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Abstract
Rice is traditionally cultivated worldwide under continuous flooding irrigation. However, in Mediterranean environments, 
there has recently been a decline in the area of rice cultivation in several producing regions where water supplies for this 
crop cannot always be guaranteed. Therefore, it is necessary to identify alternative crop management strategies that improve 
water-use efficiency in order to ensure the sustainability of rice production. It has been postulated that rice production under 
alternate wetting and drying (AWD) irrigation requires less water than flooding. However, the effects of the AWD system 
on rice yield components remain unclear, with different trends observed. It has been suggested that the soil properties are 
a crucial factor in this regard. In fact, drops in rice yields under AWD have been attributed to the low soil organic matter 
content. Consequently, the incorporation of organic amendments could offset this organic matter deficit, and the subsequent 
enhancement in rice productivity might also ensure its sustainability in areas where water availability is scarce. This study is 
the first to analyse how the soils properties, rice yields components, and water productivity were influenced by fresh and field 
aged biochar applied to rice soils under conventional flooding and AWD using two-threshold (mild and severe). The results 
showed that the transition from flood management to AWD management has had a significant impact on soil properties and 
rice yields, though this was dependent on the threshold. Consequently, yield losses occurred under severe AWD conditions 
in comparison to the flooded systems. Nevertheless, the use of holm oak biochar was found to enhance rice yields under 
AWD systems, particularly under severe conditions and following the field ageing process. Thus, the combined use of biochar 
and AWD may be a sustainable strategy to enhance water productivity, which is one of the main objectives in the rice crop.

Keywords  AWD · Biochar-aging · Rice yield · Sustainable rice · Water management

1  Introduction

Rice (Oryza sativa L.) is threatened by the scarcity of water 
resources (Zhang et al. 2023) as permanent flooding irriga-
tion system throughout the crop cycle uses large volumes 
of water. Indeed, Li et al. (2023a) indicated that rice pro-
duction consumes approximately 40% of global freshwa-
ter resources, requiring up to 2500 L of water per kg yield. 
However, the water requirements of other typical cereals 
such as corn and wheat are estimated at 650–900 L per kg 
(Pimentel et al. 2007), showing the low water productivity in 
rice fields under flooding conditions. This situation is even 
less sustainable in areas with a Mediterranean climate, such 
as Italy and Spain which are the largest rice producers in the 
European Union (Rato-Nunes et al. 2023), where tradition-
ally the rice crop contributes to their economic and social 
development (Oliver et al. 2019). For example, Straffelini 
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and Tarolli (2023) indicated that, after years of extreme 
drought, around 60% of the rice yield in the Po Delta, one 
of the most important wetlands in Europe, has recently been 
compromised. Similarly, Stefano et al. (2014) indicated that 
the rice production under a permanent flooding system, in 
the Doñana wetlands (southern Spain), is quite vulnerable 
in view of the climate trends that imply a significant reduc-
tion in water availability in the region (Lavado et al. 2023). 
Hence, alternative irrigation management practices in rice 
cropping are urgently needed to improve its sustainability 
(Majumdar et al. 2023), especially in water-stressed regions 
(Rato-Nunes et al. 2023; Spanu et al. 2009). Against this 
backdrop, different irrigation systems such as sprinkler, sub-
surface drip, furrow-irrigated, and alternate wetting and dry-
ing (AWD) have been proposed as interesting alternatives to 
permanent flooding (e.g., Martín-Franco et al. 2023; Suren-
dran et al. 2021). The most promising of these alternatives is 
AWD (Majumdar et al. 2023), mainly because it is not asso-
ciated with changes in irrigation equipment, which allows 
its application without additional costs (Mallareddy et al. 
2023), minimizing risks and boosting investment (Pavolová 
et al. 2021). Indeed, for an agricultural system to be consid-
ered sustainable, it must first be competitive and profitable. 
Thus, Majumdar et al. (2024) indicated that the application 
of the AWD practice promotes several aspects of the sustain-
able development goals (SDG) by the United Nations, such 
as food security, higher crop yields and sustainable agricul-
ture (SDG-2, Zero Hunger), minimizing agricultural water 
consumption (SDG-6, Clean Water and Sanitation) and 
increasing the economic profit of agricultural products (SDG 
12, Responsible Consumption and Production). However, a 
major problem in implementing the AWD system is concern 
over its effects on agronomic yields (Fertitta-Roberts et al. 
2019). Indeed, in the scientific literature, the results on rice 
grain yields under AWD vary significantly across studies, 
with some indicating that the effects could be positive (e.g., 
Hoang et al. 2023), others that they could be negative (Car-
rijo et al. 2017; Zhang et al. 2023), and others finding them 
to be negligible (Loaiza et al. 2024; Martínez-Eixarch et al. 
2021). This controversy could be caused by the complexity 
and extensive variability of AWD management, associated 
with three fundamental factors (Zhang et al. 2023). The first 
is related to the subjectivity in the use of the AWD system, 
such as the water potential level or the frequency and tim-
ing of the drying-wetting cycle (Fertitta-Roberts et al. 2019; 
Thakur et al. 2018). The second is related to the properties of 
the soils and their effects on AWD (e.g., Carrijo et al. 2017). 
And the third involves the agricultural practices in differ-
ent regions, which reflect their specific characteristics and 
political, economic and climatic conditions (e.g., Martínez-
Eixarch et al. 2021). However, whereas the impact of AWD 
on rice growing has been analyzed widely in Asia (Hoang 
et al. 2023; Li et al. 2024; Majumdar et al. 2023; Surendran 

et al. 2021), few studies have been conducted in other rice 
ecosystems in water-stressed regions (Lagomarsino et al. 
2016; Oliver et al. 2019). Oliver et al. (2019) showed that 
the soil’s properties (physical and chemical) were key fac-
tors in maintaining rice yields under AWD systems. Simi-
larly, a meta-analysis conducted by Carrijo et al. (2017), 
based on 56 studies, found that rice yield losses were highest 
under severe AWD (when soils were dried to values of water 
potential above − 20 kPa) in soils with low soil organic car-
bon (< 1%).There is an urgent need to develop management 
strategies for rice production in combination with AWD irri-
gation system in order to achieve the sustainability of this 
substantial food security crop (Zhang et al. 2023).

