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Abstract
Developing an effective fertilization management practice is crucial for ensuring food security in dryland. A
3-year field experiment was conducted on the Loess plateau dryland, China, to investigate the effects of manure
and nitrogen (N) fertilization on soil water regime, grain yield, and water use efficiency (WUE) of winter wheat
(Triticum aestivum). The results showed that soil water content at winter wheat sowing was 13.4 mm (3.7%)
higher with manure than without after 2 years of fertilization. Additional manure increased soil water recharge,
grain yield, and WUE by a mean of 20.7%, 11.6% and 12.6%, respectively, relative to those without manure.
Compared with applying manure alone, N fertilization improved soil water recharge, grain yield and WUE by
a mean of 56.3%, 11.5%, and 7.0%, respectively. However, no further increases were observed when the N rate
exceeded 75 or 150 kg N ha-1, and combining 78 kg N ha-1 fertilizer with manure is sufficient to get 95% of
the theoretical highest yield. Therefore, combining manure (30 t ha-1 poultry or pig manure) with 78–150 kg N
ha-1 chemical N fertilizer (manure-N : chemical-N =1:0.47-0.91) is recommended for achieving the sustainable
winter wheat farming system on the Loess plateau.
Keywords: Soil water regime, high-yield and water-efficient fertilization, dryland farming
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1. Introduction
Wheat (Triticum aestivum) is a globally major food

wheat. (Foster et al., 2016; Guo et al., 2016; Ibrahim

crop, whose production covers an area of 2.18 × 108

et al., 2015; Shah et al., 2016). More importantly, the

ha, accounting for more than 20% of the world’s ar-

ability of manure to improve mean weight diameter of

able land. China is one of the largest wheat produc-

the aggregates, total porosity, water field-saturated hy-

ing countries, with a total planting area of 2.43 × 107

draulic conductivity, infiltration rate, and water holding

ha, of which approximately 27%–29% is located in

capacity of soil conserves more rainfall in the soil pro-

the Loess plateau dryland (Gao et al., 2009). How-

file, reduces evaporation through the soil surface, and

ever, wheat production in this region are facing great

improves use of the water available for crop growth

challenge of a scant water supply and nutrient deficit.

(Bandyopadhyay, et al., 2010; Yang et al., 2015). How-

Due to the sparse and deep groundwater resources,

ever, using manure alone is insufficient to maintain the

rainfall is the sole water source for wheat production

present production levels of high yielding varieties of

in the Loess Plateau, which is limited (200-600 mm)

winter wheat (Efthimiadu et al., 2010), as most of the

and unevenly distributed. Only 30%-40% of annual

N in manure is in an organic form, and a long time is

rainfall occurs during winter wheat growing season,

needed for mineralization before it is available for plant

whereas most of the rain falls between July and Sep-

uptake (Li and Li, 2014). Therefore, an integrated nu-

tember, which is concurrent with the summer fallow

trient management, in which both manure and chemi-

between two growing seasons of winter wheat (Li

cal N fertilizer are used simultaneously, may be a more

et al., 2015). Meanwhile, unreasonable cultivation

compatible approach in dryland.

practices, including excessive chemical fertilizer in-

Although emerging evidence indicates that integrated

put and intensive soil cultivation result in soil with a

use of manure and chemical N fertilizer is a feasible

fragile structure, low nutrients availability and water

approach to improve winter wheat production and wa-

holding capacity (Wu et al., 2004).

ter use efficiency (WUE) in the Loess Plateau (Fan

Within this context, organic materials input is gain-

et al., 2005a; Fan et al., 2005b; Liu et al., 2013), the

ing increasingly attention to sustain soil fertility and

problem of blind fertilization still remains in most ar-

promote crop production in the Loess plateau. In

eas of the Loess Plateau. As there is a lack of system-

2011, China produced animal manure yielding up

atic and comprehensive observations of the optimal

to 3 trillion tons, and it will be a huge waste if they

fertilization ratio for manure-N and chemical-N to

are untreated or non-recycled (He et al., 2016). Un-

achieve a high-yielding, water use efficiency and sus-

like the long-term application of chemical fertilizer

tainable winter wheat cropping system. In the present

which results in further soil degradation and a series

study, we used a three-year long spilt-plot design, sta-

of environmental problems (Ju et al., 2009), animal

tionary field experiment in the Loess plateau, to de-

manure amendment supplies both major and micro

termine; (1) the responses of soil water content, grain

nutrients necessary for plant growth. And provides a

yield and WUE of winter wheat to the combination

better environment for root development by improv-

of manure and different N application rates. And (2)

