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Abstract: A long-term fertilization experiment was set up in northern Xinjiang, China to evaluate the dynamics 
of  crop production and soil organic carbon (SOC) from 1990 to 2012 with seven fertilization treatments. The 
seven treatments included an unfertilized control (CK) and six different combinations of  phosphorus (P), 
potassium (K), nitrogen (N), straw (S) and animal manure (M). The balanced fertilization treatments had 
significantly (P<0.05) higher average yields than the unbalanced ones. The treatment with 2/3 N from 
potassium sulfate (NPK) and 1/3 N from farmyard manure (NPKM) had a higher average yield than the other 
treatments. The average yields (over the 23 years) in the treatments of  NPK, and urea, calcium superphosphate 
(NP) did not differ significantly (P>0.05) but were higher than that in the treatment with urea and potassium 
sulfate (NK; P<0.05). The results also show that the highest increases in SOC (P<0.05) occurred in NPKM 
with a potential increase of  1.2 t C/(hm2•a). The increase in SOC was only 0.31, 0.30 and 0.12 t C/(hm2•a) for 
NPKS (9/10 N from NPK and 1/10 N from straw), NPK and NP, respectively; and the SOC in the NP, NK 
and CK treatments were approaching equilibrium and so did not rise or fall significantly over the 23-year 
experiment. A complete NPK plus manure fertilization program is recommended for this extremely arid region 
to maximize both yields and carbon sequestration. 

Keywords: long-term fertilization experiment; extremely arid conditions; soil organic carbon; organic C inputs; Xinjiang 

Citation: LYU Jinling, LIU Hua, WANG Xihe, Rodrigo OLAVE, TIAN Changyan, LIU Xuejun. 2017. Crop yields and soil 
organic carbon dynamics in a long-term fertilization experiment in an extremely arid region of northern Xinjiang, China. 
Journal of Arid Land, 9(3): 345–354. doi: 10.1007/s40333-017-0097-0 

1  Introduction 
Increasing crop yield and also improving soil organic carbon (SOC) sequestration in farmland are 
anticipated requirements for sustainable agriculture (Kismányoky and Tóth, 2013). In recent 
years, with increasing concern about high concentrations of atmospheric CO2 and the potential 
role for carbon sequestration in croplands, increasingly more regional field experiments have 
been carried out in croplands. The results from these experiments form the basis of the 
development of options for increasing crop yield and sequestrating SOC (Li et al., 2005; Cai and 
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Qin et al., 2006). However, crop yield and SOC sequestration may differ under the complicated 
situations involving different combinations of soil types, environmental conditions and farming 
methods (Ai et al., 2017). For example, the long-term cropping experiment of northeastern China 
showed that the SOC content under the chemical fertilizer treatment decreased significantly with 
the increase in planting period, while the SOC in grey desert soil of northwestern China showed a 
significant increase trend of SOC content with the increase in planting period (Xu and Liu, 2006). 
In addition, there have been several reports suggesting that soil fertility and crop yield declined 
with continuous application of inorganic fertilizers without organic inputs (Min et al., 2011). On 
the other hand, numerous studies have shown that balanced application of inorganic fertilizers can 
maintain soil fertility and can slightly increase SOC content (Bremer et al., 1992; Bao et al., 2000; 
Cai and Qin, 2006). Therefore, the relationships among the crop yield, yield stability and SOC 
input and output are rather complex in different areas, and it is thus necessary to explore the 
relationships under different environmental conditions and farmland management practices to 
search for the treatments that can achieve the optimal crop yield with the maximal SOC 
sequestration. In China, most of the crop yield- and SOC-related studies have focused on areas 
with intensively managed agriculture, such as the North China Plain, the Loess Plateau, and the 
South China. But, much less attention has been paid to the extremely arid areas of northwestern 
China (Manna et al., 2007; Niu et al., 2011; Wang et al., 2011; Guo et al., 2012). So there is a 
need to select typical soil types located in extremely arid areas as objects of study to quantify the 
crop yields and the relations with SOC. 

