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Abstract

Biochar has been extensively used for the improvement of soil environment in fields. However,  
the effects of biochar on soil water movement and crop productivity under different irrigation  
rates were not well clear or consistent. The objectives of this study were to investigate whether biochar 
could prevent the production of preferential soil flow, and to study the effects of biochar and irrigation 
on soil properties, nutrient leaching, crop growth and yield, which was of great significance to improve 
crop water and fertilizer use efficiency and protect the ecological environment. The experiments 
included two parts, i) short-term blue dye tracer test, to investigate the effect of biochar application  
(20 and 40 t/hm2) on the degree of preferential flow, and ii) a field trial with winter wheat 
(Triticum aestivum L.) as test material was conducted in the lysimeters in 2018-2019, to investigate 
the effect of biochar application (20 t/hm2) on the soil nitrate nitrogen distribution and wheat yield 
under two irrigation rates (0.6 reference crop water requirement (ETc), 0.8 ETc). The results showed 
that i) within the designed biochar application rates, the degree of preferential flow was decreased 
with the increase of biochar application, but the decreasing speed slowed down significantly, with the 
preferential flow fraction (PF-fr) reduced by 6%~17.5%, especially under high irrigation, ii) compared 
with the control treatment, biochar improved the capacity of the soils to retain nutrients, alleviated the 
negative effect of water shortage, and increased winter wheat productivity. Our results suggested that 
the 0.8 ETc irrigation and 20 t/hm2 biochar was recommended in the field condition.
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Introduction

As a high-yield agricultural area in China, 
excessive irrigation and nitrogen application is common  
in North China Plain in order to meet the high-yield 
demand [1, 2]. It was reported that under the climate 
soil conditions in North China Plain, the nitrate 
nitrogen leaching out of 1.0 m root zone can reach 
209 kg/hm2 per year in terms of the conventional 
nitrogen application rate of farmers in winter wheat 
summer maize rotation [3]. It was found that most of 
nitrate nitrogen would be rapidly infiltrated through 
preferential flow, and the average contribution rate of 
preferential flow to nitrate nitrogen leaching was about 
71% [4]. Preferential flow is a common form of soil 
water movement, and previous studies have shown that 
60~70 percent of the total water flux can occur through 
preferential flow [5]. Macropores in the soil lead to 
preferential flow, which leads to the rapid flow of soil 
water in the field, thus reducing the availability of water 
and nutrients and causing groundwater pollution. So, 
the study of the reduction of preferential flow is of great 
significance for reducing environmental pollution and 
improving soil water and nutrient utilization.

The research of preferential flow at home and 
abroad mainly focuses on the mechanism and function 
of preferential flow under various external natural 
conditions, as well as various technical means used in 
the research of preferential flow, such as, the change of 
priority flow in different spatial scales [6], the influence 
of rainfall and irrigation on soil preferential flow [7]. In 
the research method, previous studies have shown that 
the dye tracer infiltration experiment is an effective way 
to visualize infiltration patterns and monitor preferential 
flow [8]. Among, Brilliant Blue FCF is widely used in 
visualization of flow paths in natural soil systems, as 
it can achieve a good compromise between visibility, 
mobility, and toxicity [9]. But, there are relatively few 
studies on how to control preferential flow, reduce 
nutrient loss and reduce environmental pollution.

At present, exploring the water and fertilizer status 
in the process of wheat planting has become a hot issue 
in the field of agricultural production in recent years. 
Among them, water management is a reliable technical 
measure to prevent and control the loss of water and 
nutrients [10]. Meanwhile, there has been an increasing 
interest in using biochar to improve crop water and 
fertilizer use efficiency. Biochar is a carbon-rich 
substance produced by burning any organic compound 
through the pyrolysis process. A large number of studies 
have shown that application of biochar can improve 
soil physical, chemical, and biological characteristics 
such as bulk density, hydrological properties, aggregate 
structure, ion exchange capacity, and microbial activity, 
as well as enrich mineral nutrients [11, 12], but how 
it affects the field soil water movement process is 
rarely reported. At the same time, research about 
the leaching of biochar on crop yield and nutrients is 
mainly concentrated on the indoor soil column leaching 

simulation and pot experiment [13], however, less 
research on the field.

