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A B S T R A C T   

Alternate wetting and drying irrigation (AWD) is promulgated as a practice for reducing irrigation water usage in 
rice production; however, the implications of AWD on soil properties and crop growth remain unclear. Here, we 
conducted a global meta-analysis encompassing 3194 observations from 200 published studies to assess the 
systemic effects of AWD on the aforementioned indices with the explicit aim of identifying approaches for yield 
improvement in rice. The results showed that, compared with continuous flooding, AWD increased water use 
efficiency by 31% but with an average yield penalty of 6%. Optimal AWD was applied when water potential was 
maintained at pressures greater than − 15 kPa with water depths less than 18.5 cm during rice growing season. 
Changes in total organic carbon (TOC), pH and nitrate-nitrogen (NO3

− ) in soil had significant influence on yield. 
These analyses suggested that limiting the effect sizes of TOC to less than 0.0003, pH above − 0.015 and NO3

−

between 0.02 and 0.30 during AWD could increase rice yield by up to 4%. Yield improvements of 5 ~ 7% were 
obtained when TOC and available potassium in background soil greater than 27.83 g kg− 1 and 0.18 g kg− 1, 
respectively, under water potential greater than − 40 kPa (MWP). Nitrogen application in low rates and the 
addition of straw or biochar under MWP further amplified the beneficial effects of soil C and N, increasing yields 
by 2 ~ 3%. Overall, biochemical edaphic factors were primarily responsible for driving rice yield responses to 
AWD. It can be suggested that combining management practices with AWD can reduce total water input 
requirement while concurrently increasing rice yield.   

1. Introduction 

Excessive use of water resources, chronic water scarcity and climate 
crisis are some of the greatest threats to the sustainability of global 
hydrological systems (Harrison, 2021; Mekonnen and Hoekstra, 2016; 
Pretty, 2018). About 70% of global water use was used in agriculture, 
among which rice farming is one of the most water-intensive agricul-
tural sectors (FAO, 2017). Rice provides 19% of human caloric intake 
and is a staple food for 3.5 billion human population. By 2050, an 
estimated 50 ~ 60% increase in global rice production and a 15% in-
crease in water withdrawals are required to feed the growing global 
population (Childs and Raszap Skorbiansky, 2017; Godfray et al., 2010; 

The world bank, 2017). Specifically, a major concern is how changes in 
water availability may conflict with projected irrigation requirements 
for closing yield gaps (Mueller et al., 2012; Muleke et al., 2022). 

In the past, various water-saving irrigation methods have been 
practiced. Alternate wetting and drying irrigation (AWD) was first 
piloted and disseminated in the 1980s (Jha and Chandra, 1981) and has 
been widely developed for rice production in Asia (Liu et al., 2021; Lu 
et al., 2000; Surendran et al., 2021). In AWD system, irrigation water is 
applied to flood the field for a few days after the disappearance of 
ponded water, and the reflooded timing depends on the paddy water 
level falling to a predetermined depth or water potential (Xu et al., 
2020a; Yang and Zhang, 2010; Zhang et al., 2021). 

AWD has shown potential in reducing average irrigation water use 
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by 23% (Carrijo et al., 2017) and minimizing environmental risk, in 
particular, reducing average methane emissions by 54% and global 
warming potential by 56%, respectively (Bo et al., 2022; Gangopadhyay 
et al., 2022). However, the impacts of AWD on yield are controversial, in 
some cases being positive (Chen et al., 2021; Zhang et al., 2021), others 
negligible (Hao et al., 2022; Wang et al., 2020), and in other cases 
negative (Sriphirom et al., 2019). Certainly, a comprehensive under-
standing of the impact of AWD on soil biology and plant traits is yet 
unclear (Linquist et al., 2015; Wen et al., 2021; Yang and Zhang, 2010). 
Such uncertainty can be attributed to extensive variability and 
complexity associated with three major factors (Liang, 2022; Qiao et al., 
2022; Zhang et al., 2021). The first is the inconsistency of the AWD 
practice attributed to the subjective nature with which AWD is imple-
mented, including the water potential level and the experimental 
duration of the drying-wetting cycle (Thakur et al., 2018). The second 
involves existing background soil properties and their influence on AWD 
(Sandhya and Prakash, 2019). The third is agricultural practices in 
different regions, which ultimately reflect policy, economy, climate, etc. 
(Li et al., 2020; Zhao et al., 2018). As we know, AWD changes the 
content and stability of soil nutrients (i.e., carbon, nitrogen, phosphorus 
and potassium) (Livsey et al., 2019), regulates the above- and 
below-ground growth of rice (Atere et al., 2017; Veresoglou et al., 2022; 
Zhang et al., 2010), and thereby affects the biological processes in paddy 
ecosystems. Hence, novel sustainable integrated management practices 
are urgently needed to deliver consistent and multiple benefits without 
yield detriment or long-term soil health problems. 

To date, several meta-analyses that focused on elucidating singular 
effects of AWD (for example, soil physical properties, extent of soil 
drying, and the differences between the water thresholds of continu-
ously flooded and AWD) have been reported (Table S1) (Bo et al., 2022; 
Carrijo et al., 2017; Cheng et al., 2022; He et al., 2020). However, in-
teractions caused by AWD within the plant-soil biosphere have received 
less attention such that many knowledge gaps remain. This particularly 
includes effects caused by soil water potential (WPAWD), the depth that 
irrigation water is allowed to drop below the soil surface or the site of 
water potential measurement (SDAWD), and the experimental duration of 

the drying-wetting cycle during the growing season (EDAWD). Although 
some studies have examined the effects of soil properties or agricultural 
practices on AWD performance, the quantitative changes in soil prop-
erties per se caused by AWD are yet to be examined. There exists a 
dearth of information linking the changes in soil traits with yield, which 
calls for a systematic and quantitative approach to identify the effects of 
key drivers of AWD practice on rice growth and emergent properties 
(Harrison et al., 2012a, 2012b). Herein, we thus focus on a compre-
hensive synthesis and reconcile past results pertaining to optimal stra-
tegies for increasing yield and water use efficiency (WUE) on a global 
scale. 

The main objectives were to (1) evaluate the performance of AWD in 
terms of impact on yield and WUE, (2) quantify AWD-induced changes 
in edaphic factors influencing yield and WUE in paddy fields, and (3) 
develop integrated strategies for reducing the penalty of yield and long- 
term soil health or achieving the expected yield increase when imple-
menting AWD. Our analysis allows an examination of concurrent re-
sponses of AWD to soil biological properties and agricultural practices, 
providing quantitative information on decisions that sustainably 
improve yield while minimizing water use in rice production. 