The grey desert soil is one of the most typical arid desert oasis soil types in northwestern 
China, where the diurnal temperature differences are large and the annual evaporations are high 
with soil wetting and drying cycles being frequent and soil freezing and thawing being dramatic 
(Luo et al., 2006; Xu and Liu, 2006). Studies showed that SOC is easily affected by 
environmental factors in this area. For example, wet and dry cycles in the soil or freezing-thaw 
alternations can accelerate the SOC mineralization (Yang et al., 2011; Rong et al., 2012; Lv et al., 
2014). Besides, the croplands in the extremely arid environment have less SOC input in 
comparison with those in other ecosystems. In the conversion process of desert soil into cropland 
soil, the litter, plant roots and root exudates were reported to have significantly increased (Rong et 
al., 2012). 

In this study, we used a long-term experiment to evaluate the effects of different fertilizer 
treatments on the yields of maize (Zea mays L.), winter or spring wheat (Triticum aestivum L.) 
and cotton (Gossypium hirsutum L.), and to quantify the long-term SOC dynamics under different 
fertilization practices and to estimate carbon sequestration under different fertilizer treatments in 
an extremely arid region. 

2  Materials and methods 
2.1  Experimental site 
The experimental site is located at Anningqu near Urumqi (43°57′43′′N, 87°30′05′′E; Fig. 1), the 
capital city of Xinjiang Uygur Autonomous Region in northwestern China. Previously the site 
was a wasteland where the fertile soil remained in its original conditions before the long-term 
experiment started in 1989. The mean annual precipitation and evaporation are approximately 223 
and 2000 mm, respectively. The annual mean temperature is 7.7°C (Fig. 2) with an annual 
sunshine hours of 2594 d. The annual frost-free period is about 156 d (Liu et al., 2010). The top 
layer (20 cm) of the soil consists of clay, silt and sand fractions, accounted for 30.3%, 52.5% and 
17.2%, respectively (Yang et al., 2012). The soil was classified as grey desert soil according to the 
American soil taxonomy (Gong et al., 2007). In 1989, the top 20 cm of the soil profile had a SOC 
content of 15.2 g/kg, total nitrogen (N) of 0.868 g/kg, total phosphorus (P) of 0.667 g/kg, total 
potassium (K) of 23 g/kg, available P (Olsen-P) of 3.4 mg/kg and available K of 288 mg/kg. The 
pH value was 8.1. The experiment consisted of 7 fertilization treatments (Table 1) as no fertilizer 
(CK), phosphorus and potassium (PK), urea and calcium superphosphate (NP), urea and 
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potassium sulfate (NK), urea, calcium superphosphate and potassium sulfate (NPK), 2/3 N from 
NPK and 1/3 N from farmyard manure (NPKM), and 9/10 N from NPK and 1/10 N from straw 
(NPKS). 

 
Fig. 1  Location of the long-term experimental site 

 
Fig. 2  Mean monthly evaporation, temperature, precipitation and irrigation from 1990 to 2012 at the 
experimental site 
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Table 1  Amounts of fertilizer applied under different fertilizer treatments at the experimental site 
  N fertilizer    P fertilizer  K fertilizer 

Treatment Basal Topdressing Total  Total  Total 

 (kg N/hm2)  (kg P2O5/hm2)  (kg K2O/hm2) 

CK 0 0 0  0 0.0 
PK 0 0 0  138  58.5 
NK 144 96 240  0  58.5 
NP 144 96 240  138  0.0 

NPK 144 96 240  138  58.5 
NPKS 163 77 240  138  58.5 
NPKM 192 48 240  138  58.5 

Note: P, phosphorus; K, potassium; N, nitrogen; CK, no fertilizer; PK, phosphate and potassium; NK urea and potassium sulfate; NP, 
urea and calcium superphosphate; NPK; urea, calcium superphosphate and potassium sulfate; NPKM, 2/3 N from NPK and 1/3 N from 
farmyard manure; NPKS, 9/10 N from NPK and 1/10 N from straw. N fertilizer was sourced from chemical, straw, and manure.  

2.2  Field experiment 
As a long-term positioning experiment lasted for more than 20 years, the experiment of this study 
adopted a seasonal or annual crop rotation pattern. For example, maize, spring wheat, and winter 
wheat were planted in 1990, 1991 and 1992, respectively, and maize was planted again in 1993 to 
start the next round. Cotton was planted three times over the study period in 1999, 2009, and 
2012. We conducted the analysis based on the crops planted in each year. 