ing soil physical, chemical, and biological properties

determine the recommended combined ratio of ma-

(Pan et al., 2015; Schoebitz and Vidal, 2016), which,

nure-N and chemical-N for sustainable winter wheat

in turn, improves nutrient and water uptake by winter

production systems under dryland condition.
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north of the Loess plateau and has a temperate continental monsoon climate, with mean annual tem-

2.1. Site description

perature of 11.4 °C and annual precipitation of 577.8
mm. Agricultural production in this area is com-

A 3-year stationary winter wheat monoculture experi-

pletely dependent on natural precipitation. Data of

ment was conducted from October 2011 to June 2014

monthly rainfall during the experimental years was

in Bai Shui (109°58′N 35°18′E, 850 m asl) Shaanxi

obtained from the Bai Shui county Meterological

Province, China. Bai Shui county is located in the

Station (Figure 1).

Figure 1. Monthly and yearly precipitation at the experimental site over the 3 year experiment
The experimental field had been used for winter

application rates of 0, 75, 150, 225, and 300 kg N

wheat production for a long time prior to this experi-

ha-1. The 10 treatments were arranged in a split-plot

ment. The soil at the experimental site is classified as

design with four replications each; the five N fer-

Calcic Cambisols (FAO taxonomy), with mean bulk

tilizer application rates were in the main plot, and

density of ~1.30 g cm-3 in 0-200 cm soil layer. The

manure treatments (with and without manure) were

background soil sample collected from 0–20 cm layer

subplots. Plot size was 6-m wide and 10-m long, and

at the experimental site had 12.4 g kg-1 organic matter,

all treatments were arranged randomly.

0.8 g kg total N, 9.2 mg kg-1 Olsen-P, 177.2 mg kg-1

A widely used local winter wheat cultivar called

available K, 76.55% sand concentration, 19.60% silt

‘Jinmai-47’ was used as the test crop, and was

concentration, and 3.85% clay concentration. All the

sown on 12, 15 and 17 October in 2011, 2012, and

basic soil properties were measured with the methods

2013, respectively by a seeding machine, at a rate

described by Bao (2000).

of 150 kg ha-1, with 20 cm wide rows and a sowing

-1

depth of 5 cm. On the same day right before winter
2.2. Experimental design

wheat seeding, fertilizer was applied to the field.
The manure areas were fertilized with a combina-

The experiment was carried out with two treatment

tion of manure and the five different application

factors: (1) with and without manure, and (2) five N

rates of N fertilizer.
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The areas without manure were only fertilized with

The N fertilizer was applied as urea (N: 46%), 70%

chemical N fertilizer, at the application rate of 0, 75,

of which was applied at sowing, and 30% was ap-

150, 225 and 300 kg N ha-1 in each plot, respectively.

plied at the elongation stage of winter wheat (early

In addition, 90 kg P2O5 ha-1 and 60 kg K2O ha-1 were

April). The phosphorus (P) fertilizer was superphos-

applied to all plots. The manure was applied as pig

phate (P2O5: 16%), and the potassium (K) fertilizer

manure. Well-composted pig manure were collected

was a sulfate of potash (K2O: 50%). All fertilizers

from hoggery, and spread by a shovel at 30 Mg ha on

were applied evenly and incorporated into the top

fresh weight basis (the water and nutrient contents of

0–20 cm soil layer before seeding.

-1

the manures applied in the study are shown in Table 1).

Table 1. Water and nutrients contents of manures applied during the experimental years.