2. Materials and methods 

2.1. Data collection 

A literature review was conducted through academic resource search 
platforms ‘Web of Science (http://accesss.webofknowledge.com)’ and 
‘China National Knowledge Infrastructure (http://www.cnki.net)’ from 
2000 to 2022, taking ‘alternate wetting and drying OR AWD OR irri-
gation’ and ‘rice OR paddy’ as keywords. The following criteria were 
used to standardize the dataset: (1) experiments yielded paired data of 
variables under continuous flooding (CF) and AWD (a mandatory 
requirement for the meta-analysis); (2) each independent study con-
tained at least one variable; (3) response variables collected for each 
independent study had to be derived from experiments on the same 
spatiotemporal scales. This process was performed following PRISMA 

Nomenclature 

lnR natural log response ratio 
Nc numbers of replicates in the control 
Nt numbers of replicates in the treatment 
QM heterogeneity in effect sizes among categories of individual 

explanatory variables weight associated with each obs 
Wr weight associated with each observation 
Xc mean values of variables under control 
Xt mean values of variables under treatment 
β coefficient 
β0 intercept value, which reflected the overall mean lnR at 

mean WPAWD, EDAWD and SDAWD 
β1 slope of SDAWD 
β2 slope of EDAWD 
β3 slope of WPAWD 
πstudy random effect factor of ‘study’ 
ε sampling error 

List of acronyms 
0P no P application 
AK available potassium 
AP available phosphorus 
AWD alternate wetting and drying irrigation 
CF continuous flooding 
CI confidence interval 

DOC dissolved organic carbon 
EDAWD experimental duration of the drying-wetting cycle 
LAI leaf area index 
LP low P application rate 
LWP light water potential, water potential ≥ − 15 kPa 
MBC microbial biomass carbon 
MWP moderate water potential, water potential− 40 ~− 15 kPa, 

including− 40 kPa 
N0 0 kg N ha− 1 

N1 1 ~ 100 kg N ha− 1 

N2 100 ~ 150 kg N ha− 1 

N3 150 ~ 200 kg N ha− 1 

N4 200 ~ 250 kg N ha− 1 

N5 > 250 kg N ha− 1 

NP normal P application rate 
RF weighted random-forest analysis 
SDAWD soil depth that irrigation water is allowed to drop below 

the soil surface or the site of water potential measurement 
SWP severe water potential, water potential < − 40 kPa 
TN total nitrogen 
TOC soil total organic carbon 
UFR ratio of the number of days without standing water to the 

total days of growing period 
WPAWD soil water potential 
WUE water use efficiency  
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guidelines (Fig. S1) (Moher et al., 2010). 
Data underpinning response variables extracted from the CF and 

AWD treatments included yield, WUE, aboveground biomass, photo-
synthetic rate, leaf area index (LAI), tiller, root biomass, root oxidation 
activity, soil total organic carbon (TOC), dissolved organic carbon 
(DOC), microbial biomass carbon (MBC), total nitrogen (TN), nitrate- 
nitrogen (NO3

− ), ammonium-nitrogen (NH4
+), soil pH, soil available po-

tassium (AK), soil available phosphorus (AP), and urease, sucrase, 
phosphatase, and catalase to confirm AWD effects. Across publications, 
the data of soil traits were measured mainly at the stages of flowering, 
grain filling and harvesting. To control for the heterogeneity of soil data 
across soil depths and studies, only topsoil (0 ~ 20 cm) data was 
collected. WUE was defined as the amount of yield per unit of total water 
input (rainfall plus irrigation) during the growing season which was 
extracted directly from the literature. 

We compiled information on AWD patterns, background soil phys-
ical and biological properties and agricultural practices as explanatory 
variables. AWD patterns were assumed to consist of WPAWD, SDAWD and 
EDAWD. Background soil properties, including pH, TOC, TN, AK, AP, and 
agricultural practice, including N forms, N rates, P rates, soil amend-
ments and planting seasons were also collected. We assumed that soil 
conditions prior to rice planting were representative of background soil 
conditions. Data were obtained from tables, text and supplementary 
information or extracted from figures using GetData Graph Digitizer 
2.26 software. Following the above guidelines, 3194 observations from 
200 published studies were obtained, including 149 sites with latitude 
ranging from 33.23◦S to 54.05◦N and longitude from 121.72◦W to 
139.98◦E, and across types of experimentation: field (168 studies), pool 
(3 studies) and pot (30 studies) (Fig. 1; Dataset). Explanatory variables 
data such as background soil properties and AWD patterns were omitted 
when information could not be obtained. The available amount of ob-
servations for TOC, TN, AP, AK, pH, WPAWD, SDAWD and EDAWD was 
2435 (76% of total observations), 2141 (67%), 1899 (59%), 1997 
(62%), 2009 (63%), 2022 (63%), 2733 (86%) and 2492 (78%), 
respectively. 

2.2. Data analysis 

2.2.1. Calculation of individual lnRs 
A global meta-analysis was performed, in which the control was 

denoted CF and the response of the variable to AWD was assessed using a 
natural log response ratio (lnR). lnR was calculated using Eq. (1):  

lnR = ln(Xt/Xc)                                                                               (1) 

where Xt and Xc are mean values of variables under AWD and in control, 
respectively. Extreme weights were generated using variance-based 
weighting (van Groenigen et al., 2011) following Eq. (2): 

Wr = (Nt × Nc)/(Nt+Nc) (2)  

where Wr is the weight associated with each observation, Nt and Nc are 
the numbers of replicates in the treatment and control, respectively. 

2.2.2. Overall lnR and model selection 
To determine whether the AWD pattern (WPAWD, EDAWD and SDAWD) 

affected the response variables, a mixed linear model that included 
random effects by studies was constructed as Eq. (3):  

lnR = β0 + β1⋅SDAWD + β2⋅ln(EDAWD) + β3⋅WPAWD + πstudy + ε       (3) 

where β, πstudy, and ε are coefficients, the random effect factor of 
‘study’, and sampling error, respectively. The random effect explicitly 
accounts for autocorrelation among observations within each ‘study’. 
Maximum likelihood estimation was performed using the lme4 package 
(Bates et al., 2017). 

β0 was the intercept value, which reflected the overall mean lnR at 
mean WPAWD, SDAWD and EDAWD. β1, β2 and β3 are the slopes of SDAWD, 
EDAWD and WPAWD, representing the change in lnR when SDAWD, EDAWD 
and WPAWD increase by one unit (Xu et al., 2020b). Variables of lnR and 
corresponding confidence intervals (CIs) were transformed back to the 
percentage change as Eq. (4):  

(elnR − 1) × 100%                                                                           (4)  

2.2.3. Data classification 
Several AWD explanatory variables were classified, including back-

ground soil properties and agricultural practices. Water potential levels 
were classified based on the x-intercept value of linear regression 
analysis and the irrigation treatment designs of most published studies 
(Chen and Chen, 2021). Agricultural practices included N rates, N forms, 
P treatments, planting seasons and soil amendments. The N rates were 
divided into six levels, N0 (0 kg N ha− 1), N1 (1 ~ 100 kg N ha− 1), N2 
(100 ~ 150 kg N ha− 1), N3 (150 ~ 200 kg N ha− 1), N4 (200 ~ 250 kg N 

Fig. 1. Distribution map of the locations and experimen-
tation types of studies on AWD. The types of field, pool and 
pot experimentation are green, navy and gray, respectively. 
The field, pool and, pot experimentations refer to the trials 
conducted in a pool surrounded by concrete walls on four 
sides, a natural field environment, and uniform containers, 
respectively. AWD, alternate wetting and drying irrigation; 
Wr, the weight associated with each observation. The in-
formation of the studies is listed in Supplementary 
Material.   
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ha− 1) and N5 (> 250 kg N ha− 1). The N form for the experiments was 
separated into inorganic N, inorganic + organic N (organic N was added 
to replace part of inorganic N), and controlled-release N. The P rates 
were divided into three levels: 0, 1 ~ 45 kg ha− 1, and 45 ~ 90 kg ha− 1, 
which were defined as 0P (no P application), LP (low P application rate) 
and NP (normal P application rate), respectively. Amendments included 
zeolite, biochar, straw and zinc. 

