
Vol.:(0123456789)1 3

Journal of Soil Science and Plant Nutrition (2023) 23:3137–3148 
https://doi.org/10.1007/s42729-023-01316-1

ORIGINAL PAPER

Effects of Ridge‑Furrow Rainwater Harvesting with Biochar‑Soil 
Crust Mulching on Soil Properties, Nutrients, and Alfalfa Fodder Yield 
in a Semiarid Agroecosystem

Xiaole Zhao1 · Qi Wang1   · Xujiao Zhou1 · Erastus Mak‑Mensah1 · Dengkui Zhang1 · Yanhua Xu1 · Yuanwei Sun1 · 
Jinhui Zhu1 · Wenjia Qi1 · Qinglin Liu2 · Kai Zhang3

Received: 27 October 2022 / Accepted: 21 May 2023 / Published online: 1 June 2023 
© The Author(s) under exclusive licence to Sociedad Chilena de la Ciencia del Suelo 2023

Abstract
Purpose  Alfalfa (Medicago sativa L.) production is adversely impacted by surface runoff and drought stress. This is particu-
larly true for alfalfa planted in semiarid areas. Therefore, the development of erosion-tolerant management practice is crucial.
Methods  A study was carried out in a completely randomized design, with 4 treatments (3 straw biochar application 
rates + flat planting (FP) as control), and 3 straw biochar application rates of 0 × 104 (no biochar (NB)), 3 × 104 (single straw 
biochar-soil crust (SSB)) and 6 × 104 kg hm−2 (double straw biochar -soil crust (DSB)), respectively.
Results  Mean runoff efficiency in SSB was 16.58% compared to no-biochar treatment (20.14%), and in DSB was 14.57%. 
From 2017 to 2020, NB had the highest R2 value for the variation between runoff and rainfall and DSB had the lowest R2 
value. In comparison to FP treatment, application of biochar to SSB significantly (p < 0.05) reduced runoff and increased 
soil water storage. The difference in soil water storage between pre-sowing and post-harvesting during alfalfa growth season 
increased on average by 15.69% with NB practice compared to FP, and by 11.79% and 7.58% with SSB and DSB practices, 
respectively. The mean weight diameter (MWD) in SSB treatment was higher than that in DSB treatment, although soil 
nutrients were increased in the following order: DSB > SSB > NB > FP. After post-harvest, average yields in NB, SSB, and 
DSB treatments were higher than those in FP treatment by 8.16%, 25.71%, and 18.31% respectively. With a mean yield of 
8607 kg ha−1, SSB significantly increased alfalfa yield across all years.
Conclusion  Evidence from the four-year experiment suggested that biochar-soil crust made from a single straw significantly 
reduced surface runoff, increasing soil water storage, soil aggregate stability, soil nutrients, and alfalfa fodder yield. Based 
on our research, we advise using single straw biochar-soil crust to boost alfalfa fodder production in semi-arid regions.

Keywords  Alfalfa fodder yield · Biochar-soil crust · Ridge-furrow rainwater harvesting system

1  Introduction

The most fruitful forage legume in the world is without a 
doubt alfalfa (Medicago sativa L.). Due to its deep roots and 
high evapotranspiration rate, alfalfa may cause field soil to 
become desiccated (Mak-Mensah et al. 2022b). According to 
some studies, long-term alfalfa cultivation causes soil desicca-
tion in arid and semi-arid regions (Huang et al. 2020). These 
studies linked alfalfa productivity to irrigation volume, deep 
root distribution, precipitation, and temperature. Ridley et al. 
(2001) found that alfalfa requires more water than other for-
age plants in Australian pasture lands and that its deep root 
system draws moisture from deeper soil horizons, leading 
to dry layers in deeper soil and long-term lower crop yields. 
According to Jia et al. (2009), increased soil temperature and 
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moisture as well as the use of deep soil water are beneficial for 
increasing alfalfa yield and water use efficiency. Nevertheless, 
different crop types react differently to subsurface irrigation 
and controlled drainage systems. For instance, Mueller et al. 
(2005) highlighted that type of crop and water control level 
have significant impacts on amount of water needed. After 
several years of cultivation, alfalfa may result in decreased 
shallow groundwater and increased soil compaction (Petitjean 
et al. 2015). However, recent years have seen the use of soil 
improvers like biochar to prevent this.

