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Abstract

Intercropping of quinoa with legumes has been studied infrequently, despite quinoa’s global 
importance as a nutrient-dense crop with resilience to diverse growing conditions. This study aims to 
elucidate the benefits of intercropping by comparing quinoa monocropping with intercropping with red 
bean, mung bean, and black bean, focusing on yield, plant nutrients, and soil physicochemical properties. 
The land equivalent ratio of quinoa/legumes intercropping consistently exceeded 1, peaking at 1.52 for 
quinoa/red bean intercropping, indicating higher productivity than monocropping. Quinoa/red bean 
intercropping increased the nutrient contents of quinoa plants throughout the quinoa growth period 
and exhibited the highest levels of ammonium nitrogen, available phosphorus, available potassium, 
and organic matter content, alongside the highest activity of sucrase, alkaline phosphatase, and urease 
enzymes in the soil during the quinoa seedling stage. At maturity, quinoa/mung bean demonstrated the 
highest levels of available phosphorus and total nitrogen, while quinoa/red bean displayed the highest 
sucrase and urease enzyme activity. Significantly positive correlations were found between the nitrogen, 
phosphorus, and potassium contents of quinoa and most soil nutrients. Regression analysis revealed 
a positive relationship between soil phosphatase activity and quinoa yield. Intercropping quinoa with 
legumes improved yield, plant nutrients, soil nutrients, and soil enzyme activity, with quinoa/red bean 
exhibiting the most remarkable effect.
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Introduction

Quinoa (Chenopodium quinoa Willd.) is a 
historically significant crop with a rich agricultural 

heritage spanning 7000 years and a global presence 
encompassing approximately 250 recognized species 
[1]. Originally from the Andes, quinoa has expanded its 
cultivation to regions such as China, Canada, Argentina, 
and India [2]. Notably, quinoa thrives in challenging 
environments characterized by high altitudes, low 
temperatures, and adverse soil conditions, including 
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arid, saline, varying pH soils, and low nitrogen [3, 4]. 
Unlike cereals and legumes, quinoa is renowned for 
its exceptional balance of essential amino acids and a 
wider spectrum of amino acids, making it nutritionally 
valuable [5]. Quinoa also contains significant amounts 
of carbohydrates, protein, lipids, dietary fiber, 
minerals, vitamins, and functional compounds such as 
polyphenols, flavonoids, and phytosterols [6, 7]. Due to 
its nutritional composition, quinoa and its derivatives are 
recognized as health-promoting foods with the potential 
benefit of preventing various diseases [8].

Intercropping is an ancient agricultural technique 
that involves cultivating multiple crop species 
simultaneously within the same space, promoting 
mixed cropping practices [9]. The primary objective of 
intercropping is to enhance the yield per unit of land, 
achieved by optimizing the utilization of soil resources 
that might otherwise not be properly exploited by a 
single crop [10]. Furthermore, intercropping is adopted 
to reduce the problems of continuous monocropping. 
Intercropping reduces soil erosion by providing a cover 
crop [11]. Intercropping with legumes balances the 
nitrogen nutrient in the soil by enhancing microbial 
diversity related to nitrogen fixation [12, 13, 14]. 
Different crops have different root structures. Therefore, 
mixing crops in intercropping promotes the growth of 
diverse root structures, altering the overall distribution 
and architecture of roots and providing spatial 
complementarity [15, 16]. Intercropping improves 
nutrient use efficiency, as different crops utilize nutrients 
and water at various soil depths and growth stages. 
Additionally, intercropping has the potential to improve 
water use efficiency, under water deficit conditions and 
in dryland rainfed areas [17].  

Cereals [18, 19], vegetables [20], and other crops are 
usually intercropped with legumes, as including legumes 
in intercropping enhances nitrogen in soil and nutrient 
resource utilization, and improves growth performance 
in low-input farming systems. Intercropping systems, 
particularly those incorporating legumes like groundnut 
and common bean, have shown promising results in 
terms of maize production and soil fertility enhancement 
[21, 22]. 