2.3. Statistical analysis 

In this study, the presence of potential publication bias was assessed 
with Begg’s rank test, Egger’s regression test and Rosenthal’s fail-safe 
number method. According to Begg’s and Egger’s tests, there was no 
publication bias when P > 0.05 (Furuya-Kanamori et al., 2020). 
Rosenthal’s fail-safe number was further calculated when P < 0.05. 
Potential publication bias within the variable didn’t affect the statistical 
effect if the fail-safe number is greater than 5 n + 10 (n, number of 
observations) (Feng and Zhu, 2021). According to the above analysis, 
there was no publication bias with regard to AWD effects, and the 
conclusions drawn regarding the estimated effect sizes of AWD were 
determined to be robust and reliable (Table S2). 

Kenward-Roger’s method was adopted to test whether AWD treat-
ments significantly affected lnR. Results were significant if the 95% CIs 
of lnR did not overlap with zero. LnR of response variables to AWD 
among the different classifications was compared by the heterogeneity 
test, a statistic based on a chi-squared test. QM is heterogeneity in effect 

sizes among categories of individual explanatory variables and a P value 
of QM smaller than 0.05 represents significant heterogeneity. 

Based on multiple linear regression, the Relaimpo package was used 
to calculate the contribution of each independent variable in the con-
structed regression model to R2 (representing the weight of the inde-
pendent variable to the total variance of the response variable) by 
variance decomposition and to quantitatively analyse the relative 
importance of AWD pattern (Groemping, 2006). A weighted 
random-forest analysis (RF) was carried out to identify the relative 
importance of edaphic factors on yield response to AWD using ran-
domForest package in R. The RF model averages over multiple regression 
trees to handle highly collinear predictors by spreading the importance 
of a variable across all variables. The importance of edaphic factors was 
estimated using an increase in the node purity of the variables 
(measured by the sum of the squares of residuals), and higher node 
purity values implied a more important variable (Han and Zhu, 2020). 
All statistical analyses were performed in R 4.0.2 (https://www.r-proj-
ect.org). 

3. Results 

3.1. Rice yield and water use efficiency under AWD 

Compared with CF, AWD had negative effect on rice yield of 6% 
(95% CI: − 9 ~ − 3%) and positive effect on WUE of 31% (95% CI: 22 ~ 
41%) (Fig. 2a). In terms of plant traits, we found that AWD on average 

Fig. 2. Effects of AWD on rice yield, WUE and plant traits. (a) The mean effect sizes of rice yield, WUE and plant traits. (b) The relationship between lnR of WUE and 
lnR of yield. (c, d) The relative importance of SDAWD, EDAWD and WPAWD for yield (c) and WUE (d) by variance decomposition analysis. Values in (a) are means and 
their 95% confidence intervals (CIs). Fitted regression and its 95% CI (shaded) are presented in (b). ‘* ’ and ‘* ** ’ denote statistical significance at P < 0.05 and 
P < 0.001, respectively. AWD, alternate wetting and drying irrigation; WUE, water use efficiency; SDAWD, soil depth that irrigation water is allowed to drop below the 
soil surface or the site of water potential measurement; EDAWD, experimental duration of the drying-wetting cycle; WPAWD, soil water potential; AB, aboveground 
biomass; Pn, photosynthetic rate; LAI, leaf area index; RB, root biomass; ROA, root oxidation activity. 
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increased root oxidation activity (17%), but reduced aboveground 
biomass (4%) and LAI (20%) (Fig. 2a). Effects of AWD on photosynthetic 
rate, tiller and root biomass were not significant (Fig. 2a). Differences in 
estimated effect sizes of AWD on yield and WUE did not reach significant 
level between experimentation types, including field, pot and pool 
experimentation (QM = 4.97 and QM = 6.50, respectively, Fig. S2). LnR 
of yield was positively correlated with lnR of WUE (P < 0.001) (Fig. 2b). 

Based on the mixed linear model, the most dominant factors influ-
encing WUE and yield were SDAWD and WPAWD, accounting for 85% and 
89% of the variation, respectively (Fig. 2c and d). Across studies, WPAWD 
ranged from − 80 kPa to − 5 kPa and was positively correlated with lnR 
of yield (P < 0.001) with the x-intercept value of − 14.6 kPa (rounded to 
− 15 kPa), suggesting a threshold for WPAWD above which yield loss was 
unlikely (Fig. 3a). 

We further divided WPAWD into three levels: LWP (light WPAWD, 
WPAWD greater than the threshold, WPAWD ≥ − 15 kPa), MWP (moderate 
WPAWD, WPAWD less than the threshold and between − 40 kPa and − 15 
kPa, including − 40 kPa) and SWP (severe WPAWD, WPAWD < − 40 kPa). 
Based on the heterogeneity test, the statistically significant lnR of yield 
among WPAWD levels was revealed (QM = 91.97, P < 0.001, Fig. 3b). 
LnR of yield was reduced by 12% (95% CI: − 16 ~ − 7%) and 18% (95% 
CI: − 24 ~ − 12%) under MWP and SWP, respectively, and remained 
near zero under LWP (Fig. 3b). However, effects of AWD on WUE did not 
vary across WPAWD levels (QM = 1.75, P = 0.087, Fig. S3). LnR of yield 
was significantly negatively correlated with SDAWD and EDAWD 

(P < 0.05, Fig. 3c and d). However, lnR of yield was positive under any 
of the following conditions: (1) SDAWD < 6.78 cm at any WPAWD level 
(Fig. 3c) or (2) SDAWD < 18.5 cm under LWP (Fig. 3c) or (3) any EDAWD 
under LWP (Fig. 3d). Meanwhile, lnR of WUE remained positive in all 
cases of EDAWD, WPAWD, and SDAWD (Fig. S4). 

3.2. Yield responded to AWD as affected by background soil properties 

Effects of AWD on yield depended on background soil properties 
including TOC, TN, AP, AK and pH across WPAWD. According to the 
regression analysis, lnR of yield was significantly and positively corre-
lated with lnRs of TOC, TN, AP and AK in background soil (Fig. 4a-d). 
However, a negative correlation was found between lnR of yield and 
background soil pH (Fig. 4e). AWD effects on yield shifted from negative 
to positive with increasing background soil TOC, TN, AP and AK at the 
threshold values of TOC (29.95 g kg− 1), TN (2.39 g kg− 1), AP 
(0.043 g kg− 1) and AK (0.16 g kg− 1), respectively (Fig. 4a-d), and shif-
ted from positive to negative with background soil pH when the 
threshold value of soil pH (5.27) was reached (Fig. 4e). LnRs of yield and 
WUE could be significantly increased by 5 ~ 11% and 26 ~ 83%, 
respectively when background soil conditions were modulated accord-
ing to the thresholds (Fig. 4f). 