Therefore, in this study, the winter wheat (Triticum 
aestivum L.) field in the semi-arid area of North China 
Plain was taken as the research object. We tested 
the validity of the following hypothesis: (1) biochar 
application will reduce preferential flow, and (2) 
biochar application will improve water and fertilizer 
use efficiency and yield of winter wheat in comparison 
to the non-amended controls. Through the field 
dyeing tracer experiment, combined with the image 
morphology analysis theory, and using the statistical 
analysis method, the characteristics of soil preferential 
flow in winter wheat field with and without biochar 
under different irrigation rates were studied, which 
could provide theoretical support for revealing whether 
biochar can prevent the preferential flow. Meanwhile, 
the effects of different combinations of irrigation and 
biochar on soil properties, distribution of water and 
nitrogen, leaching status and growth of winter wheat 
were studied by field plot experiment. The results 
provide a theoretical basis for biochar to improve crop 
water and fertilizer use efficiency and control non-point 
source pollution.

Material and Methods

Study Site

The experiments were conducted at Shandong 
Irrigation Test Center Station (36°34′N, 116°50′E), 
which is located in the Jinan, Shandong Province, 
China (Fig. 1). The soil texture was a loam (USDA, 
2005). Meteorological parameters were collected every 
five minutes by an automatic weather station installed 
close to the experimental field. The annual rainfall was 
654.7 mm, the mean annual potential evapotranspiration 
was 1399.70 mm and the mean annual temperature 
was 14.3ºC (computed over the period 2008~2018),  
the precipitation and temperature in winter wheat 
growing season were shown in Fig. 2. The bulk 
density ranged from 1.40 to 1.67 g/cm3 and the total 
porosity was between 48.7% and 54.2%. Soil organic 
matter content varied from 1.04% to 1.32%. The TN, 
available P and available K in 0~200 mm soil layer was  
1.07 g/kg, 22.26 mg/kg and 83.98 mg/kg, respectively. 

Dye-Tracer Experiments and Image Analysis

Tracer Experiment

The experimental design included 3 biochar rates 
(0, 20 and 40 t/hm2), which were recorded as B0, B2, 
and B4, and 3 irrigation rates (40, 54 and 68 mm), 
which were recorded as I1, I2, and I3. The experiments 
consisted seven treatments including I1B0, I2B0, I2B2, 
I2B4, I3B0, I3B2, and I3B4, each with three replicates. 
Before planting winter wheat, we randomly selected one 
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site at each of the 21 plots (0.5 m×0.5 m) for rainfall 
simulations and dye experiments. The plots were more 
than 0.3 m apart. The biochar applied in the field 
experiment is a commercial charcoal obtained from corn 
stalk through a slow pyrolysis process at temperature of 
500ºC under the condition of hypoxia. The pH of the 
selected biochar was 9.48, total carbon was 698.56 g/kg, 
organic matter was 107.21 g/kg, total nitrogen, 
available P and K was 12.35 g/kg, 385.96 mg/kg 
and 801.35 mg/kg, specific surface area was 72.64 m2/g,
and bulk density was 0.27 g/cm3. The pore size of 
biochar was smaller than 1 mm. Before the start of 
the experiment, biochar was evenly spread on the soil 
and stirred repeatedly, and mixed evenly with 0~20 cm 
soil. Afterward, 10.0 L, 13.5 L, and 17.0 L of the mixed 
solution containing Brilliant Blue FCF (4.0 g/L) was 
uniformly sprayed to the top soil surface within the 

water pump and no visible ponding occurred during 
the entire tracer application period. Next, the dyed 
area was covered by a piece of canvas to prevent 
evaporation and rainfall infiltration. After 24 h, the 
canvas was carefully removed. Afterward, vertical 
soil profiles were excavated at the dyed area. Based 
on the depth of dyed soil profiles, all soil profiles were 
excavated to a depth of 0.5 m. To avoid any boundary 
effect, four vertical profiles were collected starting at  
100 mm from one edge with a lateral increment of 1.0 m 
 at each plot, as shown in Fig. 1. After excavation, each 
vertical profile was trimmed by a flat-headed shovel. 
Subsequently, the exposed vertical profiles with a size 
of 0.5 m  0.5 m were photographed and corrected for 
geometric distortion according to the edge points 
marked by rulers.