However, intercropping does not always benefit the 
yield of crops and sometimes could even cause yield 
reduction in one of the crops because of intra-species 
competition [23, 20]. Therefore, searching for the best 
complementary crops that do not reduce the yield of 
quinoa is a requirement under specific conditions. Very 
limited studies have evaluated the effect of intercropping 
of quinoa with legumes. The positive effects of 
intercropping quinoa with millet [24], clover and medic 
[11], maize [25], and beans [26] have been observed. 

Adzuki bean or red bean (Vigna angularis (Willd.) 
Ohwi & H. Ohashi) has been grown and utilized in 
East Asia nations like China, Japan, and Korea for 
thousands of years [27]. In China, it is traditionally 
consumed as sprouts and its use is becoming popular 
due to its nutritional properties. Its grains have 50% 

starch, 25% protein, polyunsaturated amino acids, and 
many minerals [28]. However, despite its nutritional 
properties, it is an underrated leguminous crop [29, 30]. 
Black bean (Phaseolus vulgaris L.) is the second most 
utilized bean in the world after soybeans and is famous 
for its high anthocyanin content in the seed coat [31].

Intercropping with legumes and quinoa has been 
studied infrequently, despite quinoa’s global importance 
as a nutritive crop with resilience to diverse growing 
conditions. Furthermore, the effects of intercropping 
quinoa with legumes on soil properties remain largely 
unexplored. We hypothesized that the inclusion of 
legumes in the intercropping treatments would lead 
to increased yield by affecting soil properties and 
improving soil nutrient availability to plants. The 
objectives of this research were: (i) to study the effect of 
intercropping quinoa with legumes in improving yield, 
nutrient content of quinoa, and LER, (ii) to investigate 
how intercropping impacts on soil properties such as 
pH, soil water content, soil nutrients, and soil enzyme 
activities, (iii) to explore the relationship of these traits 
with quinoa yield. 

Materials and Methods

Experiment Site Description

The experimental site is located in Sunjiadian 
Village, Tianzhen County, Datong City, Shanxi 
Province (40°18′47″N, 113°57′58″E). It is a medium-
temperature semi-arid area and experiences an average 
annual precipitation of 410 mm. The average annual air 
temperature is 6.8℃, with an average frost-free period 
of 128 days. The area receives annual sunshine for 2836 
hours. The soil type at the site is chestnut brown, with 
a pH of 8.34 in the top 20 cm layer. The soil contains 
alkaline dissolved nitrogen (AN) at a concentration of 
63.35 mg kg-1, effective phosphorus (EP) at 13.80 mg kg-

1, quick-acting potassium (QAP) at 79.04 mg kg-1, total 
nitrogen (TN) at 0.62 g kg-1, total phosphorus (TP) at 
0.67 g kg-1 and organic matter at 11.72 g kg-1.

Plant Material

The seeds of the quinoa (Chenopodium quinoa 
Willd.) cultivar Jinli 1, characterized by a 130-day 
fertility period, were provided by the Maize Research 
Institute of Shanxi Agricultural University. Red adzuki 
bean (Vigna angularis (Willd.) Ohwi & H.Ohashi) 
cultivar Hongxiaodou 6, with a fertility period of 112 
days, and Mung bean (Vigna radiata (L.) R. Wilczek) 
seeds of cultivar Jinlv 9, with a fertility period of 98 
days, were obtained from the Institute of Alpine Crops, 
Shanxi Agricultural University. Black bean (Phaseolus 
vulgaris L.) seeds were purchased from the local market 
of Yanggao County, Datong City, China. 
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Cropping Pattern and Management

The soil properties, crop yield, and nutrient 
status of quinoa and legumes were tested by adopting 
monocropping of quinoa and three legume crops (red 
bean, mung bean, and black bean) and intercropping of 
quinoa with the legumes. The cropping treatments were 
as follows: 1) quinoa monocrop, 2) red bean monocrop, 
3) mung bean monocrop, 4) black bean monocrop, 5) 
intercropping of quinoa with red bean, 6) intercropping 
of quinoa with mung bean, and 7) intercropping of 
quinoa with black bean. The treatments were arranged 
in a randomized complete block design. There were 3 
blocks, and, in each block, the seven cropping methods 
were randomly assigned. In total, there were 21 plots (7 
treatments×3 blocks), with each plot measuring 5 m×6 
m.

