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There is a need to assess alternative cropping systems for climate change mitigation. Hence, we aimed to evaluate if cowpea, a legume crop with high climate adaptability and active rhizodeposition, can reduce GHG emissions when intercropped with melon, if different intercropping patterns can affect these soil GHG emissions, and elucidate if GHG emissions are related by soil and crop properties. We compared a cowpea and melon monocultures with different melon-cowpea intercropping patterns during two crop cycles. The different melon-cowpea intercropping patterns were: row intercropping 1:1 (melon:cowpea), row intercropping 2:1 (melon:cowpea) and mixed intercropping (alternate melon/cowpea plants within the same row), receiving 30% less fertilizers than monocrops. Results showed that CO2 emission rates were higher in the row 2:1 and row 1:1 intercropping systems compared to mixed intercropping, melon monocrop and cowpea monocrop, with the lowest emissions, likely due to the highest density of both plant species, which may stimulate microbial communities. Soil N2O emission rates were not affected by crop diversification, with very low values. Soil CO2 and N2O emissions were not correlated with environmental factors, soil properties or crop yield and quality, suggesting that crop management and plant density and growth were the main factors controlling GHG emissions. When the GHG emissions were expressed on a crop production basis, the lowest values were observed in mixed intercropping, owing to higher crop production. However, the 1:1 and 2:1 cowpea intercropping systems, with the lowest overall crop production, showed higher values of GHG emissions per unit of product, compared to cowpea monocrop. Thus, intercropping systems, and mostly mixed intercropping, have the potential to contribute to sustainable agriculture by increasing land productivity, reducing the need for synthetic fertilizers and decreasing GHG emissions per unit of product. These results highlight the importance of considering both agricultural productivity and greenhouse gas emissions when designing and implementing intercropping systems.
Keywords: intercropping, legumes, CO2 emissions, N2O emissions, crop diversification
INTRODUCTION
Annual greenhouse gas (GHG) emissions continue to globally increase unabatedly (Boden et al., 2009). Conventional agriculture in the last decades has caused in many situations water scarcities, soil and water pollution, low biodiversity, high levels of GHG emissions, high erosion rates, loss of soil organic matter (SOM) and high incidence of pests and diseases (FAO, 2017). One-third of out GHG emissions come from agriculture (Gilbert, 2012). The three GHGs associated with agriculture are CO2, CH4, and N2O. Natural sources of CO2 in agriculture are related to machinery use, soil respiration or above ground plant respiration (Oertel et al., 2016). Methane is generated in soils via methanogenesis, a process that occurs in the absence of oxygen, and is subsequently consumed by microorganisms known as methanotrophs. (Dutaur and Verchot, 2007). N2O emissions result from nitrification, which involves the conversion of NH4+ to NO3− via NO2−, and denitrification, a process that reduces NO3− to N2O and N2 (Oertel et al., 2016). N2O soil emissions have shown an increasing trend after addition of crop residues or application of inorganic fertilizers (Baggs et al., 2000). As a consequence, the priority in current farming systems is maintaining high crop yields and social welfare while decreasing negative effects to the agroecosystems (Duhamel and Vandenkoornhuyse, 2013). In the last years, an interest in organic farming and crop diversification is growing as a feasible alternative to counteract the impact of conventional intensive monocropping, through crop divesification and an optimized use of natural resources. Crop diversification includes one, several or all of: (i) diversification of crops grown on the same field in successive growing seasons (crop rotation); (ii) diversification of crops grown on the same land within a growing season (multiple cropping); and (iii) diversification of crops grown in proximity in the same field (mixed intercropping, strip intercropping, row intercropping) (Mao et al., 2015). Intercropping, in general, includes one cash crop and one or several partner crops, where the highest possible yields in the cash crop is intended (Maitra et al., 2021). Resources are supposed to be better used in intercropping systems in comparison to its respective monocrop leading to greater productivity (Li et al., 2006; Bedoussac et al., 2015). In terms of mitigating GHG emissions, intercropping has been proposed as an effective strategy (Senbayram et al., 2015; Wang et al., 2021).