Fig. 1.  Location of the experimental station.

Fig. 2 Daily rainfall and temperature during the winter wheat growing season.
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Image Analysis and Preferential Flow Indices

Image analysis was carried out using a combination 
of Adobe Photoshop CS6 and Image-Pro plus 6.0. First, 
we used Adobe Photoshop CS6 to make geometric 
corrections, and then adjust color, subtract the 
background according to Koch, Kahle, and Lennartz 
[14], and converted the adjusted images into binary 
images using Image-Pro plus 6.0 (Fig. 3). Finally, we 
used the stained parts of the binary images to calculate 
the number of stained pixels per depth, then exported 
the output data to Excel 2010. To characterize the 
dye pathways in the vertical soil profiles, we used the 
output data to calculate the following parameters to 
quantify the degree of preferential flow: the maximum 
depth of soil water infiltration (Dmax), dye coverage (Dc) 
[15] which was defined as the percentage ratio of the 
dye-stained area to the total profile area, preferential 
flow fraction (PF-fr) [16] defined as the fraction of the 
total percolation that flows along preferential flow 
pathways, uniform infiltration depth (Unif) [17] defined 
as the depth at which dye coverage decreases below 
80%, which represents the depth of the uniform 
infiltration front.

Field Experiments and Test Indicators

Experimental Design and Treatments

Based on tracer experiment, the field experiments 
design included 2 biochar application rates (0 t hm-2 
(B0) and 20 t/hm2 (B2)) and 2 irrigation levels (300 mm
(0.6 reference crop water requirement (ETc), IL) and 
370 mm (0.8ETc, IH)). There were four treatments 
in total (ILB0, IHB0, ILB2, and IHB2), each with 3 
replicates. Different treatments were arranged in a 
randomized block design. The plot size was 6.67 m2 
(2×3.335 m) including 5 rows spaced at 0.2 m. Biochar 
was incorporated into the soil using a chisel plow tiller 
to 0.2 m depth. Wheat cultivar (Shannong 28) was sown 
at the rate of 130 kg/hm2. The field was irrigated with 
35 mm of water prior to sowing in order to ensure 
wheat germination. The precipitation during the growth 
period of winter wheat is 100.5 mm. Using a precise 
water meter, the first irrigation (90 mm) was supplied 
on March 12 (the jointing stage, 147 days after sowing), 
the second irrigation (75 mm) was supplied on April 
13 (the heading stage, 179 days after sowing), and the 
third irrigation (0 or 70 mm) was supplied on May 8  
(the grain filling stage, 204 days after sowing). The 
percolation filter was used to collect the soil leaching 
solution. There were five pipes with different depths 
in the test pit, which could connect the leachate  
of different depths in the soil. The outlet of the  
pipeline was equipped with a valve, which could be 
opened to collect drainage water. According to the 
amount of fertilizer applied by local farmers, 150 kg 
P2O5/hm2 and 150 kg K2O/hm2 were applied as the basal 
fertilizer. Phosphate and potassium fertilizers were 

superphosphate (containing 12% P2O5) and potassium 
chloride (containing 60% K2O), respectively. For N 
fertilizer, the application rate was 255 kg N/hm2, urea 
was split-applied with 50% as basal, 50% at jointing 
stage. The wheat was sowing on October 17 in 2018 and 
hand-harvested on June 1 in 2019. 

Soil Sampling and Analysis

Five days after irrigation/harvesting, soil water 
content (SWC) was recorded using a time domain 
reflectometry (TDR) meter. Soil sampling was conducted 
at 0.2 m intervals to a depth of 1.0 m. Disturbed soil 
samples were stored in a plastic bag, undisturbed soil 
samples were taken in a metal ring, then transported to 
the laboratory. The field capacity (FC) was determined 
with the Wilcox Method (Cutting Ring Method) [18]. 
Bulk density (BD) was calculated from ring samples 
as the ratio of oven dry mass to sample size [19]. The 
sodium acetate flame photometric method was selected 
to determine the cation exchange capacity (CEC) [20]. 
The soil organic carbon (SOC) was determined with 
the potassium dichromate volumetric method [21]. Soil 
total porosity was determined by flume immersion 
method according to Zhu [22]. Soil organic matter was 
determined by heating digestion of soil organic matter 
with 5% K2Cr2O7 and H2SO4 [23]. The TN contents in 
soil samples was determined by the Kjeldahl method 
[24]. The soil available K was quantified using 1 mol/L 
of ammonium acetate extraction-flame photometry. 
In addition, soil NO3

