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Introduction: This study employs a separable household model to estimate the effect of agricultural subsidies on production and consumption decisions taken by farm households. The study used data from a household survey using a pre-tested schedule to develop and calibrate an agricultural household model.
Method: First, we calculated a price index for the model. The index was higher for non-agricultural commodity groups in all the categories of farm households. Expenditure on non-agricultural commodity groups was more than agricultural commodity groups.
Result and Discussion: Results indicated that for the agricultural commodity group, the estimated coefficients of linear expenditure system (LES) model were positive and less than one for all farm household categories except for the wage-price coefficient which was found to be negative. The estimates of profit function in the study area depict that the variable inputs were negatively related to the profit function and the fixed inputs were positively related to profit. Our study highlights a few crucial points – First, the removal of subsidies will decrease the demand for electricity, concentrate and irrigation by 80, 73 and 70 %, respectively. Second, removing subsidies will not only affect the demand for inputs but will also lead to a decline in the consumption demand for both agricultural and non-agricultural commodities. Third, this effect was found to be more prominent in the small and medium categories of farm households.

KEYWORDS
agricultural subsidies, separable household model, production, consumption, linear expenditure system


1 Introduction

The farmer-centric approach to agricultural policies was adopted in the 1960s when India transformed its agriculture sector during the Green Revolution. These policies required increased utilization of high-yielding seed varieties, fertilizers, and irrigation. However, a significant portion of the farming community, consisting of small and marginal farmers, found these inputs unaffordable. As a result, the government initiated subsidies on various inputs, including fertilizers, electricity, and seeds. This made agricultural inputs available at prices lower than the free-market rates, incentivizing increased input usage and subsequent production by farm households. Micro-level analyses on subsidies also indicated that the availability of expensive inputs at reduced prices led to the adoption of newer technologies (Narayanamoorthy, 1997). In fact, several studies demonstrated that lower input costs and the adoption of newer technologies resulted in increased incomes for farmers (Pandey and Khanna, 1980; Garg and Dhaliwal, 1982; Yadav et al., 1982). The lower input cost leads to an increase in the real income of the farmers, which gives the incentive to divert their additional income toward other income-generational activities. The adoption of newer technology leads to a shift in the frontier; thus, higher productivity and incorporation of diverse product range by farmers (Ruzzante et al., 2021).

However, there were other consequences as well, such as the failure to reach the intended targets in the case of fertilizer subsidies (Gulati, 1990) and a change in cropping patterns. Researchers have argued that subsidies have become unsustainable due to their high costs to the government (25% of government spending) (Jones, 2013). It has been suggested that without financial support, there will be an increase in the income gap between rural and urban areas, leading to depeasantization (Henningsen et al., 2009). Moreover, the long-term costs of subsidy programs outweigh the benefits and have negative effects on sustainable development (Fan et al., 2009; Jayne and Rashid, 2013). These factors have necessitated a re-examination of subsidies as a policy instrument for farmers' welfare. A research study in sub-Saharan Africa depicts that the subsidy on legume seeds increased land allocation and led to an increase in the area planted for legumes (Khonje et al., 2021). The analysis of farm households is of great importance, as one-fourth of the world's population is engaged in farming (Ellis, 1988). The success of agricultural policies implemented by governments depends on household characteristics and their decision-making processes. A typical farm household faces three intertwined decisions: production, consumption, and farm labor. To study the intricacies of these decisions, a separable household model was employed in this study. In India, a significant proportion of farmers are subsistence farmers, meaning that their farms are semi-commercialized, with some produce intended for the market and some for personal consumption. In agricultural production, essential resources, such as fertilizers, seeds, and hired labors, are procured through the market transaction, while other inputs, such as family labor, are used implicitly. Therefore, any policy change related to agricultural activities have an impact not only on production but also on input demand and labor supply.

Earlier studies have primarily focused on the effects of subsidies on farm income, overlooking the overall impact (Pandey and Khanna, 1980; Mishra and Goodwin, 1997; Acharya, 2000). However, an agricultural household is involved in both production and consumption activities, and policies that affect the prices of factors that are both produced and consumed have complex implications for production and the welfare of agricultural households (Sadoulet and de Janvry, 1995). Several econometric studies have been conducted in other countries to analyze the effects of specific subsidies on various aspects such as time allocation (Mishra and Goodwin, 1997; El-Osta et al., 2004; Ahearn et al., 2006; Dewbre and Mishra, 2007), productivity (Bezlepkina and Oude Lansink, 2006; Guan and Oude Lansink, 2006; Skuras et al., 2006; McCloud and Kumbhakar, 2008; Rizov et al., 2013), efficiency (Piesse and Thirtle, 2000; Giannakas et al., 2001; Karagiannis and Sarris, 2005; Hadley, 2006; Kleinhanß et al., 2007), and transfer efficiency (Bergström, 2000; Dewbre and Mishra, 2007).

In this study, we apply a separable household model to estimate the effect of government agricultural subsidies on farm households. The agricultural household model allows us to analyze the consequences of policy in three sub-dimensions. First, we examine the consumption preferences of sample households across different categories of farm households under budget constraints. Second, we analyze the effect of subsidy removal on the demand for inputs and labor across different categories of farm households. Finally, we investigate the impact of subsidy removal on the marketed surplus of farm households.

To achieve these objectives, Section 2 presents the theoretical model, analytical tools, and the methodology employed. Following the description of our approach, Section 3 focuses on the sample design, data collection, and descriptive statistics. Econometric results and analysis are presented in Section 4, and concluding comments are provided in Section 5.



2 Methodology and theoretical framework

Farmers receive subsidies for various inputs and activities related to growing crops, such as the purchase of seeds, fertilizers, electricity, farm implements, loans/credit, land leveling, reclamation, plant protection, as well as extension and training. Similarly, in livestock activities, subsidies are provided for the purchase of animals, feed, loans, insurance, and veterinary and health services. The calculation of subsidies at the household level is done using two approaches. First, subsidies are targeted at specific categories of farm households. Second, pro rata subsidies are estimated by multiplying the quantity of input used by the subsidy per unit. The amount of subsidy received by each household varies depending on the programs and schemes availed by the farmers and the amount of subsidized input used.

The subsidy for seeds, fertilizers, and electricity is estimated on a pro-rata basis, while the subsidy for loans, purchase of implements/animals, insurance, extension, and training is based on the items purchased under specific schemes meant for farmer categories, such as small and marginal farmers, SC & ST, BPL, or Antodaya. The subsidies provided by the government to different categories of farmers determine the effective prices paid by the farmers for different inputs and services. The effective price paid is obtained by subtracting the subsidy per unit from the market price per unit. These effective prices are used in the separable household model described below.

For the analysis, the Separable Household Model is used to determine the effect of subsidies on production, consumption, and labor supply. The farm household is assumed to maximize utility while considering factors such as time, budget/income, technology, and resources. Our model takes into account the linkages of farm subsidies, the endogeneity of input use, and farm production. In this model, as the prices are exogenous to the household and there are no transaction costs, it is irrelevant whether the household consumes its own produce or sells it off. Thus, there is a condition of separability where prices are exogenous, which is why this model is used.

Household models are designed to capture interactions so that policy interventions can be empirically estimated. The effects of policy interventions, such as subsidies distributed to farmers, impact not only the production decisions but also the consumption and labor supply of farm households. Therefore, household models are applied to analyze and understand the consequences of policy implications across these three dimensions. In the separable household model, consumption preferences depend on production through the common term known as full income. Full income includes not only the household's profit but also the imputed value of labor used for production. This is depicted in Figure 1, which illustrates the main biophysical and socioeconomic components of the model and their linkages. Profit serves as a key factor connecting both production and consumption activities/decisions.


[image: Flowchart illustrating the relationship between production and consumption decisions. In production, factors include input decisions, labor, land allocation, output, and fixed input allocation. Consumption involves expenditure decisions on agricultural and non-agricultural commodities, and labor supply. Work decisions impact total production, equating to total produce times output prices. Connections include farm and non-farm work, wages, market surplus, own consumption, prices, and production cost, influenced by market conditions and policy interventions. The ultimate goal is profit.]
FIGURE 1
 Structure of separable household model.


For the analysis, the production and consumption decisions in the household model were estimated as discussed below:


2.1 Production decisions

The production decisions depict how households respond to changes in product and factor prices. The production function of a farm illustrates the relationship between output and variable inputs used, such as fertilizers and seeds, as well as the fixed factors, such as land and capital. By utilizing duality, production relationships can be better understood by estimating the profit function, where normalized profit becomes a function of the relative prices of inputs and the value of fixed factors. The use of the profit function to estimate the production relationship has the additional advantage of providing an enriched specification and deriving input demand functions through the direct application of Hottelings-Shephard's Lemmas. The normalized profit function gives rise to corresponding factor demand and output supply equations.

In the present study, a Cobb-Douglas type of normalized restricted profit function was employed, as shown below:

[image: The formula represents a mathematical equation for the natural logarithm of πi. It is expressed as the sum of β0, the series of βj multiplied by the natural logarithm of (pji divided by pa), and the series of γk multiplied by the natural logarithm of zk.]

where the normalized profit function π* is the ratio of profit to price of output ([image: Greek letter pi over lowercase p subscript a.]). The pj is the effective prices of various variable inputs and zk is the value of fixed factors. The variable inputs considered in the function were labor, animal labor, machine labor, seed, fertilizer, electricity, feed, and fodder along with fixed inputs such as capital and land. The equation is homogeneous of degree one under restriction:

[image: Summation notation with the sum over \( k \) of \( \gamma_k \) equals one. Equation number two in parentheses.]

Output supply q and input demand xi function can be derived from the profit function. Output supply function was obtained by differentiating the profit function with respect to the price of a product. The input demand was obtained by taking a negative derivative of the normalized profit function with respect to the respective input price. The equations for the same is given as follows:

[image: The mathematical equation shows \( q = \frac{\partial \pi}{\partial p_j} = (1 + \beta_c) \frac{\pi}{p_a} \), labeled as Equation 3.]

And

[image: Mathematical equation showing \( x_i = -\frac{\partial \pi}{\partial p_j} = -\beta_j \frac{\pi}{p_j} \), marked as equation (4).]

The profit obtained from the profit function was then used to calculate y*, which acts as a hinge between production and consumption activities/decisions of a household as shown in the model above.



2.2 Consumption decisions

In a closed market, a farm household typically consumes what it produces and relies on its own labor. In this situation, consumption and labor decisions depend on the household's production and income. The literature offers two approaches for estimating demand: a single equation demand function, which pragmatically considers the observed behavior without explicitly incorporating economic theory, and a complete demand system of equations, which accounts for the mutual interdependence of a large number of commodities in the consumer's budget allocation and captures the consequences of simultaneous changes in variables (Subramanian et al., 2019). The single demand function may not fully satisfy the basic requirements of demand theory; therefore, complete demand systems are applied to estimate consumer preferences, taking into account the mutual interdependence of a large number of commodities subject to budgetary constraints.

The demand for different commodities in an agricultural rural household is further aggregated into three commodity groups (indexed by i = 1 to 3): demand for agricultural goods, demand for non-agricultural goods, and demand for home time. Here, we focus on explaining the demand for home time, which represents the time required for leisure and fulfilling personal and family needs. Consumption decisions involve a trade-off between allocating time for home-related activities and consuming goods that require more income and, consequently, more work. As a result, the demand for home time will decrease. To estimate the demand functions for agriculture, non-agriculture, and home time, the linear expenditure system (LES) was applied. The LES, developed by Stone (1954), is derived from the Stone–Geary utility function, which takes the following form:

[image: Mathematical expression depicting a variable \( u = \prod_{i=1}^{n} (q_i - c_i)^{b_i} \) under constraints: \( 0 < b_i < 1 \), \( \sum_{i} b_i = 1 \), and \( (q_i - c_i) > 1 \).]

The ci is the minimum subsistence consumption of ith commodity or “committed” quantities below which consumption cannot fall. The qi is the actual quantity of ith commodity consumed and bi is the marginal budget share, which tell how expenditure on each commodity changes as income changes. The demand functions derived from maximization of this utility function under a budget constraint constitute (y = ∑piqi), when written in logarithmic form is known as a linear logarithmic expenditure system of the following type:

[image: Mathematical equation showing \( p_i c_i = y' (a_0 + \sum_k a_{q_k} \ln p_k + a_{d} \ln A_d) \), with equation number (6).]

Where y* is the full income of the household, which is comprised of profit, total time endowment, and transfer payments as shown below:

[image: Equation showing \( y' = \pi + p_{t}EA_{w} + S \), followed by the reference number (7).]

The other variables in Equation 3 are pl the wage rate, Aw the number of workers in a household, E the total time endowment available per worker, and S net transfers (positive or negative).

In equation, pk is the prices of the different goods (agricultural commodity, non-agricultural commodity, and home time) and Ad is the number of members in the household. To run the equation, shares of expenditure on the ith group of each commodity (piqi/y*) and price indices were formed for different commodity groups. Thus, the dependent variables used in demand function were share of expenditure on each commodity group from total expenditure of household, price index of each commodity group, and number of dependents as independent variables. The system of equations was estimated subject to restrictions on its parameters as follows:

[image: Summation equations: the sum of \(a_{i0}\) is equal to 1, the sum of \(a_{ik}\) is equal to 0, and the sum of \(c_{ik}\) equals the sum of \(a_{iz}\) which is equal to 0. The equations are labeled as equation 8.]

In the linear logarithmic expenditure system, a set of simultaneous equations exists that are highly interrelated. To obtain more unbiased estimates of parameters compared to ordinary least squares (OLS) estimates, Zellner (1962) method for iterative seemingly unrelated regression (SURE) technique was employed to estimate the model. This technique is used due to the singularity of the covariance matrix among residuals and the satisfaction of the budget constraint. Out of the three demand equations, the parameters of two equations were estimated using SURE, while the parameters of the remaining equation were estimated using an adding-up restriction.

In our analysis, the demand equation for home time was estimated using the aforementioned procedure. The other two equations were as follows:

[image: Equations for wage determination: \(W_{ag} = c(1) + c(2) \times \ln(p_a) + c(3) \ln(p_{na}) + (0 - (c(2) + c(3))) \ln(ht) + c(4) \ln(ad)\). \(W_{naq} = c(5) + c(3) \ln(p_a) + c(6) \ln(p_{na}) + (0 - (c(3) + c(6))) \ln(ht)\).]

Where “Wag” denotes the share of the agricultural group of commodities in total household expenditure; “Wnag” denotes the share of the non-agricultural group of commodities in total household expenditure. The pa and pna denote the consumer price index of agriculture and non-agriculture commodities group of commodities, respectively. The “ht” denotes the price/wage index for home time and “ad” denotes the number of members/dependents in the household.




3 Survey design and data

To apply the HH model, household-level primary data were collected from three states. The analysis was conducted across household categories. The following section delineates the basic sampling design used to select households for data collection.


3.1 Sampling design

A multistage simple random sampling technique was utilized to select farm households across three states. In the first stage, all states in India were divided into three categories: high, medium, and low, based on the Agriculture Development Index (ADI) (refer to the Appendix for details). Using the cumulative square root frequency method, the states were categorized as low (ADI <0.3886), medium (ADI ranging from 0.3886 to 0.5993), and high (ADI > 0.5993). One state from each category was then randomly selected. Thus, Haryana was selected as the high agriculturally developed state, Rajasthan as the medium developed state, and Odisha as the low developed state, with ADI values of 0.6699, 0.4373, and 0.1778, respectively.

In the second stage of sampling, one district was purposefully selected from each state based on the criteria of satisfying the average conditions of the state in terms of per capita income and agricultural productivity. As a result, Jind, Udaipur, and Sundargarh districts were selected from Haryana, Rajasthan, and Odisha, respectively. In the next stage, two blocks were randomly chosen from each district. Finally, clusters of villages were selected from these blocks for data collection. A schedule was developed for this purpose and pre-tested before the final data collection.

Data on various variables were collected from 300 typical agricultural households, representing the three categories of states categorized based on agricultural development parameters. Information was gathered on the production and consumption activities of the households, as well as their assets, such as land, buildings, and herd size. The households were further categorized into small (<2 hectares), medium (2–10 hectares), and large (>10 hectares) using the standard landholding criterion. Consequently, there were 205 small-category farm households, 60 medium-category farm households, and 35 large-category farm households. Data were collected on all aspects of household consumption and production, including subsidies received under different components. Information on output prices, input prices, loans availed, expenditure on various food items (e.g., cereals, pulses, beverages, and tobacco), and non-food items (e.g., clothing and footwear, gross rent and fuel, household furnishings and operations, and other expenditures) was also recorded at the household level. To analyze production, data on the quantity and value of inputs used in both crop and livestock production were collected.



3.2 Baseline characteristics of sampling unit

The baseline characteristics of the sample are described under two subheadings: A. Household characteristics and B. Subsidies received at the farm household level.


3.2.1 Household characteristics

The average values of socioeconomic characteristics are based on data collected from 300 households in three states: Haryana, Odisha, and Rajasthan. The sample of 300 farm households was post-stratified into three categories of farmers: small, medium, and large, based on the standard landholding criterion. The sample comprised 205 small-category farm households, followed by 60 medium-category farm households, and 35 large-category farm households. Since household decisions are influenced by the sociodemographic characteristics of the household, it is important to collect information on these variables, which are presented in Table 1.


TABLE 1 Household characteristics among different categories of farm households.

[image: Table showing average family size, education level, and land ownership across farm household categories: small, medium, large, and overall. Average family sizes are 4.37, 5.97, 6.46, and 4.93 respectively. Education levels are segmented as illiterate, primary, secondary, higher secondary, and graduate and above, with varying percentages across categories. Land owned is 2.24 hectares for small, 7.23 for medium, 11.09 for large, and 6.85 overall. Source data is from primary sources.]

Agriculture in India is a labor-intensive activity and is highly dependent on the family size of farm households. Among the different farm household categories, the family size was found to be highest in the large farm size category, with an average of seven members. Furthermore, the average family size increased with the increase in farm size categories. In the study area, the majority of farm household heads had primary education. Among the farm household categories, the highest proportion of educated farmers was found in the large farm household category (90%), followed by the medium category (84.45%) and the small category (82.67%). The average landholding of the sampled households was found to be 6.85 hectares, with the highest landholding observed in the large farm size category. The categorization of farm households was based on the standard landholding criterion in India.




3.3 Household-level subsidies

Before using the household model, it is important to understand the extent of total and per-unit subsidies received at the farm household level in the study area. The estimation procedure mentioned in the methodology was used to compute the amount of subsidies received by farm households. Subsidies are provided on different inputs to farmers, and the total amount of subsidies received depends on the quantity of inputs used by the farm households (refer to Table 2).


TABLE 2 Subsidy received among different categories of farm households.

[image: Table showing subsidy received in Indian Rupees by different categories: Small, Medium, Large, and Overall. Categories include Crop and Livestock Sectors, with Total and Per hectare. Percentages indicate row total.]

From the table, it can be deduced that the total amount of subsidy received by farm households in the study area was found to be Rs. 25,472 per year, with a per-hectare subsidy of Rs. 5,965. The subsidies on inputs were computed for both the crop and livestock sectors for different farm households, and it can be observed that the crop sector subsidy was approximately more than 10 times that of the livestock subsidy received at the household level. The share of livestock subsidy received at the household level was higher (around 6%) than its share at the national level (<2%) due to the inclusion of only agriculture households with integrated dairy activities in the study. In states such as Punjab and Haryana selected for the study, the livestock production systems are relatively more productive and commercialized, while in most other states, especially in eastern and north-eastern regions, they are primarily subsistence-oriented (Birthal, 2022). Moreover, the concentration of private investment is higher in these states owing to its higher potential.

Farm subsidies account for 2% of India's GDP, with input subsidies forming the highest percentage of farm income at 18.17%, while price support subsidies per hectare account for 2.46% of farm income per hectare.1 Clearly, the subsidy received at the household level was found to be highest in large farm households. The total subsidy also increased across farm household categories, as the total amount of subsidies received is directly related to the amount of inputs used, representing implicit subsidies. The amount of subsidy received per household was not only the highest in the case of large households in absolute terms but also on a per-hectare basis, indicating a greater dependence of large farms on subsidized inputs. The plausible reason behind it is better linkages with the market and better access to resources. Moreover, large households have more subsidized inputs, which makes them a high bearer of subsidies. The results show that the per-hectare subsidy was found to be the lowest in medium farm households, which may be attributed to their ability to afford inputs and services from private vendors, making them less dependent on subsidized inputs. Table 3 presents the unit of input subsidies received by different categories of farm households.


TABLE 3 Subsidy received per unit of inputs by different categories of farm households.

[image: Table showing input costs in Rs. per unit for small, medium, large, and overall categories. Inputs include seeds, fertilizer, irrigation, machine labor, electricity, and concentrate. Seeds cost Rs. 34.09, 10.00, 5.00, and 21.90 respectively. Fertilizer costs are Rs. 15.78, 15.87, 15.41, and 15.72. Irrigation consistently costs Rs. 50 per day. Machine labor costs Rs. 14.26, 14.80, 13.87, and 13.22. Electricity is Rs. 5.99 per kwh across all. Concentrate costs Rs. 5.00 for all. Source notes estimation based on primary data, with irrigation averages 8 hours per day.]

From the table, it can be clearly seen that the highest per unit subsidy was received for seeds, fertilizer, and irrigation, followed by the machine labor at farm households. These are the results of the primary data collected from 300 farm households. The subsidies received by small and medium farm households were found to be higher as compared to large farm households. Generally, at the farm level, the amount of subsidies received depends on the quantity of inputs used by farm households for the inputs for which subsidies are given implicitly. For more well-off farm households, there will be an increase in the use of inputs, thereby increasing the implicit subsidies. Government policy interventions such as subsidies affect both the consumption and production decisions of farm households. For estimating the effect of this policy intervention, a household model was employed in the study. Empirical estimates of the model are discussed in the following section.




4 Results and discussion


4.1 Empirical results of household model

In a separable approach, these decisions were estimated separately and then integrated through profit. The consumption function of the household was estimated using linear logarithmic expenditure demand systems, and the production approach consisted of using profit function with Cobb-Douglas specification. The demand system consisted of three groups of equations separately for agricultural commodities, non-agricultural commodities, and home time, which were estimated simultaneously with complete demand restrictions as discussed in the methodology. The systems approach permits the imposition of demand theory restrictions and provides more-efficient parameter estimates than a single OLS estimation of each equation (Ahmadi, 1998). The usefulness of the system approach is that it yields maximum likelihood estimates invariant to the equation deleted in the final model estimation (Chalfant, 1987). Since agriculture and non-agriculture commodities are comprised of a number of individual commodities consumed in different quantities, the price indices of these commodities were used instead of actual prices. For the calculation of price indices, expenditure share (Figures 2, 3) on each commodity was computed and multiplied with the price of commodities calculated per household. Figure 2 gives an overview of the average price indices of different commodity groups under different categories of farm households.


[image: Line graph depicting expenditure on commodity groups: agricultural, non-agricultural, and home time. Four lines represent different scales: small, medium, large, and overall. Expenditure peaks at non-agricultural commodities, with values highest for overall and lowest for small.]
FIGURE 2
 Average price indices of different commodity groups.



[image: Stacked bar chart showing budget share percentages of farm households by category: Overall, Large, Medium, and Small. Categories include Agricultural Commodities (blue), Non-Agricultural Commodities (orange), and Home Time (gray). Overall: 9.39%, 35.31%, 55.29%. Large: 12.33%, 71.1%, 16.56%. Medium: 12.34%, 53.21%, 34.46%. Small: 8.03%, 23.97%, 68.01%.]
FIGURE 3
 Budget share of different commodity groups (%). Source: estimation based on data from primary sources.


Among farm households, the price indices of both agricultural and non-agricultural commodities increased with an increase in farm size categories due to differences in the quality of the commodities consumed. The figure indicated that in the case of the non-agricultural commodities group, as discussed earlier, the index was higher as compared to the agricultural commodities group. Among farm household categories, the price index was highest for large farm size categories and least for small farm size categories. The percentage of budget share was highest for non-agricultural commodities group in farm size categories except for small farm size categories, and the lowest percentage figures were found for the agricultural commodities group among all farm size categories of households. In the case of small farm size categories, the study revealed that the percentage of budget share was highest for home time group, which comprises 68% of total expenditure. The home time group consists of the imputed value of off-farm work, and its high value reveals that after getting subsidies, small farm size categories had more off-farm work than working on the farm. This poses serious consequences on bringing farmers to the field to avail subsidies and the effectiveness of subsidy programs, especially those that involved cash transfers. The home time group was followed by the non-agricultural commodities group with 23% of the budget share, and the least was found for the agricultural commodities group with 8%. While in medium farm size categories, the highest percentage share was found for the non-agricultural commodities group with 53% of total expenditure, followed by the home time group with 35% of total expenditure, and the least was noted for agriculture commodities group with 12% share of total expenditure. In the case of large farm size categories, the highest percentage share was found for the non-agricultural commodities group with more than half (71%), followed by the home time group with 16%, and the least was again for the agricultural commodities group. This trend of percentage share of budget expenditure explains the general assertion that in India, urbanization and economic growth hassled consumers to find more alternatives in their expenditure decisions. There was a shift in expenditure patterns from agricultural foods such as cereals and pulses to other non-food items. The study by Agbola (2000), using data from the National Sample Survey Organization (NSSO) of India, found similar results where budget share on cereals declined by 38% while the expenditure trend of non-food items was found to be increasing.



4.2 Estimates of linear expenditure systems

The consumption approach of the household model was solved using logarithmic linear expenditure system model estimation, and the results for different farm categories of households in the study area are presented in Table 4.


TABLE 4 Empirical results of linear logarithmic model of consumption with separable household model (price elasticities).

[image: Table detailing coefficients for agricultural and non-agricultural commodities, and home time across small, medium, large, and overall categories. Significant coefficients are marked with asterisks. Variables include constants, agricultural and non-agricultural price coefficients, wage price coefficient, and number of dependents. The number of observations for each category is listed at the bottom.]

The system of equations was estimated for preferences of consumer behavior for agricultural, non-agricultural, and home time. In the agricultural commodities category, all food items, such as cereals, pulses, meat, and dairy, were taken into account, while in the non-agricultural commodities group, demand for non-agricultural goods, such as electricity, fuel, entertainment, clothing and footwear, medical services, and durable goods and services, were taken into account. The system equations estimation gives more efficient parameter estimates than OLS estimation. The parameters of the omitted equations were estimated using the adding-up theorem. The usefulness of the system approach is that it yields maximum likelihood estimates invariant to the equation deleted in the final model estimation (Chalfant, 1987).

Table 4 depicts a maximum likelihood (ML) estimate for the LES model estimation for different farm household categories. From the perusal of the table, it can be found that for the agriculture group of commodities, the estimated coefficients were positive and <1 for all farm household categories except for the wage-price coefficient, which was found to be negative. The empirical explanation for price elasticities in the logarithmic functional form underlines that when there is a one-percentage change in the price of agricultural commodities, it leads to <1 unit change in demand for agricultural commodities. The results were found to be in conformity with the study of Agbola (2000), in which the price elasticities of food groups were found to be <1. The coefficients were found to be statistically significant for all categories of farmers except large farm households. The price elasticities of other groups were found to be negative, which depicted that the increase in price led to a decrease in demand for the agriculture group of commodities, while none of the coefficients of elasticities were found to be >1. The base explanation for the logarithmic model used for the estimation of price elasticities lies in the positive coefficient indicating that the increase in price led to an increase in demand for the commodity group, whereas the negative value indicates opposite results. Adding to it, each category of consumption varies with permanent income, and the purchase of goods is not correlated to transient income (Deaton and Wigley, 1971).



4.3 Estimates of normalized profit function

Production decisions do not affect the consumption decisions directly, but it depict how a farm chooses its production pattern. For production, different fixed and variable inputs are used for the production of an output. For the analysis of production decisions in a household model, Cobb-Douglas production function was used to estimate the profit function. Variable inputs in the study were labor, irrigation, electricity, fertilizers, seeds, green fodder, dry fodder, etc., while fixed inputs used were capital and land. A farm household aims at maximizing profit on the farm, which is a restricted profit that is assumed to be subject to constraints. In the function, the profit and prices of inputs used were normalized based on output prices. The coefficients of inputs were found using Cobb-Douglas production function. Table 5 gives an overview of coefficients estimated through the production function.


TABLE 5 Estimates of normalized profit function.

[image: Table titled "Coefficients of Normalized Profit Function" shows coefficients and standard errors for small, medium, large, and overall categories, with specific significance levels marked. Categories include intercept, seeds, fertilizer, and others. R-squared values and sample sizes are listed at the bottom. Significance levels are denoted by asterisks: double asterisk for 1 percent and single for 5 percent. Source notes data from primary sources.]

From Table 5, it can be noted that prices of variable inputs generally carried a negative sign showing that they had a negative relation with profit, while fixed inputs had a positive sign depicting a positive relationship with profit. In the research conducted within the study area involving 300 farm households, a significant association was observed between profit and specific factors. Notably, irrigation, concentrate prices, and land inputs displayed distinctive relationships with profit. Irrigation and concentrate prices exhibited negative correlations, whereas the fixed land input demonstrated a positive relationship. In the small farm size category of households, prices of all the variable inputs were found to be having a negative relationship with profit, in which the effect of seeds and manual labor was significant on profit. The coefficients of both irrigation (−0.298) and dry fodder (−0.277) were higher; thus, the magnitude of the effect on profit was also higher. For medium farm households, signs of coefficients of variable inputs were similar to those in small farm households, in which prices of fertilizer were found to be negative and significantly related to profit. In fixed inputs, coefficients of both land and capital were found to be positive, but the land was having a significant effect on the profit of the household. In the large farm size category of households, coefficients of prices of variable inputs had negative signs depicting its negative relationship with profit. In large farm households, the coefficient of capital was found to be positively and significantly related to the profit of households. From the table, it was evident that the use of inputs had a negative relationship with its prices. This relationship was found to be in conformity with study by Komarek et al. (2017) where fertilizer was the input discussed in the study and they found negative association between fertilizer prices and fertilizer used.



4.4 Effect of removal of subsidies on input demand

To trace the effect of subsidies, we have estimated the change in demand for inputs upon the removal of subsidies. The details on the change in absolute demand for different inputs are presented in the Appendix. Table 6 depicts only the percentage change in demand for inputs after the removal of subsidies. From the analysis of the household model, the estimated percentage change in demand after the removal of subsidies depicts that there was a substantial decrease in demand for all the inputs. Overall, the removal of subsidies is going to decrease the demand for electricity, concentrate, and irrigation by 80, 73, and 70%, respectively. From the table, it can be deduced that percent decrease in demand for inputs was lower for large farm households. This implies that the removal of subsidies had more effect on small and medium farm households than large farm households. The plausible reason behind this is the nature of subsidies being given to different categories of farmers, where small farmers were prioritized in the disbursement of subsidies to enhance the use of inputs at the farm level (Deshpande and Reddy, 1992; Sharma and Thaker, 1992; Skaggs and Falk, 1998).


TABLE 6 Effects of removal of subsidies on input demand across farm households (% change).

[image: Table showing the use of inputs by farm households categorized as Small, Medium, Large, and Overall. Inputs include Machine labor, Electricity, Seed, Fertilizer, Irrigation, and Concentrate. Values are negative, with Overall showing the impact as follows: Machine labor -49.19, Electricity -79.68, Seed -39.83, Fertilizer -51.22, Irrigation -69.52, Concentrate -72.90. Source: Estimation based on primary data.]

In small farm household demand for machine labor and electricity were found to be having highest percent decrease in demand (−83.54 %) followed by concentrate (−78.05 %) and irrigation (−75.30 %). For other inputs such as seeds and fertilizer, there was a decrease of 62.96 and 67.07% in demand after the removal of subsidies. A perusal of Table 6 unveils that the highest percentage decrease in demand for inputs in medium farm households was seen in the case of demand for electricity, followed by concentrate and irrigation with 86, 81, and 78% decrease. For all the inputs, the percentage decrease in demand was found to be more than 50% in medium farm households. In the case of large farm households, the highest percentage decrease in demand was found for electricity, concentrate, and irrigation, with 60% to 70% decrease, while there was a 30% decrease in the demand for fertilizer after the removal of subsidies. The results find conformity to the study by Druilhe and Barreiro-Hurlé (2012) that if the inputs are being used by households facing market failure, having reduced costs, its demand will increase, thereby increasing the production. But at the local level, farmers need to be aware of the use of these subsidies as it may generate additional demand (Dorward and Chirwa, 2013), certainly which will be reduced if it is removed.

In a separable household model, consumption and production decisions are interlinked with each other through a hinge, i.e., profit. The agricultural household model measures the welfare effect through the interaction of these. Profit is a factor that affects both production and consumption among households. More is the production, hence more is the profit. Table 7 depicts the effects of the removal of subsidies on production, consumption, and marketed surplus of agricultural commodities and the labor supply of farm households.


TABLE 7 Effect of removal of subsidies on household production, consumption and marketed surplus of agricultural commodities and the labor supply (Source: estimation based on data from primary sources).

[image: Table comparing the impact of subsidy removal on small, medium, and large farm households. Metrics include production, consumption, marketed surplus (in Kg per household), and labor supply (in hours per household). Significant decreases are noted in production, consumption, and surplus for all farm sizes, with small farms experiencing the largest percentage change. Labor supply increases minimally across all groups.]

Withdrawl of all the input subsidies has registered a 39% decline in the production, consumption, and marketed surplus of agricultural produce. However, labor supply has increased. It can be observed from the withdrawal of subsidy that the production of agricultural commodities will reduce from 205.54 kg to 125.32 kg per household. A similar effect can be seen in consumption and marketed surplus of agricultural commodities. It is to be noted that the reduction in all three factors (production, consumption, and marketed surplus) was found to be highest in small farm households, i.e., around −50%, followed by medium farm households (−36.15%) and large households (−18.53%). The results were found in line with the results that farmers may enter into a savings mode since they have access to subsidized inputs without any increase in farm productivity, which may be true in large farm household category (Kato and Greeley, 2016). There was a noted effect of the removal of subsidies not only on the consumption of staple food but also on the non-food items, and thus, the results were found in line with available literature (Rosegrant and Kasryno, 1991; Stifel and Randrianarisoa, 2004).

Nevertheless, the percentage change in labor supply was found to have increased. It is convinced that the removal of subsidies will lead to a decrease in demand for home time because in the absence of subsidy, farmers are to work more to maintain their income level, which ultimately increases the labor supply. Home time is an off-farm time spent by an individual in meeting his household social, personal, and family requirements. Leisure is assumed to be a normal good, and an increase in income through government payments will lead to an increase in unambiguous leisure and a decrease in work time. A thorough analysis of Table 7 states that when there is a removal of subsidy on inputs given to farm households, there is a decrease in demand for home time while the labor supply increased. Basically, a household confronts constraints in deciding how much time to devote to on-farm, off-farm, and leisure. Diminishing marginal factor productivity of farm household labor plays a role in deciding how much time to devote on-farm vs. off-farm work. Although the overall percentage change in labor supply was negligible (0.16%), it was found to be highest in the case of medium farm households (2.53%), followed by small households (1.86%), and the least percentage increase was noted for large farm households (0.95%). There were varied results claiming both positive and negative association of government payments with labor supply in the literature. On one hand, Dewbre and Mishra (2007) found that payments tend to increase the time allocated to leisure as the effect of payments mainly depends on intra-household time allocation. While, on the other hand, the study by Mishra and Goodwin (1997), found that such payments reduced off-farm work since they provided an additional source of income to farmers, thus decreasing off-farm employment.




5 Conclusion

Our results provide insights to the effects of the removal of subsidies as it is likely to have serious implications not only on the production side but also on consumption at the farm household level. Studies using household model have not been conducted in India using cross-sectional data, so our study is a novel approach in this regard. Nevertheless, we cannot deny the fact that there is a constraint of having a sophisticated database. Adding to the limitations of the study, it may have few prior studies for comparable studies to draw upon. Moreover, the study does not fully explore the regional subsidy programs or potential alternative policies. The study paves a future path for research on subsidies to trace its trajectory with clear policy outcomes. Earlier studies have indeed concluded subsidies to be unsustainable in the long run, but we emphasize that complete removal may lead to food insecurity and a decreased standard of living for farmers. This is the reason behind direct benefit transfer started by the government, which is evolving and eventually falling into place. It may be due to the fact that subsidies are targeted at input price and input use. Subsidies on inputs, such as fertilizers, seeds, implements, and irrigation, are implicit subsidies and less use of these inputs infers that small and marginal farmers in the study area were less likely to be benefitted from subsidies. This was primarily due to the untargeted input subsidies, which benefit farmers who are using it more, often the large farmers. On the other hand, output prices are less remunerative to bear the effect of removal of subsidy and ultimately reduce the profit and income of the household. Consumption and production decisions are interlinked with each other, though the hinge, i.e., profit and the welfare effect is measured through the interaction of these. The empirical findings of the household model depict that removal of subsidies will not only affect the demand for inputs but will also lead to a decline in the demand for consumption of both agricultural and non-agricultural commodities. The effect of removal of subsidies was found to be more prominent in small and medium farm households, which implies these households were prioritized while channeling the subsidies. This underscores the importance attached to Direct Benefit Transfer (DBT) to the small and marginal farmers. Moreover, the study may help in tracking leakage and environmental damage caused due to overuse of subsidies. Thus, with proper planning, clear policy outcomes, and long-term vision, further research to document both primary and secondary outcomes of subsidies in India needs to be done to decide upon a structured course of action for subsidy distribution.
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Sequestration of carbon (C) in arable cropping systems is considered one of the potential climate change mitigation strategies. In this context, assessing the potential of sugarcane cropping systems should be a priority, as it leaves substantial amounts of recyclable residues essential for maintaining soil organic carbon (SOC), improving soil health, and strengthening overall resources. We evaluated the impacts of residue retention and nutrient management practices on SOC and its pools, storage, soil biology, and yield in a multi-ratooning sugarcane system. A field experiment was conducted in the split-plot design with residue burning (RB) and residue retention (RR) as the main plot treatments and three nutrient management practices, that is, 25% of the recommended dose of fertilizers (RDF, i.e., 300:150:150 kg of N, P2O5, and K2O kg ha−1, respectively) as basal + 75% through fertigation (N1); 50% of RDF as basal + 50% through fertigation (N2); and 75% of RDF as basal + 25% through fertigation (N3) as subplot treatments in ratoon sugarcane. Soil samples were collected initially and after 6 years of multi-ratooning (one plant and four ratoon crops) from a soil depth of 0–30 cm. The results indicated that RR plots had 21% higher total SOC with 42, 47, 17, and 13% higher very labile, labile, less labile, and non-labile C pools, respectively, than RB plots (P < 0.05). RR also had a higher lability and recalcitrant index than RB. Of the total SOC stock, the contribution of passive pools was higher (72–75%) than active pools. Significantly higher dehydrogenase activity (DHA) (86%), alkaline phosphatase activity (APA) (16%), and ß-glucosidase activity (BGA) (22%) were observed in RR plots as compared to RB plots, whereas for nutrient management practices, it followed the order of N2 > N3> N1. Microbial counts also followed the same trend as that of enzyme activities. Residue retention practices reported higher C sequestration (0.68 Mg C ha−1 yr−1), carbon retention efficiency (37%), and yield (38%) with a potential to reduce GHG emissions by 2.72 Mg CO2 ha−1 yr−1 as compared to traditional practices. Residue retention and 50–75% RDF as basal is recommended for higher soil C retention and soil biology for sustained sugarcane productivity.
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crop residue, carbon retention efficiency, enzyme activities, microbial count, multi-ratooning sugarcane, nutrient management, soil organic carbon


Introduction

Rising levels of atmospheric carbon dioxide (CO2) have drawn global attention to the increasing potential of soils to store carbon (C). For this reason, resource conservation technologies have been applied to different cropping systems (Das et al., 2013; Parihar et al., 2018; Datta et al., 2019; Jat S. L. et al., 2019; Somasundaram et al., 2019) where regular addition of crop residues was quite effective in C sequestration and enhancing nutrient availability. In addition to being the primary indicator of soil health, soil organic carbon (SOC) provides energy and substrates to promote biological diversity and ecosystem functionality (Wendling et al., 2010). In this context, assessing the potential of cropping systems with large biomass production ability, such as rice–wheat and sugarcane-based, should be a priority, though the former has been evaluated at large (Gathala et al., 2013; Singh and Sidhu, 2014; Choudhary et al., 2018; Jat H. S. et al., 2019; Singh et al., 2020; Datta et al., 2022). Sugarcane is a long-duration crop (12–18 months) with the possibility of taking multiple ratoons (Suman et al., 2009). It leaves substantial amounts of recyclable residues (8–10 t ha−1), which are essential for maintaining SOC, improving soil health, and strengthening overall resources. Moreover, the SOC stocks are comprised of labile or active pools and stable, passive, or recalcitrant pools with varying residence times. In general, labile C pools have rapid turnover rates (<5 years) and act as a source of food for soil microbes, thus influencing soil nutrient cycling and productivity, whereas passive C pools with longer stability help in higher C sequestration (Datta et al., 2018; Jat H. S. et al., 2019). However, further evaluation of the dynamics of sequestered C to assess the temporal fate of different pools should help in developing strategies to counter the challenges posed by climate change.

Declining soil health in many sugarcane-growing areas is also a major concern among farmers. In general, a sugarcane crop yielding 100 ton ha−1 removes approximately 200–250 kg of nitrogen, 120–150 kg of phosphorous, and 175–225 kg of potassium from the soil. In India, an estimated plant nutrient removal of 34 million tons is reported as against the estimated nutrient consumption of 18 million tons, thus indicating an erratic and imbalanced crop nutrient management (Yadav et al., 2019). This imbalanced management, in turn, has resulted in a decline in the average cane productivity of plant crops and ratoons to 78–90 and 48–60 Mg ha−1, respectively, over the last two decades. A normal yielding sugarcane crop (100 Mg ha−1) produces 8–10 Mg of recyclable residues in the form of dried leaves (trash), root biomass, and stubbles, in addition to rhizodeposition, which are essential for maintaining SOC (Suman et al., 2009). However, residue burning either before or after harvest is a common practice among farmers (Bhuvaneshwari et al., 2019; Dutta et al., 2022), which not only results in losses of surface organic matter, SOC, essential nutrients, soil enzymatic activities, and soil microflora but also causes environmental pollution. If returned to the soil, these residues will enrich the soil with nutrients and organic C. Later, these residues also play a major role in diversified and abundant microbial populations that act as agents of transformation of soil organic matter, nutrient cycling, and energy flow among other ecosystem functions (Six et al., 2002). Soil enzyme activity is one of the potential indicators of soil health due to its rapid response to management changes and environmental factors (Mohammadi, 2011). Changes in residue recycling and nutrient management practices induce significant changes in the quantity and quality of plant residue entering into the soil, their seasonal and spatial distribution, the ratio between shoot and root inputs, and nutrient dynamics, all of which influence soil microorganisms and soil microbial processes (Govaerts et al., 2009). In this context, the present study was conducted to assess the effect of different residue and nutrient management practices on the SOC, its pools, soil biology, and yield in a multi-ratooning system of sugarcane in black clayey soils under hot semi-arid regions. The specific objectives were as follows: (i) to assess the impacts of residue and nutrient management practices on total SOC stock, size of its pools and their dynamics, soil enzymatic activity, microbial count, and yield, and (ii) to study the effect of C addition on SOC storage in black clayey soils of hot semi-arid regions.



Materials and methods


Experimental site, climate, and soil

A field experiment was conducted for 6 consecutive years (2016–2022) at a research farm (18°09′30.62″ N, 74°30′ 03.08″E and 570 m above mean sea level) of ICAR–National Institute of Abiotic Stress Management (NIASM), Baramati, Maharashtra, India (Figure 1). The site is part of a hot semi-arid agro-ecological region (AER-6) in the Deccan Plateau of India and is characterized with extremely high temperatures, erratic rainfalls, and prolonged dry spells. The long-term average annual rainfall is 576 mm, which is restricted to the southwest and retreating monsoon. The contribution of southwest monsoon (June–September) and post-monsoon (October–December) rainfall is approximately 70 and 21%, respectively. The maximum and minimum temperatures, the maximum and minimum values of relative humidity, and average values for rainfall and sunshine hours during the six consecutive study periods were 32.8°C and 18.8°C, 70 and 42%, 617 mm, and 6.5 h, respectively (ICAR–NIASM Agromet Observatory). The soil type at the study site is black with a clayey texture (13% sand, 20% silt, and 67% clay), which was determined according to the International Pipette Method (Baruah and Barthakur, 1999). The pH (soil: water 1: 2.5) and electrical conductivity (EC) were calculated following standard methods, and the values were 8.1 and 0.24 dS m−1, respectively (Jackson, 1973). The bulk density (BD) (1.28 Mg m−3) and soil organic carbon (0.58%) were determined using a core sampler (Blake and Hartge, 1986) and wet oxidation method (Walkley and Black, 1934), respectively.


[image: Map showing the location of Maharashtra in India, highlighted in yellow. An inset displays a detailed view of Maharashtra, and another inset shows the ICAR-NIASM experimental plot outlined in red. Scale bars indicate distances.]
FIGURE 1
 Location map of the study site.




Experimental layout, soil, and crop management

The experiment was laid out in a split-plot design comprised of two residue management practices (RB: residue burning and RR: residue retention) in main plots and three nutrient management practices (N1: 25% recommended dose of fertilizer [RDF i.e., 300: 150:150 kg of N, P2O5, and K2O kg ha−1, respectively] as basal + 75% by fertigation; N2: 50% RDF as basal + 50% by fertigation; and N3: 75% RDF as basal + 25% by fertigation) in sub plots having three replications. The experiment was initiated on July 2016 using the sugarcane variety MS−10001, which was transplanted at 120 × 60 cm spacing. The gross and net plot area under each treatment was 10 × 4 m and 8.5 × 3.5 m, respectively. The fresh crop of sugarcane was harvested in January 2018 (18 months), whereas subsequent four ratoon crops were harvested in January of each year until 2022 (Figure 2). The irrigation method applied was through drip, and all other recommended crop production practices required for the crop (weeding, earthing up, and crop protection measures) were followed. The cultivation procedures including planting and harvesting time, tillage, residue, and nutrient management schedules are described in Table 1.


[image: Illustration showing a sequence of sugarcane growth stages from initial planting in July 2018 to Ratoon-IV in January 2022. Each stage, labeled Plant crop, Ratoon-I, Ratoon-II, Ratoon-III, and Ratoon-IV, depicts increasing plant height. The timeline at the bottom indicates the progression through these stages.]
FIGURE 2
 Planting and harvesting time of sugarcane during the study.



TABLE 1 Experimental details.

[image: A table compares treatments for plant and ratoon crops. It includes sections on planting time, land preparation, residue management, nutrient management, and harvesting. Plant crops were planted in July 2016. Ratoon crops were planted and harvested from January 2018 to January 2022. Land preparation for plant crops involved plowing and harrowing, while ratoon crops used a SORF machine. Residue management lists options for burning and retention. Nutrient management details fertilizer application methods.]



Biomass and yield measurement

At harvest of plant and ratoon crop, quadrats of 2 × 2 m were selected in each plot for estimating above-ground biomass, with each quadrat comprising dried leaves, green tops, and leaf sheaths, which were chopped, homogenized, and dried at 70°C to obtain a constant weight. Contribution of biomass through the fall of dry leaves (trash) during crop growth in residue retention plots was accounted to be approximately 3.7% of harvested above-ground biomass (Suman et al., 2009). A root:shoot ratio of 0.30 (Suman et al., 2009) and rhizodeposition constituting approximately 0.15 g g−1 of the above-ground biomass (Bronson et al., 1988) were assumed for the calculation of below-ground biomass contribution. The C input into the soil from shoots, leaves, and roots was calculated by assuming 40% C present in various plant parts (Dubey and Lal, 2009). The contribution of weed biomass to SOC was found to be negligible as they were removed periodically across all the treatments. Following the procedures as stated above, an estimate of plant-derived C inputs into the soils was made (Table 2).


TABLE 2 Sugarcane biomass production in plants and ratoon crops (Mg ha−1).

[image: Table comparing different treatments on crop and biomass metrics. Columns include shoot biomass, average annual biomass, annual carbon input, and gross input of carbon. Treatments include residue burning (RB) and residue retention (RR) with varying fertilizer doses (N1, N2, N3). Data is presented in megagrams per hectare per year.]

The mean annual input of organic biomass/residues to soil from sugarcane crops varied with aboveground yield responses of the crop and the type of treatment. Hence, there was a yearly variation in the total amounts of added residues under different treatments (Table 2). A higher amount of gross C input through crop biomass was reported in residue retention plots, ranging from 10.30 to 10.82 Mg ha−1 yr−1, whereas plots with residue burning had an annual C input ranging from 3.32 to 3.62 Mg ha−1 yr−1, which was contributed by roots and rhizodeposition.

The crops were harvested from the net plot (8.5 × 3.5 m) for yield assessment, leaving two border rows. The cane yield under each treatment was recorded for all the study years and then averaged for 6 years to represent the effect of residue and nutrient management practices on overall cane yield.



Soil sampling, processing, and analysis

Replicated soil samples (4 sub-replications from each replicated field × 6 replications × 6 treatments) were collected from a soil depth of 0–30 cm using a soil core sampler (10 cm height; 7 cm diameter; and 385 cm3 volume) after completion of one fresh and four ratoon cycles of sugarcane during the 1st week of February 2022. One part of the samples was air-dried in shade, passed through a 2-mm sieve, and used for the analysis of soil organic carbon and its pools. The other part of the fresh soil sample was kept undisturbed in polyethylene bags at 4°C and used for soil biochemical analysis. The wet digestion method was used to estimate the organic carbon content of soil samples (Walkley and Black, 1934). Soil organic carbon (SOC) stock was calculated using Equation (1).

[image: Equation for soil organic carbon (SOC) stock calculation: SOC stock in megagrams per hectare equals SOC in grams per kilogram times bulk density in megagrams per cubic meter times soil sampling depth in meters.]
 

Oxidizable SOC, its pools, and mineralizable C

Different pools of SOC with varying lability were estimated following the modified Walkley and Black method as described by Chan et al. (2001), which allowed partitioning of total SOC into four different pools of decreasing oxidizability as described below.

Very labile (VL) pool: organic C oxidizable by 12 N H2SO4.

Labile (L) pool: the difference in organic C oxidizable by 18 N and that under 12 N H2SO4.

Less labile (LL) pool: the difference in organic C oxidizable by 24 N and that under 18 N H2SO4.

Non-labile (NL) pool: the difference in total SOC and organic C oxidizable under 24 N H2SO4.

Total SOC was estimated by the modified wet oxidation method as described by Nelson and Sommers (1982).

All four fractions were grouped into active pools (very labile and labile pools) and passive pools (less labile and non-labile) of organic C in soil (Datta et al., 2015). Similarly, the lability index (LI) for SOC was calculated by first expressing the amounts of each of the three labile pools, namely, VL, L, and LL as the fraction of the amount of total carbon and then multiplying the fractions with their respective weightages of 3, 2, and 1 based on their ease of oxidation followed by their addition (Datta et al., 2015). The LI was computed using Equation 2. The values obtained represent the relative performance of different treatments in maintaining labile soil organic C at different depths. Further recalcitrant index (RI) of SOC was derived in two ways following Equations (3) and (4) given by Datta et al. (2017).

[image: Lability Index formula: \( \frac{VL}{SOC} \times 3 + \frac{L}{SOC} \times 2 + \frac{IL}{SOC} \times 1 \), where \( VL \), \( L \), and \( IL \) are levels over \( SOC \).]

[image: The image shows the formula for R1, which equals the sum of LL and NL divided by the sum of VL and L, labeled as equation three.]

[image: Equation displaying the formula: RI2 equals NL divided by SOC, indicated as equation number 4.]

where VL, very labile C; L, labile C; LL, less labile C; NL, non-labile C; SOC, total soil organic C.

Mineralizable C of soil from the 0–30 cm soil depth under different treatments was estimated by the CO2-C evolution method. The amount of CO2 evolved during the 30-day incubation period was absorbed in 10 ml of 0.5 N NaOH solutions. Evolved CO2 was estimated by titrating the alkali in the traps with 0.5 N HCl using a phenolphthalein indicator (Anderson, 1982).



Soil microbial count and enzyme activity

Estimation of different functional groups of microbes in each treatment was performed using the serial dilution technique and standard plate counts. The total bacterial count was done using a nutrient agar medium (Zuberer, 1994), whereas Rose Bengal and Actinomycetes isolation agar media were used for the count of total fungus and actinomycetes counts, respectively (Martin, 1950; Himedia Manual, 2009). Data from triplicate readings were expressed as colony-forming units (CFU) g−1 dry soil. Dehydrogenase activity (DHA) was determined from the conversion of 2, 3, 5-triphenyl tetrazolium chloride (TTC) to triphenyl formazan (TPF) over a 24-h period (Dick et al., 1996). Alkaline phosphatase activity (APA) was determined as described by Dick et al. (1996) and is expressed as micrograms of p-nitrophenol formed per gram of oven-dried soil. β-glucosidase activity was determined by the method of Eivazi and Tabatabai (1988).



Carbon sequestration and carbon retention efficiency

The carbon sequestration rate was calculated using Equation 5 (Kumara et al., 2014) as follows:

[image: SOC sequestration rate formula expressed as: \((\text{Mg C ha}^{-1} \text{ yr}^{-1}) =\) \((\text{Final SOC stock} - \text{Initial SOC stock}) / \text{Duration}\). Equation labeled as number five.]

where final and initial SOC stock represent SOC (Mg C ha−1) in the final and initial soils, respectively, and duration is the study period in years.

Carbon retention efficiency (CRE) was calculated by following Equation 6 given by Bhattacharyya et al. (2009).

[image: Equation representing carbon retention efficiency (CRE) percentage calculation, where CRE equals the difference between the final and initial soil organic carbon (SOC) stock divided by cumulative carbon input, multiplied by one hundred. Labeled as equation six.]

where final and initial SOC stock represent SOC (Mg C ha−1) in the final and initial soils, respectively, and cumulative C input is the total estimated C input (Mg C ha−1) to the soil between the initial and final year of experimentation, as depicted in Table 2.



Statistical analysis

The recorded data were statistically analyzed using analysis of variance for split-plot design using the “Agricolae” package of R (R Development Core Team, 2015). A mixed model was used considering residue as the main plot factor and nutrient management as the subplot factor and analyzed in a split-plot design. The F-test and least significant difference (LSD) (P < 0.05) were used to decipher the significance of the means of residue and nutrient management practices and their interactions. A correlation matrix was constructed among different soil parameters and yields using the same statistical package.

The carbon mineralization data were fitted with a first-order exponential model expressed as:

[image: Y equals C subscript zero multiplied by open parenthesis one minus e to the power of negative kt close parenthesis, equation number seven.]

where Y = cumulative CO2-C emission (μg of CO2-C g−1 of soil), C0 = potentially mineralizable C (μg of CO2-C g−1 of soil), k = decomposition rate constant (day−1), and t = time of incubation (days). The model was evaluated using the goodness-of-fit test through the estimation of root mean square error (RMSE) and the Nash–Sutcliffe model efficiency coefficient (Ef) (Datta et al., 2019; Govindasamy et al., 2021). Furthermore, model significance was tested using the sum of square reduction test as described in the study of Govindasamy et al. (2021). The cumulative C-mineralization data after eliminating the CO2-C values during the initial 3 days of incubation (as they accounted for nearly 50% of the total mineralizable carbon) was fit to a linear model, that is,

[image: Linear equation: Y equals Y subscript zero plus b superscript asterisk times x, labeled as equation eight.]

where Y = cumulative CO2-C emission (μg of CO2-C g−1 of soil), Y0 is the overall intercept, b is the slope, and x is time (days).




Results


Total soil organic carbon, its pools, lability, and recalcitrant indices

The total SOC was increased by 21% in residue retention plots as compared to residue-burning plots (21.97 Mg C ha−1) from a 0–30 cm surface soil (P < 0.05) (Figure 3). Significant variations existed in different pools of SOC values ranging between 3.43 and 4.87, 1.76 and 2.58, 2.52 and 2.95, and 14.26 and 16.15 Mg C ha−1 for very labile, labile, less labile, and non-labile C pools, respectively. Plots with residue retention had 42, 47, 17, and 13% higher very labile, labile, less labile, and non-labile C pools, respectively, as compared with residue burning. However, nutrient management practices had a comparable effect on SOC and its pools. Furthermore, residue retained plots had 44 and 14% higher active and passive pools of C, that is, 5.19 and 16.78 Mg C ha−1, respectively, than RB plots. On average, active and passive pools contributed approximately 25–28% and 72–75% to the total SOC, respectively.


[image: Bar chart illustrating soil organic carbon levels under different residue and nutrient management practices. The left section shows RB and RR for residue management, and the right section depicts N1, N2, and N3 for nutrient management. Varying shades represent different treatments, with carbon levels ranging from zero to thirty mega grams per hectare. Letter annotations indicate statistical differences.]
FIGURE 3
 Effect of residue and nutrient management on the distribution of SOC (Mg ha−1) into different pools of oxidizability in the 0–30 cm surface soil. Values with different lowercase letters are significantly different between the treatment levels (Tukey's HSD test for mean separation at p = 0.05). Vertical bars represent S.E. ± mean of the observed values. VL, very labile C; L, labile C; LL, less labile C; NL, non-labile C; AP, active pool; PP, passive pool; SOC, soil organic carbon; RB, residue burning; RR, residue retention; N1: 25% recommended dose of fertilizer (RDF) as basal + 75% by fertigation; N2: 50% RDF as basal + 50% by fertigation; and N3: 75% RDF as basal + 25% by fertigation.


The lability index (LI) was higher for RR plots than RB plots, whereas it was almost similar for all the nutrient management treatments (Table 3). The recalcitrant index 1 (RI1) was higher for RR (3.05) than RB (2.60), indicating the stability of SOC under residue retention. Recalcitrant index 2 (RI2) remained unaffected by various treatments (Table 3).


TABLE 3 Lability index (LI) and recalcitrant indices (RIs) of soil organic carbon as affected by residue and nutrient management practices.

[image: Table comparing treatments with respect to lability index (LI) and recalcitrant indices (RI1 and RI2). Residue treatments RB and RR have LI values of 0.80 and 0.86, RI1 values of 2.60 and 3.05, RI2 values of 0.62 and 0.63. Nutrient management N1, N2, and N3 have LI values of 0.82, 0.84, and 0.83, and RI1 values of 2.72, 2.89, and 2.87, with consistent RI2 values of 0.62. LSD values for residue and nutrient treatments indicate significant differences, while interactions are non-significant. Annotations show statistical significance and comparisons.]



Mineralizable carbon

The cumulative C mineralization in the 0–30 cm surface soil over 30 days was significantly affected by residue management practices (Figure 4, Table 4). The C mineralization data were well fitted to a first-order exponential model (RMSE value = 6–15 and Ef = 0.80–0.83) (Table 4). The model indicated that the total mineralizable carbon at the 0–30 cm surface soil was higher in RR plots (619.30 μg of CO2-C g−1 of soil) than in RB plots (226.93 μg of CO2-C g−1 of soil). The mineralization rate was highest during the initial 3 days of incubation and decreased gradually with the progress of incubation time, irrespective of the treatments (Figure 4). The exclusion of the initial 3 days of mineralizable C values from the cumulative data provided a better fit to a linear model with R2 values of 0.93 and 0.94 for RB and RR, respectively (Figure 5).


[image: Line graph showing CO2 emission in micrograms per gram of soil over 35 days of incubation. Two lines represent treatments: RB with a dotted line and RR with a solid line. CO2 levels for RR increase more steeply than RB. Data points are marked with error bars.]
FIGURE 4
 Carbon mineralization (μg of CO2-C g−1 of soil) as affected by residue management in the 0–30 cm surface soil (RB, residue burning; RR, residue retention).



TABLE 4 Parameter estimates and model goodness-of-fit for the first-order exponential function fitted to the cumulative carbon-mineralization data under residue management in multi-ratoons of sugarcane in the 0–30 cm surface soil.

[image: Table comparing residue management techniques: residue burning (RB) and residue retention (RR). For RB: C mineralization is 226.93 ± 10.47, C0 is 220.54 ± 21.01, k is 0.16 ± 0.045, RMSE is 6.16, Ef is 0.80, SSRT p-value is ≤0.05. For RR: C mineralization is 619.30 ± 13.89, C0 is 601.47 ± 48.49, k is 0.18 ± 0.04, RMSE is 14.99, Ef is 0.83, SSRT p-value is ≤0.05. Definitions and explanations of symbols are provided below the table.]


[image: Line graph showing the production of carbon dioxide in micrograms per gram of soil over 30 days. Two datasets are displayed: RB (dashed line) and RR (solid line). RR shows higher values than RB. Trend lines and equations are provided for both, with coefficients of determination \(R^2\) of 0.9357 for RR and 0.9314 for RB.]
FIGURE 5
 Carbon mineralization (μg of CO2-C g−1 of soil) as affected by residue management in the 0–30 cm surface soil [linear model Y = Y0 + b*x, where Y = cumulative CO2-C emission (μg of CO2-C g−1 of soil), Y0 is the overall intercept, b is the slope, and x is time (days)]. RB, residue burning; RR, residue retention.




Soil enzymes

Soil dehydrogenase activity (DHA), alkaline phosphatase activity (APA), and ß-glucosidase activity (BGA) were significantly affected by residue and nutrient management treatments (Table 5). Plots with residue retention had 86, 16, and 22% higher DHA, APA, and BGA, respectively, than residue-burning plots. For nutrient management practices, the enzyme activities followed the order: N2 > N3 > N1. DHA, APA, and BGA improved by 82, 14, and 26% under N2, and 67, 11, and 19% under N3, respectively, compared to N1.


TABLE 5 Effect of residue and nutrient management on soil enzymes in surface 0–30 cm soil layers.

[image: Table comparing enzyme activities under different treatments. Categories include Dehydrogenase Activity (DHA), Alkaline Phosphatase Activity (APA), and β-glucosidase Activity (BGA) measured in micrograms per gram per hour. Treatments analyzed are residue burning (RB), residue retention (RR), and nutrient management levels (N1, N2, N3). Statistical significance is indicated by Tukey's HSD test, with different letters noting significant differences among means. LSD values at a 0.05 significance level are provided for each activity type.]



Microbial population

The microbial population, namely, bacteria, fungi, and actinomycetes, were significantly affected by residue and nutrient management treatments (Table 6). The population of bacteria was higher compared to fungi and actinomycetes irrespective of the treatments. Compared to RB, the counts of bacteria, fungi, and actinomycetes were 30, 31, and 21%, respectively, higher in RR. The treatments having application of >50% of RDF as basal (N2 and N3) had 8, 23, and 5% higher populations of bacteria, fungi, and actinomycetes, respectively, as compared to N1.


TABLE 6 Effect of residue and nutrient management on soil microbial population in 0–30 cm surface soil layers.

[image: Table showing the effects of residue treatments and nutrient management on microbial populations in soil. Residue burning (RB) and residue retention (RR) impact bacteria, fungi, and actinomycetes counts measured in colony-forming units per gram. RR shows higher microbial counts compared to RB. Nutrient management levels (N1, N2, N3) demonstrate increased counts in higher nutrient levels, with N2 and N3 significantly higher than N1. Least significant difference (LSD) values indicate significance. NS denotes non-significant differences.]



Soil carbon sequestration, carbon retention efficiency, and its environmental implications

During the 6 years of study, the total amount of C added through crop residues (root, rhizodeposition, and above-ground biomass) was 11–12 Mg C ha−1 for residue retention plots, whereas it ranged between 3.4 and 3.8 Mg C ha−1 for residue-burning plots (only through root and rhizodeposition) (Table 7). A build-up in SOC was observed with RR (4.05 Mg C ha−1), but it declined in RB plots (−1.06 Mg C ha−1) (Table 6). Furthermore, N2 plots resulted in 20 and 43% higher rates of C sequestration than N3 and N1, respectively.


TABLE 7 Impact of treatments on soil organic carbon sequestration at a surface soil depth of 0–30 cm.

[image: Table showing the impact of residue and nutrient management on SOC (Soil Organic Carbon). Treatments include residue burning (RB) and retention (RR). Initial and final SOC, C-sequestration, and C loss/gain rates are listed for each treatment. Results highlight significant and non-significant differences, with annotations for statistical significance.]

Soil carbon retention efficiency (CRE) varied between 11 and 37% among the treatments (Figure 6). Highest CRE was observed under RR-N2 followed by RR-N3 ≥ RR-N1 > RB-N2 > RB-N3 > RB-N1. Understandably, there was a loss in CRE of up to 18% with residue burning.


[image: Bar chart showing carbon retention efficiency percentages for different treatments. RB shows negative efficiencies: N1 at -10.5%, N2 at -18%, and N3 at -14%. RR shows positive efficiencies: N1 at 30%, N2 at 40%, and N3 at 32%. Bars are labeled a to e.]
FIGURE 6
 Carbon retention efficiency as affected by residue and nutrient management practices. RB, residue burning; RR, residue retention; N1: 25% recommended dose of fertilizer (RDF) as basal + 75% by fertigation; N2: 50% RDF as basal + 50% by fertigation; and N3: 75% RDF as basal + 25% by fertigation; bars with different lowercase letters are significantly different among the treatments for Tukey's HSD test (p = 0.05).




Sugarcane yield and its relationship with the soil properties

Sugarcane yield averaged over 6 years of cultivation (2016–22) was affected significantly by residue and nutrient management practices (Figure 7). Plots with RR had 38% higher cane yield than RB (93.12 Mg ha−1), whereas plots with N2 and N3 produced 9–10% higher cane yield (i.e., 128.24 and 126.74 Mg ha−1, respectively) than N1 (116.21 Mg ha−1).


[image: Bar graph showing sugarcane yield in megagrams per hectare. Residue management: RB at approximately 114, RR at 124. Nutrient management: N1 at 118, N2 at 130, N3 at 132. Different letters indicate significant differences.]
FIGURE 7
 Sugarcane yield under different residue and nutrient management practices in 6 years (mean of 6 years). RB, residue burning; RR, residue retention; N1: 25% recommended dose of fertilizer (RDF) as basal + 75% by fertigation; N2: 50% RDF as basal + 50% by fertigation; and N3: 75% RDF as basal + 25% by fertigation; bars with different lowercase letters are significantly different among the treatments for Tukey's HSD test (p = 0.05).


Most of the C pools and biological soil properties showed significant correlations (P < 0.01 and P < 0.05) among each other (Table 8). Very labile and labile pools were significantly correlated with active C pool (r = 0.99, p < 0.01 and r = 0.94, p < 0.01), whereas less labile and non-labile pools were significantly positively correlated with passive C pool (r = 0.65, p < 0.01 and r = 0.81, p < 0.01), respectively. SOC significantly positively correlated with very labile (r = 0.70, p < 0.01), non-labile (r = 0.91, p < 0.01), active (r = 0.61, p < 0.01), and passive (r = 0.88, p < 0.01) pools of C. All the enzymes, namely, DHA, APA, and BGA, were significantly and positively correlated with each other (P < 0.01). Mineralizable C was significantly positively correlated with very labile, labile, and active pools of C (r = 0.94, p < 0.01; r = 0.92, p < 0.01; and r= 0.89, p < 0.01, respectively). Sugarcane yield had significantly positive correlation with labile pool (r = 0.68, p < 0.05), active pool (r = 0.70, p < 0.05), DHA (r = 0.88, p < 0.01), APA (r = 0.93, p < 0.01), BGA (r = 0.93, p < 0.01), bacteria (r = 0.96, p < 0.01), fungi (r = 0.69, p < 0.05), and actinomycetes (r = 0.87, p < 0.05), respectively.


TABLE 8 Pearson's correlations among the soil C pools and biological properties with crop yield irrespective of scenarios.

[image: A correlation matrix table showing relationships among various factors such as VL, L, LL, NL, AP, PP, SOC, LI, RI1, RI2, MinC, DHA, APA, BGA, Bac, Fun, Acti, and Yield. Each cell displays a correlation coefficient with significance, indicated by asterisks, where asterisk denotes significance at the 0.05 level and double asterisk denotes significance at the 0.01 level. The matrix is symmetrical with the main diagonal containing perfect correlations (1), highlighting interactions among carbon pools, soil properties, and microbial activity. Definitions for abbreviations are provided below the table.]




Discussion

Crop residues are a prerequisite for the SOC pool. Therefore, retaining more crop residues in the soil is closely related to an increase in SOC concentration (Dolan et al., 2006). Our results of residue retention plots having higher total SOC as well as increased C pool sizes are in line with the findings of Razafimbelo et al. (2006), Galdos et al. (2009), and Tenelli et al. (2019). Active C pools (very labile and labile) serve as readily available food for microbial communities governing nutrient cycling processes in soils. In contrast, passive C (less labile and non-labile) pools are relatively resistant to decomposition and thus contribute to long-term C sequestration. Similar contributions of the two pools were earlier reported by Majumder et al. (2008), Datta et al. (2018), and Somasundaram et al. (2019). High contents of C in the passive pool are ascribed to the higher surface area of black clayey soils that safeguard its degradation (Datta et al., 2018). Additionally, high lignin contents of sugarcane trash appear to increase the half-life of the passive pool. Higher quantity of residue additions and their slow decomposition due to lower soil disturbance for ratoon crops and quantities of trash being high are the other reasons for higher SOC as well as the different pools (Saha et al., 2008; Dikgwatlhe et al., 2014; Jat H. S. et al., 2019). Higher LI in RR might be due to higher decomposable carbon, which is also manifested in higher AP and labile pools of C, as previously reported by Fang et al. (2005) and Datta et al. (2017, 2018). Indeed, the higher quantities of passive C pool than the active ones resulted in increased values of RI1 in RR (Datta et al., 2017). The nutrient management practice had no effect on SOC and its pools, which might be due to the relatively short duration of the experiment but was significantly associated with soil enzymes and microbial population. The higher rate of CO2 flux in the first few days after incubation was due to the rapid decomposition of labile carbon and increased agitation of microbes at the time of sampling, resulting in a greater availability of metabolically accessible compounds (Saggar et al., 2001). Consistent with the results of many studies, residue retention significantly increased mineralizable C at all incubation stages, as residue organic C can greatly promote microbial growth and activity (Cheng et al., 2014; Zang et al., 2016). Further application of 50–75% RDF as basal might have facilitated the decomposition of crop residues in the soil (Liang et al., 2022).

The enzyme activity usually becomes enhanced with the availability of labile carbon and nitrogen to the microbes. A higher basal dose of fertilizer appears to cause a surge in soil mineral N at the initial crop stage. On the contrary, the retention of residues with a high C:N ratio (100:1 here) results in temporary N immobilization (Oliveira et al., 2017). This immobilization increases competition for the available N between plant roots and soil microorganisms (Jingguo and Bakken, 1997). Thus, higher basal dose appears to have helped to overcome this situation by boosting both the initial root growth and microbial growth. Fertigation with the remaining half nutrients subsequently improved the synchrony between the nutrient demands of the crop and microbial populations (Gehl et al., 2005). Soil enzyme activities have been reported to be highly related to the amount of substrate (organic matter) available for microbial growth (Chandra, 2011; Wang et al., 2011; Stott et al., 2013). Higher microbial activities, in turn, create a positive “rhizosphere effect” through the release of organic substance, thereby resulting in higher enzyme secretion in soil (Roldan et al., 2005). Similar findings were also reported by Choudhary et al. (2018), Jat H. S. et al. (2019), and Roy et al. (2022). Furthermore, the residues acted as a food source and, when coupled with nutrient management, influenced the C:N ratio for increasing the activity of microbes. Increased microbial population by providing stimulating substrates through residue retention or incorporation was reported earlier (Ghimire et al., 2014; Choudhary et al., 2018; Jat H. S. et al., 2019). The application of more than half a dose of nutrients as basal and the rest through fertigation maintains their availability as per the demand of both the plants and microorganisms during crop growth (Awale et al., 2013; Jat S. L. et al., 2019). This strategy further ensures sufficient soil nutrients, especially N, for optimizing the residue decomposition and, in turn, the build-up of stable pools of SOC (Cotrufo et al., 2013).

Similarly, residue retention plots exhibited a higher rate of C sequestration (0.68 Mg C ha−1 yr−1) than other treatments, which might be attributed to a higher amount of above- and below-ground crop residue C inputs left over the soils, which subsequently became a part of SOC. Similar results on crop residue retention in paddy–wheat cropping systems have been reported by Das et al. (2013), Datta et al. (2015), Jat H. S. et al. (2019), and Roy et al. (2022). This effect was also reflected in increased CRE in residue-retained plots after 6 years of the experimental period. In general, sugarcane trash burning in India leads to emissions of CO2, CO, SOX, NOx, NH3, and particulate matter, which have been estimated at 28.23, 1.7, 0.01, 0.05, 0.02, and 0.24 Mt, respectively (Jain et al., 2014). As the increase in 1 Mg C retention in soil equals a decrease in 3.67 Mg CO2 released into the atmosphere, the residue retention with nutrient management has the potential to lower CO2 emissions by 2.72 Mg CO2 ha−1 yr−1, as compared to traditional practices.

Higher sugarcane yield under residue retention and more than 50% RDF as basal application might be attributed to higher carbon mineralization, better nutrient availability, and improved soil biological properties. Similar reports of higher system yield under crop residue C inputs through residue retention and proper nutrient management practices were also reported by Majumder et al. (2008), Surendran et al. (2016), Datta et al. (2018), and Jat et al. (2018).

Most of the C pools in the soil were related to each other, indicating the existence of a dynamic equilibrium between these pools. Thus, a practice that causes the depletion or enrichment in one pool would influence the equilibrium and affect the size of others. The high correlation values, particularly between active pools and labile pools and between non-labile and less labile pools, indicate their active participation in C dynamics of soils. Labile C and active pools C as well as enzyme and microbial population were significantly correlated with sugarcane yield, suggesting their contribution to crop growth and thus cane yield. Overall, it can be stated that the C inputs and C pools influence the yield of the crops, possibly through maintaining better soil health, and therefore, proper nutrient management practices are essential for the maintenance of the SOC level and sustainability of the production systems.



Conclusion

Residue retention practices during 6 years of sugarcane cultivation increased the cane yield by 38% compared to the farmer's practice of burning trash. Furthermore, soil organic carbon stocks, especially the non-labile pools, were further improved, and the C sequestration rate was estimated to be 0.68 Mg C ha−1 yr−1, while there was a net loss of 0.18 Mg C ha−1 yr−1 under farmer's practice. Thus, the practice of residue retention could lower CO2 emissions by 2.72 Mg CO2 ha−1 yr−1. Increasing the basal dose of nutrients to 50–75% of the recommended fertilizers improved the cane yield by 8–10%. Positive effects of residue retention and nutrient management were attributed to improvements in microbial populations and enzymatic activities. Sustainable agricultural residue management has become a major concern, particularly for developing countries such as India, which has a growing population, production rates, and economic growth. Due to a lack of technical awareness and adequate disposal options, small-scale farmers, in particular, resort to agricultural residue burning as an economical alternative. However, any solution involving long-haul transportation, expensive technology, or high capital investment is less likely to succeed. Sustainable solutions that involve the methods of in situ management of crop residues show better promise to be successful. Thus, the practices of residue retention and proper nutrient management have the potential for long-term sustainability of sugarcane cultivation (in an area of 27 m ha including India) in view of declining soil fertility and forecasted global warming with climate change.
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The conflict between grassland ecosystem conservation and economic development is an important but challenging question. Realizing the value of ecosystem services (ES) is considered to be a solution for the dual sustainability of ecology and economy. However, there is a lack of systematic understanding of value realization of grassland ES, especially in the karst desertification (KDC) area, which is still at an exploratory stage. We obtained 527 studies from 48 countries in the past 20 years through the Scopus database, and systematically reviewed the current understandings and practices by the content analysis method, and enlightened the inspiration for the grassland in the KDC area. Results showed that: (i) Over the past 20 years, the literature number showed a fluctuating growth trend, and the study areas are mainly concentrated in economically developed countries with rich grassland resources; (ii) Pathways such as grassland management and payment for ecosystem services (PES) are widely used to improve grassland ES and human well-being, and most studies have shown positive effects; (iii) Their performance is significantly impacted by stakeholders, governments, as well as the attributes of ES, and a path of government-led, stakeholder participation and market-oriented operation should be explored; and (iv) There are still some knowledge gaps, such as, uneven distribution of study areas, few effective pathways for realizing the public grassland ES value, and deficient linkage mechanisms of “grassland ES-industry development-economic system feedback-ecosystem protection,” and so on. Based on our findings, we not only make recommendations for the current dilemma of realizing the value of grassland ES, but also put forward the enlightenments to the grassland in the KDC area based on experiences and lessons learned from global practices. The results can provide theoretical guidance for the ecological protection and sustainable development of grasslands in fragile areas.
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Introduction

Grasslands, as one of the most widespread terrestrial ecosystems globally, not only provide habitat for plant and animal diversity, they also contribute food and cultural services to humanity (White et al., 1995; Bengtsson et al., 2019). However, the fragile ecological environment (Gossner et al., 2016; Ganguli and O’Rourke, 2022), coupled with unreasonable economic activities and undulate climate change (Ma et al., 2017; Maestre et al., 2022), leads to the degradation of grassland ecosystem (Bardgett et al., 2021). As a result, the ecosystem function of grasslands is impaired (Breidenbach et al., 2022), and the goods and services they provide are unable to meet the increasing demand for food and a beautiful environment. In this regard, it is important to find an economically and ecologically sustainable solution to synergistically maintain and enhance the grassland ES and human well-being.

Grassland in the KDC area is a special ecosystem formed by using ecological engineering measures (e.g., returning farmland to grassland, grassland establishment, etc.) to control karst desertification (a concentrated manifestation of karst land degradation; Xiong et al., 2023). In contrast to the grassland in non-karst area (e.g., the tropical and subtropical savannas and temperate steppes, and arctic-alpine grasslands, etc.), grasslands in the KDC area is a special ecosystem constrained by the complex and unique hydrological and carbonate geological conditions couple with sharp conflicts between population and land (Xiong et al., 2002). On the one hand, karst geology, hydrology, climate and biological processes are coupled, and matter and energy are constantly moving in different directions, ways and intensities (LeGrand, 1973; Yuan, 1988), driving the formation of a special ecological environment (Figure 1). In this environment, the sensitivity of ecosystem variation is high, the environmental capacity is low, and the disaster tolerance threshold is low. Under the regulation of positive and negative feedback effects of vulnerable environmental variables, the positive succession rate of ecosystems is slow and easy to interrupt, while the reverse succession rate is fast and difficult to recover (Yang, 1990; Yuan, 2001; Ford and Williams, 2007). On the other hand, high population pressure and traditional industries (e.g., hillside plowing) are prevalent (Yuan, 1997; Yan and Cai, 2015; Xiao and Xiong, 2022), coupled with limited livelihoods and fluctuating climate change (Grime et al., 2000; Chen C. et al., 2021), this is prone to form a vicious cycle of degraded ecosystem function—loss of ecological assets—reduction of livestock support services capacity—lower food and income for farmers—poverty traps (Chen Q. et al., 2021; Zuo et al., 2022). Currently, the “United Nations Decade on Ecosystem Restoration (2021–2030; UNEA, 2019)” delivers a rallying call to cope with the protection and revival of ecosystems for the benefit of nature and human. Grassland in the KDC area is the main position in response to the call of the United Nations, there is an urgent need to re-establish a bond between people and nature in order to address the ecological and economic trade-offs.

[image: Diagram illustrating the impact of human activities and climate change on ecosystems. Aboveground, human activities like farmland expansion and climate events such as drought and flooding affect natural processes like CO2 and O2 exchange. Belowground, factors like vegetation decay and bacterial action influence soil composition, including nutrients and carbon cycles. The diagram includes arrows indicating interactions, and labels for biological, abiotic, and human actions across soil and atmospheric layers. Positive and negative impacts are indicated.]

FIGURE 1
 Grassland ecosystem in the KDC area.


In order to reconcile ecology and economy, and turn environmental protection from a burden into an opportunity for economic development, ecologists and economists put forward the conception of value realization of ES (Wang, 2016; Zhang et al., 2021). The concept considers the ecological environment as the core production factor, such as land, labor force and technology; internalizes the externality of ecological environmental protection benefits by integrating them into the whole process of social production, such as production, distribution, exchange and consumption; and establishes a long-term mechanism for transforming “lucid waters and lush mountains” to “invaluable assets” (Wang and Wang, 2020). That is, by realizing the value of natural capital to promote inclusive and green development (Zheng et al., 2019). Accordingly, researchers have paid great interest and attention to ES value accounting and value realization pathways. In understanding and valuing ES, based on a large number of ES valuation practices (Costanza et al., 1997; Díaz et al., 2018; Liu et al., 2023), the research perspective is gradually shifting from biophysical valuation, which focuses on ecological attributes and their intrinsic values, to economic attributes and their utility values (Farber et al., 2002; Jackson et al., 2016). It explored the popular accounting system of GEP (a method for summarizing the value of ES to the economy; Ouyang et al., 2020; Hao et al., 2022). In terms of ES value realization pathways, typical paths such as industrial development (Johansson, 2016), ecological equity trading (Spash, 2015), and ecological compensation (Bremer et al., 2014), etc., are explored and summarized. Moreover, researchers have carried out exploratory applications in ecosystems such as forests (Sanchez-Azofeifa et al., 2007; Gao et al., 2020), grasslands (Wu et al., 2020), and wetlands [Environmental Law Institute Research Staff (ELIRS), 2002]. Despite the extensive amount of past research, there is still a lack of systematic summarization of the value realization of grassland ES. In particular, it remains a lack of holistic knowledge about the objectives, paths, and influencing factors of grassland ES value realization. Most importantly, little is known about the value realization of grassland ES in the KDC area.

In order to provide future researchers with a summary of past results and to provide hints for next steps, this study used the Scopus database to search the literature on the value realization of grassland ES. By screening the literature according to the appropriate criteria, we identified research papers that are highly relevant to the study’s topic and contain the latest findings and used content analysis to summarize the results. The research objectives of the paper are (i) to summarize the current objectives, paths, performance, influencing factors and decision-making suggestions for the value realization of global grassland ES; and (ii) to propose inspirations for the grassland in the KDC area. The results of the study are expected to increase the understanding of the realization of grassland ES value, as well as provide an important economic decision-making references for the synergy between grassland ecological protection and economic development in ecologically fragile areas.



Materials and methods

This study uses content analysis method (A literature analysis method with the advantage of transforming qualitative description into quantitative analysis; He et al., 2020; Lindgren et al., 2020) to analyze the sample literature. The content analysis method involves the following four steps: (i) determining the topic of the study; (ii) selecting a sample of literature and determining the unit of analysis; in this paper, a literature is used as the unit of analysis; (iii) literature coding and reliability testing; and (iv) statistical analysis of the coding of the literature.


Research topics

Combined with the research objectives of this paper, the research theme is defined as the value realization of grassland ES. It includes five sub-themes: the objectives, pathways, influencing factors, achievements, and recommendations.



Selection of literature sample


Literature search

The literature for this study was obtained from the Scopus database.1 The scope of the search fields was “Title, Abstract, Keywords.” For the completeness of the search literature, we considered different expressions of the search terms in the literature (Figure 2). Considering that ecological compensation and PES are two important ways to realize the value of ES (Farley and Costanza, 2010; Sonter et al., 2020), specifically included in the literature search.

[image: Flowchart illustrating connections between land types, ecosystem services, and economic processes. Green boxes list land types like grassland and savanna. Orange boxes show ecosystem services such as ecosystem goods. Purple boxes detail economic activities including payments and transactions, labeled as Step 1. Blue boxes describe compensation processes, labeled as Step 2. Arrows connect the boxes, highlighting interactions among them.]

FIGURE 2
 Design of search terms. The arrows represent intersection relationships.


Due to the variability and complexity of the languages in each country, only English literature was searched in this thesis because English is a globally used and widely understood language. Simultaneously, we select articles, reviews, and conference papers that can represent research. The range of search dates was selected from 2001 (when the MEA was launched globally) to 2 August 2023. All articles were downloaded on 2 August 2023, at which time all of the latest literature could be retrieved.



Literature screening

There are four steps in the literature selection process: (i) Literature search. After the initial search, a total of 2,707 documents were obtained. (ii) Documents deduplication. 32 duplicate documents were removed (2,675 remaining). (iii) Records screened at object level. The research object must be a grassland ecosystem. Other ecosystem types are excluded, but the complex ecosystems dominated by pastoralism (explicitly stated in the literature) are included, such as agro-pastoral, silvipasture and forest-pastoral ecosystems dominated by pastoral activities. The criteria for our selection are as follows: the title or abstract must have the expression of grassland or words directly related to grassland. The expression of grassland is shown in Figure 2, and words directly related to grassland such as livestock, grazing, pastoralist, pastoralism, herdsmen, herder, etc. At the same time, we removed the literature on seagrass ecosystems and urban grassland ecosystems because they have nothing to do with traditional grassland establishment and the development of herbivorous livestock. Based on this criterion, we excluded 1,577 papers (1,098 remaining). (iv) Records screened at text level. The selection criteria were that the core chapters of the paper must be directly related to ES value realization. The test screening criteria meet one of the following conditions: ① The research areas and cases with clear pathways (e.g., ecological compensation, PES, ecological equity trading, etc.) are essential. The literature of pure strategies and proposals was removed, such as pure proposals for grassland ES management, biodiversity conservation (or restoration) strategies, or grassland ES and human well-being enhancement. ② The Methods and Materials section provides an introduction to the pathway for realizing the value of ES, and the subsequent section has a comparison of achievements and benefits. ③ Reviews supported by case studies or case pictures of ES value realization. ④ Articles based on meta-analysis (because their findings are based on the synthesis of multiple cases globally or regionally and are more generalizable and instructive). Based on this, we deleted 571 literatures. Finally, we obtained 527 papers from 48 countries around the world.




Literature coding and reliability testing


Indicators and categories

The indicators and categories in this study were designed according to the study objectives. The basic principles of the design are mutual exclusion and exhaustion, i.e., the classification must be complete, thorough, and suitable for all documents, so that all documents can be classified into corresponding categories. Based on the above principles, we designed 98 analysis indicators (Table 1) on the basis of comprehensive reading of all literatures. At the same time, we classified all the indicators according to the research topics (Table 2).



TABLE 1 Sample indicators.
[image: A table listing indicators numbered from 1 to 98. The indicators include a range of topics such as "Forage and grass," "Water supply," "Biomass," "Climate comfort," "Biophysical context," "Eco-compensation standard," "Age," "Education," "Invested capital," "Population size," "Infrastructure," "Science and technology," "Soil texture improvement," and "Objective design." Each entry is organized with a corresponding number for clarity.]



TABLE 2 Classification of indicator categories.
[image: Table showing sub-topics of ES value realization with corresponding index numbers. Sub-topics include objectives, pathways, achievements, influencing factors, and recommendations. Index numbers range across various sequences, such as 1-22 and 44-70.]



Coding rules

We designed an excel sheet (see Supplementary Table 1) according to Tables 1, 2, and coded each research topic on the basis of intensive reading of each study. The test criterion for coding is whether the content of the literature discusses one or more indicators designed for each research topic. For example, whether an article has discussed the objective of realizing the value of grassland ES, combined with Table 2, we will see whether the content of the article involves one or more indicators in No. 1–15 in Table 1. We agree on rules before coding. In an article, we use “√” to indicate the indicators involved, and leave blank for the indicators not involved. It should be noted that in the achievement part of ecological product value realization, in order to reflect the current situation of the achievement, we use “↑,” “↓,” and “=” to indicate that the achievement is positive, negative and neutral (or invariant), respectively. To circumvent the subjectivity and arbitrariness of coding, we appointed three coders. After the first and second coders code independently, the third coder is invited to discuss and negotiate the final result for codes that disagree between them, and the final code is decided by majority consensus.



Reliability test

After coding, the average mutual agreement KAB between the two coders was calculated using the Holtis formula as follows:

[image: Equation showing \( K_{AB} = \frac{2M_{AB}}{N_A + N_B} \).]

Where, MAB is the number of indicators with identical results for both coders. NA refers to the number of indicators coded by the first coder; NB represents the number of indicators coded by the second coder.

We used a random sampling method to select half of the literature (268 papers) and adopted Equation 1 to test the consistency of the two coders. The calculated results showed that the reliability of the interaction discriminant between the two coders was 85.54%, which can be used for the conclusion analysis.