Melon (Cucumis melo L.) is among the most common species cultivated in regions with warm climates (Aldoshin et al., 2020). Melon monocrops under conventional farming, like many others monocrops, tend to reduce SOM and soil microbial and invertebrate biodiversity, contributing to soil and water pollution by pesticides and excessive use of fertilizers (Hijri et al., 2006; Jiao et al., 2011). Under arid and semiarid conditions, the cowpea (Vigna unguiculata (L.) Walp.) is the most common legume cropped owing to its high climate adaptability, low nutrient needs, and its active rhizodeposition, improving soil fertility (Sánchez-Navarro et al., 2019; Amorim et al., 2022). However, the use of cowpea intercropped with melon has not been previously study in terms of climate change mitigation strategy. It has been previously reported that legumes can be a suitable alternative for adaptation to climate change because they decrease GHG emissions and favour C sequestration and storage (Lüscher et al., 2014). The introduction of legumes in intercropping systems has helped reduce fertilizer rates and machinery used, and so reduce GHG emissions (Murphy-Bokern et al., 2017). Legumes can reduce the emission of CO2 derived from fossil fuels compared to cropping systems that use synthetic N fertilizers, as they are able to fix atmospheric N through symbiosis with rhizobia (Jensen et al., 2012). Under this context, Cuartero et al. (2022a) assessed the soil bacterial community of a melon-cowpea intercropping system; they verified that the practice of intercropping changed the structure of the soil bacterial community, and these changes were linked to higher levels of total N and available P, with an increase in melon crop yield. In this context, the use of intercropping strategies that involve both melon and cowpea crops has the potential to address the challenges of achieving high yields while reducing negative environmental practices such as soil GHG emmissions.
The objectives of this study were to: i) assess how intercropping between melon (C. melo), and cowpea (V. unguiculata) can contribute to soil GHG emissions compared with conventional melon and cowpea monocultures; ii) evaluate if different intercropping patterns can affect these soil GHG emissions; and iii) elucidate if GHG emissions are related by soil and crop properties. Thus, our initial hypothesis was that the use of cowpea in intercropping with melon may increase soil CO2 and N2O emissions by higher rhizodeposition and activation of soil microbial communities. Nonetheless, the growth of cowpea in the same space than melon should enhance overall crop yields by the collection of new products, with no negative effect on the cash crop. This would be associated to lower CO2e per unit of crop production.
MATERIALS AND METHODS
Study Site and Experimental Design
Briefly, this experiment was carried out in Cartagena, South-East of Spain, at Tomás Ferro Experimental Farm of the Universidad Politécnica de Cartagena (37° 41′ N; 0° 57′ E). Climate is semiarid Mediterranean with a total annual precipitation of 275 mm and a mean annual temperature of 18°C. Annual potential evapotranspiration surpasses 900 mm. Soil is classified as Haplic Calcisol (loamic, hypercalcic) (WRB, 2015), with clay loam texture.
