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Abstract 
In the semi-arid areas of Xinjiang in China, the agricultural community is facing long-term challenges in 
improving crop productivity and economic profits. A potential way to improve crop productivity is by 
intercropping food crops with cash crops. In this two-year field experimental study, we analyzed the advantages 
of the cumin/maize intercropping system as compared to cultivating them separately from three perspectives: 
crop growth, interspecific interactions, and water use efficiency. At the experimental site, each cropping systems 
(i.e., the cumin/maize intercropping system, monocropping cumin system, and monocropping maize system) had 
three replicates. In the experimental of 2019 and 2020, the three cropping systems showed significant differences 
in plant height, stem diameter, and leaf area index (LAI). The yields of the cumin/maize intercropping system 
were both lower than monocropping maize and cumin. However, the cumin/maize intercropping system had a 
higher land equivalent ratio (LER) than either of the monocropping systems, with a two-year average value of 
1.65. Intercropped cumin was less dominant; as shown by aggressivity (Acm; averaging—0.22) and relative 
crowding coefficient (Rcm; averaging—3.15). In addition, the cumin/maize intercropping system significantly 
improved the Water equivalent ratio (WER) as compared to the monocropping systems, with a two-year average 
value of 1.67. Therefore, the cumin/maize intercropping system is a promising agricultural strategy to improve 
the utilization rate of agricultural resources and economic benefits in Xinjiang. 

Keywords: cumin/maize intercropping, crop growth, interspecific interactions, water use efficiency 

1. Introduction 
The world’s population has been continuously increasing and is expected to exceed 9.7 billion in 2050 (United 
Nations Department of Economic and Social Affairs, 2019), which would severely threaten global food security 
(Bahar et al., 2020). Ensuring food security has become an imperative issue, especially in a developing country 
like China that has a national population of 1.4 billion (Liang et al., 2019; Gu et al., 2019). A recent study 
pointed out that developing dryland agriculture in regions like Xinjiang (located in Northwest China, with 
semi-arid climate) would likely be the new solution for China’s food security problem (Gu et al., 2019). In the 
past two decades, drip irrigation under film mulch has been adopted in large-scale areas of Xinjiang to improve 
the crop yield per hectare for monoculture maize (Zea mays L.) or cotton (Gossypium hirsutum L.) (Dai et al., 
2014; Ning et al., 2015). In these cropping systems, only single crop (maize or cotton) was planted in the 
filmmulching strips while the bare soil area between the film mulch rows is wasted. Hence, it is important to 
improve the land use efficiency and agricultural resource (e.g., light, temperature, water, soil nutrients) 
utilization in the dryland region where arable land is limited (Gu et al., 2019). One potential way to achieve these 
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goals is by intercropping or relay intercropping that are mutually beneficial to improve the physical and chemical 
properties of soil and the ecological environment of the farmland (Xia et al., 2013; Du et al., 2018). 
Intercropping and relay intercropping are important strategies to improve crop yield production while saving the 
environment from destruction (Zhao et al., 2018; Gong et al., 2020) because they increase the utilization rates of 
agricultural resources and minimize the uses of pesticides and fertilizers (Sun et al., 2018; Li et al., 2003). The 
yield advantage of intercropping is mainly due to the enhanced interspecies interactions (Raza et al., 2019), and 
the positive changes in interspecies competition and promotion are critical for improving the utilization rates of 
agricultural resources (Landhäusser et al., 2006; Hu et al., 2016). Some studies reported that intercropping could 
reduce the interspecies competition for resources as compared to monocropping (Fan et al., 2006; Li et al., 2003). 
The reduction in interspecies competition could lead to interspecies promotion. According to the 
“competition-restoration-production principle”, early harvesting of early-sown species has a potential restoration 
effect on the growth of later-harvesting species (Gong et al., 2020; Li et al., 2001a, 2001b; Xia et al., 2013).  

In China, intercropping and relay intercropping (e.g., maize and soybean) has been adopted widely to increase 
the utilization of agricultural resources (Gong et al., 2020). However, little attention has been paid to 
intercropping of a main food crop and a cash crop (spice crop) like the cumin/maize intercropping. Maize is an 
important food and forage crop around the world, and China is one of the largest maize producers. Cumin is the 
world’s second largest spice crop; it has a relatively short growth period and high economic value. The 
cumin/maize intercropping system has the potential to maximize the utilization of agricultural resources, 
especially during the early growing season of maize. Though the cumin/maize intercropping system has a long 
history of cultivation in the arid areas of Northwest China, few studies have focused on its performance in crop 
growth, interspecies interactions, and water use efficiency etc. This study provides experimental basis for local 
agricultural circles to adjust planting system and improve the utilization rate of agricultural resources.  