Data analysis

Based on the indicator codes in the literature, we counted the indicators and conducted quantitative and qualitative analyses. Accordingly, we present the results in terms of the number or percentage of literature in the Results Section. In particular, it is noted that the total number of metric statistics for each subtopic may be greater than the total number of literatures, the reason being that an article will include multiple metrics per subtopic. For example, in one article, multiple goals such as biodiversity conservation, carbon sequestration, and income increase co-exist. For this reason, the percentage of the indicator in the following is the ratio of the number of the indicator to the total number (527 studies). Finally, we used Origin 2021 for data visualization.

In combination with the indicator statistics, our intention is to make the following three aspects of content analysis: (i) Bibliometric analysis (include year of publication, research sites, and country of the first author) to investigate the research status quo. Especially, we can understand the hot and cold spots areas of the world. (ii) Summarize the current understandings, practices, achievements, causes, and recommendations for realizing the value of grassland ES globally, and identify knowledge gaps to seek breakthroughs for future research. (iii) Discuss the inspiration to identify priorities for grassland ecosystem conservation coupled with economic development in the KDC area.




Results


Literature distribution

The literature has shown a fluctuating growth since 2001. As noted, 527 studies published between 2001 and 2023 met our screening criteria. In 2001–2012 (the initial phase), the number of studies was 76, accounting for 14.42% of the total. In the following 10 years (the fast developing stage), the number of studies showed a fluctuating growth trend, with about 40 studies published annually. The total number of studies published reached 451 (85.58%). Especially from 2021 to 2023, the number of articles published shows a rapid growth trend, with more than 60 studies published annually (Figure 3).

[image: Two line graphs display publication trends from 2000 to 2025. The left graph shows a blue line with a positive trend, fitted with a red trend line, depicted by the equation y=3.095x−6205.09, with R²=0.80912 and r=0.89951. The right graph compares publication numbers among developed countries (blue), China (red), and other developing countries (green). Developed countries consistently publish more, with a sharp increase around 2020.]

FIGURE 3
 Year and country distribution.


Literature mainly from economically developed countries with abundant grassland resources. The literature samples are from 48 countries around the world. Among them, the literatures from developed countries and developing countries accounted for 68.31 and 31.69% of the total, respectively. Among specific countries, the United States of America and China ranked the top two in terms of number of publications, accounting for 22.39 and 17.27% of the total, respectively. This was followed by United Kingdom (6.45%), Germany (5.12%), Australia (3.04%), France (2.85%), Switzerland (2.66%), and Brazil (2.66%). The remaining countries had a smaller proportion of literatures, all less than 0.95% of the total (Figure 4A).

[image: Map A shows the global distribution of first authors' countries by paper count, ranging from blue to red for increasing numbers. Map B depicts study areas with a similar color scale. Map C highlights global grassland distribution in green. Map D shows karst areas in black. Map E presents karst grasslands marked in red.]

FIGURE 4
 Distribution of publications, study areas, grasslands, karst areas, and karst grasslands. (A) Statistics on the country of the first author based on the number of documents. (B) Statistics on the countries in which the study area is located based on the number of documents. (C) Global distribution of grasslands. (D) Global distribution of karst areas. (E) Global distribution of karst grasslands. The grassland data was extracted from http://maps.elie.ucl.ac.be/CCI, and the karst data from https://www.fos.auckland.ac.nz/our_research/karst/index.html.


The study area located in 70 countries globally, but the distribution was uneven. In general, the study area was mainly distributed westward from China to the Mediterranean coast and the United States of America. Meanwhile, countries in the Southern Hemisphere, such as Brazil, Australia, and Argentina, etc. were also hot research areas (Figure 4B). The study area of 17.65% of the literature was in China, followed by the United States (16.13%), United Kingdom (6.26%), Germany (5.5%), Switzerland (4.74%) and Brazil (4.18%). In addition, a significant portion of the study area (9.49%) is transboundary. There are relatively few study areas from countries in Africa and Central Asia.



Objectives of realizing the grassland ES value

Enhancing ES and human well-being received widespread attention globally. In terms of ES improvement. Biodiversity has received much attention worldwide (53.42%, among them, 20.49%, 19.17%, 6.26%, and 3.8% of the total number of papers focused on animal, plant, microbial diversity, and habitats, respectively). Followed by biomass improvement (19.54%), carbon sequestration and storage (18.79%), and grassland resource and environmental protection (10.63%). Not to be overlooked, the improvement of soil fertility and health has also received some attention and is supported by 12.33% of the papers. In comparison, climate regulation, pest and disease control, and resources and energy conservation received less attention, accounting for 0.38%, 0.95%, and 1.14% of the total papers, respectively. In terms of improving human well-being, 9.49% of papers considered that the objectives were to improve people’s incomes. 4.93% and 0.76% of the total papers aimed at livelihoods and poverty alleviation, respectively.

Cognition varies greatly among countries. Developed countries attach importance to the improvement of ES, while developing countries are more inclined to livelihood improvement and grassland resource protection (Figure 5). Take developed countries as examples, in the United States, carbon sequestration and storage (25), biodiversity conservation and restoration (24), biomass improvement (22), income (15), and grassland resources and environmental protection (14) received high attention. In Europe (taking the number of literature from Switzerland, UK, Germany, France, Italy), biodiversity is a research hotspot (93 papers, among them, 37, 36, 12, and 8 papers focusing on the conservation of animal, plant, microbial, and habitat diversity, respectively.). Close behind are carbon sequestration (25), biomass (25), soil quality and health enhancement (25). Nevertheless, grassland resources and environmental protection (28), botanical diversity (19), biomass enhancement (23), income (16), soil quality and health (15), and carbon sequestration and storage (15) are the important objectives in BRICS countries (Brazil, Russia, India, China and South Africa). In other developing countries, perceptions of the objectives for realizing the value of grassland ES vary widely. For instance, Argentina is concerned with biodiversity and carbon sequestration, soil quality and health; Colombia is more concerned with food and raw materials; and Ethiopia is concerned with carbon sequestration and biomass enhancement.

[image: Heat maps showing various metrics related to ecosystem services and biodiversity for developed and developing countries. Panel A displays data for developed countries, highlighting metrics like income and biodiversity with a color gradient from red to blue, representing high to low values. Panel B shows similar metrics for developing countries. Both panels include categories such as grassland resource protection, ecosystem goods and services, and carbon sequestration. Countries are listed along the top of each panel, with a color scale indicating the range of values.]

FIGURE 5
 The objectives of grassland ES value realization in different countries. (A) The objectives (Top 10) in developed countries (Top 15). (B) The objectives (Top 10) in developing countries (Top 15). Statistics based on the number of documents.




Pathways of realizing the grassland ES value

Grassland management and PES being the most widely used. Combined with the goal of realizing the value of grassland ES, six paths of grassland management, PES (or ecological compensation), industrial development, trading of ecological rights and benefits, tax administration, and ecological engineering were explored globally. Among them, grassland management is the most common and popular practice worldwide, accounted for the 67.74% of the total studies. 27.13% of the studies selected PES (or ecological compensation). There were fewer studies on industrial development, trading of ecological rights and benefits, grassland engineering, and tax administration, accounting for 7.02%, 1.9%, 0.95%, and 0.19% of the total, respectively.

Progress in exploring pathways varies across countries. Grassland management is widely practiced in 41 countries (91.67% of the total number of countries selected) with the aim of improving the direct provision of ES. At the same time, PES (or ecological compensation) provide a welcome route and is widely used worldwide, among which the top five countries are China (45), United States of America (34), Switzerland (13), United Kingdom (11), Australia (8). The industrial development paths are practiced in both developed and developing countries, the developed countries are United States of America (8), Australia (3), Spain (3), etc.; the developing countries such as China (5), Iran (3), Brazil (2), India (1), etc. Grassland engineering measures are more prevalent in countries such as the United States, the Netherlands, and China. The eco-equity trading pathway is mainly practiced in developed countries (8) and China (2). The tax administration path is minimal (1) and come from the case of carbon trading in Sweden.



Achievements of realizing the grassland ES value

Significant achievements have been made. Literature statistics showed that the realization of the grassland ES value improves the productivity and provisioning capacity of ES, increases the income of relevant stakeholders and protects grassland resources and the environment. For example, most of the literature contends that value realization of ES enhances grassland ES such as biodiversity (153), carbon sequestration (62), biomass (50), soil quality and health (42). In particular, important achievements have been made in diversity conservation of animals (64), plants (55) and even microorganisms (17), habitats (14), and species pools (3). Meanwhile, a substantial amount of literature highlights that the value realization of grassland ES also serves a vital role in enhancing the livelihoods (12) and boosting the earnings of farmers (45).

There are some negative and neutral (or unimproved) outcomes. Some literature indicates that realizing the value of grassland ES is an imperfect pathway, or the desired outcomes have not been met in some fields. For instance, 14, 13, 13, and 10 papers, respectively, found that counterproductive measures of grassland ES value realization had adverse effects on biomass increase, soil quality and health improvement, grazing rate reduction, and carbon sequestration. Meanwhile, 69 papers indicated unconspicuous results or undesirable outcomes (Figure 6).
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FIGURE 6
 Achievements of grassland ES value realization.




Influencing factors of grassland ES value realization

Stakeholders or right-holders are the primary influencing factors. The literature statistics show that there is a general global focus on the impact of pastoralists’ grassland management approach and intensity (324). This is closely followed by herders’ willingness and preferences (43), land use patterns (36), cognition and values (35), and income (28). In addition, some factors should not be neglected, such as herders’ education level (11), quantity of number (6), labor employment structure (5), number of family members (3), and social relations (2), etc.

Natural, governmental, and socio-economic factors also hold significance. In terms of natural factors, most of the literature focuses on the impacts of the biophysical context of grasslands (137), the trade-offs and synergy in ES (125), and climate change (40). A small portion of the literature discusses the biological invasions (10) and the externalities of ES (6). In addition to the natural factors, the role of government is a prevalent concern among researchers. 22, 18, and 17 papers, respectively, have concluded that the application of the ecological compensation standards, supervision and policy instruments set by the government affect the performance of value realization of grassland ES. Moreover, the influence of government capital investment, land ownership design, and ecological compensation methods is significant. Socioeconomic factors, such as regional socio-economic differences, market supply and demand, science and technology, etc., were supported by less than 5 papers (Figure 7).
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FIGURE 7
 Influencing factors of grassland ES value realization.




Recommendations for realizing the value of grassland ES

Most studies advocate optimizing grassland management. Considering the gap between the reality and the goal of the value realization of grassland ES, combined with the analysis of influencing factors, a significant amount literature advocates for the requirement of effective tactics for grassland management. 270, 214,163, 12 studies suggested optimizing the management of grazing, grassland rehabilitation, vegetation establishment and breeding, respectively. Among the specific indicators, the top five strategies were grazing carrying capacity design (169), plant community configuration (87), grazing time gradient (80), plant species selection and breeding (74), and mowing and pruning (52). Moreover, there was also a prevalent literature on strategies like fertilizer management (45), optimizing landscape patterns (32), managing fire (25), optimizing livestock breeding management (12), and managing pesticide (12), etc.

Optimizing policy decisions is critical. The number of literatures suggesting the design of reasonable eco-compensation standards (52), the optimization of existing policies (51), the establishment of scientific targets (47), the implementation of flexible eco-compensation methods (42), and the implementation of industrial upgrading (27) ranked among the top five. At the same time, some literature suggested the importance of increasing financial investment (19), optimizing production-living-ecological space (17), implementing flexible government supervision (13), and conducting the eco-products certification and right confirmation (3).

The stakeholders or right-holders engagement is equally important. 76 papers contend that optimizing the land use patterns of pastoralists is crucial, while 56 papers stress the importance of taking into account factors specific to the pastoralists themselves (e.g., demographics, income and expenditure structure, and age structure, etc.). In addition, a number of other recommendations are irreplaceable, such as alternative livelihoods (30), respecting for local values (13), the application of new technologies (11), and strengthening education and training (8), and so on (Figure 8).
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FIGURE 8
 Recommendations for the value realization of grassland ES. (A) Three broad categories of recommendations, of which the third category includes four subcategories. (B) Ranking of policy decision recommendations. (C) Recommendation ranking of stakeholder and right-holders. (D) Recommendation ranking of grassland management (four subtypes).





Discussion


Research and development status of the value realization of grassland ES

Since the global launch of the MEA in 2001 [Millennium Ecosystem Assessment (MEA), 2005], how to protect fragile and degraded ecological environments, enhance the ES productivity, and develop a green economy has become a pressing global need. During 2001–2012, developed countries represented by the European Union have carried out a large number of exploration on the realization of grassland ES value. For example, the Agri-environment schemes implemented by European Union countries aim to energize the environmentally friendly practices (Aviron et al., 2007; Ansell et al., 2016). Since 2012, a large number of research results from developing countries have emerged, fueling the trend of rapid growth in research results. Developing countries, as regions where current problems of grassland ecosystem conservation and economic development are prominent, need to find localized solutions and integrate a large number of achievements in recent years. For instance, after the Chinese government incorporated ecological civilization into its national strategy, a large number of ecological projects have been implemented in the grasslands of northern China (e.g., Inner Mongolia region; Fu et al., 2023), and a large number of research results have been obtained. A large number of studies of silvipasture systems on soil fertility and health have been conducted in countries such as India, with remarkable results (Ramakrishnan et al., 2021; Halli et al., 2022).

Currently, the literatures and study areas are mainly distributed in a few countries. on the one hand, these countries have vast grassland resources. For example, the Central Great Plains in the United States, along the Alps in Europe, eastern and western Australia, and the Qinghai-Tibet Plateau and Inner Mongolia Plateau in China are all major grassland distribution areas in the world (Figure 4C). Moreover, the livestock industry in these regions is more developed globally. On the other hand, these countries have unparalleled advantages over other countries around the world in terms of capital, talent and scientific research strength. For instance, the Western Europe, the United States and Australia are developed countries; China, India, Brazil, and other emerging developing countries have significant economies. The advantages of grassland resources and economic strength elucidated the spatial distribution pattern of literature and research areas.

However, the spatial mismatch between economic (or scientific) strengths and the distribution of grasslands, or language constraints (only literature in English was considered in this paper), has resulted in an underrepresentation of literature on a portion of typical grasslands around the globe. For example, there are few studies on Arctic alpine grasslands in Russia, temperate grasslands in Central Asia, tropical savannas in Central and Southern Africa. More regrettably, little research literature has focused on karst areas (especially karst desertification areas), even if karst is an important component of global terrestrial ecosystems (Figure 4D), karst grasslands are widely distributed around the world (Figure 4E; Supplementary Table 1) and play an irreplaceable role in maintaining ecological health, improving farmers’ livelihoods, coping with climate change, and conserving biodiversity. Future research should focus on currently neglected areas based on the principles of representativeness, typicality and wholeness in the selection of global grassland study areas. In particular, karst grasslands should be given the attention they deserve. Correspondingly, based on the characteristics of diverse karst types and prominent spatial heterogeneity (Gao et al., 2021; Bátori et al., 2023), we should explore the mechanisms for realizing the value of grassland ES under different landscape types, different grades of karst desertification, different climatic conditions, and different socioeconomic backgrounds, and provide selective solutions for ecosystem restoration and industrial green development.



Objectives and vision of the grassland ES value realization

Currently, it has become a global consensus to enhance ES by protecting and restoring the grassland ecosystems and improve human well-being through greening of the economy (Kemp et al., 2013). In terms of the improvement of ES, scholars and government policymakers are generally concerned with grassland biodiversity, carbon sequestration, and material goods, which is basically consistent with the global understanding of the main functions of grassland ecosystems (Zhao et al., 2020). At the same time, considering the fragile ecological environment and limited livelihoods in pastoral areas, researchers generally recognized the importance of protecting grassland resources and the environment through grass-livestock balance while improving the livelihoods of pastoralists (Hou et al., 2021). In this context, livelihoods and incomes of pastoralists and regional socio-economic development have received much attention. The national conditions (e.g., grassland resource endowment, environmental awareness, economic strength, etc.) vary widely, and the goal of realizing the value of grassland ES in each country is obviously different. Developed countries (such as the European Union, the United States, Australia, etc.) generally regard ES (e.g., biodiversity, carbon sequestration, soil health, etc.) as the greatest wealth of humanity (even though these services that are difficult to trade on a private markets). Therefore, these countries generally pay attention to the conservation of biodiversity and the productivity of ecosystem regulating services (Chomel et al., 2022). However, developing countries are generally concerned with the soil health, the provision of ecological material goods, the ecological protection of degraded grasslands and the enhancement of herders’ livelihoods due to high population pressure and limited livelihoods in pastoral areas (Baradwal et al., 2022, 2023; Li C. et al., 2023). In developing countries, the protection of grassland resources for the provision of ecological goods and services is currently considered an urgent task. On the one hand, these goods and services can not only be traded in private markets, but also directly improve the income and livelihood of pastoralists. On the other hand, by improving the livelihood, the disturbance of human activities on grassland can be reduced, and a virtuous cycle of grassland resource conservation and livelihood improvement can be realized.

About 20 years of global practice have proven that the realization of the value of grassland ES has played a positive role in the conservation of grassland resources, the restoration of biodiversity (Kampmann et al., 2012), the enhancement of the supply of ecosystem goods and services (Chamberlain et al., 2017; Varsha et al., 2019), the increase of herders’ incomes and the improvement of herders’ livelihoods (Louhaichi et al., 2016; Huang et al., 2018). However, there are some unsuccessful cases. One is that the realization of the value of grassland ES has not reached the intended goal. For example, in the Netherlands, the Agri-environment schemes are also not effective in protecting biodiversity (Kleijn et al., 2001). In Davos (Switzerland), grazing has a negative impact on plant richness and agricultural quality (Fischer and Wipf, 2002). Research has shown that ecological compensation measures have not effectively reduced grazing rates in some areas of China (e.g., Sichuan Province, Inner Mongolia Autonomous Region; Wilkes and Tan, 2010; Byrne et al., 2020), and some measures have even exacerbated predatory grassland development (Li et al., 2018; Liu et al., 2021). The second is associated with some economic and social problems. For instance, in Inner Mongolia, China, ecological compensation of grasslands has spawned social conflict and social inequality (Li et al., 2015). Third, there is a trade-off between ecology and economy. Par example in Costa Rica, the government promoted conservation of grassland ecosystems by establishing rangeland management and banning beekeeping in national parks and reserves, while limiting beekeepers’ livelihoods (Galbraith et al., 2017).

Theoretically, grassland ES value realization aims to synergistically enhance ES and human well-being through ecosystem restoration and greening of the economy. Nevertheless, the current research generally emphasizes ecological protection over economic development, or attaches importance to economic development over ecological protection. There are few cases of coordination between ecological protection and economic development. To this end, the next step should be to maximize the production capacity of grassland ES and increase the flow of ES from supply to human consumption on the basis of maintaining the diversity, stability and sustainability of grassland ecosystems. Meanwhile, a comprehensive evaluation system based on ecosystem health, ecological product supply, green economic output, and economic system feedback should be established. More importantly, based on the valuation of grassland ES and the exploration of the paths of ecological industrialization and industrial ecologization, the value realization rate of grassland ES (the ratio of the realized ES value to the total value), the industrial transformation rate (the contribution rate of the ES value to GDP), and the feedback rate of the economic system (the input proportion of GDP used for ecosystem protection and restoration) should be improved. Finally, a virtuous cycle model of grassland ecosystem protection-ES supply-monetary value realization-economic system feedback should be constructed.



Path exploration and optimization for the value realization of grassland ES

Grassland management is an applicable pathway for enhancing productive capacity based on the supply side of ES, and is widely practiced globally. This pathway is based on “natural law + artificial assistance or regulation,” using grazing, mowing, fertilizing, etc., to maintain ecosystem health and enhance the provision of ecosystem goods and services (Van Vooren et al., 2018). However, this path is constrained by ES trade-offs. For example, fencing and grazing bans are good for biodiversity conservation, water conservation, and soil retention (Liu et al., 2022), but they can cause herders to lose income. Another example, the esthetic value of the landscape may be compromised for the sake of grass forage production (Neyret et al., 2021). This requires making decisions about ES based on the needs of both humans and ecosystems. However, grasslands are complex ecosystems with complex feedbacks between elements within the system rather than a single cause-and-effect relationship (Moreno-Mateos et al., 2020), and human preferences for ES may lead to ecosystem degradation. Therefore, it is necessary to improve the productivity of ES by optimizing grassland management practices based on ecosystem health.

PES (or eco-compensation), a pathway adopted by most countries, aims to economically subsidize stakeholders or rights-holders in order to increase their incomes or reduce their losses. For example, the PES program in European Union aims to financially compensate farmers and herders for any loss of income due to measures that benefit the environment or biodiversity (Kleijn and Sutherland, 2003). In China, the government guide herders to reduce grazing rates to protect grassland resources through ecological compensation (Hu et al., 2019). However, the path is dominated by government investment (a model that often lacks sustainability), and is often criticized for low compensation standards and unreasonable compensation methods (Adamowicz et al., 2019; Behrendt et al., 2022). Hence, it is extremely crucial to improve the mechanism of ecological protection compensation and damage compensation (Salzman et al., 2018). For instance, the value of ecosystem goods and services is used as a compensation criterion to enhance the “sense of gain” of stakeholders. At the same time, according to the differentiated needs of relevant stakeholders, establish an ecological compensation mode that integrates funds, technology, materials and services.

As a traditional pathway, industrial development aims to enhance human well-being and protect grassland resources through comprehensive consideration of ecological carrying capacity and efficient resource utilization. For example, the more globally prevalent model of livestock mobility (Mousavi et al., 2020; Barry, 2021), intensification of rangelands (Cortner et al., 2019). This path, although it is easy to increase the income of stakeholders in the short term, is prone to cause ecological damage (Yang et al., 2023). In addition, the path still faces the dilemma of traditional development mode, short industrial chain and low degree of industrial integration development. To strengthen these weaknesses, on the one hand, the supply capacity of ES should be improved. For example, the production of ecosystem goods and services should be enhanced by relying on the cultivation of grassland pioneer species, the optimal allocation of communities, and the optimization of ecosystem structure and function. On the other hand, we should strengthen the research and development of new products, extend the industrial chain, and rely on brands to enhance added value around the transaction and consumption process. Through the improvement of quality and efficiency on the production side and the increase of added value on the consumption side, the green transformation and upgrading of the industry can be promoted.

In addition, there are some pathways that are highly sought after by the government and academia. For example, the transaction of ecological rights and interests internalizes the externality of environmental protection benefits through linkages such as rights confirmation, pricing, and transaction. Examples include efforts in the United States to develop a voluntary carbon credit and trading market (Booker et al., 2013) and the Perbrink project to create a market for privately provided ES (Chakrabarti et al., 2019). Besides, tax administration has become an option for realizing the value of grassland ES. Typical cases such as Sweden, which has explored a climate tax on food consumption and returned the tax to farmers to enhance grassland biodiversity (Gren et al., 2021). However, eco-equity trading, tax and fee administration has only been piloted on a small scale and is far from being rolled out globally. The reason is that the current market transaction and tax management mechanism is not perfect, and the market is sluggish. The next step should be to strengthen market cultivation and optimize government management to achieve the goal of consumers paying for ES and producers getting returns.



Dilemmas and recommendations for realizing the value grassland ES

Several dilemmas require attention to bridge the gap between the performance and targets for realizing the value of grassland ES. First and foremost, the cognition and practice of stakeholders or rights holders are far from the original intention of ecosystem protection and restoration. Previous studies have shown that herders or ranchers’ culture, knowledge (Tang et al., 2022), preferences (Clot and Stanton, 2014; cortés-Capano et al., 2021), values, and trust in ecological protection projects (Farley et al., 2011) directly or indirectly affect the effectiveness of ecological protection and restoration of grasslands. Furthermore, the household size, labor force, age, gender, employment, and income expenditure structure of herders or ranchers result in different livelihood sources, coupled with spatial heterogeneity in grassland size and land productivity, leading to different patterns of grassland resource use (Richards et al., 2017). When stakeholders or rights holders engage in production activities with the primary goal of enhancing their livelihoods, their production behavior may destroy grassland resources. Second, there is a trade-off between government and stakeholders (or rights holders) in the demand for ES. The former tends to promote grassland biodiversity and ecosystem regulatory services in the public interest, while the latter tends to increase revenue based on private equity (e.g., in the case of spatial conflict between wild and domestic herbivore populations in African savannas; Fynn et al., 2016). If the government and stakeholders cannot reach agreement on competitive demand, this will often result in a large reduction in the performance of grassland ES value realization. For example, in PES practice, there is a large gap between government ecological compensation standards (or compensation methods) and herders’ expectations, resulting in ecological compensation failing to meet specified targets (Jack et al., 2008; Addison and Greiner, 2016). Stakeholders are resistant to mandatory government oversight, which has reduced herders’ participation in ecological conservation projects to some degree (Olenick et al., 2005; Roche et al., 2021). Finally, and most importantly, grassland ES have the fundamental characteristics of publicness and externalities, and the industries they form also have positive externalities. The tragedy of the commons is triggered by the fact that public ES are difficult to trade in private markets and can be exploited by any stakeholder at no or low cost.

To address these obstacles and bottlenecks, a government-led, relevant stakeholder-participation and market-oriented mechanism should be established. Primarily, stakeholder and right-holder engagement. The stakeholders (or right-holders) are not only the providers of ES, but also an important force for ecosystem protection and restoration (or resource destruction). It is necessary to provide equal and inclusive participation opportunities for the stakeholders (or right-holders; including underrepresented groups), to adopt their local knowledge, skills and experiences, and to respect their local culture, cognition and values. All the stakeholders (or right-holders) should enjoy equal and fair benefit distribution of the dividends of “greening.” Especially, it is important to seek substitutive livelihoods for the stakeholders (or right-holders) to enhance their income and quality of life. Second, the implementation of the main responsibility of the government should be the priority. The government, as the manager of public services and the main consumer of ES (especially public ES), should make full use of its management functions to create the conditions for converting ES into assets, and ecological assets into capital, by solving the neck-jamming difficulties of ES, such as right confirmation, certification, pricing, trading and supervision. Equally important, the government should also increase public investment in purchasing ES and providing feedback to nature through projects for restoring and protecting ecosystems. Finally, cultivate the private market. ES are the necessities of human life, just like industrial or agricultural products. When the beautiful ecological environment becomes scarce (Kinzig et al., 2011), market consumption becomes possible. The supply and demand structure should be regulated according to the different types of consumption of grassland ES (subsistence, developmental, hedonic, etc.) to stimulate market vitality.



Inspiration for the grassland in the KDC area

Grassland in the KDC area has both ecological and economic attributes. On the one hand, grasslands are an inevitable stage of succession from barren gravel land to forest (Xiao et al., 2019). Bare or degraded grasslands can be revegetated to maintain ecosystem health and increase the provision of ES (Qiao et al., 2021). On the other hand, grasslands have an important forage value and are often considered an important starting point for industrial restructuring (Li Y. et al., 2023). However, the fragility of ecosystems, coupled with high population pressures for survival and development, urgently requires ecological and economic compatibility. The experience and lessons learned from the value realization of the global grassland ES can provide the following insights for grasslands in the KDC area:

	1. Vision and objectives. Grassland in the KDC area aims to provide an ecological security shield for regional economic and social development, while improving human well-being through the development of grassland animal husbandry. We should adhere to the principle of ecological priority and take the route of industrial ecology based on ecological carrying capacity.
	2. Paths. First, based on the fundamental characteristic of the fragile, vulnerable and sensitive of the grassland ecosystem in the KDC area, we should enhance the productivity and supply capacity of ES (including type, quantity, and quality) by optimizing ecosystem functions, while combining ecosystem composition, structure and process and taking into account the ecological carrying capacity and ecological security pattern. Second, both the two instruments of government and market should be used to realize the monetary value of ES. Particularly, we should transform the value of public ES by turning ecological resources into assets and ecological assets into capital. Third, we should improve the ecosystem protection compensation and damage compensation mechanism of grassland ecosystems in the KDC area.
	3. Emphasis. Due to the high population density in areas of KDC, it is crucial to prioritize the livelihood of stakeholders, while also seeking to protect the grassland ecosystem. To this end, stakeholders and right-holders should be guided to participate in ecosystem conservation based on the search for alternative livelihoods and the upgrading of herbivorous animal husbandry. Accordingly, governments should play the role of public administrators to facilitate the trading of ES through the assetization of ecological resources, and increase financial inputs based on the role of ES consumers. More importantly, there must be a mechanism for feedback from the economic system to ecosystem on the basis of industrial development.




Conclusion

We selected 527 papers from 48 countries worldwide over the last 20 years based on the Scopus database. The content analysis method was used to analyze (quantitatively or qualitatively) the current research situations, landmark achievements and limitations of global grassland ES value realization, and accordingly, the inspiration for grassland in the KDC area was enlightened. There are following findings:

The literature on realizing the value of grassland ES showed a fluctuating growth trend from 2001–2023, with slower growth in the 12 years following the MEA and faster growth since 2013. The number of publications and study areas are mainly distributed in developed countries or emerging economies countries with rich grassland resources. Grassland management and PES schemes are widely used around the world to improve grassland ES productivity, farmer’s incomes and livelihoods. Developed countries generally pay attention to the conservation and restoration of grassland biodiversity, while developing countries focus more on protecting grassland ecosystems by reducing grazing rates to increase herders’ incomes and improve their livelihoods. Ecological equity trading and tax management are also important ways to realize the value of grassland ES, but they are mainly used in developed countries and are still in the exploratory phase. Global practice shows that grassland ES value realization has widely enhanced ES (e.g., biodiversity, carbon sequestration, soil quality and health, etc.) and improved human well-being (e.g., income, livelihoods, poverty alleviation, etc.), but there are also cases of failure or imperfection (e.g., grazing rates did not decrease, herders increased their loans, etc.). The performance of the value realization of grassland ES is affected by stakeholders (or right holders), government policies, nature and socio-economic. Among them, grassland management methods and intensity, the stakeholders (or right holders) willingness or preferences, the government ecological compensation standards and methods, the biophysical context, and the trade-off of ES are crucial. Researchers strongly recommend optimizing grassland management (e.g., suitable grazing, mowing, fertilization, etc.), policy design (e.g., improve the compensation standard and optimize the compensation method), and guiding stakeholders engagement (e.g., adopt their local knowledge, skills and experiences, and respect their local culture, cognition and values.) around the objectives, pathways, and influencing factors.

Nevertheless, there are also some shortcomings and dilemmas that need to be addressed. For example, some grasslands of high global interest (e.g., Arctic alpine grasslands, savannas, pampas, karst grasslands, etc.) are underrepresented in the literature. There remains a lack of effective pathway for public value realization of grassland ES. The linkage mechanisms of “grassland ES-industry development-economic system feedback-ecosystem protection” remains unclear. Next step, the selection of study areas should be optimized based on the principles of representativeness, typicality, and completeness. Additionally, a government-led, relevant stakeholder-participation and market-oriented mechanism should be established.

Based on the above findings, we propose that, the goal of realizing the value of grassland ES in the KDC area should seek synergy between the construction of ecological security shied and industrial development based on the diversity, stability and sustainability of ecosystems; the path is to maximize the supply of ES based on the optimization of ecosystem functions, and at the same time to apply both governmental and market instruments to promote the transformation of the monetary value of grassland ES; the guarantee mechanisms are the engagement of stakeholders or right-holders, the improvement of governmental public management services, and the establishment of the economic system feedback system.
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Natural Farming represents an agro-ecological methodology for farming that emphasizes regenerative practices with an aim to promote holistic ecological balance and reduce the dependence on external inputs as well as financial resources. Substantial concern has recently arisen over the need to promote agroecosystems that are more sustainable in order to improve the deteriorating soil health as well as reversing the yield plateau of crop. So, the current on farm field experiment was executed comprising of 8 treatments with different combination of natural farming inputs (Ghanjeevamrit, Jeevamrit, Beejamrit), organic fertilizer (such as FYM), integrated nutrient management (NPK, FYM, Azotobacter and Azolla) and in-organic(NPK) to examine and compare the consequence of natural farming inputs, organic fertilizer and in-organic dosage of fertilizer on soil nitrogen uptake, soil physicochemical properties, soil biological properties, soil microbial population and crop yields in a rice-wheat cropping system over two crop seasons 2021–23 [rice (Pusa-1509) and wheat (HD-3086)]. The study results demonstrated that there was significant (p < 0.05) increase in the soil’s nitrogen availability and nitrogen uptake with the use of natural farming inputs as compared to control treatment, whereas, natural farming treatments (TNF1, TNF2, TNF3, TMNF) were inferior than integrated nutrient management (TINM) and recommended doses of fertilizer (TRDF) treatment in case of nitrogen uptake by both rice and wheat crop. The soil enzymatic activity (Dehydrogenase, β-glucosidase, and urease), soil microbial biomass carbon and nitrogen, and soil microbial population (Bacteria, fungi, and actinomycetes) were significantly (p < 0.05) higher in treatment receiving natural farming inputs compare to in-organic fertilizer and organic fertilizer. A positive and significant correlation was observed between potential mineralization nitrogen and soil enzymatic activity (Dehydrogenase, β-glucosidase, and urease), soil microbial biomass carbon and nitrogen and soil microbial population (Bacteria, fungi, and actinomycetes). The crop yield at the end of experiment recorded to be highest in treatment TINM (75% RDF (In-organic) + 25% RDF (FYM) + BGA) i.e., (Rice- 4.76 t/ha and Wheat- 5.82 t/ha) compared to TRDF and TNF. A crop yield reduction of 14.2% was observed in treatment receiving natural farming inputs compare to TINM. A significant increase in crop yield was observed in TMNF (Jeevamrit (25%) + Ghanjeevamrit (25%) + 50% RDF through FYM + Beejamrit) compare to Tc (Control) and TFYM (Farmyard manure). Therefore, our study suggests that adoption of natural farming inputs over time can facilitate the enhancement of soil biological health of Inceptisol of Trans Gangetic Plain of India.

Keywords
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1 Introduction

Green revolution refers to a period of significant agricultural advancement in India that took place from mid-20th century onwards. As green revolution can be seen as subset of conventional farming practices, it was promoted and implemented on a large scale with the objective to increase food production and to address food shortage. It introduces modern farming techniques and technologies which include use of synthetic fertilizers, pesticides, herbicides and farm mechanization (John and Babu, 2021). Even though green revolution has effectively accomplished its core objective of augmenting agricultural productivity and ensuring food self-sufficiency in the country. But the exclusive dependence on inorganic agrochemical has engendered significant adverse repercussions on the environment. For instance, the widespread usage has resulted in soil degradation, depletion of soil microbiota and environmental pollution (Pingali, 2012). Livestock husbandry and the application of nitrogen-based fertilizers stand as the primary factors responsible for agriculture’s direct contribution to 20% of the country’s greenhouse gas emissions (Vetter et al., 2017; Anas et al., 2020). According to Craswell (2021), these fertilizers serve as the principal catalyst for nitrate contamination in surface water ecosystems. Land degradation is also underway in more than 30% of the nation’s entire geographic area (Kabiraj et al., 2022). The strain from the environment has a damaging impact not only on agriculture output and natural resources but also on human health as well. A significant variation in yield of agricultural crops is observed despite inculcating the best practices and intensive use of farm inputs. Additionally, the quality of agricultural land is declining, which increases the threat to the agro-ecology and soil resources. These perils encompass species extinction, desertification, climate change, as well as soil, air, water, and food supply contamination (Gupta, 2019). Synthetic agro-chemical impact human wellness, because residues from in-organic fertilizer used in crop and soil gets biomagnified and ultimately enter the digestive tracts of individuals who consume these dietary items. As a result, the human body is showing adverse effects on health, including interference of the immune, neurological, and hormonal systems (Nicolopoulou-Stamati et al., 2016). Every nation grappling with issues of poverty, starvation, and undernourishment will be compelled to accelerate agricultural expansion as a means to attain sustainable development goals, particularly as they endeavor to achieve the eradication of poverty, the elimination of hunger, and the establishment of a salubrious environment for all (Paroda, 2018). There is growing fear that any further efforts to maintain this chemical agriculture model will be futile in the long run and irreparably harm soil health. Agriculture’s sustainability is one of the world’s top issues right now. Returning to non-chemical agriculture has become crucial to achieving production sustainability. Organic farming is a methodology rooted in the principles and dynamics of living organisms, wherein all constituents, including soil, plants, farm animals, microorganisms, insects, farmers, and others, exhibit interdependence. According to Nagavani and Subbian (2015), using organic manures in conjunction with inorganic fertilizers is frequently seen as the answer to maintaining high levels of productivity while maintaining environmental safety. In the hunt for more farmer-friendly as well as eco-friendly alternative systems of farming. Several environmentalists, among them Subhash Palekar from India, Chao from Korea, and Masanobu Fukuoka from Japan, introduced the concept of natural farming, commonly referred to as zero budget natural farming (ZBNF) in India. Natural farming is an agro-ecological approach to agriculture that promotes the cultivation of plants in symbiosis with their surrounding ecosystem. The two main axes of natural farming are structural and agronomic. It entails the enrichment of soil fertility through the application of diverse agro-ecological principles, including strategies like crop diversification, mulching with crop residues, nutrient recycling, fostering beneficial biotic interactions. Simultaneously, it imposes limitations on the utilization of synthetic fertilizers and external inputs (Palekar, 2006). Contrarily, NF focuses on removing farmers’ dependence on outside inputs and financial markets in order to provide them autonomy by forbidding them to make any purchases from outside parties, particularly businesses (Rosset and Martínez-Torres, 2012). Natural farming inputs have a high microbial population, which when used enhances the soil flora and mineralizes the macro- and micronutrients in the soil so that plants can use them and provides a sustainable crop yield. Natural farming experienced a huge surge across the country with numerous states like Andhra Pradesh, Odisha, Himachal Pradesh, Chhattisgarh, Madhya Pradesh etc., adopting natural farming as state policy or a grassroots movement, Khadse et al. (2018). It requires scientific confirmation in terms of its impacts on production in various agro-climatic situations, cropping systems, and soil types in order for multiple state governments to accept natural farming as one of their state policies. It may be best to employ natural farming methods in conjunction with crop diversification along with intercropping to boost crop yield stability, preserve soil health as well as fertility and lower greenhouse gas emissions. With this perspective in consideration, the present investigation was conducted to examine the impact of natural farming on soil quality, nutrient absorption, and crop yield. The primary objective of the study was to.

Evaluate the impact of organic and natural farming inputs (Ghanjeevamrit, Jeevamrit, and Beejamrit) application in comparison with conventional management, on soil health, nitrogen availability and crop yield.



2 Material methods


2.1 Experimental site

The experiment was undertaken at a farm owned by the farmer (coordinates 28.53° N, 77.64° E) as illustrated in Figure 1, spanning the three-year period from 2021 to 2023. This farm is affiliated with the Indian Council of Agricultural Research (ICAR)-Krishi Vigyan Kendra (KVK), located in Gautambudh Nagar, Uttar Pradesh. The farm is situated at an approximate elevation of 200 m above sea level and experiences an average annual precipitation of 700 mm. The climate in this geographical area falls within the category of sub-tropical and semi-arid, characterized by an annual average temperature of 26 °C. The soil exhibited a sandy clay loam texture, with the following major properties at a depth of 0–20 cm: 46% sand, 33% silt, 20% clay, a pH of 8.3, a bulk density of 1.39 g/cm^3, and an organic carbon content of 0.47%. The initial soil nutrient levels, determined prior to seed sowing, were as follows: low available nitrogen (238 ± 0.5 kg/ha), medium levels of available phosphorus (53 ± 0.2 kg/ha), and available potassium (120 ± 0.8 kg/ha). The experiment involved a rice-wheat (Oryza sativa-Triticum aestivum) cropping system, utilizing Pusa 1,509 rice and HD-3086 wheat varieties. The experimental trial started with Rice (Kharif season-2021-22) till Wheat (Rabi season-2022-23). Before the initiation of the experimental trial, the site had been under continuous organic cultivation of cereals (rice and wheat) and legumes (mungbean) in rotation for more than 6 years. During the years 2021–22 and 2022–23, the total recorded rainfall was 16.3 mm and 18.7 mm, respectively. The average maximum temperatures during the growing seasons of 2021–22 and 2022–23 were 41.1°C and 42.2°C, while the average minimum temperatures were 10.2°C and 9.8°C, as depicted in Figure 2.

[image: Map highlighting Uttar Pradesh, India, with Aligarh district outlined in yellow and marked by a red circle. The inset shows Uttar Pradesh's location within India. A compass rose and scale bar are included.]

FIGURE 1
 Site of experiment.


[image: Two line graphs labeled A and B display weather data from 2021-22 and 2022-23, respectively. Both graphs show four variables: rainfall in millimeters (green bars), maximum temperature (blue line), minimum temperature (orange line), and relative humidity (yellow line). Dates run from July to April on the x-axis, with temperature and rainfall on the left y-axis and relative humidity on the right. The 2022-23 period shows higher rainfall peaks, while temperature and humidity patterns are similar in both graphs.]

FIGURE 2
 A and B explain as weather condition of the site of experiment during year 2021-22 and 2022-23 respectively.




2.2 Experimental design and treatments

The experimental field trial was executed following a randomized block design (RBD) with three replications, encompassing eight distinct treatments, namely Tc (No fertilizer), TRDF (NPK @ 150:60:40 kg/ha), TINM [75% Recommended dose of fertilizer (in-organic) + 25% Recommended dose of fertilizer (FYM) + BGA (Azotobacter for wheat) & (Azolla for rice)], TFYM (Recommended dose of fertilizer through FYM), TNF1 (Jeevamrit @ 1,000 L ha−1 in 3 split + Mulching), TNF2 (Ghanjeevamrit @ 1,000 kg ha−1 in 3 split + mulching), TNF3 (Jeevamrit (50%) + Ghanjeevamrit (50%) in 3 split + Mulching), TMNF (Jeevamrit (25%) + Ghanjeevamrit (25%) + 50% RDN through FYM in 3 split + Beejamrit + mulching). Conventional tillage has been applied from Tc to TFYM and minimum tillage in TNF1 to TMNF. The experimental field, situated within the affiliation of KVK-Gautambudhnagar, Uttar Pradesh. The Control treatment group has deliberately not received any organic treatments, facilitating the establishment of a rigorous and credible basis for comparison with the above designated treatment groups across various parameters. The detailed treatment information has been given in (Table 1). The nitrogen fertilizer, in the form of urea containing 46% nitrogen (N), was applied in three stages: 50% at sowing, 30% during tillering, and 20% at flowering. Phosphorus fertilizer, specifically Di-ammonium phosphate with 46% P2O5, was exclusively applied during the seedling stage. Potassium fertilizer, using potassium chloride with 50% K2O, was evenly distributed between the seedling and earring stages. The nutrient concentration of these input applications for different treatments is detailed in Table 2. Each experimental plot covered an area of 20 m2 (5 × 4).



TABLE 1 Treatment details of the experiment.
[image: Table comparing different agricultural treatments for rice and wheat. Includes treatment details, inputs, and mulching information. Treatments: No Fertilizer; Recommended Dosage of Fertilizer; Integrated Nutrient Management; Farm Yard Manure; Natural Farming methods (Jeevamrit, Ghanjeevamrit); and Modified Natural Farming. Inputs vary with RDF, compost, FYM, Jeevamrit, and Ghanjeevamrit used in different combinations and dosages. Mulching details indicate whether crop residues were retained either in rice or wheat, with ticks indicating retention.]



TABLE 2 Nutrient concentration of inputs applied to different treatments.
[image: Table showing nutrient composition of different agricultural inputs. Columns include serial number, type of input, and percentages of nitrogen (N), phosphorus (P), and potassium (K). Ghanjeevamrit has 1.25% N, 0.98% P, 0.82% K. Jeevamrit has 0.85% N, 0.21% P, 0.23% K. Beejamrit has 0.46% N, 0.19% P, 0.27% K. Farm yard manure has 1.2% N, 0.4% P, 1% K. Urea has 46% N, 0% P, 0% K. Diammonium phosphate has 18% N, 20.08% P, 0% K. Muriate of potash has 0% N, 0% P, 49.5% K.]



2.3 Method of soil sample collection and analysis

Fresh soil samples were collected from the 0–15 cm soil layer at three distinct locations within each treatment, employing an 8 cm tube auger. This sampling procedure was conducted during multiple growth stages of the crop, including tillering, flowering, grain filling, and physiological maturity. In total, 24 fresh soil samples were gathered, air-dried for a duration of 7 days, passed through a 2 mm sieve, thoroughly mixed, and stored in plastic bags for subsequent analysis. For soil enzymatic activities, microbial biomass carbon, nitrogen and microbial population analysis fresh soil sample from anthesis stage was collected. The analysis of various soil properties was conducted in accordance with established standard procedures. The available nitrogen content was determined using the Kjeldahl digestion method (Kjeldahl, 1883). Available soil phosphorus and potassium were assessed using Olsen’s method and the ammonium acetate method, respectively (Hanway and Heidel, 1952; Olsen, 1954). Soil organic carbon content was determined through the Walkley and Black Method (Walkley and Black, 1934). The initial soil properties of the experimental field are presented in (Table 3).



TABLE 3 Physio-chemical properties of soil before the start of experiment.
[image: Table displaying soil properties and measurements. Sand is forty-six percent, silt is thirty percent, and clay is twenty-two percent, classifying it as sandy loam. Bulk density is 1.40 grams per cubic centimeter. Soil aggregate analysis shows macro-aggregate at 37.5 grams and 33.4 grams, micro-aggregate at 100 grams. Soil temperature is thirty-two degrees Celsius plus or minus five. Soil moisture is 33.73 percent. Soil pH is 8.15. Electrical conductivity is 0.23 dS per meter. Organic carbon is 0.43 percent. Soil available nitrogen is 210 kilograms per hectare, phosphorus is 53 kilograms per hectare, potassium is 132 kilograms per hectare, and sulfur is 48 milligrams per kilogram.]



2.4 Analysis of plant samples

The nitrogen content in both the grain and straw components was assessed through the Kjeldahl digestion method (Jackson et al., 1973). To estimate nitrogen uptake, the nutrient concentrations, expressed as percentages, were multiplied by the corresponding yields of grain and straw. The total nutrient quantity extracted by the crop was determined by summing the nutrient uptake from both grain and straw, as illustrated in Equation (1).

[image: N uptake in kilograms per hectare is calculated by the formula: \(\left[\left(\text{Grain yield in kg/ha} \times \text{N concentration in grain (%)}\right) + \left(\text{Straw yield in kg/ha} \times \text{N concentration in straw (%)}\right)\right] \times 0.01\).]



2.5 Potential nitrogen mineralization

Potential nitrogen mineralization of soil was analyzed by using anaerobic incubation method (Keeney, 1982). Collect the representative soil sample ensuring sufficient volume for analysis. Air dry the sample and pass it through 2 mm sieve the place 100 g of sample into glass jar and tightly close the lid to create anaerobic condition. The soil samples the incubated at 35°C for 1 week. Collect the soil sample from jar and use Kjeldahl method to measure the mineralized nitrogen in the soil sample.



2.6 Soil microbial properties


2.6.1 Soil biomass carbon

Soil microbial biomass carbon (MBC) was determined in accordance with the protocol delineated by Vance et al. (1987). A soil sample weighing 17.5 grams was collected from each treatment and placed in a hermetically sealed container. One milli liter of chloroform was introduced to the sample, which was subsequently fumigated. Additionally, a non-fumigated set was prepared in a 250 mL flask. These samples were kept in the dark for 24 h. Following incubation, chloroform was evaporated at 50°C within a Biological Oxygen Demand (BOD) chamber, and the caps were left open for the ensuing 20–24 h. Subsequently, 70 mL of a 0.5 M K2SO4 solution was added to these samples, and they were subjected to agitation for 30 min. The supernatant was isolated by filtering the samples through Whatman No. 42 filter paper. The absorbance of the supernatant was promptly assessed at 280 nm for both fumigated and non-fumigated samples. The MBC of the soil samples was then computed using the formula provided below. Equation (2) was employed for calculating the carbon content of the microbial biomass.

[image: Formula for microbial biomass carbon (MBC) in milligrams per kilogram of soil: MBC equals the optical density (OD) of fumigated soil minus the OD of nonfumigated soil, multiplied by 15,487, divided by the amount of soil used.]



2.6.2 Soil biomass nitrogen

The method proposed by Vance et al. (1987) is widely acknowledged and frequently employed for the expeditious retrieval and measurement of microbial biomass nitrogen in soil. In the experimental procedure, representative soil samples are obtained from each treatment plot. Approximately 10 g of soil is weighed into a fumigation chamber, followed by the addition of 30 mL of chloroform. The chamber is sealed, and thorough shaking ensures even distribution of chloroform. Subsequently, the soil undergoes chloroform fumigation for 24–48 h, leading to the effective termination of microbial biomass. A distinct portion of the soil sample is preserved without fumigation, serving as a non-fumigated control. Following fumigation, nitrogen extraction from both fumigated and non-fumigated samples is carried out using a suitable extractant solution, such as 0.5 M K2SO4. Vigorous shaking is employed to facilitate the extraction of nitrogen. The nitrogen concentration in the extracts is then determined using the Kjeldahl digestion method. The calculation of Microbial Biomass Nitrogen (MBN) for the soil samples is executed using a provided formula, with Equation (3) specifically utilized for computing the nitrogen content of the microbial biomass. This systematic approach ensures a comprehensive evaluation of microbial biomass nitrogen in the soil.

[image: MBC in milligrams per kilogram of soil is equal to the nitrogen of fumigated soil minus the nitrogen of non-fumigated soil, multiplied by 0.45.]



2.6.3 Soil enzymatic activity

Soil samples for enzymatic analysis were collected at the anthesis stage of both the rice and wheat crops. The freshly obtained soil samples were promptly sifted through a 2 mm sieve. Subsamples were extracted for moisture content evaluation, which was determined by measuring the loss in weight after subjecting the subsample of soil to drying at 105°C for a period of 48 h. The assessment of enzymatic activity was performed on all treatment samples in triplicate, with an additional sample serving as the control. The enzymes under investigation included dehydrogenase, β-glucosidase, and urease, and their quantification was carried out through colorimetric analysis of reaction products resulting from the incubation of samples with the appropriate substrate under standardized conditions. The dehydrogenase activity was assessed following the procedure proposed by Casida et al. (1964). This enzymatic activity was determined by measuring the production of triphenyl formazan from triphenyl tetrazolium chloride, which served as a hydrogen acceptor. In this method, 1 gram of air-dried soil was carefully weighed and placed in a 15 mL screw cap tube. Three replicates were maintained for each experimental treatment. To these tubes, 0.2 mL of a 3% w/v solution of 2, 3, 5 triphenyl tetrazolium chloride was added. To ensure a thin layer of water on the soil surface, 0.5 mL of a 1% glucose solution was included. The tubes were then incubated at a controlled temperature of 30 ± 1°C. After 24 h of incubation, 10 mL of methanol was introduced, and the tubes were manually shaken for 1 min. Subsequently, these tubes were left in the dark for 6 h. The developed color intensity was quantified using a spectrophotometer set at 485 nm. Dehydrogenase activity was expressed as milligrams of Triphenyl formazan (TPF) produced per hour per gram of air-dry soil. A standard curve was constructed within a range of 0.005 mg TPF to 0.4 mg per 10 mL of methanol.

β-Glucosidase activity was assessed following the protocol outlined by Eivazi and Tabatabai (1988). In this procedure, Modified Universal Buffer (MUB), toluene, and p-nitrophenyl β-D-glucoside solution each of 4 mL, 0.2 mL and 1 mL were incubated, respectively, with 1 gram of soil at 37°C for 1 h. Subsequently, 0.5 M CaCl2 and 0.1 M THAM (Tris hydroxy methyl amino methane) each of 1 mL and 4 mL, respectively, were added, and the resulting soil solution was filtered using Whatman No. 1 filter paper. The intensity of yellow color solutions was assessed using a spectrophotometer at a wavelength of 490 nm. These measurements were then compared to a calibration curve established from standards that contained varying quantities of p-nitrophenol, specifically 0, 10, 20, 30, 40, and 50 mg per gram of soil, as measured at 490 nm. The comparison was made with respect to the reference readings from the established standards.

The quantification of urease activity in soil entails the assessment of urea hydrolysis by examining the remaining urea content subsequent to the soil’s incubation with a urea solution at a temperature of 37°C, following the method introduced by Bremner and Douglas (1971). The amount of urea that remains after a specific incubation period is used as the basis for estimating urease activity. Urea content is determined through a calorimetric method, which involves the chemical reaction of urea with diacetyl monoxime (DAM) in the presence of Thio-Semi carbazide (TSC), H3PO4, and H2SO4. Subsequently, the intensity of the resulting red coloration was quantified using a spectrophotometer at a wavelength of 527 nm. The calculation of soil urease activity was carried out according to Equation (4) below, where “B” represents the quantity (mg) of urea initially added, “A” signifies the amount (mg) of urea remaining after the time “t,” and “x” corresponds to the oven-dried quantity (in grams) of soil used during incubation. When time is measured in hours, urease activity can be expressed as milligrams of urea per gram of soil (mg urea g−1 soil).

[image: Formula for urease activity: (B minus A) multiplied by t.]

The Geometric Mean (GMenz) of enzyme activity amalgamates data from all enzymes, computed for each treatment, employing the subsequent Equation (5), as previously described by Hinojosa et al. (2004).

[image: Equation labeled as number 5, representing GM subscript enz equals the cube root of the product of Dehydrogenase, beta-glucosidase, and Urease.]



2.6.4 Culturable soil microbial population

The quantification of viable microorganisms in rhizospheric soils was performed out using the serial dilution method, and the values were expressed as colony forming units (CFUs) per gram of soil, as described by Wollum et al., (1994). Rhizospheric soil samples were systematically diluted by mixing 10 g of soil with 90 mL of sterilized distilled water, with subsequent dilutions up to 10−8. For the quantification of bacteria, fungi, and actinobacteria, nutrient agar (comprising Peptone, Yeast Extract, Sodium Chloride, Agar) each added 5 g, 2 g, 5 g 15 g, respectively, and add sufficient distilled water to make up the volume by 1,000 mL, Potato Dextrose Agar (containing Potatoes, Dextrose, Agar) added 200 g, 20 g and 15 g respectively, and Actinomycetes isolation agar (with Sodium caseinate 2.0, L-Asparagine 0.10, Sodium propionate 4.0, Dipotassium phosphate 0.5, Magnesium sulfate 0.1, Ferrous sulfate 0.001, Agar 15.0) media from Himedia® were employed, respectively. Subsequently, the soil suspensions from the 10−5, 10−4, and 10−3 dilutions were spread onto petri plates in triplicates containing the respective media for bacterial, fungal, and actinobacterial counts. Bacterial, fungal, and actinomycetes colonies were enumerated after 1, 3–4, and 6–7 days of incubation at 28 ± 2°C, respectively.




2.7 Crop yield

The rice and wheat crops were harvested in October and April, respectively, and subsequently threshed to quantify their grain and straw yields per hectare, with moisture content adjusted to 12%.



2.8 Statistical analysis

The measurements acquired from the experimental study underwent analysis using OPSTAT Software, as described by Sheoran et al. (1998), to compute ANOVA. Subsequently, means were differentiated through Duncan’s multiple range test (DMRT) at a significance level of p = 0.05. Each variable’s data underwent assessment using a variance protocol analysis within a randomized block design, subject to verification for statistical significance via the “F” test, following the approach outlined by Gomez and Gomez (1984). The evaluation of the impact of different treatments on crop yield and soil microbial population was carried out using R software, version 4.3.1, as specified by R Development Core Team (2012). The standard error of means (SEm) and the least significant difference (LSD) were computed at a significance level of 5%. The correlation panel matrix was constructed using the “ggplot2” and “corrplot” packages within the R software, version 4.3.1.




3 Results


3.1 Soil chemical properties (pH, electrical conductivity, and soil organic carbon)

The results of the analysis of selected soil chemical properties are presented in (Table 4). Following the harvest of rice and wheat, soil pH and electrical conductivity (EC) exhibited no significant variations when different natural farming inputs were applied. However, a slight decrease in pH was observed in the TRDF treatment. Conversely, there was a marginal increase in these values across all other treatments over the years from 2021 to 2023. Notably, the application of various natural farming inputs significantly influenced the organic carbon content of the soil after the crop harvest. Specifically, the TNF3 treatment exhibited a significantly higher soil organic carbon content, measuring 0.51 and 0.58% for the years 2021–22 and 2022–23, respectively. This was on par with the TMNF treatment, followed by TNF1 and TNF2, which recorded values of 0.55 and 0.56%, respectively, at the end of the experiment. These values were statistically similar. In contrast, the control treatment displayed the lowest organic carbon content, with measurements of 0.40 and 0.42% for the years 2021–22 and 2022–23, respectively.



TABLE 4 Effect of different natural farming inputs (Ghanjeevamrit, Jeevamrit, and Beejamrit), organic (FYM) and in-organic fertilizer on soil chemical properties at harvest of wheat crop of 2021–22 and 2022–23.
[image: Table showing soil treatment effects on pH, electrical conductivity (EC), and organic carbon (OC) over two periods: 2021-2022 and 2022-2023. Treatments include control, recommended fertilizer dosage, integrated nutrient management, farm yard manure, natural farming methods (three variations), and modified natural farming. Initial values and standard errors are noted. pH ranges from 8.03 to 8.36, EC from 0.23 to 0.25 dS/m, and OC from 0.40 to 0.58%. Specific footnotes explain treatment details.]



3.2 Soil available nitrogen, phosphorus, and potassium

During both the agricultural seasons (2021–22 and 2022–23) of the rice-wheat cropping system, it was observed a noteworthy alteration in the levels of available nitrogen subsequent to the harvest of both rice and wheat crops. The treatment designated as “TINM” consistently exhibited the highest recorded levels of available nitrogen, registering values of 234.9 and 241.3 kg per ha−1 after the wheat harvest for the respective years 2021–22 and 2022–23. In contrast, the treatments denoted as TNF1, TNF2, and TNF3 consistently displayed significantly lower concentrations of available nitrogen following the wheat harvest, in comparison to the TINM treatment. Among the various natural farming inputs employed, the “TMNF” treatment consistently demonstrated the highest levels of available nitrogen for both years, with values of 229.3 and 237.8 kg ha−1 after the wheat harvest for the years 2021–22 and 2022–23, respectively. Specifically, the TINM treatment exhibited a percentage increase in soil-available nitrogen of 2.42 and 1.47% compared to TMNF after the wheat harvest for the years 2021–22 and 2022–23, respectively. It is noteworthy that the “TRDF” treatment consistently exhibited soil-available nitrogen values statistically comparable to those of the TINM treatment following both seasons of the rice-wheat cropping system. Conversely, the control treatment (Tc) consistently displayed the significantly lowest levels of available nitrogen. In comparison to TINM, TINM exhibited a percentage increase of 61.6 and 72.2% in soil-available nitrogen following the wheat harvest for the years 2021–22 and 2022–23, respectively (Figure 3).

[image: Bar chart showing soil available nitrogen in kilograms per hectare across different treatments for rice and wheat over two years, 2021-22 and 2022-23. Each bar represents a treatment labeled TC, TRDF, TPNM, TFYM, TNF1, TNF2, TNF3, TNF4, or TNF5. Error bars and letters above bars indicate statistical differences. Nitrogen levels range from 150 to 275 kg ha^-1.]

FIGURE 3
 Effect of different nutrient management practices on soil available nitrogen. [TC: Control, TRDF: Recommended dosage of fertilizer, TINM, Integrated nutrient management; TFYM, Farm yard manure; TNF-1, Natural Farming-1; TNF-2, Natural Farming-2; TNF-3, Natural Farming-3; TMNF, Modified Natural Farming, Brief details of the treatment is given in Table 1]. Data refer to mean of three replicate and error bars depicts standard deviation. Bars with the same alphabet are not significantly different at p ≤ 0.05. Different alphabet indicates statistically significant differences within each treatment at p < 0.05 (Duncan test).


The available phosphorus content in the soil exhibited notable enhancements in treatments incorporating natural farming inputs, i.e., TNF1, TNF2, TNF3, and TMNF. In particular, the application of TMNF resulted in significantly elevated levels of available phosphorus after 2 years, amounting to 64.6 and 68.3 kg ha−1 after the wheat harvest for the years 2021–22 and 2022–23, respectively. These values were statistically akin to those observed in the TRDF and TINM treatments. Conversely, the TFYM treatment displayed lower levels of available soil phosphorus for both years, post-wheat harvest, measuring 54.8 and 58.5 kg ha−1 in comparison to the other treatment regimens. During the years 2021–22 and 2022–23, TNF1 and TNF2 exhibited no statistically significant differences in soil phosphorus content after 2 years of crop harvest. The control treatment consistently manifested substantially reduced levels of available phosphorus, with values of 47.2 and 46.3 kg ha−1 after the wheat harvest, representing a reduction of 36.8 and 47.5% compared to TMNF for the respective years (Figure 4).

[image: Bar chart displaying soil available phosphorus (kg ha^-1) across different treatments for rice (2021-22, 2022-23) and wheat (2021-22, 2022-23). Treatments include TC, TRDF, TNM, TFM, TNF, with phosphorus levels generally ranging from 40 to 70 kg ha^-1. Error bars and letter annotations indicate statistical significance between treatments.]

FIGURE 4
 Effect of different nutrient management practices on soil available phosphorus. [TC, Control; TRDF, Recommended dosage of fertilizer; TINM, Integrated nutrient management; TFYM, Farm yard manure; TNF-1, Natural Farming-1; TNF-2, Natural Farming-2; TNF-3, Natural Farming-3; TMNF, Modified Natural Farming, Brief details of the treatment is given in Table 1]. Data refer to mean of three replicate and error bars depicts standard deviation. Bars with the same alphabet are not significantly different at p ≤ 0.05. Different alphabet indicates statistically significant differences within each treatment at p < 0.05 (Duncan test).


Diverse treatment approaches exerted significant influence on the soil’s available potassium content, as indicated in Figure 5. In the years 2021–22 and 2022–23, notably elevated levels of available potassium following the rice harvest were documented in the TINM treatment, registering at 135.6 and 139 kg ha−1 after the wheat harvest. These values demonstrated statistical similarity to those obtained in the TRDF treatment, followed closely by TMNF. TNF3 displayed levels statistically akin to TNF1 and TNF2 for both years, with available potassium quantities of 126.4 and 123.2 kg ha−1 following the wheat harvest for the years 2021–22 and 2022–23, respectively. In contrast, the control treatments consistently exhibited the most markedly reduced levels of available potassium, measuring 119.2 kg ha−1 after the wheat harvest in the second year of the crop.

[image: Bar chart showing soil available potassium in kilograms per hectare for different treatments over two seasons, 2021-2022 and 2022-2023, for rice and wheat. The chart uses green bars, marked from 0 to 160 on the y-axis. Each treatment has distinct labels and statistical significance indicated by letters above the bars. Bars are grouped by crop type and season.]

FIGURE 5
 Effect of different nutrient management practices on soil available potassium. [TC, Control; TRDF, Recommended dosage of fertilizer; TINM, Integrated nutrient management; TFYM, Farm yard manure; TNF-1, Natural Farming-1; TNF-2, Natural Farming-2; TNF-3, Natural Farming-3; TMNF, Modified Natural Farming, Brief details of the treatment is given in Table 1]. Data refer to mean of three replicate and error bars depicts standard deviation. Bars with the same alphabet are not significantly different at p ≤ 0.05. Different alphabet indicates statistically significant differences within each treatment at p < 0.05 (Duncan test).




3.3 Potential nitrogen mineralization

The field management practices, including fertilization and crop rotation, had a significant impact on soil mineralized nitrogen, as depicted in Figure 6. The potential nitrogen mineralization exhibited extensive variation across different treatment groups and throughout the duration of the experiment. Relative to the control group (Tc), all other treatment groups demonstrated a noteworthy increase in potential nitrogen mineralization. The highest potential nitrogen mineralization, recorded after the 2022–23 wheat harvest, was observed in the TMNF treatment, with a value of 12.20 mg/kg. This represented a substantial 60.5% increase compared to the TRDF treatment, which had a potential nitrogen mineralization of 7.60 mg/kg. The TINM treatment exhibited a nitrogen mineralization value of 9.10 mg/kg. Among the treatments that received natural farming inputs (TNF1, TNF2, and TNF3), all showed statistically equivalent values in terms of potential nitrogen mineralization. In contrast, the lowest nitrogen mineralization was recorded in the control group, Tc, with a value of 4.5 mg/kg. This value was two-fold lower when compared to the TMNF treatment.

[image: Line graphs compare potential nitrogen mineralization in rice and wheat for the years 2021-22 and 2022-23. Chart A (rice) and Chart B (wheat) both show an upward trend over various treatments: TC, TRDF, TINM, TFYM, TNF1, TNF2, TNF3, and TMNF. The orange line (2022-23) consistently displays higher values than the blue line (2021-22). Error bars indicate variability across treatments.]

FIGURE 6
 (A) and (B) explain as the effect different nutrient management practices on nitrogen mineralization for crop rice and wheat respectively. A is for Rice crop of 2021-22 and 2022-23 and B is for Wheat crop of 2021-22 and 2022-23.




3.4 Nitrogen uptake

The nitrogen uptake by both the rice and wheat crops exhibited considerable variation among the treatment groups across multiple years, as summarized in Figure 7. Nitrogen uptake from the soil reached its maximum value in the TINM treatment for both cropping seasons, regardless of the crop type. In the 2021–22 and 2022–23 seasons, TINM demonstrated the highest nitrogen uptake for both rice and wheat, with values of 124.09 and 127.57 kg ha−1 for rice and 160.19 and 170.98 kg ha−1 for wheat, respectively. Following TINM, TRDF recorded the second-highest nitrogen uptake, with values of 108.19 and 114.42 kg ha−1 for rice and 150.78 and 158.18 kg ha−1 for wheat in the same respective seasons. Notably, there were no statistically significant differences in nitrogen uptake between treatments TNF1 and TNF3, as well as between TINM and TNF2. The control treatments consistently exhibited the lowest nitrogen uptake during both years.

[image: Bar chart showing total nitrogen uptake (kg/ha) for rice and wheat under various treatments in 2021-2022 and 2022-2023. TRDF shows the highest uptake, while TNF4 shows the lowest. Different letters indicate statistical significance.]

FIGURE 7
 Effect of different nutrient management practices on total nitrogen uptake by rice and wheat during cropping season 2021–22 and 2022–23. [TC, Control; TRDF, Recommended dosage of fertilizer; TINM, Integrated nutrient management; TFYM, Farm yard manure; TNF-1, Natural Farming-1; TNF-2, Natural Farming-2; TNF-3, Natural Farming-3; TMNF, Modified Natural Farming, Brief details of the treatment is given in Table 1]. Data refer to mean of three replicate and error bars depicts standard deviation.




3.5 Soil biological properties


3.5.1 Soil microbial biomass carbon and nitrogen

Our experimental result revealed that treatment receiving natural farming inputs exert a substantial influence on the Microbial biomass carbon (MBC) and Microbial biomass nitrogen (MBN) content in soil. In the present investigation, specifically, the treatment denoted as TNF1, TNF2, TNF3, and TMNF exhibited a notably pronounced impact on the soil microbial biomass, as indicated in (Table 5). In both years under study, 2021–22 and 2022–23, the research trial yielded highest MBC values in the TMNF treatment for both rice (190.3 mg kg−1) and wheat (204.5 mg kg−1) during the last year of experiment. TNF3 also exhibited a relatively higher MBC content, which was statistically equivalent to that of TMNF. In the context of rice cultivation, TMNF demonstrated a substantial 44.9% increase in MBC when compared to the TRDF treatment. Similarly, during wheat cultivation, TMNF exhibited a substantial 53.5% increase in MBC relative to the TRDF treatment. Notably, analogous trends were observed for MBN content in the soil. The highest and lowest values for MBN were consistently recorded in the TMNF and TC treatments, respectively. During rice cultivation, TMNF displayed an MBN content of 88.9 mg kg-1, while TC had a content of 20.4 mg kg−1. During wheat cultivation, TMNF exhibited an MBN content of 95.4 mg kg−1, whereas TC displayed a content of 21.8 mg kg−1. This implies a remarkable percentage increase of 40.6% in MBN content during rice cultivation and an even more substantial 102.1% increase during wheat cultivation in the TMNF treatment compared to the TRDF treatment. Conversely, the lowest MBC levels were observed in the TC treatment, registering at 79.4 mg kg−1 and 78 mg kg−1 following the harvest of two consecutive rice and wheat seasons, respectively.



TABLE 5 Effect of different natural farming inputs (Ghanjeevamrit, Jeevamrit, and Beejamrit), organic (FYM) and in-organic fertilizer on soil MBC and MBN.
[image: Table comparing microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN) for different treatments on rice and wheat from 2021 to 2023. Treatments include control, recommended dosage of fertilizer, integrated nutrient management, farm yard manure, and various natural farming approaches. Values are presented for two rice and two wheat growing seasons, with letters indicating statistical significance. Details are provided at a 5% level probability according to DMRT.]



3.5.2 Soil enzymatic activity index

An important innovation in this study was the introduction of the integrated index GMenz, which serves as a dimensionless parameter facilitating the comparison of combined enzyme activity (dehydrogenase, β-glucosidase and urease) and soil sample quality. The GMenz values ranged from 7.85 to 32.83 across all treatments for both rice and wheat during a two-year experiment as shown in Figure 8. Over the course of this research, TMNF consistently exhibited the highest GMenz value, regardless of the crop type and year. At the end of the 2022–23 wheat crop season, TMNF displayed a remarkable 77.03% increase in GMenz value compared to TRDF, and a substantial 48.5% increase compared to TINM. In contrast, TC registered the lowest GMenz value, which was 7.99, making it four times lower than TMNF.

[image: Radar chart comparing rice and wheat for the years 2021-2022 and 2022-2023 across seven categories: TC, TRDF, TINM, TFYM, TNF1, TNF2, and TNF3. Lines show similar patterns with slight variations.]

FIGURE 8
 Effect of different nutrient management practices on the geometric mean of assayed enzyme activities (relative value). [TC, Control; TRDF, Recommended dosage of fertilizer, TINM, Integrated nutrient management; TFYM, Farm yard manure; TNF-1, Natural Farming-1; TNF-2, Natural Farming-2; TNF-3, Natural Farming-3; TMNF, Modified Natural Farming, Brief details of the treatment is given in Table 1].




3.5.3 Soil microbial population

Throughout the research conducted in both the years 2021–22 and 2022–23, the investigation revealed that the highest bacterial population was consistently observed in the TMNF treatment, with subsequent populations in TNF3, indicating (33.8 and 34.4 × 106 cfu g−1 soil) during rice-wheat crop in the respective years. Conversely, the TRDF treatment exhibited significantly lower bacterial populations, registering only (19.4 and 20.2 × 106 cfu g−1 soil) compared to all other treatments utilizing natural farming inputs. This data underscores a substantial 70.2% increase in bacterial population in TMNF as compared to the TRDF treatment during the final crop. It further elucidates the findings related to the fungal and actinomycetes populations in the soil for the years 2021–22 and 2022–23. Remarkably, the TMNF treatment consistently displayed the highest populations, recording 10.3 and 11.5 × 103 cfu g−1 soil for fungi and 23.5 and 24.8 × 105 cfu g−1soil for actinomycetes in the respective years. Following this, TNF3 exhibited the second-highest fungal population with 9.8 and 10.4 × 103 cfu g−1 soil, whereas TNF2 recorded the second-highest actinomycetes population with 23.6 and 24.8 × 105 cfu g−1 soil. Conversely, the control treatment consistently demonstrated the lowest fungal and actinomycetes populations, measuring only (4.1 and 4.3 × 103 cfu g−1 of soil for fungi and 11.4 and 11.7 × 105 cfu g−1 of soil) for actinomycetes during the respective years. These observations indicate a consistent increase in microbial counts over time. Importantly, when the organic inputs, including Farm Yard Manure (FYM), Ghanjeevamrit, Jeevamrit, and mulching, were applied collectively, the microbial population in the soil exhibited a much higher count than when any of these inputs were applied individually (Figures 9, 10).

[image: Two circular diagrams labeled A and B show soil microorganism distribution, measured in colony-forming units per gram (CFU/g). Each diagram comprises concentric rings representing bacteria (green), fungi (orange hatch), and actinomycetes (orange). The diagrams are divided into segments indicating different treatments (e.g., TNMF, TRDF). Numerical values next to each segment denote CFU/g for actinomycetes, fungi, and bacteria.]

FIGURE 9
 Effect of different natural farming inputs (Ghanjeevamrit, Jeevamrit, and Beejamrit), organic (FYM) and in-organic fertilizer on soil microbial population (A) rice crop (2021–22) and (B) rice crop (2022–23). LSD value (p > 0.05): for Bacteria 0.70 ×106and 0.67 ×106, Fungi 0.17 × 103 and 0.22 × 103 and Actinomycetes 0.43 × 105 and 0.50 × 105 in 2021–22 and 2022–23, respectively. [TC, Control; TRDF, Recommended dosage of fertilizer; TINM, Integrated nutrient management; TFYM, Farm yard manure; TNF-1, Natural Farming-1; TNF-2, Natural Farming-2; TNF-3, Natural Farming-3; TMNF, Modified Natural Farming, Brief details of the treatment is given in Table 1]. Data refer to mean of three replicates as shown in radial bar on a polar coordinate system.


[image: Two circular diagrams labeled A and B display the distribution of microorganisms in soil, with three concentric layers representing actinomycetes (yellow), fungi (red), and bacteria (striped). Each section is annotated with microorganism concentration values in colony-forming units per gram (CFU/g) of soil. The diagrams include sections labeled TNM, TRDF, TC, TMYM, TMYJ, TNF1, TNF2, TNF3, and TMNF, showing varying concentrations of each microorganism type. A legend explains the color coding for actinomycetes, fungi, and bacteria.]

FIGURE 10
 Effect of different natural farming inputs (Ghanjeevamrit, Jeevamrit, and Beejamrit), organic (FYM) and in-organic fertilizer on soil microbial population during (A) wheat crop (2021–22) and (B) wheat crop (2022–23). LSD value (p > 0.05): for Bacteria 0.74 × 106 and 0.69 × 106, Fungi 0.23 × 103, and 0.24 × 103 and Actinomycetes 0.52 × 105 and 0.53 × 105 in 2021–22 and 2022–23, respectively. [TC, Control; TRDF, Recommended dosage of fertilizer; TINM, Integrated nutrient management; TFYM, Farm yard manure; TNF-1, Natural Farming-1; TNF-2, Natural Farming-2; TNF-3, Natural Farming-3; TMNF, Modified Natural Farming, Brief details of the treatment is given in Table 1]. Data refer to mean of three replicates as shown in a radial bar chart on a polar coordinate system.





3.6 Crop yield

The outcome of a crop, which is often contingent upon the development of yield attributes, is primarily determined by the grain yield. The utilization of an integrated nutrient source substantially enhances the grain yield of rice and wheat. Particularly, during the end of the Kharif season in 2022, the highest grain yield, amounting to 4.76 t ha−1, was observed in the treatment denoted as TINM when compared to the TRDF treatment and other treatments employing natural farming inputs such as TNF1, TNF2, TNF3, and TMNF. Notably, TINM demonstrated a remarkable 9.3% increase in rice grain yield in comparison to TRDF, which yielded 4.31 t ha−1. Among the various natural farming inputs, TMNF yielded the highest grain yield at 4.08 t ha−1, although this result was not statistically distinguishable from the yield of TNF2, which amounted to 3.81 t ha−1. Over the course of the two-year experimental trial, spanning from 2021–22 to 2022–23, it was evident that significant differences in wheat yield existed among the various treatments. The highest wheat yield recorded at the end of the experimental trial was in the TRDF treatment, yielding 5.82 t ha−1, which was statistically equivalent to the yield of 5.70 t ha−1 observed in the TINM treatment. There was a notable decrease in yield observed in the treatments employing natural farming inputs. Among the natural farming inputs, TNF2 yielded the highest wheat yield at 4.19 t ha−1, which was not statistically distinct from the yield of 4.14 t ha−1 observed in the TMNF treatment (Figure 11).

[image: Box plots showcasing rice and wheat grain yield in tons per hectare under various treatments for the years 2021–2022 and 2022–2023. Panel A displays rice yield, with different treatments labeled TC, TRDF, TINM, TFYM, TNF1, TNF2, TNF3, and TMNF. Panel B shows wheat yield under the same treatments. Each box plot denotes the median, quartiles, and range for each treatment and year. Statistical significance among treatments is indicated by letters a to g.]

FIGURE 11
 Box plot of different natural farming inputs (Ghanjeevamrit, Jeevamrit, and Beejamrit), organic (FYM) and in-organic fertilizers on (A) rice grain yield and (B) wheat grain yield. [TC, Control; TRDF, Recommended dosage of fertilizer; TINM, Integrated nutrient management; TFYM, Farm yard manure; TNF-1, Natural Farming-1; TNF-2, Natural Farming-2; TNF-3, Natural Farming-3; TMNF, Modified Natural Farming, Brief details of the treatment is given in Table 1]. Box plots of chemicals analyzed in the present study (logarithmic scale).




3.7 Correlation analysis

Correlation analysis of (BP: bacterial population; FP: fungal population; AP: actinomycetes population; MBC: microbial biomass carbon; MBN: microbial biomass nitrogen; DHA: dehydrogenase activity; UrA: urease activity; BGA: beta-glucosidase activity; PMN: potential mineralizable nitrogen) for rice and wheat crop during 2021–22 and 2022–23 has been shown in Figures 12, 13. The PMN during flowering stage was significantly (p = 0.001) positive correlated with BP (R2 = 0.818 and 0.901), FP (R2 = 0.929 and 0.942), AP (R2 = 0.890 and 0.906), MBC (R2 = 0.918 and 0.942), MBN (R2 = 0.926 and 0.940), DHA (R2 = 0.834 and 0.801), UrA (R2 = 0.748 and 0.742) and BGA (R2 = 0.972 and 0.973) in rice and wheat, respectively.

[image: Scatter plot matrix displaying relationship and correlation between variables BP, FP, AP, MBC, MBN, DHA, UrA, BGA, and PMN. Each plot shows data points for two variables, colored by Year-1 and Year-2, with density plots on the diagonal. Correlation coefficients for each pair are listed, indicating the strength and direction of relationships.]

FIGURE 12
 Correlation panel graph in rice (BP, bacterial population; FP, fungal population; AP, actinomycetes population; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; DHA, dehydrogenase activity; UrA, urease activity; BGA, beta-glucosidase activity; PMN, potential mineralizable nitrogen).


[image: Grid of scatter plots and density plots shows correlations between variables BP, FP, AP, MBC, MBN, DHA, UrA, BGA, and PMN. Each cell presents a correlation coefficient and comparisons for Year 1 and Year 2 in red and blue, respectively, indicating changes over time.]

FIGURE 13
 Correlation panel graph in wheat (BP, bacterial population; FP, fungal population; AP, actinomycetes population; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; DHA, dehydrogenase activity; UrA, urease activity; BGA, beta-glucosidase activity; PMN, potential mineralizable nitrogen).





4 Discussion

The study was conducted to evaluate the effect of different natural farming and organic inputs on nitrogen uptake, soil biological health and crop yield in rice-wheat cropping system. After the rice and wheat harvests spanning from 2021 to 2023, it was observed that the soil’s pH and electrical conductivity (EC) remained relatively stable, despite the application of diverse natural farming inputs. Notably, a minor reduction in pH was observed in the TRDF, while all other treatment groups showed slight increases in pH and EC values over time (Yadav et al., 2022). Soil organic matter by interacting with both biotic and abiotic soil component plays a significant role in improving soil health and restoring soil fertility (Gurmu, 2019). Numerous studies have investigated the comparative impacts of synthetic fertilizers and organic amendments on soil properties and crop production. It was found that the enhanced organic carbon content in the soil, resulting from the application of cow-based solid and liquid manure, could be attributed to the direct incorporation of organic materials and improved root growth. Subsequent decomposition of these organic materials appeared to contribute to the increased organic carbon content in the soil (Choudhary et al., 2022; Rautela et al., 2022). In our own investigation, the higher organic carbon content in all soil samples treated with natural farming inputs and organic amendments was primarily associated with the introduction of organic materials in comparison to mineral fertilizer and untreated control groups (Hu et al., 2023). Soil nutrient availability is a dynamic process that is highly responsive to intensive agricultural practices, environmental changes, and is typically constrained by both the quantity and quality of nutrients supplied through various physiochemical mechanisms (Rana et al., 2021). Previous research has consistently demonstrated a positive correlation between the use of various organic amendments and increased nutrient availability in soil (Darjee et al., 2023; Ramalingappa et al., 2023). In our current investigation, the incorporation of Ghanjeevamrit, Jeevamrit, Beejamrit, and Farm Yard Manure (FYM) resulted in a notable enhancement of the pool of available major nutrients in the soil. This phenomenon could be attributed to the accelerated mineralization of nitrogen, facilitated by heightened microbial activity within these treatments, in conjunction with the application of natural farming inputs (Darjee et al., 2022). Aulakh et al. (2018) also reported similar findings while studying the impact of farmyard manure and Jeevamrit in a maize-wheat organic production system in Punjab. However, some studies have indicated an increase in available nitrogen in the soil when optimizing Jeevamrit doses and application timing to boost wheat productivity under natural farming systems (Kaur and Saini, 2021). During our study, variations in the available phosphorus content were observed among the different treatment groups. This divergence may be due to the increased release of organic acids during mineralization in the case of treatments combining Ghanjeevamrit and Jeevamrit, which enhanced soil phosphorus levels by rendering native phosphates more soluble (Naresh et al., 2018). Interestingly, similar observations of increased soil available phosphorus content were made in studies focused on the application of Jeevamrit to enhance soil properties in zero-budget natural farming fields (Saharan et al., 2023). Our findings align with those of Sharma and Chadak (2022), who investigated residual soil fertility, nutrient uptake, and okra yield influenced by bioorganic nutrient sources. Notably, treatments with organic amendments exhibited significantly lower values of soil available potassium, possibly due to the absence of external potassium inputs and the depletion of the local potassium reservoir by plants. This depletion, however, was mitigated by the accumulation of microflora and fauna resulting from the addition of Jeevamrit and Ghanjeevamrit (Al-Jabori et al., 2011). Over the course of our research trial, an increase in potassium content was observed, which may be attributed to the ability of various natural farming amendments to increase soil potassium availability, promote potassium release, and reduce potassium fixation within the soil (Bader et al., 2021). This aligns with the findings of Wafaa and Mona (2015), who noted that the decomposition of organic fertilizers facilitates the dissolution of potassium-containing minerals in response to naturally occurring acids, such as fulvic and humic acids. This process releases potassium ions, subsequently elevating their concentration in the soil solution. The pattern of nitrogen uptake exhibited an elevated trend in both conventional fertilization methods and integrated nutrient management practices. Specifically, the microbial inoculum, or Jeevamrit, applied at various intervals to the soil, played a pivotal role in augmenting nutrient availability and subsequently enhancing enzymatic activity. As noted by Choudhary et al. (2022), Jeevamrit as well as Ghanjeevamrit significantly amplifies microbial activity in the soil, thereby enhancing the accessibility of nutrients to crops. Nitrogen availability frequently presents limitations within agro-ecosystems. Soil organic matter stands as the primary source of nitrogen for both crops and microorganisms, achieved through the process of mineralization. Superior-quality organic matter is characterized by a low carbon-to-nitrogen (C: N) ratio and an ample nitrogen content, sufficient to support the growth of microorganisms and crops. In most scenarios, soil suffers from nitrogen deficiency, primarily due to its meager or substandard organic matter.

The introduction of natural farming inputs, which tend to be nitrogen-rich, to the soil typically enhances the quality of soil organic matter. Nitrogen mineralization, on the other hand, exhibits variances among the various natural farming and organic inputs, with the most pronounced nitrogen mineralization observed in the treatment receiving an integrated blend of Farm Yard Manure (FYM), Ghanjeevamrit, and Jeevamrit (citations). The composting process serves to stabilize organic compounds, diminishing the proportion of soluble carbon and nitrogen forms (Masunga et al., 2016). In another study, it was revealed that only a minor fraction of organic nitrogen in composts underwent mineralization over time (Zhao et al., 2013). Consequently, even when manure is abundant in nitrogen, the release of nitrogen into the soil proceeds at a slow pace. Tits et al. (2014) noted restricted nitrogen release in composts derived from vegetable, fruit, and garden waste, despite their elevated nitrogen content (1.5% of fresh weight). Lazicki et al. (2020) also observed that nitrogen mineralization was more substantial in animal manure, such as cow dung, compared to composts (7 and 1% of applied organic nitrogen, respectively). This was the case despite their similar C:N ratios and nitrogen contents (10.1 and 9.3, respectively, and 1.2 and 2.2%, respectively).

In the current investigation, it has been determined that soil microbial carbon and nitrogen are profoundly influenced by both organic and natural farming inputs, namely Ghanjeevamrit, Jeevamrit, and Beejamrit. This influence may be attributed to the substantial presence of organic matter in the soil, which provides a nutrient-rich substrate conducive to microbial proliferation (Hicks et al., 2021). The improved MBC and MBN compare in natural farming inputs plot might be due to residue retention (mulching), tillage reduction as well as addition of Farm Yard Manure (FYM), liquid manure (Jeevamrit), and solid manure (Ghanjeevamrit), are incorporated into the soil, they serve as a nutritional source for microorganisms as well as, supply of organic matter provided sufficient C resources for the growth and reproduction of soil microorganisms which in turn resulting in an accumulation of microbial biomass carbon and nitrogen, whereas absence of residue retention (mulching) and organic manure and presence of conventional tillage in control plot would have resulted in such low MBC and MBN content (Ramalingappa et al., 2023). Microbial Biomass Carbon (MBC) is notably more responsive to cultural practices than Soil Organic Carbon (SOC) and represents a substantial component of SOC. In soils treated with natural farming inputs, the highest levels of MBC and Microbial Biomass Nitrogen (MBN) were recorded (Yang et al., 2018). This observation suggests that natural farming inputs may have functioned as substrates and sources of soluble nutrients conducive to the proliferation of soil microorganisms. These findings align with previous research, indicating that the application of Jeevamrit substantially elevates soil MBC and MBN (Rathore et al., 2023). Soil enzymatic activity is frequently employed as a measure of soil quality, relates to soil nutrient transformation and also strongly correlated with the amount of organic matter in the soil (Merino et al., 2019). The enzymes selected in the current study, are dehydrogenase, β-glucosidase and urease, which are one of the most adequate, important and most sensitive bioindicators, relating to soil fertility (Wolińska and Stępniewska, 2012). Furthermore, according to Choudhary et al. (2022), there was a favourable correlation between soil enzymatic activity and microbial biomass. The utilization of organic sources in the soil may enhance dehydrogenase activity as well as β-glucosidase by increasing substrate availability, promoting biological activity, and stabilizing extracellular enzymes through humic substance complexation (Adak et al., 2014). Higher enzyme activity was seen in the organic amendment treatments, such as TINM, TFYM, TNF1, TNF2, TNF3, and TMNF. which is consistent with the results reported by Rao et al. (2019), Ghasal et al. (2023) and suggests that these treatments can enhance the cycling of soil nutrients (such as C, N, and P). Soil enzymatic activity is a commonly utilized metric for assessing soil quality, as it is intricately linked to soil nutrient transformations and exhibits a robust correlation with the quantity of organic matter within the soil (Merino et al., 2019). In the present study, the selected enzymes, specifically dehydrogenase, β-glucosidase, and urease, stand as highly suitable, crucial, and exceedingly sensitive bioindicators with strong ties to soil fertility (Wolińska and Stępniewska, 2012). Moreover, in accordance with Choudhary et al. (2022), a positive association was observed between soil enzymatic activity and microbial biomass. The incorporation of organic sources into the soil has the potential to elevate dehydrogenase and β-glucosidase activities by augmenting the availability of substrates, fostering biological activity, and stabilizing extracellular enzymes through complexation with humic substances (Adak et al., 2014). Notably, enhanced enzyme activity was evident in treatments involving organic amendments such as TINM, TFYM, TNF1, TNF2, TNF3, and TMNF. These findings align with results reported by Rao et al. (2019) and Ghasal et al. (2023), indicating that these treatments have the capacity to bolster the cycling of soil nutrients, including carbon (C), nitrogen (N), and phosphorus (P). Soil biodiversity is recognized as a fundamental component underpinning the integrity, functionality, and long-term sustainability of soil ecosystems (Zhao et al., 2014). In our investigation, it was observed that the microbial community, in terms of richness, exhibited relatively higher values in the treatment receiving Ghanjeevamrit, Jeevamrit, and Beejamrit, in comparison to other fertilizer regimens. However, it’s worth noting that while these responses were statistically significant when compared to the inorganic fertilizer treatment and the control group, they did not reach statistical significance when compared among the treatments utilizing various natural farming inputs. These findings align with the outcomes of Patro et al. (2009), which emphasizes that the metabolic activity of the microbial population in the soil is reflected in soil enzyme activity. The improved microbial population in the soil may be attributed to the combined impact of Ghanjeevamrit, Jeevamrit, and mulching (Saharan et al., 2023). Moreover, Ghanjeevamrit was found to have positive effects on soil properties, including the potential reduction of bulk density (Kumari et al., 2022), enhancement of soil aeration, and the provision of carbon as an energy source for the multiplication and survival of microbes present in Jeevamrit (Dhiman et al., 2023). According to Siddappa (2015), the application of Jeevamrit alone may lead to noticeably lower microbial activity because fungi, bacteria, and actinomycetes lack access to an organic carbon source necessary for their further proliferation. Conversely, the application of Ghanjeevamrit alone may result in a deficiency of microbial inoculum, which is typically present in Jeevamrit. Such a treatment approach might contribute to a more stable agroecosystem and promote sustainable crop production. In the present study, variations in crop yields over time were evident in response to the diverse fertilizer regimens applied. The majority of characteristics contributing to yield exhibited an increase, primarily attributed to improved growth characteristics resulting from heightened nitrogen absorption and the efficient translocation of assimilates from source to sink (Mangaraj et al., 2022). This upturn in grain yield can be linked to the appropriate allocation of resources from source to sink and the timely availability of nutrients (Laila et al., 2022). Aulakh et al. (2018), while conducting research on nutrient sources for organic rice (Oryza sativa)-wheat (Triticum aestivum) cropping systems in north-west India, reported similar outcomes. Darjee et al. (2022) and Iqbal et al. (2022) also documented enhanced growth attributes of rice and wheat yields in plots where Farm Yard Manure (FYM) was combined with chemical fertilizers. These results can likely be ascribed to the fulfillment of the crop’s nutritional requirements through improved nutrient availability throughout the crop’s life cycle, thereby enhancing growth and ultimately resulting in higher wheat seed yields. These findings closely align with those of Sutar et al. (2019), who observed similar outcomes with the application of Jeevamrit at a rate of 1,000 L/ha. Additionally, Gupta and Bhadauria (2022) reported an increase in wheat yields when investigating the impact of zero-budget natural farming on nutrient content and uptake in wheat (Triticum aestivum L.).