We compared a melon (Cucumis melo L. var. Sacharinus Naud) monocrop and a cowpea (Vigna unguiculata (L.) Walp. var. fradel) monocrop with different melon-cowpea intercropping patterns during two crop cycles (2019 and 2020). Melon (seedlings with two leaves) and cowpea were planted and sown, respectively, on the 07/05/2019 and 04/06/2020 for both cycles. The different melon-cowpea intercropping patterns were: row intercropping 1:1 (melon:cowpea), row intercropping 2:1 (melon:cowpea) and mixed intercropping (alternate melon/cowpea plants within the same row). The field experiment was previously explained in Marcos-Pérez et al. (2023). Briefly (Figure 1), it was established as a completely randomized design with three replications, and each plot had 150 m2. Melon seedlings were planted in a density of 4,000 plants ha−1, with a spacing of 200 cm between rows and 120 cm between plants in all plots (monocrop and intercropped systems). Cowpea seeds in the monocrop were sown in a density of 50,000 plants ha−1, with a spacing of 100 cm between rows and 20 cm between plants. Cowpea seeds were sown between two rows of melon in the row intercropped patterns, spacing 100 cm between melon and cowpea rows; the separation of cowpea plants within the same row was 20 cm. Thus, the density of plants was 25,000 plants ha−1 and 15,000 plants ha−1 in the row 1:1 and row 2:1 patterns, respectively. In the mixed system, cowpea was sown in all melon rows between two melon plants, and so in a density of 4,000 plants ha−1, with a spacing of 200 cm between rows and 120 cm between plants. So, density of melon was the same in the different treatments, but the density of cowpea changed. In all systems, compost was added annually at the beginning of each cycle, as a traditional practice in the region (Sánchez-Navarro et al., 2019), with a dose of 14,000 kg ha−1. This compost derived from animal manures and had the following characteristics: moisture = 20%; pH = 6.5; electrical conductivity = 20 dS m−1; total nitrogen content = 1.1%; C:N ratio = 17.4; P2O5 content = 1.7% and K2O content = 1.9%. No herbicides were added, and the weed control was done by hand-hoeing. For monocultures, plots were tilled before sowing/planting up to 30–40 cm depth, following the traditional practice in the region. For intercropping, tillage was reduced up to 15–20 cm. All cropping systems received drip irrigation and were managed under organic practices. During each cycle, we applied in all plots 3,100 m3 ha−1 of irrigation water. As organic fertilizers, we applied as fertigation Norgan (NPK: 3-0-7) and Zen (NPK: 5-4-0) (Fyneco SL, Spain). In the intercropped system, under all patterns, we reduced the fertilizers rate by 30% compared to the melon monoculture. Thus, in the melon monoculture we applied 3437 L ha−1 of organic fertilizers with fertigation, in the cowpea monocrop we applied 2187 L ha−1 and in the three intercrop patterns 2453 L ha−1. Fertigation started after 2 weeks of planting/sowing and finished with harvest, applying 3–4 irrigation events per week. Reduction of fertilization in intercropping started with melon blossom. Harvest of melon took place on 24–31/07/2019 and 24/08/2020, while cowpea was harvested on 04–05/05/2019 and 08/09/2020. Harvest of these two species is manual in commercial farms, and there was no need for special machinery. After harvest, melon crop residues in the monoculture were removed from the plots, as traditional practice in the region, while in the cowpea monoculture and intercropped plots, crop residues were incorporated into the soil at 15–20 cm.
[image: Figure 1]FIGURE 1 | Details of the design field experiment.
Soil Greenhouse Gas Measurements
Measurements of CO2, N2O and CH4 were made every 7 days in all replicated treatments from 20/06/2019 to 17/09/2019 and from 11/06/2020 to 03/09/2020, between 9:00 and 12:00, following the procedure explained in (Sánchez-Navarro et al., 2022). The basic experimental procedure used in this study was the dynamic gas chamber technique (Álvaro Fuentes et al., 2019). The chamber was made of non-oxidisable steel, with a diameter of 7.5 cm and a height of 20 cm, with one inlet and one outlet connected to a photoacoustic infrared spectroscopy multi-gas analyser with ultra-sensitive cantilever pressure sensor (Gasera One, Gasera Ltd). The dynamic system with inlet and outlet in the chamber permits a continuous flow and avoids pressure fluctuations. Three chambers per plot were inserted into the bare soil to a depth of 10 cm, within two melon/cowpea plants in the monocultures. For the patterns row 1:1 and row 2:1, measures were performed in both melon and cowpea rows, inserting three chambers per plot between two melon or cowpea plants. For the mix intercropping pattern, the three chambers per plot were located equidistant to a cowpea plant and to a melon plant. CO2, N2O, and CH4 emissions were quantified every 1 min for a period of 5 min to assess the linear trend. Nonetheless, no CH4 emissions were recorded during the experimental period. CO2 and N2O emissions rates were expressed as the difference between the quantification at the end and the beginning of the measure period divided by the time. CO2 and N2O cumulative emissions for each treatment were estimated by numerical integration (Chen et al., 2013). GHG emissions were converted into CO2 equivalent (CO2e), and then cumulative emission data (g m−2) were also expressed on a production basis (g kg−1) for the experimental period to assess the emissions per product of each treatment. For this, N2O emissions were converted into CO2e according to their global warming potential, which is 265 (Vasconcelos et al., 2022).
