, higher-quality food products by 
reducing residual chemical content in crops. Therefore, policy 
interventions that promote IWFS have the potential to create a ripple 
effect, concurrently advancing environmental sustainability, food 
security, and food quality. As such, it is vital for policy-makers to 
facilitate the adoption of IWFS, especially among small-scale farmers, 
through enhanced infrastructural support. These initiatives are likely 
to make a significant contribution to the broader goals of food 
security, food quality, and environmental sustainability.

While offering valuable insights, this study acknowledges certain 
limitations. First, the analysis draws upon cross-sectional data, which 
precludes control for individual heterogeneity—an issue that could 
be addressed with the use of panel data. Second, the study does not 

make distinctions among different fertilizer types, including nitrogen, 
phosphorus, and potassium. Third, soil quality will affect fertilizer use 
efficiency which was documented by the effects of integrated soil-crop 
system management adoption. However, we  did not collect soil 
information in the survey. These consideration presents an 
opportunity for further exploration in our future research.
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TABLE 5 The impacts of IWFS adoption on cotton yields.

Variables Yield per unit 
area (log)

Yield per unit 
area (log)

(1) (2)

IWFS adoption 0.222*** (0.06) 0.251*** (0.08)

IWFS adoption ×Farm size −0.002 (0.00)

Farm size −0.000** (0.00) 0.002 (0.00)

Gender −0.019 (0.04) −0.019 (0.04)

Nationality −0.377*** (0.06) −0.377*** (0.06)

Age of household head 0.003 (0.00) 0.003 (0.00)

Education level 0.007 (0.01) 0.008 (0.01)

Agricultural Training 0.113*** (0.04) 0.111*** (0.04)

Price of cotton 0.040 (0.04) 0.039 (0.04)

Price of fertilizer −4.218** (1.87) −4.300** (1.90)

Cooperation organization 0.049 (0.04) 0.044 (0.04)

Household size 0.020 (0.02) 0.020 (0.01)

Subsidy 0.034*** (0.01) 0.032*** (0.01)

Share of agricultural income 0.376*** (0.08) 0.376*** (0.08)

Residuals 0.214*** (0.028) 0.177*** (0.039)

County fixed effects Yes Yes

Constant 4.685*** (0.22) 4.663*** (0.22)

N 352 352

R2 0.465 0.466

***p < 0.01, **p < 0.05 and *p < 0.1; Robust standard errors are presented in parentheses.

TABLE 6 The impacts of IWFS adoption on labor use.

Variables Labor input per 
unit area (log)

Labor input per 
unit area (log)

(1) (2)

IWFS adoption −0.536***(0.15) −0.471***(0.17)

IWFS adoption ×Farm 

size

−0.030***(0.01)

Farm size −0.003***(0.00) −0.033***(0.01)

Gender 0.058 (0.09) 0.050 (0.09)

Nationality −0.069 (0.18) −0.077 (0.18)

Age of household head 0.010* (0.01) 0.009* (0.00)

Education level −0.040** (0.02) −0.044*** (0.02)

Agricultural Training −0.017 (0.08) 0.019 (0.07)

Price of cotton 0.038 (0.09) 0.072 (0.09)

Price of fertilizer −2.132 (3.32) −1.364 (3.32)

Cooperation 

organization

−0.261*** (0.10) −0.167* (0.09)

Household size 0.042 (0.04) 0.039 (0.03)

Subsidy −0.084*** (0.02) −0.065*** (0.02)

Share of agricultural 

income

−0.134 (0.18) −0.140 (0.17)

Residuals −1.667*** (0.333) −1.198*** (0.359)

County fixed effects Yes Yes

Constant −1.529***(0.54) −1.286***(0.49)

N 352 352

R2 0.742 0.780

***p < 0.01, **p < 0.05 and *p < 0.1; Robust standard errors are presented in parentheses.
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