Under LWP, yields did not decrease (Fig. 3b) and no correlation with 
background soil properties except for AP was found (Fig. 4a-e). When 
WPAWD dropped to MWP, lnR of yield has positive relationships with 

Fig. 3. The relationship between lnR of yield and AWD pattern. (a) The relationship of lnR of yield with WPAWD. (b) The changes in yield under three WPAWD levels 
including SWP, MWP and LWP. (c, d) The relationships of lnR of yield with SDAWD (c) and EDAWD (d) under different WPAWD levels. Fitted regressions and their 95% 
CIs (shaded) are presented in (a, c and d). Values in (b) are means with their 95% CIs. ‘* *’ and ‘* ** ’ denote statistical significance at P < 0.01 and P < 0.001, 
respectively. AWD, alternate wetting and drying irrigation; WPAWD, soil water potential; SWP, severe water potential, water potential < − 40 kPa; MWP, moderate 
water potential, water potential − 40 ~ − 15 kPa, including − 40 kPa; LWP, light water potential, water potential ≥ − 15 kPa; SDAWD, soil depth that irrigation water 
is allowed to drop below the soil surface or the site of water potential measurement; EDAWD, experimental duration of the drying-wetting cycle. 
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high TOC and AK (Fig. 4a and d). Regression analysis showed that lnRs 
of yield and WUE significantly increased by 5 ~ 7% and 40 ~ 45% with 
the thresholds of background soil TOC > 27.83 g kg− 1 and AK 
> 0.18 g kg− 1 under MWP, respectively (Fig. 4f). LnR of yield was al-
ways negative and could not be regulated by soil properties when 
WPAWD dropped to SWP (Fig. 4a-e). 

3.3. Bivariate relationships between yield and edaphic factors under AWD 

Soil nutrient status was affected by AWD (Fig. 5). On average, lnRs of 
TOC, TN, NO3

− , AP and AK significantly increased by 8% (95% CI: 2 ~ 
14%), 7% (95% CI: 0.4 ~ 14%), 19% (95% CI: 12 ~ 25%), 11% (95% CI: 
2 ~ 19%) and 30% (95% CI: 18 ~ 42%), respectively (Fig. 5a). LnRs of 
DOC and pH significantly declined by 18% (95% CI: − 24 ~ − 13%) and 
5% (95% CI: − 10 ~ − 0.2%), respectively (Fig. 5a). AWD had no effect 

Fig. 4. The relationships of yield and WUE with background soil properties under different WPAWD levels. (a-e) The relationship between lnR of yield and back-
ground soil TOC (a), TN (b), AP (c), AK (d) and pH (e). (f) The effect sizes of yield and WUE under defined background soil conditions. Fitted regressions and their 
95% CIs (shaded) are presented in (a-e). Values in (f) are means and their 95% CIs. ‘* ’ and ‘* *’ denote statistical significance at P < 0.05 and P < 0.01, respectively. 
WUE, water use efficiency; WPAWD, soil water potential; TOC, soil total organic carbon; TN, total nitrogen; AP, available phosphorus; AK, available potassium; SWP, 
severe water potential, water potential < − 40 kPa; MWP, moderate water potential, water potential − 40 ~ − 15 kPa, including − 40 kPa; LWP, light water po-
tential, water potential ≥ − 15 kPa. 
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Fig. 5. The relationship between lnR of 
yield and lnRs of soil properties under 
AWD. (a) The effect sizes of soil traits. (b- 
j) The relationship between lnR of yield 
and lnRs of soil properties including TOC 
(b), DOC (c), MBC (d), TN (e), NO3

− (f), 
NH4

+ (g), pH (h), AP (i) and AK (j). (k) 
Variable importance for the response of 
yield to AWD by weighted random-forest 
analysis. Values in (a) are means and 
their 95% CIs. Fitted regressions and their 
95% CIs (shaded) are presented in (b-j). 
‘* ’ and ‘* *’ denote statistical significance 
at P < 0.05 and P < 0.01, respectively. 
AWD, alternate wetting and drying irri-
gation; TOC, soil total organic carbon; 
DOC, dissolved organic carbon; MBC, mi-
crobial biomass carbon; TN, total nitro-
gen; AP, available phosphorus; AK, 
available potassium.   
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on soil MBC and NH4
+ (Fig. 5a). Meanwhile, the activity of soil enzymes, 

including urease, sucrase and phosphatase also showed significant 
changes (Fig. 5a). Considering the effects of different WPAWD, no sig-
nificant differences were found in most of the soil properties with the 
increase of WPAWD (Fig. S5; Table S3). Change in yield was significantly 
dependent on the changes in edaphic traits when assessed by regression 
analysis. Yield increased with increasing effect sizes of MBC, AK, and pH 
but reduced with increasing effect sizes of TOC, DOC and AP (Fig. 5b-j). 
LnR of NO3

− showed a significant downwards-convex relationship with 
lnR of yield, being largest when lnR of NO3

− was approximately 0.16 
(Fig. 5j). No significant correlations between yield and soil enzymes 
were observed (P > 0.05, Fig. S6). According to RF, lnR of TOC had the 
greatest influence on lnR of yield, which accounted for 0.19 of its var-
iable importance, followed by pH (0.16) and NO3

− (0.08). The results 
suggest that these three indices could act as the driving indicators un-
derpinning effect of AWD on yield (Fig. 5k). 

3.4. Response of yield to AWD as affected by agricultural practices 

Across studies, 718 observations were conducted on the effects of 
AWD incorporating agricultural practices on yield, such as N applica-
tion, zeolite, biochar, straw, P, zinc, and planting season (Fig. 6a). N- 
application rates had differential impacts on yield (Fig. 6a). Positive 
changes in yield were observed as 1% (95% CI: 0.2 ~ 2%) with N input 
rates of 200 ~ 250 N kg ha− 1 (N4), while negative changes in yield were 
observed as − 10% (95% CI: − 17 ~ − 3%) and − 5% (95% CI: − 7 ~ − 2%) 

with N input rates of 100 ~ 150 kg N ha− 1 (N2) and 150 ~ 200 kg 
N ha− 1 (N3), respectively (Fig. 6a). Compared with the effect size of 
− 6% (95% CI: − 11 ~ − 1%) of inorganic N fertilizer, AWD along with N 
fertilizer mixed of inorganic + organic and controlled-release N resulted 
in marginally positive responses of yield by 12% (95% CI: − 6 ~ 29%) 
and 8% (95% CI: − 4 ~ 21%), respectively (Fig. 6a). 

Effect sizes of P treatments were around zero (Fig. 6a). When AWD 
was combined with soil amendments such as zeolite, biochar, straw and 
zinc, yield was increased by 8% (95% CI: 1 ~ 15%), 11% (95% CI: 1 ~ 
23%), 10% (95% CI: 4 ~ 16%), and 9% (95% CI: 2 ~ 16%), respectively 
(Fig. 6a). We found no significant differences in yield response to 
planting seasons (QM = 0.09, P = 0.827) (Fig. 6a). 

The heterogeneity test showed that agricultural practices did not 
have significant effects on WUE but significantly influenced yield re-
sponses under differing WPAWD levels (Fig. 6). Under LWP, lnR of yield 
substantially improved with alternative agricultural practices, except for 
dry season planting which resulted in reduced yield. This improved ef-
fect was impaired when WPAWD was dropped to MWP and SWP, while 
marginally or significantly positive yield responses were observed only 
with low N-application rates and amendments of straw or biochar under 
MWP (N1: 3%, straw: 2%, biochar: 2%) (Fig. 6a). 