5 Conclusion

Our experimental trial concluded that application of natural farming inputs (Ghanjeevamrit, Jeevamrit, Beejamrit) in rice-wheat cropping system, had shown significant improvement in soil biological quality and soil microbial community as shown in (Figure 14). The data on the build-up of macro nutrient (N, P, K) also improved. Remarkably, a considerable boost in nitrogen uptake was observed in crops treated with natural farming inputs over control treatment. This phenomenon can be ascribed to the expedited mineralization of native and applied nutrients, facilitated by the accumulation of microflora. In contrast the treatment with exclusive use of in-organic fertilizer had an adverse impact on soil biological quality, reduced microbial richness and poor soil enzymatic activity. The natural farming inputs, employing Ghanjeevamrit, Jeevamrit, Beejamrit, and farmyard manure (FYM) in combination resulted in significant higher grain yield of rice and wheat than control and treatment having FYM only but lower yields than treatments supplied nutrients through integrated nutrient management and in-organic fertilizers. Overall, our research suggests that introducing natural farming inputs into intensive agricultural systems can mitigate the detrimental effects resulting from excessive use of synthetic fertilizers. However, to determine the optimal strategy, further investigations into the types, application rates, and frequency of these natural farming inputs are essential. These studies should also consider the interplay between various soil types and the specific cultivated crop species. Additionally, extensive research on the characterization of natural farming inputs are essential to substantiate our findings on a larger scale. Further investigations should focus on developing site-specific and comprehensive packages of practices to enhance adaptability within the farming community. Therefore, our study suggests that TINM & TRDF could be an option for the higher yield of rice and wheat however TMNF and TNF3 are best options for improving soil biological health in long term. Further a long-term study on Natural farming may be taken to confirm the effect on the production and profitability. Hence, advocating natural farming to various stakeholders is warranted, given its positive impact on soil health and cost reduction in regions favoring organic farming.

[image: Flowchart illustrating the impact of natural farming inputs. The chart shows two main processes: natural farming inputs alone and with recommended fertilizer dosage. Both lead to improved soil microbial population and enzymatic activity, which results in sustained crop yield. Additionally, it highlights improved soil nutrient cycling and availability through these practices.]

FIGURE 14
 Pictorial representation of application of natural farming inputs (Ghanjeevamrit, Jeevamrit, Beejamrit) and natural farming inputs integrated with recommended dosage of fertilizers showing significant improvement in soil biological quality, soil microbial community, soil nutrient availability, and sustaining crop yield.
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Introduction: Quinoa a crop with high nutritional value has the widespread adaptability to different climates and there is an increased demand for this product in the world. Characterized by roots with extensive penetration capabilities and wide, alternate leaves giving rise to diverse inflorescences, quinoa plants exhibit variable heights ranging from 20 to 300 cm. The duration of their growth phase spans 95 to 125 days’ contingent upon cultivar selection and prevailing climatic conditions.
Materials and methods: In order to reduce chemical fertilizers consumption through using organic fertilizers a two-year study was conducted at the Research Farm of the University of Kurdistan, Iran, during the 2021–2022 growing seasons. In this study the effects of varying levels of irrigation and vermicompost application on soil characteristics and quinoa (Chenopodium quinoa) yield were investigated. The experiments were arranged as split plots within a randomized complete block design. The main factor consisted of four irrigation levels (50%, 75%, 100%, and 125% of quinoa’s water requirement), while the sub-factor encompassed four vermicompost application rates (0, 5, 10, and 15 tons per hectare). The irrigation method employed was a drip-tape irrigation system with a seven-day interval between irrigations, and water quantities were measured using a volumetric meter on the main pipeline.
Results: The results demonstrated that the highest levels of available soil phosphorus (21.83 mg kg−1) and soil ammonium (36.08 mg kg−1) were observed in the treatment receiving 50% of quinoa’s water requirement combined with 15 tons per hectare of vermicompost. Additionally, the application of 15 tons per hectare of vermicompost led to the highest concentrations of soil nitrate (14.16 mg kg−1), available potassium (144.62 mg kg−1), and quinoa seed yield (1784.01 kg ha−1)). Over both years, the greatest activity of alkaline and acid phosphatase enzymes was noted in the treatment receiving 125% of quinoa’s water requirement in combination with 15 tons per hectare of vermicompost. Vermicompost application was found to enhance yield and ameliorate drought stress by enhancing soil physical and chemical properties and improving soil moisture retention.
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Introduction

Quinoa (Chenopodium quinoa Willd.) is indigenous to the Andes region, spanning Bolivia, Peru, and Chile (Hemalatha et al., 2016). It features deep, permeable roots, wide, alternating leaves, and blossoms in various colors. Quinoa’s height varies from 20 to 300 cm, and its growing season ranges from 95 to 125 days, contingent on the specific variety and prevailing climatic conditions (Rathore and Kumar, 2021).

Quinoa is an allotetraploid plant with 250 varieties cultivated worldwide and native to the Andean regions of South America, such as Peru, Bolivia, Chile, Argentina, Ecuador, and Colombia (Agarwal et al., 2023). The plant is also grown in Colorado, Washington, Oregon, England, and Scandinavia. Quinoa is gaining much attention because of its resistance to different temperatures and climatic conditions, including low rainfall, temperate regions, marginal lands, high temperature, and poor sandy, alkaline soils, without losing its nutritional value (Galvez et al., 2010; Agarwal et al., 2023; Jan et al., 2023). Owing to its high micronutrient intake, resistance to extreme climatic conditions, dietary benefits, and fewer inputs for production (e.g., chemical fertilizers), quinoa is considered a “future smart food” by the Food and Agriculture Organization of the United Nations (FAO, 2012). The plant consists of leaves and seeds as edible parts, but seeds are gaining more importance regarding their nutritional benefits (Rathore and Kumar, 2021). Quinoa seeds show a high composition of proteins, carbohydrates, and lipids with excellent balance (Pathan and Siddiqui, 2022). Since it supplies all the amino acids, FAO/WHO recommends it for adults as well. Because of quinoa’s high nutritional value, the FAO declared 2013 as the “Year of Quinoa.”

The quinoa yield in Kenya, Europe, Denmark, and Australia has been recorded as 4, 2, 3, and 1 tons per hectare, respectively. FAO has predicted quinoa yield between 3 and 4 tons per hectare under proper crop management (FAO, 2012).

In conventional agricultural practices, the widespread use of chemical fertilizers is customary. Nonetheless, the indiscriminate application of chemical fertilizers poses potential environmental risks, encompassing surface and groundwater pollution, contamination of wetlands, soil pollution, reductions in soil organic matter (SOM), and the introduction of toxic elements from these fertilizers into the human food chain (Mengistu et al., 2017). However, the continuous use of chemical fertilizers is responsible for the decline in soil organic matter (SOM) content as well as the decrease in the quality of agricultural soil. The excessive use of chemical fertilizers hardens the soil, diminishes soil fertility, pollutes the air, water, and soil, and depletes important nutrients and minerals in the soil, therefore posing hazards to the environment. Consequently, organic fertilization has emerged as a viable alternative (Pahalvi et al., 2021).

To attain sustainable agriculture, altering the input application patterns and prioritizing conservation while augmenting SOM content have been identified as pivotal strategies (Adekiya and Agbede, 2017). Organic fertilizers not only supply organic matter and nutrients but also enhance microbial activity, foster biodiversity, and increase microbial populations within the soil. Moreover, they positively influence various soil physicochemical parameters, nutrient cycling, and soil structure (Jabeen and Ahmad, 2019). Organic matter exerts direct effects on crop growth and yield through nutrient provision and indirect effects by modifying soil physical properties like aggregate stability and porosity. Additionally, it enhances the root zone of crops, thereby stimulating crop growth (Ortas and Lal, 2014). One recognized method for soil restoration and improvement is vermicomposting, which is instrumental in enhancing the overall health of degraded soils.

Vermicompost is an environmentally friendly natural manure produced by the decomposition of organic matter through the synergistic interactions between microorganisms and earthworms (Mengistu et al., 2017). It manifests as a peat-like substance characterized by an exceptionally high decomposition rate, notable porosity, superior aeration properties, efficient drainage capabilities, substantial water-holding capacity, and heightened microbial activity. This biological fertilizer stands out for its remarkable water retention capacity, reducing crop water requirements (CWR) by approximately 30–40% (Aksakal et al., 2016). The introduction of vermicompost into the soil fosters the development of additional soil pores, thus enhancing crucial soil aeration for both crop growth and microbial activity (Sangwan et al., 2018). Notably, vermicompost is rich in essential nutrients such as magnesium, calcium, phosphorus, potassium, and nitrate, all readily accessible to crops. Its attributes, including microbial activity, water-holding capacity, drainage, aeration, and high porosity, make it an ideal soil conditioner and amendment. Vermicompost has proven to be a valuable asset for enhancing soil productivity in consecutive cropping cycles. It serves as a potent soil amendment, augmenting soil fertility by elevating nutrient content, cation exchange capacity (CEC), and soil organic matter (SOM), while simultaneously ameliorating soil structure (Chandra, 2015). The depletion of SOM represents a prominent contributor to the erosion of ecosystem resilience and the degradation of ecosystem services (Feller et al., 2012). Vermicompost has promising application prospects as a cost-effective and efficient soil amendment (Tascı and Kuzucu, 2023). In another study, the results showed that the advantages of vermicomposting to reduce nitrogen are that it can stabilize production, increase production, increase farmers’ income, reduce the cost of cultivation, and reduce the use of nitrogen fertilizer in further crops (Thakur et al., 2021).

Furthermore, organic fertilization, including the application of vermicompost, has demonstrated efficacy in suppressing crop diseases, particularly those induced by soil-borne pathogens. It enhances microbial biomass and activity, elevates SOM content, and fortifies soil against erosion (Sangwan et al., 2018). Compared to other organic fertilizers, vermicompost exhibits an exceptional capacity to augment the availability of essential nutrients for crops (Jabeen and Ahmad, 2019) and stimulate enzymatic activity, including protease, amylase, cellulase, and pectinase.

In addition to these attributes, vermicompost is acknowledged for its ability to enhance various soil physical properties. It promotes improved air and water permeability, culminating in increased total porosity. It effectively enhances soil aggregate stability, reducing penetration resistance and bulk density, thus fostering favorable conditions for crop cultivation (Aksakal et al., 2016). Moreover, vermicompost amplifies the soil’s fertility status, thereby augmenting nutrient availability for crops and enhancing moisture retention capacity (Chandra, 2015). In arid and semi-arid regions, including Iran, the imperative for ensuring food security and sustainable agriculture hinges on the judicious management, conservation, and rational utilization of limited water resources (Irmak et al., 2016). Iran, notably, confronts the fourth highest water stress levels in the Middle East (Liu et al., 2018). Recent years have witnessed an upsurge in water demand, coupled with groundwater depletion and insufficient access to water resources, exacerbating water scarcity concerns in these areas (Dhawan, 2017). With the agricultural sector being the largest consumer of water, it contends with the burgeoning water demands of the industrial and urban sectors, thereby intensifying water competition. Furthermore, it is well established that irrigation plays a pivotal role in augmenting agricultural production. Effective irrigation water management, through the adoption of enhanced techniques, holds the potential to conserve water and enhance water productivity (WP). Embracing high-efficiency irrigation systems such as the drip irrigation system emerges as an efficacious means to elevate water efficiency and curtail water usage in agriculture (Bozkurt Çolak et al., 2021).

The pressurized irrigation system represents a contemporary irrigation approach distinguished by its heightened irrigation application efficiency. When adequately designed, implemented, and managed, the pressurized irrigation system stands poised to significantly augment water productivity (WP) and curtail the extraction of water from primary water sources. A notable innovation in micro-irrigation methods is the drip-tape irrigation system (Liu et al., 2018). In this approach, irrigation water is delivered directly into the root zone of crops. Consequently, surface evaporation rates diminish, deep water penetration is optimized, and crop yields experience an upswing (Irmak et al., 2016). The drip-tape irrigation system boasts several merits, including enhanced water use efficiency (WUE), decreased groundwater pollution (attributable to reduced nitrate leaching), adoption of shorter irrigation intervals, effective salt leaching, uniform water distribution, quantitatively and qualitatively improved crop yields, weed management, judicious administration of fertilizers and pesticides, automation capabilities, and high adaptability (Valentín et al., 2020).

Notably, farmers in Kurdistan province, as well as other regions of Iran, cultivate crops with substantial water and nutrient requirements. The excessive application of irrigation water and chemical fertilizers in these agricultural lands has led to the contamination of groundwater, exemplified by elevated nitrate concentrations, and surface water, characterized by the proliferation of algae in dam lakes. Given the inherent significance of quinoa as a valuable grain and its exceptional adaptability to diverse climatic conditions, conducting a study on quinoa, a low-expectation crop with high nutritional value, serves as a strategic initiative. Such research offers an alternative to water-intensive crops and aims to investigate the potential of vermicompost in enhancing soil quality and fostering quinoa cultivation in Kurdistan Province, Iran.



Materials and methods


Area description

This study was carried out within the Research Field of the University of Kurdistan, located in the Dehgolan Plain, situated at geographical coordinates of 18.35 N latitude and 18.47 E longitude, with an altitude of 1,866 m above mean sea level. The research spanned the years 2021 and 2022. The region in question experiences an average annual precipitation of 350 mm and falls within the classification of a semi-arid Mediterranean climate as determined by the Amber method. The annual average maximum and minimum temperatures in this locale are recorded at 23 and 6.6°C, respectively (Figure 1).
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FIGURE 1
 Schematic diagram of the experimental design and locations of treatments and their replications. I1F1, 50% plant water requirement + no use of vermicompost; I1F2, 50% of plant water requirement +5 tons per hectare of vermicompost; I1F3, 50% of plant water requirement +10 tons per hectare of vermicompost; I1F4, 50% of plant water requirement +15 tons per hectare of vermicompost; I2F1, 75% of plant water requirement + no use of vermicompost; I2F2, 75% of plant water requirement +5 tons per hectare of vermicompost; I2F3, 75% of plant water requirement +10 tons per hectare of vermicompost; I2F4, 75% of plant water requirement +15 tons per hectare of vermicompost. I3F1, 100% plant water requirement + no use of vermicompost; I3F2, 100% of plant water requirement +5 tons per hectare of vermicompost; I3F3, 100% of plant water requirement +10 ton/h of vermicompost; I3F4, 100% of plant water requirement +15 tons per hectare of vermicompost. I4F1, 125% plant water requirement + no use of vermicompost; I4F2, 125% of plant water requirement +5 tons per hectare of vermicompost; I4F3, 125% of plant water requirement +10 tons per hectare of vermicompost; I4F4, 125% of plant water requirement +15 tons per hectare of vermicompost.




Properties of soil and vermicompost

Table 1 provides an overview of the pertinent characteristics of the field soil and vermicompost utilized in this study. The absorbable phosphorus content of the soil was extracted following the methodology established by Olsen and Sommers (1990), while absorbable potassium was extracted using ammonium acetate, as per the procedure outlined by Westeman (1990). The concentrations of phosphorus and potassium in the soil were determined using a spectrophotometer (model: Ultraviolet C 292) and a flame photometer (model: Jenway), respectively. Additionally, the assessment of iron absorbability by both soil and modifiers was conducted through the DTPA method, as prescribed by Linday and Norvell (1978).



TABLE 1 Soil and vermicompost properties used in the experiment.
[image: Table comparing soil properties at two depths, 0–30 cm and 0–60 cm, and with vermicompost. The properties include texture, sand, clay, field capacity, wilting point, electrical conductivity, pH, nitrogen, available potassium, iron, phosphorus, organic carbon, and lime. Soil at 0–30 cm is clay loam, and at 0–60 cm is clay. Vermicompost shows higher electrical conductivity and organic carbon. Other values vary for each depth and vermicompost.]

Table 1 unequivocally demonstrates that the soil’s texture is classified as clay loam. The determination of soil texture was accomplished through the hydrometric method. It is worth noting that clay loam soil, while typically rich in nutrients, exhibits two notable drawbacks. In its wet state, it tends to swell, thereby impeding water infiltration rates into the soil. Over time, this compromised drainage condition can hinder crop growth and ultimately reduce yields. Conversely, when clay loam soil dries, it contracts, forming compact clods that can crust the soil surface. These two limitations can be mitigated through the regular incorporation of organic matter, such as vermicompost, which serves to ameliorate these adverse soil conditions.



Qualitative properties of irrigation water

Table 2 provides a comprehensive overview of the physical and chemical properties of the irrigation water. The data in this table indicate that the irrigation water falls within the C2-S1 class. This classification signifies that the irrigation water is non-detrimental to crop growth and yield, rendering it suitable for application in this particular crop.



TABLE 2 Some quality properties of irrigation water.
[image: Table displaying various properties related to water chemistry. It lists properties such as electrical conductivity, acidity, total soluble salts, sodium absorption ratio, and concentrations of sodium, calcium, magnesium, sulphate, chlorine, carbonate, and bicarbonate. The units are shown as dS per meter and meq per liter, with corresponding values provided for each property.]



Experimental design

This research was conducted using a split-plot design based on a randomized complete block design (RCBD) with three replications over the course of two consecutive years. The primary factor consisted of four levels of irrigation (I1, I2, I3, and I4), corresponding to 50, 75, 100, and 125% of the quinoa crop’s water requirement, respectively. The sub-factor encompassed four levels of vermicompost fertilizer (F1, F2, F3, and F4), equating to 0, 5, 10, and 15 tons per hectare (t ha−1), respectively. It’s important to note that no chemical fertilizers were employed in this experiment, with sole reliance on vermicompost.

The dimensions of the sub-plots within the experimental design were set at 4 m in length and 3 m in width. The quinoa variety utilized in this study was Titicaca, selected for its suitability for cultivation in mountainous regions. The experimental site underwent initial plowing using a moldboard plow, reaching a depth of 30 cm. Prior to quinoa seed sowing, a disc implement was employed to break up soil clods and achieve uniform ground leveling. Following the plowing phase and the establishment of the experimental plot layout, vermicompost quantities allocated to each plot were meticulously measured and blended with the field soil to a depth of 20 cm using a manual tiller. Each sub-plot accommodated six rows with a spacing of 50 cm between them. Quinoa seeds were manually sown on the first of July in both years (Figure 1).



Characteristics of the irrigation system

A drip-tape irrigation system served as the chosen method for irrigation. The irrigation interval remained consistent at 7-day intervals, and the drip tapes were spaced at 50-cm intervals within each plot. To monitor the amount of irrigation water, a volumetric meter was installed on the main pipe. Additionally, shut-off valves were strategically positioned at the outset of the irrigation laterals to provide control and regulation over the volume of irrigation water entering each plot. The respective diameters of the main pipe, water supply, and drip tapes were 56, 32, and 15 mm.

To determine the depth of irrigation water, the soil moisture balance method, as outlined by Xu et al. (2016), was employed. In the initial year, prior to each irrigation event, soil water content within the root zone was assessed in the control plot (representing irrigation at 100% of the water requirement with zero tons of vermicompost) through daily measurements using a weighing method. Subsequently, the depth of irrigation water was calculated using Equation (1) as per Xu et al. (2016).

In the second year, automated soil moisture monitoring was implemented through the placement of 12 soil moisture meter sensors at depths of 10, 20, 30, 40, 50, and 60 cm from the soil surface within the control plot. Additionally, soil moisture content at field capacity was measured in the field by creating a 1 m2 plot, following the methodology established by Daillo and Marico (2013).

[image: The equation shows Ig equals the difference between theta subscript fc and theta subscript i, multiplied by D subscript r, divided by eta, labeled as equation 1.]

where Ig is the gross irrigation depth in mm, θfc is the soil moisture content at the limit of field capacity in %, θi is the soil water content before irrigation in %, Dr is root zone depth in mm, and η is the irrigation efficiency of the drip-tape system, equal to 90%.



Measurement of phosphatase

A quantity of 1 g of soil was carefully transferred into a 50-ml Erlenmeyer flask. Subsequently, 25 mL of toluene, along with 4 mL of MUB1 buffer solution (maintaining pH levels at 6.5 for acid phosphatase and pH 11 for alkaline phosphatase), were added to the flask. Additionally, 1 mL of para-nitrophenyl phosphate (PNP2) solution, prepared in the designated buffer, was introduced into the mixture. Following this, the Erlenmeyer flasks were securely sealed, and their contents were meticulously agitated. The prepared samples were then incubated at a temperature of 37°C for a duration of 1 h.

Upon completion of the incubation period, 1 mL of 0.5 M CaCl2 and 4 mL of 0.5 M NaOH were introduced into the flask, and thorough mixing ensued. The resulting mixture was subsequently subjected to filtration through two layers of filter paper. To facilitate the measurement of absorbance, readings were obtained at a wavelength of 400 nm.

For the purpose of establishing controls, 1 mL of PNP solution was incorporated immediately before adding 0.5 M CaCl2, and these steps were repeated with three replicates for each measurement.



The calibration curves

A 1 mL volume of para-nitrophenol standard solution was meticulously dispensed into a 100 mL volumetric flask and subsequently adjusted to the flask’s capacity using distilled water. Following this, increments of 0, 1, 2, 3, 4, and 5 mL from the prepared solution were transferred into six separate 50 mL Erlenmeyer flasks. Each of these aliquots was adjusted to a total volume of 5 mL with the addition of distilled water.

The results were then computed employing the calibration curve to facilitate the determination of correction and the concentration of para-nitrophenol per milliliter.

Para-nitrophenol (μg/g−1 dwth−1) = [image: Fraction with numerator "C times V" and denominator "dwt times sw times t".]

where C denotes the measured concentration of para-nitrophenol (micrograms per milliliter of filtered solution), dwt represents the dry weight of 1 g of wet soil, V represents the total volume of soil suspension (ml), sw is the weight of the soil sample (1 g), and t is the heating time.



Measurement of ammonium and nitrate

Ammonium and nitrate concentrations were determined through an extraction method employing a two-molar chloropotassium solution, as outlined by Mulvaney (1996).

Subsequent data analysis was conducted using SAS version 9.1. To compare treatment means, the LSD (Least Significant Difference) test was employed. Additionally, graphical representations of the data were generated using Microsoft Excel.




Results

The combined analysis of variance revealed significant effects of both irrigation and vermicompost on various soil parameters, including available phosphorus, ammonium, acid phosphatase, and soil basal respiration (Table 3). An increase in vermicompost application was associated with elevated levels of nitrate, potassium, and acidic phosphatase in the soil, while higher irrigation levels led to a decrease in ammonium, available potassium, soil electrical conductivity, and available phosphorus (Table 3).



TABLE 3 Combined analysis of variance results for the soil parameters affected by applying different levels of irrigation and vermicompost in 2 years of experiment.
[image: A table details statistical data on several soil properties, including ammonium, nitrate, alkaline phosphatase, and more, categorized by variables such as Y, R, I, and V. It includes mean square values, p-values, and error margins. Superscripts indicate significance levels.]


Available soil phosphorus

The interactive effects of year × irrigation × vermicompost were not statistically significant. The available soil phosphorus demonstrated sensitivity to the interaction between different levels of irrigation and vermicompost application. Specifically, an increase in soil water content resulted in a reduction of available soil phosphorus, whereas higher vermicompost levels led to increased soil phosphorus content (Figure 2).

[image: Bar chart showing available P levels in mg per kg at varying irrigation levels (50%, 75%, 100%, and 125%) for different tonnage (0, 5, 10, and 15 ton). Each group displays four bars representing different tonnage levels. The values vary across these levels.]

FIGURE 2
 The effect of different levels of irrigation (50, 75, 100, and 125% of the plant’s water requirement) and vermicompost (0, 5, 10, and 15 tons per hectare) on available soil phosphorus in 2 years of experiment. The same letters indicate statistically insignificant differences (p < 0.05).




Soil nitrate

Over the 2021–2022 period, increasing vermicompost levels significantly raised soil nitrate content. The combined effects of irrigation × vermicompost and year × irrigation × vermicompost interactions were not statistically significant. Soil nitrogen content ranged from 12.02 mg kg−1 in treatments without vermicompost to 16.14 mg kg−1 when 15 tons per hectare of vermicompost was applied. No significant differences were observed between the use of 5 and 10 tons per hectare of vermicompost (Figure 3).

[image: Bar chart showing the effect of different vermicompost levels on nitrogen content in soil. Four bars represent levels from zero to fifteen tons, with corresponding nitrogen values increasing from about 12 to 16 mg/kg. Bars are labeled c, b, b, and a.]

FIGURE 3
 The effect of applying different levels of vermicompost (0, 5, 10, and 15 tons per hectare) on soil nitrate in 2 years of experiment. The same letters indicate statistically insignificant differences (p < 0.05).




Soil ammonium content

The addition of varying proportions of vermicompost to quinoa-growing soil led to an increase in soil ammonium content. The triple interaction effect of year × irrigation × vermicompost was not statistically significant. Soil ammonium content in water stress treatments exceeded that in treatments with adequate water for the crop. The highest soil ammonium levels were observed in the treatment receiving 50% of the plant’s water requirement and 15 tons per hectare of vermicompost (Figure 4).

[image: Bar chart showing ammonium levels (mg/kg) across four irrigation levels: 50%, 75%, 100%, and 125%. Each irrigation level has four treatments: 0 ton, 5 ton, 10 ton, and 15 ton. Ammonium levels increase with higher tonnage, peaking at 15 ton for each irrigation level. The values are annotated with different letters.]

FIGURE 4
 The effect of different levels of irrigation (50, 75, 100, and 125% of the plant’s water requirement) and vermicompost (0, 5, 10, and 15 tons per hectare) on soil ammonium content in 2 years of experiment. The same letters indicate statistically insignificant differences (p < 0.05).




Available potassium

The results highlighted that available soil potassium content was significantly affected by irrigation and vermicompost application (p < 0.001). However, the interaction effect of irrigation × vermicompost was not statistically significant (p < 0.001 and p < 0.05). Soil potassium content ranged from 137.54 mg kg−1 in the 50% irrigation stress treatment to 118.97 mg kg−1 in the treatment without vermicompost (Table 4).



TABLE 4 Means comparing irrigation and vermicompost effects on the soil potassium concentration, seed yield, and biological yield of quinoa in 2 years of experiment.
[image: Table displaying data on the effects of different treatment levels on available potassium, seed yield, and biological yield. Treatment levels range from 50% to 125% for irrigation and from 0 to 15 tons for vermicompost. Data shows variations in available potassium, seed yield, and biological yield, with statistical significance indicated by letters.]



Alkaline phosphatase

Figure 5 illustrates alkaline phosphatase activity, with the highest enzyme activity observed at the highest irrigation level (125% of water requirement) and the application of 15 t ha−1 of vermicompost in both years of the experiment. Increasing vermicompost in water stress treatments (50 and 75% of the water requirement) did not significantly affect alkaline phosphatase activity during 2021–2022. However, in treatments with ample water supply for the plants, increased vermicompost significantly enhanced enzyme activity (Figure 5).

[image: Bar chart comparing alkalinity in milligrams per liter across two years, Y1 and Y2, for 14 different variables. Each variable is represented by a distinct color and pattern. Values range from 0 to approximately 350. Annotated letters indicate statistical significance differences between groups.]

FIGURE 5
 The effect of different levels of year and irrigation (50, 75, 100, and 125% of the plant’s water requirement) and vermicompost (0, 5, 10, and 15 tons per hectare) on alkaline phosphatase in 2 years of experiment. I1F1, 50% plant water requirement + no use of vermicompost; I1F2, 50% of plant water requirement +5 tons per hectare of vermicompost; I1F3, 50% of plant water requirement +10 tons per hectare of vermicompost; I1F4, 50% of plant water requirement +15 tons per hectare of vermicompost; I2F1, 75% of plant water requirement + no use of vermicompost; I2F2, 75% of plant water requirement +5 tons per hectare of vermicompost; I2F3, 75% of plant water requirement +10 tons per hectare of vermicompost; I2F4, 75% of plant water requirement +15 tons per hectare of vermicompost. I3F1, 100% plant water requirement + no use of vermicompost; I3F2, 100% of plant water requirement +5 tons per hectare of vermicompost; I3F3, 100% of plant water requirement +10 tons per hectare of vermicompost; I3F4, 100% of plant water requirement +15 tons per hectare of vermicompost. I4F1, 125% plant water requirement + no use of vermicompost; I4F2, 125% of plant water requirement +5 tons per hectare of vermicompost; I4F3, 125% of plant water requirement +10 tons per hectare of vermicompost; I4F4, 125% of plant water requirement +15 tons per hectare of vermicompost. The same letters indicate statistically insignificant differences (p < 0.05).




Acidic phosphatase

While the interaction effects of year × irrigation, year × vermicompost, and year × irrigation × vermicompost were not statistically significant, the effect of vermicompost × irrigation showed significance (p < 0.001) (Table 3). Across all irrigation treatments, acid phosphatase activity increased with the addition of vermicompost (Figure 6).

[image: Bar chart showing Acid Phosphatase activity at different irrigation levels (50%, 75%, 100%, 125%) for varying treatments (0, 5, 10, 15 tons). Activity peaks at 125% irrigation and 15 tons treatment. Bars are color-coded and labeled from i to a.]

FIGURE 6
 The effect of different levels of irrigation (50, 75, 100, and 125% of the plant’s water requirement) and vermicompost (0, 5, 10, and 15 tons per hectare) on soil acidic phosphatase in 2 years of experiment. The same letters indicate statistically insignificant differences (p < 0.05).




pH

Experimental factors did not exert a significant influence on soil pH (p < 0.001 and p < 0.05). Specifically, plots receiving vermicompost showed no significant differences in pH across all irrigation levels (Table 3).



Basal respiration

Both irrigation and vermicompost treatments significantly impacted soil basal respiration during the 2021 and 2022 growth periods (p < 0.001). Notably, the triple interaction effect of year × irrigation × vermicompost was not statistically significant. Basal respiration ranged from 17.95 mg CO2 (kg soil day)−1 for treatments without vermicompost and under 50% of plant water requirement stress to 59.09 mg CO2 (kg soil day)−1 for treatments with 15 tons of vermicompost and 125% water requirement. Soil basal respiration increased with higher vermicompost applications across all irrigation levels (Figure 7).

[image: Bar chart showing basal respiration in kilograms of CO2 per hectare of soil across four irrigation levels: 50%, 75%, 100%, and 125%. Bars represent tonnage levels of 0, 5, 10, and 15 tons, with respiration increasing as both tonnage and irrigation levels rise. Each category features multiple bars marked with specific letter labels indicating statistical differences.]

FIGURE 7
 The effect of different levels of irrigation (50, 75, 100, and 125% of the plant’s water requirement) and vermicompost (0, 5, 10, and 15 tons per hectare) on soil basal respiration in 2 years of experiment. The same letters indicate statistically insignificant differences (p < 0.05).




Seed yield

Statistical analysis demonstrated that seed yield was significantly influenced by both irrigation and vermicompost levels (p < 0.001). The interaction of irrigation × vermicompost was not statistically significant for quinoa seed yield (p < 0.001 and p < 0.05). The highest seed yield of 2,131.51 kg ha−1 was achieved when quinoa plants were irrigated with 125% of their water requirement. Moreover, the maximum quinoa seed yield of 1,884.01 kg ha−1 was recorded with the application of 15 t ha−1 of vermicompost (Table 5). The utilization of vermicompost significantly increased grain yield compared to scenarios without vermicompost across all irrigation levels.



TABLE 5 Combined analysis of variance results for the biological and seed yield affected by applying different levels of irrigation and vermicompost in 2 years of experiment
[image: Table shows analysis of variance for biological yield and seed yield, measured in kilograms per hectare. The sources of variation (S.O.V) include Y, R(Y), I, and others with degrees of freedom (df). Yields are given for each source, with biological yield ranging from 306.99 to 28438909.70 and seed yield ranging from 21451.12 to 6529869.25. Significance levels indicated by ns for non-significant and asterisks for significance at P less than 0.05 and 0.01. Coefficient of variation (CV) is 12.99% for biological yield and 11.09% for seed yield.]



Biological yield

The results of the analysis of variance (ANOVA) revealed that the biological yield of quinoa was significantly influenced by the effects of irrigation and vermicompost (p < 0.001). Notably, the double interaction effect of irrigation × vermicompost and the triple interaction effect of year × irrigation × vermicompost were not statistically significant.




Discussion

The application of vermicompost significantly influenced the available phosphorus content of the soil. This outcome is consistent with previous research highlighting the positive effects of vermicompost on soil nutrient enhancement (Demir, 2019). The gradual release of phosphorus from vermicompost, coupled with microbial activity in the soil, contributes to sustained phosphorus input (Arancon et al., 2006). During the breakdown of vermicompost, organic matter decomposition leads to the release of humic acid, converting previously unavailable soil phosphate into accessible forms (Demir, 2019). Additionally, vermicompost enhances soil phosphorus availability by activating microorganisms and increasing phosphatase activity (Azarmi et al., 2008). Several mechanisms underpin the beneficial effects of organic fertilizers, such as vermicompost, on available soil phosphorus, including the production of carbonic acid during organic matter decomposition, the formation of easily plant-absorbable humic phosphorus compounds, the displacement of adsorbed phosphates with phosphate ion release, organic compound competition with phosphate ions for adsorption sites on calcium carbonate particles, and organic matter coating of clay and iron/aluminum oxide surfaces (Jami et al., 2019). Previous studies corroborate our findings, highlighting vermicompost’s ability to increase available soil phosphorus (Sabijon and Sudaria, 2018; Baghbani-Arani et al., 2021). Irrigation water increase led to a decrease in available soil phosphorus, likely due to increased nutrient uptake by crops and phosphorus leaching beyond the reach of plant roots (Salmanzadeh et al., 2017). Our results align with these previous studies (Abdrabbo et al., 2015; Salmanzadeh et al., 2017).

Organic fertilizers, particularly vermicomposts, contain substantial nutrient percentages, especially nitrogen, which contributes to increased soil nitrate and ammonium levels. This elevation improves soil quality and enhances plant nitrogen accessibility (Abd–Elrahman et al., 2022). While Demir (2019) reported non-significant changes in soil nitrate levels due to irrigation, vermicompost additions increased soil nitrate, consistent with our findings. Soil ammonium content was higher under water stress conditions, with an inverse relationship observed with increasing irrigation levels. Water stress conditions limit water uptake by plant roots, leading to reduced photosynthesis, transpiration, and nutrient uptake (Nyawade et al., 2021). Organic fertilizers promote root network expansion, enhancing nutrient uptake and water access under such conditions (Bistgani et al., 2018). The co-occurrence of water deficit and osmotic stress due to reduced soil matrix potential can result in ionic imbalances and nutrient deficiencies (Nyawade et al., 2021). Organic fertilizers may mitigate these effects by extending root networks, improving nutrient uptake, and creating more favorable conditions for water uptake. Thus, soil potassium content was higher in stress treatments compared to well-irrigated conditions. The substantial potassium content in the applied vermicompost may have contributed to increased soil potassium levels post-harvest. Organic acids present in organic fertilizers also play a role in enhancing soil element concentrations, including potassium (Adak et al., 2014). These results concur with previous research (Demir, 2019; Rani et al., 2020).

Soil enzyme activity serves as a valuable indicator of microbial activity, soil biochemical reactions, and overall soil quality, given its correlation with other soil quality parameters. Acid and alkaline phosphatase activities are closely associated with soil organic matter content (Zhang et al., 2018). Adding organic fertilizers, including vermicompost, can augment enzyme activity. Enzyme activity is also highly sensitive to soil moisture levels, with increased humidity promoting enzyme activity (Hu and Cao, 2007). Increased phosphatase enzyme activity may be attributed to enhanced microbial populations resulting from vermicompost application, the presence of phosphate-dissolving bacteria, organic matter supply, and subsequent microbial sustenance (Zhao et al., 2019). Organic matter type significantly impacts soil enzyme activity, with high organic carbon, nitrogen, and phosphorus contents stimulating microbial activity and thus increasing enzyme activity. Organic matter may stabilize and protect enzyme molecules from various stressors (Zhao et al., 2019).

Contrary to some studies, our results did not demonstrate significant changes in soil pH due to organic fertilizer application (Parthasarathi et al., 2008). The absence of pH alteration may be attributed to carbonic acid and organic acid production during organic matter decomposition, which can counteract any pH shifts caused by organic matter addition. Our results showed that vermicompost improved soil basal respiration and some enzyme activities. The enhancement of these soil microbial indicators, following greater application rates, strongly indicated the benefit of vermicompost for soil microorganisms and their functioning. Vermicompost has been shown to provide a wide diversity of carbon and nutrient substrates for soil microorganisms (Lv et al., 2020). Soil respiration is regulated by two factors: the respiratory quotient and the total biomass of soil microorganisms. We postulated that vermicompost would increase the respiratory quotient by supplying soil microorganisms with available carbon and nutrients. This is because many microorganisms in the soil are dormant, and they await favorable conditions to become active (Lavelle et al., 1992).

Soil respiration, a reflection of biological activity, is a critical indicator of soil health. Organic materials augment soil fertility, storage capacity, and porosity, enhancing nutrient release over time and promoting plant accessibility. Thus, organic fertilizers increase both nutrient supply and water availability, fostering greater biomass production (Singer et al., 2007). Increased soil microbial and enzyme activity resulting from organic matter and nutrient addition can lead to higher soil respiration rates (Hale et al., 2021). Water content reductions in soil can limit root water uptake, subsequently diminishing photosynthesis and transpiration, while active mobilization systems curtail energy conservation. These combined factors result in a substantial reduction in nutrient uptake capacity (Bistgani et al., 2018). In water deficit conditions, plants face both water and osmotic stress due to reduced soil matrix potential, leading to ionic imbalances and nutrient deficiency (Nyawade et al., 2021). Organic fertilizers like vermicompost extend root networks, enhancing nutrient uptake and water access. As a result, soil potassium content is higher under stress conditions compared to well-irrigated ones (Jbawi et al., 2018).

In our study, we found that vermicompost and mineral fertilizer had a positive effect on increasing the concentration of nitrogen and phosphorus. This is because vermicompost contributes to the release of nutrients, acting as an improver of soil properties and providing nutrients to the soil. Nitrogen and phosphorus play a role in increasing the effectiveness of plants in carrying out the process of carbon metabolism and enhancing nutrient absorption. Additionally, potassium regulates the osmotic activity of plant cells and controls the opening and closing of stomata (Kadam et al., 2018). Vermicompost contributes to the balance in plant absorption, promoting the availability of phosphorus in the soil. This is due to the presence of an adequate quantity of mineral phosphorus that is readily absorbed by the plant. Furthermore, vermicompost plays a role in enhancing soil properties and contains essential elements such as phosphorus and potassium, in addition to its secretion of organic acids. These organic acids work to reduce the degree of soil interaction and mineral analysis while releasing elements such as potassium and phosphorous (Chandra, 2015). Vermicompost’s positive impact can be attributed to its nutrient-rich composition, which promotes the availability of macro- and microelements, especially under optimal moisture conditions for crops. High humic substance content in vermicompost compounds enhances nutrient supply, particularly zinc and iron, bolstering plant metabolism and yield (Kadam et al., 2018). Organic fertilizers significantly improve soil physicochemical properties, and vermicompost has been shown to boost crop yield and growth across various soil types (El-Gamal et al., 2020).

The accumulation of photosynthetic materials and a decline in relative growth rate, driven by insufficient water availability, contribute to reduced dry matter production, possibly explaining the decrease in biological yield under moisture stress conditions (Jbawi et al., 2018). Organic materials increase soil fertility, storage capacity, and porosity, releasing nutrients over time for plant uptake. Consequently, organic fertilizers enhance nutrient availability while improving water access, ultimately promoting biomass production (Singer et al., 2007). Vermicompost’s influence on root growth, coupled with nutrient supply, may contribute to increased potassium and nitrogen absorption. Moreover, the high nutrient and organic matter content in vermicompost enhances soil cation exchange capacity, improving nutrient access for crops. Growth-promoting hormones present in vermicompost further support crop growth and biological yield. Various necessary plant nutrients like nitrogen, phosphorus, and potassium and various plant growth substances like auxins, gibberellins, cytokinins, and humic acids are naturally present in vermicompost in a form that can be easily absorbed by plants. As a result, the yield and quality of crops are improved. Additionally, vermicompost promotes root growth, which facilitates efficient water and nutrient absorption from the soil. This is attributed to the presence of hormone substances in vermicompost (Nauman et al., 2020). The results of this study support the hypothesis that the application of vermicompost organic manures can improve the productivity and quality of Quinoa. Vermicompost application was associated with increased biological yield in our study, aligning with previous findings (Wesseling et al., 2019).



Conclusion

The findings of this study underscore the substantial benefits of vermicompost application in enhancing soil nutrient levels. Specifically, the highest concentrations of available phosphorus, potassium, nitrate, and ammonium were observed in plots treated with 15 tons per hectare of vermicompost. Notably, soil elements were more abundant in drought stress treatments compared to well-irrigated conditions and those receiving 125% of the crop’s water requirement. This outcome can be attributed to reduced nutrient absorption by crops under drought stress, accompanied by decreased leaching of elements from the soil. Consequently, soil element concentrations were higher in drought stress treatments, where water availability for crops was limited.

Furthermore, increased vermicompost usage contributed to elevated organic matter and carbon content in the soil, providing a conducive substrate for heightened soil basal respiration. Soil microbial activity and basal respiration were particularly enhanced in treatments with adequate water supply, where organic carbon decomposition was more pronounced.

Phosphatase enzyme activity displayed an upward trend with increasing irrigation levels and vermicompost application. The highest seed yield, amounting to 2,131.51 kg ha−1, and biological yield, reaching 5,075.10 kg ha−1, were achieved in treatments providing 125% of the crop’s water requirement. This underscores the efficacy of vermicompost as a nutrient-rich substrate, gradually releasing elements to support crop growth and yield. Additionally, vermicompost application alleviated the impact of drought stress by improving soil physical and chemical properties, thereby enhancing soil moisture retention.

Considering the prevailing deficiency of organic matter in the majority of Iran’s agricultural soils, we recommend the widespread use of fertilizers like vermicompost. Such practices can not only ameliorate soil physical and chemical characteristics but also augment crop yield and soil nutrient concentrations, contributing to sustainable agricultural practices in the region.
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Footnotes

1   Modified Universal Buffer.

2   p-Nitro phenyl Phosphate.
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The coastal environment represents a special site for human and economic activities. The population growth in this area has led to strong urbanization and, therefore, to the establishment of small-scale vegetable farms to feed the growing urban and peri-urban populations. This is an opportunity for youth employment and reduce poverty as this activity generates reliable incomes. However, in recent years, climatic changes and rapid urbanization have influenced agricultural activities in this area. The aim of this study was to characterize market gardening systems along the coastal area of Benin and understand farmers’ perceptions and adaptation strategies in response to the ongoing environmental changes. Data was collected from 130 farms using individual semi-structured questionnaires. A principal component analysis (PCA), K-Mean multivariate classification and statistical inference were used for data analysis. Three farm groups were identified from the hierarchical bottom-up classification: modern coastal farms (MCF, 59.24%), small-scale intra-urban farms (SIF, 35.38%) and traditional co-managed lowland farms (TCF, 5.38%). The perceived environmental changes were mainly temperature increases, strong winds and migration to another farmland. The criteria differentiating the groups were strong winds and variation in the start date of the rains (p < 0.05). According to current strategies farmers in groups 1 and 2 preferred crop diversification, those in group 3 moved their farms. Future strategies range from the early sale of crops to the use of modern watering equipment to the cessation of farming. Thus, sustainable farm management requires the involvement of decentralized structures and local stakeholders to maintain the livelihoods of local populations.
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1 Introduction

Global environmental change poses complex threats to health and livelihoods, and food security is one of the major impact pathways (Lam et al., 2022). In addition, the effects of increased temperature, erratic rainfall, frequent floods, and prolonged droughts due to climate variability and change have negatively impacted agricultural productivity in the SSA region (Serdeczny et al., 2017; Adolwa et al., 2023). The Sixth Assessment Report of the IPCC reiterated unequivocally that greenhouse gas emissions from anthropogenic activities warmed the atmosphere, ocean, and land (Intergovernmental Panel on Climate Change, 2023; Lee et al., 2023). In Africa, it is projected that global warming over the next century will increase with an average of 3–4°C, which is expected to be above the global annual mean (Boko et al., 2007; Thompson et al., 2010). SSA in particular will experience intermittent high rain intensity (Christensen et al., 2007; Thompson et al., 2010). This will be in addition to existing sensitivity to rain variability in SSA because of the predominance of rain-fed agriculture in the region (Omotoso et al., 2023). Climate change is one of the biggest threats facing humankind today and is already having adverse impacts particularly in rural areas where the majority of the population (67%) lives and mainly depend on agriculture-based livelihoods (Adger et al., 2003; Dube and Phiri, 2013; ZIMSTAT, 2013; IPCC, 2014; Apraku et al., 2018a,b; Phiri et al., 2019). Urban agriculture is gaining more attention because of the current global trends such as urbanization and the global economic and food crisis (Mthethwa, 2012). Continuing rapid urbanization suggests that the conversion of agricultural lands for urban uses will proceed rapidly into the foreseeable future (United Nations, 2018; Andrade et al., 2022). In Sub-Saharan African (SSA), climate change, urbanization, and population growth are aggravating the challenges to agricultural development (Balogun et al., 2022). Urban agriculture is an important economic activity, which needs to be well-understood, especially in the context of African cities facing triple problems of high population, food insecurity, and poverty (Nchanji and Nchanji, 2022).

Smallholder farming systems in sub-Saharan Africa are highly diverse, and farm typologies have proven useful in identifying farms with different levels of resource endowments and livelihood strategies (Tittonell et al., 2010; Vasco Silva et al., 2023). Rural smallholder households adopt indigenous strategy to cope with short-term changes as a self-regulatory mechanism (Speelman et al., 2014; Jha et al., 2023). The increased effects of climate change among smallholder farmers call for enhanced adoption of adaptation and mitigation measures that result in improved food security (Ndiritu et al., 2014; Kimaru-Muchai et al., 2020; Musafiri et al., 2020, 2022). Coastal communities face increasingly difficult decisions about responses to climate change (Sherren et al., 2022). Nature-based coastal adaptation options go by many names. However, most studies on the vulnerability of agriculture focus on socio-economic indicators with little attention to the comparative analysis of smallholder crop production’s vulnerability to different environmental stressors. Poor documentation of environmental changes and their effects may contribute to poor governance and planning in the coastal region. Coping strategies were weak and overtly reactive, as there appeared to be no evidence of any previous plan for response to such degrading effects (Onanuga et al., 2022). The wide scope of climate change research and the diversity of scientific traditions involved in vulnerability research have resulted in different definitions and theoretical conceptualizations of the climate vulnerability phenomenon (Gumel, 2022). However, despite its importance for poverty reduction, small-scale market gardening in and around the large coastal cities of Africa and southern Benin has received very little research, development, and policy attention. Understanding the diversity of smallholder farms is key for developing interventions, strategies, and policies aimed at addressing the numerous challenges these farmers face as well as for those shaping the future of smallholder farming (Kamau et al., 2018) in Benin, Africa, and beyond. Understanding the impact of commercial agriculture in the face of global change is critical to support strategies that ensure food security and alleviate poverty among households (Mwavu et al., 2018).

The main objectives of the study were to (i) characterize smallholder vegetable farms along the coastal area of Benin, (ii) understand the ongoing environmental changes, and assess farmer’s perception and coping strategies in the urban and periurban areas. This study was designed to clarify the functioning of vegetable production systems in the peri-urban area of southern Benin and their adaptation to urbanization and climate change. As a result, this paper will develop strategies for adapting and mitigating environmental change in peri-urban areas, which can be adapted and replicated.



2 Materials and methods


2.1 Study area

The coastal area of Benin is situated in the Gulf of Guinea, alongside the Atlantic Ocean in West Africa and extends between 1° 44′ 30″ and 2°37′00″ eastern longitude and between 6° 15′ 50″ and 6°44′ 85″ northern latitude. The study area encompasses four (04) of the country’s 12 departments (Atlantic, Littoral, Ouémé and Mono). The Atlantic Department is the most populated, with about 1.4 million inhabitants according to the last population census 2013 (INSAE, 2015). Although the department of Mono is one of the least populated with about 497,200 inhabitants, the municipality of Grand-Popo has an annual population growth rate is higher than the national average of 3.5% (INSAE, 2015). Based on information collected from the “Direction des Statistiques Agricoles,” (DSA, 2022) but also because of the presence of a high number of market gardeners in the coastal zone, the five municipality of Sèmè-Kpodji, Cotonou, Abomey-Calavi, Ouidah and Grand-Popo were selected for this study (Table 1; Figure 1). The climate is subequatorial, with two rainy seasons alternating with two dry seasons of unequal duration, with average annual rainfall ranging between 1,000 and 1,400 mm (Yassegoungbe et al., 2022). The mean temperature ranges from 31.5 to 33°C (Teka et al., 2019). Soils are sandy, hydromorphic, and ferralitic (Ahouangan et al., 2022).



TABLE 1 Demographic characteristics of the studied municipalities (INSAE, 2015).
[image: Table detailing municipalities in Benin with data on inhabitants, population growth rates, and population shares. Abomey-Calavi has 656,358 inhabitants and 6.9% growth. Cotonou has 665,100 inhabitants with 6.8% growth. Sèmè-Kpodji has 224,207 inhabitants and 6.24% growth. Grand-Popo has 57,636 inhabitants with 5.0% growth. Ouidah has 162,034 inhabitants and 6.9% growth. Population shares vary by department.]

[image: Map of Benin's southern coast showing main roads, secondary roads, tracks, and forest areas. Key locations like Grand Popo, Ouidah, Cotonou, and Seme are marked. An inset provides Benin's position in West Africa relative to neighboring countries. A legend explains symbols for roads, natural features, and administrative boundaries.]

FIGURE 1
 Study location map.


Vegetation consists of shrubs, plantations, grasslands and mangroves on the coastal belt and semi-deciduous dense forests on the soil bar plateau (Akoègninou et al., 2006) and coconut plantations along the coastal belt (Koura et al., 2015a,b). The economic activities practiced are agriculture, fishery, livestock rearing, salt production, trading, marine sand exploitation, and hunting (Teka et al., 2019). Small-scale farmers depend mainly on agriculture as their mainstay of livelihoods (Kom et al., 2022).



2.2 Data collection

This study was carried out among small-scale market gardeners along the coastal area in southern Benin. The methodological approach adopted was a combination of qualitative and quantitative research methods. A total of 130 vegetable farms were visited in the study area (Table 2). The sample was selected using the snowball sampling method (Noy, 2008). This method was chosen because there was no pre-established list of market gardeners for the five municipalities, and contacting them without going through their peers was difficult. The sampling of market gardeners was facilitated by collaboration with the livestock agents of the “Agence Territoriale pour le Développement Agricole (ATDA4),” and the support of some association or cooperative leaders in each locality, who helped to identify market gardeners. Only those market gardeners who were identified and agreed to participate in the survey (oral consent) were interviewed. Information on vegetable farms that did not respond to the interview was discarded. Data were collected at the farm level from the head of the household (male/female) through face-to-face interviews using a semi-structured paper questionnaire. Qualitative and quantitative information collected included household characteristics (ethnic group, age and gender structure, education levels, main activities, access to media and agricultural credit), main sources of household income, market gardening experience and training received, crops, labor related to market gardening, use of manure, use of crop residues, land ownership and land use. Prior to its administration, the questionnaire was pre-tested with 05 market gardeners in the municipality of Grand-Popo who were not included in the survey, and the questions were revised if necessary. In each locality, the questionnaire was administered in French and translated into the local language by an experienced enumerator, recruited as a guide and trained for this task.



TABLE 2 Distribution of sampled farms across the four municipalities.
[image: Table displaying surveyed market gardeners and their proportions by municipality. Abomey-Calavi: 10 gardeners, 7.69%. Cotonou: 17 gardeners, 13.08%. Sèmè-Kpodji: 39 gardeners, 30.00%. Grand-Popo: 51 gardeners, 39.23%. Ouidah: 13 gardeners, 10.00%. Total: 130 gardeners, 100%.]

Furthermore, meteorological data (Mean annual temperature and precipitation from 1982 to 2020) were collected from the “Agence Nationale de la Météorologie du Bénin (METEO-BENIN).”



2.3 Data analysis


2.3.1 Typology of smallholder market gardening systems

To characterize smallholder market gardening systems, we first realized an initial descriptive statistical analysis of all the variables investigated in the study. Means and standard error were computed for numerical variables, while proportions were calculated for categorical variables. The second step consisted of reducing variables to get only the most relevant ones. Among the four quantitative variables of the dataset, there was only one variable with a coefficient of variation <50%, which was kept. The correlation matrix between the variables was computed, and the variables highly correlated (r > 90%) with others were removed from the dataset (Ibidhi et al., 2018). Regarding qualitative variables, we first eliminated the ones with modalities scoring more than 70%. This was followed by the computation of the cramers’V phi coefficient. Only the variables with [image: The mathematical expression shows phi sub c is less than ninety percent.] were kept. The reduced dataset was composed of 19 categorical variables and 5 quantitative variables. Hierarchical clustering on principal components (HCPC) was realized on the reduced dataset to make the typology of market gardening systems. The HCPC used a factorial analysis on mixed data (FAMD) results to perform the clustering. Different groups were identified, related to individuals, and characterized by the explaining variables. These analyses were realized using the package FactoMineR (Lê et al., 2008). Fisher’s exact test was used to investigate the relationship between the clusters of market gardeners and the qualitative variables. All the analyses were performed with R software version 3.6.0 (R Core Team, 2019).



2.3.2 Dynamic trend of climate

The climate change along the coastal area of southern Benin in the Southern of Benin has been assessed by firstly showing the variation of the Mean annual temperature and precipitation from 1982 to 2020 for each of the four regions, namely Cotonou, Grand-Popo, Ouidah, Sèmè-Kpodji. The climatological network in the area is made up of a synoptic station (Cotonou-airport for the municipalities of Cotonou and Abomey-Calavi), a climatological station (Ouidah) and two pluviometric stations (Sèmè-Kpodji and Grand-Popo) Then the Package “ggplot,” “ggpubr” (equation trend), “dplyr” (summarize the Daly data to annually) had been used on the R-4.0.5 software to perfect the XY plot. Secondly, the coastal changes responding to climate change have been characterized by the standard precipitation-evapotranspiration index (SPEI). It has been performed thanks to the package “SPEI” in R. This climatic index is widely used for drought quantification and monitoring. Given a time series of the climatic water balance (precipitation minus potential evapotranspiration), gives a time series of the Standardized Precipitation-Evapotranspiration Index (SPEI). The functions standardize a variable following a log-Logistic (or Gamma, or Pearson III) distribution function (i.e., they transform it to a standard Gaussian variate with zero mean and standard deviation of one). A part from this index, the changes in the Mean annual value of extreme climate indices had been computed with the package R-Climdex. The indices calculated and plotted are the Maximum Consecutive Dry Days, the Maximum Consecutive Wet Days, the Maximum Consecutive Wet Days, the Total Daily Precipitation, the annual Maximum 5-day Consecutive Precipitation, the Percent of Values Above 90th Percentile Daily Minimum Temperature. In this study, two nonparametric methods (Mann–Kendall) were used to detect the trends of meteorological variables (Nourani et al., 2018). The choice of total daily rainfall over 5 consecutive days is based not only on the experience of the market gardeners, but also on the soil formations whose structure favors flooding of the market garden perimeters after 5 consecutive days of rain. Trend analysis and the Mann–Kendall (M–K) test method were applied to investigate the change trend and period of drought based on an arithmetic mean value of annual drought, respectively (Mann, 1945; Kendall, 1975; Nourani et al., 2018). The Mann–Kendall trend test, which is highly recommended for general use by the World Meteorological Organization, were used to characterize the trends for several precipitation-related indices and to test their significance. The rank-based Mann– Kendall method is a nonparametric method commonly used to assess the significance of monotonic trends in climate data (Zhang et al., 2009).



2.3.3 Farmers’ perception and adaptive capacity

Farmers reported three general types of perceptions of climate change. These include the observed causes of climate variability, the impact of climate on smallholder production and the effect of climate on crop performance. For each category, the data included one response variable, the market gardener group, and many independent variables. Tree classification models using conditional inference (Hothorn et al., 2006) were used to study the influence of factors related to respondents’ perceptions on the group selected by the farmer. Statistical software R version 3.6.2 (R Core Team, 2019) was used for all statistical analyses with a significance level of 5%. The R package partykit (Hothorn and Zeileis, 2015) was used to perform the models of conditional inference trees and package strucchange (Zeileis et al., 2002) was used to extract the test statistics and p-values computed in each node. Cross-tabulations and chi-square statistics were used for current and future coping strategies to analyze the relationship between farmer’s groups and the strategy adopted.





3 Results


3.1 Socio-economic characteristics of market gardeners in the coastal zone in southern Benin

Market gardeners in the coastal area of southern Benin have many similarities in terms of their socio-economic characteristics, including their age (mean age 42.68 ± 1.22), religion, household size, main activity, and source of income. The respondents were 80% men, most of them married, and 20% women. The most represented socio-cultural groups are the Adja (68.46%), followed by the Fon (17.69%). The majority of these respondents are literate (50.77%), 23.08% of whom are secondary school graduates. Their main occupation is market gardening (69.23%).



3.2 Typology of market gardening farms in the coastal region

The results of the HCPC showed that the variables contributing the most to the farm classification were the ethnicity group, the municipality of origin and the religion (Table 3). Variables related to the production site, municipality of origin, ethnicity, religion, education level, access to information, length of time in the environment, socio-cultural identity as a motivator, watering method, ownership of animals for crop residue use, and household organic farming practices were closely related to the different groups of small-scale vegetable farms. Variables such as part-time on-farm labor, ecology of the growing area, land area, cultivation of okra and black eggplant, crop income and other sources of income did not appear to provide much additional information for the HCPC but were retained to meet the criteria for explaining 90% of the farm variability. The results of the hierarchical clustering procedure suggested a three-cluster cut-off point, illustrated in the clustering dendrogram, and a bar chart showing maximum dissimilarity between clusters with an increasing grouping of observations (Figure 2). However, the variables of part-time on-farm labor, the ecology of the cropping area, the cultivation of okra and black eggplant, land area and other sources of income were excluded from the definition of farm types because there were no significant differences (p < 0.05) between the three farm types (Table 3). Regarding the quantitative variables, only age contributed to the differentiation of farm groups (Figure 2).



TABLE 3 Qualitative characteristics of the three clusters of market gardeners.
[image: A table compares characteristics of farmers across different farm types: Modern Coastal Farms (MCF), Small Intra-urban Farms (SIF), and Traditional Co-managed Lowland Farms (TCF). Columns show percentages for variables like production site, ethnicity, religion, education level, access to credit, watering mode, and organic farming practices. A probability column indicates significant differences. MCF has the highest proportion from Grand-pop and dominated by Adja ethnicity. SIF and TCF have diverse distribution in production sites, ethnicities, and practices. Key variables like land use and seniority in the environment are highlighted. Probabilities indicate statistical significance in differences among groups.]

[image: Three scatter plots labeled A, B, and C display data points categorized into three groups, represented by different colors and shapes. The axes are labeled Dim 1, Dim 2, and Dim 3, each with a percentage indicating variance explained. Blue circles represent group 1, yellow triangles represent group 2, and gray squares represent group 3. Each plot shows clustering and distribution patterns, with overlapping and distinct areas for each group.]

FIGURE 2
 Clustering of the market gardening practitioners into three groups on (A) the first two axes, (B) the first and third dimensions and (C) the second and third dimensions.


The cluster analysis (HCPC) suggested three distinct types of farming systems, referred to as modern coastal farms (MCF; 59.24%), small intra-urban farms (SIF; 35.38%), and traditional co-managed lowland farms (TCF; 5.38%).

The following section describes the characteristics of the three farm types in detail, while Table 1 provides a summary.


3.2.1 Group 1 modern coastal farms (MCF)

Low resource endowment, mainly ‘organic by default’ and self-subsistence-oriented agriculture with large households where the education level of the head of household reaches a secondary level, site located in rural areas and diets are the least diversified (59.24% of farms assessed). This group includes rather small farms, with the lowest levels of farm income, the lowest levels of use of crop residues for livestock feed (especially cattle), high dependence on family labor (members work the least outside the farm) and socio-cultural identity as a source of motivation. This group of smallholder vegetable farms is also characterized by the fact that most farmers are indigenous (64.94%), and the land is either owned by families (20.68%) or rented for cultivation (39.09%); a rather strong adherence to intercropping with legumes, watering twice a morning with high levels of crop rotation and use of biopesticides. However, they mainly used organic inputs to the soil, such as manure, compost, and recycled plant residues, with most households adding some form of organic amendment to the soil. Their use of synthetic pesticides was insignificant. These households had the highest number of members compared to the other clusters. They had the lowest access to information on agricultural production, however they had access to information on inputs. In addition, they were primarily practicing traditional religion and had been residing in the coastal perimeter for more than 15 years. Finally, they generally belong to associations or cooperatives located on the coast and have the lowest levels of dietary diversity.



3.2.2 Group 2 small intra-urban farms (SIF)

High equipment and resource endowment, mixed conventional and organic market orientation, most educated and literate farm managers (69.57% secondary and 04.35% tertiary level), most diversified diets, abundant non-farm activities (35.38% of farms assessed). Group 2 farming households are located in urban and peri-urban areas and are characterized by the non-existence of legal land as the cultivated land is rented (48.64%), the motivation for market gardening does not come from socio-cultural identity, however they have the highest levels of income from non-agricultural employment or business and not from crops. They rent large shares of land and have the most productive assets. In addition, these households have the highest level of soil organic matter input, use of biopesticides and access to agricultural inputs. However, they had a low level of exploitation of crop residues for livestock feed, low use of dung for soil fertilization and low levels of access to credit in the previous season. This group comprised a mixture of farms, some of which were organic and others conventional. The group was also characterized by farm households with family members working mainly off-farm (the least full-time work on the farm), and by the most educated and literate household heads. Finally, most of them were non-native and had been in the area for about 10 years, these households were heavily involved in social networks with the highest level of membership of various groups, for example, farmers’ cooperatives and associations, and women’s and youth groups.



3.2.3 Group 3 traditional co-managed lowland farms (TCF)

With very little equipment and resources, the farm is managed by a private individual who lives outside the locality, is the head of a native Fulani household, and is mainly engaged in cattle rearing under coconut trees, and is generally illiterate (5.38% of farms assessed). Households in group 3 use market gardening as a means of subsistence and for consumption. These farms own cattle on large areas of land (at least 2 ha); and use family labor in farming activities, especially women and children in market gardening and milking cows. They represent the group with a high level of use of crop residues for feeding large livestock but also in the use of dung for soil fertilization. In addition, they periodically rotate crops but represent the group with the lowest level of biopesticide use. Most of the relatively young farm households have large land holdings entrusted to them by a legal landowner who is also the owner of the herd and plantation, but they generally use only a small part of their arable land to meet their subsistence needs because of the low level of ownership of farm equipment. Compared to the other groups they had a high rate of access to credit in the last season but the lowest rate of access to crops. Finally, they are generally not members of local social groups and are often absent from community meetings; they do not take advantage of the training provided by extension agencies; they often use small ruminants (goats, sheep) through community social arrangements to manage conflicts related to the destruction of the fields of neighboring populations by their livestock.




3.3 Climate change in the Southern of Benin


3.3.1 Changes in Mean annual temperature and precipitation

Figure 3 shows the trends of the Mean annual precipitation and temperature from 1982 to 2019. At first glance, we can observe a great variation of the precipitation and Temperature, but the p-values associated with Mann-Kendall test in Table 4 are not statistically significant for the precipitation, suggesting that there is no significant trend in the precipitation in whatever area considered. Although, the p-values associated with Mann-Kendall test in the table are statistically significant for the Mean annual temperature in whatever area considered (p-value <0.05). Thus, there is a significant upward trend in the Mean annual temperature.

[image: Four line graphs depict temperature and precipitation trends for Cotonou, Grand-Popo, Ouidah, and Sèmè-Kpodji. Each graph shows yearly data, with red lines representing mean temperature and blue lines indicating precipitation. Vertical axes measure temperature in degrees Celsius and precipitation in millimeters. Cotonou and Ouidah cover 1990 to 2020, Grand-Popo spans 1985 to 2015, and Sèmè-Kpodji displays trends similar to Ouidah, showcasing variations in climate patterns over time.]

FIGURE 3
 Changes in Mean annual temperature and precipitation.




TABLE 4 Results of the Mann-Kendal test for Mean annual precipitation and temperature.
[image: Table showing the relationship between climate parameters and municipalities. For each location, tau values and p-values are provided for precipitation and temperature. Significant levels are marked with asterisks: one for 5% significance, two for 1%, and three for 0.1%. Key findings: temperature in Cotonou and Grand-Popo shows significance at 5%, and in Ouidah and Sème-Kpodji at 1%. Precipitation is not significant across any municipality.]

Annual rainfall patterns in Sèmè-Kpodji, Cotonou, Ouidah and Grand-Popo between 1982 and 2019 were characterized by high inter-annual variability with an average of 1267.45 mm; 1216.45 mm; 1083.9 mm and 941.07 mm, respectively. The surplus period covers years with a high frequency of wet years, while the deficit period corresponds to a relatively high frequency of dry years.



3.3.2 Coastal’s changes responding to climate change characterized by SPEI

Figure 4 shows the variation of the average annually value of the Standardized Precipitation-Evapotranspiration Index (SPEI) from 1982 to 2019. There is a frequent occurrence of drought periods. The longest period has been observed during the last 5 years. Exceptionally, in Sèmè-Kpodji, the 10 last year were marked by a Moderate drought.

[image: Four line graphs showing Standardized Precipitation-Evapotranspiration Index (SPEI) for Cotonou, Grand-Popo, Ouidah, and Sème-Kpodji from 1980 to 2020. Positive values in blue indicate wet periods, and negative values in red indicate dry periods. Each graph displays fluctuations above and below zero, showing climatic variation over time.]

FIGURE 4
 Variation of the average annual value of the Standardized Precipitation-Evapotranspiration Index (SPEI). SPEI sup 0 wetland; Inf 0 dryland.


However, analysis of the average annual value of the Standardized Precipitation-Evapotranspiration Index (SPEI) show that whatever the area considered, the SPEI decreased with years (Figure 5). These plots analysis, combined with Table 5, conclude that there is a significant downward trend in the SPEI data in southern Benin (p-value <0.05).

[image: Four line graphs depict changes in the Standardized Precipitation-Evapotranspiration Index (SPEI) from 1960 to 2020 across four locations: Cotonou, Grand-Popo, Ouidah, and Sèmè-Kpodji. Each graph shows black plot lines with a red trend line, indicating a downward trend in SPEI over time. Equations in each panel describe the trend lines: Cotonou (y = 260 - 0.18x), Grand-Popo (y = 540 - 0.33x), Ouidah (y = 640 - 0.37x), and Sèmè-Kpodji (y = 520 - 0.32x). Shaded areas indicate variability.]

FIGURE 5
 Variation of the average annual value of the Standardized Precipitation-Evapotranspiration Index (SPEI).




TABLE 5 The Mann-Kendall test result Mean annual SPEI.
[image: Table showing four municipalities—Cotonou, Grand-Popo, Ouidah, and Sèmè-Kpodji—with corresponding tau values: -0.209, -0.303, -0.337, and -0.368. P-values are marked with asterisks indicating significance levels: one asterisk for 5% significance, two for 1%.]



3.3.3 Cold spell duration index

The cold spell duration index is the number of days each year that are part of a “cold spell.” A “cold spell” is defined as a sequence of 6 or more days in which the daily minimum temperature is below the 10th percentile of daily minimum temperature for a 5-day running window surrounding this day during the baseline period (Figure 6). Whatever the area considered; the Cold Spell Duration Index increased with the years. These plots analysis, combined with Table 6, allow to conclude that there is not a significant trend in the CSDI data (p-value >0.05).

[image: Four line graphs show the Cold Spell Duration Index from 1980 to 2020 for Cotonou, Grand-Popo, Ouidah, and Sèmè-Kpodji. Each graph has a red trend line with equations showing slight increases in the index over time. Fluctuations and individual data points are plotted with black dots and lines, displaying variations in cold spells across different locations.]

FIGURE 6
 Variation of the cold spell duration index.




TABLE 6 Mann-Kendall test result for cold spell duration index.
[image: Table showing cold spell duration index for four municipalities: Cotonou, Grand-Popo, Ouidah, and Sèmè-Kpodji with respective Pau values of -0.0057, 0.0253, 0.0524, and 0.0242. All p-values are not significant (NS).]

This function inputs a climdex Input object and computes the climdex index Rx5day: annual maximum 5-day consecutive precipitation (Figure 7). The annual maximum 5-day consecutive precipitation decreased with years in the four areas. These plots analysis, combined with the Table 7, conclude that there is no significant trend in the annual maximum 5-day Consecutive Precipitation data (p-value >0.05) in Cotonou, Grand-Popo and Ouidah. In Sèmè-Kpodji area, there is a significant downward trend in the annual maximum 5-day Consecutive Precipitation data.

[image: Four line graphs display the monthly maximum five-day consecutive precipitation trends from 1980 to 2020 in four regions: Cotonou, Grand-Popo, Ouidah, and Sèmè-Kpodji. Each graph shows a decreasing trend indicated by red regression lines and black data points with varying slopes. Cotonou's slope is minus zero point eight six, Grand-Popo's is minus zero point nine two, Ouidah's is minus one point three, and Sèmè-Kpodji's is minus three point six. Shaded areas around the lines represent confidence intervals.]

FIGURE 7
 Variation of the annual maximum 5-day Consecutive Precipitation.




TABLE 7 Mann-Kendall test result for annual maximum 5-day Consecutive Precipitation.
[image: Table displaying annual maximum five-day consecutive precipitation data for four municipalities: Cotonou, Grand-Popo, Ouidah, and Sèmè-Kpodji. The Pau values are -0.0839, -0.207, -0.135, and -0.431, respectively. The p-value is marked NS (not significant) for Cotonou, Grand-Popo, and Ouidah, while Sèmè-Kpodji is marked with three asterisks, indicating p < 0.001.]




3.4 Farmers’ perception of climate change

Most of the farmers perceive the ongoing climate change, and there were significant differences (p < 0.05) in the responses of smallholder household heads. Respondents perceive climate disturbances in a number of ways: increased temperature (88%), strong winds (88%), late onset of rain (87%), reduced rainy days (83%) and erratic rainfall (82%) (Figure 8). However, according to the three groups of smallholders, the perception of climate change depended only on the position of the production site, strong winds, and the beginning of the rainy season (Figure 9). This is confirmed by Fisher’s exact test (p value <0.05).

[image: Bar chart illustrating farmers' perceptions of climate change, showing the frequency of citations for various issues. Floods and violent winds are cited most frequently, followed by temperature changes and rainfall irregularity. Both increases and decreases in rainfall intensity and timing are noted, with percentage values along the bottom axis.]

FIGURE 8
 Farmers’ perceptions of climate change in the coastal zone of Benin.


[image: Decision tree diagram with nodes and bar charts. Node 1 shows "PS" with a p-value less than 0.001, splitting into Node 2 ("SW", p-value 0.015) and Node 5 ("PS", p-value 0.003). Node 2 branches into Nodes 3 and 4, showing bar charts for G1, G2, G3 with different distributions. Node 5 branches into Nodes 6 and 7, also displaying bar charts for G1, G2, G3 with varying distributions. Labels include AB, OH, SE, CT, and GP.]

FIGURE 9
 Conditional inference tree showing factors driving the change perception. PS, Production site; AB, Abomey-Calavi; OH, Ouidah; SE, Sèmè-KKpodji; CT, Cotonou; GP, Grand-popo; n, number of mentions; G1, group 1; G2, group 2; G3, group 3.


Informants who reported the presence of strong winds were mostly located in urban areas and belonged to groups 1 (31%) and 2 (67%). In addition, only the informants in group G1 (98%) perceived that the location of the production site in rural areas at the coast influences the yield of small-scale vegetable farms and their livelihood. The same observation was made by 65% of individuals in group G1, 24% in group G2, and 11% in group G3, who had their farms in urban areas.

Regarding the perception of the start of the rainy season, small-scale vegetable farms, 71% of individuals in group G2 and 27% in group G1 belonging to the same peri-urban area mentioned an early onset of the rainy period (Figure 10). On the other hand, only 98% of the respondents in group G1 belonging to the rural area mentioned that these changes are related to the position of their production site, and 65% of individuals in group G1 and 24% in group G2 belonging to the urban area, mentioned the same perceptions.

[image: Diagram of a decision tree with nodes labeled 1 to 5, indicating significance levels. Nodes split based on variables like PO, CT, GP, and factors such as AB and OH. Four bar charts represent Nodes 3, 4, 6, and 7, each with three groups (G1, G2, G3) showing varying values. Node 3 (n=7) has balanced low values. Node 4 (n=55) has higher G2. Node 6 (n=17) shows higher G1. Node 7 (n=51) shows almost all in G1.]

FIGURE 10
 Conditional inference tree showing factors driving climate perception. AB, Abomey-Calavi; OH, Ouidah; SE, Sèmè-Kpodji; CT, Cotonou; GP, Grand-popo; n, number of mentions; G1, group 1; G2, group 2; G3, group 3.


Regardless of age, all individuals in the three smallholder market gardening groups (100%) indicated that they perceived some changes in crop production and yield.

The relative frequency with which respondents cited the perceived causes of these changes (Figure 11) was mainly natural hazards (87.15%), the displeasure of deities (81.69%), urbanization (75.38%), pollution (74.77%) and failure to meet social norms (69.88%).

[image: Bar chart showing perceived causes of climate change with their citation frequencies. Natural hazard leads with nearly 100%, followed by non-compliance with social norms, dissatisfaction of deities, and urbanization. Lower citations include pollution, cattle herd increase, agriculture land increase, bush fires, and deforestation.]

FIGURE 11
 Farmers’ perception of the causes influencing climate change in the coastal zone.


The analysis of the effects of climate change on agricultural production at the level of the different groups of small-scale vegetable farms reveals that it affects the yield and performance of crops. According to the respondents, the consequences of these changes are mainly the recurrent plant pathologies (91.54%), as well as the decrease in crop yield, early rotting of fruits and vegetables (64.62%), and early ripening of fruits and vegetables (70.77%).

However, only the occurrence of plant pathological diseases could be used to distinguish between the groups and between the production sites. The conditional inference trees showed that only production site (PS) strongly associated with climate change’s consequences on production performance and crop yields. Informants whose production sites were located in peri-urban areas mentioned this consequence in groups G2 (68%) and G1 (26%). As well, 98% of the small farms in urban areas belonging to group G1 made the same observation, compared to 65% of this same group in rural areas and only 12% in the third group (Figure 12).

[image: Decision tree diagram with three nodes and corresponding bar graphs. Node 1, labeled "PS, p < 0.001," splits into Node 2 and Node 3 based on AB, OH, SE, CT, GP. Node 2 (n = 62) shows three bars for G1, G2, G3. Node 3 splits into Node 4 and Node 5. Node 4 (n = 17) and Node 5 (n = 51) each have bars for G1, G2, G3. Node 5 shows higher values for G1.]

FIGURE 12
 Conditional inference tree showing factors driving the perceived causes, the impact of change on production, the effect of change on performance. PS, Production site; AB, Abomey-Calavi; OH, Ouidah; SE, Sèmè-KKpodji; CT, Cotonou; GP, Grand-popo; n, number of mentions; G1, group 1; G2, group 2; G3, group 3.




3.5 Adaptive capacity

Fisher’s exact test revealed that only crop diversification (CD), migration (MG), and ritual organization (RO) were the current strategies on which the farmer groups depended (p value <0.05). Whereas the future strategies on which the groups depended were stopping the gardening activity (SA), early sale of products (ESP) and installation of more modern equipment (IMMP). In addition, the other strategy variables reported were not related to these groups (p value >0.05). Figure 13 presents farmers’ current and future coping strategies. Analysis of this figure reveals that the common current strategies of market gardeners are: migration to other farmland and the organization of rituals. Groups 1 and 2 adopt crop diversification, while group 3 does not. As for future strategies, all three groups most often mentioned the early sale of harvests and the use of more modern equipment. However, farmers in groups 1 and 2 plan to stop market gardening if climate change and urbanization continue to limit their activity.

[image: Bar chart displaying the percentage of current and future strategies adopted by farmers, divided into three groups. Each group shows varying percentages for six strategies: ESP, SA, IMMP, OR, MG, and CD, represented by different patterns. Group 1 shows a higher percentage for CD and SA. Group 2 has a balanced distribution, with IMMP being prominent. Group 3 portrays highest percentages for MG and CD. The vertical axis shows the percentage from zero to one hundred.]

FIGURE 13
 Frequency of farmers’ current and future strategies to overcome environmental constraints in southern Benin (n = 130).





4 Discussion


4.1 Typology of market gardening

The results indicate that only 20% of market garden farms in southern Benin are managed by women. This result reflects the low participation of women in vegetable production in the study area. This may be explained by women’s comparative disadvantage in terms of access to land, especially in an environment characterized by an increasing land shortage due to urbanization. The three types of market gardening systems obtained were clearly distinct, and this typology reflects the conditions of the restricted environment in which market gardening is practiced. The main discriminating variables are ethnicity, municipality of origin, and religion. Other factors contributing to the separation of groups are the production site, socio-cultural identity as motivation, level of education, and ecology of the market gardening perimeter. In southern Benin, the size of farms varies, and most of the farmers interviewed do not have land titles.

While Type 1 farms operate on the coast, Type 2 farms are located in urban and peri-urban areas, and Type 3 farms are located in the plains. Group 2 includes both coastal farms (e.g., Cotonou) and urban farms close to roads (Sèmè-podji). The area cultivated per farm varies greatly from one type to another. The largest farms belong to type 1 (1 ± 0.5 ha on average), which corresponds to the coastal zone (Grand Popo, Sèmè-podji), while type 2 corresponds to the intra-urban zone (Cotonou and Sèmè-podji). This result reflects the effect of land pressure, which is greater in intra-urban areas. Regarding land tenure, it is indirect at the level of type 1 and 2 farms (loan, rental), while type 3 farms are under direct land tenure (management for one owner). These results show that in addition to the scarcity of land experienced by type 2 farms and, to a lesser extent, type 1 farms, both types face the problem of land insecurity. These factors constitute serious obstacles to vegetable production in intra-urban and peri-urban areas. However, type 1 and 2 farms, generally grouped in cooperatives or associations, have a fairly good level of equipment and a wide variety of irrigation equipment: manual watering cans + wells + motor pumps + flexible connections (Cotonou, Sèmè-podji and Grand-popo). Type 3 farms, on the other hand, have a very low level of equipment. Grouping into cooperatives or associations of types 1 and 2 makes it possible to develop more or less intensive systems with more or less modern means, in contrast to type 3 which is based on (extensive) subsistence farming. Better still, their level of education, lack of access to the media, ethnicity and seniority in the region justify this low level of knowledge.

Several studies have used various criteria to describe local urban and peri-urban agricultural systems in different West African countries (Dossa et al., 2011). These are peri-urban, open space, and family farming systems. Drechsel et al. (2006), using production systems and destination of products close to location, distinguished between outdoor market gardening, backyard subsistence gardening, and livestock and aquaculture systems. Some studies have identified the age of the household head, remittances, and household size as determinants of food insecurity (Abdullah et al., 2017; Bhalla et al., 2018). These results differ from the results of these authors because at the coastal zone level and especially in Grand-Popo, market gardening is carried out under coconut groves, characteristic of agro-silvo-pastoral farms. However, these results corroborate those of Ouédraogo et al. (2018) in Burkina Faso, revealing that the farms are small. Moreover, membership in farmers’ groups is a positive element because, in Africa, socialities are essential to human survival (Seye et al., 2017) and, therefore, to livelihoods.



4.2 Farmers’ perceptions of climate change and urbanization

The results of this study on farmers’ perceptions of societal and environmental change in the coastal zone of southern Benin show that farmers are well aware of climate change and urbanization, as more than 90% of farmers surveyed perceived climate change and 87% perceived urbanization. Several studies in Benin, Africa and the world have already given similar results (Gnanglè et al., 2011; Rickards and Howden, 2012; Baudoin et al., 2013; Attingli et al., 2016; Mutunga et al., 2017; Concha, 2018; Meldrum et al., 2018; Kulyakwave et al., 2019; Lemi and Hailu, 2019). The main changes observed are rainfall disturbances (fewer days, delayed rainfall, early cessation, poor rainfall distribution, etc.), shortening of the two seasons, increased temperatures, sometimes strong winds, and other extreme events such as floods. Several studies in West-Africa have reported the same perceptions (Yegbemey et al., 2014; Assoumana et al., 2016; Adégnandjou and Barjolle, 2018; Oloukoi et al., 2019).

The results of the focus groups show that the main effects of climate change on agriculture were the increase in the number of pest attacks, the decrease in crop yields, the decrease in the quality of harvested products, the early rotting of fruits and vegetables, the loss of fruits and vegetables before harvest and the early ripening of fruits and vegetables. Indeed, all producers surveyed indicated that climate variability contributes to crop loss and lower crop yields. This is a situation that corroborates the fact that market garden production, which is highly dependent on water, is essentially marked by great seasonal variations that cause enormous damage to crops and, in turn, lead to a drastic drop in yields. Indeed, during the heading, flowering, and seed formation stages, which are the phenological stages during which the plants’ demand for water is high, pockets of drought seriously jeopardize harvests (Belemviré et al., 2008). This phenomenon can be explained biologically by the fact that in the absence of sufficient water for its development, crops grow slowly, as water is essential for their development at all stages of growth. Shifting the start dates of the short or long rainy season alters the (late) sowing period and, therefore, reduces the period of exposure to rain for crops whose sensitive stages, such as flowering or seed formation, often fall after the rains have ended. This fact is amplified by the exogenous application of certain products (such as ethylene) used by growers to accelerate fruit ripening, which leads to early rotting. Another explanation for the low yield is related to the strong wind. Since most production sites are close to the Atlantic Ocean, night winds bring salt to poorly watered vegetables, which turn yellow and die early. This fact is much more observed among producers in Grand-popo and Ouidah, somewhat in Cotonou, unlike those in Sémè-Kpodji and Abomey-calavi, which have their sites further from the sea. In addition, the increase in rainfall causes frequent flooding, especially in Grand-popo, forcing producers to abandon their means of subsistence. However, since the climate is not the only factor determining yield, other yield determinants (soil fertility, urbanization, seed quality, diseases and pests) also strongly contribute to this decrease in perceived yields.

The change in the season’s start date and the high winds thus pose a real problem for the sustainability of market gardening systems in the coastal zone. This phenomenon has led farmers to rethink their cropping systems (choice of crops, choice of varieties according to the length of their cycle, crop management, etc.). However, the level of education and the conditions of access to the media do not favor the development of adequate strategies. According to the FAO (2013), education could be a political tool to fight against poverty, which is the primary determinant of food insecurity. This determinant is very important because it improves understanding and the ability to apply technology-related instructions (Barry, 2016). Anything that could enable the proper application of technologies and increase production capacity.



4.3 Adaptation strategies by farmers in response climate change

The change in the start date of the rainy seasons is impacting vegetable farming systems in the coastal zone. These phenomena have led farmers to rethink their production systems (choice of crops, choice of varieties according to the length of their cycle, crop management, etc.). Indeed, this agriculture is mainly rainfed and strongly depends on agro-climatic parameters (Somda et al., 2014). The difficulties often encountered by this type of agriculture revolve around the availability of water, particularly the irregularity and poor distribution of rainfall, including pockets of drought (Sanfo et al., 2017; Bachewe et al., 2018). The majority of farmers who have perceived these changes have developed adaptation strategies. The most frequently cited current adaptation measures are crop diversification and rituals for Type 1 and 2 farms, while Type 3 farms practice migration in addition to rituals. In the future, strategies are the early sale of harvested products and installing modern equipment. In addition, the producers of groups 1 and 2 are considering stopping the market gardening activity. These results can be explained by the low level of education of the farmers, the lack of technical support from local agricultural development structures, and the lack of financial means. In this context, type 1 and 2 farmers, who seem less vulnerable to the environmental changes underway because they have more technical materials for cultivation, are forced to suffer the effects of increasing urbanization reducing space for agriculture. This urbanization is causing the reduction of space, and as land problems intensify in the area, stopping the activity is the last alternative. On the other hand, the producers of group 3, who are more vulnerable, are breeders for whom the practice of cultivation represents a means for the availability of fodder for cattle feed (exploitation of residues in dry periods). These people are land managers for the owners and have enough space for their livelihood. However, part of the space is occupied by the coconut groves with the cattle, and the other part is lent or rented for market gardening by the indigenous people. This forces them to squat in the shallows where other producers grow their crops, resulting in conflicts that are sometimes resolved by using cow patches to fertilize the soil and improve agricultural yields.

However, alongside these constraints, low human capital, inadequate institutional and physical infrastructure, lack of risk insurance services, and poor governance are cited (Sheahan and Barrett, 2017). Market gardening in the coastal zone could be improved and maintained through management options such as better involvement of government services, better flood risk management, and reduction of the size of urbanized areas. However, while the first two management options are easily achievable, the last one seems difficult given the context of rapid urbanization, indeed, an average annual urban population growth rate of 4% is acknowledged in this area (FAO, 2012).

Climate change has therefore induced water insecurity, forcing market gardeners to adopt different irrigation practices throughout the year in order to improve crop productivity and reduce recurrent crop failure. Based on these results, it is recommended to use more sustainable irrigation methods to conserve water and water resources, which will greatly contribute to solving the problem of water insecurity induced by climate change. Policymakers need to develop and implement supportive policies that encourage more vegetable farmers to adopt sustainable irrigation practices in the face of climate change-induced water scarcity/insecurity (Awazi, 2022). In addition, farmers have suggested that another option, combining trees, cattle rearing and market gardening (agrosylvopastoralism) on the same plot for different purposes, is also a good solution to consider. According to Koura et al. (2015a,b), this combination is the best option for coping with climate change in the coastal zone.