Nitrogen was applied in two split dressings with 60% N as the basal fertilizers and 40% N as 
the topdressing in the NPK, NPKM, NK, N and NP treatments, while P, K, and organic fertilizers 
were applied as basal fertilizers. The organic fertilizer was derived from sheep manure. Among 
the treatments, the NPKM treatment had one additional application of farmyard manure (30 
t/(hm2

•a)), which contained 2.9 t C/(hm2
•a) and 160 kg organic N/(hm2

•a). The amount of straw 
for NPKS treatment was approximately 6 t/(hm2

•a) which contained 1.5 t C/(hm2
•a) and 24 kg 

organic N/(hm2
•a). 

The experimental plots were 466.5 m2 each and separated by concrete banks, which were 70 
cm in depth with 10 cm above the soil surface to prevent leaching. Each treatment had three plots 
as replicates. Spring wheat was sown in late April and harvested in August while winter wheat 
was sown in October and harvested in early June of the following year. Maize and cotton were 
sown in late April and harvested in September and October respectively. The field was irrigated 
4–5 times during the wheat-growing season, 4–5 times in the maize-growing season and 10–15 
times in the cotton-growing season, normally depending upon the times and the precipitation. The 
volume of water used for irrigation was approximately 2850–6000 m3/(hm2

•a) with an annual 
frequency of 5–12 times. Herbicides and pesticides were applied to control weed growth and 
insect infestation. The stubble and roots of wheat and maize were left in the fields after the 
harvest. The straws were removed from the field except for the NPKS treatment. Grain and straw 
were air dried and weighed separately. 
2.3  Sampling and SOC determination 
Soil samples from the three replicates were collected after each harvest since 1990. We randomly 
sampled at six points in each plot and mixed thoroughly to get one representative sample per plot. 
The soil samples were air-dried, crushed through a 2-mm sieve and stored in sealed plastic jars for 
further analysis. SOC contents were immediately determined in the laboratory after collection 
using external heating (170°C–180°C for 5 min) and oil baths (Bao, 2000). Bulk density was 
determined using the cutting ring method in 2009. We did not measure the temporal change in 
bulk density because the change was assumed to be negligible for this study. The soil particle size 
composition was analyzed using the pipette method (Batjes, 1996). 
2.4  Data analysis 
Statistical analysis was performed using the SPSS 16.0 package. Prior to statistical analysis, data 
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were examined for homogeneity of variance. Averages from the treatments were compared 
against each other using Fisher’s least significant difference at a probability level of 0.05. 
Comparisons of treatment effects on SOC pools were analyzed using the one-way ANOVA. 

3  Results 
3.1  Grain yield dynamics 
Yield dynamics of spring wheat, winter wheat and maize are shown in Figure 3. Table 2 presented 
the average yields of each crop over the 23-year period, coefficients of variation among years, and 
the crop yield differences from NPKM (which was taken as the baseline for the treatments). The 
results showed that the NPKM treatment had higher yields for spring wheat (4.2 t/hm2), winter 
wheat (5.7 t/hm2), maize (8.2 t/hm2) and cotton (3.8 t/hm2) than those under the other treatments, 
except for the NPKS and NPK. Spring and winter wheat yields under NPK, NP and NPKS 
treatments were not significantly different (P>0.05). But NPKS treatment had higher yields for 
maize and cotton than NPK and NP (P<0.05) treatments. The yields of all crops under PK, NK 
and CK treatments were significantly (P<0.01) lower than those under the balanced fertilizer 
treatment. As the soil was originally extremely deficient in P, spring wheat, winter wheat, maize 
and cotton yields were low under NK and CK treatments, and the yield differences between NK 
and CK treatments were not significantly different (P>0.05).The yields under PK and NK 
treatments had no significant difference (P>0.05) in spring wheat, winter wheat, maize and 
cotton. The NPK treatment had significantly (P<0.01) higher yield than PK and NK treatments, 
suggesting that the grey soil was extremely low in N and P. Instead, the yields of spring wheat, 
winter wheat, maize and cotton under NP and NPK treatments showed no significant difference 
(P>0.05), indicating that the grey soil was high in K content. Over the 23-year experiment, the 
yields of all the crops presented significantly decreasing trends under the PK, NK and CK 
treatments, but increasing trends under NPKM, NPK and NP treatments were observed (Fig. 3). 