Fig. 6. Effects of N rate, N form, P treatment, soil amendment and planting season on yield (a) and WUE (b) under different WPAWD levels. Values are means and their 
95% CIs. ‘*’, ‘**’ and ‘***’ denote statistical significance at P < 0.05, P < 0.01 and P < 0.001, respectively. WUE, water use efficiency; WPAWD, soil water potential; 
SWP, severe water potential, water potential < − 40 kPa; MWP, moderate water potential, water potential − 40 ~ − 15 kPa, including − 40 kPa; LWP, light water 
potential, water potential ≥ − 15 kPa; N0, 0 kg N ha− 1; N1, 1 ~ 100 kg N ha− 1; N2, 100 ~ 150 kg N ha− 1; N3, 150 ~ 200 kg N ha− 1; N4, 200 ~ 250 kg N ha− 1; N5, 
> 250 kg N ha− 1; CRN, controlled-release nitrogen; 0P, no P application; LP, low P application rate; NP, normal P application rate; Zn, zinc; DS, dry season; WS, 
wet season. 
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4. Discussion 

4.1. Effects of AWD on water use efficiency and yield 

AWD, a water-saving irrigation technology, has been widely used in 
many rice-producing countries and regions (Fig. 1). Overall, this study 
demonstrated that implementation of AWD increased WUE by 31% 
while accompanied by a decrease of 6% in grain yield, compared with 
CF (Fig. 2), within the range of increase in WUE (24 ~ 34%) but out of 
the range of reduction in yield (3 ~ 5%) reported by previous meta- 
analyses (Table S1). Based on 3194 observations, the present meta- 
analysis for the first time statistically analysed the changes in rice 
growth, grain yield, and edaphic properties to comprehensively under-
stand how AWD impacted on soil and ensuing implication for crop 
growth. 

It is obviously that lower WPAWD reduced water consumption. 
However, AWD impacts on rice growth were closely related to changes 
in WPAWD (Table S3) (Thakur et al., 2018). Under severe water deficit 
(MWP and SWP), photosynthetic rate, tiller number, root oxidation ac-
tivity and biomass accumulation of plants decreased (Fig. S5). 
Contrarily, soil nutrients were improved and in favour of plant growth, 
hence, no loss in rice yield was observed under LWP (Figs. 3 and 5; 
Fig. S5; Table S3) (Yang and Zhang, 2010; Zhang et al., 2010). Our re-
sults therefore suggest that to achieve the win-win goal in yield and 
water-savings with AWD the most important factor (WPAWD) influencing 
rice yield should be maintained at levels greater than − 15 kPa (Fig. 3). 
Maintenance of such water potential enabled WUE increased up to 24% 
with concurrently yield improvements of 0.6% (Fig. 3b; Fig. S3). Besides 
WPAWD, optimizing SDAWD to less than 18.5 cm under LWP improved 
yields and WUE by 1% and 23%, respectively (Fig. S7). Previous 
meta-analyses have shown that the ratio of the number of days without 
standing water to the total days of growing period (UFR) was a key 
driver of water use, with yield losses more likely to occur at larger UFR 
(Bo et al., 2022). In contrast, we reported a positive effect of AWD on 
yield at any EDAWD under LWP (Fig. 3), further underscoring the 
importance of WPAWD in mediating grain yield. Overall, our findings 
highlight the quantitative interaction between AWD elements, enabling 
water use reduction without compromising yield. 

4.2. Soil properties influence yield responses to AWD 

4.2.1. Background soil properties regulating effects of AWD on yield 
Soil properties include TOC and other nutrient contents such as N, P, 

and K, and soil pH, which substantially affect rice growth and grain yield 
(Atere et al., 2017; Kopittke et al., 2022), and contribute to the impact of 
AWD (Fig. 4). We found that lnR of yield was positively correlated with 
TOC, TN, AP and AK, and AWD reduced yield only in soil condition 
below the threshold values (Fig. 4), suggesting that negative effects of 
AWD on yield may be mitigated with suitable nutrient conditions (Fig. 4; 
Table S4) (Bo et al., 2022; Wu et al., 2017; Yang et al., 2004). Organic C 
can provide a large amount of substrate for soil microbial growth 
(Kopittke et al., 2022), and alter soil structure, such as by formation of 
aggregates (Audette et al., 2021). Together, these factors increase water 
holding capacity at the drained upper limit, increasing plant available 
water (Bo et al., 2022; Rawls et al., 2003). In addition, soil nutrients 
including TN, AP and AK play an important role in rice growth (Sir-
isuntornlak et al., 2020; Xu et al., 2020a), soil health (Yang et al., 2022) 
as well as TOC sequestration (Table S4) (Kopittke et al., 2022). Hence, 
TOC-dominated AWD effect on rice yield could be explained via pro-
motion of N mineralization and availability during aerobic periods of 
AWD (Akter et al., 2018; Xu et al., 2020c). Further, the effects of AWD 
on yield were influenced by the interaction of WPAWD and soil proper-
ties. Yield responses under MWP went from a 12% reduction to a 5 ~ 7% 
increase when background soil TOC > 27.83 g kg− 1 and AK 
> 0.18 g kg− 1 (Figs. 3b and 4). Consequently, our results reveal an 
achievable path for integrating MWP in nutrient-rich background soils 

(TOC > 27.83 g kg− 1 and AK > 0.18 g kg− 1), allowing synergistic irri-
gation water reduction while maintaining rice yield levels. 

4.2.2. Responses of soil properties to AWD 
Frequent changes in the drying-wetting regime alter the content and 

stability of plant-available nutrients and aerobic-anaerobic conditions in 
paddy fields, which in turn have implications for plant growth (Mariotte 
et al., 2018; Veresoglou et al., 2022). 

Generally, AWD may influence grain yield in two ways. From the 
aspect of plants, AWD had strongly negative consequence on LAI, as a 
result, although the photosynthetic rate was slightly increased, it still 
caused a significant reduction in aboveground biomass (Fig. 2; Fig. S8; 
Table S3). Previous studies have shown that root oxidation activity 
during aerobic periods of AWD could delay root senescence and increase 
nutrient uptake (Zhang et al., 2021, 2022), however, enhanced root 
oxidation activity can’t compensate for the loss of tiller number and 
aboveground biomass, ultimately resulting in lower yield (Fig. 2). 

From the aspect of soils, first, reduced water supply from paddies has 
detrimental implications for LAI, photosynthetic rate, and aboveground 
biomass accumulation, resulting in accelerated rice senescence and 
increased litter input into the soil (Audette et al., 2021; Zhang et al., 
2012) or promoted root deposition (Atere et al., 2017). Together, these 
factors are known to increase TOC (Henry et al., 2022). Our data showed 
that lnR of TOC had the greatest influence on lnR of yield with increasing 
lnR of TOC reducing lnR of yield (Fig. 5). LnR of yield was negative when 
lnR of TOC > 0.0003 (Fig. 5b). These results indicate that large increases 
in soil TOC can impair plant growth, and optimizing AWD imple-
mentation can slow the increase in soil TOC and improve yield by 
enhancing assimilate remobilization and accelerating the grain-filling 
rate (Fig. 5; Fig. S9; Table S3) (Yang and Zhang, 2010). Second, soil 
drying-wetting cycles can result in fluctuating soil redox potential, thus 
affecting various soil oxidoreductase activities (Brzezińska et al., 1998; 
Li et al., 2018). Key processes include nitrification and denitrification, 
which are known to be important for nitrogen assimilation and/or 
immobilization (Liu et al., 2023). Under AWD, TN and NO3