4.4 Research limitations

The study does not take into account vegetable crop yields, which are one of the most widely used indicators of the impact of weather conditions during the growing season, but also disruptions attributable to climate change through the indirect effects of increased insect, disease and weed pressure. However, according to Ray et al. (2015), crop production systems respond to weather conditions during a growing season and, over time, they respond to climate change. Indicators of the effects of climate on vegetable production systems are not available in the existing databases compiled by the national services of the Directorate of Agricultural Statistics in order to make a comparison with previous years of yields at coastal zone level at the end of the harvest season. Indeed, the variation in production by zone and total production for different products in response to seasonal weather conditions gives an indication of the trend in yields (Hatfield et al., 2020). The second shortcoming is the failure to take rapid urbanization into account. This area has seen an intensification of socio-economic activity over recent decades, which has been strongly stimulated by the effects of rapid urbanization. This has led to changes in land use and land cover that represent threats to the sustainability of various ecosystem functions (Tiando et al., 2021). Rapid urbanization and migration to the coast have increased demand for land, water and other natural resources (World Bank, 2015); artificial infrastructure and sand extraction have contributed to significant coastal retreat, which could reach 10 meters per year in highly vulnerable areas (Giardino et al., 2017). As a result, coastal areas are suffering severe environmental degradation resulting in deaths (due to air and water pollution), property losses (homes and infrastructure) and critical ecosystems such as mangroves (Croitoru et al., 2019). The last is the lack of gender mainstreaming. For example, Bangladesh has prepared a separate action plan to ensure gender equality in climate-related policies, strategies and interventions (MoEF, 2013). This plan proposes involving women in agriculture through the use of alternative technologies such as bio-fertilizers, climate-resistant crops, etc. (Mondal et al., 2019).




5 Conclusion

This study revealed the existence of three market gardening systems in the coastal zone of southern Benin. These farming systems differed significantly according to the production site, the socio-cultural identity as motivation, the level of education and the environmental conditions of the market gardening perimeter. Farmers have noted a reduction in space over the years due to urbanization. These difficulties are amplified by climate change, especially high winds and the change in the start date of the rainy season. They are, therefore, forced to move in search of space or exploit grasslands near mangroves as adaptation strategies. Farmers’ central perspective was to diversify crops or engage in vodoun cults in honor of the gods. However, other future strategies are envisaged, especially in peri-urban and urban areas, such as the development of modern infrastructures, the abandonment of market gardening or the early sale of market garden produce. While the three identified agricultural systems are all threatened by the region’s rapid environmental and societal changes, the study shows that adaptation methods have emerged as the only alternative for reducing the vulnerability of populations. However, these precarious measures do not contribute to the sustainability of the systems. It therefore urges the support of agriculture that uses market gardening for the diversification of food habits to contribute to food security and poverty reduction.
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Planting a cover crop living mulch between plastic mulch beds in fresh market vegetable production can reduce soil erosion and runoff, and offers an opportunity to grow an income generating cash crop alongside a soil building cover crop. However, potential negative impacts on yield, variable weed control, unclear impacts on soil health, and limited management recommendations challenge adoption of this practice, despite grower interest. In a two-year study in southwest Michigan, living mulches were evaluated in the production of plasticulture organic summer squash (Cucurbita pepo cv. Lioness) and bell pepper (Capsicum annuum cv. Paladin). Strategies evaluated included three common grower practices (cultivation, dead straw mulch, mowing ambient weeds) and three mowed living mulch treatments (Italian ryegrass [Lolium multiflorum] monoculture, rye [Secale cereale] monoculture, and a Dutch white clover [Trifolium repens]/rye mixture). We determined the impact of these strategies on weed control, organic matter inputs, vegetable crop performance, nitrogen retention, and soil microbial communities. We found that cultivation and dead mulch provided superior in-season weed control, reducing weed biomass by an average of 86% compared to 18% among living mulch treatments, with associated reductions in the weed seedbank compared to living mulches and mowed weeds. In most cases, living mulch establishment was a challenge and weed biomass on average accounted for 99, 74, and 94% of organic matter inputs in rye, ryegrass, and clover/rye treatments, respectively. Squash performance was unaffected by our treatments, but pepper yield reductions ranged from 41 to 54% in all treatments relative to cultivation in one of two years. Living mulches and the weedy treatment showed the ability to reduce end-of-season potentially leachable nitrogen by 61% compared to cultivation and dead mulching. Soil microbial abundance and functional diversity were similar across treatments, but extracellular enzyme activity was higher in dead mulch, living mulch and weedy treatments compared to cultivation. Results from this study help quantify tradeoffs between common grower practices for managing weeds and soil between plastic mulch beds, highlight key challenges with living mulch alternatives, and identify areas for future research.
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1 Introduction

Since its introduction to agriculture in the 1950s, the use of plastic mulch film has become standard practice in the production of many organic and conventional fresh market vegetables (Lamont, 2017; Salama and Geyer, 2023). Its widespread adoption is often credited to effective in-row weed control and microclimate changes that improve crop quality and yield (Tarara, 2000; Kasirajan and Ngouajio, 2012; Wilhoit and Coolong, 2013). However, when roughly 50–75% of a field is covered with impermeable plastic, sediment loss, agrochemical runoff, and nutrient leaching during rain events can be greatly intensified between plastic mulched beds; especially when cultivation and herbicides used for weed control between beds leave the soil bare and highly susceptible to erosion (Wan and El-Swaify, 1999; Arnold et al., 2004; Rice et al., 2004; Zhang et al., 2013). As a result, yield gains in plasticulture production may be offset by associated environmental and soil degradation (Steinmetz et al., 2016).

Growing a cover crop living mulch in the exposed soil between plastic mulch beds can reduce soil erosion and runoff (Rice et al., 2004), simultaneously improving the environmental sustainability of the cropping system and offering an opportunity to grow a soil building cover crop alongside an income generating cash crop. Integrating living mulches into plasticulture production as an alternative between-bed weed control tactic may simultaneously suppress weeds, scavenge residual nutrients, and provide significant organic matter inputs where the ground would have otherwise been left bare (Tarrant et al., 2020). The potential for living mulches to control weeds and improve soil health make this an attractive strategy for growers, particularly those in northern climates where cover cropping windows are limited (Snapp et al., 2005). However, quantitative assessments of the impacts of between-bed living mulches on soil health metrics in plasticulture systems in particular represents a key knowledge gap limiting the adoption of this practice, despite grower interest.

The adoption of living mulches is constrained further by the often-cited challenge of establishing a living mulch stand that is competitive enough to suppress weeds, but not so competitive that it suppresses the cash crop through above- or below-ground resource capture (Hartwig and Ammon, 2002; Westbrook et al., 2021). In integrated plasticulture-living mulch systems, the plastic mulch serves as a spatial buffer and physical barrier that may provide protection against competition. However, previous studies in integrated plasticulture-living mulch systems demonstrate that between-bed living mulches still have variable effects on vegetable crop yields (Table 1). For example, among the 13 studies we identified comparing living mulch to cultivation in plasticulture production, vegetable yields were reduced in 69% of cases. The mechanisms behind such yield losses are often not distinguishable in these studies but are speculated to be the result of competition for water or nutrients between the crop and either the living mulch or associated weeds that are not adequately suppressed by the mulch (Hartwig and Ammon, 2002; Bhaskar et al., 2021). Elucidating the mechanisms causing yield reductions can aid in the development of best management practices to mitigate competition between cash crops and living mulches.



TABLE 1 Summary of previous studies evaluating the influence of between-bed living mulches on cash crop yields in plasticulture production.
[image: A table comparing cash crops with different between-bed covers and their effects on cash crop yield. It includes categories for cash crop type, between-bed cover, comparison method, cash crop yield response (equal, mixed, reduced), study length in years, and references for each entry. Examples include acorn squash with annual ryegrass/red clover mix compared to corn stover mulch, resulting in equal yield over a one-year study, referenced by Nelson and Gleason (2018).]

Previous research investigating the use of living mulches between plastic mulch beds have focused on comparisons against a narrow set of common grower practices. For example, comparing living mulch treatments to cultivation (Reiners and Wickerhauser, 1995; Rice et al., 2004; Butler, 2012; Reid and Klotzbach, 2013; Ivy et al., 2014; Warren et al., 2015) or straw/dead mulches (Law et al., 2006; Nelson and Gleason, 2018), but few have compared these practices against one another within the same experiment (Law et al., 2006; Bruce et al., 2022). Furthermore, mowing ambient weeds between plastic mulch beds is a common grower practice, but has gone relatively uninvestigated in the literature (Law et al., 2006). Maintaining between-bed areas through cultivation, dead mulching, and mowing ambient weeds are likely to have distinct impacts on weed management, soil health, and crop yields compared to each other and to living mulch alternatives. Quantifying these system tradeoffs across diverse management practices, as well as understanding impacts in both an in-season production and long-term soil management context, is necessary for growers to make informed management decisions (DeDecker et al., 2014; Brown and Gallandt, 2018).

The objective of this research was to quantify the impact of between-bed management strategies on weed management, cash crop performance, and select soil health metrics in organic plasticulture production of green bell pepper (Capsicum annuum cv. Paladin) and yellow summer squash (Cucurbita pepo cv. Lioness). We included three cover crop living mulch treatments: Italian ryegrass (Lolium multiflorum) monoculture, rye (Secale cereale L.) monoculture, and a Dutch white clover (Trifolium repens)/rye mixture. We also included three control treatments representing common organic grower practice: cultivation, dead mulching, and mowing ambient weeds. We evaluated the impact of these between-bed management strategies on organic matter contributions, in-season and future weed control, vegetable crop performance, nitrogen retention, and soil microbial biomass and enzyme activities as a short-term indicator of soil health and internal nutrient cycling. Our overall hypothesis was that tradeoffs would be identified among between-bed management strategies with regards to their impact on weed management, cash crop performance, and soil health metrics. A more complete understanding of the influence of diverse between-bed management strategies on system performance in plasticulture production is needed to support extension recommendations and grower decision-making regarding living mulch adoption.



2 Materials and methods


2.1 Site description

In 2017 and 2018 a field experiment comparing different between-bed management strategies in organic plasticulture vegetable production was conducted at the Michigan State University (MSU) Southwest Michigan Research and Education Center (SWMREC) in Benton Harbor, Michigan (42.09°N, 86.36°W). The experimental treatments were repeated in the same field and plot boundaries across years of the study to investigate the combined in-season and cumulative impacts of between-bed management practices on soil quality parameters and weed management. The area used for the experimental site was a transitioning organic field that had been maintained as a rye-hairy vetch cover crop for five years prior to trial establishment. The soil at the experimental site was a Spinks (Sandy, mixed, mesic Lamellic Hapludalfs) and Selfridge (Loamy, mixed, active, mesic Aquic Arenic Hapludalfs) loamy sand (Soil Survey Staff, USDA Natural Resources Conservation Service, 2024). Initial soil chemical characteristics were as follows: organic matter 1.6% (loss on ignition); pH 5.9 (1,1 soil/water); CEC 4.0 cmol kg−1; and P (Bray-P1 extractant), K, Mg, and Ca (1 N ammonium acetate extractant) levels of 48, 133, 54, and 397 mg kg−1, respectively.



2.2 Experimental design

The experiment was arranged in a split-plot randomized complete block design with four replications. Between-bed management was the main plot factor and cash crop was the split-plot factor. Between-bed management strategies evaluated included cultivated bare ground, cereal rye residue dead mulch, mowed ambient weeds, and three cover crop living mulch treatments: rye (Secale cereale L.) monoculture, Italian ryegrass (Lolium multiflorum) monoculture, and a Dutch white clover (Trifolium repens)/rye mixture. Treatment names and description are listed in Table 2. Bell pepper (Capsicum annuum cv. Paladin) and summer squash (Cucurbita pepo cv. Lioness) were chosen as cash crops to represent a relatively long- and short-season crop commonly grown in plasticulture systems. While main plot (between-bed management) treatments were maintained in the same locations in both years of the study, the location of split-plots (cash crop factor) within main plots were rotated between years. Main plots measured 6.1 m wide × 5.0 m row length, contained four raised plastic mulch beds (each 0.61 m wide and 0.15 m tall), and three between-row soil areas that measured approximately 1 m wide.



TABLE 2 Between-bed management treatments and descriptions.
[image: Table with two columns labeled "Treatment" and "Description." The treatments listed are Cultivated, Dead Mulch, Weedy, Rye, Ryegrass, and Clover/Rye. Descriptions detail maintenance practices, such as cultivation methods or mulching rates, and specify plant species, sowing rates, and mowing height specifics.]



2.3 Field management

Dates of key field operations are outlined in Table 3. Winter cover crops—a rye-vetch mixture in the first year and rye monoculture in the second—were mowed and incorporated with a rototiller in early May of both years. In mid-May, the field received 112 kg total N ha−1 as organic fertilizer (Nature Safe “All-Season 10-2-8,” Irving, TX) derived from feather meal, meat and bone meal, blood meal, and sulfate of potash. Plastic mulch beds (0.15 m bed height and 0.61 m bed top width) were laid on 1.67 m centers within 1 week of fertilizer application. Plastic mulch was black, 1 mil thick and 1.22 m wide (Trickl-Eez Irrigation Inc., St. Joseph, MI). Single drip irrigation lines with 0.30 m emitter spacing were laid under the plastic mulch using a combined plastic mulch layer and bed shaper (Reddick Equipment Company LLC, Williamston, NC).



TABLE 3 Dates of key field operations.
[image: Table comparing agricultural activities in 2017 and 2018. Activities include mowing, cultivation, squash, and pepper harvests. Notable dates: fall cover crop mowed on May 12, 2017, and May 4, 2018; squash harvest spanned July; pepper harvest from late July to August. Squash had 10 total harvest events each year, while peppers had five in 2017 and four in 2018.]

Bell peppers were sown in 98 cell flats in a heated greenhouse at the end of March and transplanted into the field at the end of May. Summer squash were direct seeded in the field at pepper transplanting. Peppers were grown staked in staggered double rows with 0.30 m between-row spacing and 0.46 m in-row spacing. Squash were grown in single rows with 0.61 m in-row spacing. All beds were drip irrigated simultaneously twice daily with a single drip line offset from the row (squash) or between rows (peppers), based on crop demand and standard grower practice in the area. No fertilizer was applied through the drip.

Between-bed management strategies were established simultaneously with cash crop planting in both years. In 2017, plastic mulch beds were laid 1 week before implementing between-bed management treatments and a stale seedbed cultivation using a wheel-hoe was completed in all between-bed areas immediately before living mulch seeding to reduce potential weed competition. However, wetter spring conditions in 2018 did not allow for the same stale seedbed window between bed formation and treatment establishment.

Living mulch seed was broadcast sown by hand into between-bed areas and lightly incorporated using a rake. Italian ryegrass was seeded at 35.9 kg ha−1. Dutch white clover was seeded at 22.4 kg ha−1. In 2017, cereal rye was seeded at 168.1 kg ha−1, but was doubled to 336.3 kg ha−1 in 2018 in an attempt to address poor establishment in 2017. In both years, Dutch white clover was seeded with rye at half the monoculture rate (84.0 and 168.1 kg ha−1 in 2017 and 2018, respectively). Overhead irrigation was applied to benefit living mulch establishment in 2017, but not in 2018 due to higher precipitation around the time of seeding. Between-bed living mulches and weeds were mowed using a walk behind push mower with the mower deck set to 10.16 cm when the average height of weeds and living mulches were approximately 30 cm. Cultivated plots were maintained through hand cultivation using a wheel-hoe with a 20 cm blade (Glaser wheel hoe, Johnny’s selected seeds, Fairfield, ME). Dead mulch consisted primarily of cereal rye obtained from an adjacent field that had been established the previous fall and flail mowed two days before mulching. Dead mulch was applied at an approximate rate of 18 Mg ha−1.

At the end of September, plastic mulch was removed, and the entire experimental area rototilled to a depth of 20 cm. A rye cover crop was then planted at 180 kg ha−1.



2.4 Data collection


2.4.1 Living mulch and weed biomass production

Biomass samples in dead mulch, weedy, and living mulch plots were taken from one permanent 0.125 m−2 quadrat in each between-row area per plot prior to all mowing events and at experiment termination. Biomass was collected above 10.16 cm from ground level prior to mowing events (to reflect height of mowing) and to the ground at experiment termination. Weed and cover crop biomass were separated and dried to a constant weight at 60°C before dry weight determination. Ambient weeds in cultivated plots in 2017 were negligible, and thus biomass was not collected in cultivated plots in that year. However, in 2018, wet conditions caused delayed cultivation and greater weed escapes. Before the last cultivation event above-ground weed biomass was collected in only two of four replications from three 0.125 m−2 quadrats. The percent decrease in in-season weed biomass compared to the weedy treatment was calculated for each treatment.



2.4.2 Post-season weed seedbank

The readily germinable summer annual weed seedbank was evaluated after the 2017 and 2018 seasons using a greenhouse germination assay adapted from that described in Gallandt et al. (1998). Eight soil cores were taken in the spring to a depth of 20 cm (2.54 cm inside diameter), matching the fall tillage depth, in each between-bed area for a total of 24 cores per plot. Soil cores were homogenized by plot and stored at 4°C before transferring to a greenhouse for weed seed germination within a week of field collection. A subsample of 300–500 mL of field soil was mixed with equal parts potting mix (to improve water holding capacity of field soil) before the mixture was placed on top of a 25.4 cm × 25.4 cm tray filled with 3 L of potting soil. Noseeum mesh separated the bottom potting soil from the field soil mixture. Subsurface irrigation was used to maintain moisture at or near field capacity. The greenhouse temperature setpoint was 21°C, with a range of approximately 20–25°C depending on outside conditions. Weed seedlings were allowed to grow until they could be identified, counted by species, and removed. After emergence of new seedlings had stopped, soils were air dried for two weeks, stirred, rewetted and a second flush of germinated weed seedlings were counted and removed. Cumulative emergence by species was divided by soil volume and converted to germinable seeds per liter of field soil for comparison across treatments.



2.4.3 Cash crop performance

Peppers were harvested every 7–10 days, for a total of five harvest events in 2017 and four in 2018. Summer squash was harvested every other day for a total of 10 harvest events in each year. Squash and pepper were harvested from the center beds in each plot, with buffer plants between plots. This method resulted in a total of eight summer squash and 20 pepper data plants per plot. Harvested fruit were categorized as either marketable or unmarketable based on USDA standards (Agriculture Marketing Service, 2005). Cumulative yields in each season were obtained by summing individual harvests and adjusted to the number of surviving data plants in each plot for analysis on a per plant basis.

At the last harvest, a total of 20 pepper leaves per plot were collected for N analysis. In 2017, 16 squash leaves were collected per plot for N analysis at the last harvest event. Leaf samples were selected to represent the most recent mature leaves. In 2018, two whole squash plants per plot were collected at last harvest and analyzed for N content instead of leaves due to prior sample loss. Tissue samples were dried to a constant weight at 60°C, ground to pass a 1 mm sieve, and analyzed for total N concentration via combustion by A&L Great Lakes Laboratories (Fort Wayne, IN).



2.4.4 Soil nitrogen and water dynamics and soil organic matter

Soil samples were collected under plastic mulch beds in each subplot monthly starting at trial establishment and analyzed for inorganic N concentration (NO3− and NH4+). All soil samples consisted of 10 composited cores per bed taken to 20 cm depth (2.22 cm core diameter) and stored at 4°C until dried at 38°C for at least 36 h prior to passing through a 2 mm sieve. 10 g dried and sieved soil was extracted with 50 mL 1 M KCl, and extracts were analyzed for NO3− and NH4+ concentrations using a Lachat flow injection autoanalyzer (Lachat QuickChem, Hach Company, Loveland, CO).

In-bed soil volumetric water content in the top 20 cm of soil was also monitored regularly using a FieldScout TDR probe (Spectrum Technologies Inc., Aurora, IL). Measurements were taken at a consistent distance from drip irrigation lines, approximately midway between drip line and bed shoulder. 10 measurements were taken in each subplot and averaged before analysis.

To evaluate potentially leachable N remaining in the between-bed soil profile at the end of each season, one 2.54 cm diameter soil profile core per main plot was collected to 60 cm depth from representative between-bed areas in September of each year. Continuous cores were collected into plastic liners using a steel sampling tube driven into the ground by a portable gas-powered hammer (AMS Inc., American Fall, ID). Cores were transported from the field and stored at 4°C until being separated into 20 cm depth intervals and dried at 38°C for at least 36 h. Soil core sections were processed, and soil inorganic N was extracted and analyzed as previously described.

Soil organic matter (SOM) was evaluated at trial initiation in May 2017 and again at the last pepper harvest in August of 2018. Soil samples consisted of 12 composited cores per plot taken to 20 cm depth (2.22 cm core diameter) and were stored at 4°C until dried at 38°C for at least 36 h prior to passing through a 2 mm sieve. SOM was determined from a subsample of the sieved sample using the loss-on-ignition method (Combs and Nathan, 1998).



2.4.5 Microbial community assessment

Soil samples were taken from between-bed areas for microbial analysis at monthly intervals starting at trial establishment. Four samples were taken from each of three between-bed areas in each plot, for a composite sample of 12 cores (20 cm depth, 2.22 cm core diameter) that were homogenized in the field. Samples were placed in a cooler for temporary storage in the field and during transport to the lab where they were stored at 4°C until processing. Within 1 week of sampling, soil was passed through a 4 mm sieve, and evaluated for microbial biomass C and N, gravimetric water content, and a subsample frozen (−20°C) for later use in extracellular enzyme assays as described below.

A field moist sieved subsample was subjected to the chloroform-fumigation-extraction method adapted from Vance et al. (1987) to determine microbial biomass C. For each treatment replicate, 8 g of soil was weighed into two 50 mL centrifuge tubes. One sample was immediately extracted with 40 mL 0.5 M K2SO4 while the other was subjected to fumigation with chloroform stabilized with non-polar hydrocarbons for 24 h. After 24 h, lids were removed, and residual chloroform allowed to evaporate from fumigated samples for 2 h in a fume hood before extraction with 0.5 M K2SO4. Extracts were kept at −20°C until analysis using a Shimadzu total organic carbon analyzer with total N analyzer (TOC-V cpn, Shimadzu Corporation, Kyoto, Japan) in 2017 and using a Vario TOC/TN Select (Elementar Americas Inc., Ronkonkoma, NY) in 2018. Mass of extractable C in samples was calculated from the raw data using the equation:

[image: The image shows a formula: C equals EC multiplied by the fraction of open parenthesis FW minus DW plus EV close parenthesis over DW.]

Where C is the extractable C in a sample in μg g−1 soil, EC is the extractable C in a sample in μg mL−1 extractant, FW is the fresh weight of the sample; DW is the sample dry weight, and EV is the extractant volume.

Microbial biomass carbon was calculated from the equation:

[image: Mathematical formula displaying "MBC equals C sub f minus C sub u".]

Where MBC is the microbial biomass carbon, Cf is the extractable C in the fumigated sample, and Cu is the extractable C in the unfumigated sample. Since an extraction coefficient was not calculated from the sample, and the goal was to compare treatment means within our study and not between studies, an extraction coefficient was not used in calculating microbial biomass C.

Soil microbial community function was evaluated by measuring extracellular enzyme activities. We assessed the following seven enzymes: two cellulases ([image: It seems that instead of an image, you've entered a mathematical symbol, beta (β). If you intended to upload an image or if you need assistance with alternate text for an image, please upload the image file directly.]-1,4-glucosidase [BG] and cellobiohydrolase [CBH]); a chitinase ([image: It seems like there was an issue with uploading the image. Please try uploading the image again and provide any additional context if necessary, so I can assist you better.]-1-2-N-acetylglucosaminidase [NAG]); a peptidase (leucine amino hydrolase [LAP]); urease; an enzyme responsible for releasing phosphorus from soil organic matter (phosphate-monoester phosphohydrolase [PHOS]); phenol oxidase; and peroxidase. Urease, phenol oxidase, and peroxidase were measured using colorimetric assays, all other enzymes were measured fluorometrically with corresponding methylumbelliferone (MUB) or methyl coumarin (MC) labeled substrates added to soil slurries in 96-well microplates as described in detail by Smercina et al. (2021). The Shannon diversity index was calculated from extracellular enzyme activity (Zak et al., 1994; Bending et al., 2002), using the equation:

[image: Entropy formula in information theory: \( H = - \sum_{i=1}^{R} p_i \ln p_i \).]

Where pi is the ratio of activity of a particular enzyme relative to total (summed across all measured enzymes) extracellular enzyme activity.




2.5 Statistical analysis

All data were analyzed separately by year using a mixed model ANOVA with the MIXED procedure in SAS (Version 9.4, SAS Institute, Cary, NC). When necessary, data were square root or log transformed to meet assumptions of normality. Untransformed data are presented. Heterogeneous variance was corrected by using unequal variance models or with the appropriate variance–covariance structure in repeated measures analyses. Mean separations were conducted using Fisher’s protected least significant difference test at p < 0.05.

For data collected at a single time point, treatment was included as a fixed factor and block (replication) as a random factor. Since weed biomass in the cultivated treatment was negligible in 2017 and only collected in two of four treatment replicates in 2018, this treatment was excluded from total weed biomass statistical analysis. Weed seedbank data by species was summed across all sampling dates to get cumulative emergence as an estimate of the germinable seedbank by species. At the species level, high variability in estimates of germinable seedbank limited the statistical power to detect differences, so data was aggregated across all weed species.

A repeated measures mixed model ANOVA was used to analyze data collected at multiple time points or to multiple depths (i.e., soil cores). Treatment and sampling date or depth were included as fixed factors and block (replication) as a random factor. For inorganic N and soil moisture data, a first-order autoregressive variance–covariance structure was used given the roughly equally spaced timings of measurements. Soil microbial biomass, total extracellular enzyme activity, and the Shannon diversity index were determined in each treatment separately, but similarities in plant composition and the lack of significant differences in microbial response between weedy and living mulch treatments encouraged combining these treatments into a single category referred to as vegetative cover. Treatment group and sampling date were treated as fixed factors and block (replication) as a random factor. Variance–covariance structures were selected based on fit statistic results. For soil profile inorganic N, treatment and depth were treated as fixed factors and block (replication) as a random factor. An equal variance first-order autoregressive variance–covariance structure was used.

The relationships between marketable cash crop yield, cash crop tissue N, total between bed living mulch and weed biomass, soil inorganic N averaged over the growing season, and soil moisture averaged over the growing season were evaluated via Spearman’s rank correlation coefficient (rho) using the “cor.test” function in base R (Version 2023.03.1 + 446, R Core Team, 2023, Vienna, Austria).




3 Results


3.1 Weather

Average temperatures were similar in both years of the study and comparable to the 30-yr average for the location, except for higher temperatures in May 2018 (Table 4). Compared to seasonal precipitation averages, 2017 was a relatively dry season and 2018 a relatively wet season. In 2017, overhead irrigation was used for two weeks following living mulch sowing to encourage establishment. This was not necessary in 2018; heavy spring rain caused flooding in some areas of the field in that year and may have hindered living mulch establishment.



TABLE 4 Monthly temperature averages and precipitation totals during the 2017 and 2018 seasons and reported 30-year averages.
[image: Table comparing average temperature and precipitation for Benton Harbor, MI from 2017, 2018, and a 30-year average. Monthly temperature and precipitation data are given for May to September, with notable variations between years and the 30-year norm. Data source: NOAA.]



3.2 In-season weed control

Dominant summer annual weed species in the field included crabgrass species (Digitaria spp.), common lambsquarters (Chenopodium album L.), ladysthumb (Persicaria maculosa), oak-leaf goosefoot (Chenopodium glaucum), purslane (Portulaca oleracea L.), ragweed species (Ambrosia spp.), and wood sorrel species (Oxalis spp.). Perennial weeds including quackgrass (Elymus repens) and dock species (Rumex spp.) were less common than summer annual weeds, but present in localized areas of the field.

Cultivation and dead mulch reduced in-season weed biomass by an average of 94 and 78% respectively, more than any of the living mulch treatments (Figure 1). The cultivation schedule in 2017 resulted in these plots remaining weed-free during the season. However, in 2018, wet field conditions and delayed cultivation led to some weed growth in the cultivated treatment at the end of July. Although we are unable to statistically compare weed biomass in the cultivated treatment to the others, cumulative weed biomass production in the cultivated treatment was substantially less than weedy and living mulch treatments (Figure 1). In 2017, Italian ryegrass established quickly, producing 191 g m−2 biomass and reducing weed biomass by >50% compared to the weedy treatment (Table 5). However, heavy spring rain in 2018 contributed to poor Italian ryegrass establishment and modest biomass accumulation in that year (50.7 g m−2). In comparison, rye establishment was poor across years, and the development of leaf rust by mid-July nearly eliminated stands. The clover/rye treatment was slow to establish in 2017 and failed to establish in some plots in 2018. Neither rye nor clover/rye significantly reduced in-season weed biomass compared to the weedy treatment in either year (Table 5).

[image: Bar graph comparing biomass in grams per square meter for different cover types: cultivated, dead mulch, weedy, rye, ryegrass, and clover. Panel A and B show the biomass distribution for clover cover, grass cover, and weed across various treatments. Letters indicate statistical significance, with differences marked by variations in letter labeling.]

FIGURE 1
 Mean cover and weed biomass production in (A) 2017 and (B) 2018. Error bars represent ± standard error around cumulative weed biomass mean and cumulative total (weed biomass + living mulch biomass) biomass mean. Different letters above bars represent significant differences related to cumulative total biomass production (p < 0.05). Different letters within bars represent significant differences related to cumulative weed biomass (p < 0.05).




TABLE 5 Total living mulch biomass production and the effect of between-bed management strategy on in-season weed suppression and the germinable weed seedbank the following season.
[image: Table comparing five cover treatments across three measured aspects: living mulch biomass, in-season weed biomass reduction, and germinable weed seedbank for 2017 to 2019. Cultivated and dead mulch have no data for biomass but show significant weed biomass reduction. Ryegrass has the highest biomass and clover/rye and ryegrass show lower seedbank levels. p-values indicate statistical significance.]



3.3 Post-season weed seedbank

Dominant weed species found in the germinable seedbank were similar to those in the field, with the exception of perennials, which were excluded from seedbank evaluation. Overall, the most abundant species were crabgrass species, ladysthumb, and oak-leaf goosefoot.

After two years, reductions in the germinable seedbank relative to weedy treatment were detected only for the cultivation, dead mulch and Italian ryegrass treatments. The cultivated and dead mulch treatment had the smallest germinable weed seedbank, and the weedy treatment the largest after both seasons (Table 5). The 2017 pattern of in-season weed suppression was closely reflected in estimates of the germinable weed seedbank from between-bed areas in spring 2018. Compared to weedy, the reduction in the germinable seedbank increased from 18 to 72% as weed biomass suppression increased from 9 to 100% (Table 5). Among cover crops grown in 2017, the Italian ryegrass treatment had the greatest impact on weeds, reducing both weed biomass and subsequent weed seedbank density by more than half of that observed in the weedy treatment. Treatments applied in 2018 generally had less impact on the seedbank than those from 2017, and seedbank effects were not as closely associated with weed biomass suppression. Despite minimal in-season weed suppression by Italian ryegrass in 2018 (12%), the weed seedbank in that treatment was reduced by 36% relative to weedy and was comparable to that in both the dead mulch and cultivated treatments at experiment termination (Table 5). Although in-season weed control by Italian ryegrass living mulch was variable and small relative to cultivation and dead mulch, it still reduced the germinable weed seedbank across both years of our study compared to the weedy treatment. In contrast, rye and the clover/rye mixture living mulches did not reduce the weed seedbank compared to weedy in either year.



3.4 Cash crop performance

Squash performance metrics were unaffected by between-bed treatment in both years, and in 2018 pepper performed similarly across all treatments (Table 6). However, in 2017 living and dead mulch treatments resulted in pepper yield losses of between 41 and 54%, and we detected a negative correlation between total living mulch and weed biomass between plastic mulch beds and marketable pepper yield (Table 7). Total N concentration in pepper leaves sampled at the last harvest in 2017 was greater in the cultivated treatment relative to all other treatments (Table 6). Soil inorganic N levels in the crop row ranged from 28 to 57 mg N kg soil−1 in the weedy and rye treatments respectively, and no significant differences were resolved among treatments (Figure 2B). Correlation analysis revealed no relationship between marketable yield and in-row soil inorganic N, but a positive correlation between marketable pepper yield and in-row soil moisture averaged across sampling dates in 2017 (Table 7). Soil moisture under plastic mulch was numerically higher in the cultivated control compared to all other treatments during pepper fruit development in 2017 (Figure 2A). In 2018, pepper marketable yield was comparable across treatments, and no significant differences in in-bed soil moisture (Figure 2C) or soil inorganic N levels (Figure 2D) were detected in pepper beds.



TABLE 6 Effect of between-bed management on marketable cash crop yield and leaf tissue N concentration at final harvest in 2017 and 2018.
[image: Table comparing the effects of various treatments (cultivated, dead mulch, weedy, rye, ryegrass, clover/rye) on pepper and squash in 2017 and 2018. It shows marketable yield and leaf tissue nitrogen content, with means plus or minus standard errors. Significant differences (P ≤ 0.05) are indicated by different letters and p-values are included for each measurement category.]



TABLE 7 Spearman’s rank correlations (rho) between pepper and squash marketable yield and cash crop tissue N, between-bed living mulch and weed biomass, average in-row soil inorganic N, and average in-row soil volumetric water content.
[image: Table comparing pepper and squash marketable yield in 2017 and 2018, based on cash crop tissue nitrogen, living mulch and weed biomass, in-row soil inorganic nitrogen, and in-row soil moisture. Significant correlations are marked, with asterisks indicating levels of significance.]

[image: Four line graphs labeled A, B, C, and D. Graph A shows changes in volumetric water content for six treatments: cultivated, dead mulch, weedy, rye, ryegrass, and clover; values decrease over time. Graph B displays a decline in soil inorganic nitrogen for the same treatments. Graph C illustrates a fluctuating pattern in water content, while graph D depicts a steady decrease in soil inorganic nitrogen. Dates range from June third to August twenty-sixth on all graphs. Each graph includes error bars and a legend indicating treatment types.]

FIGURE 2
 Mean of in-row soil moisture in top 20 cm of pepper beds in (A) 2017 and (C) 2018 and mean in-row inorganic nitrogen in (B) 2017 and (D) 2018. Error bars represent ± standard error.




3.5 Organic matter contributions and soil organic matter

Living mulch establishment was a challenge and weed biomass on average accounted for 99, 74, and 94% of organic matter inputs in rye, ryegrass, and clover/rye treatments, respectively. Italian ryegrass produced significantly more biomass than rye or clover/rye in both years (Table 5). Total shoot biomass inputs in the weedy and living mulch treatments averaged 490 g m−2 in 2017 and 647 g m−2 in 2018 (Figure 1). In comparison, dead mulch was applied at an average rate of 18 Mg ha−1 and had an additional input of 130 g m−2 of weed shoot biomass in 2017 and 122 g m−2 in 2018.

At trial initiation, we detected significantly greater SOM levels in weedy treatment plots relative to all others, a random spatial effect not attributable to treatments. SOM in the between-bed areas of the weedy treatment was again significantly greater than all other treatments at trial termination. However changes in SOM in between-bed areas over the course of the experiment were comparable across treatments, decreasing by an average of 0.2% (Table 8).



TABLE 8 Means ± standard errors of soil organic matter content in between-bed areas during the study.
[image: A table shows changes in various treatments over four time points: 31 May 2017, 24 August 2017, 29 May 2018, and 27 August 2018. Six treatments are listed: Cultivated, Dead Mulch, Weedy, Rye, Ryegrass, and Clover/Rye. Percentages and their changes between first and last sampling are reported with standard deviations. P-values for each treatment are provided, ranging from 0.0178 to 0.7124.]



3.6 Soil microbial community

Given similarities in plant community composition between living mulch treatments and the weedy treatment (i.e., dominated by the ambient weed community), these treatments were collapsed into a single treatment category referred to as “vegetative cover” from here forward.

No significant differences were observed in microbial biomass C between cultivated, dead mulch, or vegetative cover plots in either year (Figures 3A,B).

[image: Six line graphs show changes in soil properties under different treatments: cultivated, dead mulch, and vegetative. Graphs A and B depict microbial biomass carbon, with increases over time. Graphs C and D display total extracellular enzyme activity, with significant variations marked by asterisks. Graphs E and F illustrate the Shannon diversity index, with differences in diversity levels over the same periods. Each treatment uses distinct line styles: solid for cultivated, dotted for dead mulch, and dashed for vegetative. Data points include standard error bars. Dates at the bottom represent observation times.]

FIGURE 3
 Mean of microbial biomass carbon in (A) 2017 and (B) 2018; total extracellular enzyme activity in (C) 2017 and (D) 2018; and Shannon diversity index in (E) 2017 and (F) 2018. Error bars represent ± standard error. Significant specified at *p < 0.05, **p < 0.01, ***p < 0.001.


By the end the of 2017 season, total extracellular enzyme activity was similar across treatments (Figure 3C). This was true at the beginning of the 2018 season too, but the treatments began separating in June (Figure 3D). As the season progressed, the dead mulch treatment consistently had the greatest total enzyme activity, with vegetative cover as an intermediate, and cultivation having the lowest (Figure 3D).

Significant differences in the Shannon Diversity Index were observed between treatments at the end of the 2017 season (Figure 3E). However, this pattern did not carry over into 2018. No significant differences between treatments were detected for the entirety of the 2018 season. However, in 2018 the diversity of enzyme activities was on average greater in dead mulch and the vegetative cover treatments than the cultivated treatment (Figure 3F).



3.7 End of season soil profile nitrogen

Where plants were actively growing between plastic mulch beds during the 2017 season, potentially leachable N in the soil profile (0–60 cm) was reduced by approximately 61% (Figure 4A). Differences in soil profile N were most pronounced in the top 20 cm and decreased with increasing soil depth. In 2018 no significant differences in potentially leachable nitrogen were observed (Figure 4B).

[image: Line graphs labeled A and B show soil inorganic nitrogen levels in milligrams per kilogram by soil depth in centimeters for different treatments: Cultivated, Dead Mulch, Weedy, Rye, Ryegrass, and Clover. Graph A shows a marked decrease in nitrogen from 0 to 20 centimeters depth across all treatments, with Cultivated having the highest values. Graph B shows consistently lower nitrogen levels across all depths compared to A. Standard errors are indicated with vertical lines, and asterisks indicate significant differences.]

FIGURE 4
 Mean of inorganic nitrogen at depth measured before fall tillage in (A) 2017 and (B) 2018. Error bars represent ± standard error. Significance specified at ***p < 0.001.





4 Discussion


4.1 Weed management

Our results confirm the importance of living mulch establishment and biomass accumulation in controlling weeds (e.g., Bybee-Finley et al., 2017; Alonso-Ayuso et al., 2018), and highlight the inherent risks of managing weeds with cover crops (Teasdale, 1996; Sarrantonio and Gallandt, 2003; Fernando and Shrestha, 2023). The relatively slow growth rate of clover and stress experienced by rye planted outside of its climatic niche made these species unable to compete with aggressive weeds, results confirmed elsewhere (Reid and Klotzbach, 2013). Italian ryegrass was better suited for this niche, but performance was still variable between years. In previous work we found that teff (Eragrostis tef) was the only living mulch treatment among nine to significantly reduce in-season weed biomass between plastic mulched beds (Tarrant et al., 2020). In both cases, weed suppression by Italian ryegrass and teff was variable across years, but these results suggest that vigorous summer annual grasses may be better suited for this niche than slower growing clovers and winter grains.

The close relationship between weed biomass suppression and weed seedbank suppression observed in the first year of this study suggests that competition effects on seed production played an important role in explaining seedbank effects. Reductions in weed seed production and seed viability in the presence of competition have been previously demonstrated in agronomic cropping systems (Nurse and DiTommaso, 2005) and in response to living mulches within vegetable cropping systems (Brainard and Bellinder, 2004; Brainard et al., 2005). However, treatment differences in the germinable seedbank may also have been influenced by indirect effects on the rates of predation, decay, or fatal germination of weed seeds. Seed burial and predation studies demonstrate that tillage and cover crops can accelerate the rate of seed loss through impacts on soil micro-organisms, seed predators, or fatal germination (Gallandt et al., 2004; Mohler et al., 2018; Frost et al., 2019; Fernando and Shrestha, 2023).

Not surprisingly, mowing ambient weeds in our study led to increases in the weed seedbank compared to cultivation, dead mulching, and Italian ryegrass living mulch. While the weed seed bank can serve as a “free” living mulch in subsequent seasons when managed this way (Hartwig and Ammon, 2002), unchecked weeds may be more competitive and harder to control than a cover crop living mulch (Westbrook et al., 2021). Mowing may also lead to a shift in the ambient weed community composition toward difficult to manage and competitive species (Butler et al., 2013). Because of the impact on future management, these potential drawbacks of mowing ambient weeds are important for growers to consider.



4.2 Cash crop performance

The challenge of competition between cash crops and living mulches in integrated plasticulture living mulch systems has been documented in several previous studies (Table 1). In our study, summer squash was particularly robust to competition, with yields unaffected by between-bed management in either year (Table 5). We observed that the squash canopy shaded plants most likely to compete for in-bed resources along bed edges (Figure 5). These results are aligned with previous work in plasticulture acorn squash (Cucurbita pepo cv. Table Ace) production (Nelson and Gleason, 2018), but contrast with results from Bruce et al. (2022) where researchers found that clover/ryegrass and ryegrass living mulch between plastic mulched beds reduced zucchini (Cucurbita pepo cv. Dunja F1) yields compared to a cultivated and straw mulch control. These diverging results highlight the complex interactions between cash crop and living mulch species, management, and environmental factors that mediate competitive dynamics (Dzvene et al., 2023).

[image: Aerial view of a garden divided into sections, each labeled with different treatments: Rye, Dead Mulch, Weedy, Cultivated, Ryegrass, and Clover/Rye. The sections show varying plant growth patterns and coverage.]

FIGURE 5
 Overhead photograph of bell pepper and summer squash plants grown on black plastic mulch with different between-bed management treatments taken on July 12, 2018. Differences in cash crop stature, namely squash leaves reaching over bed edges shading between-bed weeds and living mulches, may have caused squash to be more robust to competition than pepper.


Pepper performance in our study was variable across study years, suggesting it may be more susceptible to competitive interference than squash. Law et al. (2006) also documented bell pepper yield reductions when living mulches or weeds were grown between plastic mulched beds. The researchers speculated yield reductions were driven by competition, but competitive mechanisms were not investigated. A negative relationship between marketable yield and between-bed living mulch and weed biomass suggest competition hindered pepper performance in 2017, driven by water limitations (Table 7 and Figure 2A). Reduced pepper leaf N content in all treatments compared to the cultivated control also suggest competition for N (Table 6). However, no significant differences in soil inorganic N levels in the crop row were resolved among treatments, and considerable plant available N remained under pepper plastic mulch beds at the end of the season. Pepper N uptake may therefore have been limited by soil moisture rather than N availability. Interestingly, the dead mulch treatment also reduced pepper yields in 2017. Weed escapes in dead mulch treatments were concentrated along bed edges where they may have been most likely to compete for in-bed resources, likely driving this result.

We would expect supplemental irrigation and/or fertility to help mitigate competition. However, Warren et al. (2015) found that even after increasing fertility to eliminate potential N competition and ensuring adequate irrigation, yields of broccoli (Brassica oleracea L. var. italica) grown on plastic mulched beds were reduced where living mulch was grown in the between-bed areas compared to cultivation. Alternative explanations for cash crop interference by living mulches and weeds in this case and in our study include a cooler microclimate caused by between-bed plant transpiration and the induction of a shade avoidance response.

Additional strategies could be employed to mitigate potential competition, for instance keeping the between-bed area weed-free for some critical period unique to plasticulture systems before planting living mulch, applying a dead mulch, or mowing ambient weeds. Research in inter-seeding living mulches in vegetable cropping systems has revealed great promise in delayed living mulch planting to mitigate yield penalties (Brainard and Bellinder, 2004; Gibson et al., 2011; Ciaccia et al., 2015). Though previous research has been done to evaluate the influence of in-bed weeds on plasticulture vegetable production (Buckelew et al., 2006; Norsworthy et al., 2008; Garvey et al., 2013; Chaudhari et al., 2016; Bertucci et al., 2019), research toward identifying the critical weed-free period for plants growing between plastic mulch beds is limited.



4.3 Soil health and nutrient cycling indicators

By contributing organic matter inputs, building microbial biomass, and physically protecting SOM from erosion, planting cover crops in fallow windows can increase SOM stocks over time (Kallenbach and Grandy, 2011; Peng et al., 2023). The ambient weed pressure at our study site was high enough to ensure complete soil coverage and resulted in biomass contributions comparable to our living mulch treatments, showing that in some cases the ambient weed community can be functionally like a cover crop in terms of biomass contributions. The maintenance of vegetative covers between plastic mulched beds in our trial led to average shoot residue contributions of 4,900 kg ha−1 and 6,460 kg ha−1 to between-bed areas (approximately 55% of the field) in 2017 and 2018 respectively, in addition to unmeasured root contributions. Considering typical biomass production of a productive summer cover crop like sorghum-sudangrass is 4,000–6,000 kg ha−1 in the north central United States (Clark, 2007), this represents a significant addition of organic material. However, we did not find a detectable difference in SOM changes between trial initiation and termination among treatments. The relatively short duration of our study (2 years) combined with the difficulty in detecting changes in bulk SOM on sandy soils (Tiemann and Grandy, 2015) may explain similar changes in SOM across our treatments. It should also be noted that SOM was evaluated before living and dead mulch incorporation at experiment termination in the second year of the study, which may have underestimated the impact of residues on SOM.

Since organic matter inputs act as substrate for soil microbes, we expected microbial abundance would be elevated in all treatments compared to the cultivated control. We further expected that the greatest increases may be observed in vegetative cover treatments based on past research showing that cover crop rhizo-deposition alone can stimulate microbial growth (Finney et al., 2017), in some cases more than surface applied dead mulches (Buyer et al., 2010). However, microbial biomass C was unaffected by our treatments at any sampling date (Figure 3). Discrepancies between our results and those from previous work may be explained by methodological differences including how MBC was measured and when it was measured in relation to cover crop growth. The chloroform-fumigation method is a course resolution assessment of microbial biomass and often does not capture small changes through time (Tiemann and Billings, 2011). Distinct soil types and the study site climate are also likely to mediate results, with the effects of cover crops on soil microbial communities more likely to accumulate on medium-textured compared to fine- or coarse-textured soils (Buyer et al., 2010; Muhammad et al., 2021).

Despite no differences in microbial abundance between our treatments, we did observe greater overall extracellular enzyme activity in dead mulch and vegetative cover plots at the last cash crop harvest. This result suggests improved nutrient recycling within these management strategies compared to cultivation (Xiao et al., 2018), and aligns with a meta-analysis that found removal of plant litter and living roots reduces extracellular enzyme activity in agroecosystems (Ai et al., 2023). This also provides some evidence for improved soil health, although additional time may be needed to realize and detect benefits. Based on the Shannon diversity index calculated from extracellular enzyme activity data, microbial communities appeared to be functionally similar across our treatments. Previous research has shown that organic matter input quality can influence enzyme activity diversity (Bending et al., 2002). However, Bending et al. (2002) evaluated extracellular enzyme activity following residue incorporation, whereas the smaller organic inputs derived from surface mulch and living roots during our sampling period may reduce the likelihood of detecting microbial community effects.

The presence of living cover between plastic mulch beds may also benefit system N cycling by scavenging mineral N unlikely to be accessed by the cash crop (Xie et al., 2017). In fact, end of season soil profile (0–60 cm) N sampling in 2017 demonstrated a 61% reduction in potentially leachable N in living mulch and weedy treatments compared to cultivated and dead mulch treatments (Figure 4A). While these results were not replicated in 2018, significant in-season N losses prior to sampling may have reduced the potential to resolve differences by season’s end. In particular, heavy spring rain in May and June of that year may have promoted early season N losses via leaching and denitrification. Nevertheless, greater N uptake by living mulches and weeds in between-bed areas are likely to reduce N losses relative to bare cultivation. However, the benefit of potential reductions in N losses from between-bed areas must be balanced with the potential for competition with cash crops for in-bed N resources (Xie et al., 2017).



4.4 Conclusions and future research

This research contributes to a limited body of literature quantifying systems tradeoffs between common organic grower practices for managing weeds and soil between plastic mulch beds versus living mulch alternatives. Within the context of our study, living mulches integrated into plasticulture production had limited potential to provide adequate weed control, introduced some risk to cash crop yields, and had minimal impacts on short-term soil health metrics despite notable organic matter inputs. However, the potential for soil health benefits to accrue over time, along with other possible benefits of living mulches not measured in this study, including biological pest control, increased farm biodiversity, reduced soil erosion, and improved harvesting conditions, continue to make this practice an attractive alternative to other between-bed management practices. Growers interested in planting living mulches between plastic mulch beds should proceed with caution, acknowledging variable weed control and potential risks to cash crop productivity. Future research identifying management levers on living mulch establishment, including species selection and appropriate establishment conditions could improve the weed suppressive ability of living mulches. In terms of living mulch species selection, summer annual grass species appear to be better suited than winter grasses or clovers to this niche. Additional research into irrigation and fertility management modifications could help mitigate competition between cash crops and living mulches. Identifying the critical weed-free period for between plastic mulch beds could help further mitigate competition and inform living mulch management.
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Conservation Agriculture is a farming system based on no mechanical soil disturbance, permanent soil cover, and crop diversification. A study was carried out in an on-farm field trial set up in Meknes (Morocco) under a long-term no-till (NT) system to evaluate the residual effect of one-time occasional tillage (OT) on crop performance, soil water, and water-use efficiency (WUE) one and two years after OT implementation. Shallow and deep options of OT were compared with common NT practices (with crop residue retention and with crop residue removal) for two consecutive seasons of 2021–2022 (year 1) and 2022–2023 (year 2). The four tillage practices were implemented in November 2020. Three crops were studied each year: durum wheat (Triticum durum), faba bean (Vicia faba minor), and chickpea (Cicer arietinum) all grown under NT in both the years and arranged in four crop rotations. Our findings show that grain yield of wheat and chickpea was negatively affected by OT for all years considered. In wheat, there was a grain yield loss of 18 and 20% for shallow and deep OT, respectively compared to NT with crop residue retention. In chickpea, the grain yield loss was as high as 47 and 49% for shallow and deep OT, respectively. Average soil water storage measured at 0–60 cm at sowing was also lower in deep OT (133 mm) compared to NT with crop residue retention (151 mm) for all years and rotations considered. Yet, in wheat year 1, deep OT slightly improved soil water content at 30 cm depth compared to NT treatments. The comparison of WUE between treatments showed that, under NT with crop residue retention, the crops produced more grain and aboveground biomass per mm of water. Wheat/faba bean rotation had a greater grain yield and WUE (all years considered) and overall greater soil water content (year 1), compared to the wheat/chickpea rotation. The results suggest that the effects of OT on crop performance and water productivity in the short term can be adverse. On the other hand, grain yield of wheat can be improved by a judicious choice of legume to be used as a preceding crop.
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 conservation agriculture; crop rotation; crop yield; drylands; durum wheat; strategic tillage; water productivity; water storage at sowing


1 Introduction

Conservation Agriculture’s (CA) three principles of no mechanical soil disturbance, permanent soil cover, and crop diversification are increasingly promoted in Africa (Kassam et al., 2022). NT is a major component of CA and often the only CA principle that is consistently applied. Extensive stubble grazing and monoculture grain production annihilate the chances of stubble retention and diverse rotations in North Africa. Regardless, CA is still a crucial climate change adoption strategy for the Mediterranean region particularly due to its advantages in soil water use efficiency resulting from greater water capture and storage (Mrabet, 2011). In response, the Moroccan government initiated the Green Generation strategy (2020–2030) where one million hectares of cropland is projected to be converted to CA by 2030 (Devkota et al., 2022). Morocco has a rich experience in NT farming since the introduction of this technology in the 1980s (Diop et al., 2022).

Despite the increased frequency of droughts in North Africa during the last decades causing yield losses (Karrou and Oweis, 2014), the adoption of CA is still marginal in North Africa (Cicek et al., 2023). Long-term NT systems may present several constraints such as weed proliferation and the development of herbicide-resistant weed species, an increased incidence of soil- and crop residues-borne diseases, subsoil compaction, and nutrient and soil organic matter (SOM) stratification in the topsoil (Dang et al., 2015a,b). Occasional tillage (OT) in NT systems, known also as strategic tillage (Dang et al., 2020), is intended to address these different constraints. Single-tillage-based OT is suggested as an adaptation strategy within CA systems to maintain the advantages of continuous NT and lessen its negative impacts (Crawford et al., 2018; Liu et al., 2020).

There are limited studies regarding the effect of OT on crop performance in the short and long terms (Stavi et al., 2011; Crawford et al., 2018). The effect of OT on crop performance varies according to soil type, tillage implements (depth and frequency) used and climatic conditions (Liu et al., 2016). Depending on soil type and the nature of NT constraints to be overcome, OT might be shallow or deep cultivation (Hall et al., 2020). Most studies investigating the effects of OT used chisel (depth ≤ 40 cm), plow/harrow (depth ≤ 30 cm) and subsoiler (depth > 40 cm) (Peixoto et al., 2020).

In Mediterranean rainfed cropping systems, crop performance highly depends on the rainfall received during the growing season but also on the soil’s capacity to retain water (Plaza-Bonilla et al., 2017). Although there are studies conducted in France (e.g., Cordeau et al., 2020), Spain (e.g., López-Garrido et al., 2011) and Türkiye (e.g., Çelik et al., 2019) on OT, to our knowledge, no researcher investigated the effect of OT on crop productivity and soil quality including water dynamics in North Africa. In drylands, a number of mechanisms, including high evaporation, high runoff, poor infiltration, and low SOM, limit soil water availability to crops (Liniger et al., 2011). This could lower the production of biomass and grain. Hence, it is important to evaluate how OT affects soil water content and WUE. In water-limited areas, OT could lower yields if it decreases the amount of soil water available to plants through increased evaporation (Crawford et al., 2015). Blanco-Canqui and Wortmann (2020) reported that OT does not generally decrease soil water content. Water loss due to OT will obviously depend on the amount of water stored in the soil during the OT implementation. In dryland cropping systems, crop residues management is crucial in managing water capture and reducing water evaporation (Mrabet, 2008). However, grazing of crop residues is considered a major issue in North Africa where stubble is consumed by sheep and goats after harvest (Pala et al., 2000).

Furthermore, OT can lead to increased yield through an improvement of soil physical properties, including the alleviation of soil compaction, reduction of bulk density and increased total porosity (Díaz-Zorita et al., 2004; Liu et al., 2020). Not only does grazing crop residues limit soil cover in NT systems, it can also cause soil compaction, especially when carried out at high stocking densities and on wet soil (Rakkar and Blanco-Canqui, 2018). In the Mediterranean context, the risk of soil compaction caused by grazing may be low when grazing is carried out during the summer (the dry season, from end of June to end of September) but can be significant when it is carried out after the summer storms or the first rains (October–November) before sowing, especially when these rains are fairly heavy, due to wet soils. Hence, OT could be a relevant practice and area of research in North African areas affected by soil compaction problems due to grazing in NT conditions. Through the mixing and redistribution of soil nutrients within the root zone and increased mineralization of crop residues, OT can also improve nutrient availability and uptake, hence increasing yields (Crawford et al., 2015; Blanco-Canqui and Wortmann, 2020).

Beyond the lack of studies on the effects of OT on crop performance in North Africa, few studies have dealt with the residual effects of OT on soil water status in the short term (1–2 years after OT implementation) in long-term NT systems worldwide. In addition, there are research gaps worldwide regarding the effects of OT on WUE after OT implementation. The present study aims to investigate the residual effects of OT on crop performance, soil water storage, and WUE in a long-term (10 years) NT system. We hypothesized that OT would improve soil water storage and result in better crop yield and WUE compared to NT practices. The results of this study will provide the first evidence on OT’s short-term residual effect on crop productivity and soil water status in North Africa and help farmers to make informed decisions on the use of OT under challenging circumstances.



2 Materials and methods


2.1 Study area

The study area was located in the region of Meknes, North-east of Morocco situated at 33°72 N, 5°69 W, and 702 m altitude. The OT was done in November 2020 and crop and soil water monitoring were performed during two consecutive crop growing seasons (from November/December to June/July): 2021–2022 (year 1) and 2022–2023 (year 2). The experimental site has a semi-arid and Mediterranean climate with wet winters and hot- and dry- summers. The trial was conducted on a leveled flat field and soil was clayey in nature classified as a luvisol according to the World Reference Base for Soil Resources (IUSS Working Group WRB, 2022). Data regarding soil characterization at the trial implementation, including the content of clay, silt, and sand, pH, EC, SOM, and the levels of nitrogen (N), phosphorus (P), potassium (K), magnesium (Mg), and calcium (Ca) is presented in Table 1. The meteorological data (monthly temperature and rainfall) of the trial site during these two growing seasons are presented in Figure 1. Total rainfall received from October to July during the 1st and 2nd years were 327.5 mm and 316.5 mm, respectively.



TABLE 1 Soil characteristics of the experimental site at the trial implementation.
[image: Table showing soil analysis data. Parameters include particle size distribution, pH, electrical conductivity (EC), soil organic matter, total nitrogen, ammonia nitrogen, nitric nitrogen, phosphorus Olsen, and exchangeable bases. Data is provided for soil layers 0-20 cm and 20-40 cm. Analysis methods include NF X 31-107, NF ISO 10390, NF ISO 11265, NF ISO 14235, Kjeldahl, Skalar, NF ISO 11263, and NF X 31-108.]

[image: Line and bar chart showing monthly rainfall and temperature from October 2021 to July 2023. Rainfall is marked with blue bars, and temperatures are denoted by lines: red for mean daily maximum, green for mean daily, and blue for mean daily minimum. Rainfall fluctuates, peaking in April 2022 and January 2023, while temperatures show a general rise with the highest maximum in July 2023.]

FIGURE 1
 Meteorological data (rainfall and temperature) of the study area in the growing seasons 2021–2022 (year 1) and 2022–2023 (year 2).




2.2 Experimental details

The trial included four tillage treatments applied once in November 2020 in a 10-year continuous no-till field: continuous NT with crop residues initially (during trial set up) maintained (NT + residue); continuous NT with crop residues initially not maintained (NT-residue); shallow inversion tillage (1st OT option, depth: 10 cm) with an offset disk harrow (shallow OT); deep non-inversion tillage (2nd OT option, depth: 25 cm) with a chisel (deep OT). The names of treatments NT + residues, NT-residues, shallow OT, and deep OT refer to the tillage and residue management practices involved when the treatments are implemented in November 2020. Shallow and deep OT were free of crop residues during their implementation. All tillage treatments were monitored in 2021–2022 (year 1) and 2022–2023 (year 2) growing seasons. Three crops were investigated: durum wheat (the main crop of interest in this study), faba bean and chickpea all grown under NT and through four rotations in both the years, i.e., wheat grown after faba bean (wheat/faba bean), wheat sown after chickpea (wheat/chickpea), faba bean sown after wheat (faba bean/wheat) and chickpea sown after wheat (chickpea/wheat). The experiment was conducted in a split-plot design with crop rotations in the main plots and tillage methods in the subplots, with 3 replications. The dimensions of the experimental units (plots) of the trial were: 15 m × 36 m.

Historically, the field on which the trial is set up has been managed under NT since 2010 with biennial cereal-legume rotations. Prior to 2010, it was conducted in conventional tillage. At the time of the installation of the trial, the land was homogeneous for all the crops and treatments. The implementation of OT treatments and the residue management in continuous NT treatments (NT + residue and NT-residue) were carried out two days before sowing in the 2020–2021 crop growing season. The crop grown in the field trial in 2019–2020 season was faba bean and its residues after harvest were used in treatment NT + residue (1.5 t ha−1). Even though tillage treatments were applied only once in November 2020, their effects were monitored during 2021–2022 (year 1) and 2022–2023 (year 2) growing seasons to test the assumption of their residual effect on crop performance, soil water, and WUE. Each year, after harvest, 80% of the harvested crop residues were exported and the remaining 20% were left in the field to imitate the stubble grazing practices common across the region (i.e., all tillage treatments were similar for both tillage and residues management practices in year 1 and year 2) within each crop. Details on crop management in year 1 and year 2 can be found in Supplementary Table 1. The dates of appearance of the phenological stages of the three crops studied during the two years of study are summarized in Supplementary Table 2.



2.3 Measurements


2.3.1 Soil water

Soil water was assessed by two methods: the gravimetric method and by capacitive probes (Delta-T probes type PR2/4) method which measures volumetric soil water content (SWC). Gravimetric SWC (% w/w), in different treatments, was measured for four soil layers: 0–15, 15–30, 30–45, and 45–60 cm each year at sowing and at crop harvest. Soil water storage (SWS, in mm) of each soil layer, was calculated using Equation (1) (Ye et al., 2022):

[image: Equation for calculating soil water storage (SWS) in millimeters: SWS equals gravimetric soil water content (SWC) in percent multiplied by bulk density in grams per cubic centimeter and layer thickness in centimeters, then multiplied by 0.1.]

Bulk density was determined by the core method (Blake and Hartge, 1986). Soil water storage at 0–60 cm was calculated by summing SWS in 0–15, 15–30, 30–45, and 45–60 cm soil layers. Soil water storage at 0–60 cm was used to evaluate SWS at sowing and harvest for both year 1 and year 2.

For measurements of volumetric SWC by Delta-T probes, they were performed in year 1 in wheat plots (wheat/faba bean and wheat/chickpea), at 10, 20, 30, and 40 cm depths and five selected dates, i.e., 38, 54, 69, and 98 DAS. On the other hand, in year 2, we monitored SWC in faba bean (faba bean/wheat) in time intervals of about a week. The choice of faba bean for SWC measurement in year 2 is justified by the willingness to have soil moisture data for at least one of the legumes studied. To measure SWC (% v/v), Delta-T probes were placed inside access tubes placed approximately in the center of each plot. The objective of these SWC measurements throughout the growing season was to evaluate the different tillage treatments in terms of water content in the soil, especially the crop root zone.



2.3.2 Crop performance

Crop performance was evaluated through yield and yield components in year 1 and year 2. For all crops, grain yield (GY), total (aboveground) biomass yield (TBY), and thousand grain weight (TGW) were evaluated at crop harvest, from three quadrats of 1 m2 in each plot. For wheat, we also determined the number of spikes (NSpk) m−2. Straw yield (SY) was calculated as the difference between TBY and GY and harvest index (HI, in %) was calculated using Equation (2).

[image: Formula for Harvest Index (HI) as a percentage, with grain yield (GY) and total biomass yield (TBY) in kilograms per hectare. HI equals GY divided by TBY, times one hundred.]



2.3.3 Water-use and water-use efficiency

Water-use efficiency for grain (GWUE) and total biomass (TBWUE) was calculated during both the years. Water-use efficiency was expressed in kg ha−1 mm−1 and calculated using GY and TBY data and crop evapotranspiration (water-use) through the following formulas:

[image: The formula shows Gross Water Use Efficiency (GWUE) in kilograms per hectare per millimeter, calculated as Grain Yield (GY) in kilograms per hectare divided by Water Use (WU) in millimeters, denoted as equation (3).]

[image: Equation showing TBWUE in kilograms per hectare per millimeter as the ratio of TBY in kilograms per hectare to WU in millimeters. Labeled as equation four.]

Water-use (WU) was calculated from the soil water balance formula evaluated during the growing season (from sowing to harvest):

[image: Equation featuring the terms: GSR plus SWSS plus CR equals WU plus SWSH plus R plus D in parentheses 5.]

Where GSR is the growing season rainfall (mm); SWSS is the soil water storage up to 60 cm at sowing (mm); WU is water-use (mm); SWSH is the soil water storage up to 60 cm at harvest (mm); R is runoff (mm); D is drainage (mm); CR is the capillarity rise (mm). CR and D were taken to be zero because the experimental site had a relatively flat and deep soil layer, as assumed by Devkota et al. (2022). Furthermore, R was considered negligible due to the flatness of the study site. Then, Equation (5) can be simplified as:

[image: Formula depicting WU equals GSR plus SWSS minus SWSH, labeled as equation six.]




2.4 Statistical analysis of data

All variables under study were subject to analysis of variance (ANOVA), and means were compared by Sidak’s test. All statistical analysis was done using R software (R version 4.2.1.) (R. Core Team, 2017). The lme (linear mixed effect) function of the package nlme was used to determine the effects of tillage, crop rotation, and year on (i) yield and yield components of wheat for the rotations wheat/faba bean and wheat/chickpea and (ii) SWS (mm) at sowing and harvest, WU, and WUE for all four rotations studied. The same function was used to determine the effect of tillage and rotation on SWC (%, v/v) measured at different dates in wheat (wheat/faba bean and wheat/chickpea) in year 1. In addition, lm (linear model) function was used to study the effect of tillage and year on the yield and yield components of faba bean (faba bean/wheat) and chickpea (chickpea/wheat). The significance level of all statistical tests was set at 0.05. To explain the (significant) variability of GY between tillage treatments and/or rotations, a linear regression analysis was done between GY and SWS for each crop and all years.




3 Results


3.1 Soil water at sowing and harvest as affected by tillage, crop rotation, and year

The effects of tillage, rotation, and year on SWSS and SWSH are presented in Figures 2, 3, and the corresponding ANOVA results are summarized in Supplementary Table 3. Tillage had a significant effect on SWSS measured at 30–45 and 0–60 cm soil depth (Figure 2A), and onSWSH measured at 15–30, 45–60, and 0–60 cm depth (Figure 3A). Crop rotation significantly affected SWSS measured on all soil layers studied (Figure 2B), whereas for SWSH, only at 45–60 cm was not significantly affected by rotation (Figure 3B). Year had a significant effect on SWSS measured on all soil layers studied except 45–60 cm (Figure 2C), while it had no significant effect on SWSH (Figure 3C).

[image: Three bar charts show soil water storage (SWS) at sowing across different soil layers from 0 to 60 cm. Chart A indicates the influence of tillage types, Chart B displays effects of crop rotation combinations, and Chart C presents year-based variation. Bars represent means with error bars for variability, and statistical significance is noted with letters above bars. Each chart contains a legend for specific categories: tillage, rotation, and year.]

FIGURE 2
 Soil water storage (SWS) at sowing as affected by tillage (A), rotation (B), and year (C) in wheat, faba bean and chickpea. Within the same subgraph (A–C), lower-case letters indicate if means are significantly different (different letters) or similar (at least one letter in common) according to Sidak’s test. Error bars represent standard deviation.


[image: Three bar graphs labeled A, B, and C show soil water content (SWC) at harvest across different soil layers. Graph A compares tillage types (NT+residue, NT-residue, Shallow OT, Deep OT) across soil layers. Graph B compares different crop rotations (Wheat/Faba bean, Wheat/Chickpea, Faba bean/Wheat, Chickpea/Wheat) across soil layers. Graph C compares two years' data across soil layers. Error bars indicate variability, and different letters denote significant differences.]

FIGURE 3
 Soil water storage (SWS) at harvest as affected by tillage (A), rotation (B), and year (C) in wheat, faba bean and chickpea. Within the same subgraph (A–C) and soil layer, lower-case letters indicate if means are significantly different (different letters) or similar (at least one letter in common) according to Sidak’s test. Error bars represent standard deviation.


At 30–45 cm soil depth, SWSS was significantly lower under deep OT (27.3 mm) compared with NT + residue (38.5 mm), NT-residue (33.7 mm), and shallow OT (33.4 mm) (Figure 2A). At 0–60 cm depth, deep OT (133.3 mm) had a significantly lower SWSS value than NT + residue (150.5 mm), while shallow OT and NT-residue had intermediate values between those of NT + residue and shallow OT (Figure 2A). Regarding the effect of rotation, faba bean/wheat generally had lower SWSS values than wheat/faba bean, wheat/chickpea and chickpea/wheat in most of the soil layers studied (Figure 2B). Finally, SWSS values measured at 0–15, 15–30, 30–45, and 0–60 cm were higher in year 1 than in year 2 (Figure 2C).

Soil water storage at harvest was significantly higher under NT-residue compared to NT + residue and deep OT at 0–60 cm soil depth compared to deep OT at the 45–60 cm depth (Figure 3A). At 45–60 cm, shallow OT recorded a higher SWSH than NT + residue and deep OT (Figure 3A). On the other hand, SWSH was significantly higher under chickpea/wheat rotation compared to the other rotations (Figure 3B).



3.2 Soil water content during the growing season in wheat in year 1 as affected by tillage and crop rotation

Details on the dates of moisture readings in wheat in year 1, including the positioning of these dates in relation to rainfall received are provided in Supplementary Table 4. The 1st reading date (Date 1: 38 DAS) follows a rainfall event (date: 36 DAS, rainfall received: 7.6 mm). The 2nd reading date (Date 2: 54 DAS) follows a relatively long period characterized by the absence of a rainfall event (from 37 to 53 DAS). The 3rd reading date (Date 3: 69 DAS) also follows a period of no rainfall (from 58 to 68 DAS) and a low-volume rainfall event (date: 57 DAS, volume: 0.2 mm). Cumulative rainfall hardly varied between Dates 1, 2 and 3. As for the last reading date (Date 4: 98 DAS), although it is close to a rainfall event (96 DAS), the volume of rain received during this event is very low (0.6 mm). However, the cumulative rainfall between Dates 3 and 4 is 40.6 mm.

In wheat in year 1, the tillage methods as well as the rotation modalities (wheat/faba bean vs. wheat/chickpea) were not significantly different in terms of SWC at 10, 20 and 40 cm soil depths for all the measurement dates (Supplementary Table 5). Figures 4, 5 respectively show the effects of tillage and rotation on SWC (% v/v) measured at different dates in wheat in year 1. At 30 cm, the highest SWC values were generally obtained with deep OT, whereas the lowest values were generally obtained with NT-residue. At 38 DAS, no significant differences were recorded between tillage types in terms of SWC measured at 30 cm. At 54 DAS, the SWC at 30 cm was significantly higher under deep OT (29% v/v) compared with NT practices (NT + residue: 18% v/v and NT-residue: 16% v/v). At 69 and 98 DAS, deep OT had a significantly higher SWC value at 30 cm depth (25 and 24% respectively) than NT-residue (12.5 and 12.3% respectively) but statistically similar to NT + residue (14.7 and 15.2% respectively). Similarly, at 98 DAS and 30 cm depth, shallow OT (22.1%) had a significantly higher SWC value than NT-residue but statistically similar to NT + residue.

[image: Four line graphs labeled A, B, C, and D compare soil depth versus soil water content at different times after sowing: 38, 54, 69, and 98 days. Each graph depicts the impact of four tillage treatments: NT with residue, NT without residue, Shallow OT, and Deep OT, using different colored lines. The water content ranges from 5% to 35%, and the soil depth ranges from 10 cm to 40 cm. The graphs indicate variations in soil water content based on tillage method and time after sowing.]

FIGURE 4
 Effects of tillage on soil water content (% v/v) measured at different dates (A) 38 DAS, (B) 54 DAS, (C) 69 DAS, and (D) (98 DAS) in wheat in year 1. Within the same subgraph (i)–(iv) and soil depth, lower-case letters indicate if means are significantly different (different letters) or similar (at least one letter in common) according to Sidak’s test.


[image: Four line graphs labeled A through D show soil water content percentage vs. soil depth in centimeters, at different days after sowing: 38, 54, 69, and 98. The orange line represents Wheat/Faba bean rotation, and the green line represents Wheat/Chickpea rotation. Each graph shows variations in water content and depth over time. Graphs A, B, and D indicate similar trends, while graph C shows a noticeable difference in the Wheat/Chickpea line.]

FIGURE 5
 Effects of rotation on soil water content (% v/v) measured at different dates (A) 38 DAS, (B) 54 DAS, (C) 69 DAS, and (D) (98 DAS) in wheat in year 1. Within the same subgraph and soil depth (A–D), lower-case letters indicate if means are significantly different (different letters) or similar (at least one letter in common) according to Sidak’s test.


The effect of crop rotation on SWC measured during the growing season was not significant at 10 and 40 cm depth (Figure 5). At 38, 54, and 98 DAS and 20 cm soil depth, and at 54, 69, and 98 DAS and 30 cm soil depth, SWC was significantly lower with wheat/chickpea bean than with wheat/faba bean.



3.3 Dynamics of soil water during the growing season in the different tillage treatments in faba bean year during 2

The temporal dynamics of SWC at different depths in faba bean during year 2 show a high variability in terms of SWC between tillage methods over the growing season (Figure 6). At 10 cm soil depth (Figure 6A), the highest SWC values were generally obtained with NT + residue (especially at the beginning of the growing season, at 45, 52, 59, 67, and 73 DAS, then for the rest of the season at 87, 199 and 207 DAS) and shallow OT (at 110, 115, 130, 136, 187, and 192 DAS). At 20 cm soil depth (Figure 6), NT-residue had lower SWC values than the other tillage treatments during the first SWC measurements (45, 52, 59, 73, 80, and 87 DAS). In addition, at 20 cm depth, NT + residue had higher SWC values than the other tillage methods at 115, 122, and 130 DAS (the period covering flowering in faba bean, which took place at 121 DAS) but also at 87 and 178 DAS. Between flowering (121 DAS) and maturity (143 DAS) of faba bean, soil moisture at 20 cm was generally higher with NT + residue or NT-residue.

[image: Four line graphs show soil water content and rainfall over time at soil depths of 10 cm, 20 cm, 30 cm, and 40 cm after faba bean sowing. The graphs compare different tillage methods: NT+residue, NT-residue, Shallow OT, and Deep OT. Soil water content and rainfall are measured on the y-axes, with days after sowing on the x-axes. Trends vary across depths and tillage methods, indicating differences in water retention and rainfall impact.]

FIGURE 6
 Dynamics of soil water content (% v/v) in different tillage modes in faba bean in year 2 (A) at 10 cm soil depth, (B) at 20 cm soil depth, (C) at 30 cm soil depth, and (D) at 10 cm soil depth. Vertical bars represent daily rainfall.


At 30 cm soil depth (Figure 6C), NT + residue had the lowest SWC values at 94, 101, 110, 115, 136, 143, and 150 DAS. At the same depth, deep OT had the lowest SWC values at 45, 80, 87, 172, 199, and 207 DAS. At 40 cm soil depth (Figure 6D), the lowest SWC values were generally noted under shallow OT (at 45, 52, 59, 143, 150, 164, 172, 178, and 192 DAS) and NT-residue (at 80, 101, 110, 115, 136, 187, and 207 DAS).



3.4 Effects of one-time occasional tillage on crop performance


3.4.1 Yield and yield components of wheat as affected by tillage, crop rotation, and year

In wheat, GY and HI were the only crop performance parameters significantly (p ≤ 0.05) affected by tillage methods (Table 2). Both of these variables were significantly higher under NT + residue compared with OT practices (shallow and deep OT). Crop rotation significantly affected yield and yield components except for the NSpk and HI. Wheat sown after faba bean recorded higher GY, TGW, TBY, and SY than wheat sown after chickpea. Finally, except for HI, the yield and yield components were significantly higher in year 1 compared with year 2. GY reduction in year 2 compared to year 1 was 42%.



TABLE 2 Significance levels from ANOVA test and means for yield and yield components of wheat as function of tillage, rotation, and year.
[image: ANOVA table displaying the effects of variables on grain yield (GY), number of spikes (NSpk), thousand grain weight (TGW), total biomass yield (TBY), straw yield (SY), and harvest index (HI). Variables include year, rotation, and tillage, with significance levels noted by asterisks. Main effects for each variable are provided with mean and standard deviation. Lower-case letters within the same variable indicate significant differences at p ≤ 0.05.]



3.4.2 Yield and yield components of faba bean and chickpea as affected by tillage and year

Yield and yield components of faba bean (faba bean/wheat) and chickpea (chickpea/wheat) in the different tillage modes are presented in Table 3. In faba bean, tillage had no significant effect on yield and yield components. However, NT + residue recorded slightly higher values of GY, TBY, SY, and HI compared with NT-residue, shallow and deep OT. On the other hand, GY and TBY values were slightly higher under the NT-residue treatment compared to shallow and deep OT. Finally, all yield and yield components were significantly higher in year 1 compared to year 2. GY of faba bean in year 2 was drastically reduced by 77% compared to year 1.



TABLE 3 Significance levels from ANOVA test and means for yield and yield components of faba bean and chickpea wheat as function of tillage and year.
[image: ANOVA results comparing effects of year and tillage on grain yield (GY), thousand grain weight (TGW), total biomass yield (TBY), straw yield (SY), and harvest index (HI) for Faba bean/Wheat and Chickpea/Wheat systems. Significance is marked with asterisks, indicating varying p-values. Main effects show means with standard deviations for different tillage methods and years. Significant differences are indicated by different lowercase letters within the same variable and factor.]

In chickpea, yield and yield components were generally higher under the NT modalities (NT + residue and NT-residue) compared to the OT methods. In particular, NT + residue had significantly higher GY, TBY and HI values than shallow OT and deep OT. Regarding the effect of year, GY, TBY, and SY were significantly higher in year 1 compared with year 2, while TGW and HI were higher in year 2 than in year 1. Compared with year 1, in year 2, GY of chickpea was reduced by 38%.




3.5 Water-use and water-use efficiency as affected by tillage, crop rotation, and year

Water-use (WU) was not significantly affected by tillage, despite slightly higher means for shallow OT and deep OT (Figure 7A). Regarding the effect of crop rotation, WU was significantly lower in faba bean/wheat compared to wheat/faba bean, wheat/chickpea, and chickpea/wheat rotations (Figure 7B). In addition, WU was significantly higher in year 1 (337.4 mm) compared to year 2 (243.5 mm) (data not shown). Water-use efficiency for grain (GWUE) and total biomass (TBWUE) were significantly affected by tillage, crop rotation, and year (Supplementary Table 6). Regarding the effect of tillage on WUE, NT + residue had significantly higher GWUE and TBWUE values than shallow and deep OT (Figure 8A). The chickpea/wheat rotation had significantly lower GWUE and TBWUE values than the other rotations (Figure 8B). In wheat, wheat/faba bean produced more grain and biomass per mm of water than wheat/chickpea (Figure 8B). Finally, GWUE and TBWUE were significantly higher in year 1 (8 and 25 kg ha−1 mm−1, respectively) compared to year 2 (5 and 18 kg ha−1 mm−1, respectively) (data not shown).

[image: Violin plot showing water use (WU) in millimeters for different tillage and crop rotation methods. Panel A compares NT+residue, NT-residue, shallow OT, and deep OT, with means of 288, 284.9, 295.6, and 293.4, respectively, labeled "a." Panel B compares wheat/faba bean, wheat/chickpea, faba bean/wheat, and chickpea/wheat, with means of 304.4, 308.8, 253.1, and 295.6, respectively. Means in panel B are marked with "b" except for faba bean/wheat, marked "a."]

FIGURE 7
 Water use (WU) as affected by tillage (A) and rotation (B) in wheat, faba bean and chickpea. Within the same subgraph (A,B), lower-case letters indicate if means are significantly different (different letters) or similar (at least one letter in common) according to Sidak’s test.


[image: Box plots show water use efficiency (WUE) in kilograms per hectare per millimeter for grain and total biomass under different conditions. Panel A compares tillage methods: NT+residue, NT-residue, Shallow OT, and Deep OT. WUE for grain ranges from 6 to above 7, and for biomass from 20 to above 23. Panel B compares crop rotations: Wheat/Faba bean, Wheat/Chickpea, Faba bean/Wheat, and Chickpea/Wheat. WUE for grain ranges from 3 to above 8, and for biomass from 13 to above 28, with different letters indicating statistical significance.]

FIGURE 8
 Water use efficiency (WUE) of grain and total (aboveground) biomass as affected by tillage (A) and rotation (B) in wheat, faba bean and chickpea. Within the same subgraph (A,B) and plant component (grain or total biomass), lower-case letters indicate if means are significantly different (different letters) or similar (at least one letter in common) according to Sidak’s test.





4 Discussion

The higher SWSS in year 1 compared to year 2 (Figure 2C) can be explained by the fact that the cumulative rainfall recorded from October (start of the first rains in general) until the time of sowing was markedly higher in year 1 (57.5 mm) than in year 2 (37 mm), despite no rain in October in year 1 and earlier rain in year 2 compared to year 1 (Figure 1). The highest SWSS (all rotations and years considered) in the soil profile (0–60 cm depth) was achieved by NT + residue while NT-residue recorded the highest SWSH (Figures 2A, 3A). A greater SWSS at 0–60 cm in NT + residue compared to deep OT could be attributed to a greater SWSS at 30–45 cm in NT + residue given that the two tillage treatments were not significantly different for SWSS at 0–15 and 15–30 cm. High SWS in NT compared to tillage can be the result of an increased infiltration which itself could be attributable to a more stable structure resulting from a more continuous pore network (Giambalvo et al., 2012). Soil’s ability to store water depends on soil pore distribution and continuity, aggregate stability and initial soil water content, which all are affected by tillage (Azooz and Arshad, 1998; Zhang et al., 2017). As observed by Lampurlanés et al. (2001) in a study under Mediterranean conditions (Spain), NT contributes to a higher and deeper water storage in the soil profile. Despite that tillage generally increases soil porosity, it destroys pore continuity, which can lead to a lower infiltration of water compared to NT (Azooz and Arshad, 1998). Tillage increases soil macroporosity over a short duration while disrupting the continuity of macro- and micropores (Shukla et al., 2003). Occasional tillage is reported to cause soil disturbance and alter surface-connected macropores (Blanco-Canqui and Wortmann, 2020).

Volumetric SWC measured by probes at 10, 20, 30, and 40 cm soil depth do not necessarily reflect the full amount of soil water available to the crop, but it allows a comparison of tillage practices at specific dates. Regarding volumetric SWC in wheat (wheat/faba bean and wheat/chickpea) in year 1, which were generally slightly higher in deep OT at 30 cm as compared to continuous NT treatments (Figure 4), treatment deep OT may have broken the pre-existing compacted soil layer and increased soil macroporosity, which improved the infiltration rate of rainwater. This may in turn contribute to soil moisture increase at 30 cm depth under deep OT. Occasional tillage can increase water infiltration through increased macroporosity (>24 mm pore radii) of the tilled zone (Dang et al., 2015a; Blanco-Canqui and Wortmann, 2020). It also contributes to breaking soil hardness (Dang et al., 2020). Our results on the performance of deep OT in terms of SWC (% v/v) at 30 cm depth in wheat year 1 are consistent with those found by Crawford et al. (2014) who found at Biloela in Australia that soil moisture recorded was significantly (p ≤ 0.05) increased in the 10–20 cm depth between the 3- and 12-month period for the chisel treatments. Although in our study the SWC measured at 30 cm in wheat in year 1 shows the superiority of deep OT over both NT + residue and NT-residue at 54 DAS and over NT-residue at 69 and 98 DAS, the SWC at 30 cm depth measured at these dates may have had a low impact on crop performance. In addition, we can hardly say that deep OT allowed a better soil water conservation in the short term when we consider the dynamics of SWC in faba bean in year 2 with a greater number of measurement dates (Figure 6). Despite the great variability between tillage types in terms of SWC in faba bean in year 2, the treatment that gave overall higher soil moisture at 10 and 20 cm, respectively at the start of crop growth and during the flowering-maturing period (critical phases for water availability) was NT + residue.

Our overall results for the three crops studied indicate a yield loss in OT treatments (shallow and deep OT) compared with NT + residue (Tables 2, 3). A review performed by Blanco-Canqui and Wortmann (2020) on the global effects of OT revealed that crop yields increased in 15% of the cases, decreased in 5% of the cases, and remained the same in 80% of situations. Dang et al. (2015a) reported that OT contributes to increasing crop yields in NT systems in the short term and our results are different from their results. However, our findings are consistent with those of Çelik et al. (2019) who found that under Mediterranean climate (Türkiye) yield of rainfed winter wheat with one-time moldboard-based OT was lower compared to NT. In a field experiment in the United States, Díaz-Zorita et al. (2004) found that OT improved winter wheat yields, mostly under low-yielding conditions, but it resulted in lower subsequent summer crop yields (soybean and maize) compared to continuous NT. They attributed the differences in maize yields between NT and OT to a higher water supply in NT soil through the maintenance of a higher number of mesopores and a great hydraulic conductivity.

Higher overall yield in NT methods in our study could be attributed to the absence of soil disturbance in NT, which maintains soil structure and improves the water conservation. The performance of NT + residue in improving yield, which was marked in wheat and chickpea could be attributed to higher SWSS at 0–60 cm in this treatment (Figure 2A). The linear regression between GY (y) and SWSS (x) was significantly (p ≤ 0.05) positive in wheat (y = 93 + 15x, r = 0.68, both rotations wheat/faba bean and wheat/chickpea considered), and chickpea (y = 0.12 + 5x, r = 0.49). In rainfed agriculture, SWSS is a key parameter that can significantly affect crop productivity. Maximizing SWSS is a strategy for managing water availability for crops (Aboudrare et al., 2006) and buffers the long drought period, giving the crop more chance to survive and catch the next rainfall event (El Mejahed, 1993).

In addition, wheat, faba bean and chickpea yields in NT + residue was slightly higher than yield obtained in NT-residue (Tables 2, 3). NT + residue may have benefited from the positive effect of the residues of the previous crop maintained on the soil surface at the trial establishment. The faba bean residues kept on the soil surface in treatment NT + residue at the beginning of the trial may have played a role in improving soil N fertility and crop nutrient uptake (mainly in year 1) through the decomposition of the faba bean residues which have a low C/N ratio (Truong and Marschner, 2020). Etemadi et al. (2018) have observed that NT with faba bean residues maintained on soil surface recorded higher corn ear yield as compared to NT without faba bean residues. Beyond providing plant nutrients, maintaining crop residues on the soil surface has many other benefits for soil quality, especially in the topsoil. It contributes to enhancing SOM (i.e., improvement of soil structure), water retention, and aggregate stability and protecting the soil against raindrop impact and erosion (Mulumba and Lal, 2008). In semiarid north-central Morocco, Mrabet (2002) found that NT with residue cover outperformed bare NT in terms of average GY.

The absence of a significant effect of OT on faba bean yield (Table 3) is consistent with the results obtained by Crawford et al. (2018) who found that OT, including chisel, offset disc and prickle/disc chain, had an insignificant effect on yield (barley, chickpea, sorghum, and wheat) in the Northern Grains Region in Australia. Under Mediterranean climate (Spain), López-Garrido et al. (2011) found no significant difference between long-term NT and OT using moldboard + disk harrowing in terms of wheat GY, TGW and HI. Furthermore, in the United States, Schlegel et al. (2020) found no significant effect between a single OT with a sweep plow and continuous NT on crop yield and yield components. In Brazil, Fidalski et al. (2015) found that OT with plowing and harrowing had an insignificant effect on GY of maize, soybean, and black oats.

Not only NT + residue recorded overall a better crop performance but also had higher GWUE and TBWUE compared to OT treatments in all crop rotations (Figure 8A). However, WU was slightly higher in OT practices (Figure 7A). This may be due to higher soil water loss through evaporation in OT compared to NT treatments. High WUE in NT is generally the result of decreased soil evaporation and increased infiltration, which is mainly favored by the maintenance of crop residues on the soil surface (Bahri et al., 2019). Other factors linked to soil quality may explain the variability in WUE between tillage treatments in our study. Improved soil structure can contribute to a high crop WUE in NT (Radford and Thornton, 2011). A high soil aggregation, which is common in NT systems (Mrabet, 2002), is frequently associated with an increase in root growth, soil water infiltration, and WUE (Paye et al., 2023). In the short term, tillage can cause a decline in soil structure, soil surface crusting, and soil macroporosity, consequently amplifying water loss through evaporation, and low crop productivity (Mrabet, 2008). A higher root length density under NT can lead to a better WUE through enhancement of water uptake by the crop (Cantero-Martínez et al., 2007). Lampurlanés et al. (2001) observed a greater root growth in NT compared to tillage practices, not only on the soil surface but also in the lower layers. This could be due to increased soil moisture or to a higher soil strength that limits the elongation of root main axes while stimulating branching. In NT conditions, crop roots can grow into biopores created by root channels of previous crops or earthworms (López and Arrúe, 1997). This can hardly be performed in tilled soil given that tillage contributes to breaking preexisting biopores.