Another promising strategy is the application of biochar 
(a quite stable substance very rich in carbon compounds 
and of high porosity), which has shown to increase a soil’s 
organic carbon and pH, and improves its retention of nutri-
ents and their uptake by plants (Maroušek and Trakal 2022; 
Materu et al. 2024). Biochar-amended soils show high lev-
els of soil enzyme activities, which can greatly influence 
crop productivity (Wen et al. 2021). Furthermore, due to its 
important surface area, the use of biochar as organic amend-
ment can improve paddy soil water retention capacity (Yang 
and Lu 2021). These beneficial impacts mean that the appli-
cation of biochar improves soil quality and fertility, thereby 
enhancing crop productivity (Alburquerque et al. 2013; 
Li et al. 2023b), including that of rice (Liao et al. 2021). 
Nevertheless, the impact of biochar on rice yields under 
water-saving irrigation systems remains largely unexplored 
(Rato-Nunes et al. 2023), especially with AWD irrigation. 
Indeed, the few studies that have been carried out show 
great variability in their results, although all of them were 
conducted under a mild severity regime. Thus, whereas 
Sriphirom and Rossopa (2023), in Thailand, indicated that 
biochar did not cause significant changes in agronomic 
yields, regardless of the irrigation system used (flooding 
or AWD), Nam et al. (2024) found significant increases (up 
to 21%) after biochar application in rice fields in Vietnam. 
Similarly, Liu et al. (2024) showed in a study carried out in 
China that the effects of combining biochar with AWD are 
time-dependent, with decreases in its fresh effect (first year) 
and increases after the aging period (second and third years) 
in rice yields. Likewise, Haque et al. (2022) and Wen et al. 
(2021) indicated that biochar could outweigh the potential 
rice yield penalties under AWD, although both studies were 
carried out in pots experiments under controlled conditions. 
Therefore, in order to validate these results and to provide 
farmers with advice and recommendations, further studies 
need to carried out under other environments and in field 
conditions. Indeed, a review of the literature revealed no 
published studies evaluating the effects of combined use of 
biochar and AWD irrigation on rice production in semiarid 
regions.
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The hypothesis of this study was that the combined use 
of AWD irrigation under high level of severity (− 70 kPa) 
and biochar (fresh and field aged) could represent an attrac-
tive strategy for ensuring the sustainability of rice production, 
promoting the rational use of water resources. To confirm 
this hypothesis, a 3-year field experiment was conducted to 
explore the effects of AWD irrigation systems with and with-
out biochar application on physicochemical and biological soil 
properties, as well as on rice yield components and water pro-
ductivity in a semiarid Mediterranean region (Fig. 1). Since 
one of the main sources of uncertainty about the impacts of 
AWD management on rice yields stems from the different 
types of AWD systems in terms of severity (threshold for 
reflooding) (Martínez-Eixarch et al. 2021), two categories 
for AWD (mild and severe) were implemented. Furthermore, 
since biochar properties can be altered by aging processes 
(López-Piñeiro et al. 2022), the effects of field-aged biochar 
were addressed 18 and 30 months after application, i.e., in the 
second and third year of the study, respectively.

2 � Materials and methods

2.1 � Site description

During the three rice growing seasons (from 2020 to 2022), 
field experiments were carried out in south-western Spain 
(38°92′N; 6°96′W), characterized climatically by hot 

conditions and low precipitation (mean annual air tempera-
ture of 16.6 °C and rainfall < 470 mm). Table 1 presents 

Fig. 1   a Photograph of rice field experiment. b Biochar application. 
Rice seedling growth under c flooding and d alternate wetting and 
drying irrigation during the early vegetative stage. e Rice harvest. 

Source: Photographs by the authors (Vicente L, Peña D, Fernández 
D, Albarrán A, Rato-Nunes JM, López-Piñeiro A).

Table 1   Mean maximum (TM) and minimum (Tm) temperature, total 
rainfall (R), and rice evapotranspiration (ETc), registered at the field 
location during the rice growing season (May–September) in 2020, 
2021, and 2022.

Data TM Tm R (mm) ETc (mm)

2020
 May 28.4 13.2 33.6 94.0
 June 29.5 12.8 0.200 141
 July 36.8 17.1 5.17 216
 August 33.8 15.3 0.200 218
 September 34.0 13.6 0.000 84.9
2021
 May 26.4 11.3 0.200 93.3
 June 29.2 13.2 42.8 149
 July 32.5 14.6 0.000 198
 August 34.1 15.7 0.200 236
 September 30.1 16.2 30.9 69.7
2022
 May 29.1 12.0 0.400 145
 June 31.0 14.7 1.60 161
 July 37.7 17.1 0.000 227
 August 34.8 16.4 0.790 248
 September 29.3 13.9 0.200 38.2
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the data of temperature, rainfall, and rice evapotranspiration 
during the rice growing season (May-September) over the 
3 years. The field had been under rice cultivation by con-
ventional systems (permanent flooding irrigation and deep 
ploughing) during the previous 15 years. Once the rice was 
harvested, the field was left fallow until the following year. 
The soil of the experimental field was classified as Hydragic 
Anthrosol (IUSS Working Group WRB 2006), whose main 
properties (0–20-cm depth) before the start of the experi-
ments were as follows: sandy loam texture (62% sand, 15% 
clay, and 23% silt), with 14.9 g kg−1 of organic matter, pH 
5.51, 2.81 dS m−1 of electrical conductivity, and 0.755 g 
kg−1 of total nitrogen.

2.2 � Experimental design and field management

In September 2019, after harvesting the rice, the field was 
divided into 180-m2 (18 × 10 m) experimental plots and was 
subjected to the following six different rice-growing man-
agements: permanent flood irrigation without (F) and with 
application of biochar (FB); reflooding whenever the soil 
matric potential reached − 20 kPa (at 15–20-cm depth) with-
out (AWD20) and with application of biochar (AWD20B), 
and reflooding whenever the soil matric potential reached 
− 70 kPa (at 15–20-cm depth) without (AWD70) and with 
the application of biochar (AWD70B). Watermark 200SS 
Sensors (Irrometer, Co., USA) were used to measure the 
soil matric potential. Each rice-growing management was 
carried out in triplicate so that the field trial had 18 plots 
in a completely randomized design. Only in the first year 
of the study (2020), in April, 1 month before sowing the 
rice, the biochar was manually applied at a dosage of 35 
Mg ha−1 in the FB, AWD20B, and AWD70B treatments 
and later incorporated to the soil (0–20 cm) using a GRR-
F200-16 disc harrow (Gascon, Spain). The biochar dosage 
was selected to achieve an optimal level of organic matter 
in the soil (3–4%), which, according to previous research, 
prevents rice yield loss under water-saving systems. In order 
for viable use of biochar as organic amendment, the follow-
ing conditions must be met: easy to purchase and reasonably 
priced, as well as producible in large quantities. The biochar 
used in our study was provided by the company Carylevere 
(Zahinos, Spain) from holm oak prunings by pyrolysis (550 
ºC for 48 hours). Its main properties were as follows: 79% 
total carbon, 4.9 g kg−1 total nitrogen, 4% total hydrogen, 
12% ash, 9.78 pH, 2.89 dS m−1 electrical conductivity, and 
76.6 m2 g−1 specific surface area.

In the 3 years of the study, the rice was sown during 
the first 15 days of May (at a dosage of 160 kg ha−1) of 
O. sativa variety Sirio purchased from Copsemar (Spain) 
which is a very important variety in the region of the study 
(De Barreda et al. 2021). All treatments were sown through 
a Sola Neumansem 799 (Sola, Spain). With respect to 

fertilization, each year a total of 115 kg N ha−1 was applied 
as inorganic fertilizer at different points in the rice grow-
ing season in the form of 40 kg N ha−1 (ammoniacal-N) 
as basal fertilizer and 75 kg ha−1 (ureic-N) as top dressing 
(Fertiberia, Spain). Different herbicides, of common use 
in the region, were applied by backpack sprayer (Matabi, 
Spain) for weed control. Thus, Pendimethalin (Finchimica, 
Italy) was used in pre-emergence as well as Imazamox 
(Basf, Spain) and a mixture of Bentazone (Basf, Spain) 
and MCPA (Nufarm, Spain) in post-emergence. Regarding 
water management, in F and FB treatments, water depth 
was maintained at 10 cm from the soil surface from 7 to 
12 days after sowing until 10 to 15 days before rice har-
vest, which represents the traditional flooding irrigation 
procedure. Similarly, in AWD treatments, reflooding was 
instituted whenever the soil matric water potential reached 
− 20 kPa, moisture close to 80% field capacity (AWD20 
and AWD20B) or − 70 kPa, moisture close to 65% field 
capacity (AWD70 and AWD70B) until before rice harvest. 
Nevertheless, according to Lampayan et al. (2015), during 
the flowering stage (about 14–20 days), all treatments were 
kept flooded to avoid water-stress at this sensitive stage. 
The amounts of water applied in the different treatments 
were quantified using Woltman Predator DN100 flowme-
ters (Hidroconta, Spain) and are shown in Fig. 2.