− increased, 
however, NH4

+ was not significantly impacted (Fig. 5). It can be known 
that NH4

+ is the main N form assimilated by rice plants (Duan et al., 
2007; Li et al., 2022), and NO3

− is not adsorbed by soil and usually more 
susceptible to leaching (Amin et al., 2021). Both regression and RF 
analysis showed that yield could gain a desirable increase of 4% by 
keeping lnR of NO3

− between 0.02 and 0.30 (Fig. 5; Fig. S9). Third, the 
slight reduction in lnR of pH positively correlated with yield mainly due 
to the availability of primary nutrients and trace elements (Ding et al., 
2019; Malik et al., 2018) (Fig. 5). However, soil acidification with 
decreased pH might inhibit plant growth (Peng et al., 2011). In some 
cases, even a minor change in pH may weaken soil enzyme activity and 
disturb the habitat of soil microbes, affecting the functionality of 
plant-soil ecosystems (Fig. S10) (Ji et al., 2022). Changes in pH should 
thus be greater than − 0.015 to increase yield by at least 3% (Fig. 5; 
Fig. S9). Alternatively, holding an appropriate background pH was also 
beneficial to buffer soil acidification and provided a suitable environ-
ment for the growth of rice and soil microbes (Fig. 4e; Table. S4). 

To achieve the ternary effect of AWD on yield, WUE and soil sus-
tainability, our meta-analysis results point towards monitoring of the 
three drivers (lnRs of TOC, NO3

− and pH) during AWD. In practice, once 
lnR of TOC > 0.0003, lnR of NO3

− > 0.30 and lnR of pH < − 0.015, the 
WPAWD level should be increased to avoid potential yield penalties. 
Consequently, diagnosing and maintaining the effect size within the 
threshold range is desirable and could generate satisfactory outcomes 
both in yields and water-savings. 

4.3. Agricultural practices positively modify yield responses to AWD 

Detrimental effects of AWD on yield can be reduced when AWD was 
implemented with agricultural practices (Fig. 6) (Bo et al., 2022), such 
as N application (N form and N rate), soil amendments of straw, zinc, 
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biochar and zeolite (Fig. 6). Optimized water and fertilizer scenarios are 
beneficial to increase rhizosphere microbes and enzyme activity, thus 
balancing the N and C cycling and creating a suitable nutrient supply for 
plant uptake (Cao et al., 2021; Xu et al., 2020c). AWD implementation 
under LWP combined with beneficial agricultural practices could in-
crease yield by up to 18% (Fig. 6a). When AWD was implemented with 
more severe water-saving approaches under MWP and SWP (Fig. 3b), 
yield decreased by 12% and 18%, respectively. Remarkably, yield and 
WUE could be increased by 2 ~ 3% and 43 ~ 52%, respectively, when 
combing N application in low rates and amendments of straw and bio-
char under MWP (Fig. 6a). Therefore, the interactive effects of water and 
N provide the opportunity for sustainable development of rice produc-
tion with low water and N fertilizer inputs. 

The present study highlights lnRs of TOC, NO3
− and pH as dominant 

indicators for real-time monitoring soil changes under AWD (Fig. 5; 
Table S5). When organic N was added to replace inorganic N, lnR of TOC 
significantly changed by − 0.053, a quantum that was lower than lnR of 
TOC threshold of 0.0003. Soil amendments are an effective method for 
weakening the adverse impact of water stress on plants by improving 
soil physical properties (Chen et al., 2021; Zheng et al., 2018) or water 
holding capacity (He et al., 2015; Yang et al., 2005). Biochar amend-
ment reduced lnRs of TOC and pH by 0.047 and 0.013, respectively, and 
straw amendment increased lnR of NO3

− by 0.153 in MWP (Table S5). 
Trends in these driving indicators consistently improved yield (Fig. 5; 
Fig. S9). Together, combining AWD with agricultural practices was 
beneficial to soil conditions, inducing considerable improvement in rice 
yields (1 ~ 12%) and WUE (up to 65%) (Fig. 6). 

5. Conclusions 

Our extensive meta-analysis revealed that AWD significantly 
improved WUE by 31% with a yield penalty of 6%. Moreover, according 
to our results, three managements can be recommended for sustainably 
reducing water use and maintaining or increasing yields: (1) ensuring 
that WPAWD is maintained at levels greater than − 15 kPa and SDAWD less 
than 18.5 cm; (2) real-time adjustment of WPAWD through monitoring of 
the soils, particularly for the changes in TOC < 0.0003, pH > − 0.015 
and nitrate-nitrogen between 0.02 and 0.30; (3) for greater water 
saving, WPAWD could be reduced to − 40 kPa by modulating background 
soil TOC > 27.83 g kg− 1 and AK > 0.18 g kg− 1 or coupling with N 
application in low rates and addition of straw or biochar (Fig. 7). To this 

end, emergent practices of rice should consider not just yield and water 
use, but other co-benefits and trade-offs for production, farmer pros-
perity and the environment. 

AWD will be a vital part of advancement in water-savings, produc-
tivity and soil health. Despite limitations in the available literature 
regarding interactions between soil biology, agricultural practices and 
AWD, we developed integrated strategies for reducing yield penalty 
and/or improving yields via AWD. Our findings emphasize the impor-
tance of exploring the interactive effects of multiple variables to un-
derstand changes in paddy ecosystems including rice growth 
interactions with soil C and N cycling. Future studies should focus on the 
long-term, integrated implications of AWD, particularly AWD effects on 
soil biology (nutrient and microbiome) using multifactorial experiments 
to develop practical adoption pathways for achieving multiple sustain-
able agricultural goals. 
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Fig. 7. Conceptual diagram of AWD influ-
encing rice yield. AWD results in WUE increase 
of 31% with yield penalty of 6%. Changes in 
TOC, pH and NO3

− in soil act as the driving in-
dicators underpinning the effect of AWD on 
yield. Integrated AWD strategies amplify the 
beneficial effects of soil properties and increase 
yield and WUE by 1 ~ 7% and 23 ~ 52%, 
respectively. Symbols ‘↑’ and ‘↓’ denote positive 
and negative responses to AWD, respectively. 
AWD, alternate wetting and drying irrigation; 
CF, continuous flooding; WUE, water use effi-
ciency; TOC, soil total organic carbon; DOC, 
dissolved organic carbon; MBC, microbial 
biomass carbon; TN, total nitrogen; AP, avail-
able phosphorus; AK, available potassium.   
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Knabner, I., Lam, S.K., Marschner, P., Martinez, C., McBratney, A.B., McDonald- 
Madden, E., Menzies, N.W., Mosley, L.M., Mueller, C.W., Murphy, D.V., Nielsen, U. 
N., O’Donnell, A.G., Pendall, E., Pett-Ridge, J., Rumpel, C., Young, I.M., Minasny, B., 
2022. Ensuring planetary survival: the centrality of organic carbon in balancing the 
multifunctional nature of soils. Crit. Rev. Environ. Sci. Technol. 23, 4308–4324. 
https://doi.org/10.1080/10643389.2021.2024484. 

Li, F., Ren, J., Wimmer, S., Yin, C., Li, Z., Xu, C., 2020. Incentive mechanism for 
promoting farmers to plant green manure in China. J. Clean. Prod. 267. https://doi. 
org/10.1016/j.jclepro.2020.122197. 