Quinoa as a sole crop was planted with a spacing of 
60 cm between rows and 40 cm between plants. For the 
sole cropping of red beans, mung beans, and black beans 
were sown at a row spacing of 33 cm and plant spacings 
of 33 cm. In the intercropping system, one row of quinoa 
was planted alongside one row of legumes, with a row 
spacing of 30 cm. 

Before sowing, a 750 kg ha-1 of basal compound 
fertilizer (N:P2O5:K2O) was applied at a ratio of 
40:40:20. Quinoa and legume seeds were sown on May 
9th, 2022. The seed sowing rates for quinoa, red bean, 
mung bean, and black bean were 3, 30, 22.5, and 45 
kg ha-1, respectively. On June 10th, quinoa seedlings 
were transplanted within rows of legumes, followed by 
manual weeding and soil cultivation of quinoa roots 
on July 10th. The legumes were harvested between 
August 15th and 25th, while the quinoa was harvested on 
September 27th, 2022.

Soil Sampling and Analysis

For soil analysis, we randomly selected five points 
within each plot to collect soil samples from the 0-20 
cm soil layer. The soil samples were mixed, dried, and 
sieved before further analysis.

Soil Water Content and pH

We determined the soil's relative water content 
using the gravimetric or oven-drying method [32]. Soil 
samples were weighed, dried in an oven at 105°C for 48 
hr to evaporate the water content, and then re-weighed 
to calculate the percentage of water lost taken as the 
water content. The soil pH was measured with a pH 
meter using a paste of water-soil of a 2.5:1 ratio. 

Soil Nutrients

The soil's alkaline dissolved nitrogen content was 
determined using the alkaline dissolved diffusion 
method [33]. The soil's available phosphorus content 
was determined using the colorimetric method after 

NaHCO3 leaching by molybdenum antimony and 
scandium chromatography [34]. The available potassium 
content was determined using the flame photometric 
method after ammonium acetate (NH4OAc) leaching. 
For this, 10 mL of 1 N NH4OAc, at pH 7 was mixed 
with 1 g of air-dried soil and shaken for 5 minutes, and 
the available potassium was measured by analyzing the 
filtered extract on an atomic absorption spectrometer set 
on emission mode at 776.5 nm [35].

The total nitrogen content of the soil was determined 
using concentrated sulphuric acid decoction and a 
continuous flow analyzer [36]. The total phosphorus 
content of the soil was determined using concentrated 
sulfuric acid-perchloric acid digestion and the 
molybdenum antimony colorimetric method. The 
soil organic matter content was determined using the 
potassium dichromate oxidation method [36].

Soil Enzymes

We determined the urease activity using the 
indophenol blue colorimetric assay, with results 
expressed as µg of NH3 per g of soil per h (37℃). The 
sucrase activity was determined using the salicylic 
acid colorimetric assay, with results expressed as µg 
of glucose per g of soil per h (37℃). The phosphatase 
activity was determined using the sodium benzene 
disodium phosphate colorimetric assay, with results 
expressed as µg of p-nitrophenol phosphate per g of soil 
per h (3℃) [37].

Plant Sampling and Analysis

On June 10th, during the quinoa seedling stage, and 
on September 27th, at the maturity stage, we selected 
10 representative plants from each plot. These plants 
were carefully placed in paper bags, heated in an oven 
at 105℃ for 30 minutes, and then dried at 80℃ until 
a constant weight was achieved. The dry plants were 
pulverized and the resulting powder was stored in self-
sealing bags.