The objectives of this paper were to: (i) quantify above-ground biomass, crop output, economic benefits, LER, 
WUE, and WER in the cumin/maize intercropping and monocropping cumin or maize systems to compare the 
yield advantage and economic efficiency of cumin/maize intercropping and monocropping systems; and (ii) 
analyze the relative competition intensity (RCI), aggressivity (Acm), relative crowding coefficient (Kcm) of 
cumin and maize, and determine the intensity of competitiveness of cumin and maize on resources and which is 
the dominant species.  

2. Materials and Methods 
2.1 Experimental Site 

The field experiment was conducted in 2019 and 2020 at an experimental site in Bohu county of Xinjiang in 
China. The experimental site (44.99°N and 86.73°E, Figure 1) is located at the southern foot of Tian Shan 
(meaning the Heavenly Mountain) and in the southeastern Yanji Basin and the lower reaches of Kaidu River, 
with an elevation of 1,064 m. The soil type at the experimental site is irrigated meadow soil; the parent material 
is sandy loam soil, and the soil properties in the top 0-20 cm depth are as follows: organic matter content 21.2 
g·kg-1, available N 84 mg·kg-1, available P 23.1 mg·kg-1, and available K 109.3 mg·kg-1. The experimental site 
has a semi-arid continental climate, with an average annual temperature of 8.5 °C, annual sunshine duration of 
3,008-3,150 hours and frost-free season length of 215 days. During the growing season (from March to October), 
precipitation was 157 mm in 2019 and 244 mm in 2020, daily average temperature was 17.8 °C in 2019 and 
17.1 °C in 2020 at the experimental site.  
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In intercropped system, total land output (TLO) was used to evaluate the cumin/maize intercropping productivity 
as follows:  

TLO = Yic + Yim                                   (1) 

Where, TLO is total land output, kg·ha-1; Yic is cumin yield, kg·ha-1; Yim is maize yield, kg·ha-1 (Liang et al., 
2019; Jolliffe et al., 1999). 

2.3.3. System Productivity and Interspecific Competition 

The land equivalent ratio (LER) is calculated method as follows (Gong et al., 2020; Yin et al., 2017): 

LER = (Yic/Ymc) + (Yim/Ymm)                             (2) 

Where Ymc and Yic represent the monocropped and intercropped cumin yields, respectively; Ymm and Yim 
represent the monocropped and intercropped maize yields, respectively. LER > 1 indicates that the productivity 
of the intercropping system is greater than the sum of the productivity of the constituent species in the 
monocropping system.Yic/Ymc and Yim/Ymm are partial land equivalent ratio (PLER) of cumin and maize, 
respectively. Their significance lies in the area of monoculture crops needed to obtain the same yield as 
intercropping component crops. 

Relative competition intensity (RCI) refers to the competitiveness of a specific crop combination. According to 
crop yield, the formula is as follows (Zhao et al., 2020):  

RCIc = [(Ymc× Zic) − Yic]/(Ymc× Zic)                         (3) 

RCIm = [(Ymm × Zim) − Yim]/(Ymm × Zim)                        (4) 

In the formula, Yic and Yim, Ymc and Ymm have the same meaning as formula (1) (2). Zic and Zim are the 
proportions of intercropped cumin and maize in the intercropping system, respectively. In this study, Zic and Zim 
were both 0.5. RCI = 0, interspecific competition equals intraspecific competition; RCI > 0, interspecific 
competition is higher; RCI < 0, intraspecific competition is higher.  

Aggressivity (Acm) refers to the competitiveness of a crop relative to another crop in the intercropping model for 
water, nutrients, and other resources related to yield formation, and was calculated as follows (Zhao et al., 2020; 
Dhima et al., 2007): 

Acm = Yic/(Ymc × Zic) + Yim/(Ymm × Zim)                       (5) 

Here, if Acm > 0, then cumin is the dominant species in the cumin/maize intercropping system; if Acm < 0, then 
maize is the dominant species in the cumin/maize intercropping system. 

The relative crowding coefficient (Rcm):according to plant competition theory, Rcm in intercropping systems is 
another indicator of the relative competitive ability between species, and is used here to evaluate the competitive 
ability of cumin relative to maize in mixed cropping, as follows (Zhao et al., 2020; Bi et al., 2019): 

Rcm = 
 YIC × ZIM

YMC − YIC  ×ZIC
/

 YIM × ZIC

YMM − YIM  × ZIM
                           (6) 

If Rcm > 1, cumin is more competitive than maize in the cogrowth stage; if Rcm < 1, cumin is less competitive 
than maize.  