Li, S., Chen, Y., Li, T., Yu, F., Zhang, Y., Liu, K., Zhang, H., Gu, J., Yang, J., Liu, L., 2022. 
Alternate wetting and moderate soil drying irrigation counteracts the negative 
effects of lower nitrogen levels on rice yield. Plant Soil 481, 367–384. https://doi. 
org/10.1007/s11104-022-05644-6. 

Li, Z., Li, Z., Letuma, P., Zhao, H., Zhang, Z., Lin, W., Chen, H., Lin, W., 2018. A positive 
response of rice rhizosphere to alternate moderate wetting and drying irrigation at 
grain filling stage. Agric. Water Manag. 207, 26–36. https://doi.org/10.1016/j. 
agwat.2018.05.022. 

Liang, G., 2022. Nitrogen fertilization mitigates global food insecurity by increasing 
cereal yield and its stability. Glob. Food Secur. 34, 100652 https://doi.org/10.1016/ 
j.gfs.2022.100652. 

Linquist, B.A., Anders, M.M., Adviento-Borbe, M.A., Chaney, R.L., Nalley, L.L., da 
Rosa, E.F., van Kessel, C., 2015. Reducing greenhouse gas emissions, water use, and 
grain arsenic levels in rice systems. Glob. Chang. Biol. 21, 407–417. https://doi.org/ 
10.1111/gcb.12701. 

Liu, K., Harrison, M.T., Yan, H., Liu, L., Meinke, H., Hoogenboom, G., Wang, B., Peng, B., 
Guan, K., Jaegermeyr, J., Wang, E., Zhang, F., Yin, X., Archontoulis, S., Nie, L., 
Badea, A., Man, J., Wallach, D., Zhao, J., Benjumea, A.B., Fahad, S., Tian, X., 
Wang, W., Tao, F., Zhang, Z., Rotter, R., Yuan, Y., Zhu, M., Dai, P., Nie, J., Yang, Y., 
Zhang, Y., Zhou, M., 2023. Silver lining to a climate crisis in multiple prospects for 
alleviating crop waterlogging under future climates. Nat. Commun. 14, 765. doi: 
10.1038/s41467-023-36129-4. 

Liu, L., Ouyang, W., Liu, H., Zhu, J., Ma, Y., Wu, Q., Chen, J., Zhang, D., 2021. Potential 
of paddy drainage optimization to water and food security in China. Resour. 
Conserv. Recycl. 171, 105624 https://doi.org/10.1016/j.resconrec.2021.105624. 

Livsey, J., Kätterer, T., Vico, G., Lyon, S.W., Lindborg, R., Scaini, A., Da, C.T., 
Manzoni, S., 2019. Do alternative irrigation strategies for rice cultivation decrease 
water footprints at the cost of long-term soil health? Environ. Res. Lett. 14, 074011 
https://doi.org/10.1088/1748-9326/ab2108. 

Lu, J., Ookawa, T., Hirasawa, T., 2000. The effects of irrigation regimes on the water use, 
dry matter production and physiological responses of paddy rice. Plant Soil 223, 
209–218. https://doi.org/10.1023/a:1004898504550. 

Malik, A.A., Puissant, J., Buckeridge, K.M., Goodall, T., Jehmlich, N., Chowdhury, S., 
Gweon, H.S., Peyton, J.M., Mason, K.E., van Agtmaal, M., Blaud, A., Clark, I.M., 
Whitaker, J., Pywell, R.F., Ostle, N., Gleixner, G., Griffiths, R.I., 2018. Land use 
driven change in soil pH affects microbial carbon cycling processes. Nat. Commun. 9, 
3591. https://doi.org/10.1038/s41467-018-05980-1. 

Mariotte, P., Mehrabi, Z., Bezemer, T.M., De Deyn, G.B., Kulmatiski, A., Drigo, B., 
Veen, G.F.C., van der Heijden, M.G.A., Kardol, P., 2018. lant-soil feedback: Bridging 
natural and agricultural sciences. Trends Ecol. Evol. 33, 129–142. https://doi.org/ 
10.1016/j.tree.2017.11.005. 

Mekonnen, M.M., Hoekstra, A.Y., 2016. Four billion people facing severe water scarcity. 
Sci. Adv. 2, e1500323 https://doi.org/10.1126/sciadv.1500323. 

Moher, D., Liberati, A., Tetzlaff, J., Altman, D.G., 2010. Preferred reporting items for 
systematic reviews and meta-analyses: the PRISMA statement (The PRISMA Group). 
Int. J. Surg. 8, 336–341. https://doi.org/10.1016/j.ijsu.2010.02.007. 

Mueller, N.D., Gerber, J.S., Johnston, M., Ray, D.K., Ramankutty, N., Foley, J.A., 2012. 
Closing yield gaps through nutrient and water management. Nature 490, 254–257. 
https://doi.org/10.1038/nature11420. 

Muleke, A., Harrison, M.T., de Voil, P., Hunt, I., Liu, K., Yanotti, M., Eisner, R., 2022. 
Earlier crop flowering caused by global warming alleviated by irrigation. Environ. 
Res. Lett. 17, 044032 https://doi.org/10.1088/1748-9326/ac5a66. 

Y. Zhang et al.                                                                                                                                                                                                                                   



Agricultural Water Management 281 (2023) 108265

12

Peng, S., Buresh, R.J., Huang, J., Zhong, X., Zou, Y., Yang, J., Wang, G., Liu, Y., Hu, R., 
Tang, Q., Cui, K., Zhang, F., 2011. Dobermann, A. Improving nitrogen fertilization in 
rice by site-specific N management. In: Lichtfouse, E., Hamelin, M., Navarrete, M., 
Debaeke, P. (Eds.), Sustainable Agriculture, Volume 2. Springer, Netherlands, 
Dordrecht, pp. 943–952. 

Pretty, J., 2018. Intensification for redesigned and sustainable agricultural systems. 
Science 362. https://doi.org/10.1126/science.aav0294. 

Qiao, L., Wang, X., Smith, P., Fan, J., Lu, Y., Emmett, B., Li, R., Dorling, S., Chen, H., 
Liu, S., Benton, T.G., Wang, Y., Ma, Y., Jiang, R., Zhang, F., Piao, S., Mϋller, C., 
Yang, H., Hao, Y., Li, W., Fan, M., 2022. Soil quality both increases crop production 
and improves resilience to climate change. Nat. Clim. Chang. 12, 574–580. https:// 
doi.org/10.1038/s41558-022-01376-8. 

Rawls, W.J., Pachepsky, Y.A., Ritchie, J.C., Sobecki, T.M., Bloodworth, H., 2003. Effect 
of soil organic carbon on soil water retention. Geoderma 116, 61–76. https://doi. 
org/10.1016/s0016-7061(03)00094-6. 

Sandhya, K., Prakash, N.B., 2019. Bioavailability of silicon from different sources and its 
effect on the yield of rice in acidic, neutral, and alkaline soils of Karnataka, South 
India. Commun. Soil Sci. Plant Anal. 50, 295–306. https://doi.org/10.1080/ 
00103624.2018.1563096. 

Sirisuntornlak, N., Ullah, H., Sonjaroon, W., Anusontpornperm, S., Arirob, W., Datta, A., 
2020. Interactive effects of silicon and soil pH on growth, yield and nutrient uptake 
of maize. Silicon 13, 289–299. https://doi.org/10.1007/s12633-020-00427-z. 