--N and available P contents were 
analyzed using spectrophotometric methods with phenol 
disulfonic acid and molybdenum blue-ascorbic acid 
method, respectively [25]. All analyses were conducted 
in triplicate.

The residual NO3
--N accumulation (N, kg/hm2) in 

the 1.0 m soil profiles was calculated using Eq. (1):

( (

         (1)

...where Ni (mg/kg) is NO3
--N content in the i soil 

layer, CNi (mg/kg) is NO3
--N content in the i soil layer, 

BDi (g/cm3) is soil bulk density of the i soil layer, Hi (m) 
is the i soil layer thickness, A (10000 m2) is the land 
area per hectare, i refers to the soil layer at the depth of 
0~1.0 m.

NO3
--N leaching loss (LN, kg/hm2) was calculated 

using Eq. (2):

                (2)

...where CNLi (mg/mL) is NO3
--N content in the leaching 

solution, n is the leaching times, Vi (mL) is the volume 
of leaching solution (deep percolation), S (m2) is the plot 
size.

Nitrogen partial factor productivity (NPFP, kg/kg) 
was calculated as
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NPFP = Y/FN                         (3)

...where Y (kg/hm2) is the yield, FN is the total nitrogen 
content of applied nitrogen fertilizer (kg/hm2).

Grain Sampling

At maturity, aboveground biomassand (BD) and 
the yield components were measured, then the yield 
was calculated. The estimation of yield was based on 
a sample of 1.0 m2 per plot, which was calculated using 
Eq. (4):

                (4)

...where Y (kg/hm2) is the yield, EP (ear) is the effective 
panicles per square meter, SG (grain) is the grain 
number per spike, and TKN (g) is the thousand kernel 
weight. 

Evapotranspiration (ETc) and Water Use Efficiency 
(WUE)

The ETc (mm) was calculated using the soil water 
balance Eq.

               (5)

...where Pr (mm) is the effective rainfall, U (mm) is the 
recharge of underground water, I (mm) is the irrigation, 
D (mm) is the depth of percolation, R (mm) is the runoff, 
ΔW (mm) is the difference of soil moisture content for 
the 0~1.0 m between planting and maturity stage.

The test pit has a bottom and no runoff was 
generated during the growing season, so U and R were 
neglected. Eq. (5) could thus be simplified as:

                   (6)

WUE (kg/hm2/mm) was calculated using Eq. (7):

                         (7)

Statistical Analysis

Data were analyzed in Excel 2010 and SPSS 
20.0 statistical program (Chicago, USA). Two-way 
analysis of variance (ANOVA) was performed with 
the general linear model procedure to calculate the 
effects of biochar levels and irrigation water level on 
the investigated parameters. When the F-value was 
significant, a multiple means comparison was carried 
out using the least significant difference (LSD).  
The difference between treatments was deemed 
significant if the observed significance P value was less 
than 0.05.

Results

Effect of Biochar on Preferential 
Flow Morphology

The dye-stained images indicated apparent 
differences between treatments with different biochar 
application rates under the condition of the same 
irrigation (Fig. 3). Matrix flow dominated in soil 
profiles of B4, but preferential flow was apparent in 
the B0 treatment. This showed that in the process of 
field seepage, the phenomenon of preferential seepage 
occurred in the soil surface because of the root system 
and biological activities. The trends of Unif and PF-fr

Fig. 3. The a) binary image generation graph, and binarization and vertical change in the proportion of stained area in b) I2B0, c) I2B2 
and d) I2B4 treatment. 
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indicated that preferential flow decreased with 
increasing biochar application rates under the tested 
amount of biochar application.