Solid, carbon-rich material called biochar is created by 
pyrolyzing biomass at temperatures between 350 and 800 °C in 
an oxygen-limited environment (Mafiana et al. 2021). In agri-
cultural systems, biochar has been used as a soil conditioner 
to improve soil water retention, soil porosity, organic content, 
water-nutrient availability, soil fertility, nutrient uptake, crop 
growth, yields, and productivity and decrease soil bulk density 
(Li et al. 2021; Palansooriya et al. 2019; Pradhan et al. 2022). 
Particularly in poor soils, biochar has enormous potential to 
successfully increase crop productivity. To increase produc-
tivity for various crops or vegetables, such as wheat, maize, 
rice, cotton, sugar beet, and tomato, biochar was applied to 
low-yield farmlands (Al-Wabel et al. 2018). Numerous stud-
ies demonstrated that using biochar properly increased crop 
growth, yields, and productivity (Farhangi-Abriz et al. 2021; 
Hilioti et al. 2017; Liu et al. 2020; Quilliam et al. 2012).

The differences in biochar, as well as field management 
practices (such as irrigation, fertilization, rotation, and culti-
vation), regional soil conditions, climate, and crop varieties, 
complicate the effects of biochar on crops (Fahad et al. 2019). 
As a result, it is crucial to determine how much soil water 
alfalfa can consume and to create specific soil water conser-
vation techniques to manage groundwater in rain-fed areas. In 
this study, we hypothesize that, depending on biochar applica-
tion rates, biochar may have an impact on surface runoff and 
soil properties. Thus, to determine the impact of biochar-soil 
crust on alfalfa in ridge-furrow rainwater-harvesting system, 
this study set out to examine the effects of biochar application 
rate on runoff, soil water storage, soil aggregate stability, soil 
nutrients, and alfalfa fodder yield. Our understanding of how 
addition of biochar affects surface runoff processes will be 
improved by the findings of this study, which are also antici-
pated to be crucial in helping local farmers and policymak-
ers decide whether adding biochar is a feasible way to restore 
degraded croplands.

2 � Materials and Methods

2.1 � Experimental Site

From 2017 to 2020, the experiment was conducted at 
Dingxi Arid Meteorology and Ecological Environment 

Experimental Station of the China Meteorological Adminis-
tration's Institute of Arid Meteorology (35° 33'N, 104° 35'E, 
1896.7 m elevation). The site is a semi-arid area found in 
the Loess Plateau with an average annual temperature of 7.2 
℃, average annual frost-free period of 141 days, and average 
annual maximum and minimum temperatures of 25.9 °C and 
-13.0 °C, respectively. The annual average potential evapora-
tion is much higher than the annual average precipitation, 
which is 388 mm (1445 mm). Precipitation from July to 
September amounted to 65% of the annual precipitation in 
the year. The soil bulk density was 1.09—1.36 g cm−3 in 
the 0–200 cm soil layer, and total nitrogen, total phospho-
rus, total potassium, and organic matter were 0.78, 0.77, 
23.59, and 10.51 g kg−1 in the 0–40 cm soil layer, respec-
tively. Alkali-hydrolyzed nitrogen, available phosphorus, 
and available potassium had respective concentrations of 
54.30, 10.87, and 245 mg kg−1. The field's water capacity 
was 25.6%, soil pH was 7.93, and wilting water content was 
6.7%. The primary cash crops in this area are maize (Zea 
mays), potatoes (Solanum tuberosum), and oats (Avena 
sativa). The farming system in this area involves one har-
vest per year as sainfoin (Onobrychis viciaefolia) and alfalfa 
(Medicago sativa) are the two primary forage plants.

2.2 � Biochar

The Engineering Research Center of Biochar of Zhejiang 
Province produced the rice straw biochar used in this experi-
ment at a pyrolysis temperature of 500 °C. The physical and 
chemical characteristics of rice straw biochar are displayed 
in Table 1.