The wheat was harvested in early June of the follow-

at depths of 0–200 cm in each plot were also col-

ing year. All plots were tilled twice, one week after

lected randomly to determine the soil water content.

harvest and two weeks before sowing. No supplemen-

The soil in each 20 cm layer over the 0–200 cm

tal irrigation was provided. Herbicide was used in the

depth was separated, and soil from the same layer

blooming stage (early May) of winter wheat every

was mixed and sealed immediately in plastic bags.

year to control weeds.

The fresh soil samples were brought to the laboratory and dried in an oven at 105 °C for 12 hours.

2.3. Sampling and sample analysis

The soil bulk density at the depth of 0–200 cm was
measured every year before seeding using the cut-

2.3.1. Soil sampling

ting ring method (Bao, 2000).

Before the experiment, soil from 7 random cores at
a depth of 0–200 cm layer was collected using an

2.3.2. Plant sampling

auger (inner diameter, 4.0 cm) at an interval of 20
cm, and the soil from the same layer was mixed as a

The winter wheat was harvested manually at matu-

soil sample for background soil moisture determina-

rity from each plot in early June of all study years.

tion. Besides, soil collected from 0–20 cm soil was

An area of 12 m2 gathered from three randomly col-

used for determining the background soil properties.

lected quadrats was harvested from every single

During the experiment, every year at the sowing and

plot. These wheat samples were dried at 95 °C for

harvest time of winter wheat, three soil core samples

0.5 h and at 65 °C for 24 h until a constant weight
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was achieved. Grain yield was determined by weigh-

runoff. The I and R should be ignored since there

ing the dried grain after manual threshing.

is no irrigation and runoff in the flat study field.
Besides, the D and Wg are considered negligible

2.4. Calculation methods and data analysis

because the extreme high rainfall is infrequent
in the region, and the underground water in the

Soil water storage (mm) was calculated as:

Loess Plateau is usually too low to use by the crop.
Therefore, the I, D, Wg and R are not considered
in the present study.
The water use efficiency (WUE, kg ha-1mm-1) was

Where

(g cm ) is soil bulk density;
-3

is soil gravimetric water content;
layer depth;

(%)

calculated as:

(cm) is soil

is the number of soil layer; i =20, 40,

WIIR = Y/ET

60, 80…200 cm.
Soil water depletion (SWD, mm) during the growing

Where Y (kg ha-1) is the grain yield, and ET (mm)

season was calculated as the difference in soil wa-

is the evapotranspiration of winter wheat.

ter storage in the 0–200 cm layer from winter wheat

Analysis of variance (ANOVA) was conducted to

sowing to harvest. Soil water recharge (SWR, mm)

detect differences using SPSS 19.0 for Windows

during the fallow season was calculated as the differ-

(SPSS Inc., Chicago, IL, USA). A two-way ANO-

ence in soil water storage from the beginning to the

VA was performed to test the manure, the N ap-

end of the fallow period at depth of 0-200 cm.

plication rates, and their interactive effects on all

Evapotranspiration (ET, mm) during growing season

data for each experimental year (Table 2). In addi-

of winter wheat was determined by:

tion, a one-way ANOVA was used to test for differences between N application rates in the groups

ET = SWD 1 PG 1 I D 1 Wg R

with and without manure. Comparisons of means
between the groups with and without manure, and

Where SWD (mm) is the soil water depletion,

the different N application rates were performed

PG (mm) the amount of precipitation (mm) during

using Duncan’s test. Parabolic regression was used

growing season of winter wheat, I the amount of

to fit the data between N rate and grain yield of

irrigation (mm), D the soil water drainage (mm),

winter wheat. A correlation coefficient, r, analysis

Wg the water use by crop through capillary rise

was also performed. All p-values < 0.05 were con-

from underground water (mm), and R the surface

sidered significant.
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Table 2. Analysis of variance of the effects of nitrogen (N) fertilizer rate, manure and their interactions with soil
water storage (SWS) at winter wheat sowing and harvest, soil water depletion (SWD) during growing season,
soil water recharge (SWR) during fallow season, evapotranspiration (ET), grain yield, and water use efficiency
(WUE) of winter wheat (P-values).

ns, no significant difference at the 5% level. SWD, difference in soil water storage in the 0–200 cm layer from winter wheat sowing to
harvest; SWR, difference between soil water storage in the 0–200 cm layer from the beginning to the end of summer fallow season.