Management systems

F FB

AW
D20

AW
D20

B

AW
D70

AW
D70

B

Water applied (m3 ha-1)

0

5000

10000

15000

20000

25000

Fig. 2   The water applied in the rice-growing managements over the 
three years of the study (2020 brown bars; 2021 orange bars and 2022 
green bars). Permanent flood irrigation without (F) and with appli-
cation of biochar (FB); reflooding whenever the soil matric potential 
reached − 20 kPa (at 15–20-cm depth) without (AWD20) and with 
application of biochar (AWD20B), and reflooding whenever the 
soil matric potential reached − 70 kPa (at 15–20-cm depth) without 
(AWD70) and with the application of biochar (AWD70B).
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2.3 � Soil measurements

Each year (2020, 2021, and 2022), in October, after the rice 
harvest, four to five subsamples of soil at 0–20 cm of depth 
were collected from each plot. These soil samples were air-
dried at room temperature (20–25 °C), ground, and sieved at 
2 mm. Then, total carbon (TC), electrical conductivity (EC), 
and pH were measured as described by López-Piñeiro et al. 
(2022). Labile organic carbon (LOC) was determined fol-
lowing the procedure of Culman et al. (2012). Furthermore, 
according to Zsolnay et al. (1999), for dissolved organic car-
bon, the specific ultraviolet absorbance at 254 nm (SUVA254) 
and humification index (HIX) were also determined. Briefly, 
the absorbance values at 254 nm were determined using a 
Shimadzu UV1601 PC spectrophotometer (Shimadzu Cor-
poration, Japan) and divided by concentration of dissolved 
organic carbon and expressed as SUVA254. The HIX values 
were computed as the ratio of the area of the emission spec-
trum at 435–480 nm to the emission area at 300–345 nm at 
an excitation wavelength of 254 nm (using a Cary Eclipse 
Fluorescence Spectrophotometer from Varian, USA). With 
respect to soil biological properties, dehydrogenase (DH), 
urease (UR), phosphatase (PHO), and arylsulfatase (AR) 
activities were determined as described by López-Piñeiro 
et al. (2011).

2.4 � Crop performance

Rice plant samples were collected at the maturity stage in 
two randomly selected quadrate areas of 1 m2 for each plot 
(6 m2 per treatment). Thus, this sampling area was used to 
determine the number of panicles per square meter (PM2) 
by direct counting and grain yield (GY) after weighing 
all the filled grains per panicle collected. Furthermore, in 
order to calculate the harvest index (HI), biomass produc-
tion was determined by weight of the aerial part of the rice 
plants. Then, 20 representative panicles for each plot were 
selected to analyze panicle length (LP) and ripening index 
(RI). A seed counter (Swantech-SC2; Sadkiewicz Instru-
ments, Poland) was used to determine the 1000 grain weight 
(1000W). Finally, the water use efficiency (WUE) was deter-
mined, taken to be the ratio between the GY and amount of 
water applied.

2.5 � Weed control

In order to assess the effects of different managements on 
weed control, weed samples were collected from each plot 
(30×30 cm2) at harvesting time. Thus, in accordance with 
Mohammed et al. (2016), weed control efficiency (WCE) 
was determined using the following equation: WCE = 
((DWC-DWT)/DWC) x 100, where DWC is the dry weight 
of weeds in a control area (without herbicide applications) 

and DWT is the dry weight of weeds in a herbicide-treated 
area.

2.6 � Statistical analyses

SPSS (Version 22) was employed for statistical analyses. 
Analysis of variance (ANOVA) was used to test the statisti-
cal effects of the management, the year, and their interac-
tions. The data were previously checked for normality and 
homogeneity of variances. The Duncan test was carried out 
for multiple comparisons. A Pearson correlation analysis 
was applied in order to find possible correlations between 
different parameters. Three levels of significance were con-
sidered: p ≤ 0.05, 0.01, and 0.001.

3 � Results and discussion

3.1 � The soils’ properties

3.1.1 � Chemical properties of soils

The properties of the soils (at 0–20 cm of depth) are listed 
in Table 2. The different soil properties were significantly 
affected by rice-growing management regime (Table 2). 
These effects also differed during the study, as shown by 
significant management × year interaction (Table 2). With 
regard to total carbon (TC), the values observed in una-
mended managements were low ( < 9.60 g kg−1) through 
the 3 years of the study (Table 2), which is a common char-
acteristic for agricultural soils under Mediterranean condi-
tions (Alburquerque et al. 2013; López-Piñeiro et al. 2011), 
including rice soils (De Barreda et al. 2021; Rato-Nunes 
et al. 2023). In addition, the highest values of TC for the 
unamended managements were found under AWD70 during 
the 3 years of the study (Table 2), suggesting that soils’ TC 
levels are influenced by the water management regimes in 
rice growing (Mi et al. 2019). This finding is consistent with 
Fan et al. (2012), who reported that non-flooded manage-
ment increased TC compared with traditional flooding. This 
observation was probably because implementing the AWD 
systems could mitigate greenhouse gas emissions (especially 
CH4) and accumulate TC (Li et al. 2024). Indeed, Oliver 
et al. (2019), also in European rice paddies, found that AWD 
did not enhance carbon loss. However, Xu et al. (2017) 
showed no significant differences in soil TC between con-
tinuous flooding and AWD managements in a sandy loam 
soil from paddy field of China, suggesting that future studies 
should address the effects of water management techniques 
on soil TC accumulation and stability in paddy soils. Despite 
the biochar only being applied in the first year (2020), it 
led to a significant increase in TC during the three years 
of the study (Table 2). Thus, compared with the respective 
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unamended managements, the biochar increased the values 
of TC by factors of 2.82, 2.61, and 2.43 in FB, AWD20, 
and AWD70B for 2020; by factors of 2.33, 2.39, and 2.46 
in FB, AWD20, and AWD70B for 2021; and by factors of 
1.86, 2.26, and 2.58 in FB, AWD20, and AWD70B for 2022 
(Table 2). These results were consistent with the conclusions 
from previous research (Haque et al. 2022; Sriphirom et al. 
2020) which indicated that the combination of AWD with 
biochar application in rice growing could enhance the soil’s 
carbon pool. These findings are very important as TC plays 
an essential role in soil productivity because it is strongly 
linked to the soil’s physicochemical and biological proper-
ties, being an essential parameter of agroecosystem sustain-
ability (Mi et al. 2019).

The labile organic carbon (LOC) showed a similar trend 
to TC, with greater values in AWD70 compared with F and 
AWD20 during the years of the study (Table 2). This is con-
sistent with findings by Yang et al. (2020) who, in a pot 
study, also reported increases in LOC fractions under AWD 
irrigation in a China rice soil, but with a much higher organic 
matter (21.71 g kg−1) and pH (7.4). Chen et al. (2023) also 
reported higher values of LOC under AWD than under 
flooding, which was attributed to stimulating the growth of 
microorganisms that decompose plant residues under AWD 

management. Furthermore, the biochar increased the LOC 
content, regardless of the water management, although not 
always significantly (Table 2). Similar to our study, other 
researchers have shown that the application of different bio-
chars can increase LOC in rice soils (Chen et al. 2023; Pei 
et al. 2017). This result could not be attributed to biochar, 
which is of a highly recalcitrant chemical nature and has a 
very low labile fraction content (López-Piñeiro et al. 2022). 
Thus, the increases in LOC under biochar amendment, 
regardless of water management regime (Table 2), could be 
attributable to the entrapment of dissolved organic carbon, 
a prevalent form of LOC in rice fields (Kögel-Knabner et al. 
2010), in the pores of the biochar (Pei et al. 2017).