Meteorological data were measured using an automatic weather station located in the experimental farm. Soil temperature (T) and soil moisture (M) were measured using a ProCheck and 5TM sensors (Decagon Devices, USA) introduced at 15 cm depth adjacent to the place where GHG measures were done.
Soil and Plant Sampling and Soil Analyses
Soil was sampled at the beginning of the trial, and at the end of each cycle, as previously explained in Marcos-Pérez et al. (2023). Briefly, all plots were sampled at 0–10 cm and 10–30 cm depth. Two composite soil samples derived from 5 sampling points per plot were collected avoiding the border effect. Soil was collected in the crop line, between two plants. Each sample was divided into two aliquots. First aliquot was air dried for 7 days, sieved <2 mm and kept at room temperature. The other aliquot was sieved <2 mm and kept at 4°C for the determination of NH4+ and NO3−. We used for correlations, regressions and multivariate analyses, soil properties measured and explain in Marcos-Pérez et al. (2023).
Statistical Analysis
Data were checked to ensure normal distribution using the Kolmogorov-Smirnov test at p > 0.05. Homoscedasticity was checked by the Levene test. All GHG data were submitted to two-way repeated measures ANOVA, with measurement date as within-subject factor, and treatment (monoculture/diversification) as between-subject factor. GHG emission values for the experimental period were also submitted, independently for each date, to a one-way ANOVA and Tukey’s post hoc test (p < 0.05) to compare significant differences between treatments. Relationships among soil properties and gases were studied using Pearson correlations. A principal components analysis (PCA) was performed with all data to study the structure of dependence and correlation established among the variables studied. Statistical analyses were performed in R version 4.1.2 for Windows.
RESULTS
Greenhouse Gas Emission Rates
As an average, soil temperature was 32.3°C in all crop systems during both crop cycles, with no significant differences between them. Soil moisture was significantly highest in the melon monocrop (p < 0.05), with an average value of 15.9%, compared to all the other treatments, with an average value of 13.3%, with no significant differences between them (Figure 2). Soil CO2 emission rates did not follow soil moisture and temperature trends, without significant correlations between CO2 emission rates and these environmental parameters. Soil CO2 emission rates were significantly affected by time (p < 0.001) and diversification (p < 0.05) treatments, with the interaction time x diversification treatments being also significant (p < 0.001). There were significantly higher CO2 emission rates in the row 2:1 and row 1:1 intercropping systems, with an average value for the experimental period of 91.88 g m−2 h−1 and 91.77 g m−2 h−1 respectively, compared to cowpea monocrop, with the lowest emissions (52.98 g m−2 h−1), melon monocrop with 59.78 g m−2 h−1 and mixed intercropping system with an average of 66.99 g m−2 h−1. In this line, five out of the 23 CO2 emission rate measures were significantly different with respect treatments (marked with * in Figure 2), with highest values of CO2 emission rate under melon growth, one for melon monocrop and the other four ones for intercropped melon (two for 1:1 and the other two for 2:1).
[image: Figure 2]FIGURE 2 | Environmental conditions during the duration of the experiment (top), soil CO2 emission rates (centre) and soil N2O emission rates (bottom) from the crops cycles 2019 (left) and 2020 (right). Values are mean ± standard error (n = 6). For environmental conditions, dashed lines represent soil temperature, while solid lines represent soil moisture. For repeated measures ANOVA data (performed on the entire data set from both crop cycles): significant at ***p < 0.001; *p < 0.05; ns: not significant (p > 0.05).
Soil N2O emission rates were not correlated to soil moisture nor temperature, with oscillations up and down of 0.00 mg m−2 h−1 average (Figure 2). Soil N2O emission rates were only significantly affected by time (p < 0.05), with no significant effect by crop diversification. However, five out of the 23 N2O emission rate measures were significantly different between treatments, with lowest values under row 2:1 and mixed intercropping (Figure 2). As an average, N2O emission rates were 0.0211 mg m−2 h−1 in melon monocrop, 0.008 mg m−2 h−1 in cowpea monocrop, −0.016 mg m−2 h−1 in mixed intercropping, 0.011 mg m−2 h−1 in 1:1 intercropping and −0.001 mg m−2 h−1 in 2:1 intercropping system for the entire experimental period.
