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The issue of soil salinization poses a significant barrier to sustainable agricultural 
development, particularly in arid and semi-arid regions. Finding methods to enhance 
the quality of salinized soils while conserving water resources has become a pressing 
challenge. In arid and semi-arid environments, conserving water resources while 
maintaining soil health is a critical challenge. This study, conducted from 2021 to 
2023, aimed to explore the combined effects of irrigation and biochar application 
on soil physicochemical properties, such as bulk density, porosity, and pH, as well 
as on Weighted Plane Soil Water Storage (WPSWS), soil temperature, and soil water 
evaporation. The experimental design included four irrigation levels, based on 
actual crop evapotranspiration (ETc): I1 (0.6 ETc), I2 (0.8 ETc), I3 (1.0 ETc), and I4 
(1.2 ETc), coupled with four amounts of biochar application (AOBA) of 0, 10, 20, 
and 30  t  ha−1, designated as C0, C10, C20, and C30, respectively. Through binary 
quadratic regression analysis, we sought to identify the optimal combination of 
irrigation amount and AOBA for enhancing soil quality. The results revealed that 
as AOBA increased from 10 to 30  t  ha−1, soil bulk density decreased by 1.31–8.58% 
and soil pH by 0.23–1.31%. However, higher levels of AOBA adversely affected 
WPSWS, with the C10 treatment showing the maximum improvement in WPSWS, 
registering an average increase of 6.77, 7.49, and 11.16% compared to the C0, 
C20, and C30 treatments, respectively. We observed that an increase in irrigation 
amount significantly elevated accumulated soil evaporation (ASE) and WPSWS but 
led to a reduction in accumulated soil temperature (AST). The most notable soil 
quality improvements were recorded when irrigation levels were between 340 
and 380 mm and AOBA ranged from 10 to 25 t  ha−1. This study provides insights 
into the effective combination of biochar application and irrigation for optimizing 
soil resilience, thereby offering a sustainable approach to soil management in 
water-limited environments.
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1 Introduction

Sugar beet, a cornerstone of the global sugar economy, plays a pivotal role in meeting 
approximately 30% of the world’s annual sugar demand (Ahmad et al., 2015). Its significance 
extends beyond traditional uses, contributing substantially to the biofuel sector as a primary 
source for ethanol and glycerol production (Misra et al., 2023; Li et al., 2022a). Favored for its 
resilience to cold, simplicity in cultivation, and shorter production cycles, sugar beet has 
emerged as a globally dominant sugar crop (Yu et al., 2020). Despite these advantages, challenges 
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such as soil salinization and water scarcity are increasingly undermining 
its yield and sugar content, necessitating urgent solutions to secure 
stable production (Xiao et al., 2023a; Li et al., 2023a; Sun et al., 2023).

In this context, biochar emerges as a transformative solution. Its 
application has been shown to enhance soil quality and sustain crop 
productivity, thanks to its high specific surface area influencing soil 
density and porosity (Asai et al., 2009; Xiao et al., 2016). Biochar’s ability 
to modulate soil temperature and minimize inefficient water evaporation 
is increasingly recognized, although the balance between its benefits and 
potential reduction in soil water storage capacity remains a topic of active 
research (Liang et al., 2021; Xu et al., 2016; Wang et al., 2022a). Liu et al. 
(2021) showed that the application of biochar could offset the crop yield 
reduction caused by deficit irrigation and thus improve water use 
efficiency. However, in a faba bean-ryegrass intercropping system, it was 
found that although biochar application improved soil water storage, 
total biomass decreased under deficit irrigation (Liu et  al., 2022a). 
Beyond physical properties, biochar’s rich active functional groups 
facilitate nutrient conversion and absorption, enhancing soil ion 
exchange rates and reducing nutrient loss (Qi et al., 2024; Li et al., 2018). 
Its typically weakly alkaline nature, rich in mineral salts and organic 
carbon, positions biochar as a potent means for soil organic matter 
enrichment and carbon sequestration (Butt et  al., 2018). Empirical 
evidence supports biochar’s role in bolstering growth and yield in various 
crops, even in soils distressed by heavy metals (Almaroai and Eissa, 2020; 
Aguirre et al., 2021; Liu et al., 2014). However, the optimal application 
rate of biochar, particularly under varying degrees of soil salinization and 
across different crop types, remains an area ripe for exploration.

Concurrently, the strategic allocation of water resources is 
imperative, especially in arid and semi-arid regions grappling with water 
scarcity (Xu et al., 2019; Kang et al., 2017). Developing efficient irrigation 
systems is not just a matter of enhancing crop growth and yield; it is 
critical for maximizing water use efficiency and conserving this vital 
resource (Zhang et al., 2022a). Some studies have shown that a low 
irrigation volume (1200–1800 m3 ha−1) leads to poor desalination and is 
prone to secondary salinization disasters, while a high irrigation volume 
(4,200 m3 ha−1) reduces water use efficiency (Li et al., 2023b). The balance 
between insufficient and excessive irrigation is delicate, as both extremes 
can detrimentally impact crop health (Zhang et al., 2016). Emerging 
research underscores the complexity of this balance, highlighting the 
need for optimized irrigation strategies tailored to specific crop 
requirements and environmental conditions (Guo et  al., 2021b; 
Himanshu et  al., 2021; Liu et  al., 2024). Sugar beet as a high-water 
demand crop, it is necessary to develop a rational irrigation strategy. 
Proper irrigation strategies not only increased the rate of nutrient uptake 
by sugar beet, but also effectively reduced soil salinity (Yan et al., 2021). 
This study gains urgency and relevance in the context of Xinjiang, 
China’s primary sugar beet cultivation region. Xinjiang’s unique climatic 
and light conditions are conducive to sugar accumulation, yet it faces the 
daunting challenge of extensive soil salinization, covering an area of 
8.5 × 104 km2, posing a significant threat to sugar beet productivity (Wang 
et al., 2018; Feng et al., 2017). Understanding the interplay between 
irrigation and biochar application in such environments is crucial. While 

previous studies have independently examined the effects of irrigation 
and biochar on soil properties, the synergistic impact of these two factors 
on soil water dynamics, temperature, and physicochemical properties, 
especially in salinized soils, is less understood.