For unamended managements, the values of SUVA254 
ranged from 0.909 to 1.19 L mg−1 m−1 (Table 2), which 
are of the same order of magnitude as those found by 
Li et al. (2019) who indicated 1.10 ± 0.54 as the mean 
value of SUVA254 for different paddy soils from China. 
Thus, during the study, the values of SUVA254, which 
indicate the presence of aromatic substances of dissolved 
organic carbon, were significantly increased (by factors 
of 1.07–1.31) in the water-saving managements (AWD20 
and AWD70) relative to permanent flooding (F) (Table 2), 
which reflected that the water management in rice growing 

Table 2   Effect of different 
rice-growing managements on 
soil properties. TC total carbon, 
LOC labile organic carbon, 
SUVA specific UV absorbance, 
HIX humification index, 
EC electrical conductivity. 
Permanent flood irrigation 
without (F) and with application 
of biochar (FB); reflooding 
whenever the soil matric 
potential reached − 20 kPa 
(at 15–20-cm depth) without 
(AWD20) and with application 
of biochar (AWD20B), and 
reflooding whenever the soil 
matric potential reached − 70 
kPa (at 15–20-cm depth) 
without (AWD70) and with 
the application of biochar 
(AWD70B). ANOVA factors 
are management and year. 
Significant at *p  < 0.05 and 
***p  < 0.001. Different 
letters indicate significant 
differences (p  < 0.05) between 
managements in the same 
year (lowercase letters) and 
between years within the same 
management (uppercase letters).

TC (g kg−1) LOC (mg kg−1) SUVA254 (L 
mg−1 m−1)

HIX EC (dS m−1) pH

2020
 F 7.10aA 265aA 0.910aA 2.85aA 2.61dA 5.70aA
 FB 20.0cB 313bA 1.17bB 3.72abA 2.14cA 6.43cB
 AWD20 7.60aA 302abB 1.19bA 4.19bA 1.88bB 6.20bA
 AWD20B 19.8cB 377cB 1.35cB 5.53cA 1.53aC 6.95dB
 AWD70 9.00bA 363cA 1.19bB 3.74abA 1.88bB 6.20bA
 AWD70B 21.9dA 379cB 1.45dC 5.74cA 2.67dB 7.30eB
2021
 F 7.50aA 248aA 1.01aA 3.91aA 2.43eA 5.75aA
 FB 17.5bA 289bA 1.01aB 4.52abA 2.29eA 5.84aA
 AWD20 7.40aA 237aA 1.08abA 5.16bcAB 1.20cA 6.07bA
 AWD20B 17.7bA 291bA 1.15bcA 5.94cdA 0.88aA 6.82dB
 AWD70 9.30bA 287bA 1.18bcB 5.80cdB 1.12bA 6.35cA
 AWD70B 22.9cA 301bA 1.22cB 6.06dA 1.89dA 7.12eAB
2022
 F 9.10bB 405bB 0.909bA 5.44abB 3.20dB 5.94abB
 FB 16.9dA 398bB 0.826aA 4.11aA 2.33cA 5.75aA
 AWD20 8.60aB 373aC 1.09cA 5.86bB 1.09aA 6.25bA
 AWD20B 19.4eB 486cC 1.04cA 5.79bA 1.14aB 6.53cA
 AWD70 9.60cB 469cB 1.06cA 5.99bB 1.34bA 6.11bA
 AWD70B 24.8fB 557dC 1.11cA 7.09cB 2.16cA 6.94dA
Management *** *** *** *** *** ***
Year *** *** *** *** *** ***
Management x year *** *** *** * *** ***
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exercised a significant influence on SUVA254. However, 
Linam et al. (2023) found that flooding of paddy soils pro-
duced more aromatic dissolved organic matter compared to 
AWD and non-flooded water management, albeit in a pot 
study. The effect of biochar on SUVA254 was time-depend-
ent due to its aging process. Indeed, in 2020, the biochar 
amended managements showed significant increases in 
SUVA254 values relative to the unamended managements, 
whereas in 2022, after its field aging, decreases were 
observed, although not always significant (Table 2). These 
results agree with Yue et al. (2023) who indicated that 
values of SUVA254 declined with aged biochar. Neverthe-
less, the effects of biochar aging on the characterization 
of dissolved organic matter are unclear (Yue et al. 2023) 
and even less pronounced than the effects of water man-
agement (Linam et al. 2023). In accordance with Chen 
et al. (2020), due to the low solubility of aromatic hydro-
carbons in water, the increase of LOC values, which were 
significant (p < 0.001) throughout the study regardless of 
management regimes (Table 2), also contributed to the 
decrease in aromaticity. Furthermore, Linam et al. (2023) 
indicated that water management had a greater effect on 
SUVA254 than biochar (from rice husk), but this requires 
further investigation. In all the years of the study, the 
values of the humification index (HIX) were higher in 
AWD managements, regardless of the severity (AWD20 
or AWD70), than in F (Table 2), albeit these not always 
significantly. Therefore, these results were very similar 
to those found for SUVA254. Indeed, a significant and 
positive correlation was observed between SUVA254 and 
HIX values (r = 0.336, p < 0.05) (Fig. 3), confirming the 
positive relationship between both properties. This find-
ing had been reported in previous studies, which indicated 
that high values of SUVA254 could indicate high values of 
HIX, and thus more resistant aromatic substances such as 
humic acids, which have a low biodegradability (Nguyen 
and Choi 2015). Furthermore, in general and regardless of 
water management system, the biochar increased the HIX 
values (Table 2). Similar results were described by Huang 
et al. (2023), who indicated that biochar application led to 
increases in HIX of a silt loam soil, enhancing the soil its 
humification, especially with biochar produced at medium 
pyrolysis temperatures (500 °C), which is very close to 
the temperature for our biochar, although in a laboratory 
incubation experiment (at 75 % field water holding capac-
ity) for 200 days. Also, it is important to emphasize that 
the effects of biochar were time-dependent. Thus, after 
30 months of the biochar’s field aging, the HIX values 
in FB and AWD20B did not show significant differences 
with respect to F and AWD, respectively, whereas under 
AWD70B, it increased by a factor of 1.18 with respect 
to AWD70 (Table 3). An increasing trend of humifica-
tion under severe AWD in combination with biochar 

application (AWB70B, Table 2) is probably related to soil 
microbiology, which plays an essential role in humification 
processes (Huang et al. 2023).