Regarding the impact of crop rotation, the preceding crop had a significant impact on crop yield and its components in wheat. The better performance of wheat cultivated after faba bean (wheat/faba bean) compared to wheat grown after chickpea (wheat/chickpea) (Table 2) may be due to higher weed pressure in wheat/chickpea than in wheat/faba bean, which may have favored a higher weed evapotranspiration in wheat/chickpea compared to wheat/faba bean. This may explain the overall lower SWC observed in wheat/chickpea compared to wheat/faba bean in year 1 (Figure 5). In Mediterranean conditions, it has been found that faba bean has a higher competitive ability against weeds than chickpea, which may be attributable to the plant’s higher height and more vigorous early growth, which contribute to a superior shading capacity and, as a result, weed suppression (Frenda et al., 2013). The higher performance of wheat/faba bean compared to wheat/chickpea could also be attributed to the effect of the preceding crop on soil fertility, specifically nitrogen fixation, and soil physical properties, such as soil structuration and infiltration. Faba bean has been reported to have a higher dependence on N2 fixation for growth, fix more N, and substantially use less soil N than chickpea under the same soil N supply (Turpin et al., 2002). The higher GY in wheat/faba bean compared to wheat/chickpea is compatible with the results obtained by López-Bellido and López-Bellido (2001) who found under Mediterranean conditions (Spain) that the wheat/faba bean rotation was more effective than the wheat/chickpea rotation (as well as the other rotations tested) in improving wheat GY. In our study, higher GWUE and TBWUE in wheat/faba bean compared to wheat/chickpea (Figure 8B) could be explained by higher GY and TBY in wheat/faba bean compared to wheat/chickpea given that WU was not significantly different between these two rotations (Figure 7B).

As for higher yield for wheat, faba bean and chickpea in year 1 compared to year 2, it could be mainly attributed to a higher amount and better distribution through the growing season of rainfall in year 1 (Figure 1). The drastic reduction of faba bean grain yield in year 2 compared to year 1 (Table 3) is mainly the effect of drought (no rainfall) in March 2023 (Figure 1), which corresponds to the flowering and grain maturing periods of faba bean in year 2. In year 1 (2021–2022), no month recorded zero rainfall during the growing season (November–June). The development of seed kernels is directly impacted by drought stress during the reproductive processes with the shortening of the grain-filling and ripening periods (Dietz et al., 2021). Faba bean is reported to be more sensitive to drought than chickpea and other grain legumes like common bean and pea (Khan et al., 2007).

The relatively high temperatures in April 2023 (mean daily maximum temperature of 27.7°C) were identified as another possible cause of the severe yield decline in faba bean in year 2 as compared to year 1. Both chickpea and faba bean are cool-season legumes whose grain yield can be significantly affected by heat stress, especially during the reproductive phase (flowering and seed set) (Saxena et al., 1988). Seed filling of legumes is negatively impacted by heat stress (Sita et al., 2017). However, faba bean is reported to be highly sensitive to heat stress, and significant yield loss is observed when daily temperatures >25°C (Alharbi and Adhikari, 2020). Faba bean is less heat-tolerant than chickpea, whose seed yields are drastically reduced when it is exposed to the critical temperature of 35°C and above at flowering and podding (Gaur et al., 2014).

In summary, the present study demonstrated the performance of continuous NT in terms of SWS and crop yield compared to OT in two years of monitoring. The positive effects of OT on crop performance reported in the literature were not found in our study. This raises the uncertainty regarding the adoption of OT in long-term NT in Morocco, which becomes more challenging given the few studies conducted on OT in Mediterranean conditions and the lack of studies on OT in similar environments in North Africa. However, in Morocco, many studies have evaluated crop performance and WUE in NT as compared to tillage with disk harrow and chisel. For instance, in semiarid north-central Morocco, Mrabet (2000) found a yield increase in NT as compared to offset-disk harrowing while yields under chisel tillage were not significantly different from NT. In Morocco, Bouzza (1990) found that WUE of wheat grain was increased by 13% in NT as compared to chisel tillage (Mrabet, 2011). In the North-East of Morocco, in a newly established two-year field experiment, Wafae et al. (2023) found a higher NSpk, TGW, GY GWUE for wheat in NT as compared to chisel tillage in the second year of experiment.



5 Conclusion and perspectives

Our study shows that deep (non-inversion) OT overall caused a GY loss among the three crops compared to NT + residue. Deep OT, slightly improved soil moisture at 30 cm in wheat in year 1 compared to continuous NT practices but NT + residue had higher SWSS at 0–60 cm depth, which translated in higher GY in NT + resdue for wheat and chickpea. Both shallow (inversion) and deep (non-inversion) OT recorded lower GWUE and TBWUE compared to NT + residue. Furthermore, in wheat, the wheat/faba bean rotation contributed to higher crop performance, GWUE and TBWUE, an overall higher SWC in year 1 than the wheat/chickpea rotation.

Our results indicate that in drylands where water is the main factor limiting crop performance, the effects of OT on GY and soil WUE can be detrimental. This means that the application of OT in NT systems must be guided not only by the identification of the NT constraints that justify the use of OT, but also by the availability of water (i.e., the climatic context). This raises the question of whether OT might not be better suited to NT systems in relatively more well-watered regions.
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The integration of trees into diverse land-use systems holds potential for India to meet nationally determined contribution (NDC) targets under the Paris Climate Agreement. With a target of sequestering 2.5–3 billion tons of CO2 equivalent by 2030, the study focused on the widespread and economically viable eucalyptus-based agroforestry, practiced widely in various planting geometries tailored to meet industrial end-use requirements. In this context, a detailed study was conducted to quantify the influence of five planting geometries [3 m × 3 m, 6 × 1.5 m, 17 × 1 × 1 m (paired row) and two boundary plantations (east–west and north–south directions) at 2 m away from tree to tree] of eucalyptus on intercrops [dhaincha (Sesbania aculeata)—barley (Hordeum vulgare L.) rotation] biomass, soil properties, and carbon stock of the system during 2009–2016. Results revealed that biomass accumulation of different tree components was 62.50%–74.09% in stem; 6.59%–9.14% in branch; 3.18%–5.73% in leaves; 12.20%–20.44% in stump roots; and 1.71%–3.48% in fine roots across the planting geometries. The mean carbon content of the stem, branch, leaves, and roots was 49.00, 47.00, 43.00, and 49.00%, respectively. Over the 8-year period, geometry of 3 × 3 m performed better in terms of total biomass production (344.60 Mg ha− 1 by tree biomass and 62.53 Mg ha−1 by intercrops). The independent parameter, DBH2H (DBH: diameter at breast height and H: tree height), was found to be a very good predictor of dry weight, followed by DBH alone. Among various functions (linear, allometric, logistic, Gompertz, Chapman, and exponential), the best-fit equation was allometric, i.e., B = 300.96 × DBH2H0.93 (adjusted R2 = 0.96) for eucalyptus based on universal model adequacy and validation criteria. The carbon sequestration rate was maximum (20.79 Mg C ha−1 year−1) in 3 × 3 m followed by 17 × 1 × 1 m. The total carbon stock of eucalyptus-based system (tree + crop + soil) varied significantly under different planting geometries and sole crop rotation (dhaincha–barley). The higher carbon stock (237.27 Mg ha−1) was obtained from 3 × 3 m spacing and further partitioning carbon stock in trees—166.29 Mg ha−1, crops—25.01 Mg ha−1 and soil—45.97 Mg ha−1. The paired row spacing (17 × 1 × 1 m) yielded higher crop yield and net returns (Rs. 600,475 ha−1), underscoring wide spacing’s role in system productivity and sustainability. Tree-based systems were valuable components of agriculture, advocating for their widespread adoption to reduce CO2 emissions and generate income through carbon credits. These findings will provide crucial insights into sustainable land-use practices and advance India’s commitment toward adaptation of climate change mitigation strategies.
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1 Introduction

In the agriculture, forestry, and land-use sectors (covering an area of 22 million km2), emissions contribute around 23% of the annual greenhouse gas output (Lynch, 2019; Masson-Delmotte et al., 2021). As an imperative to intensify agriculture for a projected global population of 10 billion by 2050 looms, emissions from this sector are set to rise (Masson-Delmotte et al., 2021; Pathak et al., 2021). The recent IPCC (2021) emphasizes the urgent need to curb emissions, highlighting the alarming increase in atmospheric carbon dioxide (CO2) concentration from 278 ppm (pre-industrial) to 415 ppm (Masson-Delmotte et al., 2021). From 1850 to 2015, land-use change released an estimated 145 ± 16 Pg of CO2 into the atmosphere, which is a substantial factor in the modification of global biogeochemical cycles (Houghton and Nassikas, 2017; Hong et al., 2018). Land-use change, particularly the conversion of forests to agriculture, has not only resulted in significant carbon emissions but has also led to the depletion of up to 60% of soil organic carbon (Aryal et al., 2022). Terrestrial ecosystems play a crucial role in offsetting 29% of anthropogenic carbon emissions by removing 3.2 ± 0.6 Pg of carbon annually through biomass and soil storage (Yue et al., 2020). In this context, agroforestry systems (AFSs), which combine trees with seasonal crops, emerge as strategic solutions, enhancing biomass and soil carbon storage while addressing climate change and economic uncertainties (Lorenz and Lal, 2014; Babu et al., 2020; Jhariya et al., 2021; Yadav et al., 2021; Jhariya et al., 2024).

Agroforestry increases carbon stocks in biomass or enhances soil through higher root production, rhizodeposition, and litter fall (Lorenz and Lal, 2014; Kumar et al., 2023). Watson et al. (2000) reported a 3.1 Mg C ha−1 year−1 increase in carbon sequestration when converting agricultural land to agroforestry. Ajit et al. (2016) reported carbon sequestration rates for different tree species ranging from 0.39 to 15.91 Mg C ha−1 year−1. Notably, Zomer et al. (2016) estimated a substantial 11.1 Pg C stored in tree biomass in agroforestry systems, highlighting the significant role of agroforestry in carbon sequestration and underscoring its importance in mitigating climate change. Agroforestry is projected to contribute around 27 Mg CO2 eq ha−1 year−1 based on 56 peer-reviewed publications (Kim et al., 2016). Despite these benefits, quantifying carbon stocks faces challenges, leading to uncertainties in mapping (Chave et al., 2014; Kuyah et al., 2016). In India, several fast-growing tree species, such as eucalyptus, poplar, acacia, leucaena, Gmelina arborea, Anthocephalus cadamba, Melia dubia, and others, are extensively utilized for various purposes owing to their short rotation, rapid growth, and industrial demand. In addition to their industrial applications, these trees can also contribute to carbon sequestration, given their high annual rates ranging from 0.25 to 19.14 Mg C ha−1 year−1 (Dhyani et al., 2016). The necessity for precise biomass equations is crucial for informing climate change policies, wood demands, and achieving the carbon sequestration goals (Ajit et al., 2011; Chave et al., 2019). Eucalyptus, a globally prominent tree with 700+ varieties, spans 90 countries, covering nearly 22 million hectares. Constituting 8% of the world’s plantation area, it ranks third after Pinus and Cunninghamia species (Food, 2010). Brazil leads with 5.7 million hectares, followed by China (4.5 million hectares) and India (3.9 million hectares). Introduced to India 250 years ago, eucalyptus gained popularity for its fast growth, adaptability, and diverse uses, covering 4 million hectares. In India, around 10% of global eucalyptus plantations exist, with approximately 0.15 million hectares added annually (Juhari, 2017). Eucalyptus is preferred for wood industries and farmers due to its adaptability, economic viability, and ecological soundness. In agroforestry plantations, the success of integrating crops with tree-based systems hinges on planting geometry and tree density, which strategically influence light, moisture, and nutrient availability. Linear or block planting is a common approach, initially incorporating intercropping for the first 2–3 years to reap benefits such as reduced tree establishment costs, income generation during the unproductive phase, and efficient resource use (Garrity, 1994; Deshmukh et al., 2023). Promoting agroforestry, especially with fast-growing species like eucalyptus, can mitigate climate change impact and build resilient farming communities (Chavan et al., 2023), with eucalyptus being planted in various geometries and densities ranging from 1 m × 1 m to 6 m × 1.5 m, accommodating 999–10,000 trees per hectare. Several studies, Ajit Rai et al. (2006), Prasad et al. (2010), Luna et al. (2014), and Ajit et al. (2016), highlighted the significant influence of tree density and planting geometries on biomass production.

Despite these advantages, diminishing crop yields often lead to the discontinuation of intercropping, causing farmers to perceive their land as unproductive and divert attention from the tree crop (Chavan and Dhillon, 2019; Chavan et al., 2022a). This underscores the critical need for well-defined planting geometry in agroforestry systems, ensuring optimal spacing to mitigate adverse effects on intercrop growth and yield (Khan and Chaudhry, 2007; Sirohi et al., 2022). Although eucalyptus-based agroforestry systems hold promise, there remains a knowledge gap regarding the influence of different eucalyptus planting geometries on intercrop biomass, soil properties, and carbon stock dynamics. Understanding the impact of planting geometry on crop yield, soil quality, biomass partitioning, and carbon stocks is essential for maximizing the benefits of agroforestry systems (Chavan et al., 2022b; Jinger et al., 2022; Rathore et al., 2023). Based on the existing literature and the preliminary findings outlined in the study, it is hypothesized that different planting geometries of eucalyptus will have varying effects on intercrop biomass production, soil properties, and carbon stock dynamics within the agroforestry system. We expect these optimized agroforestry systems to boost economic stability and income, especially in saline soil conditions. Dhaincha was chosen as a green manure crop to mitigate soil salinity, followed by barley, a widely cultivated salinity-tolerant crop in northwestern India. Eucalyptus was selected for its versatility in growing in problematic soils, such as saline ones. Consequently, a dhaincha–barley cropping system was established under eucalyptus-based agroforestry. Therefore, keeping in view, a long-term study was planned in eucalyptus to understand the effect of various planting geometry on intercrops, soil quality, biomass, carbon sequestration, and biomass equations. The findings on optimization of agroforestry practices will help practitioners, policymakers, and researchers toward sustainable and climate-resilient agriculture.



2 Materials and methods


2.1 Study site

The field experiment was set up during 2008–2009 in five spacing geometries [three spacing geometries of 3 m × 3 m, 6 × 1.5 m, and 17 × 1 × 1 m (paired row) at a uniform density of 1,111 trees ha−1 and two boundary plantations (east–west and north–south directions) at 2 m away from tree to tree with a density of 200 trees ha−1] at CCS Haryana Agricultural University, Hisar, India (29° 10′ N latitude and 75° 43′ E longitude at an elevation of 215 m above mean sea level; Figures 1, 2). The experimental area comes under a sub-tropical semiarid climate with four distinct seasons, namely, autumn (February to March), hot and dry summer (April to June), hot and humid monsoon (July to September), and winter (October to January). The annual average rainfall of the area ranges from 350 to 400 mm, with >70% of it received between July and September. The maximum temperature ranges from 40°C to 45°C in May and June, whereas in December and January, temperature ranges from 0°C to 20°C and falls to 0°C.

[image: Map illustration showing the location progression from India to Haryana, highlighting Hisar. Below is a satellite view of an area with marked boundary plantations and a eucalyptus compact plantation, labeled with arrows and text indicating directions and area names.]

FIGURE 1
 View of the study area at CCS Haryana Agricultural University, Hisar (India).


[image: Diagram showing eucalyptus-based agroforestry layouts: Compact block with 3-meter spacing, wider spacing with 6 by 1.5-meter spacing, paired row with 1 by 17-meter spacing, E-W boundary, and N-S boundary arrangements. Arrows from a central oval label lead to each layout.]

FIGURE 2
 Overview of planting geometry of experimental plot of eucalyptus-based agroforestry.


The experimental site was sandy loam in texture, having a pH of 8.30 and high soil electrical conductivity of 7.90 ds m−1. The soil contained 0.23% organic carbon, 109.00 kg ha−1 of available nitrogen, 9.80 kg ha−1 of available phosphorus, and 327.20 kg ha−1 of available potassium at the time of planting.

Annual crops, Sesbania aculeata (Dhaincha) in Kharif (June to October) and Hordeum vulgare (Barley) in Rabi (November to February), were intercropped under three planting geometries and two boundary plantations of eucalyptus. Dhaincha cultivation in the kharif season was discontinued due to a significant reduction in biomass production, rainfall variability, and increased shade, so it was kept fallow during kharif for the rest of the years. At 8 years of age, the mature eucalyptus trees under various planting geometries were harvested to quantify biomass and carbon stock and develop allometric equations.



2.2 Destructive sampling and biomass models


2.2.1 Field sampling of trees

A total of 70 eucalyptus trees from five planting geometries (16 from three planting geometries and 11 from two boundary plantations) were destructively harvested at the age of 8 years of planting, separated, sorted, sub-sampled, dried to constant weight at 63°C (Beets and Garrett, 2018), and weighted for biomass components [leaf, branch, bole, stump root (stump, coarse root, and fine root)] to extrapolate total component-wise dry biomass and fitting of models. The heights of selected trees were measured with the help of a measuring tape after being measured in meters (m) with an error of ±0.1 mm. The diameter at breast height (DBH) was also recorded with the help of an aluminum caliper in centimeters (m). The biomass of harvested trees was divided into two categories, i.e., aboveground biomass (stem, branch, and leaf) and belowground biomass (stump and fine–coarse roots) by using standard methodologies given by Snowdon et al. (2002) and Newaj et al. (2014). In case of fine and coarse root biomass, monoliths (50 cm × 50 cm × 50 cm) were randomly laid out at 1 m and 2 m away from the tree base in five planting geometries with five replications. The monolith sampling was done in the month of March 2017. After complete washing, the roots were filtered with 0.5-mm sieve and sorted into fine and coarse roots. All live and dead roots were sorted out and placed on soaking paper for a few minutes to minimize the water content. The root samples were dried at 63°C to a constant weight and then weighed. Furthermore, based on the monolith volume (50 cm3), total fine coarse roots (FCR) biomass was determined and extrapolated to hectare (Mg ha−1) and single trees (kg tree−1).



2.2.2 Construction and validation of biomass modeling

To construct accurate tree growth models, a combination of theoretical principles and practical observations relies on two distinct datasets—one for model estimation and another for validation. In the absence of an independent dataset for validation, the original datasets (derived from destructively harvested trees) were randomly split into two exclusive sets, comprising 80% for model estimation and 20% for validation, ensuring a pseudo-independent approach (Ajit et al., 2011).

	a. Model estimation: Regression analysis was employed to explore relationships between dependent variables (tree biomass) and independent variables [DBH, height, DBH2H, DBH2, DBH2HWD, log (DBH)]. Total biomass data from harvested eucalyptus in five planting geometries were collectively analyzed to identify statistically and practically efficient independent variables. Once the superior independent variable was identified, various model forms, including linear, power (allometric), logistic, Gompertz, Chapman, and logarithmic, were applied to assess prediction efficiency.
	b. Model validation: Validating a model consists of comparing its predictions with actual observations independent of those used for its fitting. Model validation consists of two aspects that are discussed in the following subheads:
	i. Model optimization: The estimates of the parameter along with Wald confidence interval (95%), asymptotic standard errors (ASE), Akaike information criterion corrected (AICc), mean square error (MSE), and adjusted R2 (Gujarati, 1995) were used for judging the adequacy of the fitted model estimated by deploying the standard methodology (Ajit et al., 2011).
	ii. Model diagnostics: Residual diagnostics includes plotting of probability plot of residuals, autocorrelation plots of residuals, plot of residuals against their expected values, and plot of residuals against independent variables (Ajit, 2008).




2.3 Carbon sequestration of crops, trees, and soil


2.3.1 Crop biomass

The crop biomass was determined by the quadrat method in replicated quadrates of 1 m2 each from the center of the tree rows of various spacing geometries. In case of boundary plantation (east–west and north–south directions), quadrate basis (1 m2) crops were harvested at the distances of 0–3, 3–6, 6–9, 9–12, 12–15, and 15–18 m from the tree lines on four aspects (northern and southern in east–west and eastern and western in north–south boundary plantation) in three replicates and averaged to get crop biomass per hectare basis.

The harvested green fodder yield was weighed in kg plot−1 and converted to Mg ha−1. The random multiple samples of 500 g were taken from fresh biomass, air-dried, and further kept in an oven at a temperature of 60°C for 72 h. Based on the dry matter content of these samples, the green fodder biomass was converted into dry fodder biomass (Mg ha−1).

[image: Formula for dry matter content percentage: the weight of the oven-dry sample divided by the weight of the fresh sample, multiplied by one hundred.]

[image: Equation for dry fodder biomass calculation: Dry fodder biomass equals the product of fresh fodder yield and dry matter content, divided by one hundred.]

whereas in case of barley, a quadrate basis crop was harvested and threshed with the help of a mini-plot-thresher; the clean grain obtained was weighed to record grain yield (kg per net plot), which was then converted using appropriate conversion factor and reported as grain yield (Mg ha−1). The remaining straw after threshing was weighed as a straw yield per net plot and then converted to hectare basis (Mg ha−1).



2.3.2 Carbon content (tree and crop)

The study calculated carbon stock by multiplying dry biomass and the number of trees per hectare with their corresponding carbon values. Carbon content in all tree components was determined from oven-dried and ground samples, which were analyzed using a CHNS-O analyzer after passing through a 1.0 mm sieve. For each treatment, five trees (stem, root, leaves, and branch) were considered for carbon content estimation. Crop carbon was calculated using a reference value of 40% based on Stewart (1993).



2.3.3 Soil chemical properties

Soil samples were collected at depths ranging up to 90 cm (0–15, 15–30, 30–45, 45–60, 60–75, and 75–90 cm) to determine soil chemical properties. However, the mean value of six soil depths was considered. The soil pH and EC were measured using a pH meter and a conductivity meter in 1:2 soil-to-water ratio (Jackson, 2005). The soil available nitrogen (N), phosphorus (P), and potassium (K) were determined by the alkaline potassium permanganate distillation (Subbiah and Asija, 1956), Bray’s method (Bray and Kurtz, 1945), and ammonium acetate extractant method (Jackson, 2005), respectively.



2.3.4 Soil organic carbon (mg ha−1)

Random soil samples were collected in three replicates from the surface soil (0–15 cm) before planting trees and after 8 years of planting (0–90 cm) from five different geometries to determine bulk density and soil organic carbon (SOC). The bulk density of the soil was determined using metal core samplers of known volume. The soil samples were oven-dried at 105 ± 10°C for 48 h, and the bulk density of soil in g cm−3 was calculated by dividing the oven dry weight of the sample by the volume of the core sampler (Cresswell and Hamilton, 2002; Halli et al., 2022). The Walkley–Black method (Walkley and Black, 1934) was used to determine the SOC content. Samples were also collected from a control field for comparison.

Soil organic carbon stock (Mg ha−1) = soil organic carbon (%) × depth (cm) × bulk density (g/cm3).



2.3.5 System carbon sequestration potential over rotation

The total system carbon sequestration potential (Mg C ha−1) was computed as per the crop rotation in eucalyptus-based agroforestry systems. The formula is followed as:

[image: Total carbon sequestration, measured in megagrams of carbon per hectare, equals the sum of tree carbon, crop carbon, and soil carbon.]



2.3.6 Economics of system

The economic analysis was carried out by comparing various agroforestry systems with sole annual crops that cover one cycle of eucalyptus harvest. The costs associated with establishing the plantation were categorized into establishment cost (A), covering expenses incurred during the initial year of planting (including planting material, transportation, land preparation, transplanting, and plant protection). Operational cost (B) encompassed subsequent years’ expenses for crop and tree maintenance, irrigation, fertilizer application, crop seeds, hoeing, weeding, and inter-row cultivation to prevent unwanted vegetation during non-crop periods. The interest rate on working capital (A + B) was set at 9%. Other factors, such as management cost (10%) and risk cost (10%), along with year-wise existing rental value of land, were included for the estimation of financial analysis. The cost–benefit parameters used for comparing the systems were net returns, net present value (NPV) at a 12% discounting rate, internal rate of return (IRR), and benefit–cost ratio (BCR). The calculation of LEV has been done using the Faustmann model that combines annual revenue flow from intercropping production and final timber harvest of eucalyptus trees (Klemperer, 2003; Guo et al., 2006). The value (price) of trees was determined by referencing the Haryana Forest Development Corporation’s purchase list for eucalyptus, which is fixed on girth basis. Concurrently, the price of crops was computed based on the market rates prevailing in the respective years. The costs and income from intercropping and trees were also calculated. The economic viability of different planting geometries for eucalyptus-based food systems was assessed using standard methodology, aligning with previous research methodologies outlined by Chavan and Dhillon, 2019 and Chavan et al. (2022b).

Net present value: NPV was estimated as under:

[image: Net Present Value (RS/ha) is calculated as the sum from t equals one to n of the fraction where the numerator is Bi minus Ci and the denominator is one plus r raised to the power of t squared.]

where B represents benefits in the year t, C the costs in year t, r the selected discount rate, and n the number of years.

Benefit–cost ratio (BCR): Discounted benefits were divided by the discounted costs to obtain the BC ratio. BCR can be expressed as follows:

[image: The image shows a formula for Benefit-Cost Ratio (BCR) represented as the sum from t equals one to n of Bi divided by (1 plus r) to the power of t squared, over Ci divided by (1 plus r) squared.]

where B represents the benefits in the year t, C the costs in year t, r the selected discount rate, and n the number of years.

Internal rate of return (IRR): Internal rate of return is defined as that rate of discount that equates the present value of a stream of net benefits with the initial investment outlay, or IRR, which is that rate at which the PNV of cash flow is zero.




2.4 Statistical analysis

The experiment was laid out in a randomized block design with five treatments (planting geometry) and five replications. Crop yield, tree biomass, tree carbon, soil carbon, and growth parameters in eucalyptus-based agroforestry were assessed using one-way ANOVA at the 5% significance level, followed by a post-hoc test of the least significant difference using the OPSTAT statistical software (Panse and Sukhatme, 1954; Sheoran et al., 1998). Five planting geometries were considered as fixed effects and replications as random effects. For carbon content in various components of eucalyptus trees and the rate of carbon sequestration in trees, one-way ANOVA followed by Tukey’s post-hoc test was conducted. Randomly harvested 70 trees of eucalyptus from five planting geometries were used to develop component-wise biomass models by using Sigma Plot version 14, involving computations of descriptive statistics, equation fitting, graph plotting for residual diagnostics, and model validation.




3 Results and discussion


3.1 Growth of eucalyptus

Tree growth is a function of age, spacing, and site quality. The growth of trees at various spacing differed considerably over 8 years of rotation (Figure 3). In the present study, maximum tree height (22.84 m) was found in 3 × 3 m, followed by east–west boundary system (21.06 m), while the east–west boundary plantation exhibited 16% more DBH than the other planting geometries of eucalyptus under study. The mean annual increment for height and DBH ranged from 2.28 to 2.86 m year−1 and 2.22 to 3.13 cm year−1 in different spacing, respectively. The decrease in tree diameter over low density may be attributed to a higher number of trees per unit area. Physiologically, tree grows more laterally in the absence of competition. Earlier studies reported that wider spacing facilitated higher DBH (Bernardo et al., 1998; De Oliveira et al., 2018). However, tree spacing affected considerably the MAI of height (2.28–2.86 m year−1) and DBH (2.28–2.86 m year−1) in our study, and it is in agreement with previous studies (Prasad et al., 2010, 2012), while in another study (Ajit et al., 2016), they reported that trees with closer spacing gain more height growth than DBH. However, Ajit et al. (2016) reported a higher MAI of 3.14–3.62 m for height and 3.22–3.88 cm for DBH at 8 years of rotation of eucalyptus in Central India. Hence, higher tree density (tree ha−1) leads to more competition for resources (light, water, and nutrients), which have several manifold phenotypic effects on an individual tree as well as the stand of tree. Moreover, empirical data indicate that increased competition resulting from higher tree density significantly impedes the development of the trees within the plantation (Binkley et al., 2004). This suggests that high stocking rates may lengthen the time necessary to produce trees of appropriate size for sawing and/or plywood production.

[image: Two line graphs compare the age of plantations in years to height in meters and diameter at breast height (DBH) in centimeters across different planting patterns and boundaries. The left graph shows height increasing with age across five patterns, with "E-W boundary" consistently highest. The right graph indicates similar trends in DBH, with "E-W boundary" also leading. Each pattern is represented by a distinct color and symbol.]

FIGURE 3
 Tree height (A) and DBH (B) under different planting geometries of eucalyptus-based agroforestry.




3.2 Soil properties as influenced by eucalyptus

By integrating woody perennials into agricultural landscapes, soil health, an essential natural resource for sustainable agroecosystems, can be significantly improved. Trees contribute to soil nutrient improvement through mechanisms like biological nitrogen fixation, nutrient retrieval, reduced nutrient losses, and enhanced release from organic matter (Uthappa et al., 2015; Fahad et al., 2022; Jinger et al., 2023). The extent and nature of these changes depend on factors such as tree species, planting geometry, litter production, crop rotations, and soil type.

The impact of different eucalyptus planting geometries on soil chemical properties after an 8-year rotation is given in Table 1. Soil pH reduction was more pronounced in tree-based cropping systems compared to sole cropping, with an average 5% decrease at 8 years. Soil EC reduction was highest in 3 m × 3 m spacing (21.16%), followed by 6 m × 1.5 m (17.44%) compared to control. Block and boundary plantations showed a 54 and 48% reduction, respectively, while control had a 45% reduction. This pH and EC decline may be attributed to organic acids from decomposed litter and twigs, aligning with previous studies (Gupta and Sharma, 2008; Uthappa et al., 2015; Bhardwaj et al., 2017; Sultan et al., 2023). When compared to initial values, the EC has decreased from 7.90 ds m−1 to 3.39 ds m−1 in 3 × 3 m and 3.55 ds m−1 in 6 × 1.5 m in eucalyptus-based agroforestry systems. This research suggests that implementing agroforestry practices on saline soil can lead to a decrease in electrical conductivity (EC) over an 8-year period. Consequently, this approach may contribute to the reclamation of saline soils, making them suitable for the cultivation of agricultural crops.



TABLE 1 Soil chemical properties and soil carbon stock under different planting geometries of eucalyptus (soil depth: 0–90 cm).
[image: A table displaying soil chemical properties across different planting geometries. Columns include pH, electrical conductivity, available nitrogen, phosphorus, potassium, soil organic carbon (SOC) percentage, and total soil carbon stock. Data is shown for various planting configurations, including control and average measures, with a note on conditions at the time of planting.]

The study emphasized the significant influence of planting geometries on soil nutrients, viz., available nitrogen (N), phosphorus (P), and potassium (K). The 3 m × 3 m spacing exhibited the highest values for available N (124.97 kg ha−1), P (16.83 kg ha−1), and K (332.67 kg ha−1), surpassing other geometries (Table 1). The increase in available P under eucalyptus was linked to pH reduction, promoting organic acids’ release and subsequently enhancing phosphorus solubility. These findings are consistent with Bhardwaj et al. (2017), highlighting the positive impact of tree-based systems on soil enrichment through litter addition, root biomass recycling, and reduced organic matter oxidation. The findings are also in line with Singh (1975) and George (1982), who reported that eucalyptus plantations (1,111 tree ha−1) contributed 3.30 Mg ha−1 to 6.21 Mg ha−1 of leaf litter at 3- to 9-year-olds, which undergoes decomposition and mineralization, thus releasing a substantial amount of nutrients into the soil. Overall, this study reinforces the understanding of increased nutrient levels in tree-based agricultural systems.

This study also investigated the impact of tree spacing on soil organic carbon (SOC%), and soil carbon stock (Mg C ha−1). Results revealed significant variations among different tree spacings, with the highest SOC (0.35%) observed in the 3 × 3 m spacing, followed by 6 m × 1.5 m (0.29%) and 17 × 1 × 1 m (0.28%) spacing, while dhaincha–barley sole cropping exhibited the lowest SOC (0.24%). Comparing tree-based systems to control (sole cropping), SOC increased by 45.83% in 3 × 3 m, 20.83% in 6 × 1.5 m, 16.63% in 17 × 1 × 1 m, 15.83% in east–west, and 8.33% in north–south boundary plantations of eucalyptus. The maximum total SOC stock (45.97 Mg ha−1) was reported in 3 × 3 m, followed by 6 m × 1.5 m (39.96 Mg ha−1), whereas the lowest was recorded in dhaincha–barley crop rotation, i.e., control (34.23 Mg ha−1). In the present study, eucalyptus planting geometry with dhaincha–barley crop rotation stored 34.30% more carbon stock than control (sole cropping). The elevated percentage of soil organic carbon in agroforestry systems is linked to the input of litter fall, pruned materials, and the extensive rhizospheric root network of trees (Chaudhari et al., 2015; Kumar et al., 2018; Singh et al., 2023a,b; Anbessa and Utaile, 2024; Keerthika et al., 2024; Uthappa et al., 2024). Microclimate improvements, including changes in temperature, humidity, soil moisture, and light facilitated by trees, may contribute to higher SOC content. However, the complex interactions among soils, climate, trees, and their management, along with the chemical composition of leaf litter, determine soil carbon content (Lal, 2005). The findings underscore the potential of agroforestry systems in improving soil health by increasing organic matter content and optimizing soil parameters for carbon sequestration (Salunkhe et al., 2023). The substantial SOC stock recorded in tree-based systems highlights the positive impact of agroforestry on long-term soil sustainability and carbon sequestration.



3.3 Biomass modeling in eucalyptus


3.3.1 Descriptive statistics and selection of independent parameters

Tree height (20.03 m), DBH (20.87 cm), and total biomass (274.46 kg tree−1) under five planting geometries differed significantly. Variation was found to be high for the biomass components and ranged from 33.17 (aboveground biomass) to 46.06% (roots; Table 2). Ajit Rai et al. (2006), Rojo Alboreca et al. (2015), and Ajit et al. (2016) also reported variation in biomass components in eucalyptus. There was a moderate correlation between height (0.68) and total biomass; however, a strong positive correlation was observed between DBH (0.93) and total biomass. Kuyah et al. (2013) also reported that DBH was strongly and significantly correlated with above- and belowground biomass. The other parameters of statistics, such as skewness, kurtosis, and S-W normality test, proved that the datasets were derived from a normally distributed population. The negative skewed (−0.35) and kurtosis values (−0.74) were found for height and DBH in eucalyptus. This negative value indicated that distribution slightly flatter than a normal curve with the same mean and standard deviation. Kuyah et al. (2013) also reported negative skewness for height and DBH in biomass studies in eucalyptus.



TABLE 2 Summary statistics of growth attributes for complete datasets of eucalyptus.
[image: Table showing various statistical parameters for eucalyptus component-wise biomass, including diameter at breast height (DBH), height, and biomass of stem, branch, leaves, aboveground (AGB), belowground (BGB), and total biomass. Parameters include range, minimum, maximum, mean, standard error mean (SE mean), standard deviation, coefficient of variation, correlation with total biomass, variance, skewness, SE skewness, kurtosis, SE kurtosis, Shapiro-Wilk test, and significance. There are 70 samples for each measurement.]

The accuracy of a biomass equation depends on the selection of appropriate independent variables to develop best-fit equations. In this study, various combinations of independent (effect) variables [viz., DBH, Height, DBH2H, DBH2 × WD × H, DBH2, and ln (DBH)] were tried and plotted against the total biomass of eucalyptus to testify the accuracy and efficiencies in the prediction of biomass. On the basis of model adequacy criteria, DBH2H was found to be a better-fit independent variate than DBH alone. It was further confirmed that D2H, i.e., inclusion of height as an additional interpreter variable to DBH, increases the R2 for eucalyptus (Zewdie et al., 2009; Luna et al., 2014; Tewari, 2016) and other mixed tree species equations (Chave et al., 2001; Bastien-Henri et al., 2010).



3.3.2 Model fitting and validation of biomass equation

The destructive biomass sampling method is a prerequisite for precise and accurate modeling of tree biomass. Therefore, the sufficient number of field measurements is the precondition for developing biomass estimation models and for evaluating the biomass estimation results (Deo, 2008). In our study, 70 trees were randomly selected and harvested with a DBH range of 15.45–27.50 cm and measured component-wise to develop biomass equations. To obtain a good regression equation, at least 25 trees should be selected randomly from a wide range of DBH (de Gier, 2003).

Total biomass and DBH2H relationship for eucalyptus trees were investigated by fitting six regression functions such as allometric, logistic, Chapman, Gompertz, linear, and exponential (Table 3). Among the six fitted models, allometric model, i.e., biomass = 300.96 × DBH2H0.93 (adjusted R2 of 0.96) was the best-fit over the others. Global model characteristics like adjusted R2, F ratio, and AIC cannot guarantee model adequacy. Graphical examination of residuals (primarily studentized residuals) was used to evaluate the best-fit regression models in Figure 4 for independence, homogeneity, constant variance, and normality. There was also a detailed residual diagnosis for allometric function. Scatter plot of studentized residuals vs. predicted total biomass was clearly portrayed the homogeneity of variance over the entire range of predicted total biomass. Autocorrelation plots showed no relationships among allometric function residuals. Autocorrelation plot residuals were randomly distributed at zero slope and scattered within the confidence limit. The residuals’ independence was further shown. The quintile–quintile and probability plots showed that residuals were regularly distributed. Error term variance was constant too. Based on these statistical criteria, allometric model was best of six regression functions fitted. The results of biomass models in eucalyptus are consistent with the prior findings (Tandon et al., 1988; Dhanda and Singh, 1990; Tewari, 2016). However, these researchers did not do residual diagnosis and validation, which raises the question of reliability. The research conducted by earlier researchers (Ajit Rai et al., 2006; Kuyah et al., 2013; Ajit et al., 2016; Ounban et al., 2016) has demonstrated the superiority of allometric models in estimating biomass using residual diagnostic and validation criteria.



TABLE 3 Parameter estimates of various functions fitted to total biomass of eucalyptus.
[image: A table comparing six statistical models: Allometric, Logistic, Chapman, Gompertz, Linear, and Exponential. Each model includes columns for functional form, parameter estimates, ASE (Asymptotic Standard Error), AICc (Corrected Akaike's Information Criterion), RMS (Root Mean Square error), and R-squared values. The Allometric model has the highest R-squared value at 0.96. Exponential has the highest RMS at 721.327. The Chapman model shows a large ASE for parameter "a" at 143,595.3.]

[image: The image contains six graphs. Top left: Scatter plot of TOTAL vs. DBH^2 H with a fitted line. Top right: Scatter plot of RESIDUAL vs. ESTIMATE. Middle left: Q-Q plot of RESIDUAL for normal distribution. Middle right: Line plot of RESIDUAL vs. DBH^2 H. Bottom left: Normal Q-Q plot of residuals showing observed vs. expected normal values. Bottom right: Autocorrelation plot displaying correlation vs. lag with confidence intervals.]

FIGURE 4
 Plots of residual against the values of predicted and explanatory variates of total biomass of eucalyptus (clubbed data).





3.4 Carbon sequestration potential of eucalyptus-based agroforestry


3.4.1 Crop yield and biomass of dhaincha–barley crop rotation

Data pertaining to dhaincha–barley crop rotation under different planting geometries are presented in Tables 4, 5. During the Kharif season, dhaincha was planted in the initial 2 years of the study. The presence of moderate to dense shade, arising from various plant geometries of eucalyptus, led to a significant decrease in the green biomass of dhaincha. A notable 24.75% reduction in yield was observed in the 3 × 3 m spacing, whereas the least reduction was noted in the boundary plantation (2%–6%). A similar result was obtained by Prasad et al. (2010) in eucalyptus in that they reported 48%–53% loss in the post-rainy season.



TABLE 4 Green biomass production of dhaincha (Mg ha−1) under different planting geometries of eucalyptus.
[image: Table showing green biomass of Dhaincha in megagrams per hectare for various planting geometries over different years. Biomass is recorded for 3 x 3 m, 6 x 1.5 m, 17 x 1 m x 1 m plots, and boundaries, with totals ranging from 106.10 to 141.01. Dhaincha was not cultivated after the second year due to yield reduction.]



TABLE 5 Grain and straw yield of barley (Mg ha−1) under different planting geometries of eucalyptus at 8 years of rotation.
[image: Table showing grain and straw yields for different planting geometries over eight years, including 3x3m, 6x1.5m, and 17x1x1m patterns. Yields are provided for each year with values for grain and straw, ending with totals. Additional rows detail mean yields and a statistical comparison value, C.D. (p = 0.05).]

In the rabi season, barley was sown (every year) up to the harvesting of trees. In block spacing, the average higher grain yield of barley was obtained in paired row spacing (2.41 Mg ha−1), followed by 6 m × 1.5 m (2.12 Mg ha−1) and 3 × 3 m (1.75 Mg ha−1) spacing over a period of 8 years. Barley experienced an average yield loss of 8.92–39.0% under 1–4 years of plantation, and it further increased from 44.21 to 64.48% (fifth–eighth year of plantation) under block plantation of eucalyptus over control (sole cropping). The highest yield loss of 70.29% was recorded in 3 × 3 m at 8 years of planting. However, 20.21% higher yield in barley yield was observed when row spacing increased from 3 × 3 m to 6 m × 1.5 m spacing, and it further increased up to 36.71% in 17 × 1 × 1 m spacing at 8 years of rotation. This may be due to the fact that low light intensity intercepts decrease the rate of photosynthesis, affect directly the relative growth rate, reproductive, and ripening phases of crops, and ultimately lead to a loss of yield (Luna et al., 2009).

In boundary plantation, the maximum grain yield (2.59 Mg ha−1) was observed in the north–south in comparison to the east–west boundary plantation (2.42 Mg ha−1) but was less than control (3.24 Mg ha−1). The observation on barley crops under 8 years of plantation revealed that crop growth was severely affected near tree line (up to 6 m away), but growth increased and further improved with proceeding away from tree line in all four aspects of boundary plantation (data are not presented). Studies by Dhillon et al. (1979, 1982) revealed a maximum reduction in yield of wheat (64%), rice (58.4%), and potato (42.6%) near the tree baseline of the boundary plantation of eucalypt near the base line. In the present study, crops performed better in north–south planting of eucalyptus over other planting geometries. Similar trend was also observed in the straw yield of barley under various spacings of eucalyptus. Distance from tree line also played a noteworthy role in the yield of annual crops. Furthermore, the yield of crops increased with the increase in distance from the boundary tree lines. The results demonstrated in boundary plantation match with other studies by Singh and Kohli (1992), Kidanu et al. (2005), and Yadava (2010). Biomass and yield of dhaincha and barley crops were significantly affected due to various spacing geometries of trees. The magnitude of crop yield loss in the eucalyptus-based cropping system increased with the age of the trees due to increased competition for resources (light, moisture, and space) and subsequently hampered the growth and yield of agricultural crops. Increased competition with age is due to the increased size of the trees and their ability to mop up greater resources at the expense of crops (Dhyani and Tripathi, 1998; Prasad et al., 2010). The yield reduction was found to be higher in Kharif season as compared to the Rabi season. Tree density or spacing geometry of eucalyptus affects annual crop yield severely (Ahmed, 2004; Prasad et al., 2010, 2012).

Manipulation of planting geometry under agroforestry provides opportunity to choose appropriate crop combinations for higher yield and profitability. Therefore, modified planting geometry may help to reduce the yield reduction losses under tree-based agroforestry systems. Crop performance under eucalyptus was testified with various crop combinations by the number of authors throughout the country as well as the globe (Prasad et al., 2010; Kumar et al., 2013; Gill et al., 2016; Dhillon et al., 2018; Nyaga et al., 2019).



3.4.2 Biomass production and carbon stock of eucalyptus

Biomass plays a crucial role in the global carbon cycle and has emerged as an imperative solution for reducing climate change. Such region-specific periodic measurement studies on biomass accumulation can be used further to establish the value of agroforestry practice (Eamus et al., 2000). In this study, planting geometry had strong influence on total biomass production and partitioning among components under eucalyptus (Table 6).



TABLE 6 Tree biomass production (Mg ha−1) under different planting geometries of eucalyptus.
[image: Table comparing biomass data across different planting geometries. Columns include aboveground biomass (stem, branch, leaves, total), belowground biomass (stump, FCR, total), and total biomass. Bold numbers represent the total biomass: 3m x 3m has 344.60, 6m x 1.5m has 224.91, 17m x 1m x 1m has 323.12, E-W boundary has 112.28, N-S boundary has 56.17. Mean total biomass is 212.21. C.D. values are given for each parameter.]

The biomass production was recorded higher under 3 × 3 m (344.60 Mg ha−1) and 17 × 1 × 1 m (323.12 Mg ha−1) planting geometry, whereas the lowest (56.17 Mg ha−1) was found in north–south boundary plantation. However, the tree biomass was statistically at par between 3 × 3 m and 17 × 1 × 1 m spacing at 8 years of rotation. The annual biomass accumulation was maximum (43.04 Mg ha−1 year−1) in 3 × 3 m, followed by 17 × 1 × 1 m (40.39 Mg ha−1 year−1) and 6 m × 1.5 m (28.11 Mg ha−1 year−1) in block plantation. The aboveground biomass ranged from 42.73 to 279.17 Mg ha−1, whereas belowground biomass ranged from 13.43 to 65.43 Mg ha−1. George (1982) and Tandon et al. (1988) reported 301.50 Mg ha−1 and 302.1 Mg ha−1 at 8- to 9-year eucalyptus plantation, respectively. In addition to this, the growth of eucalyptus under block plantation was not as like in widely spaced trees, but biomass production was huge due to the high number of trees. This is a general rule that the number of trees per unit area gives a higher yield, and it is in accordance with earlier studies (Prasad et al., 2010; Forrester et al., 2013; Ajit et al., 2016). In agroforestry, tree biomass is enhanced due to management practices as compared to forest and sole plantation. However, the contribution of different tree components in total tree biomass was: 62.50%–74.09% of stem; 6.59%–9.14% of branch; 3.18%–5.73% of leaves; 12.20%–20.44% of roots; and 1.71%–3.48% of fine–coarse roots (Figure 5). The biomass portioning in the study is in similar line with earlier literature (Pande et al., 1987; Tandon et al., 1988; Prasad et al., 2010), where they reported approximately 70% biomass accumulated in eucalyptus stem/bole. Kuyah et al. (2012) reported that the contribution of different components to the total AGB was 73.7%, 22.3%, and 4.0% in stem, branch, and leaves, respectively. In case of eucalyptus, higher tree density helps to initiate self-pruning; ultimately, the percentage contribution of branches and leaves will be lower in compact spacing than in boundary plantation. Eucalyptus grows better under competition in stands (blocks), whereas tree tends to become heavily branched if planted wide apart, especially on boundaries.

[image: Bar chart illustrating percent contribution of plant parts across different planting geometries. Categories include stem, branch, leaves, stump, and fine roots, represented in various colors. Geometries shown are 3x3m, 6x1.5m, 17x1x1m, East–West boundary, and North–South boundary. Each bar represents a planting geometry with the proportion of each plant part contributing to the whole. The stem part is predominant across all configurations.]

FIGURE 5
 Tree biomass accumulations in various components of eucalyptus tree under various planting geometries.


Carbon accumulation in trees is in prime focus due to climate change mitigation measures. The percentage carbon concentration in different components of eucalyptus trees differed from 43% to 49% (Figure 6). The mean carbon content of the stem, branch, leaves, and roots in the present study was 49.00%, 47.00%, 43.00%, and 49.00%, respectively. Matthews (1993) compiled the carbon content of eucalyptus tree, which was 47.2%–49.5% in various parts. Ribeiro et al. (2015) also reported that the average carbon content in the stem, branch, leaf, and root compartments was 44.6%, 43.0%, 46.1%, and 37.8%, respectively. The highest amount of aboveground, belowground, and total carbon was estimated to be 134.29, 32.00, and 166.29 Mg ha−1 in 3 × 3 m, followed by 133.82, 21.98, and 155.80 Mg ha−1 in 17 × 1 × 1 m (paired row), respectively, while the lowest were 20.47, 6.57, and 27.03 Mg ha−1 in north–south boundary planting at 8 years of rotation (Table 7). An average carbon sequestration rate was 12.79 Mg C ha−1 year−1 in five spacing geometries (Figure 7). In boundary plantation, carbon sequestration rate was 6.78 and 3.38 Mg C ha−1 year−1 in east–west and north–south plantation, respectively, at 8 years of rotation, which was lower than block plantation. Therefore, block plantation of eucalyptus sequestrated four times more carbon than boundary plantation of eucalyptus after 8 years of rotation.

[image: Bar chart displaying carbon content percentages for tree components: stem, branch, leaves, roots, and total tree. Stems have the highest content at 50%, followed by roots and branches around 48%, total tree at 47%, and leaves at 43%. Error bars indicate variability.]

FIGURE 6
 Carbon content in various components of eucalyptus tree. The error bar denotes the standard error. There is no statistically significant difference among the mean values that are with the same alphabets based on Tukey’s test (p < 0.05).




TABLE 7 Dry biomass production of (Mg ha−1) dhaincha–barley crop rotation under eucalyptus-based agroforestry system.
[image: Table showing biomass data for different planting geometries, including tree biomass (AGB and BGB), crop biomass (Dhaincha and Barley), and total biomass. The highest total biomass recorded is 407.13 Mg ha⁻¹ for the 3m x 3m planting geometry. Bold numbers highlight total biomass for each system, emphasizing differences across planting geometries. Average values and critical differences are also provided.]

[image: Bar chart showing Carbon Storage Potential (CSP) in megagrams per hectare per year for different planting geometries of Eucalyptus. Bars represent 3m×3m, 6m×1.5m, 17m×1m×1m, East–West boundary, and North–South boundary, with CSP values approximately 21, 14, 19, 6, and 3, respectively. Error bars and labeled letters (a, b, c) indicate statistical significance differences.]

FIGURE 7
 Rate of carbon sequestration (Mg C ha−1 year−1) in trees under various planting geometries of eucalyptus. The error bar denotes the standard error. There is no statistically significant difference among the mean values that are with the same alphabets based on Tukey’s test (p < 0.05).


Recent studies suggest that agroforestry systems (AFSs) have a higher carbon sequestration potential (Pandey, 2002; Nair et al., 2010; Ajit et al., 2016; Dhyani et al., 2016; Zhou et al., 2017; Chavan et al., 2022a,b). Zhou et al. (2017) observed an average sequestration rate of eucalyptus was 19.53 Mg C ha−1 year−1 in China. Ajit et al. (2016) also reported carbon sequestration rates for various tree species under agroforestry ranging from 0.39 to 15.91 Mg C ha−1 year−1. Specifically, carbon stock in AFSs can vary widely, with estimates ranging from 0.29 to 15.21 Mg ha−1 year−1 aboveground and 30–300 Mg C ha−1 up to a depth of 1 meter in the soil (Nair et al., 2010). In India, agroforestry systems have been estimated to sequester between 0.25 and 19.14 Mg C ha−1 year−1 for tree components and between 0.01 and 0.60 Mg C ha−1 year−1 for crop components (Pandey, 2002; Dhyani et al., 2016). There are several studies reporting either the lower or higher side of carbon sequestration rate. Hence, several factors, such as type, structure, and function of agroforestry, climate, planting geometry, soil type, socio-economic factors, management techniques, end-use, etc., significantly affect the carbon sequestration potential (Albrecht and Kandji, 2003; Tian et al., 2005) at different plantation. Among several factors, choice of planting density is a primary silvicultural decision in agroforestry, which reflects the trade-off between individual tree size and total biomass production, affecting the type, quantity, and quality of products throughout the rotation (Forrester et al., 2013).



3.4.3 Biomass and carbon stock of eucalyptus-based agroforestry (tree + crop + soil)

Under various planting geometries of eucalyptus, the total biomass varied from 137.37 to 407.13 Mg ha− 1 in dhaincha–barley crop rotation (Table 7). Over the 8-year period, spacing geometry of 3 × 3 m performed better in terms of total biomass production (407.13 Mg ha− 1), contributed by tree biomass (344.60 Mg ha− 1) and crop biomass (62.53 Mg ha− 1). Irrespective of spacing geometry, mean total biomass of eucalyptus was 285.79 Mg ha−1, whereas in control (treeless system), biomass production was only 101.87 Mg ha−1. It is interesting to point out that 80.61 and 49.93% biomass was contributed by tree components under block and boundary plantations, respectively over 8 years of rotation. Furthermore, eucalyptus-based cropping system exhibited 27.70% reduction in crop biomass over control (sole cropping). Toky et al. (1989) reported that 68% biomass was contributed by the trees in agri-hortisilvicultural system; these findings support the present investigation.

In the present study, carbon stock (Mg C ha−1) among various carbon pools indicates that vegetation stock (aboveground biomass followed by belowground biomass) and soil carbon contributed toward aggregate carbon pools (i.e., system total carbon) under various planting geometries at 8 years of study (Table 8).



TABLE 8 Carbon stock (Mg ha−1) of dhaincha–barley crop rotation under eucalyptus-based agroforestry system.
[image: Table showing carbon stock measurements in various planting geometries. Data includes tree and crop carbon stock for AGC, BGC, Dhaincha, Barley, SOC, and total carbon. Values are in megagrams per hectare, with statistical details including means and critical differences noted. Abbreviations: AGC for aboveground carbon, BGC for belowground carbon, SOC for soil organic carbon.]

The total carbon stocks of eucalyptus-based cropping systems (including trees, crops, and soil) exhibited significant variation across different planting geometries and sole crop rotations (dhaincha–barley). The findings clearly indicate that integrating tree components into sole cropping can enhance carbon stock by two to three times. Notably, the highest carbon stock (237.27 Mg ha−1) was observed in the 3 × 3 m spacing, with the breakdown showing 166.29 Mg ha−1 in trees, 25.01 Mg ha−1 in crops, and 45.97 Mg ha−1 in soil (Figure 8). Moreover, the total carbon stock in the system was notably influenced by tree density and planting geometry. In close-planted systems (block) and boundary plantation systems, trees contributed an average of 66.94 and 35.92%, crops contributed 13.32 and 29.57%, and soil contributed 19.73 and 34.51% of the total carbon stock, respectively. In contrast, in the control (sole crop), crops accounted for 54.34% and soil for 45.66%, respectively.

[image: Illustration of a tree and its carbon distribution in different components: branches (12.3 Mg C ha⁻¹), leaves (5.07 Mg C ha⁻¹), bole (116.92 Mg C ha⁻¹), roots (32 Mg C ha⁻¹), including stump and fine root biomass, crop (25.01 Mg ha⁻¹), and soil organic matter (45.97 Mg C ha⁻¹). Total system's carbon is 237 Mg ha⁻¹.]

FIGURE 8
 Total carbon stock (Mg ha−1) of dhaincha–barley crop rotation in eucalyptus-based agroforestry system (3 × 3 m) over a rotation of 8 years.


Du et al. (2015) reported similar findings in a eucalyptus-based cropping system in China. They found a total carbon content of 156 Mg C ha−1, with aboveground and belowground components (understory, root, and soil carbon) contributing 43.1 and 59.9%, respectively, in trees aged 6–7 years. The understory (shrub and herbaceous material), litter, and fine roots individually comprised <2% of the total carbon, while the soil contained between 53 and 94% of the total carbon. Zhou et al. (2017) highlighted the significant carbon sequestration potential of eucalyptus, noting that the total ecosystem carbon pool varied between 167.66 and 234.04 Mg C ha−1 in eucalyptus stands aged 7–10 years. Additionally, Luna et al. (2016) reported aboveground carbon stocks ranging from 14.38 to 408.97 Mg C ha−1 in eucalyptus plantations with a 3 × 3 m spacing in Hoshiarpur, Punjab. Consequently, the reported carbon stock values, encompassing contributions from trees, crops, and soil, ranging from 95.20 to 237.27 Mg C ha−1, align closely with findings from other studies conducted in India and abroad.

Therefore, the integration of eucalyptus in annual crops increased the carbon stock of sole cropping by 2.8 times in block planting (3 × 3 m, 6 m × 1.5 m, and 17 × 1 × 1 m) and 1.5 times in boundary plantation after 8 years of age. These results further indicate that, owing to the fast growth and adaptability of eucalyptus, it can produce adequate quantity of biomass carbon rapidly. Moreover, eucalyptus is a fast-growing tree species with high potential of biomass carbon sequestration than poplar.




3.5 Economics of eucalyptus-based agroforestry system

Eucalyptus is the most preferred species under agroforestry plantations in India due to the assured market, highly lucrative returns from trees, and supportive government policies, attracting farmers in a big way (Ramesh et al., 2023; Thumbar et al., 2023). The cost of cultivation under different planting geometries varied from Rs. 425,001 ha−1 (boundary plantation) to Rs. 548,231 ha−1 (17 × 1 × 1 m). The returns from agroforestry systems during the first year were negative due to higher initial investment costs (Table 9). A similar finding was also reported by Prasad et al. (2010) for eucalyptus and Singh and Mavi (2016) for poplar. A discount rate of 12% was used to calculate the economic analysis of different criteria. A higher gross return (Rs. 11,487,06 ha−1) was obtained for 17 × 1 × 1 m (paired row spacing), followed by 3 × 3 m (Rs. 936,295 ha−1). Out of total returns, eucalyptus trees contributed higher percentage, which was 81, 77, and 73% in 3 m × 3 m, 17 m × 1 m × 1 m, and 6 m × 1.5 m, respectively, whereas trees in boundary plantation contributed <50% of total gross returns (Figure 9). The net income from tree-based cropping system ranged from Rs. 303,158 ha−1 to Rs. 600,475 ha−1 in block plantations, Rs. 100,838 ha−1 to Rs. 189,132 ha−1 in boundary plantations, and Rs. 37,830 ha−1 in the control (sole cropping).



TABLE 9 Details of the economic evaluation of various planting geometries of eucalyptus-based cropping systems.
[image: A table compares various eucalyptus-based agroforestry systems with a control (sole crop) in terms of cost of cultivation, returns from the system (trees, dhaincha, barley), total returns, net income, net present value at 12 percent discounting, benefit-cost ratio, internal rate of return, and land expectation value. The systems are specified by row spacing dimensions and boundaries. Monetary values are in Indian Rupees per hectare. A note mentions the exchange rate of the US dollar to Indian Rupees as 67.17 during the study.]

[image: Stacked bar chart showing the percentage contribution of barley, Dhaincha, and Eucalypts under different planting geometries, labeled 3x3m, 6x1.5m, 17x1x1m, North-South planting, East-West planting, and control. Eucalypts dominate in all except the control, where barley and Dhaincha have larger contributions. Barley is in blue, Dhaincha in red, and Eucalypts in black.]

FIGURE 9
 Percentage contribution (%) of various components of eucalyptus-based agroforestry to total gross income.


In the present study, the highest net present value (NPV) was obtained from paired row spacing (Rs. 194,953 ha−1), as more space permitted higher crop yields than other planting geometries, whereas very less (Rs. 4,346 ha−1) in the control. The mean NPV of the north–south and east–west boundary plantations were Rs. 54,080 ha−1 and Rs. 25,843 ha−1, respectively. Higher internal rate of return, IRR (36%), and B:C ratio (1.59) were recorded in paired row system with dhaincha–barley crop rotation over 8 years of rotation (Table 9). In the boundary plantation, east–west boundary plantation under dhaincha–barley crop rotation exhibited high IRR and B:C ratios of 35% and 1.21, respectively. The reduction in crop yield under different geometries was highly compensated for by trees under various cropping systems. This compensation mechanism underscores the resilience and adaptive capacity of agroforestry practices, where trees play a pivotal role in augmenting overall system productivity and sustainability.

In paired row spacing, the gross return from crops was the highest compared to other planting geometries and controls. This is because of less competition for light, nutrients, and moisture, resulting in high returns from the system. The findings of the study are in agreement with Johar’s (2017) multilayer agroforestry model of eucalyptus for 6-year rotation in north–western India. Dwivedi et al. (2016) reported similar findings in eucalyptus boundary plantations at 8 years of rotation in Saharanpur, Uttar Pradesh. In general, Singh et al. (2017) reported that farmers were unable to sacrifice meager crop yields in lieu of much higher returns from trees in block plantations at the end of rotation. The increased spacing between tree rows helps to enhance crop yield and permits cropping until harvesting. In the study, 17 × 1 × 1 m paired row spacing exhibited superior performance over other planting geometry. It further emphasizes the role of wide spacing in agroforestry systems, which is considered a crucial strategy for integrating different annual crops, minimizing the risk of crop yield loss, and addressing farmers’ concerns.

Agroforestry is recognized as a crucial tool for climate change adaptation and mitigation, aiding countries in meeting their net-zero targets. However, accurately estimating biomass and carbon sequestration in agroforestry presents practical challenges. Destructive sampling, necessary for precise field-based estimation, demands significant time, labor, and financial resources. This approach’s labor-intensive nature often limits spatial coverage to small sample plots, potentially overlooking biomass variability across the landscape. Moreover, biomass estimates can be influenced by seasonal fluctuations, challenging the accuracy of single-time sampling. Measurement techniques must be precise to avoid errors that could skew results. Additionally, variability in allometric equations used for biomass estimation introduces uncertainties. These practical difficulties underscore the complexity of agroforestry research and emphasize the need for careful planning and execution in biomass and carbon sequestration studies.




4 Conclusion

The study demonstrated the significant impact of planting geometry of eucalyptus trees on biomass and yield of annual fodder crops, thereby helping to reduce yield losses in tree-based agroforestry system. Additionally, the study reported the impact of planting geometry on carbon stock in trees, crops, and soil, with the 3 × 3 m spacing resulting in the highest carbon stock (237.27 Mg ha−1). The block and boundary plantation systems contributed differently to carbon stock, with the block system having a higher contribution from trees (66.94%) and the boundary system having a higher contribution from soil (34.51%). Integrating eucalyptus in annual crops increased carbon stock, with block planting showing a 2.8 times increase and boundary plantation showing a 1.5 times increase after 8 years of age. Paired row spacing (17 × 1 × 1 m) in eucalyptus agroforestry systems had higher crop yields and returns (Rs 600,475 ha−1), highlighting the importance of wide spacing for system productivity and sustainability. However, further research is needed to evaluate the long-term sustainability of these systems and their potential to mitigate climate change. Overall, the study provided valuable insights into the promising role of eucalyptus-based agroforestry systems, offering a pathway toward enhanced carbon sequestration and sustainable land-use practices in agricultural landscapes.
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Introduction: Homegardens are one of the oldest agroforestry systems reported around the world. These agroforestry systems are often reported as harbingers of plant biodiversity conservation. However, a comprehensive understanding of these systems from the perspective of species level agrobiodiversity conservation is often missing.
Methodology: This study first visualizes the comprehensive role of homegardens in species level agrobiodiversity conservation and then assesses any variation in agrobiodiversity along diverse Socio-ecological Zones (SEZs) in the study site. The prominent SEZs identified in the study site were Protected Area (PA), Riverine (RI), Rural Market (RM), and Tea Estate (TE). Eight ethnic/linguistic groups were also identified at the study site. Agrobiodiversity inventorying of 192 homegardens from 16 villages was done.
Results: The results of the study highlight that homegardens in the study site have high species level agrobiodiversity concentration (101 total tree species reported, 39.58% of homegardens (HGs) had more than 10 varieties of vegetables, 68% had atleast one variety of bamboo, 76% had atleast one banana variety, 20.83% had pond). A total of 64% of HGs had livestock and around 85% had poultry. Moreover, this agrobiodiversity distribution also varied along different SEZs. The livestock diversity indices ranged from 0.49 (TE) to 1.04 (PA). The average plant diversity among homegarden was found to be in the range of 1.09 (PA) to 1.48 (TE) for Shannon, 0.45 (PA) to 0.66 (TE) for Simpson, 0.31 (PA) to 0.71 (TE) for Pileou evenness and 2.39 (PA) to 2.76 (RM) for Margalef. The plant composition reflected the dominance of the food species i.e. an average of 37% in each SEZ. Sorenson similarity index among different SEZs for plant and livestock was found to be highest between the HGs of the PA and RM (0.82). Among the ethnic/linguistic groups, the highest mean number of plant species (51) was found among the Mishing tribe. Also, high similarity index (0.78) was found in plant and livestock composition among the Mishing and the Bodo tribes.
Discussion: The findings imply that HGs exemplify diversified and integrated systems, showcasing their potential to play a crucial role in the development of sustainable food systems.
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1 Introduction

Agrobiodiversity, or Biodiversity for Food and Agriculture (BFA), is defined as a subset of biodiversity that relates to agriculture and food production (FAO, 2019). Agrobiodiversity can be broadly defined at three levels, i.e., genetic, species, and ecosystem levels (FAO, 2004). At a time when agrobiodiversity loss from the agricultural landscape is a major concern (Pilling, 2019), an integrated food system that can also help in agrobiodiversity conservation is of interest to one and all (IFPRI, 2021). Homegarden agroforestry, which is one of the earliest systems of food production both in tropical and temperate countries (Kumar and Nair, 2006; EURAF, 2021; Sharma et al., 2022), is also often referred to as the system that can also play an important role in agrobiodiversity conservation (Galluzzi et al., 2010; Galhena et al., 2013). An attempt to link homegardens for agrobiodiversity conservation has been reported from around the world (Wiehle et al., 2014). However, a comprehensive description of all species-level agrobiodiversity and management practices in homegardens (HG) has been scarcely reported. For example, though HG is often reported as a very important type of agrosilvopastoral system (FAO, 2015; Nair et al., 2021), the literature mentioning characteristic livestock species in HGs is limited (Soler et al., 2018). This study, by analyzing the species-level agrobiodiversity of all components of HG, including livestock and diverse management practices, along with major challenges faced in homegardening, tries to fill in this gap. Furthermore, taking on the framework of socio-ecological systems, which, as defined by Ostrom (2009) and Berkes et al. (2000) consist of social and ecological systems, this study tries to draw inferences on how HG structure and agrobiodiversity distribution are influenced by them.

HGs of Brahmaputra Valley, situated in the north-eastern state of Assam in India, were analyzed in this study. This part of the Brahmaputra Valley lying in the north-eastern state of India, i.e., Assam, was selected as the study site as it reports among the highest number of HGs (Sharma et al., 2022). In addition, according to an ICAR report, there are about 6.4 million HGs in Assam, which is about 85% of the total households in the state (Barua et al., 2019), making it a crucial land management practice in the region. In addition, specifically, Sonitpur district in the Brahmaputra Valley of Assam was chosen for this study because of its location in the foothills of the Eastern Himalayas and the occurrence of diverse types of habitations with different social and ecological structures juxtaposed to each other (Srivastava et al., 2002), which makes it an ideal location to perform a comparative study based on the SES framework. Although the National Bureau of Soil Survey and Land Use Planning, Nagpur, based on soil, bioclimatic, and physiographic features (Sehgal et al., 1992), classified Assam and the adjoining areas into warm humid to per humid (Assam and North Bengal Plains) and warm per humid (North Eastern Hills, Purvanchal) agro-ecological regions, detailed socio-ecological classification schemes are not available for this region. With the help of suggested literature, satellite data, and land holding patterns, we classified the study site into four major socio-ecological zones (SEZs). These SEZs were protected areas (PA), riverine (RI), rural market (RM), and tea estate (TE). Moreover, though the major objective of the study was to analyze the role of homegarden in agrobiodiversity conservation, it also tries to compare and contrast the agrobiodiversity pattern in HG situated in diverse SEZs and also among the major ethnic/linguistic groups in the study. The main hypothesis of the study is that the PA HG would have a large size and high plant and livestock diversity as they are situated away from the major commercial areas and close to the forest. HG in RI zones would be more disaster-prone as these areas are periodically flooded; HG in RM would represent more modern trends in homegardening and TE HG represents the very small HGs with a restricted and limited scope of expansion. HGs are often the personal space maintained by individuals based on their cultural beliefs, needs, and traditions (Mazumdar and Mazumdar, 2012).

Therefore, we also looked into the comparative assessment of HGs belonging to different ethnic/cultural groups inhabiting our study area. And hypothesize that tribal HGs would have more agrobiodiversity concentration as compared to the non-tribal ones. This study has two major contributions: first, it will enable policymakers to make decisions regarding the importance of HGs as diversified, integrated, and conservation-based agriculture systems for all. Secondly, it would help in better policy formulation for all major types of HGs lying in varying SEZs and ethnic/linguistic groups. Understanding the comprehensive agrobiodiversity composition of homegardens would not only help in their better conservation but could also support efforts in the direction of developing sustainable food systems.



2 Methodology


2.1 Study area

The location of the study is the Brahmaputra Valley in Assam. The Brahmaputra valley has a total drainage area of 580,000 km2 (Debnath et al., 2023) and encompasses an area of 70,634 km2 in Assam (GOA, 2023). For this study, we specifically focused on the Sonitpur district of Assam, which is part of the northern bank plains of the Brahmaputra (Chaturvedi et al., 2021). Apart from its location in the foothills of the Eastern Himalayas and the occurrence of diverse types of habitations (Srivastava et al., 2002), this district of Sonitpur is categorized as highly vulnerable to climate change (Ravindranath et al., 2011), which was one of the design criteria. The erstwhile Sonitpur district, with an area of 5,105 km2 (Srivastava et al., 2002), was, however, bifurcated around the same time when this study was planned (between May 2021 and April 2022). Hence, the new Sonitpur district with an area of 2,109 km2 (Assam, 2022) was selected for this study.

For demarcating different SEZs, we first performed a Land Use and Land Cover (LULC) classification using the satellite images Sentinel 2 (10 m resolution) of 19 November 2020 (less cloud cover) using the supervised classification (Campbell and Wynne, 2011) in ArcGIS version 10.8. The major land use types identified were river, protected/plantation area, builtup/settlement area, and arable land. Based on field verification (December–February 2020) and further literature review (Srivastava et al., 2002; NRSC, 2019; Chaturvedi et al., 2021; Mahato et al., 2021), four prominent SEZs, i.e., PA, RI, RM, and TE, were demarcated. The PA in the study site refers to three major classes, viz., the national parks (IUCN Category II), the wildlife sanctuary (IUCN Category IV), and the reserve forest (forests accorded a certain degree of protection according to the Indian Forest Act 1927) and comprises 45% of the study area (NRSC, 2019; Assam, 2022). The RI SEZs form another major dominant feature of the district, with three major rivers, i.e., Brahmaputra, Kameng, and Gabharu, and about 18% of the area of the district (NRSC, 2019). The TE SEZs are the areas under a larger tea estate plantation in the district. Tea cultivation started during the British colonial period in Assam, and at present, there are 799 TE in Assam and about 59 in Sonitpur district (DOTTAA, 2023). The current tea labor force in Assam is primarily composed of the descendants of people who were brought over from the areas that now constitute the tribal dominant states of Jharkhand, Orissa, and Chhattisgarh to work there during the colonial era. These individuals are now collectively referred to as tea tribes or Adivasis (Mahanta et al., 2015; DOTTAA, 2023). The cities (major built-in areas) were excluded as the study focused on HGs in rural areas. To commensurate with this, the RM zone was considered an important feature; the villages that had at least one major market a week, had facilities for banks or post offices, and were in close proximity to the National Highway (2 km) were considered as RM.

The SEZs PA, RI, and TE comprise 45, 18, and 12% of the total area of Sonitpur district (Census, 2011; Assam, 2022). A total of four replicate villages were then selected from each SEZ, i.e., 16 villages in total. The villages for PA were selected from the vicinity of Nameri National Park (Sonai Miri, Bhalukmari Pathar) and Sonai Rupai Wildlife Sanctuary (Naharani Basti Gaon, Urohiloga). These villages lie on the fringes of PAs (up to 5 km from the PA).

For RI, the villages on the bank or 2 km from the bank of the Brahmaputra River (Sithalmari, Bhomoraguri, Siddeswari) and Kameng or Jia Bharali River (Tow Bhanga) were selected. The villages were selected based on the number of flooding days that they experienced, i.e., a minimum of 60 days. The RM villages were selected based on the classification scheme mentioned earlier, and care was taken to select them from distinct blocks of the district (i.e., Pitha Khowa: Block—Tezpur; Thelamara Ghat: Block—Dhekiajuli; Jamugurihat: Block—Naduar; and Goraimari: Block—Balipara).

The TE-based (inside and around TEs) villages representing the distinctness of the eastern (i.e., Dhekialuji and Singri) and western parts (Phulbarie and Addabarie) of the district were selected for the study. This LULC classification scheme and the villages selected for the HG study are represented in Figure 1. While selecting the villages, it was made sure that they represented distinctive features of the district, i.e., they were selected from different blocks and along different directions. All the villages except the TE villages were revenue villages; the TE villages are generally the inhabitations inside the TE owned by the plantation companies, where respective company rules are followed (Mahanta et al., 2015). The permission to do the agrobiodiversity survey in all these villages was obtained from the District Collector of Sonitpur District. Permission was also obtained from the individual homegardeners in a consent form before participating in the study.

[image: Map on the left highlights a district in Assam, India. Map on the right shows a detailed area with color-coded land uses: rivers (blue), protected areas (purple), settlements (red), agricultural land (green), and various labeled sites.]

FIGURE 1
 Description of the study site.




2.2 Determining the sample size

The sample size of households in each village was determined using the following formula (Corvar, 1974; Abdoellah et al., 2020):

[image: Formula for sample size calculation: \( n = \frac{N z_{y}^{2} \pi (1-\pi)}{N \delta^{2} + z_{y}^{2} \pi (1-\pi)} \), where \( N \) is the population size, \( z_{y} \) is the z-score, \( \pi \) is the proportion, and \( \delta \) is the margin of error.]

where n is the total number of samples, N is the population size, zy is the normal distribution in y quantile, π is the proportion of sub-population, and δ is the margin of error. According to the 2011 Census, there are 352,647 rural households in the erstwhile Sonitpur district. Assuming a 7.1% margin of error and a 95% confidence level, 191 households in 16 villages—approximately 192 were surveyed to ensure that the households were distributed equitably among the villages. With 48 villages per SEZ, 12 households per village were selected using the probability sampling technique of simple random sampling. At first, the map of the village with the major feature was obtained from the Gaon Bura (village head). Then the households were randomly selected, starting from one cardinal direction and entering the village.



2.3 Data collection methods

Agrobiodiversity inventorying was performed by field visits (Avilez-López et al., 2020) between March 2022 and April 2023. For agrobiodiversity inventorying, the questionnaire was administered to the landowners of the HGs, and where they were not present, the questions were asked of the person responsible for most managerial decision-making in the HG (43% of the respondents were women). In addition, a questionnaire method was used to understand the general economic status, management practices followed, challenges in homegardening, and future plans for HGs. Apart from HGs attached to the residential plots, some respondents maintained land parcels away from the households too. However, considering the standard definition of the term (Kumar and Nair, 2004; Galhena et al., 2013), we considered only the cultivation practices within the fenced area of the households or very near the dwelling units. Das and Das (2005) reported that the average size of HGs in Assam ranged from 0.02 ha to 1.20 ha. However, in TE, where the average size of each worker’s quarter is 0.04 ha (Kar, 1984; Ahmmed and Hossain, 2016), we considered anything larger than 0.01 ha as an HG. Since the homegardeners in Sonitpur district generally used separately designated spaces within the HGs for the cultivation of vegetables, cereals, ornamentals, medicinal bamboo, boundary plants, plantation crops (e.g., Betel Nut [Areca catechu], Teak [Tectona grandis], Tea plant [Camellia sinensis], Rubber tree [Hevea brasiliensis], etc.), and livestock, we adopted whole-plot sampling and counted all plant and livestock species and their relative distribution in the HGs (Poot-Pool et al., 2012). All tree and shrub species having diameter at breast height (DBH) of 10 cm or more were enumerated. Since deliberate cultivation of vegetable crops and other herb species was done in land parcels assigned to these crops, their area was measured, and the name and type were noted. The names of various ornamental plants, climbers, and medicinal plants were recorded along with their frequency of occurrence. Homegarden age was recorded as stated by the respondent, which was cross-checked with the village head. The ethnicity/linguistic group to which particular homegardeners belonged was noted based on how they identified themselves and also as per the ethnicity classification given in the Census (2011).



2.4 Data analysis

Plant species diversity for each HG was computed using the Shannon diversity index.

[image: Mathematical formula for entropy, represented as \( H = -\sum_{j=1}^{S} p_i \ln p_i \), where the sum is taken over \( S \) probabilities \( p_i \).]

where [image: Please upload the image or provide the URL so I can generate the alternate text for it.] is the proportion of individuals belonging to a specific species determined by dividing the count of individuals from that species (n) by the total number of individuals observed (N). In this context, ln represents the natural logarithm, Σ denotes the summation of these calculations, and S represents the total number of species (Shannon, 1963).

Dominance index (Cd)

[image: Formula for calculating diversity index: \( D = 1 - \sum_{{i=1}}^N p_i^2 \), where \( N \) is the total number of species, and \( p_i \) is the proportion of individuals of species \( i \).]

where [image: Please upload the image, and I'll generate the alt text for you.] is the proportion of individuals belonging to a specific species determined by dividing the count of individuals from that species (n) by the total number of individuals observed (N) following Simpson (1949).

The species evenness was calculated using the Pielou evenness index using.

[image: Dp equals H divided by the natural logarithm of s.]

where H is the Shannon index, and S is the total number of species (Pielou, 1969).

Species richness was calculated using the Margalef Index.

[image: Formula for Menhinick's richness index: D subscript Mg equals open parenthesis S minus 1 close parenthesis divided by natural logarithm of N.]

where S is the total number of species, N is the total number of individuals, and ln is the natural logarithm (Margalef, 1958). The data for herb, shrub, and tree components were pooled to perform the above computations. Apart from the plant diversity estimate, the Margalef Index was also used to estimate the livestock diversification index (Mekuria and Mekonnen, 2018). Whether the difference between variables of HGs of different socio-ecological types was statistically significant was tested by ANOVA followed by the Duncan multiple range test (George and Christopher, 2020). The Sorenson test of similarity (S.I.) using.

[image: Mathematical formula showing S.I. equals twenty-one times one hundred divided by the sum of two times a plus b.]

where L is the number of species two samples have in common, a is the number of species in the first sample, and b is the number of species in the second sample was used to find the similarity between HG of different ethnicities and different SEZs. Furthermore, cluster analysis was performed on the variables Shannon Index and Livestock Diversification Index. In addition, regression and correlation coefficients were derived to understand the relationship between different variables. All the data analysis is performed in R, Excel, OriginPro2023, and PAST software.




3 Results


3.1 Structural characteristics of HGs located in different SEZs

There was a preponderance of HGs in all the SEZs evaluated (Table 1). However, a large variation in size and main purpose was noticed. The preference for different crop types based on the dominant features of the SEZs and the cultural and economic background of the respondents led to four major types of HGs in the study area. The PA-type HG, which were mostly documented from the PA, were HGs with usually large sizes (>0.5 ha) often incorporating plantation species. Here, the size ranged from 0.07 ha to 1.806 ha. These HGs also had the highest number of stems of plants greater than 10 cm DBH. In addition, they had the maximum land, i.e., 53% devoted to plantation crops like Areca catechu, Hevea brasiliensis, and Camellia sinensis, and 47.73% of HG in the PA also had ponds with as many as five varieties of fish. The majority of HGs reported here are old HGs (age > 40 years) and had designated spaces allotted to vegetables, ornamentals, plantation species, and ponds. Intercropping species like pineapple (Ananas comosus) with lemon (Citrus limon) and Areca catechu was fairly common. Seventy-nine percent of HGs had bamboo species, with almost 50% of HGs having more than one species of bamboo. Often, bamboo was planted at the end of HGs, connecting them to the field. These HGs also had a sizeable number of livestock (and a high livestock diversification index) and were also more commercialized. The major characteristics and composition of these HGs are shown in Figures 2A, 3A,B.



TABLE 1 General characteristics of villages in the study site.
[image: Table displaying socio-ecological zones and village data, including dominant communities, average agricultural areas, dominant features, annual incomes, and major income sources across four zones: Protected Area, Riverine, Rural Market, and Tea Estate. Each village's listing shows varied agricultural areas, features like national parks or river banks, income data, and income sources such as farming, home gardening, service, and tea estate work.]

[image: Diagram illustrating four different cropping models featuring various arrangements of agricultural components around a central home. Each model includes elements such as bamboo, ponds, multilevel plantations with betelnut, vegetable and cereal crops, herbs, ornamental plants, spiritual plants, fruiting trees, fuelwood and fodder trees, woodstock, a post-harvest store, and a livestock shed. Each model (A, B, C, D) varies in the placement and combination of these components, demonstrating sustainable agricultural layouts.]

FIGURE 2
 Diagrammatic visualization of homegardens of different socio-ecological zones: (A) homegarden of protected area socio-ecological zone; (B) homegarden of rural market socio-ecological zone; (C) homegarden of tea estate socio-ecological zone; (D) homegarden of riverine socio-ecological zone.


[image: A. Small garden with young palm trees surrounded by dense vegetation and tall coconut trees.  B. Long, empty wooden shed with a tin roof next to a path.  C. Overgrown garden area with banana trees.  D. Two people working in a field, one wearing yellow, surrounded by greenery.  E. Pink orchid-like flowers with elongated blooms attached to a tree.  F. Tree densely covered with green foliage next to a fence.  G. Person in yellow standing in front of a neatly trimmed hedge and house.  H. Wooden chicken coop with a tin roof and chickens in a dirt enclosure.]

FIGURE 3
 Representation of general characteristics of homegardens: (A,B) large plantation spaces and multiple livestock shed in HG of PA; (C,D) vegetable species cultivation as dominant feature of riverine HG; (E,F) cultural species, i.e., orchid and GI-tagged litchi in RM HG; (G,H) TE HG being small in size support small livestock species and fencing plants.


The RI type HG majorly documented from the RI SEZs were the ones that were more prone to floods (almost 60 days), had large variations in size (ranging from 0.013 ha to 0.67 ha), often had less livestock reared, and had more preference for vegetable cultivation. Although the RI zones were vulnerable and prone to floods, homegardening was enthusiastically pursued by the farmers in this zone. In RI HG, the maximum land is for vegetable cultivation (51%). The major vegetables cultivated were okra (Abelmoschus esculentus), brinjal (Solanum melongena), potato (Solanum tuberosum), radish (Raphanus sativus), cabbage (Brassica oleracea), and cauliflower (Brassica oleracea) as shown in Figures 2D, 3C,D. In the RI zones, apart from the HGs attached to the household, the cultivation was also carried out in the Char (floodplain sediment island) areas. The most widely cultivated plants on the Char lands were jute (Corchorus olitorius), vegetables, and black lentil (Vigna mungo).

The RM type HG had a relatively average size ranging between 0.013 ha and 0.47 ha, and since RM SEZs are multigenerational old (as they are among the oldest habituated areas in the study site), even though they are reduced in size, they represent high cultural values, and they seem to have the highest concentration of culturally important species like Orchid Rhynchostylis retusa (Kopu Ful; Figure 3A); GI-tagged Citrus limon (Kaji nemu); and Litchi chinensis Sonn (Lichu; Figure 3F). In addition, almost 56% of the HGs had more than three varieties of banana. Most common among them were Musa chinensis (Jahaji Kol), Musa champa (Cheni-champa Kol), Musa assamica (Malbhog Kol), Musa paradisiaca (Kach Kol), and Musa gigantea (Bhim Kol). These all play important roles in Assamese cuisine. Vegetable cultivation and plantation were allotted approximately the same extent of land in rural market-based HG, i.e., 45 and 47%, respectively, as shown in Figure 2B. Ponds are present in 21% of RM HGs. In addition to being most proximate to the market, the species diversity was also very dominated by ornamental species.

The TE type HG was the HGs mostly documented among the TE workers were smaller (size <0.03 ha), ranging from 0.013 to 0.134 ha, had few tree species, mostly ornamental, fruit, and vegetable species, and had small places for worship and poultry or small avian species (67% of HGs) reared for meat and eggs; however, the number of large cattle reared were few (15%). In TE-based HGs, the maximum area was used for vegetable and ornamental plant cultivation, as shown in Figure 2C. Ponds were present in less than 5% of HGs in TEs. Since the homegardening area was small, it was therefore judiciously used for ornamental and vegetable cultivation, along with scattered tree species for cultural values and subsistence (Figures 3G,H).

In addition, the mean HG age is found to be 59 years in PA HG, 45 in RI zones, 47.4 in HGs adjacent to RMs, and 34.5 in the TEs. In addition, though the average age of HGs does not seem to be significantly different (p > 0.005) in each SEZ, the oldest HG of 110 years was reported from the RM locations, and the youngest of 5 years was observed in the RI as well as RM types.



3.2 Plant species composition and diversity in HGs of diverse SEZs

The plant composition in the HGs of the PA was found to be very diverse, with an average number of plant species of 43 (range 26–75). The number of plant species was found in the order PA > RM > RI > TE. In addition, the total stems of plants greater than 10 cm DBH were highest in PA and were observed in the same order. Overall, 101 tree species were identified from HGs in the study area. Areca Catechu (betel nut) was the most frequently observed tree species in all SEZs. In addition, three major species of bamboo were observed in our study area, viz., Bambusa balcooa (Bhaluka Bah), Bambusa pallida Munro (Bijuli Bah), and Bambusa nutans (Mokal Banh). Sixty-four percent of HGs surveyed had one or more species of bamboo. Moreover, four varieties of bananas were found to be cultivated, and 76% of HGs were found to have at least one variety of banana. Although diverse functional groups of plants were observed, most of the plant species obtained in the HGs of each SEZ were food plants (36.6, 45.7, 35.8, and 36.5% in the HGs of PA, RI, RM, and TE, respectively). The species classified for food include vegetables, fruits, and other edible species. Figure 4 shows the distribution of plant species in different use categories and their distribution in corresponding SEZs.

[image: Stacked bar chart showing the percentage of average plant species across four areas: Protected Area, Riverine, Rural Market, and Tea Estate. Each bar is divided into categories: Food, Fuel Wood Tree, Ornamental, Medicinal, Timber Tree, Fodder Tree, and Bamboo. Food has the highest percentage in all areas with Protected Area at 36.6% and Riverine at 45.7%. Other categories vary, with Timber Tree having lower percentages, such as 11.3% in Riverine and 10.1% in Rural Market. Bamboo has the smallest percentage across all areas.]

FIGURE 4
 Use category of different plant species in homegarden of different socio-ecological zones.


The statistical distribution of plant species diversity observations in the HG of different villages in diverse SEZs is depicted in Table 2. The Shannon diversity index was estimated to be highest at 1.48 in TE HGs and 1.44, 1.39, and 1.09 in HGs of RI, RM, and PA HG, respectively. The Simpson diversity index was also estimated at the highest values of 0.66 in TEs HG and 0.62, 0.51, and 0.45 in RI, RM, and PA HGs, respectively. The Margalef index was highest at 2.76 in RM and 2.58, 2.57, and 2.39 in TEs, RI, and PA HG, respectively. The Evenness index was highest at 0.70 in TE and 0.61, 0.40, and 0.31 in RI, RM, and PA HG, respectively. Table 2 shows that diversity indices, i.e., Shannon, Simpson, Margalef, or Evenness, were significantly different in each SEZ. However, there were no significant differences among the villages in the same SEZs except for those villages in the TE or RM.



TABLE 2 Socio-ecological zone-wise average diversity indices in homegardens.
[image: Chart displaying various indices across different socio-ecological zones and villages: Protected Area (PA), Riverine (RI), Rural Market (RM), and Tea Estate (TE). Indices include Shannon Index, Evenness, Simpson, Margalef, and Livestock Diversity Index (Margalef). Each zone lists village names with corresponding index values and F-values. Statistical significance is indicated by different symbols. Statistical notes are provided below the chart, explaining the ANOVA with post-hoc Tukey test.]



3.3 Livestock composition and diversity index

Livestock formed the most important part of 68% of all HGs surveyed; if we also take into consideration poultry farming and rearing avian birds for eggs and meat, this number becomes 85%. The common livestock observed in the field were Bos taurus (cattle), Bubalus bubalis (buffalo), Capra aegagrus hircus (goat), Sus scrofa domesticus (pig), and Ovis aries (sheep). In birds rearing for meat and eggs, the common birds reared were Gallus gallus domesticus (chicken), Anas platyrhyncos (ducks), and Columba livia (domestic pigeon). In addition, 20% of the homegardeners had more than one large animal. The highest average livestock variety and numbers were found in the HGs of PA (range 3–16) and least in the HGs of TE (range 1–3), shown in Table 2. A total of 21.87% of HG had a pond with an average of three fish varieties and a maximum of six varieties. The most common of them are Rohu (Labeo rohita), Catla (Catla catla), Mrigal carp (Cirrhinus cirrhosis), and Bariala (Aspidoparia morar). The SEZ with the highest number of ponds attached to HG is the PA (47.73%). The HG in the study area also reportedly had quite a high average livestock diversity index (0.67), and the PA had the highest (1.04) as shown in Table 3. Often, fodder tree species like Gmelina arborea Roxb were found to be cultivated in the HG to meet the requirements of this livestock. In addition, a small, outside, separated kitchen-like space was found to be present in almost all HGs where the food for livestock was prepared. For preparing the fodder, the fuelwood tree species cultivated in the HGs were used. Table 3 gives the agrobiodiversity distribution in different villages of diverse SEZs. The Sorenson similarity index among different SEZs for plant and livestock diversity was found to be highest between the HGs of the PA and RM (0.82) and least between the HGs of the TE and RI areas (0.58).