Therefore, this study aims to fill these critical gaps by: (1) 
investigating the combined effects of various irrigation levels and 
biochar application rates on soil water storage, evaporation, 
temperature, and other key soil properties throughout the growth 
stages of sugar beet during 2021, 2022, and 2023; and (2) identifying 
the optimal combination of irrigation and biochar application to 
enhance soil quality. This research not only expected to advance the 
understanding of the theory of salinized soil improvement and water 
conservation and salt control, but also has important implications for 
sustainable agricultural development.

2 Materials and methods

2.1 Experimental site description

This study was conducted over three consecutive sugar beet 
growing seasons (2021–2023) in Beiquan Town, Shihezi, Xinjiang 
Uygur Autonomous Region, China (85°97′05″E; 44°47′83″N). This 
location, at the southern fringe of the Junggar Basin and on the 
western bank of the Manas River, is characterized by a perennially dry 
climate with potent evaporation, abundant solar and thermal 
resources, and a typical temperate continental climate. Notably, the 
area receives an average annual precipitation of 142 mm, 
predominantly between June and August, and experiences an average 
annual temperature of 6.2°C with a frost-free period extending from 
168 to 171 days. The active accumulated temperatures (≥0°C 
and ≥ 10°C) range from 4,023–4,118°C and 3,570–3,729°C, 
respectively. The region predominantly supports irrigated agriculture, 
with sugar beet and cotton as the principal economic crops. Soil type 
was dominated by sandy loam, with clay, silt, and sand accounting for 
3.1, 69.1, and 27.8% of the 0–100 cm soil layer, respectively. The 
groundwater level consistently remains below 2 meters, underscoring 
the region’s semi-arid nature.

2.2 Experimental design

2.2.1 Experimental plot design
Biochar, derived from palm fruit branches and pyrolyzed under 

anaerobic conditions at 500–600°C, was sourced from Zhengzhou 
Yongbang New Energy Equipment Technology Co. Ltd., China. Its 
physicochemical properties were characterized by an initial electrical 
conductivity of 11.02 mS cm−1, organic carbon content of 472.2 g kg−1, 
pH 6.7, total nitrogen content of 2.30 g kg−1, specific surface area of 
116.6 m2 g−1, and a bulk density of 0.5 g cm−3.

The experimental design incorporated 16 treatments across four 
irrigation gradients and four biochar application rates. Each treatment 
was replicated thrice, resulting in a total of 48 plots. The experimental 
plots were arranged in a randomized complete factorial block design, 
with each plot measuring 48 m2 (6 m × 8 m). A buffer zone of 50 cm 
was maintained between plots to prevent cross-contamination. 
Biochar application rates were set at 0, 10, 20, and 30 t ha−1. The 
application was executed once before sowing in 2021, the biochar was 

Abbreviations: WPSWS, Weighted planar soil water storage; ET0, Daily reference 

crop evapotranspiration; ETc, Actual crop evapotranspiration; AOBA, Amount of 

biochar application; AST, Accumulated soil temperature; DSE, Daily soil evaporation; 

ASE, Accumulated soil evaporation.
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uniformly spread on the soil surface with specified amounts, 
thoroughly mixed with the soils using a wooden rake, and then 
ploughed down to 30 cm (Liang, 2021b; Wang et al., 2022a) depth 
using a rotary cultivator, and this regime was maintained throughout 
the three-year experiment.

Over the course of 3 years, the planting and harvesting of sugar 
beets were scheduled from April 19 to September 28 in 2021, April 
15 to September 25 in 2022, and April 18 to September 23 in 2023. 
The chosen cultivar for these trials was “De tian 2” a variety 
commonly grown by local agriculturists. The prevalent planting 
methodology in the region involved a system termed “one plastic 
film, two drip pipes, and four rows.” The drip tape utilized in this 
study was an in-line system with drippers spaced at 30 cm intervals. 
Each dripper had a flow rate of 2.4 L h−1 and operated at a pressure of 
0.1 MPa. In this arrangement, sugar beets were systematically sown 
to maintain uniform inter-row and intra-row spacing of 40 cm each 
(Figure 1a).

2.2.2 Irrigation schedule
Field meteorological data, including rainfall, wind speed, 

temperature, sunshine intensity, and humidity, were monitored using 
a portable automatic weather station (HOBO U30, United States). The 
total precipitation and average daily temperatures during the sugar 
beet growth periods for 2021, 2022, and 2023 were recorded.

Irrigation quotas were determined as fractions (0.6ETc, 0.8ETc, 
1.0ETc, and 1.2ETc) of the actual daily crop evapotranspiration (ETc), 
as calculated using the formula by Allen et  al. (1998), where 

0ETc Kc ET= × . The crop coefficient (Kc) of sugar beet varied across 
different growth stages, while the daily reference crop 
evapotranspiration (ET0) was computed using the standard formula 
incorporating parameters like net radiation, soil heat flux density, 

humidity meter constant, daily average temperature, wind speed, and 
vapor pressure deficit Equation 1;
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where Rn is net radiation amount (MJ⋅m−2⋅d−1); G is soil heat flux 
density (MJ⋅m−2⋅d−1); γ is the humidity meter constant (kPa⋅C−1); T is 
daily average temperature (°C); μ2 is the wind speed at 2 m above the 
ground (m⋅s−1); es and ea are saturated and actual water vapor pressure 
(kPa); Δ is the slope of the saturation vapor pressure curve at air 
temperature (kPa C−1).