2.3 � Experimental Design

2.3.1 � Runoff Experimental Design

Alfalfa production experimental plots were built close to 
the runoff experimental plots. In this experiment, the design 
was completely randomized with three treatments and three 
application rates of rice straw biochar (Fig. 1). The three 
straw biochar application rates were, 0 × 104 (no biochar), 
3 × 104 (single straw biochar-soil crust), and 6 × 104 kg 
hm−2 (double straw biochar-soil crust). A biochar-soil mix-
ture with a thickness of 10–15 mm was created by evenly 
mixing wet soil (with soil water content of 14–19%) with 
biochar in a volume ratio of 1:1. The mixture was then 
evenly spread on the surface of rain harvesting ridges. From 
exposure to rain, wind, and sunlight, the mixture developed 
into a biochar-soil crust. The ridge was defined as having 
a hemispherical shape, with dimensions of 10 m in length, 
0.45 m in width, 0.2 m in height, and an angle of 34° to 45° 
between its surface and the horizontal plane. Prefabricated 
plates with height and thickness of 10 cm and 2 cm were 
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placed around the ridge and smooth asphalt with 0.2 cm 
thickness was laid at the bottom of the catchment tank to 
prevent runoff overflow and reduce runoff infiltration loss. 
Every two rainfall harvesting ridges had a 1.5 m wide run-
off observation area installed between them. Each rainwater 

collection ridge's low point serves as the foundation for the 
runoff collection tank, which is 1.5 m deep. The runoff col-
lection tank is placed in a 100 L plastic bucket and a 32 mm 
inner diameter plastic hose was used to connect the inlet of 
the plastic bucket to the two sides of the lower end of the 
rainwater collection ridge. The runoff produced by the col-
lecting ridge flows into the plastic bucket during a rainfall 
event. The plastic hose and sediment in the plastic bucket 
are cleaned to make room for subsequent runoff collection 
after the runoff in the bucket has been measured.

2.3.2 � Alfalfa Production Experimental Design

For the ridge-furrow rainwater harvesting plot, parallel 
ridges were mulched with biochar-soil crust, while furrows 
were not mulched for alfalfa (Gannong No. 3) production. 
The experimental design was completely randomized with 
4 treatments (3 straw biochar application rates + flat plant-
ing (FP) as control), and the 3 straw biochar application 
rates were 0 × 104 (no biochar (NB)), 3 × 104 (single straw 
biochar-soil crust (SSB)) and 6 × 104 kg hm−2 (double straw 
biochar-soil crust (DSB)), respectively. The ridge-furrow 
rainwater harvesting plots for NB, SSB, and DSB were 
made up of 4 ridges and 3 furrows. In the alfalfa produc-
tion experiment, the ridge's length, width, height, and other 
characteristics were the same as in the runoff experiment. 
The furrow measured 10 m in length and 0.6 m in width. 
The effective planting ditch has a surface area of 18 m2 (3 
furrows, each 10 m long and 0.6 m wide). The effective 
planting area for the flat planting (FP) plot was equal to the 
plot's area, which in this case was 36 m2 (10 m long by 3.6 m 

Table 1   Chemical and physical properties of straw biochar

Parameter Value

Physical
Specific surface area (m2 g−1) 58.4
Specific gravity 1.68
Water content (%) 22.5
Bulk density (g cm−3) 0.17
Total porosity (%) 89.9
Particle size distribution (%)
 > 1 mm 0.42
0.5–1 mm 9.59
0.25–0.5 mm 29.85
0.074–0.25 mm 49.31
 < 0.074 mm 10.83
Chemical
pH 7.91
Total nitrogen (g kg−1) 2.1
Total phosphorus (g kg−1) 0.3
Total potassium (g kg−1) 24.7
Carbon (%) 32.58
Hydrogen (%) 2.72
Oxygen (%) 63.51
Ash (%) 49.2
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Fig. 1   Hypothesized alternations of alfalfa production in ridge-furrow rainwater-harvesting with straw biochar-soil crust mulching. NB = no bio-
char; SSB = single straw biochar application; DSB = double straw biochar application
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wide). Until alfalfa started to spread across furrows, the soil 
surface of the furrow was left uncovered. Seven days before 
sowing, manually compacted soil or a soil-biochar mixture 
was heaped.

2.4 � Field Management

The experimental site was manually plowed and experi-
mental plots were demarcated and divided from March 20 
to April 3, 2017. To prevent the wind from blowing away 
biochar from the fields, a rainwater harvesting ridge was 
constructed with in situ wet soil (soil water content of 14 to 
19%) before biochar and soil mixture was evenly distributed 
on the ridge surface. After manually patting the biochar-soil 
mixture with a shovel, it was soaked by rain and allowed to 
dry naturally to form a structural biochar-soil crust. Alfalfa 
planting was completed on April 4, 2017, in strips with 
22.5 kg hm−2 of seed being sown, at a depth of 2–4 cm, 
and with a row spacing of 15 cm. Four alfalfa rows were 
sown in each furrow and twelve alfalfa rows were sown in 
each NB, SSB, and DSB plot (3 furrows). There were 25 
alfalfa seeding rows in FP plots (no water harvesting ridges). 
During alfalfa growth period, no irrigation, herbicide nor 
insecticide spraying was done. Hand weeding was carried 
out every 20 days.