TABLE 3 Socio-ecological zone-wise average agrobiodiversity distribution in the study site.
[image: A table presents data comparing various socio-ecological zones: Protected Area (PA), Riverine (RI), Rural Market (RM), and Tea Estate (TE). It includes villages with metrics such as the number of stems per garden, mean number of plant species per garden, trees per hectare, average size of home gardens, average age of home gardens, and average number of livestock. F-values are calculated within each zone and across zones, indicating statistical significance. ANOVA with post-hoc Tukey test results are shown, with specific annotations for significance levels: * not significant, ** significant at 0.01, *** significant at 0.001.]



3.4 HG composition and type among different ethnic and linguistic groups

In total, we encountered HG of eight linguistic and ethnic groups in the study region: the Assamese, Bodo, Bengali, Hindi Speaking, Mishing, the Gorkhalis, the Tea Tribes or Adivasis (staying outside the TEs), and the Tea Garden Workers (staying inside the TEs). Except for two SEZs, which were dominated by one ethnic group, others were more heterogeneous. The RM area is dominated by Assamese, the TE area is found to be dominated by the tea tribe, and the PA and RI are found to be dominated by a mixture of tribal and non-tribal groups. The largest size of HG was found to be in the Mishing tribe-managed HGs (0.268 ha) and the smallest size was found in the HGs of tea tribes (0.013 ha). The oldest unaltered HG was found in the RM (110 years) in the Assamese household, and the youngest HG was also found in the same zone among the Assamese household (5 years).

The average diversity indices among different ethnic and linguistic groups are shown in Table 4. The Shannon diversity index was found to be highest at 1.56 for the tea tribe. The average Simpson diversity index was also 0.66, with the highest for the tea tribe and the lowest 0.48 for Bengali. The Margalef Index was found to be highest at 3.01 for Adivasi and lowest at 2.43 for the Bengali linguistic group. This tendency to have high diversity indices in TE HG could be because there is no scope for planting plantation species because of their small size. This could be further verified from the observation that though diversity indices are higher for HGs of the tea tribe, the number of plant species observed is the least there (28).



TABLE 4 Ethnicity-wise average agrobiodiversity distribution in the study site.
[image: Table comparing various variables across different ethnic groups: Adivasi, Assamese, Bodo, Bengali, Hindi speaking, Mishing, Gorkhali, and Tea estate workers. Variables include area, HG income, livestock variety, Shannon index, Simpson index, livestock number, LDI, mean number of plant species per garden, number of stems per garden, and trees per hectare. Values for each variable vary by group, indicating diversity in land use, income, biodiversity, and plant species distribution among the communities.]

The highest mean number of plant species was found in the HGs maintained by Mishing Tribe (51) followed by Bodo Tribe (42), Assamese (41), Gorkhali (40), and Adivasi (33). The highest average variety (up to 4) and several livestock (up to 8) were found to be reared in Mishing HGs. Bos taurus and Capra aegagrus hircus were found to be raised in HGs of all communities, whereas Sus scrofa domesticus was mostly reared in the tribal communities, i.e., Bodo and Mishing HGs. For poultry and bird rearing, it was noticed that Anas platyrhyncos and Columba livia were predominantly reared in the Assamese HGs, and another form of small poultry was predominantly observed in the TE HGs. Though big livestock was comparatively fewer in the TE HGs, however, they had small birds and poultry more frequently. HG age is often reported as an important characteristic that tells about diversity, usage trends, and carbon stock. The highest Sorenson similarity index among plant species of HGs of an ethnic group is between Mishing and Bodo (0.78) and the lowest between Tea Tribe and Mishing (0.41). The comparative difference in these parameters among diverse ethnic groups is shown in Table 4.



3.5 HGs as the site of conservation of endangered as well as cultural species

HGs as an important site for the conservation of both floral and faunal diversity have been mentioned in the literature (Sharma et al., 2022). Similar to the HG study (Das and Das, 2015; Barbhuiya et al., 2016), we found the critically endangered species Agarwood (Aquilaria malaccensis) to be frequently cultivated in the HGs in all three SEZs except TEs. In addition, the endangered tree species Livistona jenkinsiana Griff (Fan palm) and Mesua ferrea L. (Cobra saffron) were observed. The IUCN-vulnerable species like Canarium strictum Roxb (Black Dhup) was also observed.

Apart from these tree species, many culturally important species like the Orchid Rhynchostylis retusa (Kopo ful; Figure 3E), a very commonly used plant for the Bihu festival (majorly by the Assamese family), Euphorbia splendens (Bathou), a very auspicious tree for the Batho religion (majorly of Bodo people), and Citrus limon (frequently used in Assamese cuisine) were frequently observed. This is similar to literature that mentions HGs as the site for the conservation of culturally important species (Galluzzi et al., 2010).

In addition, unique management practices were observed in the HGs, some of them being the use of homemade biopesticide and fertilizer, mixed cropping, and the use of indigenous seeds. Moreover, the majority of knowledge exchanges for plant species selection and techniques of homegardening were family- or community-based. Only 7% of homegardeners reported having received any formal training.




4 Discussion

The findings that HGs were found to be unanimously distributed along the SEZs identified in the study site are consistent with the findings of Barua et al. (2019). They reported that a large majority of households in rural Assam (≈85%) have HGs. The results of the study reflect that the HGs of Brahmaputra Valley are important reserves of plant and livestock agrobiodiversity conservation. This further strengthens the conjecture that HGs worldwide are indeed an important reserve of plant and agrobiodiversity (Galluzzi et al., 2010; Tynsong and Tiwari, 2010). Moreover, the number of standing stock observed in the HG of the study site was quite larger than the HGs of Barak Valley in Assam (Das and Das, 2005) but was lesser than the HGs of Kerala (Kumar, 2023) and Brahmaputra Valley, Assam (Dutta et al., 2023). The lower number could be because of the smaller size classes of trees and shrubs sampled; e.g., in this study, trees and shrubs greater than 10 cm DBH were sampled, while Kumar (2023) sampled trees and shrubs above 5 cm DBH. In addition, the values of diversity indices reflect low diversity (average Shannon index = 1.35) compared to HG plant diversity being mentioned in other parts of the world and even in Brahmaputra Valley, Assam (average Shannon index = 3.48; Dutta et al., 2023). This could be because there is a trend of commercialization incorporating plantation species, especially in the HGs of PA and RM. Moreover, if we compare the species composition, the food plants consisting of vegetables, pulses, cereals, and fruiting trees were most cultivated; this is similar to HGs in different parts of the world where the maximum number of cultivated plants were for food (Vlkova et al., 2011; Panyadee et al., 2018; Whitney et al., 2018). Even in the HGs. of Assam, the food species are most commonly cultivated (Das and Das, 2005). Livestock formed an important part of all HG studies. HGs in this study also had a high livestock diversity index as well as a high livestock number. Livestock forms a very important food source for millions of people around the world, and a large amount of land and resources are often required to manage them; hence, the promotion of natural agrosilvopastoral systems like HG could help in achieving sustainability (Leroy et al., 2022).

Table 5 gives a comparative analysis of HGs at our sites with those reported in the literature. From this table, we can conclude that the features of HGs observed at the study site were similar to those reported in the literature.



TABLE 5 Comparative assessment of homegardens observed in the field to that reported in the literature.
[image: A table compares general practices for home gardens in literature and field observations. It covers seven characteristics: size, structure, species type, species density, production objective, harvest frequency, technology, and skills. Each row presents details from the literature and field observations, noting variations such as median area sizes, species diversity and density, production objectives, harvest patterns, technology use, and skill levels. Observations indicate more diverse species and a trend towards commercialization. Only a small percentage of people have formal training in home gardening skills.]

In addition, aligned with our hypothesis, we found that PA HG is larger with high plant and livestock species. The largest size of HGs reported from the PA is also similar to that in the literature that reports the largest size of HGs from the indigenous communities, with sizes ranging from 0.045 ha to 3.517 ha (Pinho et al., 2011; Barbhuiya et al., 2016), whereas the size of HGs reported from other SEZs is not that large (Murrieta and WinklerPrins, 2009; Panyadee et al., 2016). As expected, in the RI HG, more focus was on seasonal crops and the cultivation of species that are more flood-resilient. The RI HGs observed in the field are similar to those mentioned earlier in the literature of Assam, where the maximum proportion is of vegetable species (Boruah, 2007); also, they are similar to the HGs of the Amazonian Caboclo Community, which, though smaller in size, had a significant contribution to the cultural and food needs of the community. Though these HGs are periodically washed away by floods, the community again builds them back (Murrieta and WinklerPrins, 2009).

The RM HG, as expected, is on the pedestal of both being ancient and modern and is the traditional HG that needs maximum conservation. These HGs were similar to peri-urban HGs reported from Beijing, which reported the highest number of ornamental and culturally important species (Clarke et al., 2014). The characteristics of the TE HG observed highlight that, despite being smaller in size, the HG could act as an important locus for the cultivation of chosen food and fruit species, highlighting its importance in both food security and food sovereignty. Though these TE workers’ HGs are rarely mentioned in the literature, some studies mention the plant composition (fencing plants) used in the HGs of TEs in Assam (Borkataki et al., 2008). The size and number of plant species present in the HG varied significantly (p<0.05) with both ethnicity and among diverse SEZs (Figures 5A,B).

All HG ages observed in the field except for those in the TE were found to be in the category of old HGs (Pinho et al., 2011). Often, the older HGs are described as the heralds of biodiversity conservation and carbon stocks (Kassa et al., 2022). Even from the field, we found that HG age was directly correlated with HG plant diversity (r2 = 0.73; Figure 5C). In addition, the finding that both the youngest and oldest HG are present in the RM could be because the RM is among the oldest habituated areas in the study site, hence the probability of having older gardens, but also since the commercialization and urbanization-based land fragmentation are very fast in these regions, the land holding size is decreasing. Though HG in the PA area demonstrated high livestock numbers and variety, other SEZs also demonstrated a fair share of livestock numbers and diversity.

[image: Scatter plots and a correlation matrix analyze the relationship between home garden (HG) age and plant species diversity. Chart A categorizes by socio-ecological zones; Chart B, by ethnicity. Points represent HG size. Chart C is a correlation matrix with variables like HG age, size, plant species, livestock, and plantations indicated by circle size and color denoting strength and direction.]

FIGURE 5
 (A) Plot of HG age with total plant species in HG along different socio-ecological zones; (B) plot of HG age with total plant species among different cultural and ethnic groups; (C) correlation plot between HG variables among different socio-ecological zones.


In addition, the HG structure and diversity of plants and livestock varied among different ethnic groups. The highest number of plant species reported as 51 among the Mishing tribe is higher in number than 31.58 among the Sonowal Kachari tribe in Brahmaputra Valley (Dutta et al., 2023). The higher number of plant species in the HG of tribal communities as compared to non-tribal communities reflects the fact that tribal communities are still acting as the custodians of the conservation of agrobiodiversity (George and Christopher, 2020). However, there is an exception for tea tribe workers living inside tea estates because they have a very small area for homegardening. This suggests that HGs vary not only according to linguistic or ethnic groups, but that the total SEZ features influence them more.



5 Challenges and future trends in homegardening

Though the HG in each SEZ and ethnicity was different, in each scenario they are playing a significant role in agrobiodiversity conservation. However, the structure and pattern of agrobiodiversity in HGs of all SEZs and ethnicity are undergoing major changes, with the focus being on commercialization. Almost 70% of HG surveyed had Areca Catechu plantation objectives, and 5% of HG have been converted into small-scale tea plantation units. This trend of commercialization observed was similar to those reported in Indonesian homegardens (Abdoellah et al., 2020), where cultivation of commercial crops is becoming more common. Moreover, all homegardeners in the study site seek government and institutional support for better management of their HGs. The major challenges faced by homegardeners in the study site are represented in Figure 6. We can see that almost all SEZs have the major challenge of human–wildlife conflict. This is similar to a study by Yashmita-Ulman et al. (2020), which reported that traditional HGs in the Sonitpur district are at the receiving end of the negative impacts of the human–wildlife conflict. It was also reported that though in other agroforestry systems, the wild animals were killed for meat, in HGs they are mostly chased away (82%; Yashmita-Ulman et al., 2020). Hence, homegardeners can further be given incentives to promote coexistence with wild animals. In this way, HGs could also act as a conservation hotspot for wildlife. In addition, the development of market access to the products of these homegardeners and value addition to these products can strengthen the livelihood opportunities of homegardeners (Sharma et al., 2022). The result highlighting characteristic differences observed in HG among different SEZs and ethnicities in this study suggests HG could be an important contributor toward food sovereignty.

[image: Bar chart showing major challenges in homegardening across different categories: low market access, seeds/fertilizers, human-wildlife conflict, pests, land issues, unpredictable weather, labor shortage, water shortage, stray animals, and flood water. Challenges are compared across four types of areas: Protected Area (blue), Riverine (orange), Rural Market (gray), and Tea Estate (yellow). Human-wildlife conflict and land issues are prominent challenges, particularly in Rural Market and Tea Estate areas.]

FIGURE 6
 Major challenges in homegardening.




6 Conclusion

The result of this study highlights that HG in the study site is indeed acting as a high agrobiodiversity hotspot. The study also further strengthens the premise that HGs are a classic example of a diversified and integrated agricultural system. Moreover, though plant and livestock diversity was found to be characteristically different in HGs of different SEZs and ethnicities, the common component among all of them was the high emphasis given on the food species. These results are crucial at a time when the search for sustainable food systems is being given high priority. Promoting an integrated and conservation agricultural system like HG can be a win–win situation for all. However, more studies are required to understand how these differences in agrobiodiversity and management practices in different SEZs and ethnicities can influence the potential of HGs to enhance food security in the region. Furthermore, incentives should be provided for the conservation of traditional HGs. In addition, institutional support is crucial for mitigating the challenges observed by the homegardeners. In addition, a major trend of commercialization was observed in the homegardens; the impact of this commercialization on agrobiodiversity and food security can be the subject of further study.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

Ethical review and approval were obtained for the study on human participants in accordance with institutional ethics review board of Jawaharlal Nehru University (Reference No: 2022/Ph.D Student/329) and also District Collector of Sonitpur district (Order No: SMJ.29/Misc./2020/244). Furthermore, the consent was also taken from the individual respondent participating in the study.



Author contributions

RS: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Software, Visualization, Writing – original draft, Writing – review & editing, Project administration. UM: Conceptualization, Investigation, Methodology, Project administration, Supervision, Writing – review & editing, Resources, Validation. AD: Investigation, Supervision, Validation, Writing – review & editing, Resources. BK: Formal analysis, Supervision, Validation, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. RS would like to express her gratitude to the Ministry of Human Resource Development, Government of India, for providing her with a Prime Minister Research Fellowship (PMRF ID: 3400685) for her PhD work.



Acknowledgments

The author is also grateful to all the homegardeners and gaon buras who allowed us to study their homegardens. The author is also very thankful to the District Commissioner, Sonitpur District, who allowed her to conduct this study smoothly in all socio-ecological zones of the district. The author would also like to especially thank Ramesh Sharma, Research Associate, ISB, Hyderabad (currently affiliated), and Anurag Verma, TERI, Delhi, for valuable insights for statistical analysis and constructive feedback.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References
	 Abdoellah, O. S., Schneider, M., Nugraha, L. M., Suparman, Y., Voletta, C. T., Withaningsih, S., et al. (2020). Homegarden commercialization: extent, household characteristics, and effect on food security and food sovereignty in rural Indonesia. Sustain. Sci. 15, 797–815. doi: 10.1007/s11625-020-00788-9
	 Ahmmed, F., and Hossain, M. I. (2016). A study report on working conditions of tea plantation workers in Bangladesh. Dhaka: ILO: International Labour Organization, 7–20.
	 Assam, G. O. (2022). Geography of Sonitpur. Available at: https://sonitpur.assam.gov.in/about-us/geography [Accessed 26-11-2023].
	 Avilez-López, T., Van Der Wal, H., Aldasoro-Maya, E. M., and Rodríguez-Robles, U. (2020). Home gardens’ agrobiodiversity and owners’ knowledge of their ecological, economic and socio-cultural multifunctionality: a case study in the lowlands of Tabasco, México. J. Ethnobiol. Ethnomed. 16, 1–13. doi: 10.1186/s13002-020-00392-2
	 Barbhuiya, A. R., Sahoo, U. K., and Upadhyaya, K. (2016). Plant diversity in the indigenous home gardens in the eastern Himalayan region of Mizoram, Northeast India. Econ. Bot. 70, 115–131. doi: 10.1007/s12231-016-9349-8
	 Barua, J. P., Ahmed, A. A., Gogoi, S., Pathak, S., and Hatibarua, P. (2019). Baree the home garden of Assam. Kahikuchi, Guwahati: Assam Agricultural University.
	 Berkes, F., Folke, C., and Colding, J. (2000). Linking social and ecological systems: Management practices and social mechanisms for building resilience. Cambridge, United Kingdom: Cambridge University Press.
	 Borkataki, S., Chutia, M., and Borthakur, S. (2008). Ethnobotany of biofencing among teagarden and ex-teagarden communities of Nagaon district of Assam. Indian Journal of Traditional Knowledge (IJTK).
	 Boruah, N. (2007). “Rivers and riverine settlements: Interface of environment and emerging agrarian society in early Assam,” in Proceedings of the Indian history congress. JSTOR. 68, 66–80.
	 Brownrigg, L. (1985). Home gardening in international development: what the literature shows. Washington, DC: The League for International Food Education.
	 Campbell, J. B., and Wynne, R. H. (2011). Introduction to remote sensing. New york: Guilford press.
	 Census (2011). Census of India 2011 provisional population totals. New Delhi: Office of the Registrar General and Census Commissioner.
	 Chaturvedi, R., Das, B., Banerjee, S., and Bhattacharjee, C. R. (2021). Groundwater quality characterization of North Brahmaputra Basin using positive matrix factorization. Proceedings of the national academy of sciences, India Section A: Physical Sciences 91, 393–404. doi: 10.1007/s40010-020-00712-x
	 Clarke, L. W., Li, L., Jenerette, G. D., and Yu, Z. (2014). Drivers of plant biodiversity and ecosystem service production in home gardens across the Beijing municipality of China. Urban Ecosyst. 17, 741–760. doi: 10.1007/s11252-014-0351-6
	 Corvar, L. (1974). Data gathering by social survey. Quezon City: Social Science Council Inc., 272.
	 Das, T., and Das, A. K. (2005). Inventorying plant biodiversity in homegardens: a case study in Barak Valley, Assam, north East India. Curr. Sci. 89, 155–163.
	 Das, T., and Das, A. K. (2015). Conservation of plant diversity in rural Homegardens with cultural and geographical variation in three districts of Barak Valley, Northeast India 1. Econ. Bot. 69, 57–71. doi: 10.1007/s12231-015-9299-6
	 Debnath, J., Sahariah, D., Lahon, D., Nath, N., Chand, K., Meraj, G., et al. (2023). Geospatial modeling to assess the past and future land use-land cover changes in the Brahmaputra Valley, ne India, for sustainable land resource management. Environ. Sci. Pollut. Res. 30, 106997–107020. doi: 10.1007/s11356-022-24248-2 
	 DOTTAA. (2023). List of Tea Garden at Assam. Tea Tribes and Welfare Department,Govt. of Assam. Available at: https://ttwd.assam.gov.in/frontimpotentdata/list-of-tea-garden-at-assam [Accessed 14-12-2023 2023].
	 Dutta, M., Deb, P., and Das, A. K. (2023). Factors shaping plant diversity in traditional agroforestry system of dominant ethnic communities of upper Brahmaputra valley regions of Northeast India. Agrofor. Syst. 97, 727–738. doi: 10.1007/s10457-023-00823-5
	 EURAF. (2021). European Agroforestry Federation. Available at: https://euraf.isa.utl.pt/news/policybriefing2, [Accessed 10-07-2021].
	 FAO. (2004). Building on gender, agrobiodiversity and local knowledge. 00100 Rome, Italy. Available at: www.fao.org/sd/links [Accessed 2–12 2023].
	 FAO. (2015). Agroforestry. Available at: https://www.fao.org/forestry/agroforestry/80338/en/ [Accessed 21 June 2021].
	 FAO (2019). The state of the world’s biodiversity for food and agriculture. Rome, Italy: Food and Agriculture Organization of the United Nations (FAO).
	 Galhena, D. H., Freed, R., and Maredia, K. M. (2013). Home gardens: a promising approach to enhance household food security and wellbeing. Agric. Food Secur. 2, 1–13. doi: 10.1186/2048-7010-2-8
	 Galluzzi, G., Eyzaguirre, P., and Negri, V. (2010). Home gardens: neglected hotspots of agro-biodiversity and cultural diversity. Biodivers. Conserv. 19, 3635–3654. doi: 10.1007/s10531-010-9919-5
	 George, M. V., and Christopher, G. (2020). Structure, diversity and utilization of plant species in tribal homegardens of Kerala, India. Agrofor. Syst. 94, 297–307. doi: 10.1007/s10457-019-00393-5
	 GOA. (2023). River system of Assam. Water Resources, Government of Assam. Available at: https://waterresources.assam.gov.in/portlet-innerpage/brahmaputra-river-system [Accessed 26-11-2023].
	 IFPRI (2021). Global food policy report: Transforming food systems after Covid-19. Washington, Dc: International Food Policy Research Institute (Ifpri).
	 Kar, R. (1984). Labour pattern and absenteeism: a case study in tea plantation in Assam, India. Anthropos. 79, 13–24.
	 Kassa, G., Bekele, T., Demissew, S., and Abebe, T. (2022). Above-and belowground biomass and biomass carbon stocks in homegarden agroforestry systems of different age groups at three sites of southern and southwestern Ethiopia. Carbon Manag. 13, 531–549. doi: 10.1080/17583004.2022.2133743
	 Kumar, B. M. (2023). Do carbon stocks and floristic diversity of tropical homegardens vary along an elevational gradient and based on holding size in Central Kerala, India? Agrofor. Syst. 97, 751–783. doi: 10.1007/s10457-023-00821-7 
	 Kumar, B. M., and Nair, P. R. (2004). The enigma of tropical homegardens. Agrofor. Syst. 61, 135–152. doi: 10.1007/978-94-017-2424-1_10
	 Kumar, B. M., and Nair, P. K. R. (2006). “Introduction” in Tropical Homegardens: A time-tested example of sustainable agroforestry (Dordrecht: Springer Netherlands).
	 Leroy, F., Abraini, F., Beal, T., Dominguez-Salas, P., Gregorini, P., Manzano, P., et al. (2022). Animal board invited review: animal source foods in healthy, sustainable, and ethical diets–an argument against drastic limitation of livestock in the food system. Animal 16:100457. doi: 10.1016/j.animal.2022.100457 
	 Mahanta, T. G., Mahanta, B. N., Gogoi, P., Dixit, P., Joshi, V., and Ghosh, S. (2015). Prevalence and determinants of anaemia and effect of different interventions amongst tea tribe adolescent girls living in Dibrugarh district of Assam. Clinical Epidemiol. Global Health 3, 85–93. doi: 10.1016/j.cegh.2014.07.003
	 Mahato, R., Nimasow, G., Nimasow, O. D., and Bushi, D. (2021). Assessing the tropical forest cover change in northern parts of Sonitpur and Udalguri District of Assam, India. Sci. Rep. 11:11170. doi: 10.1038/s41598-021-90595-8 
	 Margalef, R. (1958). “Temporal succession and spatial heterogeneity in natural phytoplankton,” in Perspectives in marine biology. ed. A. Buzzati-Traverso (Berkeley: University of California Press), 323–350.
	 Marsh, R. (1998). Building on traditional gardening to improve household food security. Food Nutr. Agric. 4–14.
	 Mattsson, E., Ostwald, M., and Nissanka, S. (2018). What is good about Sri Lankan homegardens with regards to food security? A synthesis of the current scientific knowledge of a multifunctional land-use system. Agrofor. Syst. 92, 1469–1484. doi: 10.1007/s10457-017-0093-6
	 Mazumdar, S., and Mazumdar, S. (2012). Immigrant home gardens: places of religion, culture, ecology, and family. Landsc. Urban Plan. 105, 258–265. doi: 10.1016/j.landurbplan.2011.12.020
	 Mekuria, W., and Mekonnen, K. (2018). Determinants of crop–livestock diversification in the mixed farming systems: evidence from central highlands of Ethiopia. Agric. Food Secur. 7, 1–15. doi: 10.1186/s40066-018-0212-2
	 Mitchell, R., and Hanstad, T. (2004). Small homegarden plots and sustainable livelihoods for the poor. FAO LSP WP 11.
	 Murrieta, R., and Winklerprins, A. (2009). ‘I love flowers’: home gardens, aesthetics and gender roles in a riverine caboclo community in the lower Amazon, Brazil. Amazon peasant societies in a changing environment: Political ecology, invisibility and modernity in the rainforest, 259–277. doi: 10.1007/978-1-4020-9283-1_12
	 Nair, P. R. (1985). Classification of agroforestry systems. Agrofor. Syst. 3, 97–128. doi: 10.1007/BF00122638
	 Nair, P. R., Kumar, B. M., and Nair, V. D. (2021). An introduction to agroforestry-four decades of scientific developments. Switzerland: Springer.
	 NRSC (2019). Land Use / Land Cover database on 1:50,000 scale, Natural Resources Census Project, LUCMD, LRUMG, RSAA. Hyderabad: National Remote Sensing Centre, ISRO.
	 Ostrom, E. (2009). A general framework for analyzing sustainability of social-ecological systems. Science 325, 419–422. doi: 10.1126/science.1172133 
	 Panyadee, P., Balslev, H., Wangpakapattanawong, P., and Inta, A. (2016). Woody plant diversity in urban homegardens in northern Thailand. Econ. Bot. 70, 285–302. doi: 10.1007/s12231-016-9348-9
	 Panyadee, P., Balslev, H., Wangpakapattanawong, P., and Inta, A. (2018). Karen Homegardens: characteristics, functions, and species diversity. Econ. Bot. 72, 1–19. doi: 10.1007/s12231-018-9404-8
	 Pielou, E. C. (1969). An introduction to mathematical ecology. New York: Usa, Wiley-Inter-science.
	 Pilling, J. B. D. (2019). The state of the world's biodiversity for food and agriculture. Rome: FAO.
	 Pinho, R. C., Alfaia, S. S., Miller, R. P., Uguen, K., Magalhaes, L. D., Ayres, M., et al. (2011). Islands of fertility: soil improvement under indigenous homegardens in the savannas of Roraima, Brazil. Agrofor. Syst. 81, 235–247. doi: 10.1007/s10457-010-9336-5
	 Poot-Pool, W. S., Van Der Wal, H., Flores-Guido, S., Pat-Fernández, J. M., and Esparza-Olguín, L. (2012). Economic stratification differentiates home gardens in the Maya village of Pomuch, México. Econ. Bot. 66, 264–275. doi: 10.1007/s12231-012-9206-3
	 Ravindranath, N., Rao, S., Sharma, N., Nair, M., Gopalakrishnan, R., Rao, A. S., et al. (2011). Climate change vulnerability profiles for North East India. Curr. Sci. 101, 384–394.
	 Sehgal, J. M. D., Mandal, C., and Vadivelu, S. (1992). “Agro-ecological regions of India,” in National Bureau for Soil Survey and Land Use Planning, Second Edition. Nagpur, India: CABI Databases, NBSS Publication, 130 p.
	 Shannon (1963). The mathematical theory of communication. Urbana: Univ. of Illinois Press.
	 Sharma, R., Mina, U., and Kumar, B. M. (2022). Homegarden agroforestry systems in achievement of sustainable development goals. A review. Agron. Sustain. Dev. 42:44. doi: 10.1007/s13593-022-00781-9 
	 Simpson, E. H. (1949). Measurement of diversity. Nature 163:688. doi: 10.1038/163688a0
	 Soler, R., Peri, P. L., Bahamonde, H., Gargaglione, V., Ormaechea, S., Herrera, A. H., et al. (2018). Assessing knowledge production for agrosilvopastoral systems in South America. Rangel. Ecol. Manag. 71, 637–645. doi: 10.1016/j.rama.2017.12.006
	 Srivastava, S., Singh, T., Singh, H., Kushwaha, S., and Roy, P. (2002). Assessment of large-scale deforestation in Sonitpur district of Assam. Curr. Sci. 82, 1479–1484.
	 Torquebiau, E. (1992). Are tropical agroforestry home gardens sustainable? Agric. Ecosyst. Environ. 41, 189–207. doi: 10.1016/0167-8809(92)90109-O
	 Tynsong, H., and Tiwari, B. (2010). Plant diversity in the homegardens and their significance in the livelihoods of war khasi community of Meghalaya, north-East India. J. Biodiversity 1, 1–11. doi: 10.1080/09766901.2010.11884713
	 Vlkova, M., Polesny, Z., Verner, V., Banout, J., Dvorak, M., Havlik, J., et al. (2011). Ethnobotanical knowledge and agrobiodiversity in subsistence farming: case study of home gardens in Phong my commune, Central Vietnam. Genet. Resour. Crop. Evol. 58, 629–644. doi: 10.1007/s10722-010-9603-3
	 Whitney, C. W., Luedeling, E., Hensel, O., Tabuti, J. R., Krawinkel, M., Gebauer, J., et al. (2018). The role of homegardens for food and nutrition security in Uganda. Hum. Ecol. 46, 497–514. doi: 10.1007/s10745-018-0008-9
	 Wiehle, M., Goenster, S., Gebauer, J., Mohamed, S. A., Buerkert, A., and Kehlenbeck, K. (2014). Effects of transformation processes on plant species richness and diversity in homegardens of the Nuba Mountains, Sudan. Agrofor. Syst. 88, 539–562. doi: 10.1007/s10457-014-9717-2
	 Yashmita-Ulman, M. S., Kumar, A., and Sharma, M. (2020). Negative human-wildlife interactions in traditional agroforestry systems in Assam, India. J. Threatened Taxa 12, 16230–16238. doi: 10.11609/jott.5754.12.10.16230-16238


Copyright
 © 2024 Sharma, Mina, Devi and Kumar. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







 


	
	
ORIGINAL RESEARCH
published: 31 July 2024
doi: 10.3389/fsufs.2024.1412198








[image: image2]

The influence of soil types and agricultural management practices on soil chemical properties and microbial dynamics

Tanuja Poonia1, Madhu Choudhary1*, Manish Kakraliya1,2, Bharti Dixit1 and Hanuman Sahay Jat1,2


1ICAR-Central Soil Salinity Research Institute (CSSRI), Karnal, India

2ICAR-Indian Institute of Maize Research (IIMR), Ludhiana, India

Edited by
 Subhash Babu, Division of Agronomy, ICAR-Indian Agricultural Research Institute, India

Reviewed by
 Sunanda Biswas, Division of Soil Science and Agricultural Chemistry, Indian Agricultural Research Institute (ICAR), India
 Malu Ram Yadav, Sri Karan Narendra Agriculture University, India

*Correspondence
 Madhu Choudhary, madhucssri@gmail.com; madhu.choudhary@icar.gov.in 

Received 04 April 2024
 Accepted 15 July 2024
 Published 31 July 2024

Citation
 Poonia T, Choudhary M, Kakraliya M, Dixit B and Jat HS (2024) The influence of soil types and agricultural management practices on soil chemical properties and microbial dynamics. Front. Sustain. Food Syst. 8:1412198. doi: 10.3389/fsufs.2024.1412198
 

Soil provides essential nutrients for plant growth, but excess salts hinder development, making crops more vulnerable under climate change conditions. Soil microorganisms play a significant role in nutrient cycling. However, limited information is available on microbial behavior/community changes, and functional diversity in different soil types (normal, sodic, and highly sodic) and cropping systems [rice-wheat (RW); rice-wheat-mungbean (RWMb); maize-wheat-mungbean (MWMb)] and management practices in the north-western Indo-Gangetic Plains of India. We investigated the influence of different soil types on physical and chemical properties at the surface level (0–15 cm) in relation to soil microbial population, activities, and functional diversity, focusing on community-level physiological profiling (CLPP) under different agriculture systems. Seven treatment combinations of soil types, cropping systems, and management practices were evaluated. Soil pHs were found to be lower in zero-till (ZT)-based sodic soil than in conventional-till (CT) sodic soil. Soil organic carbon (SOC) (0.91 and 0.90%) content and available N (154.46 and 132.74 kg ha−1) were higher with the ZT-based system under normal (N) soils (ZT-RWMb-N and ZT-MWMb-N) than in CT-based normal soil (0.67 and 121.04 kg ha−1). Similarly, higher SOC and N (0.85 and 76.11 kg ha−1) were found under ZT management in sodic soils (S) than under CT management (0.73% and 121.05 kg ha−1). Substrate utilization (amino acids, amines, carbohydrates, carboxylic acids, phenolic compounds, and polymers) increased with the incubation period. During 0–120 h of incubation, the highest utilization of amino acids, amines, carboxylic acids, phenolic compounds, and polymers was observed for ZT-MWMb-S soils, while the lowest was recorded for ZT-MWMb-N soils. Under high salt conditions, soil enzymatic activities (dehydrogenase, acid phosphatase, alkaline phosphatase, etc.) declined significantly compared to normal soils, affecting soil chemical and physical conditions. Microbial population and enzyme activities decreased with increasing salt stress across all cropping systems. These findings suggest that adopting efficient crop management practices can help mitigate the adverse effects of soil salinity on microbial diversity and soil health, thereby enhancing sustainable agricultural productivity in salt-affected regions.
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1 Introduction

The escalation of salt-affected soils (SASs) over time is well-documented, with climate change further exacerbating this phenomenon. These soils pose significant challenges to crop production, leading to substantial agricultural yield losses and threatening food security. SASs encompass approximately 20% of cultivated land and 33% of irrigated agricultural lands worldwide (Srivastava and Kumar, 2015). The extent of salt-affected areas is expected to increase even further by 2050 due to the aggregating effects of climate change (Central Soil Salinity Research Institute, 2014). Salt concentration profoundly influences soil structure, infiltration rate, nutrient availability, and soil biodiversity, thereby regulating the microbial populations and enzymatic activities, which ultimately influence plant metabolic activities and growth (Wang et al., 2020; Mukhopadhyay et al., 2021; Choudhary et al., 2023). Globally, agriculture is facing the multiple challenges of meeting the food demands of a growing population from limited land resources. Addressing salinity issues and maximizing the productive use of SAS is imperative. In South Asia, saline areas are typically rain-fed, characterized by mono-cropping during the rainy season (July to October). The high evaporative demand and subsequent salt flux toward surface soil during the dry winter season restrict the feasibility of incorporating a second crop into the rotation. Experiments have demonstrated that in conjunction with conservation tillage, mulching, and deficit irrigation, the intensive cropping systems beyond rain-fed mono-cropping can increase profitability, improve soil health, and increase overall food production (Li et al., 2013; Mosaffa and Sepaskhah, 2019; Mutsamba et al., 2020).

The Indo-Gangetic Plains (IGP) of South Asia, spanning over 13.5 million hectares (Mha), are pivotal in sustaining the livelihoods of over 400 million people through the rice-wheat (RW) agricultural system (Kumar et al., 2018). Conventional tillage (CT) or farmer practices in the IGP have resulted in the overexploitation of groundwater, soil, and energy resources, impeding sustainable agricultural biodiversity and crop productivity (Choudhary et al., 2018a). Conservation agriculture (CA), built on minimum soil disturbance, crop rotation, and crop residue retention as soil cover, emerges as a sustainable approach to crop production. CA conserves soil and water resources while reducing input costs (Margenot et al., 2017; Jat et al., 2018, 2022) and also mitigates soil sodicity to some extent in the IGP (Jat et al., 2022). Maize and wheat crops are well-fitted and responsive to CA-based practices (Jat et al., 2020; Pooniya et al., 2021). A great potential exists to enhance both the yields and sustainability in the maize-wheat rotation (MWR) by integrating CA-based management practices. Research indicates that these practices contribute to improved initial crop establishment with greater input efficiency. Moreover, they create opportunities for timely seeding of both crops within the rotation, thereby leading to sustained yields without compromising the degradation of the natural resources (Jat et al., 2019b; Pooniya et al., 2022). The adoption of best management practices significantly improves crop yields while minimizing production costs and sodicity simultaneously (Suhas et al., 2017; Wang et al., 2017; Hawes et al., 2018; Jat et al., 2019b, 2022).

Under different research trials in reclaimed or partially alkali/sodic soils, CA practices showed potential for enhanced soil quality and reduced fertilizer nutrient use (Rezapour et al., 2013; Jat et al., 2018, 2019a,b, 2022; Choudhary et al., 2018b, 2020). Not only management practices but salt type and amount also influence soil properties and soil quality (Choudhary et al., 2023; Jat et al., 2023). To maintain the sustainability of the cropping system, especially under SASs, it is necessary to investigate how all of the soil properties under sodic soil interact with one another under different agriculture management practices. To know the effect of different management practices and other related factors on soil quality and health, studies of soil enzyme activities are used as these are very sensitive to any change in soil or its surrounding environment (Sumner and Naidu, 1998; Singh, 2016). The effect of any additive, amendment, or salt can be observed on soil biological properties before it is noticed on soil chemical or physical properties. Salt stress can be reduced by adopting CA-based practices in SASs. Changes in soil properties resulting from the adoption of CA practices can be studied by examining the microbial activities of that soil. Different CA-based management practices, such as crop residue mulching and efficient management practices, have the potential to increase crop yields with a lower risk of root zone salt stress. This is due to reduced salt loading, decreased evaporation, and improved water distribution. In the current scenario of climate change, it is necessary to develop alternative cropping systems with matching agronomic practices having a net effect of salt leaching for sustained productivity. Several studies have been conducted in isolation on the effect of agriculture management practices (Choudhary et al., 2022b; Khan et al., 2023; Mondaca et al., 2024) and also on the effect of salt concentration (Choudhary et al., 2023; Zhang et al., 2024) on soil microbial properties but the study on the agriculture management practices under SASs and their effect on soil functional diversity is untouched. Keeping agriculture management practices, different salt levels, and their effect on soil microbial properties especially on microbial functional diversity (CLPP) in mind the following objectives were set for this study: (1) to observe the effect of agriculture management practices (crop rotation, tillage, and residue management) on soil microbial community composition under normal and sodic soils; (2) to assess the relationship between soil chemical properties [EC, pH, organic carbon (OC), N, P, and K] and soil biological properties under normal and sodic soils.



2 Materials and methods


2.1 Experimental details and soil sampling

A study was conducted at the experimental farm of ICAR-Central Soil Salinity Research Institute, Karnal (29° 42″20.7′ N latitude, 76° 57″19.79′ E longitude), India (243 m above MSL). This region has a sub-tropical climate characterized by three distinct seasons, i.e., summer/Zaid with a hot and dry spell from April to June, a wet summer spell from July to September, and a cool and dry winter spell from October to March. The annual rainfall is 670 mm, 70–80% of which occurs from June to September through the southwest monsoon. The soil of the experimental field was silty loam in texture. The experiment consists of seven portfolios of different soil types (normal, sodic, and highly sodic) with varied management practices under three cropping systems [RW, rice-wheat-mungbean (RWMb), and maize-wheat-mungbean (MWMb)]. The details of these management scenarios are presented in Table 1. The experiment was conducted in a completely randomized block design (RCBD) with three replications. In this study, a portfolio of management practices has been evaluated under different management systems.



TABLE 1 Cropping system, tillage, crop establishment method, and residue management protocols under different scenarios.
[image: A data table comparing different agricultural treatments across several variables. Columns include Treatment, Crop rotations, Soil type, Tillage, Crop establishment method, and Residue management. Treatments encompass variations of rice-wheat and maize-wheat-mungbean rotations under different soil conditions such as normal and sodic. Tillage methods vary from conventional tilled to zero tillage. Crop establishment involves transplanting and drill seeding across different crops, with residue management ranging from full residue removal to retention and incorporation. Each treatment specifies unique combinations of these variables.]

In this study, soil samples were collected from these management scenarios at 0–15 cm soil depths after the harvest of rice in 2021 (after 9 years of zero tillage). The samples were categorized into seven groups based on the management practices and sodicity levels, as soil samples were collected from CT-RW as normal (CT-RW-N), sodic (CT-RW-S), and highly sodic (CT-RW-HS); from ZT-RWMb as normal (ZT-RWMb-N) and sodic (ZT-RWMb-S); and from ZT-MWMb as normal (ZT-MWMb-N) and sodic (ZT-MWMb-S). The details of management protocols are given in Table 1. Soil samples were divided into two parts. One part is for soil biological analysis, in which fresh soil samples were kept in a refrigerator at 4°C until the completion of analysis. The second part was air-dried in the shade, ground through a 2 mm size sieve, and then stored in plastic boxes for analysis of soil chemical properties.



2.2 Analysis of soil physicochemical and biological parameters


2.2.1 Analysis of chemical parameters

The standard procedures were used to determine the chemical characteristics of the soil samples. The electrical conductivity (ECe) of the extract of saturated paste and the soil pHs was measured by the procedure (USSL, 1954). The potassium (K+) content in a soil saturation extract was measured by a flame photometer (Walkley and Black, 1934; Bhargava, 2003). Oxidizable OC was quantified by the wet oxidation method (Subbiah and Asija, 1956). The available nitrogen (N) in soil was determined by the alkaline permanganate method (Olsen et al., 1954). The available phosphorus (0.5 M NaHCO3 extractable P) in soil was determined colorimetrically following the ascorbic acid reductant method as outlined by Lindsay and Norvell (1978). Available (DTPA-extractable) Fe, Mn, Zn, and Cu of the soil samples were estimated by using an atomic absorption spectrophotometer (AAS) following the method (Tabatabai and Bremner, 1969).



2.2.2 Analysis of biological parameters

The collected soil samples were examined for enzyme activities, microbial colony counts, and CLPP. The dehydrogenase activity was calculated in accordance with Moeskops et al. (2010) description. Phosphatase activities in soils were assayed by the method described by Garau et al. (2007) which involves the determination of p-nitrophenol released by incubation at 37°C for 1 h of 1 g soil with 0.25 mL of toluene, 4 mL of universal buffer, and 1 mL of 5 Mm substrate. For bacterial and fungal colony counts, the serial dilution method was used as described (Choudhary et al., 2018a). For the CLPP analysis, 10 g of soil was homogenized in a rotary shaker after being suspended in 100 mL of 50 mM phosphate buffer (pH 7.0). After the suspension had settled, the supernatant was transferred into tubes. After that, the tubes were centrifuged twice for 5 min at 5000 rpm at room temperature. From the tubes, 150 μL of supernatant was inoculated into 96 wells of BiOLOG Eco Plates (BiOLOG, Hayward, CA, United States) and kept in the dark at room temperature. The absorbance was measured with a microplate reader using the Biolog Micro Station every 24 h for 120 h at 590 nm wavelength. The 31 carbon sources and the control well (water) were in triplicate in the 96 well systems of the BiOLOG Eco Plates. For CLPP, different parameters were calculated by using the optical density (OD) values of the wells of BiOLOG Eco Plates (Garau et al., 2007; Feigl et al., 2017), with the following equations (1–6):

[image: Equation for average well color development (AWCD) equals the sum of optical density values OD sub i, divided by N, as represented by sigma OD sub i over N.]

where ODi is the measured corrected OD value of each substrate containing well and N is the number of substrates; here, the N value is 31.

[image: Equation for substrate average well color development, abbreviated SAWCD, equals the sum of optical density, ODi, divided by N. Equation number two is indicated.]

where ODi is the measured corrected OD value of the substrates within the substrate category and N is the number of substrates in the category.

[image: Shannon diversity index formula: \( H = - \Sigma P_i \ln(P_i) \) labeled as equation three.]

where Pi is calculated by using ODi value divided by ΣODi value.

[image: Substrate richness (SR) equals the sum of OD subscript i, equation number four.]

where ODi value is more or equal to 0.15 after 120 h.

[image: Shannon evenness index formula: \(E = \frac{H}{\ln SR}\).]

[image: Mathematical formula showing \( U = \sqrt{\sum (n_i)^2} \), where \( \sum \) represents the summation, and \( n_i \) indicates a series of variables.]

where ni refers to the relative absorbance value for each of the C source wells by subtracting the absorbance value of the control well.




2.3 Statistical analysis

The analysis of variance (ANOVA) method was used by R software to statistically analyze the experiment data among the various soil types (Gomez and Gomez, 1984). Tukey’s honestly significant difference (HSD) at the 5% level of significance was used to compare the treatment means. Principal component analysis (PCA) and correlations matrix between various soil chemical characteristics, AWCD, and enzyme activity in different types of soil were examined by using R software for the existence of a significant positive association throughout the whole dataset.




3 Results


3.1 Soil chemical properties

Various soil chemical parameters, such as saturated soil pH (pHs), electric conductivity (ECe), OC, and available nutrients (N, P, K, and micronutrients), were assessed across seven treatments. These treatments involved a combination of two types of soils (normal and sodic) and two tillage practices (ZT and CT) in RW, RWMb, and MWMb systems (Table 1). The highest pHs (10.19) and ECe (2.49) were observed in CT-RW-HS soil, followed by CT-RW-S soil (9.75 and 2.20). Conversely, the lowest values of pHs (7.21) and ECe (1.22) were observed in ZT-RWMb-N and CT-RW-N soils, respectively (Table 2). Significant differences in soil chemical properties, such as OC, available N, P, K, and micronutrients (Cu, Zn, Fe, and Mn), were observed among different management practices and soil types. The OC content was found to be higher in ZT-RWMb-N (0.91%) and ZT-MWMb-N (0.90%), which were at par with ZT under sodic soils (0.86 and 0.85%), while the lowest OC was recorded by CT-RW-HS soil (0.61%) (Table 3). A noticeable result was observed for available N, available P, and available Cu2+. Available N increased by 82, 74, and 84%, available P by 42, 22, and 21%; and available Cu2+ was found 50, 51, and 108% in CT-RW-N, ZT-RWMb-N, and ZT-MWMb-N, respectively, compared to the corresponding sodic soil treatments.



TABLE 2 Soil chemical properties under normal and salt-affected soils.
[image: Table comparing treatments with columns for pH and ECe (electrical conductivity in decisiemens per meter). Treatments include CT-RW-N, CT-RW-S, CT-RW-HS, ZT-RWMb-N, ZT-RWMb-S, ZT-MWMb-N, and ZT-MWMb-S. pH values range from 7.21 to 10.19, while ECe values range from 1.22 to 2.49. Different letters indicate significant differences at a p-value of 0.05 or lower.]



TABLE 3 Organic carbon and available nutrients in normal and salt-affected soils.
[image: Table showing soil nutrient levels under different treatments. Columns list treatment names and nutrient measurements: OC, Available N, P, K, Cu, Zn, Fe, Mn. Different letters indicate significant differences at p ≤ 0.05.]

The maximum concentration of micronutrients (Fe2+, Zn2+, and Mn2+) was recorded in CT-RW-HS soil, except Cu2+, which was the lowest at 2.15 mg kg−1. Cu2+ concentration varied from 2.15 to 5.85 mg kg−1, with the highest found in CT-RW-N soil (5.85 mg kg−1) (Table 3). The concentration of Zn2+ varied between 2.03 and 2.64 mg kg−1 in surface soil, with the maximum found in CT-RW-HS soil (2.64 mg kg−1), which was at par with the remaining treatments. Despite responding to the application of Zn to the rice, all soils exhibited Zn2+ content above the critical limit (0.74 mg kg−1). However, the lowest concentration of Mn2+ (0.26 mg kg−1) was observed in ZT-MWMb-S soil, which was at par with ZT-RWMb-N and CT-RW-N soil.



3.2 Soil biological properties

Significant differences in enzyme activities were observed between various salt-affected and normal soils (Table 4). Acid phosphatase (ACP) activity was found to be highest in ZT-RWMb-N (190.94 μg p-NP g−1 soil h−1), which was at par with ZT-MWMb-N soil (173.27 μg p-NP g−1 soil h−1). ACP activity was 16 and 13% higher in ZT-based normal soils than in ZT-based sodic soils, respectively. Alkaline phosphatase (ALP) activity was found to be the highest (310.89 μg p-NP g−1 soil h−1) in CT-RW-HS. Excluding highly sodic soils, ALP activity was 70% higher in CT-RW-N, 14% higher in ZT-RWMb-N, and 81% higher in ZT-MWMb-N than in their respective sodic soil counterparts. Similarly, dehydrogenase enzyme activity (DHA) was also found to be higher in normal soils than in sodic soils. It was approximately five times higher in ZT-based normal soils than in ZT-based sodic soils. The highest DHA activity was recorded in ZT-MWMb-N (32.78 μg TPF g−1 soil 24 h−1), followed by ZT-RWMb-N (31.66 μg TPF g−1 soil 24 h−1) and CT-RW-N soil (30.63 μg TPF g−1 soil 24 h−1) (Table 4).



TABLE 4 Enzyme activities under normal and salt-affected soils.
[image: Table showing soil enzyme activities and microbial counts for different treatments. Columns include acid phosphatase, alkaline phosphatase, dehydrogenase, bacteria, and fungi measurements. Significant differences are noted with letters indicating p-values of ≤0.05.]

Higher microbial colony counts for both bacteria and fungi (Table 4) were observed in normal soils than in sodic soils. The bacterial population was 5.9, 5.8, and 6.6 times higher in CT-RW-N, ZT-RWMb-N, and ZT-MWMb-N, respectively, than in their corresponding sodic soil treatments. Similarly, the fungal population was 11.2, 12.4, and 19.6 times higher in CT-RW-N, ZT-RWMb-N, and ZT-MWMb-N, respectively, than in their sodic soil treatments. The lowest bacterial (7.89 × 105 CFU) and fungal (2.69 × 105 CFU) populations were observed in highly sodic soils.

Significant differences in AWCD were observed among normal, highly sodic, and sodic soils for days 1, 2, 3, 4, and 5 (Figure 1). AWCD increased with incubation time, but this increase was lowest for ZT-MWMb-N and highest for ZT-MWMb-S. On the last day of incubation, AWCD values for CT-RW-N and ZT-RWMb-N were either similar to or higher than those of their sodic soil treatments. However, this trend was not observed for ZT-MWMb-N, which had exceptionally low AWCD values, while ZT-MWMb-S had exceptionally high values. AWCD for different substrates also showed significant differences among soils (Figure 2). The utilization of all substrates (amino acids, amines, carbohydrates, carboxylic acids, phenolic compounds, and polymers) increased over the incubation period. During 0–120 h of incubation, substrate utilization was highest in ZT-MWMb-S and lowest in ZT-MWMb-N soils. Different indices, such as the Shannon diversity index (H), substrate richness (SR), and Shannon evenness (E), were derived from AWCD (Table 5). The SR was higher in CT-RW-S, CT-RW-HS, ZT-RWMb-N, and ZT-MWMb-S soil and lowest in ZT-MWMb-N.

[image: Bar chart showing Average Well Color Development (AWCD) over five days for different treatments: CT-RW-N, CT-RW-S, CT-RW-HS, ZT-RWMb-N, ZT-RWMb-S, ZT-MWMb-N, and ZT-MWMb-S. AWCD values increase daily, with labels indicating statistical significance. Day five shows the highest values across all treatments.]

FIGURE 1
 Average well color development (AWCD) of different soils (sodic and normal) in the surface layer.


[image: Six radar charts labeled A to F display changes in concentrations of various substances over six days. Chart A shows amino acids, B amines, C carbohydrates, D carboxylic acids, E phenolic compounds, and F polymers. Each chart has six axes representing different variables, marked from zero to two point five. Data lines for days zero to five are colored differently: green for day zero, pink for day one, brown for day two, yellow for day three, purple for day four, and blue for day five. All charts show similar trends for the substances measured.]

FIGURE 2
 Average well color development (AWCD) for substrates: (A) amino acids, (B) amines, (C) carbohydrates, (D) carboxylic acid, (E) phenolic compounds, and (F) polymers in the surface layer of sodic and normal soil at different time intervals.




TABLE 5 Diversity indices of different soil types under different agriculture management systems.
[image: Table showing the effects of different treatments on Shannon diversity index (H), substrate richness (SR), and Shannon evenness (E). Treatments include CT-RW-N, CT-RW-S, CT-RW-HS, ZT-RWMb-N, ZT-RWMb-S, ZT-MWMb-N, and ZT-MWMb-S. Values vary for H, SR, and E, with significant differences denoted by different letters at a p-value of ≤0.05.]



3.3 Multivariate analysis

The PCA was used to identify which variables best explained the observed differences in soil properties, AWCD, and enzyme activity across different types of soil. From the PCA of 21 variables, two principal components (PCs) with eigenvalues >0.9 were extracted, accounting for 77.3% of the variance (Figure 3). The first component (PC-1) explained 59.1% of the variation, while the second component (PC-2) accounted for 18.2%. Since most of the data information described by PC-1 (59.1% loadings) was related to soil properties (ECe, pH, available K, Mn, and Zn), AWCD (amino acid, phenolic compounds, amines, carboxylic acids, polymers, and carbohydrates) allowed differentiation between different soil types. However, PC-2 (18.2%) selected the soil properties (OC, available N, P, and Cu), bacteria, fungi, and enzymes (ACP, ALP, and dehydrogenase) in the minimum dataset. The correlation results showed a strong and positive correlation between soil properties. However, enzyme activities were strongly correlated with AWCD (phenolic compound and polymers) (Figure 3). During correlation analysis between soil physicochemical properties and enzyme activities, the impact of soil sodicity on soil properties was more pronounced. All the chemical parameters such as pHs, ECe, OC, available N, P, K, and micronutrients influence the enzyme activities under different soils, which affect soil biological activities and functional diversity as indicated by PCA analysis.

[image: PCA biplot displaying principal components PC1 and PC2 on the x and y axes, explaining 59.1% and 8.2% of the variance, respectively. Blue vectors represent variables such as carbohydrates, polymers, and amines, indicating their influence and relationship to the components. Points numbered one to six depict individual observations distributed across the plot.]

FIGURE 3
 Principal component analysis of different (sodic and normal) soils in surface layer. *Soil physical properties, chemical properties, biological properties, AWCD, and different enzymes are represented in these figures. pHs, soil pH in saturated extract; ECe, electrical conductivity of the saturated soil extract; OC, soil organic carbon; N, nitrogen; P, phosphorus; K, potassium; Cu, available copper; Zn, available zinc; Fe, available iron; Mn, available manganese; ACP, acidic phosphatase; ALP, alkaline phosphatase; DHA, dehydrogenase.





4 Discussion

High soil pH (˃8.5) and low EC (<4 dSm−1) are the characteristics of sodic soils due to the presence of carbonate (CO32−) and bicarbonate (HCO3−) of sodium (Na+). Soils with pHs higher than 8.5, exchangeable sodium percentage greater than 15, and sodium adsorption ratio (SAR) of more than 13 are considered sodic soils (Filho et al., 2020). With the adoption of CA-based management, soil pH was found to decline, it may be the effect of the decomposition of crop residues recycled over the years (Gura and Mnkeni, 2019). Soil pH was reported to be lower under CA-based management systems, supporting the previous studies (Jat et al., 2018; Sithole and Magwaza, 2019). The lower pH in CA might be due to the accumulation of soil organic matter (SOM), which increases the electrolyte concentration and decreases soil pH (Dhar et al., 2014). The inclusion of a legume crop (mungbean) between rice and wheat and the incorporation of its residues also facilitates the reduction in soil pH, as reported by many researchers (Du et al., 2010; Islam et al., 2019). Husson et al. (2018) found that CA-based management systems tend to maintain favorable EC and pH for better plant growth.

During the study, the higher quantity of crop residue additions (both above as well as below ground) and their slow decomposition due to less soil disturbance in CA-based treatments might have caused higher OC and available N in the soil under ZT-RWMb-N and ZT-MWMb-N (Dikgwatlhe et al., 2014; Sinha et al., 2019; Jat et al., 2022). CA-based practices, particularly conservation tillage, are reported to cause greater accumulation of nutrients than CT (Lopez-Fando and Pardo, 2009; Rai et al., 2022). This impact of CA practices on soil chemical properties was observed in sodic soils, but it was less pronounced than in normal soils (Table 2). SASs had very poor organic matter content due to restricted plant growth, resulting in a low supply of organic input to the soil (Wong et al., 2009). These soils are also prone to leaching, erosion, and dispersion and, therefore, contain less OC (Soni et al., 2021). Lower available N in sodic soils as compared to normal soils is linked to the leaching of nutrients due to the poor soil structure of sodic soils (Qadir and Schubert, 2002; Qadir et al., 2003). As reported earlier (Chhabra and Thakur, 2000; Ghafoor et al., 2004), the availability of P was found to be lower in sodic soils because most of the soil P is found in the form of soluble sodium phosphate compounds (NaH2PO4) that are absorbed by the plants, causing a reduction in plant growth and crop yields due to excess Na uptake even with P fertilization. The high concentration of calcium in the soil results in the precipitation of insoluble calcium phosphate compounds for a short time and decreases P availability (Marchuk et al., 2016). Whereas, the availability of K content was found to be significantly higher in sodic soils, which indicates that Na+ has been replaced by K+ and contributed to soil sodicity (Morita and Nemoto, 1995; Jat et al., 2022).

The soil’s chemical and biological properties were found to be closely related to each other; both were found to be higher in normal soils than in sodic soils. The oxidizable OC plays an important role in enhancing microbial activity in SASs (Soni et al., 2021). In addition, more organic inputs through crop residue recycling regulated the soil structure by protecting it from erosion. Variations in OC coupled with the salt composition of the soil solution (cations and anions concentration) in the different SASs compared to normal soil regulated the enzymes’ activities and functional diversity of microorganisms. The activity of most of the enzymes found in the soil has a higher concentration of available carbon (Dick et al., 1996). The soil is subjected to changes due to the application of amendments, agricultural management practices, and exposure to weather adversity, and these changes influence the activity of enzymes such as ACP, ALP, and dehydrogenase. Dehydrogenase is an important and sensitive indicator of the metabolic state of soil microorganisms (Bastida et al., 2006; Moeskops et al., 2010). Its activity is used to indicate soil quality under different agricultural management practices against salinity stress, heavy metal pollution, and many other biotic and abiotic stresses (Singh et al., 2013; Curyło and Telesiński, 2020; Choudhary et al., 2022a). Microbial properties such as enzyme activities and populations were found to be higher in normal soils than in sodic soils (Table 4), which reflects the toxic effects of sodic soils on microbial properties. The negative correlation of enzyme activities with soil sodicity parameters was reported by many researchers (Singh et al., 2015; Choudhary et al., 2023). Plant growth is restricted under sodic soils, leading to low OC and nitrogen, which ultimately decreases microbial activities (Rietz and Haynes, 2003). In sodic soils, not only the availability of organic matter but also metabolic energy, which is required for microbial assimilation, is reduced, which leads to the lyses of microbial cells and reduced microbial activities (Sumner and Naidu, 1998). Sodicity has a negative effect on microbial biomass carbon, which ultimately declines microbial activities (Garcia et al., 1994). However, enzyme activities and microbial biomasses increased with the application of different amendments in sodic soils (Shaaban et al., 2023). lower microbial growth and biomass resulted in reduced enzyme activities (Gao et al., 2022). The low availability of SOM, nutrients, high pH, and poor soil physical properties of sodic soils create unfavorable conditions for the growth of microbes. Feigl et al. (2017) found that soil chemical properties such as pH, EC, C/N, Na, and K are the main factors that determine the relative abundance of bacterial and fungal communities. Ion toxicity under sodic soils obstructs microbial growth and activities, resulting in low microbial colony counts (Sumner and Naidu, 1998; Singh et al., 2015; Choudhary et al., 2023).

Different agriculture management practices, soil types, and vegetation affect soil microbial functional diversities in various ways (Rutgers et al., 2016; Kumar et al., 2017; Zhang et al., 2018; Choudhary et al., 2023). The functional diversity of community-level physiological profiles of microbes was studied using the concept of utilization of different types of substrates and color development using Biolog ECO-plates (Sasse et al., 2018). Microbial communities are highly sensitive to soil properties such as salt stress, which can be studied by AWCD (Rutgers et al., 2016; Choudhary et al., 2023). The substrate utilization depicts the metabolic activity of active microbial communities. The pattern of AWCD and utilization of substrate in ZT-based MWMb practices was different compared to other practices, as these were very low in normal soil and high in sodic soil. This pattern may be observed due to the difference in crop rotation. Different types of crops (plants) have different rhizobiome compositions as there are differences in their root exudates and rhizodeposits (Jensen et al., 2005). The chemical composition of residue varies with plant species, leading to differences in chemical energy and nutrient release during the decomposition of crop residue (Chhabra, 2004; Redin et al., 2014). Different crop rotations also lead to different times of harvesting. Since the study was conducted after the harvest of rice crops, maize harvesting had already been completed approximately a month ago. Differences in AWCD, substrate utilization, and SR in ZT-MWMb-N and ZT-MWMb-S may be the result of the effect of sodicity on soil microbiota and residue decomposition.



5 Conclusion

The salts available in soil impacted its physical, chemical, and biological properties. Rising salt concentrations led to major nutrient imbalances and low OC content in various types of soils, negatively affecting the sustainability and quality of soil systems. The study concluded that an increase in salt load adversely affected soil physicochemical and biological conditions, leading to reduced soil functions. By adopting crop rotation, tillage, and residue-based agriculture management practices, the negative effects of salt load can be mitigated to some extent. Soil pHs was found to decrease and EC increased under CA-based management. Soil OC, N, biological activities, and microbial populations were also found to increase under CA-based management practices. Soil AWCD values increased over time; however, the highest levels for amino acids, amines, carboxylic acids, phenolic compounds, and polymers were recorded in ZT-MWMb-S soils, while the lowest was in ZT-MWMb-N soils. Bacteria and fungi populations, enzymatic activities (e.g., ACP, ALP, and dehydrogenase), and metabolic activities declined with increasing stress from sodicity, with the highest populations and activities observed in normal soil. Therefore, research on the interrelationship between soil physicochemical and biological properties is crucial before recommending or adopting any land use, reclamation strategies, or nutrient management practices to ensure long-term crop productivity and soil sustainability. Management of agriculture practices under a specific agroecosystem has important implications for nutrient availability to plants. Upon decomposition, crop residues release nutrients, helping to conserve externally applied nutrients while improving overall soil quality and carbon enrichment.
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Reducing carbon emissions from agricultural soils contributes to global greenhouse mitigation. Although the integration of no-tillage practices into maize/pea intercropping systems can achieve this reduction, the specific microbial mechanisms involved remain unclear. This study aimed to explore the effects of integrating maize/pea intercropping and no-tillage technologies on soil carbon emissions and microbial communities. The results indicated that intercropping no-till maize with peas reduced the average soil respiration rates by 19%. In 2021 and 2022, intercropping no-till maize with peas decreased soil carbon emissions by 25.1 and 30.4%, respectively. This practice resulted in a reduction of soil microbiota carbon and nitrogen by 26.9 and 19.7%, respectively, while simultaneously increasing the soil microbial gene beta diversity. Proteobacteria, Actinobacteria, Planctomycetes, Firmicutes, Bacteroidetes, and Acidobacteria collectively represented over 95% of the population and were predominant across all treatments. Intercropping no-till maize with peas decreased the abundance of carbohydrate-active enzymes in the soil. The structural equation modeling indicated that combined no-tillage and intercropping practices effectively decreased soil carbon emissions by modulating the community structure of soil microorganisms. This affected the abundance of carbohydrate-active enzymes and carbon-metabolizing genes in the soil. This study indicated that no-tillage and intercropping methods contributed to carbon reduction by influencing soil microbes. This study can provide microbial-level insights for refining agronomic practices to mitigate soil carbon emissions.
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1 Introduction

In recent years, climate and environmental changes caused by greenhouse gas (GHG) emissions have received increasing attention. Agriculture is the second largest source of emissions after industry (Rahman et al., 2021; Pu et al., 2022; Yang et al., 2023). The annual agricultural GHG emissions in China are ~800 million tons, accounting for 59% of the agrarian soil GHG emissions (Liu et al., 2022; Xia et al., 2023). Soil respiration serves as the main pathway for soil carbon emissions, releasing soil carbon into the atmosphere as carbon dioxide through biological metabolism and other processes (Huang et al., 2020; Tian et al., 2022). Therefore, a thorough investigation of soil carbon reduction technologies and mechanisms presented an urgent challenge for realizing sustainable agricultural development.

The soil carbon emission reduction in farmland production can be achieved through optimizing management measures (Qiu et al., 2023; Zheng et al., 2023). Studies have indicated that techniques such as wet-dry alternation and drip irrigation (Bo et al., 2022; Wang C. et al., 2023), application of biochar (Xia et al., 2023), optimized cropping patterns (Chai et al., 2021; Wang W. et al., 2023; Yang et al., 2023), and conservation tillage (Rahman et al., 2021; Zhang et al., 2022; Yue et al., 2023) are effective methods for reducing emissions. Some of these methods can directly control soil carbon emissions, whereas others can indirectly mitigate emissions by enhancing soil carbon pools (Du et al., 2024; Sun et al., 2024). Combining one or more of these techniques in modern agriculture is conducive for low-carbon agriculture (Huang et al., 2019; Zhang et al., 2023). Among these, crop intercropping and conservation tillage have demonstrated significant potential for maintaining stable soil carbon pools and reducing soil carbon emissions (Shang et al., 2021).

Intercropping utilizes the ecological niches of different crops to reduce soil carbon emissions and enhance resource efficiency (Chai et al., 2021; Wang W. et al., 2023). Research has indicated that intercropping maize with peas, coupled with nutrient management, decreases greenhouse gas emissions compared to monocropping maize. Similarly, mulching and intercropping in maize/wheat systems can reduce soil CO2 emissions by 20% (Yang et al., 2023). Additionally, strategies such as rotating crops between bands, enhancing crop diversity, and integrating intercropping with conservation tillage also contribute to soil carbon emissions reduction (Chai et al., 2021; Gou et al., 2022). However, excessive human intervention in farmland ecosystems may destabilize them (Wang et al., 2020b; Zhao et al., 2023). Conservation tillage, recognized globally as a low-intervention agricultural practice, effectively reduces soil carbon emissions and promotes sustainable agriculture (Zhang et al., 2021, 2022; Ruis et al., 2022). Conservation tillage primarily reduces soil carbon emissions in two ways. First, it reduces soil greenhouse gas emissions by minimizing soil disturbance and altering substrate quantity or quality, thereby affecting the structure, function, and stability of soil microbial communities (Li et al., 2020; Kan et al., 2022; Zhao et al., 2022). Second, conservation tillage enhances soil carbon pools by improving soil structural stability, thereby reducing soil carbon emissions (Kopecký et al., 2021; Zheng et al., 2023). Studies have indicated that no-tillage mitigates soil respiration responses to climate change, promoting CO2 accumulation in soil and reducing CO2 emissions to the atmosphere (Zhang et al., 2022; Pearsons et al., 2023). Combining intercropping with no-tillage decreases soil disturbance and improves soil carbon pool stability to provide the potential for further soil carbon emission reduction in farmland.

Agricultural soils emit CO2 through respiration, which involves soil plants, animals, and microbial respiration (Jansson and Hofmockel, 2020; Zhang et al., 2021; Ren et al., 2022; Sánchez-Navarro et al., 2023). Previous studies have elucidated soil respiration mechanisms in agricultural soils by examining the effects of farming practices on soil conditions and crops (Yi et al., 2022; Liang et al., 2024). Soil microorganisms influence the fixation and release of soil carbon by participating in the decomposition and mineralization of organic matter (Bahram et al., 2018; Baldrian, 2019). For example, bacteria and fungi decompose organic matter, converting complex organic molecules into simpler compounds and ultimately releasing CO2 (Bahram et al., 2018; Baldrian, 2019; Domeignoz-Horta et al., 2020). Additionally, certain microbial communities have the potential to increase soil carbon storage, these microorganisms enhance the stability of soil carbon pools by producing stable organic substances such as humus (Lal et al., 2015; Zheng et al., 2022). Furthermore, microorganisms interact with plant roots, affecting carbon inputs from plants and root respiration (Jian et al., 2022). For instance, rhizosphere microorganisms can promote plant growth and root development, increasing the fixation of atmospheric CO2 by plants and thus reducing the release of CO2 from the soil (Jian et al., 2022; Ren et al., 2022). The advancements in high-throughput sequencing have facilitated deeper investigations of soil microorganisms within the carbon cycle (Tian et al., 2022; Zheng et al., 2022). Although research has linked soil microorganisms to the reduction of soil GHG emissions through farming practices, it has predominantly focused on relationships such as nitrifying microorganisms with N2O and methanogenic bacteria with methane emissions (Lin et al., 2023; Junwei et al., 2024). The microbiological mechanisms underlying carbon emission reduction in farmland soils from the combined practice of intercropping and no-tillage remain poorly understood.

Hence, this study was conducted in Northwest China using a maize-pea intercropping model integrating no-tillage practices. It monitored CO2 emissions resulting from the combination of farming techniques and analyzed soil enzyme activities and microbial composition. The objective of this study was to offer microbiological insights into how intercropping combined with no-tillage affected CO2 emissions. This study proposed the following hypotheses. (i) Integrating no-tillage with intercropping can further decrease soil CO2 emissions. (ii) These practices can reduce soil CO2 emissions by altering soil microorganisms.



2 Materials and methods


2.1 Site description

The experiment was conducted at the Oasis Agricultural Experiment Station of the Gansu Agricultural University in Wuwei City, Gansu Province, China (103°5′ E, 37°30′ N). This region experienced a temperate continental climate (Figure 1), with total solar radiation reaching 6,000 MJ·m−2 and an average annual sunshine duration exceeding 2,945 h. The annual average temperature was 7.2°C, with cumulative annual temperatures of ≥0°C totaling 3,513°C, and ≥10°C totaling 2,985.4°C. The annual rainfall remained below 160 mm, while the annual evaporation exceeded 2,400 mm. The soil was classified as Aridisol (Zhao et al., 2019), comprising 27.1% sand, 67.5% silt, and 5.4% clay, with a soil capacity of 1.57 g·cm−3 at a depth of 0–20 cm. Additionally, the total nitrogen, phosphorus, organic matter, and pH in the 0–20 cm soil layer were 0.68, 1.41, 8.31, and 8.3 g·kg−1, respectively. Strip intercropping, a high-yielding and efficient pattern, has been extensively practiced in this region over the long term.
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FIGURE 1
 Changes in precipitation and temperature during the growing period of the crop in the test area between 2021 and 2022.




2.2 Experimental design and field management

The experiment commenced in 2016, this plot was part of a farm that had been under long-term maize cultivation with a high input of pure nitrogen (480 kg ha−1) prior to 2016. Adopting a split-zone trial design with three planting patterns: maize monoculture, pea monoculture, and maize/pea intercropping, along with two tillage modes: conventional tilling and no-tillage. There were five treatments, each replicated thrice, represented by the codes “CM, NM, CI, NI, SP” which are described as follows: CM (Conventional Tillage Maize) refers to maize monoculture under conventional tillage conditions. NM (No-tillage Maize) represents maize monoculture under no-tillage conditions. CI (Conventional Tillage Intercropping) indicates intercropping of maize and pea under conventional tillage. NI (No-tillage Intercropping) refers to intercropping of maize and pea under no-tillage. SP (Sole Pea) represents the monoculture of pea. Conventional tilling involved annual plowing to a depth of 30 cm after maize harvest, followed by leveling, fertilization, harrowing, and mulch application (0.01 mm thickness) the following spring. In contrast, the no-tillage treatment omitted tillage until maize was sown each year.

In the intercropping system, peas were planted in four rows spaced 80 cm apart, with 20 cm spacing between seeds, and a seeding rate of 11.7 kg·ha−1. Maize was planted in three rows, spaced 110 cm apart, with 40 cm spacing between seeds, and a seeding density of 37,000 plants·ha−1. Monocropped maize was planted at a density of 60,000 plants·ha−1, with 40 cm spacing, and monocropped peas were planted at a rate of 30 kg·ha−1. The data collection for this study was conducted in 2021 and 2022.

The maize (Zea mays L.) varieties, such as “Xian Yu 335,” are typically sown around April 20 annually and harvested around September 30 of the same year. Pea (Pisum sativum Linn.) varieties, such as “Long Wan 1,” are sown each year around April 1 and harvested around July 10 of that year.

The maize was provided with 360 kg·ha−1 of pure nitrogen, which was distributed as follows: 30% as a basal fertilizer, 50% at maize flowering, and the remaining 20% at maize filling. Additionally, 180 kg·ha−1 of pure phosphorus was applied as a basal fertilizer. Peas received 63 kg·ha−1 of pure nitrogen during their reproductive period and were all applied as basal fertilizers. Under the intercropping system, maize received 220 kg·ha−1 of pure nitrogen, following the same application regime as monoculture maize, and 110 kg·ha−1 of pure phosphorus was applied entirely as a basal fertilizer. Peas received 24.5 kg·ha−1 of pure nitrogen, applied entirely as a basal fertilizer.



2.3 Measurements
 
2.3.1 Soil sampling

The soil samples were collected in 2021 and 2022 during the intercropping system crop symbiosis, along with 2 weeks after the harvest of the early crop. Each plot was randomly collected three times, soil was sampled from depths of 5–20 cm, and subsequently mixed into one composite sample. The soil samples were collected separately from maize ribbon and pea ribbon strips within the intercropping setup. No soil samples were collected after the harvest of peas in the monocropping pea treatment. This process yielded a total of 78 soil samples, these samples were primarily collected from the gaps between crop growth and did not specifically target the rhizosphere soil. Subsequently, the samples were sieved through a two-millimeter sieve to eliminate plant root residue and impurities. Certain samples were stored in a 4°C incubator for soil enzyme activity and microbial carbon and nitrogen measurements, whereas others were stored in an ultra-low temperature refrigerator at −78°C for macro-genome sequencing.



2.3.2 Soil respiration

The soil respiration rate was assessed using a soil carbon flux meter (LI-8100A; LI-COR, USA). Before the measurement, a ring base matching the air chamber was buried 2 cm deep in the soil in each plot. Within the intercropping system, one base was buried in each crop strip. The measurements were conducted separately for the maize and pea belts of the intercropping system, with the weighted average of the measured data representing the soil respiration rate of one plot. Each plot was measured at 15-day intervals post-pea planting, followed by 3 consecutive days of measurements at 2-h intervals per day to determine the average respiration rate for that period. Additional measurements were adopted at the time of soil sample collection.



2.3.3 Carbon emission

Carbon emission (CE, kg ha−1) was calculated from soil respiration (Rs, μmol m−2 s−1) using the equation outlined by:

[image: The formula shown is for calculating CE, which equals the sum of a fraction. The fraction's numerator is Rs(t+1) plus Rs(t) divided by 2, and the denominator is (t+1 minus t) times 0.1584 times 24. This product is multiplied by 0.2727 and 10.]

where CE is the total soil CO2-C emissions (kg C ha−1), Rs is the soil respiration rate (μmol CO2 m−2 s−1), i+1 and i are the dates of the two soil respiration measurements, respectively, t is the number of days after sowing, 0.1584 is the conversion factor of unit μmol CO2 m−2 s−1 to unit g CO2 m−2 h−2, 0.2727 is the conversion factor of unit g CO2 m−2 h−2 to unit g C m−2 h−2, and 24 and 10 are the conversion factors of unit g C m−2 h−2 to unit kg C ha−1.



2.3.4 DNA extraction and sequencing

DNA extraction from the microbial community was conducted using the NucleoSpin Soil Kit (Macherey-Nagel, Germany) following the manufacturer's instructions. The DNA quantification was performed using a Qubit Fluorometer with a Qubit dsDNA BR Assay kit (Invitrogen, USA), and the quality was checked by analyzing an aliquot on a 1% agarose gel.

Library construction: 1 μg of genomic DNA was randomly fragmented by Covaris, followed by the selection of the fragmented DNA to an average size of 200–400 bp using magnetic beads. The selected fragments then underwent end-repair, 3′-adenylation, adapter ligation, and PCR amplification, with subsequent purification of the products using magnetic beads. The double-stranded PCR products were heat-denatured and circularized using a splint oligo sequence. The resulting single-strand circle DNA (ssCir DNA) constituted the final library, which was qualified by QC before sequencing on the MGISEQ-2000 platform (BGI-Shenzhen, China).



2.3.5 Soil carbohydrate-active enzyme assays

The raw data were trimmed using SOAPnuke v.1.5.2. High-quality reads were then assembled de novo using Megahit software. Contigs with lengths < 300 bp were excluded from subsequent analyses (Chen et al., 2018). Gene prediction was performed over contigs using Meta-Gene Marker (2.10), followed by removal of redundant genes using CD-HIT with an identity cutoff of 95%. Taxonomic information was generated by aligning protein sequences of genes against the NR database using DIAMOND with an E-value cutoff of 1 e−5. Soil carbohydrate-active enzyme data were obtained by comparative annotation of the acquired DNA data from the Carbohydrate-Active Enzymes Database (Li et al., 2001; Zhu et al., 2010).



2.3.6 Statistical analyses

Before the data analysis, the normal distribution of the obtained data was assessed. The one-way analysis of variance (ANOVA, P < 0.05) was conducted using SPSS 26.0 to assess the variability of soil respiration, soil microorganisms, and CAZyme families among treatments. The two-way ANOVA was employed to examine the effects of no-tillage and intercropping on these indices and their interaction effects. The relationships between soil microorganisms and carbon metabolism, their functional genes, CAZyme abundance, and soil respiration were investigated using Pearson analysis and the Mantel test. Furthermore, structural equation modeling of soil respiration, soil microorganisms, functional genes of carbon metabolism, and CAZyme was performed using the lavaan software package in R.





3 Results


3.1 Soil respiration
 
3.1.1 Seasonal variations in soil respiration rates

In 2021 and 2022, intercropping and no-tillage treatments significantly decreased the average soil respiration rate during crop fertility (P < 0.001; Figure 2A). However, the interaction between intercropping and no-tillage differed between years. In 2021, this interaction significantly reduced the average soil respiration rate during crop fertility (P < 0.001), whereas by 2022, the reduction was not significant (P = 0.067). Specifically, in 2021, the intercropping system reduced mean soil respiration rates by 10.1–27.3% compared to monocropping, while no-till reduced rates by 4.2–22.6% compared to conventional tillage. Additionally, the NI treatment lowered the mean soil respiration rate by 30% compared to the CM treatment. In 2022, the intercropping system reduced mean soil respiration rates by 13.9–7.6% compared to monocropping. No-till decreased average soil respiration rates by 6.4–12.8% compared to conventional tillage, and the NI treatment reduced rates by 19% compared to the CM treatment.


[image: Line graphs comparing soil emissions for different treatments in 2021 and 2022. Panel A shows soil CO2 emissions for CM, NM, CI, NI, and SP treatments. Panel B illustrates soil CH4 emissions for CIM, NIM, and NM treatments. Panel C presents soil N2O emissions for CIP, NIP, and SP treatments. Each graph includes monthly data from April to September, showing variations and peak emissions during these months.]
FIGURE 2
 (A) Mean soil respiration rate of the system under different tillage practices and cropping patterns. (B) The soil respiration rate of maize in the maize strip and monoculture under different tillage practices and intercropping. (C) The soil respiration rate of peas in the pea strip and monoculture under different tillage practices. CM (Conventional Tillage Maize) refers to maize monoculture under conventional tillage conditions. NM (No-tillage Maize) represents maize monoculture under no-tillage conditions. CI (Conventional Tillage Intercropping) indicates intercropping of maize and pea under conventional tillage. NI (No-tillage Intercropping) refers to intercropping of maize and pea under no-tillage. SP (Sole Pea) represents the monoculture of pea. CIM (Conventional Tillage Intercropping with Maize) refers to intercropping under conventional tillage with an emphasis on maize. NIM (No-tillage Intercropping with Maize) denotes intercropping under no-tillage with an emphasis on maize. CIP (Conventional Tillage Intercropping with Pea) indicates intercropping under conventional tillage with an emphasis on pea. NIP (No-tillage Intercropping with Pea) represents intercropping under no-tillage with an emphasis on pea.


The monthly average soil respiration rates during the reproductive period were analyzed to evaluate seasonal variations (Figure 2A). The maximum soil respiration rates for both monocrop maize and maize-intercropped pea systems were observed in July. In June, July, and August 2021, the NI treatment significantly reduced the mean soil respiration rates by 55.7, 63.0, and 73.0%, respectively, compared with the CM treatment. Similarly, in June, July, and August 2022, the NI treatment significantly decreased the mean soil respiration rates by 21.5, 24.6, and 30.4%, respectively, compared to the CM treatment. Although the maximum soil respiration rate in the SP treatment occurred in June, the rate started to decline after the pea harvest.



3.1.2 Spatial differences in soil respiration rates
 
3.1.2.1 Maize strip

Intercropping and no-tillage significantly reduced the average soil respiration rate during crop fertility in the Maize Belt (P < 0.001), and the interaction effect of intercropping and no-tillage also significantly reduced the average soil respiration rate in 2021 (P < 0.001) and 2022 (P = 0.030; Figure 2B). Over the 2-year period, the mean soil respiration rate in the NI-treated Maize Belt (5.09 μmolm−2 s−1) was 13.7% lower than that in the CM-treated maize belt (5.90 μmolm−2 s−1).

Before pea harvest, the 2-year average soil respiration rate in the NIM was 13.1% lower (3.94 μmolm−2 s−1) compared to the CM Maize Belt (4.53 μmolm−2 s−1), while after pea harvest, it was 14.1% lower (6.24 μmolm−2 s−1) compared to the CM Maize Belt (7.26 μmolm−2 s−1; Figure 2B). The most significant difference in soil respiration rate between the NIM and CM Maize Belt occurred in June, with a 2-year average decrease of 29.7% in NIM compared to the CM Maize Belt. In 2022, intercropping increased CIM soil respiration rates, with the maximum increase compared with the CM Maize Belt, reaching 30.7% in June.



3.1.2.2 Pea strip

In the investigation of soil respiration rates within the pea belt, it was observed that intercropping decreased the soil respiration rates before the pea harvest, followed by an increase after the pea harvest (Figure 2C). Peak soil respiration rates in the pea zone were observed in June for both years, reaching 4.51 and 5.15 μmol m−2 s−1, respectively. No tillage had a significant effect on soil respiration in the pea zone within the intercropping system. The greatest disparity in soil respiration rates between the intercropped pea belt and sole pea belt before pea harvest occurred in May, with reductions of 35.3 and 27.8% observed in 2021 and 2022, respectively.

The intercropped pea belt exhibited higher soil respiration rates after pea harvest than solo peas (Figure 2C). In 2021, the intercropped pea belt increased soil respiration rates after the harvest by an average of 69.8% compared to the solo pea belt. In 2022, this increase was 65.5%. Over the entire crop reproductive period, intercropping increased the average soil respiration rates of solo peas by 15.6 and 16.8% in 2021 and 2022, respectively. Although intercropping reduced pre-harvest soil respiration rates in peas, it augmented soil respiration rates in the pea belt post-harvest and throughout the crop fertility period.



3.1.2.3 Differences between intercropped maize and pea strips

In the examination of soil respiration rates within the maize and pea belts of the intercropping system, soil respiration in the maize belt surpassed that of the pea belt significantly, emerging as the primary contributor to soil respiration in the intercropping system (Figure 2). In 2021 and 2022, soil respiration rates were 44.8 and 105.0% higher in the CIM treatment than in the CIP treatment, and 27.8 and 74.5% higher in the NIM treatment than in the NIP treatment, respectively. Before the pea harvest in 2021, soil respiration rates for maize and pea belts were not significantly different. However, after the pea harvest in 2021, CIM exhibited an 84.4% higher soil respiration rate than CIP and NIM showed a 70.7% higher soil respiration rate than NIP. However, post-harvest, CIM exhibited an 84.4% increase over CIP, and NIM showed a 70.7% increase over NIP. Conversely, in 2022, soil respiration rates in the maize belt were notably higher than those in the pea belt before pea harvest, with increases of 91.8 and 46.1% under conventional tillage and no-till conditions, respectively. After pea harvest, these differences increased to 119.7 and 108.5%, respectively.




3.2 Soil carbon emissions
 
3.2.1 Differences in total emissions

Both intercropping and no-tillage significantly decreased overall total soil carbon emissions (P < 0.001; Figure 3A). Over a 2-year period, intercropping reduced total soil carbon emissions by 20.0 and 14.0% under conventional tillage and no-tillage, respectively, compared to monocropping. Furthermore, no-tillage, whether under intercropping or monocropping conditions, led to reductions of 9.7 and 15.9%, respectively, compared with conventional tillage. Specifically, the NI treatments achieved reductions of 25.1 and 30.4% in total soil carbon emissions compared with the CM treatments in 2021 and 2022, respectively. Consequently, combining intercropping with no-tillage could further decrease total soil carbon emissions.
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FIGURE 3
 (A) Total soil carbon emissions from different tillage and cropping patterns. (B) Total soil carbon emissions from the corn belt under intercropping and no-tillage conditions and soil carbon emissions at different periods. (C) Total carbon emissions from the intercropped pea belt vs. the solo pea and soil carbon emissions at different periods. CM (Conventional Tillage Maize) refers to maize monoculture under conventional tillage conditions. NM (No-tillage Maize) represents maize monoculture under no-tillage conditions. CI (Conventional Tillage Intercropping) indicates intercropping of maize and pea under conventional tillage. NI (No-tillage Intercropping) refers to intercropping of maize and pea under no-tillage. SP (Sole Pea) represents the monoculture of pea. CIM (Conventional Tillage Intercropping with Maize) refers to intercropping under conventional tillage with an emphasis on maize. NIM (No-tillage Intercropping with Maize) denotes intercropping under no-tillage with an emphasis on maize. CIP (Conventional Tillage Intercropping with Pea) indicates intercropping under conventional tillage with an emphasis on pea. NIP (No-tillage Intercropping with Pea) represents intercropping under no-tillage with an emphasis on pea.


To comprehensively evaluate carbon emissions across different experimental stages, we divided the entire crop growth cycle into three periods: the pea season (before maize emergence), maize/pea co-season, and maize season (following pea harvest; Figure 3A). In 2021, intercropping and no-tillage significantly reduced soil carbon emissions in all three periods (P < 0.001). The interaction between the two had no significant effect on soil carbon emissions during the maize/pea co-season (P = 0.473). Similarly, in 2022, both intercropping and no-tillage reduced soil carbon emissions across all periods (P < 0.001). Over the 2-year average, the pea season contributed < 10% of the total soil carbon emissions, and the maize season contributed over 56.2%. In the monoculture pea treatment, the emissions during the maize/pea coexistence season accounted for 54.9% of the total emissions. Consequently, intercropping and no-tillage primarily reduced total carbon emissions by decreasing soil carbon emissions during the maize/pea symbiosis season and the subsequent maize season.




3.2.2 Maize strip

In the investigation of soil carbon emissions within maize strips, both intercropping and no-tillage significantly decreased total soil carbon emissions (P < 0.005), with the NIM treatments reducing emissions by 8.0 and 23.9% compared to CM maize strips (Figure 3B). In the 2021 pea season, intercropping increased soil carbon emissions in the maize strip (P < 0.001), and the no-tillage increased emissions in the intercropping system by 10.6% and decreased emissions in the monocropping system by 31.6%. Intercropping and no-tillage decreased emissions during the maize/pea and maize seasons (P < 0.001). In 2022, intercropping elevated emissions in the maize/pea co-season by 24.8%, and no-tillage reduced emissions in all three periods (P < 0.005). The soil carbon emissions during the maize season accounted for more than 64.9% (2021) and 51.9% (2022) of the total emissions. Therefore, despite the varying effects on emissions at different stages, overall, no-tillage and intercropping led to a reduction in total soil carbon emissions.



3.2.3 Pea strip

In contrast to maize strips, intercropping resulted in increased total soil carbon emissions in pea strips (P = 0.009), while tillage practices did not significantly affect soil carbon emissions in pea strips (P = 0.217; Figure 3C). Both CIP and NIP treatments led to an increase in soil carbon emissions by 16.1 and 15.3%, respectively, compared with SP. Intercropping reduced soil carbon emissions by 15.4% in the maize/pea co-season but increased emissions by 65.6% in the maize season. During the maize season, soil carbon emissions from the pea strip in the intercropping system accounted for over 50.7% of the total emissions, and the emissions from the solo pea strips were primarily concentrated in the maize/pea co-season, comprising 56.7% of the total emissions. Consequently, although intercropping can decrease soil carbon emissions in the maize/pea co-season, it may elevate emissions in the pea strip during the maize season.