Irrigation commenced 5 days post-sowing, initially at a volume of 
50 mm according to the experience of local farmers, a practice termed 
“dry sowing and wet seedling.” Throughout 2021, a total of 10 
irrigation events were executed, with respective quotas of 226, 276, 
327, and 377 mm for the treatments I1, I2, I3, and I4. In the subsequent 
year, 2022, the number of irrigation events was reduced to eight due 
to the COVID-19 pandemic, setting the quotas at 214, 275, 336, and 
398 mm for the same respective treatments. In 2023, the irrigation 
frequency was adjusted to nine events, with quotas of 207, 259, 311, 
and 363 mm allocated to treatments I1 through I4.

Fertilization, integrated with the irrigation process, mirrored the 
local agricultural practices in terms of quantities and types of 
fertilizers used. Specifically, nitrogen, phosphorus, and potassium 
were applied at rates of 450, 265, and 100 kg ha−1, respectively. This was 
achieved using urea (with a nitrogen content of at least 46%), 
diammonium phosphate (boasting a minimum of 46% P2O5), and 
potassium sulfate (containing no less than 52% K2O). A detailed 

FIGURE 1

Schematic diagram (left) and experimental planting (right) of sugar-beet planting under plastic mulched drip irrigation (a), diagram of irrigation cycle 
and fertilization times (b). I1, I2, I3, and I4 represent irrigation quota at 60, 80, 100, and 120% ETc, respectively.
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depiction of the fertilization and irrigation protocol is presented in 
Figure 1(B).

2.3 Measurements and methods

2.3.1 Soil properties
For each treatment, during the harvest stages of sugar beet in the 

years 2021, 2022, and 2023, soil cores were extracted from a depth of 
40 cm using a steel corer, which had a capacity of 100 cm3. These 
samples were then transported to the laboratory to assess soil bulk 

density (BD) and porosity ( 1
2.65
BD

= − ) (Danielson and Sutherland, 

1986). Utilizing spiral soil drills to collect additional soil samples were 
collected from varying depths: 0–10 cm, 10–20 cm, 20–30 cm, and 
30–40 cm. These samples were air-dried, ground, and then utilized to 
prepare a soil-water mixture in the ratio of 1:5. The pH levels of this 
mixture were determined using a pH meter (model PHS – 2F).

2.3.2 The weighted planar soil water storage 
(WPSWS)

Soil samples were systematically collected at various stages of sugar 
beet growth (Seedling stage, rapid growth stage, expansion stage, sugar 
accumulation stage and harvest stage) post-sowing - utilizing spiral soil 
drills. These samples were extracted from depths of 0, 10, 20, 40, 60, 80, 
and 100 cm. Soil water content was measured by drying soil samples at 
a temperature of 105°C until a constant weight was achieved. Sampling 
was conducted at three distinct points: the area devoid of film coverage 
(LNM), directly beneath the drip irrigation belt (LU), and at the central 
point of the drip irrigation belt (LM). The Weighted Planar Soil Water 
Storage (WPSWS) was calculated using the moisture content data 
obtained from these various locations, both along the rows and under 
the plastic mulch, to evaluate the vertical distribution of soil moisture 
storage. The formula for WPSWS (cm3 cm−3) is Equation 2:

 ( )
NM NM U U M M

NM U M

HL HL HLWPSWS
H L L L
θ θ θ+ +

=
+ +  

(2)

where, LNM, LU and LM represent the areas without film coverage, the 
areas under the drip irrigation belt, and the middle of the drip irrigation 
belt, respectively. θ NM, θ U, andθ M denote the average soil water content 
(cm3 cm−3) in the areas without film coverage, under the drip irrigation 
belt, and in the middle of the drip irrigation belt, respectively.

2.3.3 Soil water evaporation
Throughout the years 2021, 2022, and 2023, the daily rate of soil 

water evaporation was closely observed during the period of rapid 
growth of the sugar beet. This measurement was conducted using a 
micro soil lysimeter, consisting of two PVC drum cylinders: an outer 
cylinder measuring 10 cm in length and 20 cm in height, and an inner 
cylinder with dimensions of 9 cm in length and 15 cm in height. The 
outer cylinder was embedded in the soil, while the inner cylinder, 
lined at the bottom with breathable gauze for aeration, was filled with 
soil. An electronic balance was employed for the precise measurement 
of daily soil evaporation, recorded at 8:00 PM each day. Following any 
incidence of rainfall or irrigation, the soil within the inner cylinder 
was replaced with fresh soil to maintain consistency in measurements.

2.3.4 Soil temperature
Daily soil temperatures at depths of 5, 10, 15, 20, and 25 cm were 

recorded using a right-angle geothermometer (Hong Kong thermal 
instruments, Wuqiang County, Hebei Province, China) from 8:00 AM 
to 8:00 PM (Tan et al., 2017).

2.4 Statistical analysis

Data were analyzed using a two-way analysis of variance 
(ANOVA) in SPSS18.0 to assess the impacts of biochar application and 
irrigation on soil properties. Statistical significance was determined at 
the 0.05 or 0.01 confidence levels. Graphical illustrations were created 
using Origin 9.0 software.

3 Results

3.1 Effects of biochar on soil bulk density, 
porosity, and pH

Reduction in Soil Bulk Density and Increase in Porosity: The 
application of biochar significantly decreased soil bulk density while 
simultaneously enhancing soil porosity (Figure 2). In the top 40 cm of 
soil, the C10, C20, and C30 treatment groups experienced a reduction 
in soil bulk density by 2.63–8.58%, 1.32–7.75%, and 1.31–5.26%, 
respectively. Correspondingly, soil porosity in these groups increased 
by 3.66–10.49%, 2.14–10.09%, and 1.41–6.57% compared to the 
control group (C0). It was observed that with the application of 
consistent biochar amounts, the soil bulk density tended to increase 
as the soil depth increased. For example, at the 0–10 cm depth, the 
decrease in soil bulk density was 1.41–3.24%, 6.67–8.57%, and 5.89–
9.03% in comparison to the 10–20 cm, 20–30 cm, and 30–40 cm 
depths, respectively. Inversely, soil porosity showed a tendency to 
decrease with increasing soil depth. Specifically, soil porosity at the 
0–10 cm depth increased by 1.59–3.08%, 7.71–10.68%, and 2.89–
11.37% relative to the 10–20 cm, 20–30 cm, and 30–40 cm depths.