3. Results
rate had no significant effect on soil water storage af3.1. Soil water storage in the 0–200 cm soil layer

ter harvest in 2013–2014, probably due to the higher
rainfall during the growing season of that year.

Adding manure increased soil water storage by 3.7%
compared with the treatment without manure at the

3.2. Soil water depletion and recharge

sowing time during the 2013-2014 season (P<0.05,
Table 3). No differences were noted in soil water

According to Table 4, although the average soil wa-

storage between N application rates at winter wheat

ter depletion was greater (6.3%) for manure treat-

sowing throughout the experimental years. After

ments than that for no manure treatments during

winter wheat harvest, manure amendment decreased

the winter wheat growing season in 2011–2012

(P<0.05) soil water by a mean of 8.4% compared with

(P<0.05), no differences were observed between the

no manure during 2011–2012, but this decrease did

manure and no-manure groups in the next two years.

not continue during the next two years. Relative to

Compared with applying manure alone, chemical N

applying manure alone, additional chemical N input

input levels from 75 to 225 kg N ha-1, 150 to 225

of 75, 150, and 225 kg N ha decreased (P<0.05) soil

kg N ha-1, and 150 to 300 kg N ha-1 increased soil

water storage by 15.6%, 16.7%, and 18.2%, respec-

water depletion by 12.6%-14.7%, 55.9%-56.2%

tively in 2011–2012, and the input of 225 kg N ha-1

and 10.1%-18.2% during the winter wheat growing

chemical N decreased soil water storage by 6.7% in

season in 2011-2012, 2012-2013 and 2013-2014, re-

2012–2013 after winter wheat harvest. Manure and N

spectively (P<0.05).

-1
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Table 3. Soil water storage (mm) in the 0–200 cm layer at sowing and harvest during the 3-year experiment.

Different lowercase (one-way ANOVA) and uppercase (two-way ANOVA) letters denote significant differences between treatments at the 5% level. -M, treatments without manure; +M, treatments with manure.

Table 4. Soil water depletion (mm) in the 0–200 cm layer during the winter wheat growing season.

Different lowercase (one-way ANOVA) and uppercase (two-way ANOVA) letters denote significant differences between treatments at the 5% level. -M, treatments without manure; +M, treatments with manure. Soil water depletion was calculated as the
difference in soil water storage in the 0–200 cm layer from winter wheat sowing to harvest.

Since the field experiment was initiated in October

treatment (P<0.05). Chemical N fertilization tended

2011, values of rainfall harvest during summer fal-

to improve soil water storage during the fallow sea-

low were only observed in the 2012-2013 and 2013-

son as well. Compared with applying manure alone,

2014 season (Table 5). Mean soil water recharge in

soil water recharge increased with N rate from 150

the manure group increased by 17.2% during the

to 225 kg N ha-1 by 94.0%-95.7% in 2012–2013 and

summer fallow period in 2012–2013 and by 24.2%

from 150 to 300 kg N ha-1 by 19.6%-35.2% in 2013–

in 2013–2014 compared to that in the no-manure

2014 (P<0.05).
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Table 5. Soil water recharge (mm) in the 0–200 cm layer during the fallow periods in 2012–2013 and 2013–2014.

Different lowercase (one-way ANOVA) and uppercase (two-way ANOVA) letters denote significant differences between treatments at the 5% level. -M, treatments without manure; +M, treatments with manure. Soil water recharge was calculated as the
difference between soil water storage at the previous year’s winter wheat harvest and soil water storage at wheat sowing in the
0–200 cm layer.

3.3. ET, grain yield, and WUE of winter wheat

2012, whereas chemical N fertilization, at the input level of 150 or/and 225 kg N ha-1improved ET

In comparison with the no-manure group, manure

significantly throughout the experimental years

group only improved ET significantly during 2011-

(P<0.05, Table 6)

Table 6. Evapotranspiration (ET), grain yield, and water use efficiency (WUE) of winter wheat during the 3-year
experiment.