2.5 � Sampling and Measurements

2.5.1 � Rainfall and Runoff

From 2017 to 2020, rainfall and runoff were recorded during 
alfalfa growing seasons. The automatic siphon rain gauge 
(WS-STD1, UK) which was 60 m away from the experimen-
tal location was used to measure precipitation. Three manual 
rain gauges (RS485, China) were installed simultaneously to 
prevent accidental rain gauge damage and rainfall leakage. 
There was a three meters separation of the experimental field 
from the rain gauge. Every time it rained, the runoff amount 
collected in a 100 L plastic bucket was weighed. The fol-
lowing formula was used to determine the runoff coefficient 
(RC) of ridges used to collect rainwater:

where Rv is the runoff collection volume (m3), Rf is the 
rainfall amount (m), and Ac is the projected area (m2) of 
the ridge.

2.5.2 � Physical Properties of Straw Biochar‑Soil Crust

The aggregate characteristics, bulk density, and total porosity 
of biochar-soil crust quadrats were measured after the final 

(1)RC(%) =
Rv

Rf × Ac
× 100%

runoff experiment in 2020. Three, 0.16 m2 (40 cm × 40 cm) 
biochar-soil crust quadrats were selected and measured from 
each rain harvesting ridge surface. The dry and wet sieving 
techniques were used to analyze the composition of crust 
soil aggregates. A 100 g sample of air-dried soil was manu-
ally sieved on a column of five sieves, measuring 5, 2, 1, 
0.5, and 0.25 mm. Handshaking was used to shake the stack 
horizontally for two minutes at a rate of 30 strokes per min-
ute and each aggregate-size fraction's weight percentage was 
calculated. Wet-sieved composite soil samples were created 
by proportionally blending all dry aggregate fractions. To 
release trapped air from the aggregates, exactly 50 g of soil 
that had been combined during the aforementioned steps was 
placed on the first sieve of the same set and gently moistened 
for 10 min. The sieve was moved vertically at a speed of 30 
strokes per minute for 5 min to separate the aggregates larger 
than 5 mm. The remaining soil fractions on the sieves were 
then separately collected, dried in the oven, and weighed to 
obtain a constant mass. The mean weight diameter (MWD), 
and geometric mean diameter (GMD) were calculated as 
follows (Adekiya et al. 2020; Mondal et al. 2020):

where di is the average diameter of the openings of two con-
secutive sieves; wi is the weight ratio of aggregates remain-
ing on the i th sieve, and wT is the cumulative weight of all 
aggregate-size fractions. The dry weight of the crust was 
divided by its volume to get its bulk density (BD g cm−3). 
To stabilize and seal the crust surface, an adhesive spray 
was applied to the samples of dry, undisturbed crust. After 
that, samples of the dry, undisturbed crust were submerged 
in water in a graduated cylinder to measure displacement 
(volume). The total porosity of the crusted soil (TP, %) 
was determined using the formula (1-BD/PD) × 100, where 
PD stands for particle density (g cm−3), which was set to 
2.65 g cm−3.

2.5.3 � Soil Moisture

The soil moisture was measured before alfalfa green-up 
stage, one day after each cutting, and one day after an effec-
tive rainfall (rainfall of less than 5 mm) (Fig. 2a, b, c, and 
d). The measured profiles had a depth of 0 to 200 cm. The 
soil was stratified every 10 cm for soil depths of 0 to 20 cm 
after which at every 20 cm, nine layers were created for 
the 20–200 cm soil depth. By drying, the water content of 
the soil profile was determined. By using a 100 cm3 (vol-
ume) cylinder with three replications, soil bulk density was 

(2)MWD =

∑n

i
d
i
w
i

(3)GMD = exp[

∑

logdiwi

wT

]
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calculated. Stratification, depth, and water content in the 
soil profile were used to calculate soil bulk density. The fol-
lowing formula was used to calculate soil water storage of 
0–200 cm (Yang et al. 2020):

where θ is the soil profile water content (%) of each layer, 
BD is the soil bulk density of each layer (g cm−3), H is the 
soil depth of each layer (cm), and 10 is the coefficient.