Plant Nutrients

At the seedling stage, ten quinoa plants were uprooted 
from each plot and aboveground parts were dried and 
crushed. At the maturity stage, the quinoa plants were 
uprooted and separated into stalks+leaves and spikes, 
and then crushed with scissors after drying them in an 
oven. After, the crushed samples were extracted using 
H2SO4-H2O2, and the nitrogen content was determined 
using Nye's colorimetric method, the phosphorus 
content was determined using the vanadium-molybdic 
acid ammonia colorimetric method, and the potassium 
content using the flame photometric method [36]. After 
determining the nitrogen, potassium, and phosphorus 
concentration in quinoa plants (kg kg-1), the nutrient 
content in kg ha-1 was obtained by multiplying the dry 
weight (kg ha-1) with the nutrient content [38].
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Seed Yield

At the maturity stage of quinoa, red bean, mung 
bean, and black bean, we harvested a 1 m2 area per plot, 
repeating this process three times. All crops were air-
dried, and their seed yield was measured. 

Relative Land Equivalent and 
Land Equivalent Ratio

The relative land equivalent ratio (RLE) was 
calculated as the ratio of the yield of a crop from a 
specific area under intercropping to the yield of that crop 
under monocropping. RLE for quinoa was calculated as:

RLE=Yqi/Yqm

RLE for specific legume crops was calculated as:

RLE=Yli/Ylm

The land equivalent ratio (LER), which measures 
intercropping advantage, was calculated using the 
formula provided by Bedoussac et al. [39].

LER=Yqi/Yqm+Yli/Ylm

In these Equations, Yqi and Yli refer to the grain 
yields of quinoa and legume crops on the total 
intercropping area (kg ha-1), respectively; Yqm and Ylm 
refer to the grain yields of quinoa and legume crops in 
monoculture (kg ha-1), respectively; when the LER>1, 
there is intercropping advantage; and when the LER is 
<1, there is no intercropping advantage.

Statistical Analysis

Origin 2022 was used for data organization and 
charting. Analysis of variance, Pearson correlation 
analysis, and stepwise regression analysis were 
performed using SAS 9.2 statistical software. The 
differences among treatments were compared with 
Duncan’s multiple range test.

Results

Crop Yield under Different Intercropping Patterns

The crop yields of quinoa, red bean, mung bean, 
and black bean were found to be higher in monoculture 
compared to intercropping (P<0.05) (Table 1). 
Specifically, when comparing the three intercropping 
methods, the yield of quinoa in intercropping ranged 
from 60% to 65% of the yield in monoculture, while 
the yield of beans ranged from 80% to 87% of the 
yield in monoculture. Additionally, the land equivalent 
ratios (LERs) for the intercropping methods ranged 
from 1.40 to 1.52, indicating yield advantages per unit 
area. Notably, intercropping quinoa with red bean 
demonstrated the highest LER of 1.52.

Effect of Different Intercropping Patterns on 
the Nutrient Content of Quinoa Plants

The intercropping of quinoa with red bean showed a 
tendency to increase the nitrogen content of the quinoa 
plant during the seedling stage, as well as the nitrogen 
content in the stem and leaves during the maturity stage, 

Cropping pattern Crop Yield 
(kg ha-1)

RLE LER

Monoculture
Quinoa 2162.50a -

-
Red bean 1717.52a -

Intercropping
Quinoa 1405.63b 0.65

1.52
Red bean 1500.04b 0.87

Monoculture
Quinoa 2162.50a -

-
Mung bean 1330.07a -

Intercropping
Quinoa 1340.75b 0.62

1.45
Mung bean 1103.96b 0.83

Monoculture
Quinoa 2162.50a -

-
Black bean 2660.04a -

Intercropping
Quinoa 1297.50b 0.60

1.40
Black bean 2128.03b 0.80

Note: RLE: relative land equivalent ratio; LER: land equivalent ratio. The different alphabets following numbers indicate significant 
differences between yield under intercropping and monocropping using Duncan’s multiple range test.

Table 1. Comparison of crop grain yield under different planting modes.
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Fig. 1. (a) Nitrogen, (b) potassium, and (c) phosphorous content in the whole plant at seedling, in stem and leaves at maturity, and in 
spikes at maturity of quinoa under monocropping and intercropping with red bean, mung bean, and black bean. Different alphabets 
indicate significant differences among cropping systems and crop type at a specific plant organ and growth stage using Duncan’s multiple 
range test (p<0.05). Vertical bars correspond to standard error.
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compared to the quinoa monoculture treatment (Fig. 
1a). Furthermore, compared to the quinoa monoculture 
treatment, the quinoa/red bean treatment tended to 
increase the potassium content in the stem, leaves, and 
spikes at maturity (Fig. 1b). Additionally, the quinoa/
red bean treatment showed a tendency to increase 
phosphorus content in the stems, leaves, and spikes at 
maturity, compared to the quinoa monoculture treatment 
(Fig. 1c).