2.3.4 Soil Water Content, WUE, WER 

The soil water content was measured every 20 cm at a soil depth of 0-80 cm via oven drying using an soil auger, 
taking care to keep damage to a minimum. The measurements were carried out two times during the growing 
season of each year-before planting and again after harvest-for cumin and maize. In the intercropping system, 
measurements were taken at one middle location between the rows of the same crop species (including for both 
cumin and maize). In monocropping system, measurements were taken at a position in the middle of each plot.  

The WUE was calculated by the following formula (Liang et al., 2019; Ren et al., 2017): 

WUE = Y/ET                                     (7) 

Where, Y is the grain yield (kg·ha-1) and ET(mm) is evapotranspiration (Liang et al., 2019; Sun et al., 2018): 

ET = P + I + G – R – D – ΔW                            (8) 

Where, P is precipitation during growth, mm; I is total irrigation, mm; G is groundwater recharge, mm; D is deep 
seepage, mm; R is runoff, mm. △W is the difference between soil water storage before sowing and soil water 
storage at harvest, mm (Liang et al, 2019). The level of groundwater in the experimental site was below 7.5 m. In 
addition, no unplanned irrigation was used during the experiment. Therefore, G, D, and R were neglected.  
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Water equivalent ratio (WER): WER is a quantitative evaluation of water use efficiency (WUE) of intercropping 
patterns by comparing with that of monocropping crops. Calculate with the following formula (Gao et al., 2017): 

WER = (WUEic/WUEmc) + (WUEim/WUEmm)                    (9) 

WUEic and WUEmc are water use efficiency of cumin under intercropping and monocropping, wueim and 
wuemm are water use efficiency of Maize under intercropping and monocropping. When the water equivalent 
ratio (WER) < 1, it indicated that intercropping decreased the water use efficiency of crops compared with 
monoculture; if not, the intercropping pattern improved the water use efficiency. 

2.3.5 Economic Benefits 

Material inputs, including cumin seed, maize seed, fertilizer, plastic film, labor cost, pesticide, farm machinery, 
and irrigation water. The output value is cumin and maize. The selling price includes seed cumin was 3.19 $ kg-1 
and 2.61 $ kg-1 in 2019 and 2020; maize was 0.26 $·kg-1 and 0.38 $·kg-1 in 2019 and 2020.The input of seed 
cumin was 4.64 $·kg-1 and 5.07 $·kg-1 in 2019 and 2020, respectively; and seed maize was 3.19 $·kg-1 and 3.62 
$·kg-1 in 2019 and 2020, respectively. The other material inputs were determined based on current market prices 
for 2019 and 2020. The exchange rate be based on the average exchange rate of the current year. Exchange rate 
was 1$ ≈ 6.90￥ in 2019 and 1$ ≈ 6.93￥ in 2020. The economic benefits was calculated by the following 
formula: 

Economicbenefits = Totaloutputvalue – Totalinputvalue                (10) 

2.4 Statistical Analysis 

All the experimental data were managed by Microsoft Excel 2010, and the figures were constructed with 
SigmaPlot 12.5, Origin Pro 2018. SPSS Statistics 17.0 software was used to analysis of variance(ANOVA). 
Graphics are created by the SigmaPlot 12.5, Origin Pro 2018, and ArcGIS 10.5.  

3. Results 
3.1 Crop Growth and Yield 

There were significant differences in plant height, stem diameter, and LAI among the three study cropping 
systems in 2019 and 2020 at the experimental site. The plant height and stem diameter of intercropped cumin 
was 17.9% and 51.6% greater than that of monocropped cumin. By contrast, the plant height, stem diameter, and 
LAI of intercropped maize were reduced as compared to monocropped maize, by 22.7%, 17.8%, and 7.9%, 
respectively (Table 1). The number of seeds per plant and 1000-seed weight of intercropped cumin were 
significantly improved as compared to monocropped cumin, by 11.9% and 37.2%, respectively. By contrast, the 
number of grains per plant and 100-grain weight of intercropped maize was reduced as compared to 
monocropped maize, by 8.2% and 3.9%, respectively (Table 2). The yield of the cumin/maize intercropping 
system was significantly lower than the yield of monocropping cumin and maize, with a reduction rate of 22.5%, 
11.7% (Table 3). LER of the cumin/maize intercropping system was greater than 1 in both of the experimental 
years, indicating that more area would be required to produce the same amount of crop yields in the 
monocropping system than in the cumin/maize intercropping system. The cumin/maize intercropping system 
could increase the crop yields by 65.0% compared to cultivating them separately (Table 4). The economic profit 
of both monocropping cumin or monocropping maize was significantly lower than the cumin/maize 
intercropping system, In sum, the cumin/maize intercropping system showed a better potential in achieving 
higher land use efficiency and economic profit than the monoculture of maize or cumin.  
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Table 1. Effects of cropping system on growth parameters of cumin and maize in 2019 and 2020 