The largest annual variation in crop yield was observed in the control plots and the second 
largest annual variation was in the PK-treatment plots. The coefficients of variation of NPKM, 
NPK, NP and NPKS treatments for winter wheat were 20.4%, 23.9%, 23.8% and 35.5%, 

 
Fig. 3  Yield dynamics of maize (a), spring wheat (b), winter wheat (c), and cotton (d) over the study period 
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respectively, and the coefficients for maize were 24.4%, 26.2%, 22.3% and 17.8%, respectively. 
NPKM and NPKS treatments had relatively low coefficients, indicating that adding manure or 
straw might have helped to maintain a stable crop yield. Overall, NPKM and NPKS treatments 
had the highest productions and lowest annual variations. 
3.2  Soil organic carbon dynamics 
The dynamics of SOC stored in the soil is determined by the SOC input and the decomposition 
rate of SOC (De Nobili et al., 2008). When the input and decomposition achieve balance, the SOC 
in the soil is in equilibrium. After the 23-year experiment, the SOC contents were significantly 
different among the treatments (Fig. 4). The SOC was 27.5 t C/hm2 (Lv et al., 2016) in the 0–20 
cm soil layer at the beginning of the study in 1990 and reached 53.35 t C/hm2 under the NPKM 
treatment in 2012, which was the highest SOC among all the treatments. The SOC under NPK 
and NPKS treatments also showed significant increases, with values of 31.0 and 33.4 t C/hm2, 
respectively, in 2012. Other treatments showed slight SOC decreases, with values of 25.6, 25.0, 
23.6 and 27 t C/hm2 for CK, PK, NK and NP treatments, respectively, in 2012. 

 
Fig. 4  Soil organic carbon (SOC) dynamics over the study period 

3.3  Carbon inputs and sequestration under different treatments 
Root/straw ratio is a vital parameter for estimating the C input. In this study, we used the 
observed results to get the root/straw ratios. The average ratios were 0.27, 0.29, 0.28, 0.27, 0.31, 
0.31 and 0.33 for the NPK, NPKM, NPKS, NP, NK, PK and CK treatments, respectively, in the 
23-year experiment. Including the C input from straw and manure, the cumulative C inputs were 
5.10, 7.36, 7.77, 11.15, and 10.57 t C/hm2 in the CK, PK, NK and NPK treatments, respectively. 
The NPKS treatment had the highest cumulative C input with a value of 73.95 t C/hm2, followed 
by the NPKM treatment with a value of 70.91 t C/hm2 (Table 3). The NPKM treatment had the 
highest root C input with a value of 12.67 t C/hm2. NPKS and NPK treatments also had relatively 
high root C inputs. As evidenced for SOC sequestration, net annual SOC sequestrated was getting 
higher when manure was added along with NPK fertilizers, reaching a value of 1.2 t C/(hm2•a). 
The net annual SOC amounts sequestrated under NPKS and NPK treatments (0.31 and 0.30 t 
C/(hm2•a), respectively) were significantly higher than that under NP treatment (0.12 t C/(hm2

•a)); 
and it presented slightly negative values of –0.02, –0.07 and –0.09 t C/(hm2•a) for CK, NK and 
PK treatments, respectively (Table 3). Unbalanced fertilizer had minimal effects on the SOC 
accumulation. These results indicated that the balanced applications of fertilizers, especially for 
manure amendment treatment (NPKM), can maintain both crop production and increase the soil C 
sequestration in this region. However, the unbalanced fertilization does not seem to be an 
acceptable practice considering the efficiency of SOC sequestration. 
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4  Discussion 