Effect of Different Intercropping Patterns 
on Soil pH and Water Content

During the seedling stage, the monoculture of red 
beans and intercropping of quinoa with red beans and 
black beans showed lower soil pH values in comparison 
to the quinoa monoculture. Moreover, at maturity, the 
black bean monoculture exhibited a lower pH level than 
the quinoa monoculture treatment (Fig. 2a). The soil 
water content of quinoa monocropping was significantly 
similar to other treatments at the seedling stage. The 
only significant difference in soil water content was 
between red bean monoculture and intercropping 
of quinoa with red beans. The quinoa/black bean 
intercropping displayed a lower water content than the 
quinoa monoculture at the seedling stage (Fig. 2b). At 
maturity, the water content under red beans monoculture 
was significantly higher than mung beans monoculture 
and quinoa black beans intercropping.

Effect of Different Intercropping 
Patterns on Soil Nutrients

In comparison to the quinoa monoculture treatment, 
all other treatments exhibited higher soil alkaline 
dissolved nitrogen (ADN) content at both the seedling 
and maturity stages (Fig. 3a). Specifically, the quinoa/
red bean intercropping showed the highest ADN 
content during the seedling stage, while the red bean 
monoculture treatment had the highest ADN content 
during the maturity stage.

At the seedling stage, the intercropping of quinoa 
with red bean and black bean demonstrated improved 
soil available phosphorus content compared to the 
quinoa monoculture (Fig. 3b). Similarly, at the maturity 
stage, all treatments significantly increased soil available 
phosphorus content compared to the quinoa monoculture 
treatment, with the quinoa/red bean intercropping 
showing the highest enhancement.

During the seedling stage, the quinoa/red bean 
intercropping exhibited the highest soil available 
potassium content (Fig. 3c). Among all the intercropping 
treatments, the quinoa/red bean intercropping had the 
highest soil available potassium content during the 
maturity stage.

Except for the quinoa/mung bean intercropping, all 
other treatments significantly increased soil organic 
matter content at the seedling stage compared to 
the quinoa monoculture, with the quinoa/red bean 

intercropping showing the highest increase (Fig. 3d). 
At the maturity stage, the mung bean monoculture 
treatment had the highest soil organic matter content.

The quinoa/red bean and quinoa/mung bean 
intercropping exhibited higher soil total nitrogen content 
compared to the quinoa monoculture during the seedling 
stage (Fig. 3e). Similarly, at the maturity stage, the 
quinoa/mung bean intercropping had higher soil total 
nitrogen content compared to the quinoa monoculture 
treatment.

During the seedling stage, the quinoa monoculture 
treatment had lower soil total phosphorus content 
compared to all the intercropping treatments (Fig. 3f). 
However, at the maturity stage, all treatments, except 
for the quinoa monoculture treatment, significantly 
enhanced soil total phosphorus content, with the quinoa/
red bean treatment showing the highest enhancement 
among the intercropping treatments.

Soil Enzyme Activities under 
Different Intercropping Patterns

Mung bean monoculture, black bean monoculture, 
quinoa/red bean, and quinoa/black bean treatments 
had significantly higher soil sucrase activity at seedling 
and maturity stages than quinoa monoculture, and the 
highest soil sucrase activity at both stages was found at 
quinoa/red bean intercropping (Fig. 4a).

Quinoa/red bean and quinoa/mung bean treatments 
showed higher soil phosphatase activity than quinoa 
monoculture, with quinoa/red bean having the highest 
soil phosphatase activity at the seedling stage (Fig. 4b). 
At the maturity stage, all other treatments had better 
soil phosphatase activity than quinoa monoculture, with 
quinoa/mung bean having the highest soil phosphatase 
activity among the intercropping treatments. 