The trends found for soil pH values were consistent dur-
ing the study (Table 2). For unamended managements, the 
implementation of AWD systems, regardless of the severity, 
caused increases in soil pH compared with F by factors that 
ranged from 1.03 to 1.10 (Table 2). Similar findings were 
observed by Zhao et al. (2023) who observed significant 
increases in soil pH (about 2%) under AWD with respect to 
permanent flooding. However, Haque et al. (2022) showed 
that flooding increased the soil pH over AWD (5.90 and 
5.78, respectively). These opposing trends in pH values 
could be due to different experimental conditions, such as 
the type of climate and/or soil environments (Zhao et al. 
2023). In general, the biochar significantly increased the soil 
pH with respect to unamended management, reaching values 
of neutral soil pH (6.5–7.5), especially under both of the 
AWD managements (Table 2). Its effects were different in 
the three years as determined by the significant management 
× year interaction (p < 0.001; Table 2). Thus, whereas in 
the first year of the study (fresh effect), the biochar caused 
large pH increases in all managements, after 3 years of its 

Fig. 3   Pearson correlation matrix among different variables. The 
blue color corresponds to (+) positive interaction, and red color cor-
responds to (-) negative interaction, and white corresponds to neutral 
interaction between variables. TC, total carbon; LOC, labile organic 
carbon; SUVA, specific UV absorbance; HIX, humification index; 
EC, electrical conductivity. DH, dehydrogenase activity; UR, urease 
activity; PHO, phosphatase activity; AR, arylsulfatase activity; WCE, 
weed control efficiency; PM2, panicles per square meter; LP, pani-
cle length; RI, ripening index; 1000W, 1000 grain weight; GY, grain 
yield; HI, harvest index; WUE, water use efficiency.
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application (aging effect), this was only observed under 
AWD70B. According to Nyambo et al. (2023), this could 
be attributed to the increase of carboxyl and hydroxyl in the 
biochar surface after the aging process, which would tend to 
reduce the pH values. Furthermore, the decline in pH values 
could also be related to the amounts of water applied in each 
management. In this sense, the large volume of water used 
under flooding irrigation could have led to an effect of elu-
tion of alkali compounds.

Over the 3 years of study, the values of electrical conduc-
tivity (EC) were higher in F than in AWD20 and AWD70 
managements (Table 2). Thus, the values of EC for F man-
agement ranged from 2.43 to 3.20 dS m−1 and for AWD 
managements (AWD20 and AWD70) from 1.09 to 1.88 

dS m−1.(Table 2). These results are consistent with those 
observed by Li et al. (2018), who also indicated that the 
values of EC decreased in AWD regime reference to flood-
ing, probably due to better nutrient uptake by the rice roots. 
Therefore, the implementation of AWD, regardless of the 
threshold of severity, led to positive effects on the soil’s EC, 
which is very interesting since rice is one of the most salt-
sensitive cereals (Genua-Olmedo et al. 2016). The appli-
cation of biochar showed differences between the manage-
ments in its effects on EC (Table 2). Thus, whereas under 
FB and AWD20B the values of EC were lower than under 
F and AWD20, respectively (Table 2), an opposite effect 
was found under AWD70B whose values were significantly 
higher than those of AWD70 throughout the study (Table 2). 
These results could be attributable to a greater loss of salts 
and ions by leaching under flooding and AWD20 than under 
AWD70 (De la Rosa et al. 2018).

3.1.2 � Biological properties of the soils

The values of different soil enzymatic activities (at 0–10 
cm of depth) are shown in Fig. 4. In general, none of these 
activities analyzed were negatively affected either by the 
implementation of AWD managements systems or by the 
biochar application (Fig. 4). Indeed, dehydrogenase (DH), 
which is considered a suitable indicator of microbial activity 
as well as soil quality, was unaffected by the different water 
managements, with an average value of 0.903 µg INTF g−1 
h−1 over the study for unamended managements (Fig. 4a). 
However, Haque et al. (2022) observed decreases in DH val-
ues under AWD relative to flooding, which indicates that 
DH is inversely proportional to the amount of oxygen in the 
soil (Brzezińska et al. 1998). Nevertheless, the experimen-
tal conditions differed between the two studies—whereas 
Haque et al. (2022) carried out a pots study under green-
house conditions, our study was carried out at farm field 
scale over 3 years. Considering the unamended manage-
ments, the effects of biochar on DH were time-dependent, 
with increases in DH values for the first and second years of 
study, but no important changes being found in the third year 
(after 30 months of aging processes) (Fig. 4a). Similarly, the 
increased DH in paddy soils with biochar (produced from 
wheat straw or rice husk) application had been observed 
in previous studies (Chen et al. 2013; Yang et al. 2023), 
suggesting an important role of biochar in paddy soils’ bio-
chemical processes. However, these studies did not address 
the combination of biochar with AWD.

The urease activity (UR) was clearly affected by 
water irrigation management during the 3 years of study 
(Fig. 4b). Thus, compared with F, UR increased on aver-
age by a factor of 1.60 in AWD20 and AWD70. Similarly, 
Majumder et al. (2022), in different rice agroecosystems, 
observed that UR exhibited a significantly higher response 

Table 3   Effect of different rice-growing managements on rice yield 
components. PM2 panicles per square meter, LP panicle length, GY 
grain yield, WUE water use efficiency. Permanent flood irrigation 
without (F) and with application of biochar (FB); reflooding when-
ever the soil matric potential reached − 20 kPa (at 15–20-cm depth) 
without (AWD20) and with application of biochar (AWD20B), and 
reflooding whenever the soil matric potential reached −70 kPa (at 
15–20-cm depth) without (AWD70) and with the application of bio-
char (AWD70B). ANOVA factors are management and year. Sig-
nificant at *p < 0.05, **p < 0.01, ***p < 0.001, and NS (not sig-
nificant). Different letters indicate significant differences (p < 0.05) 
between managements in the same year (lower case letters) and 
between years within the same management (upper case letters).

PM2 LP (cm) GY (kg ha−1) WUE (g L−1)

2020
 F 692aA 18.5aA 9067aA 0.420aA
 FB 819bcA 19.0aA 8447aA 0.440aA
 AWD20 803bcA 18.7aB 8304aA 0.583bA
 AWD20B 850cA 18.8aA 8504aA 0.657bA
 AWD70 737abA 18.4aA 7100aA 0.683bA
 AWD70B 871cA 18.2aA 8191aA 0.910cA
2021
 F 720aA 17.5aA 9580cA 0.480aB

 FB 781aA 17.3aA 9148cAB 0.513aA
 AWD20 796aA 17.7aA 8224bA 0.657bAB
 AWD20B 769aA 17.8aA 9374cA 0.813cB
 AWD70 738aA 18.0aA 7227aA 0.770cA
 AWD70B 797aA 18.6aA 8474bA 1.03dAB
2022
 F 710aA 21.1abB 10744abcB 0.457aB
 FB 817abA 21.4abB 10016abB 0.480aA
 AWD20 778abA 20.9abC 11672bcB 0.780bB
 AWD20B 805abA 21.6bB 12226cB 0.890cB
 AWD70 692aA 20.5aB 8916aA 0.737bA
 AWD70B 877bA 21.8bB 11146bcB 1.06dB
Management ** * ** ***
Year NS *** *** ***
Management x 

year
NS NS NS *
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under aerobic than anaerobic conditions (14–16% greater). 
Furthermore, regardless of management, the applica-
tion of biochar increased the values of UR with respect 
to unamended managements. Thus, the values of UR 
increased by average factors of 1.55, 1.25, and 1.24 in FB, 
AWD20B, and AWD70B with respect to F, AWD20, and 
AWD70, respectively. Similar effects of biochar on UR 
were described by Khan et al. (2024), who indicated that 
biochar application at 30 Mg ha−1 (very close to our dos-
age) increased the UR activity by up to 52% with respect 
to unamended treatments. These results are quite relevant 
since increases in UR, an enzyme involved in the behavior 
of nitrogen fertilizers, would improve the bioavailability 
of this important nutrient. The increases in UR could be 
attributed to the improvement in soil properties with bio-
char addition. Indeed, in our study, UR was significantly 
and positively correlated with TC (r = 0.494, p < 0.01), 

LOC (r = 0.481, p < 0.01), and HIX (r = 0.591, p < 0.01) 
(Fig. 3), suggesting the importance of organic matter for 
UR.