2.5.4 � Soil Nutrient

To determine soil nutrients and properties, soil samples from 
all studied treatments were taken at a depth of 0–40 cm after 
the last cutting. An Auto Analyzer 3 TOC analyzer was used 
to measure organic matter (SEAL Analytical, Norderstedt, 
Germany). An automatic Kjeldahl apparatus (Kjeltec 8400, 
Foss, Denmark) was used to measure soil total nitrogen 
content. With a 0.5 mol L−1 NaHCO3 extraction, soil-avail-
able phosphorus was measured using a spectrophotometer 
(Mapada Corporation, China). The soil-available potassium 
content was measured using a flame photometer and deter-
mined using the CH3COONH4 extraction method.

2.5.5 � Fodder Yield

All plots were harvested when alfalfa reached its senescence 
and first flowering stage. Manual harvesting of alfalfa was 
conducted two times in 2017 and three times each in 2018, 
2019, and 2020. Instantaneously, the harvested alfalfa was 
weighed. To determine fodder yield, a sample of 3–4 kg of 
freshly harvested alfalfa was dried in an oven at 105 °C for 
1 h and then at 75 °C for at least 72 h.

(4)W =
∑11

i=1
�i × BDi × H × 10

2.5.6 � Statistical Analysis

Using one-way Tukey test analysis of variance and com-
pared means, the treatment effects were calculated. The 
SPSS (Version 22) Statistics program was used to process 
all the data.

3 � Results

3.1 � Runoff

Average runoff efficiency in the field decreased with biochar 
application over time during alfalfa production. Mean run-
off efficiency in single straw biochar-soil crust (SSB) was 
16.58% compared to no-biochar treatment (20.14%), and 
was 14.57% in double straw biochar-soil crust (DSB). With 
R2 = 0.926 in NB and R2 = 0.8011 in DSB, the proportion of 
variation between runoff and rainfall from 2017 to 2020 was 
highest in NB (Fig. 3a, b, c, and d). This suggests that, in 
comparison to NB treatment, DSB treatment is less effective 
at preventing floods, which may ultimately result in runoff. 
This shows that using double straw biochar and soil crust in 
ridge-furrow rainwater harvesting systems is ineffective for 
water conservation in rain-fed agriculture.

3.2 � Soil Aggregate Stability

Compared to soil in the DSB treatment, straw biochar-soil 
crust in the SSB treatment had a higher average > 5 mm 
water-stable soil aggregate content (> 5.42%) (Table 2). This 
outcome showed that the biochar-soil crust made from a 
single straw effectively encouraged the aggregation of small 
particles into larger particles. However, DSB had the highest 

Fig. 2   The mean monthly 
precipitations in 2017 (a), 2018 
(b), 2019(c), and 2020 (d) at the 
experiment site
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value of 6.24% compared to NB (4.26%) and SSB (5.97%) 
treatments in the 2–1 mm water-stable soil aggregate con-
tent. The aggregate content of the 1–0.25 mm water-stable 
soil showed a similar trend. In particular, SSB treatment's 
mean weight diameter (MWD) was larger than DSB treat-
ment's. High MWD values typically indicate greater ero-
sion resistance and are desired to stop erosion or lessen soil 
crusting.

3.3 � Soil Water Dynamics

Figure 4a, b, c, and d display the amount of soil water stored 
in the 0–200 cm soil profile of the various treatments at har-
vest each year. In comparison to SSB, DSB, and the control 
(FP), no biochar (NB) treatment preserved more soil mois-
ture. The difference in soil water storage between pre-sowing 
and post-harvesting during alfalfa growth season increased 
on average by 15.69% with NB practice compared to FP, 
and by 11.79% and 7.58% with SSB and DSB practices, 
respectively. With no biochar treatment, four peak values 
were seen at the post-harvesting stage, while FP recorded 
the lowest value on July 29, 2019. The soil water storage 
in the control varied from 217.34 to 399.89 mm through-
out the entire experiment. These findings demonstrate that 
ridge-furrow systems with a single straw biochar-soil crust 
can improve soil water availability for alfalfa growth under 
dry conditions.

3.4 � Soil Nutrient Dynamics

During alfalfa cultivation seasons, soil biochar crust 
increased soil nutrient availability (Fig. 5a, b, c, and d). 