All intercropping treatments and red bean 
monoculture had higher soil urease activity than quinoa 
monoculture at the seedling stage, with quinoa/mung 
bean intercropping keeping the highest urease activity 
(Fig. 4c). Quinoa/mung bean had the highest soil urease 
activity among all the treatments at the maturity stage.

Regression Analysis of Quinoa Yield with Plant 
Nutrients, Soil Physicochemical Properties, 
and Soil Enzyme Activities at the Seedling 

Stage under Different Intercropping Patterns

Multiple linear stepwise regression analyses were 
performed on quinoa yield (Y), plant nutrients, soil 
physicochemical properties, soil nutrients, soil organic 
matter, and soil enzyme activities, and the insignificant 
variables were excluded. The P-value of the optimal 
regression model was less than 0.0001, and the 
coefficient of determination was 0.9484, indicating that 
the optimal regression model was extremely significant 
and had a high fitting accuracy (Table 2). The regression 
coefficients had significant P-values (P<0.0001), and 
the optimal regression equation was Y=1399.1360-
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40.2478X6+10.2075X13 (Table 3). It indicated that the 
soil's alkaline nitrogen content and alkaline phosphatase 
activity at the seedling stage had the greatest effect on 
yield, and alkaline phosphatase activity was significantly 
positively correlated with yield. 

Correlation Analysis between Quinoa Plant 
Nutrients and Soil Physicochemical Properties 

under Different Intercropping Patterns

At the maturity stage, the nitrogen content of the 
stem and leaf was significantly positively correlated with 
soil water content, available phosphorus content, organic 
matter content, and total nitrogen content (Fig. 5). 
The nitrogen content of the stem and leaf significantly 

negatively correlated with soil pH. The potassium 
content of the spike significantly positively correlated 
with soil water content, available potassium content, and 
organic matter content, and it significantly negatively 
correlated with soil pH.

Discussion

This study investigated the effect of different 
intercropping patterns on crop yield. The yield indices 
indicate that the yield of quinoa, red beans, mung 
beans, and black beans is lower under intercropping 
compared to monocrop. Previous studies have also 
reported reduced yields of the individual crops under 

Fig. 2. (a) Soil pH and (b) relative water content at the seedling stage and maturity stage under different planting modes. Different 
alphabets indicate significant differences among cropping systems and crop type at a specific plant organ and growth stage using Duncan’s 
multiple range test (p<0.05). Vertical bars correspond to standard error.
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Fig. 3. Comparison of soil nutrients at the seedling stage and mature stage under different planting modes. (a) soil alkaline hydrolyzed 
nitrogen content, (b) soil available phosphorus content, (c) soil available potassium content, (d) soil total nitrogen content, (e) soil total 
phosphorus content, (f) soil organic matter content. Different alphabets indicate significant differences among cropping systems and crop 
type at a specific plant organ and growth stage using Duncan’s multiple range test (p<0.05). Vertical bars correspond to standard error.
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Fig. 4. Soil enzyme activities at the seedling and maturity stage under different planting modes. (a) soil sucrase activity, (b) soil alkaline 
phosphatase activity, and (c) soil urease activity. Different alphabets indicate significant differences among cropping systems and crop 
type at a specific plant organ and growth stage using Duncan’s multiple range test (p<0.05). Vertical bars correspond to standard error.

Source Sum of squares DF Mean square F Value Pr> F

Model 1496936 2 748468 82.79 ˂0.0001

Error 81369 9 9040.9534

Sum 1578305 11 R2=0.9484

Table 2. Stepwise regression table.
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intercropping [24, 26]. Specifically, quinoa yields were 
35%, 38%, and 40% lower when intercropped with 
red bean, mung bean, and black bean, respectively, 
compared to monocropping. This decrease is attributed 
to higher intra-specific competition for nutrients and 
water [26, 40]. The yields of red beans, mung beans, 
and black beans were 12.7%, 17%, and 20% lower under 
intercropping compared to monocropping. The reduced 
yield of legume crops under intercropping is likely due 

to the reduced density rate, as legumes were sown in 
the spaces between quinoa rows. Despite the reduced 
density of quinoa crops, the significant reduction in 
quinoa yield (35-40%) under intercropping highlights 
the highly competitive ability of legumes. 