Similarly to UR, the phosphatase activity (PHO) was 
affected by the water irrigation system (Fig. 4c). Thus, dur-
ing all the years, the highest values of PHO were observed 
in AWD70, whose values increased on average by factors of 
1.58 and 1.41 with respect to F and AWD20, respectively. 
These results are consistent with previous reports indicating 
that PHO values declined significantly under waterlogging 
conditions (Deng et al. 2021; Majumder et al. 2022). There-
fore, the implementation of water saving managements such 
as AWD in rice soils, especially under severe conditions, 
could improve the availability of essential nutrients, such as 
phosphorus, whose forms available for cultivation are very 
limited (mainly calcium-based phosphates; Stávková and 
Maroušek 2021). These results are consistent with those of 
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Fig. 4   Effect of different rice-growing managements on soil enzy-
matic activities (2020 brown bars; 2021 orange bars and 2022 green 
bars). a Dehydrogenase activity, b urease activity, c phosphatase 
activity, and d arylsulfatase activity. Error bars represent one standard 
error of the mean (n = 3). Permanent flood irrigation without (F) and 

with application of biochar (FB); reflooding whenever the soil matric 
potential reached − 20 kPa (at 15–20-cm depth) without (AWD20) 
and with application of biochar (AWD20B), and reflooding whenever 
the soil matric potential reached − 70 kPa (at 15–20-cm depth) with-
out (AWD70) and with the application of biochar (AWD70B).
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Peña et al. (2022) who, also in rice fields under Mediterra-
nean conditions, indicated that sprinkler irrigation enhanced 
the PHO activity. The effects of biochar on PHO activity 
were dependent on the different water management systems 
(Fig. 4c). Thus, whereas under FB and AWD20B, the val-
ues of PHO did not differ with respect to F and AWD20, 
respectively, under AWD70B, the values of PHO declined 
with respect to AWD70 by a factor of 1.55. Similar results 
were described by Pei et al. (2017), who indicated that there 
was no clear trend of maize biochar impacts on the PHO 
activity in rice fields, although only fresh effects were tested 
under flooding irrigation conditions. Nevertheless, accord-
ing to Maroušek and Trakal (2022), it is recommended that 
biochar be modified to improve the efficiency of phospho-
rus, as inorganic forms are mainly represented by anions 
(PO4

3−, HPO4
2−, and H2PO4

−) and are therefore repelled by 
the negatively charged of biochar surface. Furthermore, the 
decrease of PHO under AWD70B could be associated to EC, 
due to significant and negative correlation between PHO and 
EC (r = − 0.341, p < 0.05) (Fig. 3), which is in line with the 
findings observed by Mukhopadhyay et al. (2023).

Another important soil enzymatic activity is that of aryl-
sulfatase (AR), which plays a key role in dynamic sulfur 
compounds. Coherent with the findings of Majumder et al. 
(2022) and Nadimi-Goki et al. (2018), we found increases 
in AR values under AWD20 and AWD70 with respect to 
F management (Fig. 4d). In agreement with previous stud-
ies, this could be associated with changes in soil properties 
(Majumder et al. 2022; Sánchez-Llerena et al. 2016). Thus, 
AR was significantly and positively correlated with TC (r 
= 0.476, p < 0.01), LOC (r = 0.540, p < 0.01), HIX (r = 
0.377, p < 0.01), and pH (r = 0.359, p < 0.01) (Fig. 3). In 
this sense, regardless of water managements, the biochar 
addition caused increases in AR, with both fresh and aged 
effects (Fig. 4d). Hence, the AR activity increased during the 
study by factors of 1.24, 1.36, and 1.24 in FB, AWD20B, 
and AWD70B relative to F, AWD20, and AWD70, respec-
tively, due to biochar potential to improve soil properties 
(Haque et al. 2022).

3.2 � Agronomic parameters

The rice yield components are listed in Table 3. Except for 
the ripening index (RI), these were significantly affected 
by the rice-growing management. Nevertheless, in general, 
these effects were not different during the course of the 
study, as shown by the not significant management × year 
interaction (Table 3). With respect to the number of panicles 
per square meter (PM2), the values ranged from 692 to 803 
PM2 for unamended managements (Table 3), values close 
to those observed by Rato-Nunes et al. (2023) for the same 
variety of rice (Sirio) and also under Mediterranean condi-
tions, although in a 2-year study evaluating the effect of 

switching to sprinkler irrigation instead of alternate wetting 
and drying irrigation as in the present study. Generally, the 
water managements did not cause significant differences in 
PM2 (Table 3), indicating that AWD managements, regard-
less of the threshold of severity, have no negative impacts on 
panicle density. This finding is consistent with the studies of 
Jiang et al. (2023) and Sriphirom et al. (2019) which found 
that the density of panicles was unaffected by AWD rela-
tive to flooding irrigation in several Asian countries. Under 
Mediterranean conditions, Martínez-Eixarch et al. (2021) 
indicated that in silty clay loam soils from the Ebre delta 
(Southern Catalonia, NE Spain) with a pH of 8.3, the effects 
of AWD on panicle density might largely depend on rice 
variety, ranging from unaffected to a 21% decrease, but in 
a 2-year study and without exceeding the AWD threshold 
(− 50 kPa). The biochar additions led to increased PM2 over 
the study but without significant differences under FB and 
AWD20B relative to F and AWD20, respectively (Table 3). 
Nevertheless, under AWD70 (severe AWD conditions), 
biochar significantly increased the values of PM2 by fac-
tors of 1.18 and 1.27 for the fresh (2020) and aged (2022) 
effects, respectively. Probably, this result could be attributed 
to biochar enabling a greater capacity for resilience to the 
stress induced by severe AWD (AWD70) due to its beneficial 
effects on soil properties. Indeed, PM2 was significantly and 
positively correlated with TC (r = 0.573, p < 0.01), pH (r = 
0.497, p < 0.01) SUVA254 (r = 0.390, p < 0.01), and UR (r = 
0.346, p < 0.05) (Fig. 3). Similar findings were reported by 
Ghorbani et al. (2023) who observed that the application of 
rice husk biochar in the clay soil of Iran caused a significant 
increase in panicle density, especially under strong moisture 
stress conditions.

With regard to values of panicle length (LP), the imple-
mentation of AWD management, regardless of the level of 
severity (AWD20 or AWD70), did not lead to significant 
differences compared with F management during the 3 years 
of study (Table 3). Thus, the mean values of LP for una-
mended management were 18.5, 17.7, and 20.8 cm in the 
first, second, and third years of the study, respectively, which 
is in agreement with Grimm et al. (2013), who carried out 
morphological traits of rice plants, including Sirio, in north-
ern Italy. However, Mboyerwa et al. (2021) indicated that 
LP was significantly affected by water management, finding 
that AWD led to greater values of LP than did continuous 
flooding, although this was a greenhouse pots experiment. 
Generally, the biochar addition (both the fresh and the aged 
effects) caused an increase in values of LP relative to una-
mended managements, although it was only significant in 
AWD70B for the third year, whose value of LP was 21.8 
cm (Table 3). Likewise, Singh et al. (2018) reported positive 
effects of biochar application on LP in rice growing under 
a no-waterlogged condition, which could be attributed to 
improved soil nutrient availability. In our study, significant 
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and positive correlations of LP values were found with LOC 
(r = 0.767, p < 0.01), HIX (r = 0.339, p < 0.05), PHO (r 
= 0.529, p < 0.01), and AR (r = 0.542, p < 0.01) (Fig. 3), 
indicating their influence on this rice yield component. How-
ever, Liu et al. (2022) found that biochar application did not 
cause significant changes in LP of different rice cultivation, 
although under flooding irrigation and in a soil with a higher 
TC content than that observed in the present study.