Year Cropping system 
Cumin Maize 

Plant height (mm) Stem diameter (mm) Plant height (mm) Stem diameter (mm) LAI 

2019 
Monocropping 25.1±0.9b 1.4±0.1b 296.3±5.2a 28.6±1.4a 5.6±0.3a 

Intercropping 30.6±1.0a 2.2±0.2a 230.4±8.6b 23.6±0.9b 5.1±0.3b 

2020 
Monocropping 26.3±0.8b 1.5±0.1b 308.6±1.9a 30.0±1.3a 6.2±0.2a 

Intercropping 31.0±1.2a 2.3±0.2a 237.6±7.0b 25.0± 1.0b 5.9± 0.2b 

Note. Letters following “mean±standard deviation” in the columns represent significance between the cropping 
systems at the 0.05 level; “ns” means no significant. Growth index of cumin and maize in monocropping cumin 
system, monocropping maize system, and cumin/maize intercropping system was measured at the maturre stage 
in 2019 and 2020. 

PH, SD, LAI represent plant height, stem diameter, and leaf area index, respectively. 

Same definitions apply in the remaining Tables 2-5.  

 

Table 2. Effects of cropping system on yield components of cumin and maize 

Year Cropping system 
Cumin Maize 

Number of seeds per plant 1000-seed weight (g) Number of grains per plant 100-grain weight (g) 

2019 
Monocropping 300±34.8b 30.7±1.8b 619±18.1a 35.6±4.0a 

Intercropping 321±13.4a 43.2±0.8a 576±14.6b 34.0±6.3b 

2020 
Monocropping 295±54.6b 32.5±0.9b 710±11.2a 35.8±5.6a 

Intercropping 345±17.5a 43.7±0.6a 644±25.6b 34.7±7.7b 

 

Table 3. Effects of cropping system on aboveground dry matter, yields, TLO of cumin and maize in 2019 and 
2020 

Year Cropping system 
Above-ground dry matter (kg·ha-1) Yield (kg·ha-1) 

Total crop output (kg·ha-1)
Cumin Maize Cumin Maize 

2019 

Monocropping cumin 4559.9±772.6a n/a 1598.4±156.6a n/a 1598.4±156.6c 

Monocropping maize n/a 27183.9±471.4a n/a 14977.6±578.6a 14977.6±578.6a 

Cumin-maize intercropping 3916.6±845.5b 25378.2±811.9b 1211.5±86.7b 13307.3±581.4b 14518.7±668.1b 

2020 

Monocropping cumin 4819.2±899.4a n/a 1720.8±307.0a n/a 1720.8±307.0c 

Monocropping maize n/a 28852.2±363.3a n/a 17306.8±530.6a 17306.8±530.6a 

Cumin-maize intercropping 4217.1±554.1b 26774.9±290.3b 1355.5±106.0b 15193.3±817.8b 16548.8±923.9b 

 

Table 4. LER (mean±SD) of component crops for the intercropping of maize and cumin in 2019 and 2020 

Year Cropping system Partial LER of cumin Partial LER of maize LER 

2019 Cumin-maize intercropping 0.76±0.05 0.87±0.03 1.63±0.08 
2020 Cumin-maize intercropping 0.79±0.06 0.88±0.05 1.67±0.11 

 

Table 5. Effects of cropping system on output, input, and benefit (unit: $·hm−1) in 2019 and 2020. 

Year Cropping system Input cost ($·ha-1) Output market value ($·ha-1) Unrealized economic profit ($·ha-1) 

2019 

Monocropping cumin 5,097±499b 1,194±49c 3,903±450b 

Monocropping maize 3,928±140c 2,144±107b 1,784±33c 

Cumin-maize intercropping 7,343±225a 2,361±57a 4,982±168a 

2020 

Monocropping cumin 4,466±501c 1,321±63c 3,145±438c 

Monocropping maize 6,481±201b 2,314±64b 3,870±137b 

Cumin-maize intercropping 9,207±216a 2,548±49a 6,659±167a 

 