Despite the lower crop yields, the land equivalent 
ratio (LER), which is the ratio of the sole cropping 
area to the intercropping area, was increased by 
intercropping. For desirable and effective intercropping, 

Fig. 5. Correlation coefficients between plant nutrients and soil physical and chemical properties at the maturity stage of quinoa. s+l: 
stems and leaves, e: ears, SWC: soil water content, AHN: alkaline hydrolyzed nitrogen content, AK: available phosphorus content, AK: 
available potassium content, TN: total nitrogen content, OM: organic matter content. Bold values represent significance at p<0.05 by 
Pearson correlation.

Variable DF Parameter 
estimate Standard error t Value Pr>|t| Squared partial

Intercept 1 1399.1360 187.2879 7.47 ˂0.0001

X6 1 -40.2478 3.9268 -10.25 ˂0.0001 0.9211

X13 1 10.2075 0.9359 10.91 ˂0.0001 0.9297

Note: X6: soil alkaline dissolved nitrogen, X13: alkaline phosphatase

Table 3. Parameter estimation and testing for stepwise regression.
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LER is considered an effective measure of yield 
advantages under the intercropping system [41]. Our 
study revealed that intercropping of quinoa with red 
bean, mung bean, and black bean resulted in LERs 
of 1.52, 1.45, and 1.40, respectively. This indicates 
higher yield advantages of quinoa intercropping with 
all legumes with the maximum LER at quinoa/red 
beans intercropping with a 52% yield advantage. This 
indicates that 52% extra land would be required for the 
sole cropping of quinoa and red beans as compared to 
their intercropping [26, 42]. Higher LER values than 
1 indicate yield advantages under all intercropping 
systems compared to monocropping. The higher LER 
with red beans and less yield reduction is attributed to 
more resistance under intercropping [26], faster growth 
rate, and good leaf area of red beans [43]. The observed 
yield advantage in our study may be attributed to the 
border row effects of intercrop strips [44]. Previous 
research has shown that intercropping systems generally 
provide a yield benefit [45]. For example, intercropping 
legumes with maize has been found to have a significant 
positive effect on maize grain yield compared to sole 
maize [46]. Similarly, the yields of maize and peanut 
intercropping treatments were better than those of 
monoculture treatments, with LERs greater than 1 [47]. 
The higher LER under quinoa/red bean intercropping 
indicates higher spatial complementarity [16]. 

The improvement of yield on a per area base under 
quinoa/legume intercropping indicates better availability 
of nutrients, especially nitrogen [48] and phosphorus 
[49]. In our study, intercropping quinoa with legumes, 
particularly the quinoa/red bean treatment, significantly 
improved the content of alkali-hydrolyzable nitrogen. 
Legumes enrich the soil with nitrogen by fixing nitrogen 
in root nodules [50]. While some experiments have 
shown an increasing amount of nitrogen transferred 
from legumes to other crops over time [51], others have 
failed to reveal significant nitrogen transfer in field 
conditions [52]. This inconsistency may be attributed to 
factors such as limitations in experimental techniques or 
the variability of nutrient transfers in field environments. 
The amount of nitrogen released through rhizodeposition 
is influenced by factors such as total nitrogen 
assimilation by legumes, total root production, and the 
age of the plant. Despite these challenges, estimates 
suggest that legumes can release substantial amounts of 
nitrogen into the soil during their growth cycle, with a 
significant portion contributed through rhizodeposition. 
Nitrogen accumulation increases with time with the 
turnover of leguminous crops with cropping seasons. 
For example, pea plants have been estimated to release 
about 129 kg N/ha during their growth cycle, including 
56 kg from rhizodeposits, whereas wheat releases only 
26 kg N/ha as rhizodeposits [50]. 