During the 3 years of the study, there were no significant 
differences for ripening index (RI) in the unamended man-
agements, whose values ranged from 76% to 85% (Table S1). 
Similar values of RI were indicated by Rato-Nunes et al. 
(2023) who determined the effects of sprinkler irrigation in 
combination with biochar application on rice yield compo-
nents, also for the Sirio cultivar in a Mediterranean environ-
ment. Furthermore, also in a Mediterranean growing area, 
Martínez-Eixarch et al. (2021) observed that AWD manage-
ment could produce slight RI increases relative to flooding 
irrigation, although in their study, the AWD thresholds were 
kept in the range of 0 to − 16 kPa before flowering. Regard-
less of irrigation system, the biochar application did not lead 
to significant changes in RI values (Table S1), which agrees 
with Rato-Nunes et al. (2023), who investigated the effects 
of sprinkler irrigation in combination with biochar applica-
tion on rice yield components. Nevertheless, it is important 
to highlight that in the 3rd year of study (aging effects), the 
RI values were higher in biochar amended managements 
than unamended managements, regardless of the irriga-
tion system. Similarly, Peña et al. (2022) observed that the 
application of compost such as organic amendment in the 
water-saving irrigation system (sprinkler) increased the val-
ues of RI, suggesting that soil organic matter is a key factor 
in spikelet fertility (filled grain number per rice panicle).

The values of 1000W were significantly affected by the 
management implemented (Table S1). Thus, for the una-
mended managements, regardless of the year of the study, 
the highest value of 1000W was found under F management, 
with values of 23.8, 22.8, and 22.1 g for 2020, 2021, and 
2022, respectively (Table S1). These values were in line with 
those found by Martínez-Eixarch et al. (2021) who reported 
22.6 and 24.6 g of 1000W for Puntal rice cultivars, which 
is also a long-grain type similar to Sirio, under permanent 
flooding in a Mediterranean growing area. Nevertheless, 
there were generally no significant differences in 1000W 
values between F and AWD managements, regardless of the 
severity level (AWD20 or AWD70). This is consistent with 
Kakehashi et al. (2021), who, in a 4-year field experiment in 
Kenya’s highlands, also reported no significant differences 
between flooding and AWD for the 1000W of Basmati, 
another variety of long-grain rice. The biochar application 
caused an increase in 1000W during the study relative to 
unamended management, except in FB and AWD70B for 
2020, although not always significant. This could be due to 

the positive effects of biochar application on soil properties 
(Liu et al. 2016). Indeed, 1000W was significantly (p < 0.05) 
correlated with DH (r = 0.277) (Fig. 3), which indicates the 
relationship between yield components and soil microbial 
activity.

The implementation of different irrigation regimes had 
significant effects on grain yield (GY), whose values gener-
ally exceeded the average GY value for the study area (7 
342 kg ha−1). Thus, for unamended managements, signifi-
cant differences in GY were found in the second and third 
years of the study, whereas there were no significant differ-
ences in the first year (Table 3). Nevertheless, the values 
of GY showed a similar trend over the first 2 years of the 
study, indicating a decline in GY under AWD relative to F 
management. Indeed, AWD20 and AWD70 managements 
reduced GY by factors on average of 1.13 and 1.30, respec-
tively (years 2020 and 2021), reflecting that the use of a 
high level of severity in AWD (AWD70) could significantly 
decrease rice yields. Indeed, this regime showed the lowest 
values of GY over the 3 years of the study (Table 3). How-
ever, in the 3rd year, the highest value of GY was found 
under AWD20 (11,672 kg ha−1, Table 3), showing that the 
implementation of AWD with a moderate level of severity 
(AWD20) is more effective in promoting rice productivity 
than AWD70. This is consistent with the findings of Zhang 
et al. (2023) who, in a global meta-analysis, showed that 
the optimal implementation of AWD in rice growing was 
when the soil matric potential was maintained at pressures 
above − 15 kPa. These authors indicated that when AWD 
was implemented with more severe water-saving approaches 
(< − 40 kPa) GY values decreased by 18%, which is in line 
with our findings in which the GY values decreased by up to 
25%. Likewise, Carrijo et al. (2017) indicated that the imple-
mentation of severe AWD (with values of the soil matric 
potential beyond − 20 kPa) led to GY losses of 23% relative 
to flooding conditions, whereas under mild AWD (with val-
ues of the soil matric potential ≥ − 20 kPa), GY values were 
not significantly reduced. Nevertheless, several authors have 
pointed out that although the soil matric potential increased 
above 100 kPa at some points in the rice growing cycle, this 
did not affect yield (Kukal et al. 2005; Loaiza et al. 2024). 
Therefore, future research is needed to identify appropriate 
AWD management to achieve correct use of water resources 
without negatively affecting grain yield.

The effects of biochar on GY depended on the irriga-
tion system implemented. Thus, under flooding irrigation (F 
management), the effects of biochar (FB management) on 
GY were not significant, whether in its fresh or its residual 
effects (Table 3). However, under AWD irrigation the bio-
char improved GY values during the study, regardless of the 
level of severity implemented (Table 3). Thus, the GY were 
greater by factors of 1.02, 1.14, and 1.05 in AWD20B than in 
AWD20 in 2020, 2021, and 2022, respectively, and by 1.15, 
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1.17, and 1.25 in AWD70B than in AWD70 in 2020, 2021, 
and 2022, respectively, which indicates the positive effect of 
biochar on rice yield under AWD irrigation, especially with 
a high level of severity, being consistent over three cycles of 
rice growing when fresh and aging effects were evaluated. 
In this sense, there have been recent reports recommend-
ing the implementation of AWD irrigation in combination 
with other measures (such as biochar application) in order 
to improve rice yields (Bo et al. 2022; Zhang et al. 2023). 
These results establish that the combined use of biochar and 
AWD can achieve high rice productivity, thereby minimiz-
ing the food supply crisis in the market, especially in semi-
arid areas, and promoting SDG 2 to address the issue of 
zero hunger (Majumdar et al. 2024). Furthermore, Carrijo 
et al. (2017) observed lower GY under severe AWD in low 
organic carbon soils relative to high organic carbon soils, 
indicating that AWD irrigation performed better in soils with 
organic carbon content of more than 1%. In our study, posi-
tive and significant correlations between GY and LOC (r = 
0.483, p < 0.01) (Fig. 3) were found, showing the impor-
tance of these properties on soil fertility. According to Chen 
et al. (2023), this type of carbon is a key factor in regulating 
the nutrient supply for crops. Furthermore, the GY values 
were positively and significantly (p < 0.01) correlated with 
LP (r = 0.656) (Fig. 3) and plant height (r = 0.549; data 
not shown), indicating the importance of the crop’s growth 
on its productivity level. However, Liu et al. (2022) found 
that the effect of biochar on GY varied significantly between 
rice genotypes, suggesting that further research is needed to 
optimize the benefits of agroecology by combining selected 
genotypes with biochar.

The harvest index (HI) values observed ranged from 
0.452% to 0.639% for AWD70 (2021) and FB (2022), 
respectively (Table S1), which are considered normal rice 
crop values (Bueno and Lafarge 2009). Thus, for unamended 
management, whereas in the first year of study (2020), there 
were no significant differences between the managements, 
in the second and third years (2021 and 2022), the values of 
HI were significantly lower in AWD70 than in F (Table S1). 
This result was consistent with those of Araus et al. (2002) 
who indicated that HI could be affected by water availabil-
ity, which is often reduced by drought, causing stress in the 
rice crop (Dwivedi et al. 2023). Nevertheless, in the years 
2021 and 2022, the biochar produced significant increases 
in HI under AWD70, reaching values similar to those of the 
other managements (Table S1), which reflects that the use 
of resources was improved (Yang and Zhang 2023). Further-
more, the effects of biochar on HI were also demonstrated 
by significant and positive correlations between HI and LOC 
(r = 0.615, p < 0.01), AR (r = 0.498, p < 0.01) and LP (r = 
0.725, p < 0.01) (Fig. 3).