There were significant differences for the four 
indexes among different treatments (p = 0.02~0.05), 
which indicated that the preferential flow patterns of 
soil under different treatments were different and had 
statistical significance. All parameters used in this 
study showed the same overall trend (Fig. 4). Except 
for PF-fr, the values of the other parameters under high 
irrigation were larger than those under low irrigation. 
The distribution trend of the parameters under low 
irrigation is the same to that under high irrigation. For 
this reason, limited our discussion to the high irrigation 
treatment. The Dc values in the I3B4 (72.3%) and I3B2 
(72.1%) plots were larger than those in the I3B0 (71.7%) 
plots (Fig. 4b). The Unif was 199 mm in the I3B4, 
a value significantly higher than those in the I3B2 and 
I3B0 plots, which were significantly different from 
each other (193 and 184 mm, respectively). In contrast,  

in the I2B0 plots, preferential flow was initiated earlier 
as shown by the shallower uniform infiltration depths. 
The PF-fr indicated that only 17.3% of the stained area 
corresponded to the preferential flow pathways in 
the I3B4. In contrast, this value increased to 19.3% 
and 21.5% in I3B2 and I3B0, respectively (Fig. 4d). 
This difference indicates that a larger fraction of the 
infiltrating water in the I3B0 was channelized through 
preferential pathways. However, there was no obvious 
distribution characteristic of the Dmax in the six plots, 
but it showed internal heterogeneity (Fig. 4a).

Effect of Biochar on the Soil Properties

Biochar-amended soils had (p<0.05) higher field 
capacity (FC), soil organic carbon (SOC), lower cation 
exchange capacity (CEC) and lower bulk density (BD), 
in contrast to non-amended soil (Table 1). And irrigation 
showed no effect on soil properties. In high irrigation 
treatment, 21.2% higher FC, 14.8% higher CEC, 186.4% 

Fig. 4.  Boxplots of different variables measured at the different treatment: a) Dmax, b) Dc, c) Unif , d) PF-fr.

Table 1. Effect of biochar on selected soil properties (mean±SE, n = 9).

Treatment
FC BD CEC SOC

% g/cm3 cmol/kg g/kg

ILB0 17.00±1.56 b 1.53±0.06 a 11.90±0.68 b 5.42±0.68 b

ILB2 20.62±1.06 a 1.47±0.03 b 13.70±0.55 a 19.56±2.45 a

IHB0 17.73±1.23 b 1.51±0.05 a 12.10±1.61 ab 7.19±0.96 b

IHB2 21.48±1.38 a 1.44±0.03 b 13.90±0.49 a 20.59±2.54 a

ANOVA†

I n.s. n.s. n.s. n.s.

B ** * * **

I×B n.s. n.s. n.s. n.s.

† n.s. – no significance, * – significant at P<0.05, ** – significant at P<0.01. Values are average of nine replications. Means followed 
by different letters within each sample are significantly different at 0.05.
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higher SOC, and 4.6% lower BD were found at the 
plough layer soil (0~0.6 m) with biochar application, as 
compared with the treatment without biochar. Similarly, 
in low irrigation treatment, FC, CEC, SOC were 21.3%, 
15.1%, 260.9% higher and BD was 3.9% lower than 
non-amended plough layer soil. 

As the carrier of nutrient transport, water is closely 
related to the distribution and accumulation of nutrients. 
Dynamics of soil water contentc (SWC) in ILB0, IHB0, 
ILB2, and IHB2 plots during the experiment are shown 
in Fig. 5. It can be seen from the figure that the change 
rule of SWC with depth during the winter wheat planting 

period is roughly the same. The SWC of 0.4~0.6 m 
soil layer appears a trough, which is mainly due to 
the absorption of crop roots, while the SWC reaches 
the peak value at the 0.6~1.0 m soil layer, mainly 
because there are many small particles in the layer. 
After the first two irrigation, it was found that biochar 
had comparatively higher SWC (0~0.6 m) in ILB2 and 
IHB2 with respect to non-amended treatments. After 
irrigation at the filling stage and at the harvesting stage, 
the SWC (0~0.6 m) increased significantly in the order 
of IHB2 (15.69, 10.23)>IHB0 (14.06, 9.53)>ILB2 (11.73, 
8.68)>ILB0 (10.57, 7.84).