Following harvest in 2020, the SOC in NB, SSB, and DSB 
plots was, respectively, 5.47%, 7.83%, and 13.62% higher 
than SOC in FP plots. In NB, SSB, and DSB, the amount 
of total nitrogen in the soil increased by 5.29%, 21.18%, 
and 23.24%, respectively. Application of biochar-soil crust 
increased soil available P in NB by 6.73%, SSB by 22.71%, 
and DSB by 26.79% when compared to FP. Soil available 
K increased in NB, SSB, and DSB plots by 6.71%, 14.89%, 
and 24.48%, respectively. Soil nutrients increased in the fol-
lowing order: DSB > SSB > NB > FP.

3.5 � Alfalfa Yield Performance

In terms of improving alfalfa yield in 2020, DSB performed 
the best among various treatment types (10,505 kg ha−1) 
(Table 3). With a mean yield of 8607 kg ha−1, SSB sig-
nificantly increased alfalfa yield across all years. Dur-
ing the growing seasons, alfalfa yield increased by 3241 
to 10,505 kg per hectare. Following harvest, the average 
yields in NB, SSB, and DSB treatments increased by 8.16%, 
25.71%, and 18.31% in comparison to FP treatment. This 
increase may be attributed to ridge-furrow treatments' 
adequate nutrient conservation and suitable soil watering 
practices. One explanation could be the ability of biochar 
application in furrows to keep soil moisture.

4 � Discussion

Surface runoff could be reduced by increasing soil infiltra-
tion or water holding capacity (decreasing saturation over-
land flow) of the topsoil (Sadeghi et al. 2021). According to 

Fig. 3   Correlation between 
runoff and rainfall for ridges 
compacted with biochar-soil 
crust in 2017 (a), 2018 (b), 
2019(c), and 2020 (d). NB = no 
biochar; SSB = single straw bio-
char application; DSB = double 
straw biochar application
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results of this study, adding biochar to soil generally reduced 
surface runoff and soil loss, which is in line with those of 
earlier studies (Sadeghi et al. 2021), which reported that 
soil loss and runoff were reduced by 82% and 98%, and 
356% and 46% in conditions where biochar was applied 48 
and 24 h before rainfall events, respectively. Indeed, this 
positive impact of biochar application on reducing soil loss 
and runoff could be the result of strong interactive effects 
of soil texture, particle size distribution, and soil structure 
on enhancing the stability of soil particles (Ahmadi et al. 
2020). Although the impact varied depending on precise 
biochar application rates employed. A thorough analysis 
revealed that the advantages of biochar in reducing surface 
runoff gradually diminished as application rates increased. 
Li et al. (2019) reported that the incorporation of biochar 
into the soil significantly reduced soil loss by 64% and 50% 
at 5% and 2.5% application rates, respectively. Similarly, Li 
et al. (2017) indicated that biochar application could sig-
nificantly reduce soil loss contents by 35% to 90% under an 
extreme rainfall event in degraded soil. They also reported 
that enhancement of soil strength might be the major factor 
in decreasing soil loss in the biochar-amended soil. This 
implies biochar application leads to improved soil aggrega-
tion and ultimately to an increase in soil water infiltration 
capacity as reported by Jien and Wang (2013).

An improvement in soil water properties after bio-
char addition can be attributed to an indirect effect due to 
increased soil aggregation (Abrol et al. 2016). Soil aggrega-
tion refers to the arrangement and binding of soil particles 
to form secondary units (linked also to pore formation), 
which influence water movement. According to Nugraha 
et al. (2022), biochar addition to soil increases soil aggregate 
stability, which is in line with the results of this study. Soil 
aggregate stability improves hydraulic conductivity and soil 
water retention. However, biochar can affect the content and 
stability of soil aggregates by interacting with soil organic 
carbon, minerals, and microorganisms (Huo et al. 2017). 
According to Esmaeelnejad et al. (2016), the improvement of 
soil aggregate stability in topsoil following biochar applica-
tion can increase soil anti-erodibility by enhancing intrinsic 
soil properties, which is consistent with our findings. There 
is widespread knowledge of the stability of adding biochar 
to soil, and the mean residence time has been extrapolated 
over hundreds of years or even thousands of years (Kätterer 
et al. 2019; Obia et al. 2019). Due to extremely low biochar 
loss from chemical decomposition, the long-term impact of 
biochar application rates on surface runoff can be sustained. 
However, biochar is susceptible to structural fracturing at 
lower strains than the original biomass, and aging (weather-
ing) reduces its mechanical strength (Li et al. 2019). Con-
sequently, after being incorporated into soil for a long time, 
biochar cannot maintain its original physical size (Spokas 
et al. 2014). These characteristics suggest that the effect of Ta
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biochar on surface runoff is more complex and unpredictable 
than the biochar application rate, which may have led to the 
biochar application rate's higher contribution rate.