Change in Soil pH: Supplementary Figure S1 presents a 
comparison of soil pH values within a depth of 0–40 cm, under 
varying irrigation levels and biochar application rates, using data from 
the year 2021 as an illustrative case. The introduction of biochar led to 
a significant decrease in soil pH at the 0–30 cm depth, while its impact 
was negligible on the 30–40 cm layer. Specifically, the soil pH in the 
C10, C20, and C30 treatment groups showed an average decrease of 
0.23, 0.62, and 1.31% respectively, in comparison to the control group 
(C0). An inverse relationship was observed between soil pH and the 
amount of biochar applied (AOBA); higher biochar levels 
corresponded to lower pH values. Furthermore, when the biochar 
application rate was constant, an increase in irrigation quantity 
resulted in a further reduction in soil pH. The pH values recorded for 
the years 2022 and 2023 are displayed in Supplementary Figures S2,S3.

3.2 Influences biochar application and 
irrigation on WPSWS

Variation of WPSWS with Biochar and Irrigation: The 2021 data, 
depicted in Supplementary Figure S4, illustrates the trend of WPSWS 
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under various levels of biochar application and irrigation. WPSWS 
initially showed an increase followed by a decrease as the sowing days 
progressed. Additionally, deeper soil layers exhibited a narrower 
fluctuation range in WPSWS. When considering the same irrigation 
level, an increase in biochar application initially raised the WPSWS 
but subsequently led to a reduction. The highest WPSWS was 
observed under the C10 treatment, whereas the C30 treatment 
registered the lowest. The WPSWS variations for the years 2022 and 
2023 are presented in Supplementary Figures S5,S6. The trend was 
consistent with that of 2021, positively correlated with irrigation water, 
and greatest in the C10 treatment. Statistical Analysis of Influences on 
WPSWS: The study, spanning over 3 years, revealed that both the 
AOBA and the irrigation level significantly influenced WPSWS 
(Table  1). An analysis of variance indicated that irrigation 
predominantly affected WPSWS at depths of 0–10 cm (p  < 0.01), 
0–40 cm, and 0–100 cm (p < 0.05). Biochar had a notable impact on 
WPSWS at the 0–10 cm depth but showed no significant difference at 
the 0–100 cm depth range. Considering the interaction between 
irrigation and biochar (I × C), no significant differences were found in 
WPSWS across the 0–10, 0–40, and 0–100 cm depths.

Cumulative WPSWS under Various Treatments: The cumulative 
WPSWS at a depth of 0–100 cm over the 3 years, under different 
irrigation and biochar levels, is showcased in Supplementary Figure S7. 

The I4C10 treatment consistently demonstrated a higher accumulated 
WPSWS compared to the other 15 treatments. Under identical biochar 
levels, the I4 treatment exhibited an average increase of 5.96, 14.33, 
and 19.86% relative to the I1, I2, and I3 treatments, respectively. When 
irrigation levels were constant, the maximum accumulated WPSWS 
was achieved under the C10 treatment, surpassing the C0, C20, and 
C30 treatments by 6.77, 7.49, and 11.16%, respectively.

3.3 Influences of biochar application and 
irrigation on soil temperature

Influence of Air Temperature on Soil Temperature: The soil 
temperature during the sugar beet growth period in 2021, 2022, and 
2023 was significantly influenced by air temperature. The daily 
maximum air temperatures ranged from 14.0 to 40.1°C, 12.7 to 
39.8°C, and 13.1 to 41.2°C, respectively, across these years. Similarly, 
the daily minimum air temperatures varied between −0.9 to 25.9°C, 
0.7 to 24.7°C, and 1.2 to 23.6°C.

Soil Temperature Dynamics: In 2021, the peak soil temperature 
was observed around 60 days after sowing, as shown in 
Supplementary Figure S8. In the subsequent years, the highest soil 
temperatures were recorded on the 75th day in 2022 and the 60th day 

FIGURE 2

Effect of different biochar application rates on bulk density and porosity at the depth of 0–40  cm in 2021, 2022, and 2023 (pre-planting). C0, C10, C20, 
and C30 represent biochar application rates of 0, 10, 20, and 30  t  ha−1, respectively. Error bars represent standard errors. Different letters above the bars 
indicate statistical differences among treatments at the significance level p  <  0.05 with an LSD test.
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in 2023 (Supplementary Figures S9,S10). A consistent trend was noted 
where soil temperature decreased with increasing depth. The average 
daily maximum soil temperature at 5 cm depth showed a relative 
increase by 1.22–5.79%, 2.19–6.99%, 2.56–4.84%, and 0.79–6.28% 
compared to the temperatures at depths of 10, 15, 20, and 25 cm, 
respectively (Table  2). Biochar application effectively elevated soil 
temperatures under the same irrigation conditions. The highest and 
lowest soil temperatures in the C0 treatment increased by an average 
of 0.54–7.35% and decreased by −1.99–10.89%, respectively, when 
compared to the C10, C20, and C30 treatments. Moreover, increasing 
irrigation amounts resulted in lower soil temperatures within the same 
biochar treatment category.