Different lowercase (one-way ANOVA) and uppercase (two-way ANOVA) letters denote significant differences between treatments at the 5% level. -M, treatments without manure; +M, treatments with manure.
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The grain yield of winter wheat improved by 3.3%,

treatment, respectively in 2011-2012 and 2013-2014.

20.1% and 3.3% by manure addition relative to no-

In 2012-2013, the combination of manure with 75 kg

manure treatments (Table 6). Compared with apply-

N ha-1 N fertilizer produced the highest WUE, which

ing manure alone, additional chemical N fertilizer

was 28.4% higher than that in no-fertilized treatment.

input improved grain yield by 10%, 19.6%, 18.1%,
5.4% at the rate of 75, 150, 225, and 300 kg N ha-1,

3.4. The correlation between N rate and grain yield

respectively in 2011-2012, and by 12.7% and 18.0%

of winter wheat

at the N rate of 150 and 225 kg N ha , respectively
-1

in 2013-2014 (P<0.05). But it should be noticed that

The grain yield of winter wheat varied as a polyno-

once N rate was > 150 kg N ha , increasing the N fer-

mial function with N rate under manure conditions

tilizer rate did not further increase grain yield in most

(Table 7). To determine the optimal combined ratio of

cases. No differences were observed between N appli-

chemical-N and manure-N, we calculated the N rates

cation rates of 75–300 kg N ha-1 because of severe wa-

corresponding to 95% of the maximum yield values

ter deficit during the growing season in 2012–2013.

under manure condition, from the perspective of pro-

Manure amendment had no significant effect on WUE

ducing more crop yield with less fertilizer input. The

in 2011–2012, but improved WUE by means of 16.8%

95% highest grain yield was 4534 kg ha-1, correspond-

and 8.3% compared to that in the no-manure group in

ing to N rate of 78 kg N ha-1 on average throughout

2012–2013 and 2013–2014, respectively (P<0.05).

the experimental years, indicating the combination

The highest WUE was observed when manure was

of manure with 78 kg N ha-1 (manure-N : fertilizer-N

combined with 150 kg N ha-1 N fertilizer, which was

=1: 0.47 ) was the most efficient way to achieve high

11.5% and 25.0% higher than that in no-fertilized

yields in dryland winter wheat cropping system.

-1

Table 7. Optimal N rates and corresponding highest grain yields.

-M, treatments without manure; +M, treatments with manure.
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4. Discussion

the fallow period is insufficient to bring the soil water

4.1. Manure effect on soil water variations, grain

Wang et al., 2011). This phenomenon primarily due to

yield and WUE of winter wheat

the limited rainfall under dryland condition could not

content back to its initial level (Huang et al., 2003;

meet the water requirement of high-yielding varieties
A previous study showed that a wheat crop requires

they used in the experiment.

about 480 mm of water for maximum yield in the

As a result, treatments with manure produced signifi-

Loess Plateau (Wang et al., 1994), but mean precipi-

cantly higher grain yield, and WUE than those that

tation during the winter wheat growing season is only

were not fertilized during the study. Interestingly, the

about 205 mm (Jin et al., 2007). This water deficit is

increase in ET in the manure group was small (mean,

supplied from stored soil water before winter wheat

2.8%) during 2012–2013 and 2013–2014, whereas

sowing. In the present study, manure amendment pro-

the increase in grain yield was large (mean, 16%),

moted soil water content significantly at the sowing

compared with that in the no-manure group (Table 6),

time during 2013–2014 after two years of consecu-

indicating the water consumption through transpira-

tive cultivation (Table 3). Similar results were also re-

tion (T) was promoted whereas the water loss through

ported in a pea-spring wheat-potato cropping system

soil evaporation (E) was inhibited after manure ap-

conducted in southeastern part of the Loess Plateau

plication. This is consistent with the prior studies by

(Liu et al., 2013). Increasing soil water recharge dur-

Wang et al. (2011) and Qi et al. (2009) in a winter

ing fallow season is a crucial approach to increase soil

wheat monoculture system on the Loess plateau.