The modification of soil structural properties by biochar 
addition has a direct effect on soil water storage and mobil-
ity. Similar to what happened in this experiment, single straw 
biochar markedly raised soil water storage over four years 
during alfalfa growing seasons. The study by Zhang et al. 
(2013), which looked at how biochar amendment affected 
soil water potential during wheat growing season, showed 
that biochar tended to increase soil water potential in the 
B4.5 treatment while tending to decrease it in the B9.0 treat-
ment. They deduced that the distinct increase in soil temper-
ature caused by higher amount of biochar, and increased soil 
water evaporation, may be responsible for the reduction in 
soil water potential in B9.0. Since water is generally stored 
and held in biochar pores, an increase in biochar porosity 

could lead to an increase in soil nutrients. Soil water storage 
however varied depending on rainfall, soil evaporation, and 
crop growth requirements (Wu et al. 2017).

Several reports on the impact of biochar on soil total N 
in field and laboratory settings have already been published 
(Beck et al. 2011; Turan et al. 2018a). According to Jones 
et al. (2012) and Alburquerque et al. (2014), the N content 
of the amended soils was higher than that of the control as 
demonstrated in this current study. According to Borchard 
et al. (2014), soils amended with 45 t ha−1 of slow-pyrolyzed 
hardwood biochar, gasified hardwood biochar, or flash-
pyrolyzed softwood biochar had significantly higher total N 
content. Numerous studies have demonstrated that adding 
biochar to soil can significantly increase its nutrient content 
(Lehmann et al. 2011; Arif et al. 2015; Ojeda et al. 2015). 
This is partially because of the direct addition of nutrients, 
like P and K, and partially because runoff and leaching have 

Fig. 4   Soil water storage at 
furrow bottoms in 0–200 cm 
soil depth in 2017 (a), 2018 (b), 
2019(c), and 2020 (d). Means 
within a column labeled with 
the same letters within each 
group are not significantly 
different at the 5% level (one-
way Tukey test’s Analysis of 
variance). FP = flat planting; 
NB = no biochar; SSB = sin-
gle straw biochar application; 
DSB = double straw biochar 
application
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decreased (Laird et al. 2010; Enders et al. 2012). In this 
study, soils amended with biochar, particularly in DSB, had 
significantly higher available P and K contents than control 
soils. This is in line with research by Lai et al. (2013), which 
found that woodchip biochar increased the amount of K that 

was readily available in soils that were typically in Taiwan 
but had no discernible impact on crop yield. Biochar's nutri-
ent composition is largely influenced by the feedstock and 
pyrolysis conditions (Egamberdieva et al. 2019). Similarly, 
Güereña et al. (2013) found that applying biochar to the soil 

Fig. 5   Organic matter (a), 
total nitrogen (b), available 
phosphorus (c), and available 
potassium (d) at furrow bottoms 
in 0–40 cm soil depth. Means 
within a column labeled with 
the same letters within each 
group are not significantly 
different at the 5% level (one-
way Tukey test’s Analysis of 
variance). FP = flat planting; 
NB = no biochar; SSB = sin-
gle straw biochar application; 
DSB = double straw biochar 
application
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Table 3   Alfalfa fodder yield 
in ridge-furrow rainwater-
harvesting with straw biochar-
soil crust mulching

Means within a column followed by the same letters are not significantly different at the 5% level (one-way 
Tukey test’s Analysis of variance). FP = flat planting; NB = no biochar; SSB = single straw biochar applica-
tion; DSB = double straw biochar application

Year Treatment Fodder yield (kg ha−1)

First cut Second cut Third cut Annual total

2017 FP 1901 ± 230 a 1340 ± 104 b / 3241 ± 330 b
NB 2064 ± 162 a 1448 ± 116 b / 3512 ± 116 b
SSB 2567 ± 458 a 1977 ± 119 a / 4544 ± 355 a
DSB 2285 ± 402 a 1987 ± 184 a / 4271 ± 239 a