Fig. 6.  Effect of biochar application (B) and irrigation amount (I) on the a) residual NO3
--N accumulation (Ni), NO3

--N leaching loss (LN) 
and b) fraction of NO3

--N in different soil layers.

Fig. 5. Soil water content (%) in plots of a) ILB0, b) ILB2, c) IHB0 and d) IHB2 treatment at jointing (17 March, 152 days after sowing), 
heading (15 April, 181 days after sowing), grain filling (13 May, 209 days after sowing), and harvesting stages (01 June, 228 days after 
sowing).
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The biochar application (B) and irrigation amount (I) 
influenced NO3

--N residue and leaching loss during the 
whole growth period of winter wheat (Fig. 6a). These 
results indicated that the residual NO3

--N decreased 
increasing irrigation, which may be due to the increase 
of nitrogen absorption by winter wheat under suitable 
irrigation. These results indicated that the leaching loss 
decreased with the biochar application. Meanwhile, it 
was found that the application of biochar could reduce 
leaching concentration at the same irrigation level, thus 
increasing the residual nitrogen in the soil. Under the 
same irrigation conditions, the proportion of residual 
NO3

--N accumulation in 0~0.6 m soil layer to that in 
0~1.0 m soil layer increased significantly (Fig. 6b), 
which indicated that application of biochar can increase 
the capacity of the soils to retain nutrients and the time 
for crops to absorb nutrients.

Effect of Biochar on Biomass, Yield Components 
WUE and NPFP

The yield components assessment of wheat involved 
determining dry shoot biomass (DB), effective panicle 
number (EP), single grain number (SG), filled ear 
length (EL), and thousand kernel weight (TKW). 
As shown in Table 2, I, B and interactions of B×I 
significantly affected all parameters. Under the low 
irrigation, biochar application significantly increased 
DB, EP, SG, EL, and TKW by 21.4%, 7.4%, 6.6%, 
4.1%, and 2.3%, respectively. Under the high irrigation, 
biochar application significantly increased DB, EP, 
SG, EL, and TKW by 13.1%, 1.8%, 1.2%, -0.8% and 
1.4%, respectively. In summary, the results indicated 
that biochar could greatly improve many factors that 
directly influence yield, especially at lower irrigation. 
It is found that the descending sequence of yield and 
NPFP of wheat with different irrigation and biochar 
was IHB2, IHB0, ILB2, ILB0. This proves that filling 

water is necessary in increasing wheat yield and the 
water retention gains provided by biochar were not 
sufficient to overcome drought stress in the filling stage. 
More significantly, however, the WUE of ILB2 was 
higher than that of IHB0, its yield was lower than that 
of IHB0.

Discussion

Preferential Flow as Hot Spots of Soil Nutrient 
Cycle

Previous studies have put forward that soil drying 
cracks were the main route of soil nutrient leaching, 
which mainly occurs in drought and fallow periods 
[26, 27]. Other studies also confirmed that most of the 
nitrate ions will infiltrate rapidly with the preferential 
flow. For example, Wang [28] studied the effect of 
preferential flow on nitrate nitrogen migration by the 
method of packing soil columns, and the results showed 
that larger quantities of nitrate nitrogen migrated under 
the promotion of soil preferential flow. Wu et al. [29] 
showed that the development of preferential flow in 
farmland would increase the infiltration recharge of 
groundwater and reduce the utilization efficiency of 
irrigation and rainfall. Thus, once the cracks form 
preferential flow pathways, they could control the 
overall nutrient losses from soil-plant systems. In this 
study, the preferential flow of soil in the study area was 
found through the analysis of tracer staining profile 
(Fig. 3).