Phosphorous is the second most deficient nutrient 
because of less availability in most of the soil [53]. Our 
results indicate the positive effect of intercropping on 
soil available phosphorous content. At maturity, the soil 
phosphorous content under the intercropping of quinoa 

with legumes was significantly higher than under the sole 
cropping of quinoa. The higher available phosphorous is 
because of the higher alkaline phosphatase activity [54] 
as also depicted by the present results. Furthermore, 
the positive regression of quinoa yield with soil 
alkaline phosphatase in the present study indicates 
high phosphorous availability under intercropping. 
Intercropping with legumes plays a significant role in 
improving phosphorus uptake efficiency by affecting 
specific inorganic phosphorus pools in the soil. Cu et al. 
[55] demonstrated that different crops have a preference 
for utilizing either citric acid-leachable phosphorus or a 
water-leachable soil phosphorus pool. This preference 
supports the hypothesis of resource partitioning for 
soil phosphorus. Although there are some other factors 
such as alterations in soil pH or enzymatic activity 
involved in phosphorus solubilization, the previous and 
present findings suggest that intercropping enhances 
phosphorus uptake efficiency by enhanced phosphatase 
enzyme activity in the soil [56]. 

Similar to nitrogen and phosphorus, a significant 
increase in soil-available potassium was observed 
under intercropping. Overall, significant improvement 
in alkali-hydrolyzable nitrogen, available phosphorus, 
available potassium, and organic matter in the soil 
by intercropping quinoa with legumes, particularly 
the quinoa/red bean treatment, aligns with previous 
research and may be attributed to the root exudates of 
legumes and microbial activity in soil as evident by 
urease, alkaline phosphatase and sucrase activities in 
soil [56, 57].

In our study, the intercropping of quinoa with 
legumes, especially the quinoa/red bean treatment, 
significantly improved the activities of soil sucrase, 
alkaline phosphatase, and urease during the quinoa 
growing period. This is consistent with previous studies 
showing that intercropping can influence microbial 
biomass and enzymatic activities in the soil [58, 59] 
and may be related to the impact of cereal/legume 
intercropping systems on the composition of soil 
rhizosphere bacterial communities [60].

The higher soil enzyme activities and higher 
available forms of nutrients in the soil resulted in 
a higher uptake of nutrients by quinoa plants at the 
seedling and maturity stages. Results showed that 
compared to quinoa monoculture, the quinoa/red 
bean treatment showed a trend toward improving the 
nitrogen, potassium, and phosphorus content in the 
stem and leaves at the maturity stage. This may be due 
to the ability of legumes in intercropping systems to fix 
biological nitrogen and facilitate its transfer to quinoa 
crops, as well as the production of root exudates that 
enhance the availability of limited soil nutrients such 
as phosphorus [61, 15]. Previous research by Qiu et al. 
[62] found that intercropping increased aboveground 
nitrogen, phosphorus, and potassium concentrations and 
contents at maturity. 

The impact of different intercropping patterns on 
soil physicochemical properties was also assessed. 
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Quinoa/black bean treatment tended to increase 
soil pH compared to quinoa monoculture treatment, 
which is consistent with findings by Nwite et al. [46] 
who observed improved soil pH when legumes were 
intercropped with maize. The effect of intercropping 
treatments on soil water content varied, possibly due 
to differences in above-ground biomass. Intercropping 
legumes have shown promise in diversifying crops, 
enhancing soil quality, and increasing soil organic 
carbon through the fixation of biologically fixed nitrogen 
[63, 64].

Conclusions

Intercropping quinoa with three leguminous crops 
showed a land equivalent ratio greater than 1, with 
the quinoa/red bean treatment having the highest ratio 
of 1.52. This treatment also led to increased uptake of 
nitrogen, phosphorus, and potassium nutrients by the 
quinoa plant compared to quinoa grown alone. At the 
quinoa seedling stage, the quinoa/red bean treatment had 
the highest content of soil nutrients and organic matter. 
Sucrase and urease activities were also highest under 
the quinoa/red bean treatment during the growing stage 
of quinoa. The study suggests that intercropping quinoa 
with red beans can improve yield, nutrient uptake, soil 
nutrients, and enzyme activities in the future.
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