3.2 Interspecific Interactions 

For the cumin/maize intercropping system, RCI of cumin and RCI of maize were both lower than zero, 
indicating that the intraspecies competition was stronger than the interspecies competition. In other words, 
cumin/maize intercropping system is a reciprocal cropping system. The aggressivity of cumin vs. maize was 
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and stem diameter) of cumin and showed a suppressive effect on above-ground parts of maize. The intercropping 
system changes the micro-environment for crop growth and development, ultimately improving the utilization of 
agricultural resources. The cumin/maize intercropping system significantly increased the number of seeds per 
plant and 1000-seed weight of cumin compared with monocropping cumin; but the cumin/maize intercropping 
system significantly decreased the number of grains per plant and 100-grain weight of maize compared with 
monocropping maize. These results are consistent with the findings in a previous study on the intercropping 
system of saffron and cumin (Koocheki et al., 2016). In this study, LER for the cumin/maize intercropping 
system was higher than 1, indicating a pronounced advantage in land use efficiency. In addition, the economic 
profit for the cumin/maize intercropping system was significantly higher than that for the monocropping systems. 
These results imply that the cumin/maize intercropping system improve agricultural resource utilization and 
economic profitability in semi-arid areas of Xinjiang in China. 

Interspecific interactions (e.g., the concurrent competition and promotion) in intercropping system are important 
factors affecting the utilization rates of agricultural resources in component crops. In this experiment, the 
cumin/maize intercropping system changed the environment for crop growth, leading to changes in the two crop 
plants’ intake of nutrients and water, etc. and hence changes in interspecific competitiveness (Zhang et al., 2011; 
Zhao et al., 2013; Zhao et al., 2019; Dong et al., 2018). RCI of cumin and maize for the cumin/maize 
intercropping system were both lower than 0, indicating that the interspecific competition was relatively weaker 
than the intraspecific competition. The aggressivity of cumin vs. maize was also lower than 0, implying that 
maize was the dominant species. Meanwhile, the Rcm of cumin against maize was lower than 1.0, implying that 
maize was more competitive than cumin during the co-growth period. This could be explained by the fact that 
maize plants are relatively taller than cumin plants, and it occupy an taller ecological niche in the same growing 
environment (Agegnehu et al., 2006; Fan et al., 2012). And earlier harvest of early seeded species can have a 
potential recovery effect on the growth of later harvested species (Gong et al., 2020; Xia et al., 2013). 

4.2 Water Use Efficiency (WUE) of Intercropping System 

In an intercropping system, one of the main resources that the component crop plants’ roots compete for is soil 
water. Optimal combinations of component crops can help to reduce the competition for soil water, improve crop 
water use efficiency, increase the land productivity, and potentially improve the marginal economic profit (Gong 
et al., 2020; Liang et al., 2019). In this two-year experimental study, soil water content in the top 80 cm layer for 
the intercropping system was significantly higher than that for the monocropping systems. The WUE for the 
intercropping of cumin and maize was much higher than the WUE for monocropping cumin, while the WUE for 
the cumin/maize intercropping system was still lower than the WUE of monocropping maize. Simply comparing 
WUE is not enough to conclude which cropping system uses water more efficiently. Therefore, we computed 
water equivalent ratio (WER) for the the cumin/maize intercropping system in the two experimental years as 
well. WER for the cumin/maize intercropping system was greater than 1 in both 2019 and 2020, indicating 
improved water use efficiency compared with each monocropping systems (Mao et al., 2016). 

5. Conclusions 
In conclusion, the cumin/maize intercropping system was a promising agronomicstrategy to improve agricultural 
resource utilization and economic benefits in Xinjiang of China. Although the yields of intercropped cumin and 
maize were lower than the yields of monocropped cumin and maize, but the economic benefits of cumin 
intercropping system made up for the loss of maize yield. The land equivalent ratio (LER) and water equivalent 
ratio (WER) of cumin/maize intercropping systems showed good intercropping advantages. In addition, the 
relative competitive intensity (RCIc) of cumin , relative competitive intensity (RCIm) of maize, the relative 
competitiveness Acm (average—0.22) and relative crowding coefficient Rcm (average—3.15) of intercropped 
cumin in the intercropping systems were less than 0, indicating that the cumin/maize intercropping systems was 
a reciprocal cropping system in which the intra-species competition of intercropped crops dominated and the 
inter-species competition was relatively weak, thus reducing the impact on the respective yields to a large extent. 
Meanwhile, maize was the dominant species in the cumin/maize intercropping systems.  

The cumin/maize intercropping system had more advantages than monocropping system in accessing resources 
like light, heat (i.e., temperature), water, fertilizer, and land, which could improve agricultural resource 
utilization in the long run. Therefore, the cumin/maize intercropping system has more potential than 
monocropping cumin or maize to develop sustainable agriculture in the semi-arid area of Xinjiang in China. 
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