water storage at sowing. In the present study, manure

Manure amendment increases crop leaf area and dry

amendment improved soil water recharge by a mean

matter accumulation, then effectively promotes tran-

of 20.7% during the fallow season throughout the

spiration (Rehman et al., 2010), whereas the enlarged

experimental years, indicating more rainfall was har-

leaf area and canopies are effective barriers to prevent

vested and captured in manured soil, relative to fertil-

the direct effects of radiation and strong wind; thus,

ized soil (Table 5). The increased rainfall harvest in

reducing water loss through evaporation.

manured soil was mainly due to three reasons. Firstly,
the root branching and deeper rooting stimulated by

4.2. N fertilization effect on soil water variations,

manure addition left more soil to store rainfall. Sec-

grain yield and WUE of winter wheat

ondly, manure addition enhances soil properties and
then soil water transmission by improving water in-

Manure tends to recouple C and N cycles and tip soil

filtration, saturated hydraulic conductivity, and soil

N mineralization-immobilization turnover (Zhou et

water sorptivity (Khan et al., 2010). Thirdly, manured

al., 2016), and chemical N fertilizer also affects de-

soil has higher resistance to water and winter erosion,

composition rate of manure by regulating soil C/N ra-

thus reducing the water loss from soil erosion during

tio when combined with manure (Duan et al., 2014),

rainy seasons. However, some studies reported a signif-

which alters the nutrients supply, then affects soil wa-

icant decrease of soil water content before winter wheat

ter uptake pattern and production of crop. In the pres-

planting due to manure addition, since adding manure

ent study, N fertilization caused significant decrease

results in more soil water consumption during growing

in soil water content after winter wheat harvest, es-

season of winter wheat, such that replenishment during

pecially at the N rate of 225 kg N ha-1 under manure
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5. Conclusion

increased fertilization was also reported in semiarid regions of the central U.S. Great Plain and

With the population continuously increasing, the

the Loess Plateau (Nielsen and Halvorson, 1991;

major challenge for dryland crop production is to in-

Huang et al., 2003). This probably due to the larger

crease crop yields with less water. The results from

aboveground biomass and transpirational leaf area

this 3-year study suggests manure should be involved

stimulated by increased fertilizer, results in more

in the fertilizer management practices, particularly

water consumption from crop canopy during grow-

under dryland condition, as a similar amount of water

ing season (Angus and Van Herwaarden, 2001).

was consumed during winter wheat growing season,

However, Soil water recharge was improved sig-

but more water was recharged during fallow season,

nificantly during summer fallow due to N fertiliza-

which resulted in an improved grain yield and WUE.

tion, which was consistent with the results reported

Comparing with applying manure alone, additional

by Wang et al. (2012). N fertilization improved

chemical N fertilizer input increased soil water re-

soil water recharge, either by absorbing more wa-

charge, ET, grain yield and WUE as well, but no fur-

ter during the growing season and leaving more

ther increases were observed when N rate exceeded

soil reservoir to harvest rainfall during the summer

75 or 150 kg N ha-1 in most cases. The grain yield of

fallow or by increasing the soil water holding ca-

winter wheat varied as a polynomial function with N

pacity, since N fertilization increased root growth

rate under manure conditions, according to the regres-

and biomass, thereby improving the soil organic

sion equation, a mean of 78 kg N ha-1 is needed to

matter content, which promotes soil water holding

achieve the 95% of highest grain yield with the pres-

capacity (Deeb et al., 2016).

ence of manure. Overall, we recommend that 78–150

No significant differences in soil water recharge

kg N ha-1 chemical fertilizer should be combined with

were noted between 75 or 150 to 300 kg N ha ,

30 t ha-1 pig manure (manure-N : fertilizer-N =1:0.47–

indicating that 75 or 150 kg N ha-1 was effective

0.91) to achieve a sustainable winter wheat monocul-

as 300 kg N ha-1 in enhancing soil water recharge.

ture system in the Loess Plateau.

-1

Similarly, additional N fertilization also improved
grain yield and WUE of winter wheat significantly
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