Sriphirom, P., Chidthaisong, A., Towprayoon, S., 2019. Effect of alternate wetting and 
drying water management on rice cultivation with low emissions and low water used 
during wet and dry season. J. Clean. Prod. 223, 980–988. https://doi.org/10.1016/j. 
jclepro.2019.03.212. 

Surendran, U., Raja, P., Jayakumar, M., Subramoniam, S.R., 2021. Use of efficient water 
saving techniques for production of rice in India under climate change scenario: A 
critical review. J. Clean. Prod. 309, 127272 https://doi.org/10.1016/j. 
jclepro.2021.127272. 

Thakur, A.K., Mandal, K.G., Mohanty, R.K., Ambast, S.K., 2018. Rice root growth, 
photosynthesis, yield and water productivity improvements through modifying 
cultivation practices and water management. Agric. Water Manag. 206, 67–77. 
https://doi.org/10.1016/j.agwat.2018.04.027. 

The world bank, 2017, Water resources management. 〈https://www.worldbank.org/en/ 
topic/waterresourcesmanagement〉. 

Veresoglou, S.D., Li, G.C., Chen, J., Johnson, D., 2022. Direction of plant-soil feedback 
determines plant responses to drought. Glob. Chang. Biol. 28, 3995–3997. https:// 
doi.org/10.1111/gcb.16204. 

Wang, H., Zhang, Y., Zhang, Y., McDaniel, M.D., Sun, L., Su, W., Fan, X., Liu, S., Xiao, X., 
2020. Water-saving irrigation is a ‘win-win’ management strategy in rice paddies – 
With both reduced greenhouse gas emissions and enhanced water use efficiency. 
Agric. Water Manag. 228, 105889 https://doi.org/10.1016/j.agwat.2019.105889. 

Wen, E., Yang, X., Chen, H., Shaheen, S.M., Sarkar, B., Xu, S., Song, H., Liang, Y., 
Rinklebe, J., Hou, D., Li, Y., Wu, F., Pohorely, M., Wong, J.W.C., Wang, H., 2021. 
Iron-modified biochar and water management regime-induced changes in plant 
growth, enzyme activities, and phytoavailability of arsenic, cadmium and lead in a 
paddy soil. J. Hazard. Mater. 407, 124344 https://doi.org/10.1016/j. 
jhazmat.2020.124344. 

Wu, X., Ge, T., Yan, W., Zhou, J., Wei, X., Chen, L., Chen, X., Nannipieri, P., Wu, J., 2017. 
Irrigation management and phosphorus addition alter the abundance of carbon 

dioxide-fixing autotrophs in phosphorus-limited paddy soil. FEMS Microbiol. Ecol. 
93, fix154. https://doi.org/10.1093/femsec/fix154. 

Xu, C.M., Chen, L.P., Chen, S., Chu, G., Wang, D.Y., Zhang, X.F., 2020c. Rhizosphere 
aeration improves nitrogen transformation in soil, and nitrogen absorption and 
accumulation in rice plants. Rice Sci. 27, 162–174. https://doi.org/10.1016/j. 
rsci.2020.01.007. 

Xu, F., Song, T., Wang, K., Xu, W., Chen, G., Xu, M., Zhang, Q., Liu, J., Zhu, Y., 
Rensing, C., Zhang, J., Yuan, W., 2020a. Frequent alternate wetting and drying 
irrigation mitigates the effect of low phosphorus on rice grain yield in a 4–year field 
trial by increasing soil phosphorus release and rice root growth. Food Energy Secur. 
9, e206 https://doi.org/10.1002/fes3.206. 

Xu, W., Whitman, W.B., Gundale, M.J., Chien, C.C., Chiu, C.Y., 2020b. Functional 
response of the soil microbial community to biochar applications. GCB Bioenergy 13, 
269–281. https://doi.org/10.1111/gcbb.12773. 

Yang, C., Yang, L., Yang, Y., Ouyang, Z., 2004. Rice root growth and nutrient uptake as 
influenced by organic manure in continuously and alternately flooded paddy soils. 
Agric. Water Manag. 70, 67–81. https://doi.org/10.1016/j.agwat.2004.05.003. 

Yang, C., Yang, L., Ouyang, Z., 2005. Organic carbon and its fractions in paddy soil as 
affected by different nutrient and water regimes. Geoderma 124, 133–142. https:// 
doi.org/10.1016/j.geoderma.2004.04.008. 

Yang, J., Zhang, J., 2010. Crop management techniques to enhance harvest index in rice. 
J. Exp. Bot. 61, 3177–3189. https://doi.org/10.1093/jxb/erq112. 

Yang, R., Wang, Z., Fahad, S., Geng, S., Zhang, C., Harrison, M.T., Adnan, M., Saud, S., 
Zhou, M., Liu, K., Wang, X., 2022. Rice paddies reduce subsequent yields of wheat 
due to physical and chemical soil constraints. Front. Plant Sci. 13, 959784 https:// 
doi.org/10.3389/fpls.2022.959784. 

Zhang, H., Chen, T., Wang, Z., Yang, J., Zhang, J., 2010. Involvement of cytokinins in the 
grain filling of rice under alternate wetting and drying irrigation. J. Exp. Bot. 61, 
3719–3733. https://doi.org/10.1093/jxb/erq198. 

Zhang, W., Yu, J., Xu, Y., Wang, Z., Liu, L., Zhang, H., Gu, J., Zhang, J., Yang, J., 2021. 
Alternate wetting and drying irrigation combined with the proportion of polymer- 
coated urea and conventional urea rates increases grain yield, water and nitrogen 
use efficiencies in rice. Field Crop. Res. 268, 108165 https://doi.org/10.1016/j. 
fcr.2021.108165. 

Zhang, W., Zhou, Y., Li, C., Zhu, K., Xu, Y., Wang, W., Liu, L., Zhang, H., Gu, J., Wang, Z., 
Zhang, J., Yang, J., 2022. Post-anthesis moderate soil-drying facilitates source-to- 
sink remobilization of nitrogen via redistributing cytokinins in rice. Field Crop. Res. 
288, 108692 https://doi.org/10.1016/j.fcr.2022.108692. 

Zhang, Y., Tang, Q., Peng, S., Xing, D., Qin, J., Laza, R.C., Punzalan, B.R., 2012. Water 
use efficiency and physiological response of rice cultivars under alternate wetting 
and drying conditions. Sci. World J. 2012, 287907 https://doi.org/10.1100/2012/ 
287907. 

Zhao, Y., Wang, M., Hu, S., Zhang, X., Ouyang, Z., Zhang, G., Huang, B., Zhao, S., Wu, J., 
Xie, D., Zhu, B., Yu, D., Pan, X., Xu, S., Shi, X., 2018. Economics- and policy-driven 
organic carbon input enhancement dominates soil organic carbon accumulation in 
Chinese croplands. Proc. Natl. Acad. Sci. USA 115, 4045–4050. https://doi.org/ 
10.1073/pnas.1700292114. 

Zheng, J., Chen, T., Wu, Q., Yu, J., Chen, W., Chen, Y., Siddique, K.H.M., Meng, W., 
Chi, D., Xia, G., 2018. Effect of zeolite application on phenology, grain yield and 
grain quality in rice under water stress. Agric. Water Manag. 206, 241–251. https:// 
doi.org/10.1016/j.agwat.2018.05.008. 

Y. Zhang et al.                                                                                                                                                                                                                                   