Overall Cumulative Emissions
There were no significant correlations between soil properties, crop yield and cumulative gases. Soil cumulative CO2 emissions showed significant differences (p < 0.05) between treatments over the entire experimental period (Table 1). Cumulative CO2 emissions were significantly highest under the melon growth in the row 2:1 and row 1:1 intercropping systems, with an average value for the experimental period of 1716 g m−2 h−1 and 1,655 g m−2 h−1, respectively. However, these values were not significantly different from the melon monocrop (1,083 g m−2 h−1). The lowest significant cumulative CO2 emissions were observed in the cowpea monocrop (945 g m−2 h−1), with no significant differences with the cowpea growth in the intercrops (Table 1). Soil cumulative N2O and CO2e emissions were, in general, not significantly different between systems over the entire experimental period (Table 1). Nonetheless, when the GHG emissions were expressed on a crop production basis there were significant differences (p < 0.001) between treatments. In this line, there were significantly highest values in the soil under cowpea growth in the row 2:1 and row 1:1 cowpea intercropping systems, with average values of 9,038 g kg−1 and 7,342 g kg−1, respectively. Mixed intercropping showed the lowest value with 187 g kg−1 (Table 1).
TABLE 1 | Cumulative soil CO2, N2O, CO2 equivalent (CO2e) and CO2 equivalent expressed on a production basis for melon and cowpea crops in monoculture and intercropping patterns for two crop cycles.
[image: Table 1]Interrelationships Between GHG and Soil Properties
The PCA performed with the cumulative GHG emissions and soil physicochemical properties showed that 73.3% of the total variation could be explained by the first three PCs (Table 2). PC1 (35.8% of the variation) was positively related to EC, Fe, POC, Mn, Cu and Na and negatively related to cumulative CO2 and pH. PC1 separated samples of the first crop cycle (negative scores) from the second crop cycle (positive scores) (Figure 3A). PC2 (22.3% of the variation) was positively related to K, CEC, Mg, Ca and Nt. PC2 significantly separated melon monocrop (negative values) from all the other systems (positive values) (Figure 3B). PC2 also significantly separated the cowpea monocrop, with highest factor scores, from both row intercroppings. PC3 (15.2% of the variation) was positively related with P, Zn and negatively related to NO3−. PC3 separated monocrops, with negative scores, from intercropping systems, with positive scores (Figure 3B).
TABLE 2 | Matrix of the PCA obtained with soil properties and GHG in monocrops and intercropping patterns over the entire experimental period.
[image: Table 2][image: Figure 3]FIGURE 3 | PCA factor scores of soil properties and GHG for monocultures and the different intercropping patterns over the entire experimental period. (A) Distribution of PC1 and PC2 over time. (B) Distribution of PC2 and PC3 across different samples. Ellipses of concentration represent 70% of the data.
DISCUSSION
Intercropping between melon and cowpea successfully performed, with improvements in overall crop yields, but not clear patterns concerning GHG emissions. The Mediterranean climate of the study site, with high temperatures during both crop cycles, may have played a role in the lack of correlation between GHG emissions and soil temperature (Oertel et al., 2016). This is because soil temperature was >25°C in all cases, which favours high microbial activity and so no limitation by low temperatures (Dilekoğlu and Sakin, 2017). Water was not a limiting factor for microbial activity either. It seems that microorganisms were not affected by changes in soil moisture, confirmed by the lack of correlations between soil moisture and GHG emissions, since irrigation maintained high soil water levels to achieve high productivity (Sánchez-Navarro et al., 2023). Steinweg et al. (2012) suggested that soil temperature is the most important factor for microbial activity when soil water content is not limiting factor. In addition, previous research has indicated the high control of soil temperature on GHG emissions under Mediterranean climate, but when GHG emissions were monitored during the entire year, and so there was an effect of seasons (Zornoza et al., 2018; Sánchez-Navarro et al., 2022). Thus, in our experiment, the summer season with high temperatures for the melon crop cycles and the irrigated conditions can explain the lack of effect of temperature and moisture on GHG emissions. Therefore, changes in GHG emissions may likely be affected by the availability of nutrients, crop development and crop management. However, Sánchez-Navarro et al. (2023) also observed, as in this study, an absence of relationships between CO2 emissions and soil properties such as TOC, Nt, pH, texture, EC, nitrates and ammonium, which might indicated that crop management (tillage, weed control, disease/pest control) and crop growth are the main factors controlling GHG emissions.