Total Accumulated Soil Temperature (AST) Variation: The 
patterns of AST over the years 2021, 2022, and 2023 were consistent 
in Supplementary Figure S11. Increases in biochar application and 
reductions in irrigation amounts led to an increase in AST. For 
instance, in 2021 with constant biochar levels, the AST in the I1 
treatment showed an average increase of 1.14, 3.56, and 6.58% 
compared to the I2, I3, and I4 treatments, respectively. In 2022 and 
2023, the average increase in AST was 0.25, 1.09, 5.47 and 2.54%, 5.41, 
8.58%, respectively. The effect of biochar on AST was most 

pronounced in the C30 treatment, followed by C20 and C10 when 
compared to the control (C0). In 2021, the AST of the C30, C20, and 
C10 treatments rose by an average of 2.89, 5.05, and 8.86%, 
respectively, relative to the C0 treatment. The corresponding increases 
in 2022 and 2023 were 3.64, 6.99, 10.56 and 3.08%, 5.74, 7.57%, 
respectively. The data also revealed that higher irrigation levels 
resulted in lower AST values. When irrigation levels were constant, 
the soil temperature under the C30 treatment increased significantly, 
underscoring those higher levels of biochar application effectively 
enhance soil temperature.

3.4 Effects of biochar application and 
irrigation on soil evaporation

Impact on Daily Soil Evaporation (DSE): The combination of 
biochar application, irrigation amount, and irrigation frequency 
significantly influenced DSE. In 2021, under the same irrigation 
conditions, the DSE for the C10, C20, and C30 treatments were 10.68, 
19.81, and 42.48% higher, respectively, than that of the C0 treatment, 
as illustrated in Figure 3. In the following years, the increases in DSE 

TABLE 1 The variance significance level of WPSWS at 0–10  cm, 0–40  cm, and 0–100  cm depth ranges in 2021, 2022, and 2023, compared between four 
irrigation amounts (at the same biochar application rates), four biochar application rates and 16 biochar-irrigation treatments.

Factor Depth (cm) (2021) Depth (cm) (2022) Depth (cm) (2023)

0–10  cm 0–40  cm 0–100  cm 0–10  cm 0–40  cm 0–100  cm 0–10  cm 0–40  cm 0–100  cm

I **(p = 0.00) **(p = 0.00) **(p = 0.00) **(p = 0.00) **(p = 0.00) * (p = 0.02) ** (p = 0.00) * (p = 0.02) ** (p = 0.00)

C **(p = 0.00) **(p = 0.00) NS(p = 0.39) *(p = 0.02) NS (p = 0.46) NS (p = 0.76) *(p = 0.02) *(p = 0.03) NS (p = 0.12)

I × C NS (p = 0.91) NS (p = 0.97) NS (p = 0.44) NS (p = 0.68) NS (p = 0.29) NS (p = 0.93) NS (p = 0.91) NS (p = 0.99) NS (p = 0.99)

WPSWS, weighted planar soil water storage; I, irrigation amounts; C, biochar application rates; *significant at the level of 0.05; **significant at the level of 0.01; NS, not significant.

TABLE 2 The statistical characteristics of soil temperature (°C) at 5, 10, 15, 20, and 25  cm for different treatments at the growth stages of sugar-beet in 
2021, 2022, and 2023.

Depth 5  cm 10  cm 15  cm 20  cm 25  cm

Treatment Min Max Ave Min Max Ave Min Max Ave Min Max Ave Min Max Ave

I1C0 17.3 43.7 28.9 17.7 42.8 29.5 20.5 42.8 29.2 20.7 38.6 27.8 20.5 36.1 27.6

I1C10 19.2 42.7 29.1 19.5 41.8 30.7 20.1 40 29.7 20.5 37.9 27.7 21.2 34.1 27.8

I1C20 17.5 42.2 30.13 18 41.1 29.7 19.5 39.1 29.1 19.9 35.8 28.5 21.5 35 28

I1C30 18.1 41.5 31 19.5 41 29.8 19.9 38.2 29.5 20.2 37.6 28.6 20.9 33.2 28.2

I2C0 17.9 42.3 27.1 18.5 41.2 27.8 18.5 40.9 27.9 18 35.9 26.7 20.2 34.5 25.8

I2C10 19.1 40.4 27.8 19.8 39.2 28.5 20.2 38.1 28.7 20.2 35.5 27.1 21.1 33.2 26.3

I2C20 17.9 39.9 28.1 19.2 39.1 28.6 19 37.5 28.5 19.5 35.2 27.6 19.5 33.1 25.1

I2C30 18.2 41.8 28.6 18.5 40 29.3 19.3 38.3 29 19.2 35.5 27.9 20.2 33 26.1

I3C0 17.5 43.5 28.7 18.1 45.7 29.1 19.6 41.3 29.2 19.3 37 28.1 20.4 37.7 27.7

I3C10 17.9 43.2 29.3 18.3 44.2 29.6 18.9 43.2 29.5 18.5 39.2 28.2 20.2 37.4 28.2

I3C20 17.5 42.9 29.8 18.2 44.3 29.6 19.1 41.5 29.5 18.5 38.2 28.2 19.1 35.3 27.1

I3C30 18.1 42.2 29.1 18.5 41.6 29.9 19.9 40.3 29.2 20.1 37.3 28.4 21.5 36.2 28.5

I4C0 16.2 45.1 27.2 17.3 44.5 27.9 19.5 39.7 26.7 20.1 36.6 25.4 20.3 36.7 25.4

I4C10 16.5 44.3 29.1 17.6 43.3 28.6 19.2 42.1 29.4 18.5 38.8 27.9 20.5 36.5 27.7

I4C20 17.5 44.9 28.9 17.5 43.5 28.5 18.2 42.7 28.8 18.6 38.1 27.4 19.2 35.8 27.1

I4C30 18.2 42.5 29.8 18.9 40.7 29.1 19.6 39.1 29.2 20.3 36.3 27.5 20.4 35.9 28.3

Min, minimum temperature (°C); Max, maximum temperature (°C); Ave, average temperature (°C).
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for these treatments compared to C0 were 7.53, 11.91, and 16.66% in 
2022, and 15.01, 33.80, and 43.04% in 2023, respectively 
(Supplementary Figures S12,S13). Furthermore, under a constant 
biochar application rate, the DSE escalated with an increase in 
irrigation amount. For instance, compared to the I1 treatment, the I2, 
I3, and I4 treatments showed increases in DSE by 4.24, 19.72, and 
34.78% in 2021, 21.19, 37.78, and 61.93% in 2022, and 16.24, 37.33, 
and 43.27% in 2023, respectively.