4.1  Fertilization and crop production 
Crop productivity in many areas of the world is largely constrained by limited precipitation and 
often by limited access to fertilizers (Rudrappa et al., 2006; Mazzoncini et al., 2011). However, 
the situation is different in extremely arid regions where water is supplied mainly through 
irrigation. The application of adequate amount of nutrients, especially N, P and K, or compost, 
can effectively improve the soil fertility in extremely arid regions except for chemical fertilizer 
(Wang et al., 2016). The SOC mineralization can also supply the necessary nutrients for crops. It 
is well known that the release of nutrients from organic manures is dependent on temperature 
(Ellert and Bettany, 1992; Zhang et al., 2011). The climate of arid areas is dry and hot with 
adequate sunshine, and the resulted high evaporation could cause a sharp and rapid SOC 
mineralization (Rong et al., 2012). In this study, NPKM treatment had the highest yield among all 
the treatments, being in contrast with that reported from the Huang-Huai-Hai Plain where NPK 
treatment had the highest yield (Cai and Qin, 2006; Huang et al., 2009). This was because of the 
more intense mineralization and soil permeability occurred in the NPKM treatment of this study, 
indicating that combined fertilizers and compost could help to maintain a better yield in the study 
area. 

The yields under NPK and NP treatments did not show significant difference (P>0.05), but 
they were significantly different from those under PK and NK (P<0.05) treatments, suggesting 
that the oasis grey desert soil had an appropriate K content but deficient in N and P contents. The 
yield under NPKS treatment had no significant difference from that under NPK (P>0.05) 
treatment, indicating that straw return had no marked effect on yield. The reason might be that a 
part of the inorganic N can be absorbed by the straw to meet the N demands of soil 
microorganism. Yield decreases were observed under NK, PK and CK treatments, which might be 
attributable to nutrient deficits of the plants (wheat, corn and maize) and also to the negative 
balance of macronutrients. 
4.2  SOC sequestration of different fertilizer treatments 
The SOC sequestration under different fertilizer treatments exhibited significant differences. 
Compared with other treatments (P<0.01), SOC content increased markedly under NPKM 
treatment, indicating that the combination of fertilization and compost could not only increase 
yields but also increase SOC content. These results were generally similar to those found in the 
Loess Plateau and in the North China Plain (Yan and Gong, 2010; Guo et al., 2012). This 
probably was caused by easier and quicker mineralization occurred in the extremely arid area due 
to the high evaporation. The results showed that NPKM treatment displayed a relatively steep 
increasing trend with an increasing amount of application. The NPKS, NPK and NP treatments 
displayed rather gentle SOC increasing trends with an increasing amount of application. SOC 
under the unbalanced fertilizer treatments was slightly reduced after the 23 years.  

In addition, we found that NPKM treatment had a higher root C input than other treatments. It 
meant that manure additions have contributed to the amount of roots, root exudates, stubble, and 
litter, despite a low root/straw ratio. However, the SOC level of NPKM treatment significantly 
increased after 23 years perhaps due to the low SOC background, implying that the manure 
amendment treatment had a greater potential for increasing SOC. For NPKS treatment, we found 
that there was a clear increasing trend of SOC with an increasing amount of application, however, 
the increasing trend was not as steep as that in the humid areas (Liu et al., 2005; Studdert et al., 
2011), probably because the straw had a higher decomposition rate under the large temperature 
diurnal changes and the frequent wet-dry cycles in the arid irrigation conditions. However, other 
studies (Li et al., 2012; Lv et al., 2014) reported that NPKS treatment had a significantly higher 
CO2 emission than NPK treatment in the oasis cropland, probably meaning that NPKS treatment 
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had a better soil respiration than NPK treatment. A better soil respiration could lead to an 
intensified SOC mineralization under NPKS treatment. 

5  Conclusions 

We conclude that applications of organic manure with inorganic fertilizers can deliver high and 
stable yields for spring wheat, winter wheat and maize in extremely arid areas. Balanced 
applications of inorganic NPK fertilizers enable farmers to maintain high yields and sustainable 
stable food production in this region, but soil carbon sequestration is limited under NPK 
treatment. Nevertheless, NPKM treatment not only increased the yields but also directly and 
indirectly contributed to carbon sequestration by adding manure and increasing crop residues. Our 
results suggest that the region has a large SOC sequestration potential, implying that food 
production and soil carbon sequestration can be simultaneously realized by combined application 
of inorganic and organic fertilizers (e.g., NPKM). 
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