Intercropped systems, independently of the pattern, showed higher values of CO2 emission rates in both cycles comparing to melon monocrop (Figure 2). No effect of precipitation, fertilization event or harvest was observed in relation with the CO2 emission rate measures. In this sense, the interaction between the two different plant species in the intercropping system may have increased the quantity and diversity of root exudates in the soil, which in turn can attract a greater diversity and quantity of soil microorganisms, with higher activity, and so, CO2 emissions (Zhang et al., 2018; Tang et al., 2021; Cuartero et al., 2022a). Additionally, the crop residues from the different intercropped crops incorporated in the soil can provide different sources of nutrients for microorganisms, which can also increase soil microbial diversity and activity (Li et al., 2020), leading to an increasing in decomposition and mineralization of organic matter (Yerlikaya et al., 2020). Soil cumulative CO2 emissions were higher in row 2:1 and 1:1 intercropping systems compared to monocrops (Table 1). This could be explained by the effect of higher density of melon and cowpea plants in these two systems, and thus with higher rhizodeposition and stimulation of soil microbial communities. Higher density of plants could affect the spatial root distribution of the intercropped species, favoring lateral spread, and so higher interaction between both species (Yerlikaya et al., 2020). Thus, it seems that soil CO2 emission rates mostly depended on the growth and biomass of the living plant community (Chen et al., 2013). Relationships between higher CO2 emissions and higher soil microbial activity have been previously identified (Wu et al., 2017; Usyskin-Tonne et al., 2021). Accordingly, Cuartero et al. (2022b) assessed the bacterial community of the soil samples coming from the first sampling of the present study, and confirmed that intercropping systems, independently of the pattern, increased the abundance of beneficial microorganisms. This corroborates the hypothesized affirmation that the inclusion of cowpea in intercropping with melon may increase soil CO2 emission by active rhizodeposition and stimulation of soil microbial communities.
In this agroecosystem, N2O emissions were low, which highlights an effective N fertilization under organic management. Consequently, no significant influence of temperature, soil moisture, tillage practices, or the adoption of intercropping systems could be established on the emission of N2O. Nonetheless, it has been reported that intercropping can contribute to reduce N2O emissions (Huang et al., 2019). This is because intercropped crops can improve the efficiency of nutrient use and decrease the dependence for synthetic fertilizers. In previous studies, N2O emissions from intercropping were lower than in monocrops, like maize-peanut and maize-soybean systems (Jian-xiong et al., 2014). However, although not significant, intercropping systems showed lower values of N2O emission rates, in line with previous research. Furthermore, the reduction of tillage and the incorporation of crop residues like done in the intercropping systems tends to minimize N2O emissions by reducing the accumulation of inorganic N forms (Amours et al., 2023).
Hence, the lack of significant relationships between GHG emissions and soil or plant properties may imply that vegetation composition, growth and density (Ward et al., 2013), the presence of specific microorganisms (Cavicchioli et al., 2019) and crop management may have greater control. Nonetheless, it is important to highlight that the lack of significant correlations in this study does not necessarily mean that there is no relationship between the variables, but rather than the relationship may be more complex than expected, or more data and analyses are needed to understand the relationship.