2018 FP 3111 ± 215 c 3426 ± 80 a 2194 ± 392 a 8731 ± 530 b
NB 3334 ± 122 b 3169 ± 229 a 2611 ± 147 a 9114 ± 197 b
SSB 4220 ± 149 a 3435 ± 67 a 2582 ± 34 a 10,238 ± 221 a
DSB 3660 ± 285 b 3256 ± 156 a 2268 ± 128 b 9184 ± 200 b

2019 FP 3894 ± 278 b 2130 ± 160 a 1569 ± 181 b 7593 ± 181 b
NB 3611 ± 139 c 2269 ± 212 a 2301 ± 213 a 8181 ± 132 a
SSB 4653 ± 184 a 2493 ± 307 a 2306 ± 303 a 9451 ± 722 a
DSB 4074 ± 212 b 2361 ± 481 a 2005 ± 287 a 8440 ± 534 a

2020 FP 3860 ± 346 c 2704 ± 189 c 1257 ± 43 c 7820 ± 446 c
NB 3844 ± 210 bc 3427 ± 78 b 1543 ± 80 b 8813 ± 274 b
SSB 4491 ± 194 b 4045 ± 223 a 1658 ± 73 ab 10,194 ± 185 a
DSB 5233 ± 200 a 3558 ± 221 b 1714 ± 40 a 10,505 ± 373 a
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increased plant K uptake in addition to increasing K avail-
ability in the soil. Although biochar can provide some nutri-
ents when used as a fertilizer, its use as a soil conditioner can 
help plants use their nutrients more effectively (Peng et al. 
2011; Turan et al. 2018b). Additionally, the porous nature 
of biochar can increase nutrient availability by improving 
water balance and water retention (Major et al. 2010). As a 
result, DSB rather than SSB might be a better nutrient sup-
plement for soils.

According to Mak-Mensah et al. (2021), there is evidence 
that applying biochar to agricultural fields may increase crop 
yield, which is consistent with this study. As an illustration, 
Zhang et al. (2012) discovered that biochar addition signifi-
cantly increased rice yield, increasing it by 10% in the first 
cycle and by 9.5–29% in the following cycle. However, add-
ing biochar to acidic soils boosts crop yield, but not always 
in the case of calcareous soils (Palansooriya et al. 2019). 
For instance, in a greenhouse experiment, the application of 
20 t ha−1 cow manure biochar significantly increased maize 
yields in sandy acid soil (Musa et al. 2019). However, the 
response to biochar in calcarosol amended with fertilizer 
varied depending on the crop; biochar increased soybean 
biomass but decreased wheat and radish biomass (Van 
Zwieten et al. 2010). In Colombian savanna Oxisol, wood 
biochar amendment at a single dose of 20 t ha−1 resulted 
in no change in maize yield in the first year but showed 
significant increases in the following three years, accord-
ing to Major et al. (2010). Farmland biochar amendment 
increases crop productivity by enhancing soil quality (Jien 
and Wang 2013; Agbna et al. 2017). In this current study, 
biochar treatment led to higher grain and straw yields. Previ-
ous studies have noted similar effects of biochar application 
on P and K availability (Yamato et al. 2006; Turan 2022). 
Mekuria et al. (2014) discovered that rice husk biochar can 
boost crop yields from cold, waterlogged paddies and dry 
matter accumulation there, primarily by enhancing the root 
growth environment and encouraging the uptake of N, P, and 
K by plant tissues. The reported negative impact of biochar 
on grain yield for crops at relatively P-rich sites may have 
been brought on by a reduction in N availability as a result 
of biochar application (Asai et al. 2009; Turan 2021).

5 � Conclusion

In this work, the impact of biochar and ridge-furrow rain-
water harvesting on alfalfa cultivation was examined. The 
application of single straw biochar, soil crust, and ridge-
furrow rainwater harvesting together had the greatest impact 
on alfalfa crop yield and had a favorable effect on several 
soil characteristics, leading to an improvement in soil 
quality. When single straw biochar-soil crust was applied, 
yield increased, which implied that biochar can increase 

nutrient availability. Although this study was a success, 
certain limitations need to be addressed in future research. 
Future research should focus on how different alfalfa varie-
ties respond to ridging, single straw biochar, and soil crust 
amendment. Based on these findings, it is recommended 
that the use of single straw biochar in furrows together 
with ridge-furrow rainwater harvesting is promoted and 
expanded, particularly in smallholder agriculture to increase 
yield and nutritional value of alfalfa fodder in semi-arid 
areas on a large scale.
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