The values of water use efficiency (WUE) were signifi-
cantly affected by the management implemented (Table 3). 

Thus, regardless of the year of the study, the transition from 
flooding to AWD increased WUE, especially under AWD70, 
where these increments correspond to a factor of 1.61 rela-
tive to F over the study, indicating that AWD70 allowed for 
more efficient use of the applied water. However, a global 
meta-analysis carried out by Gao et al. (2024) indicated 
that a severe AWD threshold did not cause any significant 
effect on WUE, it being crucial to avoid excessive water 
saving measures that compromise rice yields. Furthermore, 
in the case of AWD20, the values of WUE were also higher 
than F, although generally lower than AWD70 (Table 3). 
Therefore, considering the scarcity of water resources in 
the Mediterranean area, the implementation of AWD irri-
gation instead of flooding could be an interesting strategy 
to reduce the water consumption in rice growing, as well 
as enhancing its efficacy, which really helps to reduce the 
problem of water scarcity and contribute to the achievement 
of SDG-6 for clean water and sanitation (Majumdar et al. 
2024). Furthermore, the biochar addition increased the WUE 
values for both the fresh and the aged effects (Table 3). Nev-
ertheless, significant differences were only observed under 
the two AWD managements (AWD20 and AWD70). Thus, 
WUE values were factors of 1.13, 1.24, and 1.14 higher in 
AWD20B than AWD20 in 2020 (fresh effect), 2021, and 
2022 (aging effects), respectively, and 1.33, 1.34, and 1.44 
higher in AWD70B than AWD70 in 2020 (fresh effect), 
2021, and 2022 (aging effects), respectively. In line with our 
findings, Zhang et al. (2023) concluded that the combined 
use of AWD with soil friendly agricultural practices, such 
as biochar, caused significant improvement in WUE (by up 
to 65%). Indeed, the WUE values correlated positively with 
TC (r = 0.517; p < 0.01), HIX (r = 0.770; p < 0.01), pH (r 
= 0.767; p < 0.01), and UR (r = 0.660; p < 0.01) (Fig. 3), 
which indicates that the rice managements used to enhance 
the soil’s properties could also be interesting to improve 
water efficiency under Mediterranean conditions.

Future research perspectives on a highly relevant and top-
ical issue such as water use efficiency could include the use 
of soil temperature and moisture sensors. These results can 
be used to build information bases that, if properly integrated 
into decision support systems, will contribute significantly 
to improving the efficiency of rice production systems in 
semi-arid environments. According to Kliestik et al. (2023), 
although in a work more focused on industrial activity, the 
same concept is reinforced by stating that the analysis of 
data from sensors and other sources within the IoT (Internet 
of Things) ecosystem will allow the presentation of predic-
tive models, especially through the implementation of arti-
ficial intelligence technology, which, in the case of irrigated 
agriculture in the Mediterranean region, will certainly be 
of enormous added value for the sustainable development 
of agricultural systems. As stated by Dvorský et al. (2023), 
referring generally to small and medium-sized enterprises, 
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the perception by the surrounding community, policy mak-
ers, and the general public of the continuous search for sus-
tainability by the main actors in the agricultural sector is 
fundamental and can contribute decisively to the different 
vision of agriculture that is so necessary in our times.

3.3 � Weed control

Figure 5 shows the effects of different management sys-
tems on weed control efficiency (WCE). With regard to 
unamended managements, whereas in the first year of the 
study, the values were similar between the managements, 
with their mean value being 86%, in the 3rd year, the her-
bicide efficacy values under F were up to 1.75 times higher 
than those found under AWD70, suggesting that weed man-
agement needs to be taken into account after the transition 
to severe AWD. However, when AWD was implemented 
under moderate water-saving approaches (≥ − 20 kPa) no 
significant differences were observed relative to F (Fig. 5), 
which is consistent with previous research (Dossou-Yovo 
and Saito 2021) who indicated that, in a 2-year study on a 
rice farm with multi-location trials from West Africa, weed 
biomass was lower under safe AWD (re-flooded whenever 
soil water potential reaches − 25 kPa at 15 cm below the soil 
surface) than continuous flooding. Furthermore, it is impor-
tant to note that, in the 3rd year of the study, the herbicide 

efficacy values were 1.10 and 1.17 times higher in ADW20B 
and AWD70B than in AWD20 and AWD70, respectively. 
The aged-biochar processes are driven by oxidation, which 
results in an increase of oxygen groups (-COOH and -OH) in 
the biochar surface, thereby improving its sorption capacity 
(Maroušek and Trakal 2022) and reducing herbicide leach-
ing (López-Piñeiro et al. 2022). Thus, we suggest that the 
combined use of biochar and AWD irrigation enhances weed 
control efficacy. These results agree with López-Piñeiro 
et al. (2022) who indicated that a herbicide’s effectiveness 
increased with aged biochar amendment under sprinkler irri-
gation, although in laboratory bioassays. A positive and sig-
nificant correlation was observed between WCE and 1000W 
(r = 0.354, p < 0.01) (Fig. 3), suggesting that increased weed 
control is of paramount importance to improve the quality 
of the rice grain.

4 � Conclusions

The present field experiment was the first to explore the 
effects of two different severities of AWD irrigation sys-
tems with and without biochar application on soil properties, 
as well as on rice yield components and water productiv-
ity, under Mediterranean conditions. The use of biochar in 
combination with different severities of alternate wetting 
and drying irrigation (AWD) led to significant improve-
ments in soil properties, which could potentially influence 
rice cultivation, information until now unclear, especially 
under Mediterranean conditions. With regard to the agro-
nomic parameters, over the 3 years of the study (short-term), 
when the soil dried beyond − 20 kPa, yield losses could 
be observed, indicating the importance of the threshold to 
AWD application, as expected. In addition, the combined 
use of biochar (particularly under the influence of aging) and 
AWD managements (regardless of the threshold of severity) 
increased grain yield values even above those observed with 
the flooding system. This confirms our hypothesis that the 
use of biochar with AWD, in particular the aging effect of 
biochar, allows a significant increase in water productivity, 
which is an essential indicator for areas with water scarcity, 
thus fulfilling one of the main sustainable development goals 
elaborated by the United Nations. Therefore, the transition 
from flooding to AWD systems (mild and/or severe) in com-
bination with biochar application could be considered a sus-
tainable alternative, at least under Mediterranean conditions. 
Nevertheless, further research is needed to test the effects of 
AWD irrigation systems combined with biochar application 
on rice agroecosystem services under different cultivars and 
at different time scales (middle- and long-term effects). In 
addition, cost-benefit analyses are required to ascertain the 
economic viability of these alternative management systems.
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Fig. 5   Effect of different rice-growing managements on weed con-
trol efficiency (2020 brown bars; 2021 orange bars and 2022 green 
bars). Error bars represent one standard error of the mean (n = 3). 
Permanent flood irrigation without (F) and with application of bio-
char (FB); reflooding whenever the soil matric potential reached − 20 
kPa (at 15–20-cm depth) without (AWD20) and with application of 
biochar (AWD20B), and reflooding whenever the soil matric potential 
reached − 70 kPa (at 15–20-cm depth) without (AWD70) and with 
the application of biochar (AWD70B).
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