3.3 Soil microbial communities
 
3.3.1 Soil microbiota and genetic diversity

To examine the potential impact of microorganisms on soil respiration, total soil microbial mass was initially evaluated (Figure 4A). The results revealed that intercropping decreased soil microbial carbon (P < 0.001), whereas no-tillage had the opposite effect, increasing soil microbial carbon (P = 0.002; Figure 4B). However, the interaction between intercropping and no-tillage did not significantly affect soil microbial carbon content (P = 0.720). Both intercropping and no-tillage led to reductions in soil microbial biomass nitrogen (P < 0.005), with no significant interaction between the two (P = 0.296). Specifically, microbial biomass carbon and nitrogen decreased by 26.9 and 17.9%, respectively, in the NI treatment compared with the CM treatment. Moreover, the analysis of microbial gene β-diversity in each treatment suggested that intercropping could enhance the gene β-diversity of soil microorganisms and increase the degree of gene variability within the group (Figure 4C).
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FIGURE 4
 Soil microbiomass carbon (A), nitrogen (B), and differences in beta diversity of total gene volume (C). *Indicates a significant difference at the 0.05 level, **indicates a significant difference at the 0.01 level, and ***indicates a significant difference at the 0.001 level, and ns indicates no significant difference. CM (Conventional Tillage Maize) refers to maize monoculture under conventional tillage conditions. NM (No-tillage Maize) represents maize monoculture under no-tillage conditions. CI (Conventional Tillage Intercropping) indicates intercropping of maize and pea under conventional tillage. NI (No-tillage Intercropping) refers to intercropping of maize and pea under no-tillage.




3.3.2 Dominant communities of soil microorganisms

The structure of soil microbial communities was closely linked to soil respiration. The analysis of soil microbial α-diversity indicated that no-tillage and intercropping decreased the Simpson's and Shannon's indices within the group, but presented no significant impact on the Chao1 index (Figure 5). Consequently, no-tillage enhanced microbial community diversity in monoculture systems, whereas it decreased diversity in intercropping systems. Notably, no-tillage intercropping (NI) treatment reduced soil microbial community evenness. Both no-tillage and intercropping led to an increase in the soil microbial beta diversity index (Figures 6A, 7B). The annotation of microbial Kraken species in each treatment highlighted that microorganism predominantly belonging to Proteobacteria, Actinobacteria, Planctomycetes, Firmicutes, Bacteroidetes, and Acidobacteria comprised over 95% of the total, representing the dominant flora across all treatments (Figure 6B).


[image: Three box plots display diversity indices for four groups (NM, CM, N1, C1) labeled by different colors. Simpson and Shannon indices show significant differences, with p-values of 0.0016 and 0.044, respectively. Chao1 index shows no significant difference, with a p-value of 0.38.]
FIGURE 5
 Box plots of species Alpha diversity. p < 0.05 indicates significant differences in the Alpha index between groups. CM (Conventional Tillage Maize) refers to maize monoculture under conventional tillage conditions. NM (No-tillage Maize) represents maize monoculture under no-tillage conditions. CI (Conventional Tillage Intercropping) indicates intercropping of maize and pea under conventional tillage. NI (No-tillage Intercropping) refers to intercropping of maize and pea under no-tillage.



[image: Panel A shows a box plot comparing distance values across four groups: NM, CM, NI, and CI, with significant differences denoted by asterisks. Panel B is a circular flow diagram illustrating relationships among various categories, with connections labeled and color-coded to represent different data points.]
FIGURE 6
 Species beta diversity boxplots and species distribution maps. (A) *Indicates a significant difference at the 0.05 level, **indicates a significant difference at the 0.01 level, ***indicates a significant difference at the 0.001 level, and **** indicates a significant difference at the 0.0001 level, and ns indicates no significant difference. (B) The circle is divided into two parts, left and right, with grouping information on the left and species classification information on the right. From the outside looking in, the outermost scale is the percentage of the species in the grouping or the proportion of different species in the grouping, the color of the inner arcs indicates the grouping/sample or the species, a connecting line between the arcs suggests the presence of the species in the sample, and the width of the line across the arcs indicates the percentage. CM (Conventional Tillage Maize) refers to maize monoculture under conventional tillage conditions. NM (No-tillage Maize) represents maize monoculture under no-tillage conditions. CI (Conventional Tillage Intercropping) indicates intercropping of maize and pea under conventional tillage. NI (No-tillage Intercropping) refers to intercropping of maize and pea under no-tillage.



[image: Venn diagram illustrating shared and unique elements across four categories, labeled with numbers. A scatter plot showing data points spread across two axes, representing four groups with distinct colors. A bar chart listing various bacterial genera on the left with corresponding bars visualizing mean percentages for each group on the right. A P-value plot accompanies the bar chart, displaying statistical significance markers.]
FIGURE 7
 (A) Genus-level species difference Venn diagrams. Where each circle represents a subgroup, numbers in overlapping areas indicate the number of species common to two multiple subgroups, and numbers in non-overlapping areas indicate the number of species exclusive to that subgroup. (B) PLS-DA analysis scatterplot. Each point represents a sample, the color of the point indicates the grouping in which the sample is located, the horizontal and vertical coordinates indicate the PLS dimensions that separate the samples, the value in parentheses in the axis header is the rate of explanation of the samples by the downgraded dimensions, and the elliptical confidence intervals (which are only available for samples in a grouping of ≥4) are at a confidence level of 95%. (C) STAMP Extended histogram. In the left histogram, the vertical coordinate is the differing species, the horizontal coordinate is the grouped mean abundance (%), and the color of the bar represents the grouping; in the right scatterplot, the color of the dots indicates the results of different tests of significance, where the p-value is the result of the statistical test. FDR is the false discovery rate, a corrected p-value, and dots to the left of the dashed line in the plot (p < 0.05) indicate significant differences. CM (Conventional Tillage Maize) refers to maize monoculture under conventional tillage conditions. NM (No-tillage Maize) represents maize monoculture under no-tillage conditions. CI (Conventional Tillage Intercropping) indicates intercropping of maize and pea under conventional tillage. NI (No-tillage Intercropping) refers to intercropping of maize and pea under no-tillage.


The aforementioned microorganisms constituted the dominant flora across all treatments, with no discernible variation in their abundance. Therefore, identifying species that differ across treatments may offer greater insights into the microorganisms that mitigate carbon emissions. Notably, 1,290 species were identified at the genus level across all treatments. The CI treatment was characterized by the exclusive presence of Bibersteinia and Candidatus_Methanoplasma. Conversely, the CM treatment exhibited exclusivity to the genera Spartinivicinus, Anaerocolumna, and Actinobacillus genera. Unique to the NI treatment were genera Rickettsia, Arcobacter, Olleya, Shigella, and Wolbachia, absent in the NM treatment. Additionally, Oceanobacillus, Lachnospira, and Gillisia were exclusive to the NI treatment. Notably, the NI treatment featured significantly more exclusive genera than did the CM treatment (Figure 7A).

Through the STAMP analysis of microorganisms across treatments, 30 microorganisms exhibited significant differences, all belonging to the phyla Firmicutes, Thaumarchaeota, Armatimonadetes, and Candidatus_Omnitrophica. Firmicutes, and Thaumarchaeota had the highest numbers of distinct species (Figure 7C). Specifically, the NI treatment notably reduced Firmicutes levels, and the CI treatment increased the levels of Firmicutes and Thaumarchaeota. Despite identifying microorganisms with substantial differences between treatments, further analyses were required to determine their involvement in the soil carbon cycle, particularly regarding their functional genes.



3.3.3 Distribution and differences in functional genes of soil microorganisms

The β-diversity and PLS-DA analyses of soil microbial functions demonstrated that the NI treatment exhibited significantly greater soil microbial functional diversity than the other treatments (Figures 8A, B). The KEGG annotation of different gene functions indicated that the primary active genes of soil microbial functional genes were concentrated in the metabolism section, particularly within the global and overview maps. Genes related to carbohydrate metabolism, amino acid metabolism, and functional energy metabolism were the most prevalent (Figure 8C).


[image: Scatter plot (A) showing group variation with dots colored by group (NM, CM, N1, CI) and clusters outlined. Box plot (B) representing distance values for each group with a Kruskal-Wallis p-value. Bar chart (C) detailing KEGG classification with categories like metabolic processes and environmental adaptation, colored by category with the number of genes indicated.]
FIGURE 8
 (A) PLS-DA analysis scatterplot. Each point represents a sample, the color of the point indicates the grouping in which the sample is located, the horizontal and vertical coordinates indicate the PLS dimensions that separate the samples, and the value in parentheses in the axis header is the rate of explanation of the samples by the downgraded dimensions, with an elliptical confidence interval at a 95% confidence level. (B) Function beta diversity box-and-line plot. Horizontal coordinates and box colors indicate different subgroups and vertical coordinates indicate the distance between samples. (C) Histogram of functional gene statistics. The horizontal coordinate is the number of genes; the vertical coordinate is the functional classification; the color of the bar indicates the grouping or functional classification; the length of the bar shows the number of genes; and the box on the right-side labels the first-level functional classification to which the second-level functional classification belongs. CM (Conventional Tillage Maize) refers to maize monoculture under conventional tillage conditions. NM (No-tillage Maize) represents maize monoculture under no-tillage conditions. CI (Conventional Tillage Intercropping) indicates intercropping of maize and pea under conventional tillage. NI (No-tillage Intercropping) refers to intercropping of maize and pea under no-tillage.


Functional genes were examined for intergroup variance using STAMP, and significant differences between treatments were identified (Figure 9A). A comparison with the KEGG database identified genes (K07795, K02078, K00249, K00549, K02277, and K00332) related to microbial carbon metabolism. Intercropping notably increased the abundance of the K02078 gene and decreased the abundance of other carbon metabolism genes. Furthermore, microorganisms harboring these functional genes, such as Candidatus_Omnitrophica and firmicutes, exhibited significant differences among the treatments (Figure 9B).


[image: Three data visualizations represent different analyses. Panel A shows bar charts with mean values and p-values for various KO numbers, color-coded by group (CtL, C1, N1, N4). Panel B provides two bar and scatter plot combinations, focusing on functional categories related to mean values and p-values. Panel C is a circular flow diagram connecting different groups, illustrating relationships or interactions.]
FIGURE 9
 (A) Differential functional genes between treatments STAMP Extended histogram. (B) Differences between treatments Microbial and carbohydrate genes STAMP Extended histogram. In the left histogram, the vertical coordinate is the function of difference, the horizontal coordinate is the average abundance of the groups, and the color of the bar represents the groups; in the right scatter plot, the color of the dots indicates the results of different tests of significance, where the p-value is the result of the statistical test. The FDR is the false discovery rate, which is a corrected p-value, and the dots on the left side of the dotted line in the plot (p < 0.05) indicate significant differences; the middle area (the number of groups equals The central area shows the 95% confidence interval of the statistical test of the abundance difference between the two groups, where the dots are located is the mean value of the abundance difference, the color of the dots corresponds to the subgroups with higher abundance, and the boundaries of the line connecting the dots are the boundaries of the confidence interval. (C) Distribution of carbohydrate-active enzymes, the circle is divided into left and right parts, with grouping information on the left and species categorization information on the right. Looking from the outside in, the outermost scale is the percentage of the species in the grouping or the proportion of different species in the grouping, the color of the inner arc indicates the grouping/sample or the species, the line connecting the arcs suggests the presence of the species in the sample, and the width across the arcs indicates the percentage. CM (Conventional Tillage Maize) refers to maize monoculture under conventional tillage conditions. NM (No-tillage Maize) represents maize monoculture under no-tillage conditions. CI (Conventional Tillage Intercropping) indicates intercropping of maize and pea under conventional tillage. NI (No-tillage Intercropping) refers to intercropping of maize and pea under no-tillage.


Carbohydrate-active enzymes serve as key indicators of soil microbial response to carbon cycling. The analysis at the phylum level revealed that the Carbohydrate-Binding Modules (CBMs), Glycoside Hydrolases (GHs), and Glycosyl Transferases (GTs) families constituted over 90% of carbohydrate-active enzymes across all treatments, whereas the Polysaccharide Lyases (PLs), Carbohydrate Esterases (CEs), and Auxiliary Activities (AAs) families comprised < 10% (Figure 9C). Notably, the GHs and CEs exhibited significant differences among the treatments (Figure 9B). Overall, the monocrop systems exhibited higher levels of carbohydrate-active enzymes than the intercrop systems, with the NI treatment demonstrating the lowest content.



3.3.4 Relationships between soil respiration and essential microorganisms and functional genes for carbon metabolism

The correlation analysis among soil microorganisms demonstrated both positive and negative interactions (Figure 10A). Further investigation into the relationship between microorganisms and functional genes, using the Mantel test, indicated a negative correlation between Armatimonadetes and Candidatus_Omnitrophica with differential functional genes. Acidobacteria, Verrucomicrobia, and Chloroflexia showed a positive correlation with Cazy genes. Subsequently, these functional genes and associated microorganisms were analyzed using structural equation modeling to understand their relationship with soil respiration (Figure 10B). The results indicated that PLs and AAs in Cazy had a positive effect on soil carbon metabolism, with path coefficients of 0.247 and 0.271, respectively. Additionally, Verrucomicrobia and Acidobacteria promoted the up-regulation of PLs, and Verrucomicrobia and Thaumarchaeota suppressed AAs expression. Notably, metE significantly contributed to soil carbon metabolism, with Actinobacteria and Armatimonadets repressing its expression, and Candidatus_Omnitrophica also promoted it. The model explained soil respiration to the degree of 0.203. These microorganisms and functional genes were collectively affected by no-tillage and intercropping, thereby reducing soil carbon emissions through the modulation of soil microorganisms, regulation of carbon metabolism genes, and reduction of the soil respiration rate.


[image: Panel A presents a correlation heatmap showing relationships between soil properties and microbial taxa, with color indicating correlation strength and direction. Panel B depicts a network diagram illustrating the direct influence of specific microbial groups on soil functional genes, with solid and dashed lines representing positive and negative effects, respectively.]
FIGURE 10
 (A) Heat map of correlation between soil microbes, carbohydrate-active enzyme genes, and functional genes. Line thickness indicates a correlation, and line color indicates the mantel test P-value. (B) Structural equation modeling. Blue lines indicate negative effects, red lines indicate positive effects, and line thickness indicates effect size. Numbers indicate path coefficients.






4 Discussion


4.1 Tillage practices, intercropping, and soil carbon emissions

Agricultural soils contribute to the atmospheric CO2 levels (Huang et al., 2020). This study highlighted how no-tillage and intercropping strategies can mitigate agricultural soil respiration and the subsequent CO2 emissions. In conventional studies, the reduction in soil respiration through no-tillage has been attributed to its capacity to stabilize soil structure, enhance soil aggregates, regulate soil moisture and temperature, and minimize soil organic carbon mineralization, consequently limiting the exchange of soil carbon with the atmosphere (Zhao et al., 2019; Wang et al., 2020a; Rahman et al., 2021). Conversely, intercropping alters the field microclimate, optimizes light energy utilization via crop ecological niche differentiation, modulates topsoil temperature, and exhibits crop-specific variations in root respiration (Yin et al., 2018; Chai et al., 2021). Root respiration, constituting over 42% of soil respiration, underscores its pivotal role, as observed in the present study's significant variation in soil respiration across different crop bands within intercropping systems (Jian et al., 2022). The strategic intercropping of crops with lower root respiration rates demonstrates a potential reduction in the overall soil respiration rates within the system.

Additionally, conservation tillage, particularly no-till, can significantly reduce soil erosion, minimize soil surface disturbance, and consequently lower the decomposition rate of organic carbon (Lal et al., 2015; Zhang et al., 2022). This reduction not only stabilizes the soil carbon pool but also decreases carbon emissions to the atmosphere. On the other hand, intercropping systems, through crop species complementarity, enhance resource use efficiency by plants and reduce soil respiration and carbon emissions that may result from monocropping (Cong et al., 2015; Yang et al., 2023). Moreover, the diverse root structures and depths in intercropping systems create a more complex rhizosphere microenvironment, which helps to increase soil organic matter content and enhance soil carbon sequestration (Cong et al., 2015; Wang W. et al., 2023). Therefore, optimizing soil tillage and intercropping practices can achieve sustainable development of agroecosystems and effectively mitigate the negative impact of agriculture on the global carbon cycle.



4.2 Effect of no-till and intercropping on soil microbial communities

Soil microorganisms, integral to the soil-atmosphere elemental cycle, fluctuations in abundance and species diversity due to spatial and temporal variations (He et al., 2021). Moreover, human activities at the farm scale contribute to further variability in the soil microbial abundance and species composition by altering the soil environment (Baldrian, 2019; Garcia-Garcia et al., 2019). The decreases in microbial diversity, particularly bacterial diversity, have been linked to higher CO2 emissions owing to reduced soil carbon use efficiency (Domeignoz-Horta et al., 2020; Nottingham et al., 2022). Our study employed microbial β-diversity to assess the impact of no-till and intercropping on soil microbial diversity. Although no-till significantly increased soil microbial β-diversity, the effects of intercropping varied across different tillage systems. In addition, no-till systems exhibit higher microbial populations (Wang Z. T. et al., 2020; Zheng et al., 2022). Fierer (2017) have reported that soil microbial diversity globally is influenced by factors such as soil pH and moisture, with smaller-scale effects driven more by soil moisture and organic matter, whereas crop species impact specific microbial populations. Conservation tillage and crop diversification are known to enhance soil microbial populations, with both no-till and intercropping altering microbial diversity and populations by modifying soil physicochemical properties and microenvironmental conditions (Li et al., 2020; Kan et al., 2022; Zhao et al., 2022). The extent of these alterations is often contingent on the intensity of human activities.

Carbohydrate-active enzymes play a crucial role in decomposing complex carbohydrates such as cellulose, polysaccharides, starch, and glycogen, facilitating microbial metabolism and serving as indicators of soil microbial response to carbon turnover (Baldrian, 2019; Ren et al., 2021). Studies by Ren et al. have indicated that practices such as plant restoration and intercropping enhance soil microbial carbohydrate-active enzyme abundance, thereby improving soil fertility and organic matter content (Baldrian, 2019; Ren et al., 2021, 2022). Consequently, increased substrates for enzyme reactions result in higher enzyme abundance (Li et al., 2021; Ren et al., 2021). In this study, the no-till intercropping system significantly reduced the abundance of soil carbohydrate-active enzymes, particularly GHs and CEs. Despite offering ample substrates for enzyme activity, the drier soil conditions associated with no-tillage and intercropping may decrease soil bacterial diversity, thereby affecting carbohydrate-active enzyme levels (Canarini et al., 2021; Nottingham et al., 2022).

In our study, we investigated the effects of no-tillage and intercropping techniques on soil carbon emissions and microbial communities. However, we did not address the issue of hydrogen gas generation in nitrogen-fixing nodules. The production of hydrogen gas is an unavoidable byproduct of the nitrogen fixation process, which has a potentially significant impact on soil carbon sequestration, especially in the rhizosphere soil (Stein et al., 2005; Zulfiqar et al., 2021). According to the research by Stein et al., hydrogen gas produced during nitrogen fixation can significantly stimulate the process of carbon sequestration in soil, reducing carbon dioxide emissions, and may even inhibit carbon dioxide uptake (Stein et al., 2005). This finding is particularly important for the rhizosphere soil, as it is the area where plant roots and microbial interactions are most active, making carbon sequestration processes more pronounced.

Moreover, Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase) is a key enzyme responsible for carbon dioxide fixation (Selesi et al., 2005; Burlacot et al., 2022). The study by Selesi et al. (2005) indicated that the expression levels of Rubisco genes in soil, particularly in the rhizosphere, can serve as a crucial indicator of carbon dioxide sequestration capacity. To further understand the impact of hydrogen gas on carbon sequestration, we recommend measuring the levels of Rubisco genes in soil, especially in the rhizosphere, in future research. This will help to comprehensively elucidate the microbial mechanisms by which no-tillage and intercropping techniques reduce soil carbon emissions, thereby providing microbial-level insights for optimizing agronomic practices to achieve more effective carbon reduction outcomes.



4.3 How no-till and intercropping regulate soil respiration through soil microorganisms

Agricultural soils represent a significant source of terrestrial carbon emissions. With the continuous development of sustainable agriculture, diverse carbon emission reduction techniques have been developed for agricultural soils (Chen et al., 2024; Jia et al., 2024). These techniques have diverse effects and mechanisms for emission reduction (Xia et al., 2023). This study focused on employing soil no-till and crop intercropping to regulate soil respiration and reduce carbon emissions. Agronomic measures do not directly affect soil respiration, because they do not induce respiration (Xia et al., 2023). Therefore, by focusing on the components of soil respiration (including soil animal respiration, soil microbial respiration, and plant root respiration; Chen et al., 2017; Huang et al., 2020), this study primarily investigated the responses of soil microorganisms to agonomic measures and their effects on soil respiration. The abundance of soil microbial carbohydrate-activated enzymes exhibited a trend similar to that of soil microbial load, with higher microbial loads correlating with increased enzyme abundance (Dove et al., 2021). This relationship presented the significance of reactive substrates in influencing enzyme abundance, as these enzymes played a pivotal role in carbohydrate decomposition within the soil (Bahram et al., 2018, 2020; Ren et al., 2021). Additionally, this study indicated that intercropping and no-tillage practices reduced soil carbon emissions by decreasing the total soil microbial population, increasing microbial species abundance, reducing microbial evenness, and suppressing the expression of key carbon cycle genes, ultimately reducing soil carbon emissions.

In addition to the previously discussed mechanisms, soil tillage and intercropping also play crucial roles in modulating soil microbial communities, which in turn influence soil respiration and carbon emissions (Zheng et al., 2022; Yang et al., 2023). These agronomic practices impact soil microorganisms in several ways. No-till systems create a more stable soil environment that promotes the proliferation of beneficial microorganisms and fungi, which are less active in decomposing organic matter compared to bacteria (Li et al., 2020; Wang Z. T. et al., 2020; Zheng et al., 2022). This leads to a reduction in the overall soil respiration rate (Ren et al., 2021, 2022). Similarly, intercropping introduces a variety of plant species with different root structures and exudates, fostering a diverse microbial community that can efficiently utilize available resources, further reducing soil microbial respiration (Bahram et al., 2018). Furthermore, the presence of different root systems in intercropping alters the soil microenvironment, enhancing microbial activity and diversity, while simultaneously reducing the dominance of any single microbial species. This leads to a decrease in microbial evenness and a shift in microbial community composition, favoring those microorganisms that are less effective at breaking down complex organic matter into CO2 (Bahram et al., 2020). The reduction in the expression of key carbon cycle genes, particularly those involved in the degradation of complex carbohydrates, also contributes to lower soil respiration rates and carbon emissions (Chen et al., 2017).

Thus, through the strategic implementation of no-till and intercropping practices, it is possible to influence soil microbial dynamics in a way that reduces soil respiration and carbon emissions. This approach highlights the importance of considering soil microbial ecology in the development of sustainable agricultural practices aimed at mitigating climate change.




5 Conclusion

This study examined the effects of intercropping and no-tillage on soil respiration rates and carbon emissions, as well as their effects on soil microbiota, microbial community structure, and functional genes. The NI treatment demonstrated a reduction in soil respiration rate and carbon emissions compared to the CM and CI treatments, demonstrating the potential of intercropping and no-tillage to mitigate soil respiration and carbon emissions. The soil microbial abundance, particularly that of bacteria such as Proteobacteria and Actinobacteria, decreased under intercropping and no-tillage conditions, reflecting their association with soil respiration. Furthermore, intercropping and no-tillage suppressed key carbon cycle functional genes, such as metE, as well as carbohydrate-active enzymes, such as PLs and AAs, contributing to reduced soil carbon cycling. These findings suggested that intercropping and no-tillage strategies effectively lowered soil carbon emissions by modulating soil carbon cycling microorganisms and their critical genes, thereby offering promising avenues for low-carbon agriculture practices.
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Maize-based crop systems are promoted in large scale in South Asia because they are more sustainable and efficient than rice-based systems. In the present study, using two combinations of crop residue management practices (CRM) with four precision nitrogen (N) management (PNM) systems, we assessed the impacts on soil physicochemical characteristics [soil organic carbon (SOC), bulk density (BD), soil penetration resistance (PR)] and crop yields in 6 years old continuous zero tillage (ZT) practices under maize-wheat-mungbean cropping system in a sandy loam soil of northwestern India. The highest SOC (5.73 g/kg) was observed in Zero Tillage with Residue Retention (ZT + R) plots. Zero-tillage with residue retention (ZT + R) significantly reduced the bulk density over the zero-tillage with no residue retention (ZT-R) across the soil depth. The bulk density in ZT + R was 6.5 and 10.7% lower at 0–15 cm and 15–30 cm soil depth, respectively, than under ZT-R. The penetration resistance (PR) was significantly lower in ZT + R than in ZT-R across the soil depth. Soil organic carbon (SOC) in ZT + R was 7.4% higher at 0–15 cm depth and 11.9% higher at 15–30 cm depth than under ZT-R treatment. Among PNM treatments, the sequence of treatments in SOC content was 50%N + Green Seeker (GS) >33%N + GS > RDN > 70%N + GS. The system productivity (maize equivalent yield) under ZT + R in combination with 50%BN + GS was 15.0% higher than crops grown under ZT-R with RDN. The wheat equivalent yield under the ZT + R treatment is found to be higher (5.97) in the 50%BN + GS, which was 18% higher than the recommended dose of nitrogen treatment (5.04) and 28% higher than the 70%BN + GS treatment (4.68). Results demonstrated that plots with residue retention performed better, showing a 10% increase in system productivity. The study concludes that a ZT-based system with maize-based crop rotations (MWMb) with crop residue retention and precision nitrogen management can improve soil properties and system productivity in northwestern India.

Keywords
 soil bulk density; soil penetration resistance; soil organic carbon; residue retention; nitrogen management; inceptisols; system productivity; greenseeker
[image: Flowchart illustrating the impact of low carbon on agricultural sustainability through a conservation agriculture approach using a maize-wheat-mung cropping system. The process involves soil sampling and analytical procedures to measure soil organic carbon, bulk density, and penetration resistance. Key findings include reduced bulk density and penetration resistance, and increased soil organic carbon. PCA analysis identifies optimal plots and subplots, while correlation analysis shows positive impacts on crop yields. Improvements result in more fertility, sustainability, and soil carbon.]
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1 Introduction

Agricultural intensification in the Indo-Gangetic plains of Northwestern India to meet the growing food demand is often accompanied by negative effects such as declining soil fertility, crop residue burning, biodiversity loss, soil degradation, and increase in greenhouse gas (GHG) emissions (Venkatramanan et al., 2021; Reddy et al., 2023). Farmers in the region clear crop residues more often because it is easier to manage and process the land for the next crop and provides short-term economic benefits. By 2030, about 207 million tonnes of maize (Zea mays L.) biomass will be removed for biofuel production (Muth Jr et al., 2013). On the other hand, increased residue removal threatens soil fertility and productivity (Mrunalini et al., 2022). As a result, there is a surge of interest in reusing agricultural wastes and employing conservation agriculture (CA) to sustain agricultural productivity (Chalise et al., 2019). Conservation agriculture is a climate-smart practice emphasizing low soil disturbance, long-term organic residue cover, and crop diversification (Eze et al., 2020).CA is a crucial instrument for sustainably securing future food production and protecting soil resources from extreme climatic events like drought and heatwaves (Page et al., 2020). The agricultural production system, to increase food production, minimize GHG emissions, and adapt to changing climate conditions, has to incorporate smart agricultural practices (Venkatramanan and Shah, 2019). Resilient agricultural practices like conservation agriculture, precision nutrient management, and crop residue management have been recommended to improve soil properties and achieve soil security (Venkatramanan et al., 2020). Crop residue removal decreases soil organic carbon (SOC) and increases soil penetration resistance (PR) and bulk density (BD), which has a significant negative impact on soil productivity. However, the CA effectively utilizing the previous crop residues (Dinesh et al., 2023) and long-term residue cover might increase SOC and improve soil-water dynamics, eventually boosting crop output and productivity (Basche et al., 2016). Many ecosystem services and benefits have been linked to conservation agriculture, including increased soil water storage (Page et al., 2019), improved soil quality (Jayaraman et al., 2019; Jayaraman and Dalal, 2022), reduced erosion, higher yields (Kadam et al., 2022) and net agricultural income (Page et al., 2019). Hence, smallholder adoption of CA is being promoted by both governmental and non-governmental organizations in developing nations around the world (Eze et al., 2020), and there is a lot of scope for payment for ecosystem services to conservation agriculture-practicing farmers in the near future (Dinesh et al., 2021; Rasheed et al., 2021).

In tillage investigations, parameters such as BD, PR, and SOC influence the system’s productivity and soil properties. Crop residue incorporation through conservation tillage practices decreases soil bulk density and increases soil biota activity (Sharma et al., 2017). The bulk density will be much greater in the first few years (up to five) of conservation agriculture (CA). However, compared to conventional tillage, CA will have a lower soil bulk density after stabilization. Hence, the effect of conservation tillage on BD was not instantaneous; compared to conventional tillage (plowing), it may take a few years to show noticeable results in dropping BD. Because crop residues are lighter than minerals, their breakdown products induce more aggregation (Shaver, 2010). Previous research has found that diverse zero-till (ZT) systems had a lower PR value in the upper soil layers (0–20 cm) than conventional tillage systems (Singh and Malhi, 2006). The crop rotation and addition of crop residues reduced PR value, implying that cultivation systems significantly influence soil compaction (Indoria et al., 2017). Like BD, increased PR will negatively affect root growth (Lampurlanés and Cantero-Martínez, 2003). As the SOC improves, higher bulk densities can drop with time (Blanco-Canqui and Ruis, 2018). However, in some cases, increased BD limits production (Page et al., 2020) because of decreased air permeability (Nyagumbo et al., 2016).

Nitrogen significantly increases plant yield but it must be handled cautiously to prevent negative environmental effects. Depending on the crop and the amount of N fertilization, different crops respond differently to N treatment regarding physico-chemical characteristics and system productivity. In addition to lowering the potassium content of the soil that is accessible for use, high N fertilizer rates may also hinder photosynthesis and radiation efficiency, which lowers grain yield (Sun et al., 2020). On the other hand, effective N fertilization may enhance starch’s structure and physico-chemical characteristics, as well as protein’s water-holding capacity and thermal stability, all of which contribute to higher crop quality (Noor et al., 2023). Higher nutrient use efficiency may reduce the need for high fertilizer-N rate application and have a good effect on biodiversity, human health, and the quality of the air and water (Tian-yang et al., 2022). Therefore, to maximize crop output while reducing the detrimental effects on the ecosystem by N fertilizer, precise N management is essential to avoid N loss.

The soil texture of Indo-Gangetic Plains (IGP) is primarily sandy loam (Typic Haplustept; Inceptisols). Higher BD, low water retention capacity, and lower SOC are the critical constraints of this type of soil (Singh et al., 2016). These concerns have forced the Indian government to prioritize diversification with maize and legumes, particularly in the rice-wheat rotation in northwestern Indo-Gangetic plains (IARI, 2012). However, compared to conventional tillage, no-tillage techniques and diverse maize cropping systems improve soil physical, chemical, and biological qualities and overall soil health (Dinesh et al., 2022a). Fertilizer-N has been shown to impact several plant physiological processes and metabolic activities, including respiration rate, water balance, and signaling pathways. The sustainability of maize-based agroecosystems and the most accurate way to calculate fertilizer N use efficiency have been researched in light of the likelihood that N fertilizer enhances soil organic matter (SOM) mineralization and, as a consequence, diminishes SOM stocks. The fact that synthetic N fertilizer may alter SOM mineralization in both good and negative ways via several direct and indirect channels is a major factor in this argument (Mahal et al., 2019). Thus, the study’s hypothesis was crop residue, and N management (precision N application with green seeker) coupled with zero tillage would positively impact crucial soil properties compared to conventional practices without crop residue addition with the recommended dose of fertilizer. Though many studies on CA and soil quality have been reported, there is still a significant knowledge gap about CA coupled with PNM and CRM, particularly its impacts on soil properties and their interrelationship with crop yields and system productivity (Dougill et al., 2017). In light of this, this research was carried out with the objective of studying the effects of crop residue retention and precision N management on soil organic carbon, bulk density, soil penetration resistance, crop yields and system productivity in a six-year-old conservation agriculture experiment on sandy loam soil in northwestern Indo-Gangetic plains.



2 Materials and methods


2.1 Experimental site

A field experiment was conducted in the long-term conservation agriculture-based research farm in the Northwestern Indo-Gangetic plains at ICAR-Indian Agricultural Research Institute, New Delhi, India (28° 40′ N, 77° 12′ E, and 228.6 m above MSL) from 2018 to 2020. The experimental farm has sandy loam soil (Typic Haplustept; Inceptisols) and experienced a semiarid climate with hot and dry summer and cold winter. The meteorological conditions that prevailed during the study period are shown in Figures 1, 2. The average annual rainfall during 2018 and 2019 was 966.80 mm and 859.40 mm, respectively. During the Southwest monsoon, 80% of the annual rainfall is received, and the remaining is received during the winter months as western disturbances.

[image: Line chart depicting meteorological conditions in 2018, with data on mean temperature, relative humidity, and rainfall across standard meteorological weeks. Three seasons, Kharif, Rabi, and Summer, are marked. The pink line shows relative humidity, the red line indicates maximum temperature, the blue line represents minimum temperature, and yellow bars illustrate mean rainfall. Humidity peaks during Kharif, while temperature gradually increases towards Summer. Rainfall is highest during Kharif.]

FIGURE 1
 Meteorological conditions during the study period 2018.


[image: Graph illustrating meteorological conditions in 2019 across Kharif, Rabi, and Summer seasons. Rainfall is represented by yellow bars, maximum and minimum temperatures by blue and red lines respectively, and relative humidity by a magenta line. Rainfall peaks during Kharif. Temperature lines show fluctuations, with relative humidity decreasing towards the end of the year.]

FIGURE 2
 Meteorological conditions during the study period 2019.




2.2 Experimental details

The field trial was conducted in a long-term experimental site since 2012, and the current study was conducted for 2 years with three seasons, i.e., 2018–19 and 2019–20 (6th and 7th year of a long-term experiment). Table 1 presents experimental details, including the tillage, crop establishment, and residue retention under maize-wheat-mungbean (MWMb) systems. The study was initiated with the sowing of maize (cv. PMH 1) in mid-July, followed by wheat (cv. HD 2967) in the first week of November, and summer mungbean (cv. Pusa Vishal) in mid-April. The experiment was carried out with two main-plot treatments (main factor) (Crop residue management (CRM) options), namely zero tillage with residue retention (ZT + R) and zero tillage without residue retention (ZT-R), along with four sub-plot treatments (subfactor) of precision nitrogen management (PNM) options namely (i) The recommended dose of nitrogen (RDN) (150, 120 and 18 kg/ha for maize, wheat, and mungbean, respectively), (ii) 33% basal RDN followed by Green Seeker N application (33%N + GS), (iii) 50% basal RDN followed by Green Seeker N application (50%N + GS), (iv) 70% basal RDN followed by Green Seeker N application (70%N + GS). The recommended amount of fertilizer (as per recommendations of IARI, New Delhi package of practices based on soil test) applied was 150:60:40, 120:60:40, and 18:46:0 (N: P2O5:K2O kg/ha) for maize, wheat, and mungbean, respectively. The nitrogen doses varied across the treatments based on the green seeker readings; the phosphorous and potassium remained equivalent in all the treatments. The calculations are done by Sensor-Based Nitrogen Rate Calculator developed by Oklahoma State University.1 For maize, fertilizers are applied at three times. Basal dose at 0 DAS, Knee High stage (35 DAS), Silking stage (65 DAS). For wheat, fertilizers are applied at Basal (0 DAS), Crown Root Initiation stage (25 DAS), active tillering stage (70 DAS). P and K nutrients are applied based on blanket recommendations. For Mungbean, only basal dose (18 kg N and 46 Kg P) is applied. In zero tillage without residues plots (ZT-R), under 33%BN + GS, 50%BN + GS, and 70%BN + GS treatments, 33, 50 and 70% of N is applied as basal (50, 75, 105 kg N for maize and 40, 65, 95 kg N for wheat) and remaining will be based on the green seeker readings at critical stages mentioned above. Detailed application of fertilizers is mentioned in the Table 2.



TABLE 1 Description of tillage, crop establishment, and residue practices under maize-wheat-mungbean (MWMb) systems.
[image: A detailed table comparing agricultural practices for maize, wheat, and mungbean. It includes crop variety, duration, sowing details, seed rate, residue retention, fertilizer recommendations, methods of application, irrigation techniques, weed management, and harvesting months. Maize uses PMH 1 with dibbling and furrow irrigation. Wheat uses HD 2967 with a seed drill. Mungbean is Pusa Vishal. Fertilizers include DAP, SSP, MOP, and urea. Weed management involves paraquat and other chemicals. Harvests occur in October for maize, April for wheat, and June for mungbean.]



TABLE 2 Application of fertilizers.
[image: Comparison table displaying nitrogen split quantities and total nutrient application for maize, wheat, and mungbean during 2018–19 and 2019–20. It includes data for zero tillage with and without residue retention. Phases mentioned are basal (0 DAS), KH (35 DAS for maize), CRI (25 DAS for wheat), and others, with nutrients N, P, K.]



2.3 Collection and processing of soil samples

In July 2018 and 2019 (before the sowing, typically after harvesting of the previous crop), the soil samples were taken from each plot (2 main plots (CRM) × 4 subplots (PNM) × 3 replications = 24 plots) at 3–5 random locations covering 25% of the plot. A composite soil sample was prepared using the quadrant method to analyze various soil parameters. The samples were collected at two depths of 0–15 and 15–30 cm, using a core auger (with two divisions of 0–15 and 15–30 cm, 5 cm diameter). The soil samples were air-dried, sieved through a 2 mm sieve and then used to analyze soil parameters (Page, 1982).


2.3.1 Soil characteristics

For the initial soil characteristics, soil samples (0–15 cm layer) were collected randomly in triplicate from the 24 plots of the experimental farm before the start of the maize cropping season in 2018. The soil samples were analyzed for soil organic carbon (Walkley and Black, 1934), available soil nitrogen (Subbaiah and Asija, 1956), available phosphorous (Olsen et al., 1954), and available potassium (Prasad, 1998). The soil pH was 7.8, and the electrical conductivity was 0.42 dS/m, the soil organic carbon (SOC) was 4.69 g/kg, the available nitrogen was 162.8 kg/ha, the available phosphorus was 15.2 kg/ha and the available potassium was 152.2 kg/ha.



2.3.2 Soil analysis

Soil organic carbon and bulk density were estimated using the standard procedures (Walkley and Black, 1934). Soil samples were taken from a depth of 0–15 and 15–30 cm. Soil organic carbon was determined by the chromic acid wet oxidation. For bulk density, undisturbed soil samples were taken from a depth of 0 to 30 cm at a distance of 15 cm with the core sampler. Fresh soil core samples were processed in the laboratory and oven-dried for 48 h at 105°C. Soil bulk density was calculated by dividing the core volume by the dry weight of the soil (Blake and Hartge, 1986). Soil strength (cone penetration resistance) was measured when the profile moisture content was close to field capacity, using a hand-held recording penetrometer (RIMIK CP40II, Australia) fitted with a 12.8 mm diameter cone with an area of 130 mm2 with a maximum cone index of 5,600 kPa (Parihar et al., 2020), which recorded the PR at intervals of 10 mm up to a soil depth of 700 mm. Resistance data from three equal positions (between rows) for each treatment per plot were averaged for each depth, and the mean was expressed in kilopascals (kPa) (Anderson et al., 1980). SOC, BD, and PR are measured and analysed at 25 DAS to determine soil properties’ status during the active crop growth stage after retaining previous crop residues. Soil moisture was measured using a Delta moisture meter ranging from 16.83 to 34.06% (Delta-T Devices Ltd, 2006).




2.4 Maize, wheat, mungbean grain yield and system productivity (maize equivalent yield)

Crops were harvested after the physiological maturity stage, and grain yield was measured by calculating the weight of harvested economic part produced from each plant in the grown area using the conversion factor, which is presented as tonnes per hectare. System productivity of the cropping systems was calculated based on the crop yields and minimum support price of maize and wheat by using the following equation as mentioned in Parihar et al. (2016a):

[image: Equation for maize equivalent yield. It is calculated as the product of wheat yield in megagrams per hectare and the minimum support price of wheat in INR per megagram, divided by the minimum support price of maize in INR per megagram.]



2.5 Statistical analysis

The data were analyzed using the Microsoft Excel ver. 2021 and Indian NARS Statistical Computing Portal2 developed by ICAR – Indian Agricultural Statistical Research Institute, New Delhi, India, based on SAS ver. 9.2 (SAS Institute Inc., 2002) for a split-plot design (Rangaswamy, 2018). The data on SOC, bulk density, penetration resistance, maize, wheat, mungbean yield and system productivity were subjected to the Barlett test for homogeneity of variance. The error variances for almost all parameters (i.e., SOC, bulk density, penetration resistance, maize, wheat, mungbean yield and system productivity) were homogeneous over the years. Hence, pooled analysis was done to find out the effects of the year (Y) and interactions between Y × crop residue management (CRM), Y × precision nitrogen management (PNM), CRM × PNM and Y × CRM × PNM on the studied variables of soil physico-chemical properties and crops productivity. The significance of treatment means was appraised using least significance difference test at p ≤ 0.05. Pearson’s correlation analysis was done using the R studio ver. 2021.09.4 (R Core Team, 2013).

The multivariate statistical technique was used to perform principal component analysis (PCA) by PAST (Andrews et al., 2002). First, the principal components (PCs) with the greatest Eigenvalues were selected. Consequently, PCs with high Eigenvalues were deemed to be best principal components (Kaiser, 1960). Next, the score was determined using the variation (percent) of each principal component investigated. Then, components were selected and taken for further analysis based on the Eigenvalues and the percentage of variance. In addition to Eigenvalues, a scree plot was used to sort out the principal components. Finally, Biplot analysis was performed utilizing the components, Eigenvalues, and loadings.




3 Results and discussion


3.1 Soil organic carbon

Pooled analysis of variance (ANOVA) of soil organic carbon (SOC), bulk density (BD), penetration resistance (PR), maize grain yield, wheat grain yield, mungbean grain yield and system productivity (MEY) showing the effects of years, crop residue management (CRM), precision nitrogen management (PNM) and their interactions are shown in the Table 3. From the analysis, the study found that the combined effect between main plot (CRM), subplot (PNM) and years (Y) are mostly non-significant and only in SOC it is statistically significant. Soil organic carbon (SOC) in the topsoil layer (0–15 cm) of zero tillage without residue retention (ZT-R) plots increased from 5.10 g/kg to 5.20 g/kg between 2018 and 2020. Meanwhile, in the zero tillage with residue retention (ZT + R) treatment, the SOC increased from 5.33 g/kg to 5.73 g/kg between 2018 and 2020 (Table 4). The ZT + R increased SOC from 4.69 to 5.73 g/kg, amounting to a 22% increase in SOC. Long-term studies on conservation agriculture in South Asia have reported that system-based conservation tillage improves resource-use efficiency, conserves biological and natural resources, and improves available soil nutrients (Jayaraman et al., 2020). A study conducted on a corn-soybean-wheat-cowpea cropping system observed that no-tillage practices enhanced the total soil C by 30% and active carbon by 10% (Aziz et al., 2015). While intensive soil tillage increases the oxidation and decomposition of organic matter (SOM) and decreases the soil C content (Dinesh et al., 2022b; Sinduja et al., 2022), conservation agricultural techniques increase C content in the soil (Kaiser et al., 2014). However, the increase in soil carbon content is influenced by crop rotations, the amount and chemical composition of leftover crop biomass/residues, and root exudates (Congreves et al., 2015). Minimum tillage practices have been observed to improve the soil structure and other physical properties due to the maintenance of soil aggregates and reduced oxidation of SOM (Srinivasarao et al., 2021). Conservation tillage ensures minimum soil disturbance, and the plant roots in the root zone (up to 30 cm) slowly decompose to increase organic C content. Nevertheless, the soil C content is less influenced in the deeper layers (30–45 cm) due to the absence of root biomass (Parihar et al., 2016b; Dinesh et al., 2022a,b).



TABLE 3 Pooled analysis of variance (ANOVA) of soil organic carbon (SOC), bulk density (BD), penetration resistance (PR), maize grain yield, wheat grain yield, mungbean grain yield and system productivity (MEY) showing the effects of years, crop residue management (CRM), precision nitrogen management (PNM) and their interactions.
[image: Table showing analysis of variance for different sources of variation across various soil depths, soil properties, and crop yields. Columns represent depths and properties like soil organic carbon, bulk density, and penetration resistance, and grain yields for maize, wheat, and mungbean. Sources of variation include year, crop residue management, and precision nitrogen management, with significance levels indicated by asterisks.]

In the sub-surface soil layer (15–30 cm), the SOC in ZT-R plots increased from 3.52 g/kg to 4.23 g/kg of soil during the study period. In the ZT + R treatment plots, the SOC increased from 4.23 g/kg to 4.46 g/kg of soil (Table 4). The increase in the SOC in the sub-surface soil layer is due to the root exudates and decomposition of root residue biomass. Studies have reported that the root residues and dissolved organic carbon transport drive the sub-surface soil C dynamics, and the crops with the deeper root system improve SOC in the deeper layers of the soil (Juma et al., 2019). A similar study reported that wheat straw incorporation and decomposition contribute to a higher SOC content in the surface soil layer than in other deeper soil layers (Liu et al., 2020). The pooled mean analysis during the study period 2018–20 in both the main plot treatments was statistically significant, with the critical difference ranging from 0.01 to 0.09. The crop residue effect was significant, possibly caused by residue-based soil fertility enhancement and increased moisture availability. Hence, residue retention is an important and integral practice of zero tillage systems. The effects of residue retention (residue removal treatments of 0, 25, 50, 75, and 100%) under long-term no-till continuous corn on SOC sequestration. They found a higher SOC with a greater residue retention rate in silt loam soils (Blanco-Canqui and Lal, 2007). The magnitude of the residue impacts depends on the soil type and topographic factors. Another study observed that the rise in SOC was attributed to crop residue retention on the soil surface, where microorganisms break down the residues and store higher C. Legume residues with a low C: N ratio increased the SOC due to the quick degradability of residues. At deeper soil layers, leguminous taproot residues increased the SOC content (Yadav et al., 2017). Thierfelder et al. (2012) discovered that adding cowpea and sun hemp to corn-based crop rotations increased soil carbon by 31%. Saha and Ghosh (2013) have found that applying organic manures to grain-growing systems positively influenced SOC content. The study conducted in China reported that, following the addition of wheat straw, the NH4+ concentration increased by 40 to 80% due to the quick mineralization of the straw and soil organic matter (SOM).

In the precision N management treatments, in the topsoil layer (0–15 cm), the highest SOC was observed in 50%BN + GS treatment with 5.40 g/kg of soil, and in the second year (2019), the highest SOC was observed in 50%BN + GS with 5.65 g/kg of soil. This increase in the SOC is due to the precision application of nitrogen based on the requirements. A study conducted in North China plains reported that the precision application of nitrogenous fertilizers increased SOC and SOM (Li et al., 2019).

In the sub-surface soil layer (15–30 cm) in 2018, the highest SOC was observed in 50%BN + GS with 4.05 g/kg, and in 2019, the highest SOC was observed in 50%BN + GS with 4.54 g/kg. The increase in the SOC at subsurface soil layers may be attributed to the proper and required quantity of fertilizer application through green seeker-based precision techniques. A global meta-analysis to quantify the relationship between SOM and crop yields revealed that the yields of maize and wheat crops are greater with higher SOC. Increasing the SOC levels will potentially reduce reliance on N fertilizers and also reduce the global yield gaps (Oldfield et al., 2019).

SOC levels in the subplot treatments showed an observable trend. SOC was highest at 50%BN + GS, followed by 33%BN + GS, RDN, and 70%BN + GS. However, in some cases, especially in the rooting zone soil layer (15–30 cm), RDN and 33%BN + GS values were closely related and significantly at par. Pooled analysis between subplot treatments revealed a significant difference between the two study years. Furthermore, statistical analysis between the subplot treatments also revealed a significant difference, with the critical difference values ranging from 0.03 to 0.09. Interaction analysis between crop residue and N management was non-significant in the 2018–19 topsoil layer (0-15 cm) and the 2018–19 and 2019–20 bottom (15-30 cm) soil layers. A significant difference was observed only in the 2019 topsoil layer. Pooled analysis in both study years also revealed a significant difference.



3.2 Bulk density

In the topsoil layer (0–15 cm), the BD was 1.32 Mg/m3 in the ZT + R plots in 2018, and it was further reduced to 1.28 Mg/m3 in 2019 (Table 4). The very meager reduction in the BD in ZT-R plots could be attributed to the soil’s decomposition of crop roots (belowground biomass; Labelle and Kammermeier, 2019). In the ZT-R plots, the bulk density was 1.40 Mg/m3 in 2018 and slightly reduced to 1.39 Mg/m3 in 2019. In the bottom soil layer (15–30 cm), the bulk density was 1.50 Mg/m3 in both years of ZT-R plots and ZT + R plots, having 1.36 Mg/m3 in 2018 and 1.32 in 2019. There was a significant difference in BD between ZT + R and ZT-R main plot treatments in both years at 0–15 cm and 15–30 cm soil layer (p = 0.02), and pooled analysis also showed a significant difference (p ≤ 0.05) in both years and both soil layers. There was a slight variation between N management subplot treatments in both study years. However, there was a notable year-to-year variation between the subplot treatments. In a study conducted by (Butterly et al., 2013), it was observed that forest litter amendment and soil compaction influenced the microbial biomass carbon, nitrogen, and SOC. Soil compaction reduced the soil aeration due to a 13–36% reduction in porosity. Soil compaction changes soil structure and reduces water infiltration and root penetration into the soil. Proper N management reduced the soil bulk density due to higher root biomass production (Nawaz et al., 2013). Chalise et al. (2019) in their study on the effect of cover crops and residue retention, found that residue returned (residue retained) and cover crops are beneficial for improving the physical environment of soil and reduced bulk density compared to residue not returned (Chalise et al., 2019).

The lowest BD (1.32 Mg/m3) was observed in the topsoil layer (0–15 cm), in 70%N + GS subplot treatment, and the highest was observed in RDN (1.36 Mg/m3), 33%BN + GS and 50%BN + GS. On the other hand, in the bottom soil layer (15–30 cm), the lowest bulk density (1.40 Mg/m3) was observed in 33%BN + GS, and the highest was observed in RDN (1.44 Mg/m3). A statistically significant difference (p = 0.01) existed between the subplot treatments. Furthermore, pooled analysis between the subplot treatments was also statistically significant (p = 0.04). The interaction effects between the residue and nutrient management were statistically non-significant in both study years. However, pooled analysis reveals that there was a significant difference between them.

Compared to ZT + R plots, the ZT-R plots had 8% more BD, possibly due to residue retention in the field (Parihar et al., 2016b). Similar results have been reported by Chalise et al. (2019) from the three-year-old experiment (2014, 2015, and 2016), which showed that residue retained plots (1.30 Mg/m3) had a 7% lower bulk density (BD) compared to the residue removed plots (1.40 Mg/m3) (Chalise et al., 2019). The highest variation was seen in the 50 cm soil layer. Hence, the residue retention significantly affects the ZT-R and ZT + R plots, especially in the 50 cm soil layer. In the long run, the BD of the conventional tilled soil may increase, which might cause restriction to root penetration to crops and create much more complex, ultimately resulting in the reduction of crop yields (Orzech et al., 2021). Furthermore, the increase in the BD also caused a drastic reduction in crop growth (Parlak and Parlak, 2011). But in this current zero tillage with residue retention study, the bulk density will decrease over the long run. Higher SOC content, improved aggregation, enhanced root development, and increased biomass might decrease BD under CA (Unger and Jones, 1998). Some studies reported similar findings of lower BD values under ZT (Salem et al., 2015). However, in clay/silty loam soils, several researchers observed greater BD values under ZT (Wilkins et al., 2002). Crop rotation impacts do not substantially influence oil BD (Unger and Jones, 1998). Long-term investigations by Parihar et al. (2016b) and Parihar et al. (2016a) reported that BD of sandy loam soil (Inceptisols; Typic Haplustept) increases with depth but reduces with crop residues retained and no-tillage practices. Research in Minnesota and Iowa found that high residue removal rates resulted in a 7% greater BD than no residue harvest (Tormena et al., 2017). Chalise et al. (2019) reported that reduced BD at both soil depths was attributable to root contributions. Residue retention was found to lower BD by 7 and 3.7% for depths of 0–5 and 5–15 cm, respectively, compared to residue non-retained treatments.



3.3 Soil penetration resistance

Soil Penetration Resistance (PR) in the topsoil layer (10 cm) of ZT-R plots was 463.4 kPa in 2018 and 461.7 kPa in 2019 (Table 4). Meanwhile, in the ZT + R plots, the PR was 442.4 kPa in 2018 and 433.9 kPa in 2019, showing that the residue retention had reduced the PR. Similar trends were observed at 20 cm, 30 cm, 40 cm, and 50 cm soil depth levels. In a study conducted by Acuña and Villamil (2014) in Illinois, similar results were observed. In another study by Chalise et al., residue retained with crop cover increased the SOC and lowered the PR (Chalise et al., 2019). In the deeper soil depths, the variation in PR between ZT-R and ZT + R plots was clear and robust, which again confirmed that the effect of residue retention positively influences the soil penetration resistance in the experimental site. Research in Ames, Iowa, found that the PR value was lowered at a depth of 5 cm, and high residue removal boosted penetration resistance by 39 percent compared to no shrub residue removal (Tormena et al., 2017). Similar findings were seen in long-term research on silt-loam soil in Ohio, where the PR value improved by 17 to 24 percent when more than half of the residues were removed, compared to no residue removal (Blanco-Canqui and Lal, 2007). The difference in soil penetration resistance between the ZT-R and ZT + R plots ranged between 3 to 18%. The statistical analysis showed a significant difference between ZT + R and ZT-R plots. In addition, the pooled analysis also revealed a significant difference between the two study years.

The subplot treatments showed a significant difference between the precision N management in the top few soil layers. In the topsoil layer, the highest soil penetration resistance was observed in 70%BN + GS (476.23 kPa), and the lowest was observed in 50%BN + GS (423.84 kPa). In the 50 cm soil layer, the soil PR was lowest in the 50%BN + GS subplot treatment (1202.36 kPa), and the highest PR was observed in the 70%BN + GS subplot (1222.39 kPa). From the results, it was clear and visible that the 50%BN + GS subplot treatment had the lowest PR values in all the five soil depths, and in contrast, the 70%BN + GS subplot had the highest PR values in all the five soil depths. A residue retention study by Dolan et al. (2006) revealed that Pisum sativum plant residues reduced the penetration resistance value more than the Brassica napus or Triticum aestivum plant residues (Doan et al., 2005). In addition, using long and robust root crops in crop rotation has been shown to overcome soil compaction limitation (Liu et al., 2021). Because deeper soil layers had a greater intrinsic BD, the PR increased with depth (up to 40 cm). The compaction created by plow pan under conventional tillage methods increased soil resistance, resulting in greater PR in repeatedly tilled soil (Parihar et al., 2016b). Hence, from the perspective of soil penetration resistance, 50%BN + GS was the best treatment among the four subplot treatments, followed by RDN or 33%BN + GS subplot treatments. However, 70%BN + GS is the least-performing treatment among all the soil depths. The variation among the subplot treatments was reduced in the deeper soil depths, which implied the effect of residue retention in the topsoil depths till up to 30 cm was enormously prominent. If the residue were incorporated into deeper soil depths using any minor manually hand-operated drilling, the PR might also decrease in deeper soil depths (Parihar et al., 2016b).

Interaction analysis revealed a significant difference between year-residue management and year-precision N management. There was a significant difference between year, residue management, and precision N management in the three-way interaction analysis but not in the pooled analysis between them. In other studies, CA methods reduced soil PR (Saha et al., 2010). A higher BD could be another reason for an increased PR in conventional tillage techniques. Parihar et al. (2016b) reported that BD could account for 84% of the variation in PR; hence, PR and BD had a strong relationship in soil. Sharma and De Datta (1986) also found a significant positive relationship between PR and BD.



3.4 Crop yields and system productivity

Table 5 presents the effect of residue and precision nitrogen management on maize, wheat, and mungbean crop yields. The yield of kharif sown maize (5.73 t/ha), rabi sown wheat (5.80 t/ha), and summer mungbean (1.07 t/ha) are higher in the residue retained fields rather than residue non-retained fields, which is statistically significant (p ≤ 0.05). The grain yields of maize, wheat, and mungbean were 9, 9, and 15%, respectively, higher in the residue-retained fields. Among the subplot treatments, the higher yields were observed in the 50%BN + GS treatments in maize (5.90 t/ha), 33%BN + GS in wheat (5.84 t/ha), and 70%BN + GS in mungbean (1.02 t/ha) (Table 6). However, ANOVA showed significant differences only in the case of maize and wheat but not in mungbean. ANOVA showed no significant interaction effects of crop residue management and precision nitrogen management on maize, wheat, and mungbean yield during the study period.



TABLE 4 Soil Organic Carbon (SOC), Bulk Density (BD) and Penetration Resistance (PR) across the treatments over the years.
[image: A detailed table displaying data on soil organic carbon, bulk density, and penetration resistance across various treatments and years. It includes values for different soil depths and features treatments for crop residue and precision nutrient management. Statistical data includes standard error mean and critical difference. Explanatory notes describe abbreviations used in the table, indicating significance levels and differentiations within columns.]

The maize equivalent yield under the ZT + R treatment is found to be higher (6.05) in the 50%BN + GS plot, which is 15% higher than the recommended dose of nitrogen treatment (5.26) and 20% higher than the 70%BN + GS treatment (5.04) (Table 6). It signifies the importance of precision N management using green seeker. Compared to non-residue plots, residue retention plots outperformed well with 7% more system productivity; this outcome signifies the prominence and need for residue retention in conservation agriculture. The utilization of green seeker highlights the significance of precision nitrogen management. The results indicate that residue retention plots exhibit superior performance compared to non-residue plots, with a 10% increase in system productivity. This underscores the significance and necessity of crop residue retention in the context of conservation agriculture (Table 6).



TABLE 5 Effect of residue and precision nitrogen management on maize, wheat, and mungbean crop yields (t/ha).
[image: A table comparing crop yields for maize, wheat, and mungbean over two years (2018-19 and 2019-20), and pooled results. Treatments include crop residue management (CRM) with options ZT-R and ZT+R, and precision nutrient management (PNM) options RDN, 33%BN+GS, 50%BN+GS, and 70%BN+GS. It includes statistical measures such as SEM and CD. Footnotes explain abbreviations: CRM, PNM, ZT-R, ZT+R, CD, and RDN.]



TABLE 6 Effect of residue and precision nitrogen management on system productivity.
[image: Table comparing treatments over two years and a pooled data view. It includes main plots on Crop Residue Management and subplots on Precision Nutrient Management. Values are presented for each treatment with critical difference (CD) and standard error of mean (SEm±) for each section. Annotations include statistical significance markers.]

The outcomes of our study align with prior research conducted in South Asia, which demonstrated that zero tillage with residue retention resulted in greater crop yields in rice-wheat and maize-wheat systems (Parihar et al., 2017, 2018; Sapkota et al., 2020; Jat H. S. et al., 2021). The increased yield of maize, wheat, and mungbean in the zero tillage (ZT) system may be attributed to the combined effects of supplementary nutrients, reduced weed population, enhanced soil physical health, improved water regimes, and increased nutrient use efficiency (Parihar et al., 2016). The increased grain yield and grain equivalent yield (GEY) are ascribed to the legumes’ inclusion in the cropping system, as it will increase soil fertility and soil nitrogen (Lipper, 2010; Congreves et al., 2015). The ZT plots with residue retention exhibited a marked increase in grain and GEY compared to the ZT non-residue retained plots. This outcome may be ascribed to the greater spike density, number of grains per spike, and 1,000-grain weight (Parihar et al., 2016).



3.5 Pearson’s correlation and principal component analysis

From Pearson’s correlation analysis, SOC has a highly negative correlation with soil BD and PR; it agreed with the previous studies (Yu et al., 2014) and had a weak positive correlation with maize and wheat yield. However, it had a high positive correlation with mungbean yields. Hence, increased SOC might improve crop yields (Somasundaram et al., 2020; Jat R. A. et al., 2021). On the other hand, BD had a highly negative correlation with SOC and mungbean yields (Figure 3). It also had a weak negative correlation with maize and wheat yield but a very high positive correlation with PR. Previous studies also reported that increased soil BD would reduce crop yields (Liu et al., 2021; Obour et al., 2021).

[image: Correlation matrix heatmap showing Pearson's correlation coefficients between six variables: SPr, MY, WY, MbY, SOC, and BD. Positive correlations range from red (strong) to light pink (weak), and negative correlations range from dark blue (strong) to light purple (weak). Significant correlations are marked with asterisks indicating p-values: * p < 0.05, ** p < 0.01, *** p < 0.001. Notable correlations include 0.96 for SPr and SPr, -0.93 for SPr and MbY, 0.86 for MbY and MbY, and -0.95 for SPr and SOC.]

FIGURE 3
 Relationship of various soil parameters with crop yields by Pearson’s correlation analysis.


Soil penetration resistance negatively correlated with SOC and mungbean yields. It had a weak negative correlation with maize and mungbean yields Arruda et al. (2021) also reported that increasing soil penetration resistance would reduce crop yields. SOC had a very strong level of significance with soil bulk density (p ≤ 0.01) and an extreme level of significance with soil penetration resistance (p ≤ 0.001). Mungbean yields had a very strong level of significance with soil bulk density (p ≤ 0.01) and an extreme level of significance with soil penetration resistance (p ≤ 0.001). Soil penetration resistance was extremely significant with soil bulk density (p ≤ 0.001). Soil organic carbon has a very strong significance level with mungbean yields (p ≤ 0.01).

The PCA analysis clustered all observations into six Principal Components (PC). PC 1 and PC 2 contributed 83.08% of the percentage variance, and PC 1 and PC2 had an Eigenvalue of 3.97 and 1.01 respectively, which was considered the best components. The scree plot also revealed that over 80% of the Eigenvalues were observed in PC 1 and PC 2. Hence, PC 1 and 2 were taken for further biplot analysis. The Biplot analysis between PC 1 and PC 2 revealed that ZT + R 33%BN + GS are observed with negative dispersions, and ZT + R 50%BN + GS, ZT + R 70%BN + GS, and ZT + R RDN are observed with positive dispersions (Figure 4). Soil organic carbon, Maize and mungbean yields are toward positive dispersions, PR, and BD toward negative dispersions. Hence, it may be concluded that from the PCA analysis, crop yields increased when PR and BD decreased. Previous research also revealed increasing crop yields and plant and root growth when BD and soil PR decreased (Colombi et al., 2018; Getahun et al., 2018).

[image: Biplot displaying two components, labeled Component 1 and Component 2, with data points scattered and clustered around the origin. Various labels such as "2TWOR_70%BN+GS" and arrows with labels like "MY" and "WY" indicate directions. An ellipse encompasses much of the data points.]

FIGURE 4
 Biplot analysis of various soil parameters with crop yields by PCA methods.





4 Conclusion

The two-year study in a six-year-old long-term conservation agriculture experiment demonstrated that maize-based crop rotations with ZT-based systems coupled with precise nitrogen management/crop residue retention not only improved the soil organic carbon (SOC) but also significantly impact physical attributes of sandy loam soil. In comparison to non-residue retained plots, we found a decreased bulk density (by 6 to 8%), soil penetration resistance (by 5 to 18%), and an increased SOC (by 4 to 20%) in residue retained plots, which are statistically significant. Among the precision nitrogen management practices, 50% basal nitrogen, followed by green seeker, proved to be the most promising treatment in improving SOC and physical properties. The maize equivalent yield under the ZT + R treatment was found to be higher (6.05 t/ha) in the 50%BN + GS plot, which is 15% higher than the recommended dose of nitrogen treatment (5.26 t/ha) and 20% higher than the 70%BN + GS treatment (5.04 t/ha). Compared to non-residue retention plots, residue retention plots outperformed well, with 7% more system productivity. Study findings indicated that long–term ZT coupled with residue retention and precision N management in maize-wheat-mungbean rotations could enhance soil health and resilience, which ultimately results in sustainable crop production in sandy loam soil (Typic Haplustept; Inceptisols) of the north-west Indo-Gangetic plains. Farmers and policymakers can consider implementing these sustainable practices to enhance soil health, increase crop yields, and ultimately improve food security. Further research could explore the long-term effects of these practices and their potential to reduce greenhouse gas emissions and mitigate the negative impacts of climate change on agriculture. Additionally, precision nitrogen management practices could be further optimized to achieve even better soil health and system productivity.
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In response to the degraded soil health and lack of improvement in the yield of rice–wheat cropping systems in South Asia’s Indo-Gangetic Plains, an experiment was formulated in a split-plot design. Four rice residue management practices were the primary factor, alongside two nitrogen levels (150 and 180 kg/ha) and two nitrogen split levels (two and three splits) as sub-treatments. The findings revealed a notable increase in soil organic carbon (SOC), microbial count, and enzymatic activity in plots subjected to conservation tillage and residue treatment compared to those in plots subjected to partial residue (anchored stubbles) and conventional methods (residue incorporated with chopping). The collective analysis demonstrated a significant influence of rice residue management practices and nitrogen application levels on wheat yield attributes and productivity. Specifically, zero tillage with full residue (unchopped) in wheat exhibited a 5.23% increase in grain yield compared to conventional tillage with full residue (chopped), concurrently boosting the soil microbial count by 19.80–25%, the diazotrophic count by 29.43–31.6%, and the actinomycete count by 20.15–32.99% compared with conventional tillage. Moreover, applying nitrogen in three splits (at sowing, before the 1st irrigation, and after the 1st irrigation) led to a 6.25% increase in grain yield than that in two splits (at sowing and after the 1st irrigation), significantly impacting wheat productivity in the soil. Furthermore, the zero tillage-happy seeder with full residue elevated dehydrogenase activity from 77.94 to 88.32 μg TPF/g soil/24 h during the study year, surpassing that in the conventional plot. This increase in enzymatic activity was paralleled by a robust positive correlation between the microbial population and enzymatic activity across various residue retention practices. In conclusion, the results underscore the efficacy of crop residue retention following conservation tillage, in tandem with nitrogen optimization and scheduling, in enhancing wheat yield within the rice–wheat cropping system.
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1 Introduction

The rice–wheat cropping system (RWCS) constitutes a dominant agricultural paradigm in Asia, particularly in southeastern Asia, encompassing an expanse of approximately 24 mha (Nawaz et al., 2019). It occupies approximately 13.5 mha across South Asia’s Indo-Gangetic Plains (Padre et al., 2016). This cropping system holds paramount importance for the maintenance of livelihoods, food security, employment, and income generation for millions across Asia. Approximately 33 and 42% of the total acreage devoted to these crops are rice and wheat, respectively. In addition, it contributes significantly, at 25 and 33%, to aggregate rice–wheat production (Gupta et al., 2024). In northwestern India, the RWCS prevails as the principal cropping system, encompassing an area of approximately 12 mha (Bhatt et al., 2016).

On average, paddy cultivation yields approximately 5–6 tons of straw per hectare. It is estimated that Southeast Asian countries collectively generate 150 million metric tons of rice residues annually (Singh et al., 2021). The window between paddy harvesting and subsequent sowing of wheat, following field cleansing or paddy straw management, is markedly short, typically spanning 2–3 weeks (Meena et al., 2020), compelling farmers to resort to paddy straw burning. Paddy residue is assimilated through tillage post-partial incorporation/removal, facilitating expedited field preparation before seeding operations for the succeeding crop in the sequence (DOACFW, 2019). However, the RWCS faces numerous secondary challenges, including declining groundwater tables, deteriorating soil health, and diminished total factor productivity. One prospective strategy involves in situ management of paddy straw, encompassing direct drilling of wheat under no-till circumstances utilizing zero-tillage (ZT) machinery or a happy seeder (retention of residues on the surface). In addition, the incorporation of paddy straw into the soil can be achieved through conventional tillage (CT) machinery, such as harrows and rotavators, or straw chopping followed by mixing into the soil. Tillage is an energy-intensive farm operation which contributes to ~30% of the total energy use in crop production (Yadav et al., 2018). Retaining paddy straw as mulch on the surface of soil preserves soil moisture, moderates thermal regimes, enriches soil nutrient content, suppresses weed growth, and augments soil health, thereby fostering improved crop yields. Nitrogen (N) dynamics may undergo alteration due to ZT and surface residue retention, thereby necessitating nuanced N management strategies vis-à-vis residue burning and conventional tillage (Singh et al., 2015). The influx of crop residue-derived N is intricately linked with soil N management (Zhang et al., 2021). However, ZT combined with residue retention holds promise for augmenting long-term N availability to crops by elevating soil nitrogen levels and the labile nitrogen pool within upper soil strata (Sun et al., 2015). The implementation of farming systems that conserves soil and water through minimal soil disturbances and residue retention cover is one of the best management practices and improving the fertility status and microscopic population in degraded lands (Babu et al., 2023). In the last 60 years, the consumption of nitrogen fertilizer in India has grown rapidly. Emerging trends have resulted in escalating losses of nitrogen, posing significant threats to the quality of air, soil, and freshwater resources and consequently jeopardizing climate, ecosystems, and human health (Móring et al., 2021). Conservation agriculture increases available soil water, saves irrigation water, reduces heat and drought stresses, reduces GHG emissions, captures carbon, and improves soil health in the long term (Dhillon and Sohu, 2024).

Crop residues serve as nutrient-rich sources, liberating essential plant nutrients upon microbial decomposition in the soil. Consequently, reintegrating crop residues into soil, instead of incinerating them, serves to enhance several soil quality parameters. To withstand soil health within the RWCS in northwestern India, it is imperative to manage rice residue in a manner that is economically viable, environmentally sustainable, and logistically feasible. Generally, crop residues comprise approximately 40 to 45% of the carbon content, the restitution of which to the soil facilitates its utilization by soil microbes, thereby bolstering the soil organic matter (OM) content and mitigating organic carbon (OC) loss (Bin et al., 2021). Soil organic carbon (SOC) plays a pivotal role in shaping biological soil properties (Varatharajan et al., 2022). Microbial populations exert a profound influence on nutrient accessibility and contribute to the growth of various soil health indices. Consequently, understanding soil biological attributes is highly important for sustainability (Harish et al., 2022; Gopinath et al., 2022). Parameters such as total microbial count (TMC), actinomycetes, diazotrophs, and enzymatic activities, including dehydrogenase, alkaline phosphatase, and urease, serve as pivotal indicators of soil eminence (Doran and Zeiss, 2000). Soil-inhabiting microbes are central to nutrient release and soil purification. The inherent characteristics of soil, encompassing various soil classes, exert control over the soil microbiota, which in turn plays a pivotal role in modulating soil nutrient contents and rendering them bioavailable (Majumdar et al., 2024). The decomposition and biochemical transformation processes are expedited by soil enzymes, facilitating the release of nutrients from plants (Meena et al., 2022). Soil bacteria play a pivotal role in converting OM from its organic to accessible inorganic form, thereby facilitating the breakdown of OM (Six et al., 2004). Soil microorganisms are sensitive to changes in soil moisture as it affects the physiological state of microorganisms and plants which may lead to changes in their population in the soil (Gangmei et al., 2024). Recycling crop residues is imperative for reintegrating organic matter into the soil (Rajanna et al., 2022). Reduced tillage practices coupled with stubble retention promote the proliferation of diazotrophs, which is ascribed to reduced soil composition, fostering an optimal soil pore network conducive to interactions between stubble decomposers and nitrogen-fixing organisms (Gupta et al., 2019; Li et al., 2021). In the short term, applying cereal residues may require higher levels of fertilizer N to account for N immobilization, compared to not using residues (Sharma et al., 2021). However, over the long term, returning crop residues can lead to a net build-up of readily mineralized soil organic N, potentially reducing crops’ fertilizer N requirements (Jat et al., 2019). The amount of N loss due to volatilization increases when the food–water pH and temperature are favorable (Hayashi et al., 2008). Broadcast application of PU results in higher food–water NH4 + -N compared to deep placement of N (Huda et al., 2016; Islam et al., 2016; Islam et al., 2018; Liu et al., 2015), which increases N loss through NH3 volatilization. Excessive use of N fertilizer through broadcast application has negative environmental consequences, including N2O and NO emissions, nitrate pollution of groundwater, and eutrophication (Savant and Stangel, 1990).

The initial yellowing of upper wheat leaves observed under mulched conditions is associated with a reduction in soil temperature (minimum) during the late January period of 2020 and 2021, which is attributable to the insulating effect of mulch on the soil (Chaudhary et al., 2023). Consequently, a standard shift in agronomic practices concerning rice straw management is warranted to enhance resource utilization efficiency and system productivity. We hypothesized that combined application of N@150 kg/ha in 3 splits at basal, before, and after 1st irrigation and residue incorporation improve productivity of wheat. Hence, the present study aimed to explore the timing, number of splits, and nitrogen application rates of wheat crops to achieve improved productivity, microbial dynamics, and enzymatic activities and optimal nitrogen management in the northwestern Indian Plains. Given the circumstances within the RWCS, there is an urgent need for systematic research endeavors aimed at evaluating diverse nitrogen dosages and scheduling regimes to optimize productivity.



2 Materials and methods


2.1 Experimental site description

The experiment was conducted at CCS Haryana Agricultural University’s Regional Research Station in Karnal, India [290 43′ 41″ North and 760 58′ 50″ East]. The soil was sandy loam with proportions of sand, silt, and clay (Table 1). Prior to starting the study, soil was sampled from the entire experimental field at five locations at 0 to 15 cm depth, the samples were mixed thoroughly, the bulk was reduced to approximately 1 kg by quartering, and then the samples were analyzed. The initial pH of the soil was correlated with the electrical conductivity (EC), bulk density, soil organic carbon (SOC), KMnO4 oxidizable N, NaHCO3 extractable phosphorus (P), and 1.0 N NH4OAc exchangeable potassium (K) and is shown in Table 1.



TABLE 1 Physical and chemical properties of the experimental soil.
[image: Table displaying soil properties and their values. It includes soil texture (sandy loam: 57.5% sand, 23.4% silt, 18.2% clay), pH (7.74), electrical conductivity (0.22 decisiemens per meter), bulk density (1.52 grams per cubic centimeter), soil organic carbon (0.34%), available nitrogen (134.2 kilograms per hectare), available phosphorus (13.74 kilograms per hectare), and available potassium (280.4 kilograms per hectare).]



2.2 Experimental details and field management

In 2019–2020 and 2020–2021, field experiments comprised of four main-plot treatments, viz., Zero tillage wheat-Happy Seeder (ZTW-HS) with full residue (chopped), ZTW-HS with full residue (unchopped), ZTW-HS with partial residues (anchored stubbles), and conventional tillage wheat-drill sown (CTW-DS) with full residue (chopped), and six subplots with two N levels, viz., 150 and 180 kg/ha, applied into 2 (at sowing and after 1st irrigation) and 3 splits, that is, at sowing, before 1st irrigation, after 1st irrigation and at sowing, after 1st irrigation, after 2nd irrigation (Table 2). The hypothesis behind the two nitrogen levels was that N@150 kg/ha is the state-recommended practice for conventional sown wheat, and a higher dose of N@180 kg/ha is used because there is yellowing of plants during the initial days in zero-tillage wheat because of the nitrogen used by microbes for the decomposition of rice residues, which leads to nitrogen immobilization. In zero tillage, sowing was performed by a Happy Seeder, which is a machine towed on a tractor that cuts paddy stubble, lifts it, sows wheat seeds into the soil, and covers the sown area with straw as mulch. The individual plot size was 6 m × 2.2 m, totaling 13.2 m2, and the treatment details are summarized in Table 2. To remove the residue (M3), loose straw was manually collected, and the remaining anchored stubble was left in the field. Full residue loose straw was uniformly spread and chopped using a chopper-cum-spreader machine before wheat crop planting (M1). In the M4 treatment, loose straw from the full residue was uniformly spread and chopped using a chopper-cum-spreader machine, and then, a rotavator was used to mix the chopped residue in the soil. Presowing irrigation at a depth of 6 cm through an irrigation channel preceded wheat sowing. In ZT plots with full residue (chopped or unchopped), seeding was performed using a happy seeder, and the seeds were directly sown into chopped or loose stubble residues (M1, M2) and seed-cum-fertilizer drill machine was used for sowing conventional plots. All the operations were conducted 1–2 days prior to sowing. Rice variety HKR-47 was transplanted on 1st July and harvested on 25th October and 22nd October throughout the Kharif seasons of 2019 and 2020, respectively. Cultivation practices followed the university’s package of practices. Wheat sowing in the ZT plots utilized a happy seeder, while the plants in the CT plots with residues were drill-sown. Wheat variety HD-2967 was sown 2019 and 12th November 2020, and the seed rate was 100 kg/ha. Recommended fertilizer doses of phosphorus (60 kg P2O5/ha) and nitrogen (150 and 180 kg N/ha) were applied in both growing seasons, that is, 2019 and 2020, using urea and DAP as nitrogen and phosphorus sources, respectively. The herbicide mesosulfuron (12 g/ha) + iodosulfuron (2.4 g/ha) was applied 35 days after sowing (DAS) for weed control in 500 L/ha of water via a knapsack sprayer with a flat fan nozzle.



TABLE 2 Details of different treatments.
[image: Table displaying two main sections: Main plots and Sub-plots. Main plots detail sowing methods including ZT Wheat-HS with varying residue treatments and CT Wheat-DS with full residue. Sub-plots outline nitrogen dosing and scheduling, specifying varying application rates and timings relative to sowing and irrigation events. Annotations explain terms like zero-tillage wheat and conventional tillage wheat.]



2.3 Soil physicochemical properties

Soil was sampled from three pots in each plot at 0 to 15 cm soil depth after wheat crop harvesting in 2020–2021 to determine the impact of rice residue management. These samples were properly processed before the analysis, including all the processes, that is, drying, grinding, and sieving. SOC (%) (Walkley and Black, 1934), available N (Subbiah and Asija, 1956), available P (Olsen et al., 1954), available K (Jackson, 1967), and soil moisture content (Su et al., 2014) were determined 105°C until constant weight is obtained and dry weight of the sample is recorded.



2.4 Soil biological properties


2.4.1 Bacterial activity analysis

To assess the soil biological properties, soil samples were collected from three locations within each plot after last season crop harvesting. Microbial counts were determined on various agar-based media by using the standard serial dilution plate assay (Ben-David and Davidson, 2014). Serial dilutions were prepared from 10 g soil samples in 90 mL sterile water, followed by incubation of the Petri plates at 28 ± 2°C for 2 to 6 days in a BOD incubator. The colony-forming units (CFUs) were enumerated and are expressed as dry soil/gram (Wright et al., 1933).



2.4.2 Enzymatic activity analysis

For dehydrogenase enzyme activity, soil samples (1 g each) were incubated with 0.2 mL of 2,3,5-triphenyl tetrazolium chloride (TTC, 3% w/v) and 0.5 mL of glucose solution (1% w/v) at 28 ± 2°C for 24 h (Casida et al., 1964). The absorbance at 485 nm was measured after extraction with methanol and filtration. Enzyme activity was quantified using a TPF standard curve.

The Tabatabai and Bremner (1969) method was used to determine soil alkaline phosphatase activity. The yellow color formed by adding p-nitrophenyl phosphate solution was measured at 420 nm and is expressed as μg p-nitrophenol released/g/soil/h.

The Bremner and Douglas (1971) method was used to determine urease activity. Soil samples (5 g) were incubated with 5 mL of 2,000 ppm urea solution at 37°C for 7 h. After adding 2 M KCl-PMA, the solution was filtered and analyzed for urea content. Enzyme activity was calculated from a standard curve and expressed as μg urea/g dry soil/min.




2.5 Statistical analysis

The data were analyzed by using two-way ANOVA to assess the effects of different treatments. Significant differences between treatments were determined using Duncan’s multiple range test (DMRT) in conjunction with standard error of the mean (SEM ±) and least significant difference (LSD) computations (Gomez and Gomez, 1984).




3 Results


3.1 Impact of rice residue management practices and nutrient scheduling on soil physicochemical properties

The impact of rice residue management on soil chemical properties was investigated, with a particular focus on sowing methods and treatments with rice residues during the 2020–2021 cropping season, as depicted in Table 3. Significant levels of soil organic carbon (OC) were observed among the various treatments at the final wheat harvest stage. Notably, during the initial phase of the experiment, the effects were deemed non-significant. However, in 2020–2021, treatments such as M1 (0.41%) and M2 (0.42%) exhibited higher OC levels than did M3, which had an OC content of 0.37%. In addition, the OC content of M4 was notably lower at 0.32%. Intriguingly, the results were not significantly influenced by the nitrogen dose or scheduling treatments applied during either year.



TABLE 3 SOC under rice residue and nitrogen management under rice–wheat cropping system.
[image: A table comparing soil organic carbon percentages across various treatments, both initially and finally. Treatments M1 to M4 involve different wheat management strategies with starting values from 0.30 to 0.34 and final values from 0.32 to 0.42. Treatments T1 to T6 represent varying nitrogen applications, showing initial values from 0.34 to 0.35 and final values from 0.26 to 0.43. Values with different superscripts denote significant differences at p<0.05.]

According to the data, varying nitrogen levels did not exert a significant impact on the soil organic carbon content. However, it is noteworthy that a higher numerical value was observed when a high dose of nitrogen was administered.



3.2 Impact of rice residue management practices and nutrient scheduling on soil moisture content

The investigation revealed a discernible pattern of increasing soil moisture content as the cropping season progressed, as detailed in Table 4. Across both years of observation, treatments featuring M1 consistently exhibited SMC (%) at 75 days after sowing (DAS) and at maturity that was statistically equivalent to 13.91–15.25% in 2019–2020 and 17.88–20.34% in 2020–2021, respectively. These values were significantly greater than those in M3. Conversely, M4 yielded notably lower soil moisture contents (%), with values of 12.22 and 12.45% at 75 DAS and 16.34 and 18.67% at maturity in 2019–2020 and 2020–2021, respectively.



TABLE 4 Effect of rice residue practices, wheat crop establishment methods, and nutrient scheduling on soil moisture content (%) (SMC) in wheat crop under rice–wheat cropping system (2019–2020 and 2020–2021).
[image: Table comparing soil moisture content (SMC) at 0–10 cm depth under different treatments over two years (2019–2020 and 2020–2021) at 75 DAS and harvest. Treatments include different wheat residue and nitrogen management practices, with values showing significant differences based on statistical tests.]

Furthermore, the subplot analysis indicated a non-significant difference in soil moisture content (%) across treatments, underscoring the consistent influence of rice residue practices on soil moisture dynamics throughout the cropping season.



3.3 Impact of rice residue management practices and nutrient scheduling on microbial count

Microbial activity serves as the primary catalyst driving decomposition processes within the soil matrix. Notably, the management of rice crop residues in wheat cultivation significantly influenced the soil microbial populations throughout the study, as shown in Table 5. Soil samples were meticulously analyzed at two critical crop growth stages: 75 days after sowing (DAS) and at harvest. Remarkably, the microbial count was markedly greater at 75 DAS than at harvest, underscoring the dynamic nature of microbial populations throughout the cropping season. In addition, the second year of the study, specifically 2020–2021, yielded higher microbial counts than did the preceding year. Across both years, M1 consistently had greater microbial counts: 93.42 at 75 DAS and 88.09 × 107 cfu/g dry soil at harvest in 2019–2020; 98.53 at 75 DAS and 88.52 × 107 cfu/g dry soil at harvest in 2020–2021. Conversely, M4 exhibited lower counts: 78.76 at 75 DAS and 66.06 × 107 cfu/g dry soil at harvest in 2019–2020; 66.06 at 75 DAS and 70.99 × 107 cfu/g dry soil at harvest in 2020–2021. Moreover, within subplots defined by nitrogen dose and scheduling, no significant differences were observed in the total microbial count. Notably, in the T4 treatment, the total microbial counts at 75 DAS (89.44 in 2019–2020 and 96.63 × 107 cfu/g dry soil in 2020–2021) and at harvest (79.73 in 2019–2020 and 83.06 × 107 cfu/g dry soil in 2020–2021) were greater than those in the T1 treatment (Table 5).



TABLE 5 Effect of crop establishment methods, rice residue practices, and nutrient scheduling on soil microbial count under rice–wheat cropping system (2019–2020 and 2020–2021).
[image: Table showing microbial count in soil under different wheat treatments over two growing seasons (2019-2020 and 2020-2021), measured at 75 days after sowing (DAS) and at harvest. It includes treatments with varying nitrogen levels and residue management strategies, and differences are noted with statistical significance markers.]

Throughout both years of observation, treatments involving M1 consistently exhibited greater diazotrophic counts at 75 days after sowing (DAS) and at harvest, comparable to those of M2 and significantly greater than those of M3 (Table 6). Specifically, the diazotrophic counts for M1 were 64.49 in 2019–2020 and 88.52 × 104 cfu/g dry soil in 2020–2021 at 75 DAS and 62.87 in 2019–2020 and 71.49 × 104 cfu/g dry soil in 2020–2021 at harvest. Within subplots defined by nitrogen dose and scheduling, no significant differences were detected in the diazotrophic count. However, treatment T4 consistently yielded a greater diazotrophic count at both 75 DAS and harvest.



TABLE 6 Effect of crop establishment methods, rice residue practices, and nutrient scheduling on diazotrophic count under rice–wheat cropping system (2019–2020 and 2020–2021).
[image: Table displaying diazotrophic counts in soil under various wheat treatments over two years, 2019–2020 and 2020–2021, at 75 days after sowing (DAS) and at harvest. Treatments include zero tillage with residues and various nitrogen levels. Data shows significant differences in bacterial counts across treatments and years, with specific values noted for each treatment and timeframe. Statistical significance is indicated by superscripts.]

The data in Table 7 indicate that the actinomycete count in M1 was statistically similar to that in M2 at both 75 days after sowing (DAS) and at harvest across both years. Specifically, the counts were 67.51 at 75 DAS and 47.17 × 105 cfu/g dry soil at harvest in 2019–2020 and 63.09 at 75 DAS and 51.65 × 105 cfu/g dry soil at harvest in 2020–2021. These counts were significantly greater than those observed in M3 at both stages. Conversely, significantly lower actinomycete counts were recorded in M4 at both 75 DAS and harvest during both years. Subplot analysis revealed no significant differences in the actinomycete count. However, treatments involving nitrogen application at 180 kg/ha with three splits consistently resulted in higher counts at both 75 DAS and harvest. In comparison, a lower count was observed with nitrogen application at 150 kg/ha with two splits.



TABLE 7 Effect of rice residue practices, wheat crop establishment methods, and nutrient scheduling on actinomycete count of wheat under rice–wheat cropping system (2019–2020 and 2020–2021).
[image: Table showing actinomycete count in \(10^5\) cfu per gram soil under different treatments and conditions. Columns include serial number, treatment type, and counts at 75 days after sowing (DAS) and at harvest for the years 2019–2020 and 2020–2021. Observations cover zero tillage and conventional tillage practices with nitrogen treatments at different stages. Values have different superscripts indicating significance per Duncan multiple range test (DMRT).]



3.4 Impact of rice residue management practices and nutrient scheduling on yield

M2 exhibited the highest grain yield, with yields of 5,849 kg/ha in 2019–2020 and 5,874 kg/ha in 2020–2021, which were statistically similar to those of M3, which yielded 5,753 kg/ha in 2019–2020 and 5,636 kg/ha in 2020–2021. Compared to M4, M2 resulted in a 5.23% increase in grain yield. M2 increased the grain yield of wheat by 9.18% more than did M4. Three splits, that is, at sowing, before the 1st irrigation, and after the 1st irrigation, improved the grain yield of wheat by 8.08% compared with 2 splits, that is, at sowing and after the 1st irrigation. Within subplots, a significantly greater grain yield was observed under T4 (5,791–5,771 kg/ha during the study), which was statistically on par with T3 (5,724–5,712 kg/ha during the study), while T5 and T6 has lower grain yield. Applying nitrogen in three splits of wheat led to a 6.25% increase in grain yield than that in two splits (Table 8).