Qu et al. [30] and Geng et al. [31] simulated the 
effects of straw returning on preferential flow and 
the leaching of nitrogen, phosphorus, and potassium 
nutrients through soil column test. The results 
showed that the contents of nitrogen, phosphorus, and 
potassium in the leaching solution decreased to varying 

Treatment DB
Yield components

Y WUE NPFP
EP SG EL TKW

ILB0 17.65±1.45 
c 392±2.32 c 32.41±0.68 c 6.87±0.02 b 52.75±0.04 

b 6684.88±20.70 d 18.32±0.02 
c

26.22±0.08 
d

ILB2 21.42±0.70 
b 421±7.81 b 34.55±0.50 b 7.15±0.06 a 53.96±0.54 

b 7488.45±99.17 c 20.86±0.03 
a

29.37±0.39 
c

IHB0 22.69±0.42 
b

432±12.23 
b

35.34±0.25 
ab 7.27±0.02 a 54.75±0.03 

a
8351.29±136.73 

b
20.52±0.06 

b
32.75±0.54 

b

IHB2 25.67±0.81 
a 440±5.29 a 35.77±0.49 a 7.21±0.03 a 55.54±0.58 

a 8722.29±72.19 a 21.41±0.07 
a

34.21±0.28 
a

ANOVA

B ** ** ** ** ** ** ** **

I ** ** ** ** ** ** ** **

B×I * ** ** **. **. ** ** **

Table 2. Effect of biochar application (B) and irrigation amount (I) on aboveground dry biomass (DB, t/hm2), effective panicles 
per square meter (EP, ear), grain number per spike (SG, grain), filled ear length (EL, cm), thousand kernel weight (TKW, g), yield  
(Y, kg/hm2), water use efficiency (WUE, kg/hm2/mm) and nitrogen partial factor productivity (NPFP, kg/kg).
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degrees, and the leaching loss in the blank test was 
2.79~4.54 times those of the straw returning treatments. 
Therefore, previous studies on preferential flow only 
showed that the existence of preferential flow and the 
existence of preferential flow led to the rapid leaching of 
nutrients, but the focus of this study is to explore a soil 
conditioner that can reduce preferential flow. The result 
indicated that biochar application reduced preferential 
flow (p<0.05) during irrigation, especially under high 
irrigation (Fig. 4). And the degree of preferential flow 
decreased with the increase of biochar application rates. 
Hence, our first hypothesis was fulfilled in term of 
reducing the degree of preferential flow in the soil with 
biochar application. Considering the cost of biochar 
and the effect of resistance and control, we choose 
the biochar application rate of 20 t/hm2 for the field 
experiment.

Roles of Biochar in Soil Nutrient Cycle

In this study, Fig. 6a) illustrated the application of 
biochar can reduce leaching concentration and increase 
the residual nitrogen in the soil. Meanwhile, Fig. 6b) 
also indicated that application of biochar can increase 
the capacity of the soils to retain nutrients and the time 
for crops to absorb nutrients. To investigate its reason, 
previous studies have shown that the effects of biochar 
on nutrient leaching clearly depend on the complex 
chemical, physical, and biological processes. Soil bulk 
density is considered as the main driving force of 
soil physical properties, which describes the potential 
functions of soil in aeration, water infiltration, as well 
as water and gas movement. In this study, a 4.6% and 
3.9% decrease in soil bulk density was observed after  
a wheat growing season of biochar application under  
the condition of low and high irrigation respectively 
(Table 1), which is consistent with the results of other 
studies [32]. For example, Arthur and Ahmed [33] 
applied straw biochar to rough tropical soils and 
reported a significant decrease in soil bulk density (32%) 
after three months of straw biochar application. From an 
agronomic point of view, higher biochar doses improved 
water retention and available water and increased field 
water holding capacity, corroborating other studies on 
this material [34-36]. In our study, biochar application 
significantly increased the field capacity from about 
17.00% to 20.00% (Table 1), increasing the availability 
and storage of water (Fig. 5) and reducing the risk of 
drainage (Fig. 6). Fig. 5 analyzed biochar-amended soils 
had higher water content in contrast to non-amended 
control soil, although irrigation have greater effect 
than biochar application on water content. In terms of 
improvement performance, there was slighter response 
on soil water content by biochar application in high 
irrigation treatment with respect to that in low irrigation 
treatment. In addition, our study has shown that biochar 
application could significantly improve soil CEC 
(Table 1). The above conclusion is consistent with those 
of Deenik and Cooney [37], which proved that biochar 

application could improve soil fertility by increasing 
the CEC and consequently the retention and availability 
of nutrients for plants. Finally, we also explored the 
effect of biochar application on soil organic carbon, 
and the results showed an increase in the content of 
organic carbon in the soil, thus enhanced the adsorption 
performance of the soil. The above conclusion was 
consistent with that of Bi et al. [38], which proved 
that biochar application reduced the content of nitrate 
nitrogen in the soil leaching solution due to the increase 
in the content of soil organic carbon. 