Accumulated Soil Evaporation (ASE) Patterns: Over the years 
2021, 2022, and 2023, the ASE in non-mulched areas under 
different irrigation and biochar levels is presented in Figure 4. The 
highest ASE was recorded in the I4C30 treatment, while the lowest 
was in the I1C0. Under identical irrigation levels, ASE rose with an 
increase in biochar application. During the harvest stages of 2021, 
ASE in the C10, C20, and C30 treatments surged by 9.71–26.97%, 
6.06–13.50% in 2022, and 12.92–29.71% in 2023 compared to the 
C0 treatment. Under the same biochar application, the I4 irrigation 
treatment exhibited the highest ASE, while the I1 treatment 
showed the lowest. There was a notable difference in ASE across 
the 3 years under varying biochar applications, as shown in 
Supplementary Figure S14. Specifically, when irrigation levels were 
constant, the ASE in the C30 treatment was higher by 31.09, 18.38, 
and 9.71% compared to the C0, C10, and C20 treatments, 
respectively. Similarly, under a fixed biochar application, the ASE 
under the I4 irrigation treatment over 3 years increased by 45.21, 

FIGURE 3

Daily soil evaporation in non-film mulched areas under different biochar application rate and irrigation amount combinations in 2021. I1, I2, I3, and I4 
represent irrigation quota at 60, 80, 100, and 120% ETc, respectively; C0, C10, C20, and C30 represent biochar application rates of 0, 10, 20, and 
30  t  ha−1, respectively.

FIGURE 4

Accumulated soil water evaporation in non-film mulched areas 
under different biochar application rates and irrigation amounts 
combinations in 2021, 2022, and 2023. I1, I2, I3, and I4 represent 
irrigation quota at 60, 80, 100, and 120% ETc, respectively; C0, C10, 
C20, and C30 represent biochar application rates of 0, 10, 20, and 
30  t  ha−1, respectively.
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32.11, and 14.18% compared to the I1, I2, and I3 treatments. These 
findings suggest that while increasing irrigation and biochar 
application can enhance ASE, there are limits to the extent they can 
improve soil hydraulic conditions.

3.5 Relationship between soil properties 
and AOBA and irrigation amount

Multivariate Analysis of Soil Properties: Using MATHEMATIC 
10.0 software, a three-dimensional binary quadratic regression 
analysis was conducted to examine the interplay between biochar 
application, irrigation amount, and various soil properties (AST, pH, 
WPSWS, and ASE). Increasing irrigation improved WPSWS; 
however, it also led to a decrease in AST and an increase in ASE. The 
application of biochar mitigated these effects, as illustrated in 
Figure 5.

Influence on AST: The analysis revealed that both an increase in 
biochar application and a reduction in irrigation amount positively 
affected the AST. A suggested irrigation range of 260–390 mm was 
identified as optimal, considering its correlation with suitable soil 
temperatures (p < 0.05). Notably, biochar applications in the range of 

20–30 t ha−1 demonstrated enhanced soil warming effects. However, 
it’s crucial to consider that soil temperature is influenced by multiple 
factors, including warming pathways and the positive impact of 
temperature on crop growth.

Effect on Soil pH: Soil pH demonstrated a downward trend with 
higher biochar application and irrigation amounts. An irrigation 
range of 260–380 mm and a biochar application of 0–10 t ha−1 were 
optimal for reducing pH while conserving water resources and 
minimizing biochar usage.

Impact on WPSWS: The WPSWS was observed to be directly 
proportional to the irrigation amount. It increased initially and then 
decreased with rising biochar application. The optimal range for 
irrigation was identified as 340–460 mm, and for biochar application, 
it was 0–25 t ha−1. This suggests that a certain level of biochar 
application enhances soil water retention, but excessive application 
might lead to increased water loss.

Changes in ASE: The ASE escalated with both increased 
biochar application and irrigation amounts. The minimal ASE was 
achieved with an irrigation volume of 260–300 mm and biochar 
application ranging from 0 to 25  t ha−1, indicating a balance 
between irrigation efficiency and biochar usage for optimal soil 
moisture conservation.

FIGURE 5

Relationship of accumulated soil daily temperature, pH, weighted plane soil water storage, and accumulated soil evaporation with irrigation amount 
and biochar application rates. The colored region represents the 90% confidence interval.
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4 Discussion

4.1 Continuous vs. single biochar 
application on soil properties

The method of biochar application, whether it be continuous or a 
single instance, plays a critical role in enhancing soil properties. 
Research by Liang et  al. (2021) indicated that ongoing biochar 
application over 3 years substantially enhanced soil physical and 
hydraulic properties in Kuerle, Xinjiang. The improvements were 
noticeable from the first year, although they did not significantly vary 
over the three-year period. However, it was observed that soil water 
retention capacity declined when the Amount of Biochar Applied 
(AOBA) exceeded 25 t ha−1. In a separate four-year study by Shi et al. 
(2022) in Bei’an, Heilongjiang Province, an increase in AOBA led to a 
consistent decrease in soil bulk density and an increase in soil porosity. 
This study also highlighted that soil water retention capacity followed 
a unimodal curve, reaching an optimum at 50 t ha−1 of biochar.