The PCA results showed that GHGs were not key factors explaining the dynamics of variation of the soil samples. In this line, only CO2 emissions explained differences, and not between systems, but between years (Figure 3A). So, there was a temporal variability not related to management with regard to CO2 emissions, with no key effect of CO2 at explaining the variability of cropping systems. This is probably because CO2 is strongly influenced by the activity of soil microorganisms, which are in turn affected by environmental factors such as moisture and temperature, with higher environmental temperature, as average, during the first crop cycle. As environmental factors change between years, soil CO2 emissions can vary temporally (Li et al., 2008; Panosso et al., 2009). Besides, there was a negative relationship in PC1 between POC and cumulative CO2. This may indicate that owing to higher decomposition of organic compounds, the labile organic fraction decreased in those places with higher CO2 emissions (Paustian et al., 2000). This highlights the importance of including different organic C pools, which are more sensitive than SOC at explaining changes derived by management or environmental factors (Rocci et al., 2021). CO2 cumulative emissions were also negatively with EC, Na, Fe, Mn and Cu. Elevated level of metals and salts in soil can negatively affect soil microbial activity (Stuczynski et al., 2003). Moreover, a high content of salts in the soil can affect the availability of nutrients for plants (Fageria et al., 2011), which can reduce the release of organic compounds which activate microbial communities.
Although the cowpea contributed to less cumulative CO2e (Table 1), when expressed on a production basis, CO2e increased due to the lower overall crop production compared to melon. In this sense, intercropping systems have been significantly more productive and so efficient than cowpea monoculture. This is because in our experiment, intercropping helped improve soil fertility and nutrient use efficiency, leading to increased yields (Cuartero et al., 2022a; Cuartero et al., 2022b). Thus, the intercropping system can provide a more sustainable and profitable alternative to monoculture systems. Besides, intercropping can reduce costs by decreasing the need for external inputs such as synthetic fertilizers while increasing yield per unit area (Marcos-Pérez et al., 2023). According to our results, not all intercropping systems behave equally regarding GHG emissions per unit of product. The 1:1 and 2:1 cowpea intercropping systems, with lower overall crop production, showed significantly higher GHG emissions per unit of product compared to the cowpea monocrop. In contrast, mixed intercropping seems more efficient concerning GHG emissions per unit of product because it increases production and reduces GHG emissions with respect to the other two intercropping patterns. Therefore, melon growth based on intercropping with cowpea, mainly as mixed intercropping, reduced tillage and addition of crop residues can be a cost-effective and sustainable alternative for agricultural production with lower levels of greenhouse gas emissions per unit of product.
CONCLUSION
Our study shows that the implementation of intercropping systems can have important implications for both agricultural ecosystem and greenhouse gas emissions. The inclusion of cowpea in intercropping with melon increased soil CO2 emission rates likely due to active rhizodeposition and stimulation of soil microbial communities by the interaction of roots of different species. However, the growth of cowpea in the same space than melon increased land productivity by the harvest of new products, with no negative effect on the main crop, which was associated to lower CO2e per unit of melon. This can lead to a cost-effective and sustainable alternative for agricultural production with lower levels of GHG emissions. In this study, mixed intercropping led to a more efficient pattern because it increased production and reduced GHG emissions compared to the others. No effect was observed on N2O emissions in terms of cropping systems. The lack of correlations between GHG emissions, environmental factors and soil and plant properties in this study could be attributed to several factors, including the high temperatures owing to summer time, the high soil moisture level owing to irrigation, the availability of nutrients for microbial and plant growth, the organic management practices or the density and development of plants. Nonetheless, future research should delve deeper into these factors to better understand their influence on GHG emissions in agricultural systems.
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Treatment Cumulative CO,

Melon monocrop 1,083 + 17120 0.496 + 0.377
Cowpea monocrop 945 x 121° 0.029 + 0.260
Mixed 1,264 + 210*° -0.385 + 0.078
1:1 cowpea 1,384 + 226*° 0.485 + 0.527
1:1 melon 1,665 + 132 0.344 + 0.405
2:1 cowpea 1,316 + 75*° 0.355 + 0.760
2:1 melon 1,716 + 162 -0.131 + 0.507
F-value® 2.962" 0.539 ns

“Significant at **'p < 0.001; "p < 0.05; ns, not significant (o > 0.05).
Symbols “a” and “b” denote groups that aren't statistically different.

Cumulative CO,,
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1,421 £ 264
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Overall crop production
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