The results of this study showed that the contents 
of nitrate nitrogen in the leaching solution of the 
treatments with biochar application were lower than 
those of the non-amended controls (Fig. 6), indicating 
that the application of biochar had a certain inhibition 
on the leaching of soil nitrogen. Increasing the retention 
of these nutrients in soil profiles will increase the 
possibility of nutrients being absorbed by plant roots, 
thereby reducing the risk of leaching and transporting 
to the surface or underground. This study demonstrated 
the causes of this phenomenon from two aspects. On 
the one hand, as in previous studies, we have also 
proved that biochar can reduce the leaching of water 
and nutrients from soil properties. On the other hand, 
preferential flow was the main way of nitrate leaching, 
while this study proved that the application of biochar 
could reduce the preferential flow. In conclusion, biochar 
application can reduce nutrient loss and groundwater 
pollution. 

Enhanced Yield, and Water and Fertilizer 
Use Efficiency

Biochar application promoted higher shoot biomass, 
effective panicle number, single grain number, and 
yield of winter wheat (Table 2). Our results showed 
that biochar application increased the yield by 12.0% 
and 4.4% under low irrigation and high irrigation, 
respectively. Similarly, Yan et al. [39] reported that 
the winter wheat yield was increased over the next 
two years with 40 t/hm2 biochar application, but 
they considered that biochar application potentially 
improved the yield by increasing the soil temperature. 
Additionally, biochar application contributed to the 
increase of fertilizer efficiency. Under the same 
irrigation and fertilization conditions, nitrogen 
productivity (NPFP) can be increased by 12% due to 
the application of biochar (Table 2), which is consistent 
with the result of Dong [40]. Meanwhile, application 
of biochar significantly increased plant water status as 
exemplified by the improved water use efficiency. Liu 
et al. [41] have also found that biochar increased water 
availability to plants. In this study, despite the higher 
water retention values in treatments containing biochar, 
it was not sufficient to meet the water needs of winter 
wheat under low irrigation conditions. Previous studies 
have shown that the effects of biochar on plant growth 
depend on the interaction of various factors. It has been 
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reported that biochar influences plant growth indirectly 
by affecting soil physical and chemical properties, 
microbial activities [42, 43], soil structure [32, 44], and 
nutrient cycling [45, 46]. Based on the results of the 
study, our study suggested that the biochar added to soil 
increased the capacity of the soils to retain nutrients 
and winter wheat productivity. 

Conclusions

The study was conducted to assess the effect of 
biochar on preferential flow and soil structure, water 
and nutrient use efficiency, and the growth response 
of winter wheat in the North China Plain. Our results 
revealed that the degree of preferential flow was 
decreased with the increase of biochar application 
within the designed biochar application rates, especially 
under high irrigation, but the decreasing speed slowed 
down significantly. The field trial results proved that 
increasing biochar application rates significantly 
increased field capacity, bulk density, soil organic 
carbon, and reduced cation exchange capacity of the 
plough layer soil (0~60 cm). All these factors are 
critical for improving soil health. In addition, our results 
clearly demonstrated that adding biochar to soil under 
the same irrigation improved the yield of winter wheat. 
But, wheat productivity under the ILB2 treatment were 
still below that under the IHB0. It was indicated that 
the water retention gains provided by biochar were not 
sufficient to overcome the adverse effect from drought 
stress in the soil. Moderate water supply during the 
flowering to fruit set stage had a significantly positive 
effect on the wheat yield. Therefore, the optimal 
treatment involved controlling irrigation quota to be  
0.8 ETc and biochar application rate to be 20 t/hm2.

In conclusion, the results of this study strongly 
supported the hypothesis that biochar application 
would reduce the soil preferential flow and revealed 
that biochar had positive influence on soil properties 
and winter wheat production. Therefore, under the 
background of nitrogen fertilizer reduction, application 
of biochar might be a promising approach for reducing 
soil nitrogen leaching, improving water and fertilizer 
use efficiency and promoting crop productivity.
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