Contrasting these findings, Zhang et al. (2022b) compared the 
effects of long-term continuous biochar application with single 
applications in Wuhan City, Hubei Province, and found that 
continuous application yielded superior improvements in soil 
physicochemical properties. On the other hand, Li et  al. (2022b) 
observed in degraded alpine grasslands that a single biochar 
application significantly altered soil physical properties, but the 
benefits diminished in the second year. These variations suggest that 
the environmental context and the type of biochar can influence the 
longevity of its beneficial effects. Continuous application of biochar 
over several years can enhance soil porosity (Zheng et  al., 2022), 
though it may also lead to reduced soil hydraulic attributes (Baronti 
et al., 2022) and higher input costs (Joseph et al., 2020).

In this study, biochar was applied only in the first year (2021), 
resulting in notable improvements in soil physicochemical and 
hydrothermal properties. The most effective soil water retention was 
observed at an AOBA of 10 t ha−1, and this level of performance was 
consistent across three consecutive years.

4.2 Effects of irrigation and biochar 
application on soil physical properties

Biochar has been consistently recognized for its capacity to enhance 
soil physical properties, as noted by Qi et al. (2024). Studies such as 
those by Burrell et al. (2016) and Hardie et al. (2014) have demonstrated 
that the application of low-density biochar significantly reduces soil 
bulk density. These studies also revealed that an increase in the Amount 
of Biochar Applied (AOBA) not only improves soil efficiency and 
permeability but also enhances soil porosity. Wang et  al. (2022b) 
observed a substantial decrease in soil bulk density with an AOBA of 
100 t ha−1. Similarly, Li et al. (2018) reported a 22% reduction in soil bulk 
density for the top 20 cm of soil with an AOBA of 60 t ha−1. The low bulk 
weight and multiple voids of biochar were the main reasons for this 
phenomenon, but irrigation had no significant effect on soil physical 
properties (Liu et al., 2022b). Conversely, Ahmed et al. (2016) discovered 
that finer biochar particles could potentially clog soil pores, resulting in 
reduced soil porosity. Igaz et al. (2018) did not find significant changes 
in soil bulk density after biochar application in powdery soil types. 
These findings highlight that the effects of biochar are influenced by its 

type, the amount applied, and the specific experimental conditions 
(Liang et al., 2021). Selecting appropriate biochar types is crucial to 
prevent exacerbating soil acidification or alkalization, as indicated by 
Xiao et al. (2023b). However, Qian et al. (2022) found a 3% increase in 
soil pH after adding 3 g L−1 of biological carbon. In an experiment using 
acidified biochar (pH = 6.7) similar to this study, Wang et al. (2022b) 
applied it to alkaline soils (pH = 7.82) in South Xinjiang, China, and 
noted that increasing AOBA and pyrolysis level led to an elevation in 
soil pH. In this study, the application of biochar resulted in a 0.23–1.31% 
decrease in soil pH, and the reasons for this phenomenon were mainly 
related to the type of biochar and the fact that it had been subjected to 
acidification (Wang et  al., 2022b). This research corroborates these 
findings, showing that biochar application significantly reduces soil bulk 
density and pH while concurrently increasing soil porosity.

4.3 Effects of irrigation combining with 
biochar application on soil hydro-thermal 
properties

The dynamics of soil hydrothermal properties, including WPSWS, 
ASE, and soil temperature, are significantly influenced by both irrigation 
levels and the AOBA. Xiao et  al. (2023a) observed that enhancing 
irrigation volume, frequency, and total amount resulted in elevated soil 
moisture levels. Liang et al. (2021) noted a rapid increase in ASE post-
irrigation. Furthermore, Yang et al. (2023) found that increased irrigation 
not only promotes plant growth but also contributes to a reduction in 
soil temperature, due to decreased soil light intensity and increased soil 
specific heat capacity, as corroborated by Mahdavi et al. (2016). This 
study supports these findings, revealing that both WPSWS and ASE 
amplify with increased irrigation, while higher irrigation volumes lead 
to a reduction in soil temperature, with the accumulated temperature 
reaching its peak under the I1C30 treatment over the three-year period.

Biochar, due to its high specific surface area, is effective in 
enhancing soil water storage capacity (Lee et al., 2022; Zhang et al., 
2020). Contrarily, Li et al. (2018) discovered that higher AOBA levels 
might cause soil internal looseness and promote water evaporation. 
Excessive biochar application, as shown by Yan et al. (2019) and Wang 
et al. (2022b), can adversely affect soil water retention, particularly 
when AOBA surpasses 25 t ha−1. The application of biochar modifies 
soil water retention behavior and raises soil temperature, with the 
effect on temperature becoming more pronounced at higher AOBA 
levels (Feng et al., 2021). According to He et al. (2016) and Zhao et al. 
(2018), biochar not only increases soil temperature but also stabilizes 
its fluctuation. Our findings align with these observations; with 
constant irrigation, WPSWS initially increased and then decreased 
with rising biochar application, peaking at the C10 level. Furthermore, 
an increase in AOBA led to heightened ASE and soil temperature, 
suggesting that while biochar application can improve soil water 
retention, it also presents limitations in enhancing soil 
hydraulic properties.

4.4 Optimal combination of irrigation 
amounts and biochar application rate

The synergistic impact of combining irrigation with biochar 
application has been evident across various crop types, enhancing 
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growth and yield. Agbna et al. (2017) discovered that an AOBA of 
25 t ha−1 effectively compensated for yield losses under deficit 
irrigation conditions (50% ET0). In research by Guo et al. (2021a), 
tomato plants grown in soil with a 2% biochar content showed no 
marked difference in dry matter quality between deficit (60%) and 
full (90%) irrigation. Similarly, Hou et al. (2023) noted that wheat 
straw pellet biochar, in conjunction with partial root-zone drying 
irrigation, significantly boosted cotton growth and water use 
efficiency. Liu et al. (2021) observed that biochar application under 
adequate irrigation (90% water holding capacity) favored tobacco 
biomass accumulation. However, Faloye et al. (2019) indicated that 
while biochar at 20 t ha−1 enhanced maize’s water use efficiency and 
yield, the combined effects of biochar and irrigation did not 
significantly impact yield.

These studies collectively suggest optimal combinations of 
irrigation and biochar application for various crops. Our findings 
indicate that an irrigation range of 340–380 mm and an AOBA 
between 10 and 25 t ha−1 can maximize soil resilience while ensuring 
sustainable crop production. The enhancement of soil properties 
through biochar application is a gradual process. This study’s 
conclusions are based on 3 years of observation, highlighting the need 
for prolonged experiments to fully comprehend the long-term 
influences of biochar on soil resilience. Continued research and 
extended observational studies are crucial for a deeper understanding 
of biochar’s enduring effects on soil properties.

4.5 Impacts and implications

The interplay between biochar application, irrigation strategies, 
and soil properties necessitates a comprehensive understanding that 
spans beyond individual studies. This research contributes to a 
growing body of knowledge, affirming the potential of biochar as a soil 
amendment tool. It underscores the necessity of a balanced approach 
to biochar application, considering both its immediate and lasting 
effects on soil health. Moreover, this study’s insights are particularly 
relevant for regions facing similar climatic and soil conditions as the 
study area. The findings offer practical guidelines for sustainable 
agricultural practices, emphasizing the importance of customizing 
biochar application and irrigation strategies to specific environmental 
conditions and crop requirements.

Advancing Agricultural Practices: The findings of this study have 
important implications for modern agricultural practices, particularly 
in the context of sustainable soil management. By elucidating the 
effects of biochar application in combination with irrigation strategies, 
this research provides actionable insights that could alter current 
farming practices. The demonstration of biochar’s ability to improve 
soil physical properties, enhance water retention, and modulate soil 
temperature paves the way for more efficient use of water resources 
and improved crop resilience against climate variability.

Environmental Sustainability: This study contributes to the 
discourse on environmental sustainability in agriculture. The use of 
biochar, a product of biomass recycling, aligns with eco-friendly 
practices by promoting carbon sequestration and reducing the reliance 
on chemical fertilizers. Furthermore, the optimization of irrigation 
practices highlighted in this research can lead to more judicious use 
of water, a critical resource in many agrarian societies facing water 
scarcity and drought conditions.

Economic Implications: For farmers and agricultural stakeholders, 
the implications of this research are both practical and economic. The 
optimization of biochar application and irrigation amounts can lead 
to better crop yields and quality, which in turn can have a positive 
impact on the economic viability of farms. By enhancing soil health 
and crop productivity, farmers can achieve better returns, contributing 
to the economic sustainability of agricultural communities.

Policy and Educational Aspects: The insights gained from this 
study can inform policymaking in agriculture, especially in regions 
where soil degradation and water scarcity are prevalent. Policies that 
encourage the adoption of sustainable practices like biochar 
application can have significant impacts on regional and global food 
security. Additionally, these findings can be  incorporated into 
educational programs and extension services to train the next 
generation of farmers and agricultural professionals in sustainable 
farming techniques.

Future Research Directions: While this research advances our 
understanding of biochar’s impact on soil properties, several questions 
remain unanswered. Future research should focus on the long-term 
dynamics of biochar in soil, its interaction with different soil types and 
climatic conditions, and its cumulative effects on a broader range of 
soil properties. Additionally, there is a need to explore the economic 
feasibility and scalability of biochar application in various agricultural 
settings, ensuring that its benefits are accessible to a wider range of 
farmers and practitioners.

5 Conclusion

The research presented in this paper provided compelling 
evidence that biochar application substantially enhances soil 
properties, with significant implications for agricultural productivity 
and sustainability. Notably, applying biochar increased soil porosity in 
the 0–30 cm depth layer. As the Amount of Biochar Applied (AOBA) 
increased from 10 to 30 t ha−1, we observed a decrease in soil bulk 
density by 1.31–8.58% and a reduction in soil pH by 0.23–1.31%. 
These changes underscore biochar’s role in improving soil structure 
and potentially alleviating soil acidity. Furthermore, the study revealed 
that increasing irrigation amounts significantly raised Accumulated 
Soil Evaporation (ASE) and Weighted Planar Soil Water Storage 
(WPSWS) across various soil depths (0–10, 0–40, and 0–100 cm), 
particularly when the AOBA remained constant. Specifically, the 
Accumulated Soil Temperature (AST) under the I1 irrigation 
treatment exhibited increases ranging from 0.25–2.54% to 5.47–8.58% 
compared to the I2, I3, and I4 treatments, illustrating the influence of 
irrigation on soil thermal dynamics. Importantly, we found that with 
consistent irrigation amounts, an increase in biochar application not 
only raised AST and ASE but also resulted in a decrease in 
WPSWS. The optimal biochar application rate, particularly under the 
C10 treatment, significantly improved WPSWS, with average increases 
of 6.77, 7.49, and 11.16% compared to the C0, C20, and C30 
treatments, respectively. Examining the relationship between various 
soil properties (including WPSWS, AST, ASE, and soil pH) and the 
combined effect of irrigation amount and biochar application rate, this 
study identifies an optimal range for soil improvement conducive to 
agricultural production. The most favorable outcomes were observed 
when the irrigation amount ranged between 340 and 380 mm and the 
AOBA was maintained between 10 and 25 t ha−1.
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In conclusion, this research highlights the potential of biochar as 
a sustainable soil amendment strategy, offering a path to enhance soil 
health and agricultural productivity. The findings provide valuable 
insights for farmers, agronomists, and policymakers seeking to 
optimize soil management practices in an environmentally sustainable 
manner. The synergistic effect of carefully calibrated irrigation and 
biochar application opens new avenues for advancing sustainable 
agriculture in various agroecological contexts.
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