TABLE 8 Effect of rice residue practices, wheat crop establishment methods, and nutrient scheduling on yield of wheat under rice–wheat cropping system (2019–2020 and 2020–2021).
[image: A table displays treatments and their effects on grain yield, straw yield, and harvest index across two years, 2019-2020 and 2020-2021. Treatments include different wheat residue management and nitrogen application rates. Data is organized by treatments labeled M1 to T6, showing yield values in kilograms per hectare for each year along with statistical superscripts. The table also includes a note explaining the significance of the abbreviations and superscripts.]



3.5 Impact of rice residue management practices and nutrient scheduling on enzymatic activity

Enzyme activity in soil, which is indicative of microbial processes, was significantly affected by rice residue practices during wheat cultivation. Notably, dehydrogenase, alkaline phosphatase, and urease activities were impacted during both cropping seasons, with higher levels observed at 75 days after sowing (DAS). For dehydrogenase activity, M1 displayed activity levels statistically similar to those of M2 but significantly greater than those of M3. The dehydrogenase activity ranged from 77.94 to 88.32 μg TPF/g soil/24 h and from 67.42 to 71.29 μg TPF/g soil/24 h at 75 DAS and harvest, respectively (Figure 1).

[image: Bar graph displaying the dehydrogenase activity (DHA) in micrograms of triphenylformazan per gram of soil per 24 hours across different main and sub-plots labeled M1 to T6. Four bars represent different conditions: 75 DAS and Harvest for the years 2019-20 and 2020-21. Bars are color-coded in blue, orange, gray, and yellow. Significant differences are indicated by letters above each bar. Values range between 60 and 100 μgTPFg/soil/24 hours.]

FIGURE 1
 Effect of rice residue practices, wheat crop establishment methods. and nutrient scheduling on dehydrogenase activity in wheat under rice–wheat cropping system (2019–2020 and 2020–2021). The values within same color columns with different alphabetical letters differed significantly with each other. Treatments abbreviations: M1—ZT Wheat-HS with full residue (chopped), M2—ZT Wheat-HS with full residue (unchopped), M3—ZT Wheat-HS with partial residues (anchored stubbles), M4—CT Wheat-DS with full residue (chopped), T1—N @ 150 kg/ha, 2 splits, that is, at sowing and after 1st irrigation, T2—N @ 180 kg/ha, 2 splits, that is, at sowing and after 1st irritation, T3—N @ 150 kg/ha, 3 splits, that is, at sowing, before, and after 1st irrigation, T4—N @ 180 kg/ha, 3 splits, that is, at sowing, before, and after 1st irrigation, T5—N @ 150 kg/ha, 3 splits, that is, at sowing, after 1st irrigation, and after 2nd irrigation, T6—N @ 180 kg/ha, 3 splits, that is, at sowing, after 1st irrigation, and after 2nd irrigation.


Similarly, alkaline phosphatase activity was significantly influenced by rice residue management. M1 and M2 exhibited similar activity levels that were significantly greater than that of M3 (Figure 2). The urease activity at 75 DAS ranged from 95.21 to 98.51 μg TPF/g soil/24 h and that at harvest ranged from 82.77 to 88.43 μg TPF/g soil/24 h. Urease activity also significantly varied with residue management. M1 activity at 75 DAS ranged from 6.93 to 7.02 μg urea/g dry soil/min and at harvest from 4.73 to 4.82 μg urea/g dry soil/min; M2 had similar activity levels, which were significantly greater than those of M3. Subplot analysis revealed no significant differences in enzyme activity under different nitrogen doses or schedules. However, treatments involving nitrogen application at 180 kg/ha with three splits consistently exhibited greater enzyme activity than treatments involving two splits (Figure 3).

[image: Bar graph displaying APA levels in micrograms of TPF per gram of soil over twenty-four hours across various main and sub-plots (M1-M3, T1-T6) for seasons 2019-2020 and 2020-2021. Each plot has four bars representing different time points: seventy-five DAS and harvest for both years. Values range from approximately fifty to over one hundred micrograms. Statistical significance is indicated by the letters a, b, and c above the bars.]

FIGURE 2
 Effect of rice residue practices, wheat crop establishment methods, and nutrient scheduling on alkaline phosphatase activity in wheat under rice–wheat cropping system (2019–2020 and 2020–2021). The values within same color columns with different alphabetical letters differed significantly with each other. Treatments abbreviations: M1—ZT Wheat-HS with full residue (chopped), M2—ZT Wheat-HS with full residue (unchopped), M3—ZT Wheat-HS with partial residues (anchored stubbles), M4—CT Wheat-DS with full residue (chopped), T1—N @ 150 kg/ha, 2 splits, that is, at sowing and after 1st irrigation, T2—N @ 180 kg/ha, 2 splits, that is, at sowing and after 1st irritation, T3—N @ 150 kg/ha, 3 splits, that is, at sowing, before, and after 1st irrigation, T4—N @ 180 kg/ha, 3 splits, that is, at sowing, before, and after 1st irrigation, T5—N @ 150 kg/ha, 3 splits, that is, at sowing, after 1st irrigation, and after 2nd irrigation, T6—N @ 180 kg/ha, 3 splits, that is, at sowing, after 1st irrigation, and after 2nd irrigation.


[image: Bar graph showing urease activity across different plots (M1-M4, T1-T6) measured in micrograms of urea per gram of dry soil per minute. Four data sets represent 75 Days After Sowing (DAS) and Harvest for 2019-2020 and 2020-2021. Blue and orange bars denote 75 DAS; gray and yellow bars denote Harvest. Error bars and statistical significance letters are indicated.]

FIGURE 3
 Effect of rice residue practices, wheat crop establishment methods, and nutrient scheduling on urease activity in wheat under rice–wheat cropping system (2019–2020 and 2020–2021). The values within same color columns with different alphabetical letters differed significantly with each other. Treatments abbreviations: M1—ZT Wheat-HS with full residue (chopped), M2—ZT Wheat-HS with full residue (unchopped), M3—ZT Wheat-HS with partial residues (anchored stubbles), M4—CT Wheat-DS with full residue (chopped), T1—N @ 150 kg/ha, 2 splits, that is, at sowing and after 1st irrigation, T2—N @ 180 kg/ha, 2 splits, that is, at sowing and after 1st irritation, T3—N @ 150 kg/ha, 3 splits, that is, at sowing, before, and after 1st irrigation, T4—N @ 180 kg/ha, 3 splits, that is, at sowing, before, and after 1st irrigation, T5—N @ 150 kg/ha, 3 splits, that is, at sowing, after 1st irrigation, and after 2nd irrigation, T6—N @ 180 kg/ha, 3 splits, that is, at sowing, after 1st irrigation, and after 2nd irrigation.




3.6 Correlations between microbial dynamics and enzymatic activity

The rice residue practice treatments demonstrated statistically significant correlations (p < 0.05) between microbial dynamics and enzymatic activities in wheat crops within the rice–wheat cropping system across both cropping seasons (Figures 4A–D). The increase in enzymatic activity was consistently paralleled by robust positive correlations between the microbial population and enzymatic activity across various residue retention practices.
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FIGURE 4
 (A–D) Correlation analysis between microbial dynamics and enzymatic activities at 75 DAS and at maturity during 2019–2020 and 2020–2021, respectively.


Notably, TMC exhibited strong positive correlations with DHA at 75 DAS (r = 0.76) and maturity (r = 0.78) in 2019–2020 and at 75 DAS (r = 0.68) and maturity (r = 0.62) in 2020–2021, with APA at 75 DAS (r = 0.77) and maturity (r = 0.64) in 2019–2020 and at 75 DAS (r = 0.66) and maturity (r = 0.63) in 2020–2021, and with urease activity at 75 DAS (r = 0.54) and maturity (r = 0.64) in 2019–2020 and at 75 DAS (r = 0.66) and maturity (r = 0.63) in 2020–2021. Moreover, DC was significantly positively correlated with DHA at 75 DAS (r = 0.78) and maturity (r = 0.80) in 2019–2020 and at 75 DAS (r = 0.68) and maturity (r = 0.56) in 2020–2021, with APA at 75 DAS (r = 0.77) and maturity (r = 0.68) in 2019–2020 and at 75 DAS (r = 0.63) and maturity (r = 0.59) in 2020–2021, and with urease activity at 75 DAS (r = 0.54) and maturity (r = 0.48) in 2019–2020 and at 75 DAS (r = 0.36) and maturity (r = 0.38) in 2020–2021. Similarly, actinomycete activity was strongly positively correlated with DHA at 75 DAS (r = 0.73) and maturity (r = 0.79) in 2019–2020 and at 75 DAS (r = 0.73) and maturity (r = 0.64) in 2020–2021, with APA at 75 DAS (r = 0.74) and maturity (r = 0.64) in 2019–2020 and at 75 DAS (r = 0.65) and maturity (r = 0.63) in 2020–2021, and with urease activity at 75 DAS (r = 0.51) and maturity (r = 0.48) in 2019–2020 and at 75 DAS (r = 0.43) and maturity (r = 0.55) in 2020–2021 (Figures 4A–D).




4 Discussion

The impact of straw on crop yields is still under debate since field investigations across various pedoclimatic environments are indecisive, because of multiple and complex interaction of factors that affect the straw-derived N cycling under field conditions (Mu et al., 2016). Conservation tillage with residue retention (chopped and unchopped) significantly improved the physicochemical properties, microbial count, and soil enzymatic activities. Zero tillage with full residue (unchopped) in wheat exhibited a 5.23% increase in grain yield compared to conventional tillage with full residue (chopped), concurrently boosting the soil microbial count by 19.80–25%, the diazotrophic count by 29.43–31.6%, and the actinomycete count by 20.15–32.99% compared with conventional tillage.

Notably, there was a marked increase in SOC within the upper soil layer (0–15 cm) in ZTW-HS with full residue compared to that in CTW-DS (chopped) (Figure 4D). Numerous studies (Mondal et al., 2021; Zhang et al., 2021; Chen et al., 2021) have consistently reported significant increases in SOC under ZTW-HS compared to conventional practices. Throughout the study years, ZTW-HS and full residue load, both chopped and unchopped, exhibited higher soil moisture contents. Crop residues add a considerable amount of labile organic carbon to soils and boost enzyme activity due to the increased presence of microbial communities (Fang et al., 2018). Zero tillage (ZT) significantly enhances soil moisture availability by reducing soil compaction and ensuring a uniform distribution of soil micropores and macropores (Meena et al., 2015; Huang et al., 2012). Zero tillage with residue retention (ZTW) has become a vital practice for conserving soil organic carbon (SOC) and minimizing carbon mineralization. This practice boosts nutrient availability for crops, improves soil water-holding capacity, and promotes aeration through the formation of continuous soil pores in the root zone (Varatharajan et al., 2022; Biswakarma et al., 2022). In addition, retaining crop residues encourages a higher microbial population than residue removal in both ZT and conventional tillage (CT) systems (Govaerts et al., 2008). Over a 2-year crop cycle, ZTW-HS with full residue or stubble resulted in a significant increase in SOC within the upper 0–15 cm soil layer. This increase can be attributed to the disruption of soil macroaggregates under CT without residue, which promotes direct contact between straw and microorganisms, leading to increased carbon mineralization. In contrast, ZTW-HS with residue retention prevents direct microbial contact and provides fewer nutrients to microbes.

Soil microorganisms enhance soil quality, health, fertility, and overall microbial community. Among these parameters, microbial activity serves as a subtle indicator for assessing soil quality. Adding crop residues has been shown to stimulate the microbial activity of bacteria, fungi, and actinomycetes (Choudhary et al., 2018). Studies have demonstrated that rice straw returned to the soil, along with cow manure, significantly increases SOM, total N, and available P compared to those in scenarios without residue incorporation (Cheng et al., 2014; Gu et al., 2018; Moharana et al., 2012). Moreover, numerous reports have highlighted the positive impact of residue management, whether through incorporation or retention, on the soil organic carbon balance (Gangwar et al., 2006; Gupta et al., 2007). During the wheat season, rice straw returned to the soil promoted the growth and reproduction of soil microbes, which was conducive to the stability and promotion of microbial community structures. This accelerated the decomposition of straw and enhanced nutrient availability into the soil (Pathak et al., 2006; Tan et al., 2006; Qian et al., 2012). Straw incorporation enhances the metabolic activity of microorganisms, the relevant enzyme activity, and microbial population (Sharma et al., 2020a). The soil microbial population gradually increased up to 75 days after the sowing of wheat and decreased during later growth periods. Rice residue had a pronounced impact on the soil microbial community, particularly up to 75 DAS. However, at maturity, the increase in mineralization of the prevailing microbial community decreased, possibly due to the solubility of residues or relative microbial availability in the field (Lehmann and Kleber, 2015). The presence of an adequate amount of rice residue in the soil regulates soil temperature, facilitating better microbial reproduction up to 75 DAS and maturity. The TMC and diazotrophic count exceeded the actinomycete count under the various treatments, corroborating previous findings (Choudhary et al., 2018; Bhagat and Gosal, 2018; Stagnari et al., 2020). Microbial populations, including fungal, bacterial, and actinomycetes populations, were greater under ZT with surface residue retention than under ZT with incorporation or removal (Jat et al., 2019; Stagnari et al., 2020). These microbial communities likely have advanced to grow rapidly in response to easily mineralized OM (Whitman et al., 2016). Excessive nitrogen doses failed to enhance microbial quantity or enzyme activity. Studies suggest that high nitrogen levels can lead to the accretion of toxic substances, such as ammonia, which is detrimental to plant health and can impede the growth of certain microbial groups. In addition, excessive nitrogen can lower the soil pH, which is necessary for enzyme activity (Brzezińska and Włodarczyk, 2005).

Soil microbial activity and enzymatic activity are strongly linked to increased nutritional mineralization of native organic C after residue integration (Guenet et al., 2010; Kirkby et al., 2014; Liu et al., 2011). Enzymatic activity exhibits a strong relationship with the soil microbial population, with increased microbial populations correlating with enhanced enzymatic activities, such as DHA, APA, and urease activity. Residue management practices have demonstrated a considerable and favorable relationship between enzymatic activity and SMC during the study period. Similar findings were reported by Tang et al. (2020), who reported a positive correlation between diazotrophic and actinomycete counts and DHA and APA. These soil microbes are significantly improved under ZT conditions (Rajanna et al., 2022; Choudhary et al., 2018). ZTW-HS with full residue (unchopped) produced more grain, straw, and biological yields, similar to ZTW with partial residues (anchored stubbles). This finding aligns with previous research highlighting the significant effect of rice residues on wheat yield (Chandra, 2018; Dhar et al., 2014; Kesarwani et al., 2017; Sah et al., 2014; Singh et al., 2021; Pandiaraj et al., 2015). The higher wheat yield in straw-retained plots can be attributed to improved soil nutrient levels and microbial abundance following straw residue incorporation as mulch in the field (Chaudhary et al., 2023). ZT has emerged as the most competent tillage method for conserving resources and increasing wheat yield (Usman et al., 2013). Higher grain and straw yields of wheat were recorded with ZT-HS than with conventional methods (Nandan et al., 2018). The higher grain yield under the retention of residue/incorporation treatments can be ascribed to increased growth parameters, facilitated by improved SOM content, nutrient availability, and moderation of the soil’s hydrothermal regime (Gupta et al., 2016; Iqbal et al., 2017; Ram et al., 2013). Straw incorporation/retention enhances soil properties, leading to improved root growth, improved nutrient uptake, and ultimately enhanced plant growth and grain yield. Similar results have been reported by Gupta et al. (2016), Meena et al. (2015), and Sharma et al. (2019). The reason for the lowest yields under CTW when full residues are incorporated after a chopper and spreader could be that the N that bacteria utilize to break down incorporated residues causes the plants to turn yellow in the early days. T5 and T6 have lower yield due to more N losses as it was applied after 1st and 2nd irrigation.

Moreover, applying nitrogen in three splits (at sowing, before the 1st irrigation, and after the 1st irrigation) led to a 6.25% increase in grain yield than that in two splits (at sowing and after the 1st irrigation), significantly impacting wheat productivity in the soil. Optimal nitrogen management practices have been highlighted by Sidhu et al. (2007), who reported a greater grain yield of ZTW-HS in rice residues with fertilizer broadcasting at sowing and before the 1st irrigation. A study by Gill et al. (2019) determined that nitrogen management involving three equal splits applied at specific intervals was the most efficient practice for enhancing yield. Similarly, Singh et al. (2015) reported that specific nitrogen management practices significantly increased the mean wheat yield.



5 Conclusion

In summary, our study highlights the profound impact of various rice residue management techniques on the microbial characteristics of wheat, ultimately enhancing grain yield, SOC, and enzymatic activity. In particular, ZTW-HS (chopped) consistently demonstrated increased TMC and enzymatic activities, contrasting with the lowest count observed in CTW-DS (chopped), emphasizing the pivotal role of rice residue retention in fostering soil biological properties. Embracing zero tillage coupled with full residue retention, facilitated by machinery such as a happy seeder, has emerged as a crucial approach in rice–wheat cropping systems. This approach not only ensures the sustained productivity and income of farms but also enhances soil vigor and environmental quality. By adopting such innovations, the agricultural sector can improve rice residue management practices for long-term productivity and environmental sustainability, both regionally and globally. Moreover, optimizing nitrogenous fertilizer dosages for wheat crops alongside rice residue management approaches is imperative. Residue incorporation or retention significantly influences the chemical and biological properties of soil, reducing the need for nitrogenous fertilizers. In addition, our findings underscore the significant impact of nitrogen levels on wheat grain yield traits, with grain yield equivalent to the recommended N fertilizer dose (150 kg N/ha) with partial and full residue (unchopped) residue retention. Rice residue management in the rice–wheat cropping system is a multidisciplinary effort that combines technology advancements and sustainable agriculture techniques with economic considerations and legislative support. The agricultural sector may improve residue management techniques for long-term productivity and environmental stewardship by addressing these issues collectively in South Asia and globally in similar crop-growing regions. We must determine that the repercussions of harvesting crop residues for any purpose must be specified, and methods applied using site-specific technologies to ensure that productivity and agronomic resources are not jeopardized for future generations.
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Introduction: Uruguayan agriculture’s transition to no-till farming and intensified practices, replacing crop-pasture (CP) systems with continuous cropping (CC) rotations, has disrupted biological nitrogen fixation (BNF). Despite this, diversified cropping sequences, including C4 species, have maintained the soil organic carbon (SOC) balance under no-till management, with limited overall impacts on productivity and sustainability. The effects of these changes on wheat productivity and nitrogen use efficiency (NUE) need to be further investigated.
Methods: This study, conducted within a long-term experiment (LTE) under rainfed conditions, compared wheat productivity in CP and CC rotations. Wheat following CP and CC were analyzed over three seasons. Variables measured included soil nitrogen (N) concentration, wheat grain yield (WGY), grain protein concentration (GPC), and NUE. Four N fertilizer levels were applied to each rotation system to assess their impact.
Results: CC rotation consistently outperformed CP in WGY, with 2425 and 1668 kg ha−1 averages, respectively. CP showed slightly higher GPC (10.92%) than CC (10.48%). Nitrate-N levels at tillering positively correlated with WGY and negatively with GPC, but the relationship differed by rotation. Soil NUE indices were higher in CC rotations.
Discussion: The study’s findings highlighted the potential of CC rotation, especially when including C4 species in the crop sequence, to achieve higher wheat productivity in the short term due to healthier soil conditions compared to wheat seeded after post-pasture in CP. Additionally, our study highlights that the effect of the previous crop on yield and NUE in wheat was more relevant than the expected residual effect of the pasture phase in CP, primarily due to the quality of residues and the temporary adverse effects of soil compaction caused by livestock trampling.
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1 Introduction

Since the beginning of the 21st century, Uruguay has embraced no-till farming and intensified its agricultural practices, increasing reliance on N-based fertilizers (Ernst et al., 2018; Ernst et al., 2020; Fassana et al., 2022). This intensification, coupled with a shift from crop-pasture (CP) systems to continuous cropping (CC) rotations, primarily soybean (Glycine max L. Merr.), has reduced or eliminated pastures, disrupting the biological nitrogen fixation (BNF) provided by perennial legumes in mixed sward pastures (Lussich Rachetti, 2020). Consequently, this has led to negative N (Quemada and Lassaletta, 2024) and carbon (C) balance compared to previous management practices (Rubio et al., 2021a). The increased use of fertilizers has also heightened the risk of N losses through soil erosion and leaching (Liu et al., 2023). Although this system produces more grain, gaps still exist between the potential and actual wheat yields, which cannot solely be attributed to nutrient deficiencies (Ernst et al., 2018; Hochman and Horan, 2018; Hatfield and Beres, 2019).

There is a growing consensus that crop production intensification should be approached from an ecosystem perspective (Duru et al., 2015; Cassman and Grassini, 2020; Dang et al., 2020). Sustainable intensification, which aims to boost yields from the same land area while reducing environmental impacts, enhancing natural resources, and providing ecosystem services, is increasingly embraced (FAO, 2011). Conservation agriculture, which can support sustainable farming practices, may preserve or enhance soil health by reducing soil disturbance through minimal mechanical tillage, such as no-till. Furthermore, this approach includes two other core crop management principles: implementing crop rotation with a variety of plant species (both annuals and perennials, C3 and C4 species) and maintaining soil cover by retaining residues or using cover crops (FAO, 2011; Griffiths et al., 2022). No-till farming has shown promising effects in specific contexts, such as rainfed agroecosystems in dry climates. However, yield benefits are only realized when combined with the other two conservation agriculture principles (Pittelkow et al., 2015a; Page et al., 2020). When implemented alone, no-till can increase the risk of yield loss for farmers (Pittelkow et al., 2015b; Page et al., 2020). For this reason, the current agricultural system urgently needs a shift toward more sustainable practices, in terms of environmental impact and productivity outcomes, as emphasized by the ecosystem-based approach (FAO, 2011). In this context, it is reassuring to know that pasture or perennial crops play a significant role in recovering lost functional properties and improving intrinsic soil qualities such as water infiltration, nutrient cycling, and biological diversity (Teague and Kreuter, 2020; Mosier et al., 2021; Rubio et al., 2021b). Long-term experiments in Uruguay, Brazil, Argentina, and the US have indicated that integrated crop-livestock systems based on perennial pastures can sustain crop productivity and climate resilience over the long haul while preserving or increasing soil C storage (Franzluebbers, 2013; Pravia et al., 2019). In Uruguay, incorporating pastures helps maintain soil quality and significantly boosts productivity (Grahmann et al., 2020; Rubio et al., 2021b). For example, CP systems resulted in 19% higher SOC and 14% higher total N levels than CC systems, with wheat yields averaging 1 Mg ha−1 higher in CP systems (Grahmann et al., 2020). In the second study, Rubio et al. (2021a) examined the effects of various long-term cropping systems on maize yield response to soil decompaction through deep tillage and different N fertilization rates (Rubio et al., 2021b). Both short-term remediation strategies failed to mitigate the adverse impacts of soil degradation by CC on corn growth. Nevertheless, the yield of maize grown after mixed pastures (grasses and legumes) failed to accurately represent the overall beneficial impact of CP on soil quality, implying that additional short-term issues related to crop rotation, such as the preceding crop, should be considered (Lollato et al., 2019a; Arnhold et al., 2023). These studies have also shown that pasture significantly helps maintain SOC and N content; however, not all rotation systems converge on improved soil productivity. The no response in some systems or crops aligns from several works (Franzluebbers and Stuedemann, 2014; Pittelkow et al., 2015a; Lollato et al., 2019a; Dang et al., 2020), asserting that the beneficial impact of no-till management, compared to the conventional tillage, was more pronounced in summer crops than in winter ones and in CC compared to CP rotations (Ernst et al., 2020). These findings suggest that no-till offered a clear advantage for summer crops within CC systems, with a minor influence on winter crop yields and a small positive impact in integrated crop-livestock systems (Dang et al., 2020). Experiments by Salvo et al. (2010) comparing five cropping systems in Uruguay indicated that integrating pastures into rotation did not modify SOC content and its fractions under the no-till system.

Ernst and coworkers also noted this phenomenon in the same LTE, attributing it to animals consuming pasture biomass, accounting for 84% of the pasture’s dry matter that would otherwise have covered the soil (Ernst et al., 2020). Additionally, annual crops in CC incorporating C4 species rotation under no-till produced more significant crop residues, closely related to C input and soil C sequestration under reduced tillage conditions (Pravia et al., 2019; Baethgen et al., 2021). These adjusted no-till systems that include C4 crops may require increased N inputs, their potential environmental benefits are significant, providing a promising outlook for sustainable farming practices.

Conversely, in Uruguay, no study has compared wheat performance under no-till conditions with equal intensification of the annual cropping phase between wheat seeded after pasture termination (CP rotation) and wheat seeded in continuous annual cropping (CC rotation). The benefits of rotating the annual cropping phase with intensively grazed management in the pasture phase under no-till can be weakened by soil compaction induced by animal trampling, reducing water infiltration, root exploration, and nutrient uptake (Colombi and Keller, 2019; Dang et al., 2020; Shaheb et al., 2021; Stanley et al., 2024). However, livestock treading damage, has been reported to have little influence on subsequent crop yields, as the negative impacts are usually limited to shallow depths (less than 0.15 m) and may only persist temporarily, being mitigated by subsequent natural soil processes like wetting/drying cycles or plant root activity (Bell et al., 2011; Stanley et al., 2024). Soil compaction from non-pugged grazing and its recovery follows a cyclical pattern based on earlier studies (Drewry et al., 2008). These studies measured soil compaction in spring and its natural recovery during summer and autumn on soil grazed by dairy cows. The results indicated significant recovery of soil physical properties (macroporosity) in summer and autumn, with less recovery observed in winter. Enhanced recovery of soil physical condition in summer and autumn in temperate environments may be due to the increased natural soil processes mentioned above.

In summary, no-till farming is a practice that has drawn interest for its potential to significantly enhance crop performance and soil health (Baethgen et al., 2021; Romano et al., 2023; Taylor et al., 2024), holding great benefits for the future of agriculture. There are reported contradictory findings between CC and CP under no-till management regarding crop yields and NUE (Baiyeri et al., 2019; Pravia et al., 2019; Dang et al., 2020; Peterson et al., 2020). When pasture rotation enhances soil structure, organic matter content, and microbial activity, wheat might access and utilize better N in CP systems; conversely, agricultural systems with continuous nutrient depletion and lack of crop diversity lead to soil degradation over time and, while easier to manage, may also have lower N efficiency (Hu et al., 2023). Therefore, the incorporation of pasture or cover crops into crop rotations while using no-till techniques presents an optimistic and practical way to maintain wheat output and improve N utilization (Habbib et al., 2017; Dang et al., 2020; Dong and Zeng, 2024; Yin et al., 2024).

In Uruguay, it is well established that crop-pasture rotation systems consistently enhance crop production. Moreover, most LTE conducted under no-till included grazing (García-Préchac et al., 2004; Salvo et al., 2010; Grahmann et al., 2020; Rovira et al., 2020; Baethgen et al., 2021; Rubio et al., 2025). Therefore, the possible adverse effects of grazing have already been considered within the system as a whole. We hypothesized that including pastures in crop rotation would have further beneficial effects on wheat yields (as the first crop post-pasture) due to improved soil quality and greater availability of soil N, despite potential adverse effects such as soil compaction or invasion of weeds caused by cattle trampling and grazing. Then, the novelty of our study lies in evaluating the wheat performance corresponding to the first crop post-pasture compared with a wheat crop in a CC rotation with the equal intensification of the annual cropping phase to CP in a rainfed environment. The study assessed WGY, GPC, and the NUE as affected by the N response trials in wheat seeded under no-till in CP and CC systems in the same year. This allowed us to infer consistencies or dissimilarities between the rotation systems.



2 Materials and methods


2.1 Experimental site

The study was conducted in a LTE established in 1993 at the EEMAC Experimental Station near Paysandú, Uruguay (32° 22′ 41” South latitude and 58° 02′ 50” West longitude). The site is under the influence of a humid subtropical climate (according to the Köppen climate classification), and it is relatively uniform nationwide since Uruguay is located entirely within the temperate zone. The average annual accumulated rainfall is 1,300 mm, and the average temperature in the winter and the summer are 12°C and 24°C, respectively. The soil of the experimental area is classified as Typic Argiudoll, according to the USDA Soil Taxonomy, with an A horizon of 18 cm with pH 5.7, clay 290 g kg−1, silt 437 g kg−1 and sand 273 g kg−1, located on a slope less than 1%. The soil organic carbon (SOC) and total N at 0 to 15 cm depth were 18.7 g kg−1 and 1.6 g kg−1, respectively. The LTE, initiated in 1994, compared four cropping systems under no-till and conventional tillage conditions: This study evaluated just two no-till cropping systems, CC (i) and CP (ii), because conventional tillage has almost completely disappeared as a tillage system in Uruguay (Table 1). The cropping systems were arranged in non-synchronized randomized replications to ensure the presence of all crop or pasture phases each year, with three replications for CC, and 7 for CP.



TABLE 1 Crop rotation systems evaluated during the period under study (2014–2017).
[image: Chart detailing crop rotation systems over seven years. The CC system involves wheat/soybean, barley/sorghum, and winter fallow/soybean in a three-year cycle. The CP system adds perennial pasture with wheat, barley/sorghum, and soybean, extending to a seven-year cycle. Explanatory note identifies plant species used in perennial pastures and stocking rates.]

The CP is a 7-year rotation alternating between crop and pasture phases. Pasture yields in the spring, ranged from 1,000 to 3,500 kg ha−1, depending on the age of the pasture and the proportion of legumes and weeds. Glyphosate herbicide was applied in plots with 3.5-year pastures two months before wheat seeding. On average, the pasture provided 65 kg N ha−1 annually, with approximately 90% derived from BNF (data not shown). The grazing criteria were as follows: grazing began when pastures reached 2,500 kg of dry matter per hectare, especially in two-year-old pastures. Grazing was also carried out on older pastures (3rd and 4th year), even though their production would have been lower. Grazing ceased when the forage consumption was around 50%, averaging 5 to 7 annual grazing events, and halted if the soil was too wet to avoid animal footprints. The animals withdrew if it rained during grazing.

The grain crops in CP consisted of a succession of wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.) as winter crops and fallow winter conditions if the previous crop was sorghum (Sorghum bicolor L.) and soybean (Glycine max L.) and sorghum as summer crops. In the CC system, an identical grain crop sequence was considered (Figure 1). The soybean crop was defined as a first (Soybean 1) or second (Soybean 2) crop depending on the previous crop’s purpose, i.e., if it was for grain harvest: Soybean 2, and if it was fallow or a cash crop: Soybean 1. As is displayed in Figure 1, while CC had a frequency of C4 crops (sorghum) of 0.14 (or 1 C4 crop every 3. 5 years, Figure 1), under CP rotation, this frequency was 0.07 (or 1 C4 crop every seven years).

[image: Diagram comparing continuous cropping (CC) and crop pasture (CP) rotations. CC shows a three-year sequence: wheat, fallow, wheat, corn. CP includes a 3.5-year crop phase with wheat, soybean, barley, sorghum followed by a 3.5-year pasture phase with animals grazing.]

FIGURE 1
 Schematic representation of the treatments: wheat-based rotations evaluated and sequence length for each phase.




2.2 Experimental design and treatments management

In this study, we evaluated wheat performance after 20 years (1994–2014) of two contrasting cropping systems under no-till: CP and CC. In the CP system, wheat is the first annual crop after the long perennial pasture phase, making it a reliable indicator for assessing the rotation’s carryover effects on such a system. The wheat crop under CP was seeded after 3.5 years of pasture, initially composed of a mix of fescues but dominated by Cynodon dactylon at the termination date, particularly in 2015. Under the CC system, where there is no pasture phase, wheat was seeded following the Soybean 1. The wheat cultivar used was Baguette 501, and the crop was sown at the recommended density on June 27th, May 29th, and May 26th in 2014, 2015, and 2016, respectively.

A completely randomized design trial with three replications was conducted exclusively on the wheat seeded within two plots/year of 10 × 50 m size in 2014, 2015, and 2016, each representing a rotation-tillage combination (CP or CC), as shown in Figure 1. The N response was assessed within each plot, setting four fixed and equidistant N levels (0, 30, 60, and 90 kg N ha−1) as urea. The N factor was an essential aspect of our study, as this source of variation allowed us to infer differences between rotations. Each N rate was split into two equal amounts and applied to the wheat crop at the seeding date and when the wheat reached the tillering phenological stage corresponding to Z2.2 of the Zadoks growth scale. This experimental treatment design was conducted in 2015 and 2016, while in 2014, N was applied only during tillering at two N rates (0 and 30 N). Phosphorous was broadcasted without incorporation at 60 kg ha−1 of P2O5 as triple superphosphate at wheat seeding across the entire experimental area to avoid P limitation in crop growth. The topsoil (0–20 cm) had adequate potassium (0.6 cmol+ kg−1) and a cation exchange capacity (CEC) of 14 cmol+ kg−1, so for each experiment, potassium and CEC values were assumed to be non-limiting (Barbazán et al., 2011). The wheat crop was kept free from weeds, pests, insects, and diseases by applying herbicides, insecticides, and fungicides as needed.



2.3 Weather data during the study period (2014–2016)

This research utilized meteorological records from a nearby station at the EEMAC Experimental Station in Paysandú (Latitude: 32° 22′ 41” S Longitude: 58° 03′ 50” W). These records comprised monthly temperature readings (maximum, minimum, and mean) and monthly precipitation data (accumulated per month). On average, the cumulative precipitation for the wheat-growing season, which extends from May to November, was 542 mm. However, in 2014, 2015, and 2016, the cumulative rainfall recorded was 813 mm, 613 mm, and 512 mm, respectively. While the rainfall exceeded the average in 2014, it was typical in 2015 and 2016. Nonetheless, there were instances of soil water saturation, which were most severe from September to November in 2014 and in August of 2015 (Figure 2A).

[image: Dual-panel graph showing rainfall and temperature data from 2014 to 2016 with 30-year averages. Panel A presents monthly rainfall in millimeters for 2014, 2015, 2016, and a 30-year average, with planting and harvest dates. Panel B displays monthly temperature in degrees Celsius for the same years and average, with nitrogen fertilization timings at tillering highlighted.]

FIGURE 2
 Data on weather from 2014 to 2016 in Paysandú, Uruguay. (A) Monthly rainfall for these years and the 30-year rainfall average. (B) Monthly temperatures and the 30-year temperature average.


In 2014 and 2016, the total rainfall between April and May was significantly higher than the 30-year average, with 298 mm and 726 mm above the average, respectively. However, in 2015, it was 63 mm lower than the 30-year average. In 2016, heavy rainfall occurred 30 days before the wheat seeding, with abundant precipitation over 11 days, ranging from 20 to 188 mm per day. Although the temperature in 2014 was higher than the 30-year average monthly air temperature, and in 2016 was lower, in 2015, it was similar to deviations from the 30-year average, which were relatively small in all three years and thus were unlikely to have a significant impact on crop growth (Figure 2B). The weather throughout the wheat growing season in 2015 was the most similar to the 30-year average. In 2014, it was a rainy and warm spring, while in 2016, the winter was colder than the two previous wheat seasons, and the three months leading up to the crop harvest were dry.



2.4 Soil and plant sampling

During the three-year study, composite soil samples were collected from each plot at 0 to 20 cm depth to assess the N mineral concentration at two stages of the wheat cycle: seeding and tillering. Additionally, one more sampling was done before the seeding of the succeeding soybean crop in December 2015 and 2016. Fifteen subsamples were taken from each plot, using a sharpened stainless-steel probe with a diameter of 2 cm to obtain the samples at the specified times.

At the end of each wheat growing season (November), plants were sampled in a 1 m-row at physiological maturity to assess biomass yield. The plant samples were separated into grain and stover for individual analysis. Each plot was harvested separately, resulting in three yield replicates per system (CP and CC) and per year of study (2014–2016). The grain harvest area was 1.15 × 4.0 m. Threshing was performed using a stationary machine, and the reported grain yield was corrected to a baseline moisture level of 13.5% using a grain moisture meter to measure the grain moisture content (Model: OHAUS MC2000).



2.5 Sample processing and analytical determinations


2.5.1 Soil measurements

Prior to chemical analysis, each soil sample was air-dried and crushed to pass through a 2-mm sieve after removing any visible plant residues. For mineral N, soil extracts were prepared by shaking 10 g of soil with 100 mL of 2 M KCl (Rhine et al., 1998). The concentration of ammonium–N (NH4–N) and nitrate N (NO3–N) in soil samples was analyzed by colorimetric determination. The Griess–Ilosvany method (Mulvaney, 2018) was used to determine NO3–N concentration, while NH4–N concentration was determined using the colorimetric method based on the Berthelot reaction (Rhine et al., 1998). The N-NO3 concentration at 0–20 cm of soil depth is used as a parameter for N diagnostic for Uruguayan wheat crops (Rabuffetti, 2017). Other soil subsamples previously air-dried intended for total N and C determination were oven-dried at 40°C, finely ground (< 200 μm), and analyzed by dry combustion (Rayment and Lyons, 2011) using an elemental analyzer (Flash EA 112) coupled to an isotope ratio mass spectrometer (DeltaPLUS, Finnigan MAT, Bremen, Germany).



2.5.2 Plant measurements

The plant samples were oven-dried at 65°C until the mass remained constant. Finally, soil and dried plant materials were ground in a rotary mill (SampleTek Model 200 Vial Rotator, Lincoln, Nebraska). This step transformed the materials into a fine powder, akin to talcum powder, which was a prerequisite for their analysis by mass spectrometry.

Each plant sample was separated into grain and stover to analyze the dry matter and N content in grain and stover (henceforth Nstover) and grain protein concentration (GPC). The GPC values were estimated based on dry grain N concentration data multiplied by 5.7% (Giunta et al., 2021) and reported as a percentage at 13.5% moisture. The total N (TN) concentration (Dumas method; IAEA, 1990) for the soil and plant samples was determined using an elemental analyzer (Flash EA 112, DeltaPLUS, Finnigan MAT, Bremen, Germany).

Our study employed precise plant measurements to determine four Fertilizer-based N Use Efficiencies (NUEs). The first of these, agronomic efficiency (AE), was estimated from data gathered in three experiments. This estimation was done using the following equation.

[image: Agronomic efficiency (AE) is calculated as the difference between fertilized grain yield (Grain yield_F) and unfertilized grain yield (Grain yield_UF), divided by the applied nitrogen (N).]

Grain yieldF and Grain yieldUF are grain yields of wheat cultivated in plots at a certain level of fertilizer N and in the non-N-fertilized plots, respectively.

Secondly, the RE is the total N amount (grain + stover) difference between crops growing in N-fertilized and non-N-fertilized plots per kg of applied N. This ecophysiological parameter was defined by the Equation (2):

[image: The equation represents nitrogen recovery efficiency (RE) in kilograms of nitrogen uptake per kilogram of nitrogen applied per hectare. It is calculated as the difference between nitrogen uptake with fertilizer (N uptake₋F) and without fertilizer (N uptake₋UF), divided by the applied nitrogen.]

N uptakeF and N uptakeUF are the total N taken up by plants grown in an N-fertilized plot and a control non-N-fertilized plot, respectively, and N applied is the amount of N fertilizer applied.

The IE is the total grain yield produced per unit of N absorbed. This physiological parameter, also named physiological efficiency (PEN), was estimated with the following equation:

[image: Equation for nitrogen use efficiency (IE) expressed as kilograms of nitrogen per grain yield per kilogram of nitrogen uptake. IE equals the difference in grain yield of fertilized (F) and unfertilized (UF) over the difference in nitrogen uptake of fertilized and unfertilized. Marked as Equation 3.]

The other two indices for assessing NUE in fertilizers were partial factor productivity (PFP) and partial N balance (PNB), neither of which take into account the N supply in the soil, while both fertilizer-based indices mentioned above, RE and AE, consider the background soil N levels by accounting for the N uptake or production in plots that did not receive fertilizer (Mălinaş et al., 2022). The PFP expresses grain yield for each N fertilizer unit used. In contrast, the PNB expresses the grain N uptake for each N fertilizer unit applied.




2.6 Statistical analysis

A segmented model by rotation system allowed for assessing the N response on WGY, GPC, soil mineral concentration, and N efficiency indices. This approach was selected due to the lack of degrees of freedom for the rotation factor in the experimental design, making a direct statistical comparison between rotation systems unfeasible. Nevertheless, inferences could be made from the independent N response trials within each rotation system. Additionally, the response of each system to the applied N, the effect of the year, and the interaction between the N rate and year were considered without restrictions. Replicates were nested within the year in the model. Data from trials conducted in 2015 and 2016 were used, as the experimental design in 2014 was different.

[image: The equation displays a statistical model: \(Y_{ijk} = \mu + B_i + N_j + BN_{ij} + r(B_i)_k + \varepsilon_{ijk}\).]

Where:

Yijk = is the response variable in the ijk-th observation.

μ = overall mean.

[image: Mathematical notation showing the letter "B" with a subscript "i" in italics.] = is the relative effect of the i-th year effect.

[image: The image shows the mathematical notation "N" with a subscript "j".] = is the relative effect of the j-th N fertilization effect.

[image: Mathematical notation showing "BN" with subscripts "i" and "j".] = is the N fertilization by year interaction.

[image: Mathematical notation showing the expression \( r(B_i)_k \).] = is the k-th replication nested to the year.

[image: Greek letter epsilon with subscripts i, j, k.] = experimental error.

The approach of the model segmented by rotation was represented as follows:

Model CC = Year + Nrate + Year*Nrate + Replicate (year).

Model CP = Year + Nrate + Year*Nrate + Replicate (year).

A Tukey test with a 95% confidence level was employed to compare treatment means within each rotation in the study. The Shapiro–Wilk and Levene tests checked data normality and homogeneity of variance assumptions. For data analysis, we used SAS ® Studio on Demand for Academics (Cary, NC) and R software (version 4.04). The orthogonal polynomial contrast or comparison analyses tested the response trends of the WGY, GPC, and soil nitrate-N concentration to N applied. To create a predictive model for WGY and GPC, we divided the dataset into two equal subsets for training and validation. We used a linear regression model and SMA regression (package smart in R). Two SMAs (for y against x) were fitted separately for each level of the factor rotation.




3 Results


3.1 Effects of year and N rate segregated by rotation on soil mineral N

Soil NO3–N concentration at the 0–20 cm depth at wheat seeding and before N application was not statistically different between years (2014–2016) in CC, averaging 11.5 mg kg−1, while in CP, it was significantly different (p = 0.0243), being lowest in 2015 (7.0 mg kg−1) and higher and without differences in 2014 and 2016, with 11.6 and 10.2 mg kg−1, respectively (Supplementary Table S1). At tillering (Zadocks 2.2), in 2015 and 2016 and with the four N doses, the effects of year and Nrate on NO3–N concentration were statistically significant (Table 2). The NO3–N increase with the Nrate was quadratic in CC and linear in CP. The NO3–N concentration range varied from 7.2 to 14.6 mg kg−1 in CC and 8.0 to 11.8 mg kg−1 in CP, yielding the lowest values in 0 N and the highest in 60 and 90 N treatments. However, the Year × Nrate interaction effect was not statistically significant in either rotation system.



TABLE 2 Means and standard errors for soil Nitrate–N and Ammonium–N concentration at tillering for wheat crops by experimental year, N rate, and rotation system.
[image: Table showing nitrate and ammonium nitrogen levels (mg/kg) for different nitrogen rates across the years 2014, 2015, and 2016 under CC and CP conditions. Significant differences marked by letters, with p-values for various variation sources.]

In 2015 and 2016, the N rate had a statistically significant effect on soil NH4–N at tillering in the CP rotation, while in CC, none of the factors tested showed differences in soil NH4–N (Table 2). At the seeding of the soybean crop, the succesor crop after wheat (Supplementary Table S2), both NH4+ and NO3-forms of N were higher in the CP system compared to the CC system. The former was the primary N-form in the soil in both systems but generally had a higher NH4 concentration in CP. Additionally, the year and interaction effects were not significant. In both systems, the NH4–N concentration in all N treatments at tillering was higher than NO3–N concentration in 2014 and 2016. The higher NH4–N to NO3 − N ratio in 2014 and 2016 coincided with the heaviest rainfall during the wheat tillering seasons. On average, NH4–N concentrations were 13.8 and 21.7 mg kg−1 across years in CC and CP, respectively (Table 2).



3.2 Effects of year and N rate segregated by rotation on physical productivity and quality of wheat


3.2.1 Wheat grain yield

Based on the segmented model by rotation system, the ANOVA analysis revealed that the year (2014–2016) effect did not significantly affect WGY in unfertilized plots (0 N). However, considering all N treatments, the ANOVA from 2015 and 2016 data showed that the year and Nrate in both rotations had a statistically significant effect on WGY (Table 3). The lowest yield was observed at 0 N, with 1,520, and 1,080 kg ha−1 in CC and CP, respectively, which statistically differed from the rest of the N treatments. The highest yield was registered at 90 N and 60 N with 3,461 and 2,630 kg ha−1 in CC and CP, respectively.



TABLE 3 Means and standard errors for wheat grain yield (WGY), grain protein concentration (GPC), and N content in the stover for wheat crops by experimental year, N rate, and rotation system: continuous cropping (CC) and crop-pasture (CP).
[image: A table presenting data on wheat grain yield (WGY), grain protein content (GPC), and nitrogen stover content over different years (2014-2016) and nitrogen rates (0, 30, 60, 90 kg ha⁻¹) for treatments CC and CP. The table includes mean values with standard deviations, and significant differences are indicated with lowercase letters. P-values for variation sources like year, nitrogen rate, and interactions are provided, highlighting statistical significance levels. Annotations note that file data from 2014 was not included in the ANOVA analysis.]

The highest WGY was consistently observed in the CC system in our three-year study. However, the N response tended to be linear with the N rate in CC and quadratic in CP. As there was no significant interaction effect between Year and Nrate, the yield response to N was similar between years at each rotation system. In 2015, the year of higher productive potential, the yield differences between systems increased, with wheat capitalizing better in CC rotations. In the treatments where no N was applied (0 N), WGYs were higher in 2014 and 2015 than in 2016; still, these differences were not statistically significant.



3.2.2 Grain protein concentration and N Stover content

The GPC measured in wheat cultivated in unfertilized plots was significantly affected by the year in both rotation systems; its average value was11.2% and ranged between 9.7 and 15.39% in CP, while in CC, it was lower on average at 10.4%, oscillating between 8.7 and 12.1%. The ANOVA, including the four N rate treatments from the experiments of 2015 and 2016, showed that year (p = <0.0001 in both rotations) and Nrate (p = 0.0383 and p < 0.0001 in CC and CP, respectively) had a statistically significant effect on GPC (Table 3). In these two years, the maximum values were registered in the treatments 90 N in CC and 0 N in CP, averaging 11.1 and 12.6%, respectively.

The GPC values significantly differed between N rates across years (p = 0.0213) only in CP. The analysis of the year × Nrate interaction effect revealed that in 2016, none of the N fertilized treatments enhanced the GPC compared with wheat crops with 0 N applied, while in 2015, wheat fertilized with the highest N rates (60 and 90 N) were able to reach the GPC achieved by crops non-fertilized. The Nrate effect in CC was consistent across years, showing no N response on GPC values. However, in 2016, the wheat fertilized with the highest dose (90 N) reached the maximum values; still, it did not statistically differ from 0 N.

Similar to the GPC, the N content in the biomass stover significantly differed between Nrate across years (p = 0.0405), but in this case, only in CC. The analysis of this interaction effect revealed that N response on N content in stover differed between years; in 2015, wheat fertilized with high doses of N (60 N and 90 N) reached higher N values in stover than the unfertilized ones, while in 2016, it was only possible with the maximum N rate (90 N). The Nrate effect in CP was consistent across years, showing no N response on Nstover values in 2016; however, in 2015, the wheat fertilized with the medium dose (60 N) reached the maximum values, differing from those treatments with 0 N applied. At this N rate, WGY was also at its highest (Table 3).




3.3 Relationships between nitrate-N at tillering and grain yield and quality segregated by rotation

Higher levels of nitrate-N at tillering were associated with higher WGY and lower GPC, as shown in Figures 3A,B, respectively, for each of the relationships segregated by rotation. Conversely, when considering a similar nitrate−N level, the increase in N rate did not lead to higher GPC levels because there was no association between N rate and GPC (Table 4). However, there was a high and significant negative correlation between NO3–N and GPC, suggesting that the soil mineral N available at tillering was a critical factor affecting GPC (Figure 3B). Grain PC variation was negatively associated with NO3–N measured at tillering; the opposite was the association between NO3–N concentration and WGY. The relationships between those variables resulted in a distinct relationship between GPC and WGY at each system, which was more robust and significant in CP (Figure 3C).

[image: Three scatter plots labeled A, B, and C compare grain yield and grain protein content under different rotations. Panel A shows grain yield versus grain yield, with red and green dots indicating two rotation types. Panel B displays grain protein versus nitrate-N, showing a negative correlation. Panel C plots grain protein versus grain yield with no significant correlation in one rotation and a slight negative trend in the other. Equations and statistical data for each panel are provided in a table to the right.]

FIGURE 3
 Data relationship between nitrate-N at tillering and wheat grain yield, (A) nitrate-N and grain protein concentration (B), and wheat grain yield and grain protein concentration (C). This was evaluated for the three experimental years (2014–2016) and the four N rates (0, 30, 60, and 90). The dotted line represents the reference value of grain protein concentration (11.5%), which defines the wheat marketing specification in Uruguay.




TABLE 4 Pearson correlation coefficients (r) within each rotation system: continuous cropping (CC) and crop-pasture (CP) across the three experimental years (2014–2016) and all N rates (0, 30, 60, and 90 kg N ha−1).
[image: Table displaying the effects of various agricultural variables on CC and CP rotation systems. Variables include N rate, Nitrate-N_Z22, and Grain yield, each with measures like grain yield, N uptake, and protein concentration. Significance is indicated at three levels, with asterisks representing p-values: *p < 0.05, **p < 0.01, ***p < 0.001.]

The N effect on GPC was statistically significant in both systems. In 2016, GPC values in wheat growing in CC were similar between unfertilized and fertilized treatments (Table 3). In contrast, in CP, GPC diminished with increased N supply, similar to findings by Bedoussac and Justes (2010). The N response curves for GPC (represented by a positive quadratic response) demonstrate the dilution effect of GPC, which was clearly shown in CP in 2016 at a fertilization rate of 30 and 60 kg N ha−1, attributable to the increase in grain yield per kg of grain N (Table 3).

A multiple regression model incorporating N rate and NO3–N at tillering accounted for 68% (p < 0.0001, Figure 4) of the variation in wheat grain yield (WGY). The standardized major axis (SMA) regression test revealed that the best model segregated by rotation had an equal slope (0.59). However, different elevations for each rotation level improved prediction accuracy, explaining 82% of the variation in grain yield for CC and 65% for CP. Nevertheless, the model overestimated low yields in CP and underestimated high yields in CC, likely due to differing relationships between N rate and yield (linear in CC, quadratic in CP). For grain protein content (GPC), only NO3–N at tillering was significant, explaining 54% (p < 0.002) of the variation. The SMA regression test for GPC indicated no significant difference in slopes and elevation.

[image: Scatter plot showing grain yield predicted versus observed, with red and green dots for CC and CP rotations, respectively. Lines represent models for sma CC and sma CP at different elevations. A dashed line indicates a 1:1 relationship. The correlation coefficient is 0.81 with a significance of p<0.0001. An inset table lists model coefficients, including the intercept and effects of nitrate-N at tillering and N rate.]

FIGURE 4
 Scatterplot of grain yield observed against predicted and included SMAs: fitted separately for each level of the rotation factor (the red line represents CC, and the green line represents CP rotation). The 1:1 line is given.




3.4 Effects of year and N rate segregated by rotation on NUE indices

Based on 2015 and 2016 data and considering the three fertilized treatments, the ANOVA showed that neither year nor Nrate and its interaction in both rotations had a statistically significant effect on two fertilizer-based indices AE (Equation 1), and RE (Equation 2), and the plant-based index IE (Equation 3) (Table 5). Both indices were higher in CC (22.4 kg of grain kg−1 N added and 55.2%) than in CP (20.4 kg of grain kg−1 N added and 38.3%).



TABLE 5 Means and standard errors for fertilizer-based indices: agronomic efficiency (AE), recovery efficiency (RE), internal efficiency (IE), partial factor productivity (PFP), and partial nutrient balance (PNB) for wheat crops by year, N rate, and rotation system: continuous cropping (CC) and crop-pasture (CP).
[image: A table summarizes agricultural efficiency metrics over three years (2014-2016), comparing different nitrogen (N) application rates. It includes columns for Agronomic Efficiency (AE), Recovery Efficiency (RE), Internal Efficiency (IE), Partial Factor Productivity (PFP), and Partial N Balance (PNB), with data under different conditions (CC, CP). The bottom section lists p-values for various factors like Year, N rate, Year x N rate, and Replication (Year). Differences between columns show statistical significance levels noted by different letters, where "n.s." indicates no significant difference.]

The PFP analysis indicated that the main effects of year and Nrate were statistically significant in both rotation systems. However, the interaction effect of year × Nrate was statistically significant only in the CC rotation system. Regarding PNB, the year’s effect was not statistically significant; however, the Nrate effect was significant in both rotation systems. Similar to PFP, the interaction effect was only significant in CC.

The average AE achieved across years, and N rate was 24.4 and 19.4 kg ka−1 in CC and CP, respectively. Furthermore, the AE values were significantly associated with RE (r = 0.94, p < 0.0001 and r = 0.91, p < 0.0001, respectively) but not with IE in both rotations.




4 Discussion


4.1 Year and N rate effects segregated by rotation on soil mineral N

The presence of Cynodon dactylon was likely responsible for the lowest concentration of NO3–N observed in 2015 in CP at wheat seeding. Its residues probably reduced the soil’s mineral N content by absorbing it and competing with other pasture species, particularly legumes, thereby influencing their endurance toward the end of the pasture cycle. Consequently, the C: N ratio of the pasture residues might have increased, leading to either N immobilization in the soil or limited soil N availability to plants due to slow residue breakdown (Dang et al., 2020). In 2015, NO3–N concentrations at tillering were similar to those at seeding, whereas in 2014 and 2016, they were only a third of those at seeding. The 2015 results could be related to low rainfall during the early stages of crop growth, while those of 2014 and 2016 might be due to heavy Julyrain (135 and 163 mm, respectively), which were more than doubled the expected July rain based on the 30-year historical average. The N response on NO3–N in CP in 2016 was less than in CC, even though the values were similar in 0 N plots under both rotation systems. This finding suggests that a fraction of the N applied at wheat seeding was lost or immobilized in the soil in CP, leading to a lesser increase in soil N availability at tillering.

The noteworthy difference in the quantity and proportion of N forms (ammonium vs. nitrate) between systems observed after the wheat harvest can be attributed to the more favorable soil conditions for net mineralization at this point in the season in CP rotation (Supplementary Table S2). The decomposition process of the remaining pasture residues was in its final phase, likely resulting in a lower rate of N immobilization.

The increased NH4–N to NO3–N ratio in 2014 and 2016 aligned with the periods of heaviest rainfall during the wheat tillering seasons. These findings suggest that soil compaction may have influenced the N dynamics in the CP rotation, resulting in reduced nitrification rates but higher NH4–N accumulation in the soil (Longepierre et al., 2022). Furthermore, soil compaction might uphold higher moisture soil levels, particularly during slower drying periods like winter, leading to N loss through denitrification (Dang et al., 2020; Shaheb et al., 2021). Regarding these changes in soil N dynamics, Booth et al. (2005) showed that nitrification emerged as the primary process for NH4+ transformation at low mineralization rates, with only minor changes observed at higher rates. Conversely, the rate of NH4+ immobilization showed a steady increase across the entire spectrum of mineralization rates. They suggested that nitrifiers effectively outcompete heterotrophic microorganisms for NH4+ when soil C content is low. Based on this, we hypothesize that the competitive capacity of nitrifiers for NH4+ could be higher in CC under soil conditions with a low lability pool C and with a higher C: N ratio under this system (Supplementary Table S3). In contrast, heterotrophic microorganisms may have a higher competition capacity for NH4+ in soils with more fresh available C in the soil rhizosphere, such as CP soil, where the C source would drive N immobilization (Sun et al., 2019).

In our study, under soil no-till conditions, we found no disparities in soil C and N concentration levels between cropping systems rotating with pastures and those focused on continuous annual cropping system (Supplementary Table S3). These findings align with studies indicating that reduced tillage practices are crucial for preserving SOC (Dang et al., 2020; Page et al., 2020; Rubio et al., 2022). Additionally, comparing our C data with that reported by Salvo et al. (2010), whose study was carried out in the same experimental site as this work, it becomes evident that merely combining no-till techniques with crop-pasture rotations may not result in higher SOC levels (Dang et al., 2020; Grant et al., 2020; Wang et al., 2023b). This limitation in C sequestration could be associated with the system’s N balance, which is generally negative and similar between CC and CP when their cropping phase includes C4 species (Pravia et al., 2019; Dang et al., 2020).



4.2 Effects of year and N rate segregated by rotation on physical productivity and quality of wheat


4.2.1 Wheat grain yield and grain protein concentration

The WGY response observed in CP aligned with expectations, as crops following legume pastures showed reduced response to applied N, consistent with previous studies (Peoples et al., 2015; Allen et al., 2021; Herridge et al., 2022; Nurbekov et al., 2024). The maximum yield was achieved with a dose of 60 N. In contrast, the response observed in CC indicates that the optimal N rate would have been above the maximum dose applied (> 90 N). However, the higher WGY under CC suggested that other growth factors, which were less favorable under CP rotation, contributed to better wheat growth under CC. Although in this study, we did not measure physical properties such as bulk density or soil macroporosity, the difference in performance between systems may have stemmed from increased soil compaction under CP rotation due to cattle trampling. Barreto et al. (2022) also found higher surface runoff under CP than CC, attributing this difference to the trampling effect. These authors noted that under the CP system, there would be higher risks of nutrient losses with runoff water. Additionally, there was no indication of the expected increase in soil residual N under CP through elevated soil NO3–N concentrations in this rotation. As mentioned, this higher soil N contribution may occur later in the crop cycle (post-Z22 growth stage). Alternatively, N losses due to denitrification could increase, potentially exacerbated by soil compaction (Dang et al., 2020; Shaheb et al., 2021).

For both systems, the highest WGY was obtained in 2015, a year with more favorable climate conditions, alongside the highest levels of NO3–N during tillering compared to the other evaluated seasons. Furthermore, in 2015, the wheat seeding occurred amidst dry soil conditions, along with a notable presence of Cynodon dactylon in the CP rotation, resulting in poor crop establishment (though not quantified) and uneven emergence, leading to a negative impact on WGY, compared to CC. This weed invades the N-enriched areas in pastures created by the death of legume plants during summer droughts, effectively competing with the most commonly used pasture species (Pañella et al., 2022). Additionally, its underground biomass binds soil aggregates into a dense structure, which, combined with surface compaction from grazing, would lead to poor soil quality (García-Préchac et al., 2004; Dang et al., 2020; Shaheb et al., 2021). In 2016, yields were lower than 2015, possibly due to low NO3–N levels during tillering caused by heavy rainfall in July (163 mm total, with a third falling two weeks after N application at tillering) or due to reduced water availability in the subsequent period, as precipitation from August to October was below the 30-year average. The effect of soil N availability on wheat yield was evident in 2015; even though the NO3–N concentration during tillering was close to the critical range (12–14 mg kg−1) (Fassana et al., 2022), there was a noticeable N response under CC system. As has noted by other works, N assimilation is generally more negatively affected than mineralization by soil drying (Compton and Boone, 2002). Furthermore, in drying soils, NO3-assimilation is impaired before nitrification, suggesting that the overall production rates of inorganic N may increase as soils become drier, which was observed in our study during wheat tillering stage in 2015.

Our results showed that wheat crops seeded after pasture termination yielded less than the wheat-followed a soybean crop under CC. This suggests that the effect of the previous crop (soybean) on wheat yield was more relevant than the expected residual effect of the pasture phase under CP (Lollato et al., 2019b; Griffiths et al., 2022; Arnhold et al., 2023). Grain yield of wheat under CC would have depended more on soil N availability at tillering. In contrast, following a degraded pasture under CP, other factors would limit the wheat yield (Figure 3A). Furthermore, under CP, higher standard errors were recorded in WGY and other measured variables among experimental units, potentially attributed to the trampling and nutrient distribution (Carvalho et al., 2018; Dubeux and Sollenberger, 2020).

The measured GPC values were within the range described by other authors (Ding et al., 2020), being higher under CP than CC, as expected. Additionally, WGY and GPC had a significant negative association in the CP system, confirming that they are usually negatively correlated (Ghimire et al., 2021; Giordano et al., 2023; Figure 3C).




4.3 Relationships between nitrate-N at tillering and grain yield and quality segregated by rotation

The relationship between WGY and GPC is closely linked to N availability. When N supply is low, adding N increases yield but does not change or decrease GPC, with medium N availability, both yield and protein can increase, whereas with high N availability, fertilization mainly affects grain protein concentration (Ma et al., 2019; Ghimire et al., 2021; Giordano et al., 2023; Wang et al., 2023a). This relationship suggests that the negative correlations between WGY and GPC occur when wheat growth is severely N-deficient or when the N supply is low or unsynchronized with the crop’s N demand for its potential yield. For instance, in high-production years like 2015 with favorable weather conditions, even small increases in N availability led to significant yield increases (Table 3). At this point, GPC either did not increase or sometimes decreases with higher N rates (Table 3; Figure 3C) because the increase in N uptake by the crop was small relative to the increase in WGY. Additionally, the negative correlations between WGY and GPC in CP (Figure 3C) could be attributed to other factors limiting wheat yield (Figure 3A). These include increased N immobilization by the pasture residue and the delayed release of this N beyond the critical uptake periods (heading and grain filling stages) of the following wheat crop. Poor soil physical conditions that hinder wheat performance, N uptake, and NUE might have also played a role. This latter factor is particularly plausible as it could reduced the plant’s growth rate and N uptake capacity. Soil N availability for plants depends on the soil’s ability to provide resources and the plant’s sink strength, which enhances crop N demand and, consequently, the efficiency to absorb these resource (Lemaire et al., 2021; Giordano et al., 2023). The higher N response on WGY in 2015 compared with 2016 explains the lower GPC values observed in that year (Table 2). This difference is likely due to differences in the amount and distribution of rainfall (Figure 2A). The wetter season in 2015, with rainfall 100 mm higher than in 2016, may have led to higher N dilution in the plant (Grahmann et al., 2013; Ghimire et al., 2021). Moreover, the differences in NO3-N availability at wheat tillering between years (Table 2) accounted for the year effect on GPC; the greater the NO3-Navailability, as seen in 2015, higher WGY and, consequently, the more significant dilution of grain protein (Ghimire et al., 2021).



4.4 Effects of year and N rate segregated by rotation on NUE indices

The two fertilizer-based indices, RE and AE, were higher under CC than CP (Table 5) and within the typical N range for cereal crops harvested for grain (Ma et al., 2019; Hausherr Lüder et al., 2020; Hu et al., 2023; Li et al., 2023). The AE data remained stable across different N doses in 2016, marked by unfavorable weather conditions and reduced soil N availability during wheat tillering. Comparing AE values across cropping systems, the CP rotation exhibited greater variability among N treatments and generally lower values than CC. This variability in CP is likely due to factors other than temporary N deficiency, as a more significant N deficiency would have led to a greater wheat yield response to applied N. The inherent variability of integrated crop-livestock systems could also explain this fluctuation.

The PFP and PNB indices were higher under CC than CP, suggesting that fertilized wheat in CC, especially at low N rates, likely absorbed more native soil N than unfertilized crops. Consequently, this native soil N might have been mistakenly quantified as coming from the fertilizer, possibly leading to an overestimation of RE (Liang et al., 2017, 2023; Chen et al., 2024). Additionally, both indices decreased with increasing N rates, a trend observed in many studies (Gastal et al., 2015; Sieling and Kage, 2021; Hu et al., 2023; Li et al., 2023). In both rotations, PNB values were higher than 1 for wheat fertilized with low N levels, indicating a potential threat to soil fertility or productivity degradation (Pravia et al., 2019; Congreves et al., 2021). The highest values were seen in CC, where nutrient availability is typically low. Fontaine et al. (2023) reported that soils with significant SOM accumulation, such as those in CP systems, often exhibit reduced N availability for plants. This is attributed to continuous C and nutrient sequestration, driven by high microbial N assimilation, which leads to a limited response to N fertilization because of the low nutrient demand from plants in this scenario (Cotrufo and Lavalle, 2022). Conversely, CC systems are expected to show lower microbial N immobilization in the soil and greater depletion of SOM, particularly in the MAOM-associated fraction (Cotrufo and Lavalle, 2022). This suggests that N immobilization would be higher in CP, which explains the lower AE in CP compared to CC.

The efficiency of the N recovered from the added fertilizer was significantly associated with the AE index, as was seen in another study (Hausherr Lüder et al., 2020). The higher AE in CC due to its higher RE can be explained by an expected lower soil N availability in this system. The results indicate that soil N availability was an important factor limiting wheat yield in both rotations, particularly in the CC. These findings align with Ernst et al. (2020), who, comparing systems at equivalent yield (using as target yield obtained in the system that yielded the least). They found that CC,-including C4 crops, required a slightly more N fertilizer than CP, both systems under no-till management, to achieve comparable grain yield because CC was more dependent on N fertilizer inputs. The lack of pasture legumes in CC led to a lower potentially mineralizable N, which could significantly reduce N uptake in unfertilized treatments by 20% on average (Ernst et al., 2020). In CP, however, the quadratic N response revealed that factors other than N could have limited the wheat performance of that system. The factor limiting the yield response in CP rotation likely disrupted the synchrony between the N demand of crop and the amounts of N provided by both N sources, fertilizer, and soil. In our study, these factors could be identified through data analysis.



4.5 Implications and limitations of the study

Based on the assumption that the total residue dry matter input and soil C were similar between rotations (Supplementary Table S3), a finding also reported by Ernst et al. (2020) comparing similar rotation systems that this study, we propose the following hypothesis. The growth-limiting factor, which could explain the disparities between systems, is likely to be associated with factors other than nutrients and the previous crop effect. These factors could include adverse effects on soil physical properties caused by animal trampling. The discordant result in the CP system, which consistently showed lower WGY, despite the expected higher soil quality and higher soil productivity potential (Ernst et al., 2018; Rubio et al., 2022) compared to CC, could be explained by considering two reasons:

1. Residues quality from tcrop sequences. We compared wheat performance seeded after a degraded pasture due to intensive grazing (invaded by Cynodon dactylon in 2015), which led to a low decomposition rate and potential N immobilization, versus wheat seeded after soybean, which provides a favorable environment for residue breakdown and N response. While incorporating perennial pastures into crop rotations may offer advantages in accumulating SOC, due to greater root and shoot allocation (Mazzilli et al., 2015; Pinto et al., 2021), the low-quality residue left in the soil at the final pasture phase negatively affected the wheat performance. This, in turn, affected the soil’s physical conditions for the subsequent wheat crop, limiting its performance and the efficiency of N recovery from added fertilizer. However, this effect is likely temporary, as soil quality improvement would become evident with the sequence of crops that constitute the agricultural phase (Ernst et al., 2018). When comparing the annual cropping phase only, CC and CP represent a diversified and intensive cropping system (5 crops in 3 years), a relevant variable for mitigating soil quality depletion (Novelli et al., 2017; Allen et al., 2021; Rubio et al., 2022; Alvarez and Ernst, 2024). Consequently, the differences between CP and CC are minimized when crop productivity is evaluated across the entire system (Ernst et al., 2020).

2. Temporary productivity limitation in CP. The limiting factor for productivity in CP might be temporary, affecting only the first crop after pasture termination since the negative impacts of animal trampling typically affect only shallow soil depths. Additionally, the soil’s physical properties, such as macroporosity, may recovered through natural processes (Bell et al., 2011; Dang et al., 2020). The response of wheat growing in compacted soil could be highly dependent on the season, with the influence of the limiting factor and dissimilarities between rotations being more noticeable in high-production years with favorable weather, as observed in 2015.

Our results highlight potential areas for improvement, such as increasing crop diversity by introducing alternative crops like intermediate wheatgrass (Thinopyrum intermedium L.). This perennial grain crop is promising for temperate regions with mild winters (Locatelli Fagúndez, 2023). Its dense and fibrous root system can enhance soil aggregate stability, as was reported with other perennial species following an agricultural phase (García-Préchac et al., 2004); thus, integrating this perennial species into the rotation could help mitigate or reduce soil compaction damage. Lupine cultivation is another promising option for diversifying crops within agricultural systems and reducing N and P fertilizer use (Griffiths et al., 2022; Mori Alvez et al., 2024). For lupines, the potential impact of its roots on improving soil structure alongside other crops and forage pastures has been evaluated (Bodner et al., 2021; Griffiths et al., 2022). Legumes were more effective in stabilizing soil structure than non-legumes, with lupine and lucerne being especially effective (Bodner et al., 2021). The researchers also observed that roots might stabilize some soil fractions for particular plant/soil combinations that influence soil physical properties, such as soil structure through biopore channels, with this impact being more pronounced in species with coarse roots, such as legumes (Boldrin et al., 2022; Wang et al., 2023b; Giuliani et al., 2024). The integration and diversification of functional groups—such as annual winter legumes like lupine—may be a pivotal strategy to reverse soil deterioration processes (Hallama et al., 2019; Fontaine et al., 2023; Nurbekov et al., 2024). An additional adjustment can be to shorten the pasture phase by changing the existing crop arrangement. This shortening in the pasture phase intends to reach the end of its cycle with better aboveground and belowground biomass, a higher legume proportion in mixed pasture swards, and roots in active growth (Hamza and Anderson, 2005; Huang et al., 2020; Zhou et al., 2021), increasing system sustainability and resilience derived from increasing non-provisioning ecosystem services with long pasture phases, such as improved soil physical conditions and the legume persistence at pasture termination.

In this study, we assessed only changes in soil N availability, WGY, N uptake, GPC, and the NUE as affected by the N response trials, inferring from these experiments performed consistencies or dissimilarities between cropping systems. However, this approach may miss other system-wide benefits or tradeoffs.

Due to the limitations of our field experiment, we propose an effective and practical method for a fair comparison of the potential of CP and CC systems. Additionally, this approach allows for direct inferences about the rotation effect, as this experimental design would include three replicates with the rotation factor, minimizing the pre-crop effect observed on wheat crops and isolating the year effect from the rotation effect. This method involves using data from the same long-term experiment, involving more than one crop in the same year of the evaluation, and associating them with the same pre-crop under both systems. For instance, in this approach, we could use winter crops as pre-crops or the fallow period as pre-conditions for summer crops used as test crops (whose crops offer clear advantages under no-till conditions). This proposal must be replicated for more than two years. It is also necessary to consider soil C and N levels and the quantity and quality of residues and correlate this with soil health indicators. Equally important is using the best available knowledge and technologies to reduce the impact of nutrient stress, pests, and weeds affecting crop establishment (e.g., uneven emergence) in both CP and CC systems.




5 Conclusion

Our three-year research study on Uruguayn soils under a long-term experiment spanning over 20 years, revealed that wheat crops in the CC system achieved higher yields than those seeded as the first annual crop after the long perennial pasture phase in the CP system in a rainfed environment. Additionally, the greater N response in CC was likely due to reduced soil N availability, which, combined with healthier soil physical properties, supported improved productivity, This resulted in higher N uptake and better NUE indices compared to the CP system. In contrast, adverse soil conditions in the CP rotation may have impeded the effective utilization of applied N in wheat production. Our findings suggested that under continuous no-till systems, the performance of the first crop seeded after a long perennial pasture phase (3.5 years) was negatively affected by factors such as animal trampling and the quality of crop residues returned to the soil. While such a system would support greater soil fertility and GPC values, it had a detrimental effect on WGY due to temporarily restricted soil physicochemical and biological properties. These restrictions limited the N response, consequently reducing wheat yield and NUE indices. Our hypothesis that integrating pastures into crop rotations would improve wheat yields (as the first crop after the pasture phase) was not supported. The anticipated benefits of enhanced soil quality and N availability were insufficient to counteract the negative impacts of cattle trampling and grazing.

However, increased N immobilization could enhance C and N sequestration in SOM. This N process could be encouraged by temporary soil compaction, creating more conducive soil conditions typically characterized by moisture and relatively low temperatures. For future research, our findings underscore the need to directly assess soil properties linked to physical degradation that affect water dynamics, such as infiltration and retention. It is also crucial to evaluate highly sensitive C and N indicators in response to changes in their balance, including the distribution between POM and MAOM and the potentially mineralizable N from these SOM fractions and soil C respiration. This assessment is highly dependent on factors like soil type, environmental conditions, and the quantity and quality of residues left in the soil. Therefore, future research should focus on characterizing all these aspects within the evaluated system.
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Tahiti lime is one of the most exported fruits in Brazil, and the state of São Paulo accounts for more than half of the country’s fruit production, and drought in the region is a growing concern as rainfall distribution has become increasingly unpredictable. Therefore, identifying the best varieties and management strategies for citrus groves has become a subject of increasing research. This experiment was conducted at the “Sylvio Moreira” Citrus Center, Brazil; the experiment focused on different planting and mulching practices and scion-rootstock combinations. Two planting/management types were tested: (i) conventional tillage – CT (no mulch in the citrus row) and no-tillage – NT (mulch maintained in the citrus row), using Urochloa ruziziensis as an intercrop. Six grafts x rootstocks were tested: Tahiti acid IACC 5, IAC 10, and BRS IAC EECB Ponta Firme grafted onto two dwarf rootstocks: trifoliate orange IAC 718 Flying Dragon and citrandarin IAC 3152 Itajobi. Over three harvests (2022–2024), this study evaluated foliar nutrition, fruit quality, root development, water potential, gas exchange, water deficit biomarkers, and overall yield. No-tillage significantly improved vital performance indicators compared to conventional tillage. Plants managed with NT exhibited superior root development, greater water uptake, and greater leaf water potential. They also showed greater photosynthetic efficiency, leading to higher yields and improved fruit quality, particularly in juice yield and soluble solids/acidity ratio. The IAC 3152 Itajobi rootstock demonstrated remarkable resilience to drought stress, outperforming Flying Dragon in root development and physiological metrics. NT promoted healthier root systems and more robust plant growth. In contrast, conventional tillage led to poorer root growth, lower nutrient uptake, and increased disease susceptibility due to soil exposure and reduced water infiltration. Despite these challenges, 3,152 rootstock maintained active physiological responses such as gas exchange and/or water potential, especially with the Firm Tip graft. In conclusion, the integration of dwarf rootstocks with NT practices offers a viable strategy to increase the sustainability and productivity. This study highlights the importance of selecting appropriate scion-rootstock combinations and adopting sustainable management practices to improve resilience to environmental stress and optimize fruit yield and quality.
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1 Introduction

Citrus fruit plays an essential role in the global economy, highlighting Brazil’s position as one of the world’s largest producers of this genus, especially sweet oranges [Citrus sinensis (L.) Osbeck]. However, Brazil’s production of limes and lemons has grown, with more than 1.6 million tons of fruit in the 2022 harvest, and Tahiti acid lime (Citrus latifolia Yu. Tanaka) was responsible for 90% of this harvest. Furthermore, the state of São Paulo represented more than 55% of Brazilian exports of Tahiti acid lime and produced approximately 1.2 million tons of fruit in 2022 (IBGE, 2023). Due to their perennial nature, citrus groves have an estimated lifespan of 15–20 years (Talon et al., 2020), thus there is high exposure to adverse environmental conditions (Shafqat et al., 2021a). Which are of concern about, particularly increasing temperature and decreasing in rainfall (Abobatta, 2023; Lyra et al., 2018).

Flowering of citrus starts in September and October, in tropical regions and is considered a critical period for fruit production (Reuther et al., 1968). If an increase in temperature and drought occurs after pollination, fertilization of the ovule is inhibited, which reduces fruit set, stimulates fruit drop, and reduces the final yield (Shafqat et al., 2021a). The developmental stages of fruit can also be affected by drought events, reducing their growth (García-Sánchez et al., 2007). Water deficit reduces stomatal conductance, leaf transpiration rate, and carbon dioxide (CO2) assimilation in citrus (Miranda et al., 2021), which can promote oxidative stress in the plant, leading to dissociation of its cell membranes due to free radical accumulation (De Sousa et al., 2022). In addition, only 36.6% of the entire area planted with citrus in the Brazilian citrus belt is irrigated; thus, water management used both to stimulate development and productivity and to mitigate unfavorable environmental conditions is still limited (Fundecitrus, 2024). This makes it impossible to rely on water supplementation on a large scale, making it necessary to use varieties more tolerant of the climatic conditions and soil management methods that help trees acclimatize, guaranteeing high productivity.

Knowledge of species tolerant to these conditions can boost yield in citrus orchards. Therefore, grafting through budding, which combines the desirable characteristic of the scion (bud) and the rootstock (nucellar seed), is an important technique commercially used in Citrus production. The scion, the upper part of the plant, is selected based on its physicochemical fruit qualities (such as mass, juice yield, peel color, acidity, and soluble solids), while rootstocks are chosen based on their vigor, plant architecture, resistance to specific diseases, tolerance to climatic conditions, precocity, and productivity, in addition to compatibility with the scion (De Sousa et al., 2022). Using citrus rootstocks is essential, as they guarantee benefits to the scion, such as ease of management and, critically, tolerance to climatic factors (Mattiuzi et al., 2019).

In addition to selecting rootstocks that are tolerant of adversity factors, it is also helpful for increasing orchard planting density. Some rootstocks induce smaller sizes in the scion variety by reducing vigor (Donadio et al., 2019). Dwarf rootstocks have been sought, enabling higher orchard density and increasing the number of trees per cultivated area, consequently increasing the total fruit harvested (Bowman and Joubert, 2020). In Brazil, the trifoliate orange Flying Dragon (Poncirus trifoliata var. monstrosa (T. Itô) Swingle) is a dwarf rootstock widely used due to its dwarfing capacity and early production (De Azevedo et al., 2020). However, it has disadvantages, such as low drought tolerance and incompatibility with some commercial scions. Consequently, new dwarf and productive rootstocks are needed for greater diversification given the new demands for more sustainable production systems (Pereira Costa et al., 2021). A viable alternative is to use trifoliata hybrids with mandarins (citrandarins). These Citrus sunki × Poncirus trifoliata cv. Rubidoux hybrids result in smaller sizes recognized as dwarf or semi-dwarf, good productivity, and water deficit tolerance in the scion variety (Schinor et al., 2015).

On a global scale, most soil management in citrus groves is still not sustainable, keeping the soil exposed and associated with the intensive use of herbicides (Niu et al., 2021). This conventional soil management in orchards leads to soil disturbance and the use of machinery to incorporate the surface layer with cultural remains. However, this leads to soil compaction, reduced water infiltration, increased surface runoff, and greater sediment production (Cárceles Rodríguez et al., 2022). In addition, it exposes the roots to disease, such as gummosis, and to the high temperatures of the exposed soil (De Azevedo et al., 2020; Martinelli et al., 2022). Finally, conventional soil management contributes to the significant loss of organic carbon from the soil, which goes against the current demands for more sustainable production (Visconti et al., 2024).

One alternative of conservation citriculture is no-tillage which is the use of natural mulching, in which the inter-rows are covered with grass species, such as Urochloa spp., and this system is managed with ecological mower, which projects all cover crop shoot residue under the citrus plants (De Azevedo et al., 2020, Martinelli et al., 2017; Melo et al., 2023), moderating soil temperatures and providing a better water content due to the soil covering that inhibits evapotranspiration (de Almeida et al., 2018). There are also improvements as greater porosity, better infiltration, less erosion, and even decompaction. Additionally, it aids in weed management, lowering herbicide costs and overall expenses and thus promoting sustainable production (Busi et al., 2020).

A fast and efficient method to assess the impact of climate change is based on the physiological responses of plants, which directly influence their growth and productivity (Hayat et al., 2022a). Based on this premise, this study aimed to analyze the physiological and productive responses of six scion-rootstock combinations using different planting systems and cultural practices, considering the use of Urochloa as intercropping, and the consequent production and transfer (no-tillage), or not (conventional tillage) of biomass from the inter-rows to the row of citrus planting, since the citrus planting, in rainfed conditions. So, the main hypothesis of this research is that integrating dwarfing rootstocks with sustainable management practices, such as no-tillage planting with mulch, improves the sustainability and productivity of Tahiti acid lime. This is due to the potential of these practices to promote root development, increase photosynthetic efficiency, and improve water retention and fruit quality, especially under water deficit conditions.



2 Materials and methods


2.1 Location and experimental design

The experiment was established in March 2020 at the “Sylvio Moreira” Citriculture Center of the Agronomic Institute (IAC) in Cordeirópolis, São Paulo state, Brazil. Before planting, Urochloa ruziziensis was established as a permanent cover crop in the inter-rows of the orchard. Twelve-month-old seedlings of Tahiti acid were planted in seven rows with a 6.0 m (inter-rows) × 2.5 m (inter-trees) spacing (769 tree ha−1). The trial was set up in a randomized block design, in a split plot scheme, with four replications. The two types of planting/management were allocated to the plots:

	i. Conventional tillage (CT) – citrus planting: with disc plow and disc harrow to open furrows; the soil in the inter-rows with U. ruziziensis intercropped; cultural practices: conventional mowing in the inter-rows, maintaining the biomass in the inter-rows of the citrus orchard, without mulch in the row and manual weeding in the rows, three times a year (October to March).
	ii. No-tillage (NT) – citrus planting: without disc plow or disc harrow; opening furrows in the mulch of U. ruziziensis intercropped; cultural practices: include ecological mowing in the inter-rows, U. ruziziensis intercropped, moving biomass to rows under the citrus tree, and manual weeding in the rows, three times per year (October to March), see Figure 1.

[image: Rows of green cover crop, Urochloa ruziziensis, are shown in two sections. The top section has a dashed blue border, indicating mulch with no-tillage. The bottom section has a dashed red border, indicating no mulch with conventional tillage.]

FIGURE 1
 Aerial view of part of the experimental area, highlighting the two planting systems (Cordeirópolis, São Paulo State, Brazil).


In the split plots, six scions × rootstock combinations were evaluated: (i) Tahiti acid lime IAC 5 (5) grafted onto trifoliata IAC 718 Flying Dragon (FD); (ii), Tahiti acid lime IAC 10 (10) grafted onto FD; (iii) Tahiti acid lime BRS IAC EECB Ponta Firme (PF) grafted onto FD; (iv) 5 grafted onto citrandarin IAC 3152 Itajobi (152); (v) 10 grafted onto 152; (vi) PF grafted onto FD. Both roostscks are dwarf. Each split plot consisted of five trees of each scion–rootstock combination in the row and two inter-rows (U. ruziziensis intercropped) for each proposed management strategy.



2.2 Nutritional analysis

Mature leaf samples were collected from the middle third of fruit-bearing branches during the summer (February 2023) to determine the total macronutrient (nitrogen, N; phosphorus, P; potassium, K; calcium, Ca; magnesium, Mg; sulfur, S; measured in g kg−1) and micronutrient concentrations (boron, B; copper, Cu; iron, Fe; manganese, Mn; zinc, Zn; measured in mg kg−1) following digestion of the plant material (Bataglia et al., 1983). The third leaf was collected from the fruit branches, with four trees sampled per plot and five leaves per plant.



2.3 Physicochemical quality of the fruit

Five fruits were sampled per plot (n = 15) in the summer (February 2024) for quality physicochemical measurements. The total fruit mass was obtained using an electronic scale with a maximum capacity of 15 kg. The juice content was determined after juicing fruit, calculated using the juice weight/fruit weight ratio, and expressed as a percentage. The acidity (g 100 g−1 in 0.3125 N NaOH solution) was measured using phenolphthalein as an indicator, and the acidity concentration was expressed as a percentage. The soluble solids content (°Brix), was determined by direct reading in a refractometer (B’S model RFM 330); the soluble solids (SS)/titratable acidity (TA) ratio was calculated, indicating the maturate stage. The contents of ascorbic acid (vitamin C) were determined through pipetting, using 2 mL of juice with 50 mL of 1% oxalic acid solution. The solution was titrated using the DCPIP solution (2,6-dichlorophenolindophenol) until the pink color persisted for 15 s; the result was expressed in mm.100 g−1 of juice using Tillman’s solution.



2.4 Root development

Acrylic tubes (minirhizotron) were installed 40 cm from the trunk of the plants in June 2021. Using a CI-600 root scanner (MODEL CI-600-TA66), images were taken from inside the access tube at depths of 0–20 cm in the summer (January 2022, 2023, and 2024) to monitor annual growth spurts. The images were analyzed using RootSnap® software (CID BioScience Inc., Camas, WA, USA) to obtain the observed area’s root length (mm).



2.5 Leaf water potential

Data were obtained during the winter from August 2022 to August 2024, corresponding to the dry season in Cordeirópolis, São Paulo state, Brazil. Undamaged Tahiti acid lime leaves were collected from different rootstocks/treatments in the middle third of the plant before sunrise, following the recommendations of Machado et al. (2002). A Scholander-type pressure chamber was used with a PMS Instrument (model 1,000 Corvallis, USA) to assess the water potential of the leaves, and the values were expressed in MPa.



2.6 Gas exchange evaluation

The evaluations were performed during the summer (January 2024) and winter (August 2024) periods. The stomatal conductance to water vapor (gs), transpiration (E), photosynthesis (A), and intercellular CO2 concentration (Ci) were measured in vivo for all plants. The analyses were performed in the youngest, fully expanded leaf using a portable infrared gas analyzer (LCpro, ADC, Hoddesdon, UK). Evaluations were performed between 8 and 10 a.m. under ambient temperature, partial carbon dioxide pressure, and air-water vapor pressure. Photosynthetic active radiation (PAR) of 1,000 μmol m−2 s−1 was supplied by a light unit mounted on top of the leaf chamber.



2.7 Water deficit biomarkers


2.7.1 Lipoperoxides

Lipoperoxides were determined during summer (January 2024) and winter (August 2024). Undamaged Tahiti acid lime leaves were collected from the different rootstocks/treatments in the middle third of the plant, free of pests and disease symptoms, free of flowers, or free of fruits. A 0.3-g leaf tissue sample was homogenized with 0.5 mL of 0.1% TCA (trichloroacetic acid), which was then centrifuged for 10 min (15,000 × g, 4.0°C). Subsequently, 1 mL of the supernatant was collected and mixed with 2 mL of 0.25% TBA (2-thiobarbituric acid) diluted in 10% TCA in a test tube. The mixture was then incubated in a water bath at 95°C for 25 min, and the absorbance was finally measured at 532 and 600 nm in a spectrophotometer (Multiskan, Thermo Fisher Scientific, MA, USA). The data were calculated and expressed in mmol of lipoperoxides per gram of fresh tissue.



2.7.2 Proline

At the same time as lipoperoxide analysis, the proline content in Tahiti lime leaves was measured by homogenizing 0.5 g of fresh leaf tissue in 10 mL of 3% sulfosalicylic acid, followed by shaking the tubes every 15 min for 1 h. The samples were then centrifuged for 10 min (10,000 × g), and a 2-mL aliquot of the supernatant was collected for absorbance reading at 520 nm in a spectrophotometer (Multiskan, Thermo Fisher Scientific, MA, USA). The data were calculated and expressed in μmol of proline per gram of fresh tissue.




2.8 Fruit yield

From 2022 to 2024, monthly evaluations were conducted following the appearance of ripe fruit in the orchard. The harvest and weight of all fruit and the cumulative productivity of each year, expressed as yield (t ha−1), were determined. All evaluations were performed in four central trees per plot with four replications.



2.9 Statistical analysis

Data were subjected to analysis of variance (ANOVA), and differences between the means were evaluated using Tukey’s test at a 5% probability level with the statistical software R (version 2023.12.1. Foundation for Statistical Computing, Vienna, Austria). Normality tests were previously performed. Multivariate analyses using principal component analysis (PCA) were carried out based on a correlation matrix of root length, water potential, CO2 assimilation, lipoperoxides, proline, and plant yield obtained in 2024 to analyze the interaction of the physiological responses in the productivity with different citrus combinations and two types of planting/management. PCA data were normalized and displayed using a biplot of principal component distances from their mean values. The data were standardized for hierarchical clustering of rootstock PCA, and Euclidean distance was used to measure similarity. The average method was employed to assess linkage (Hair et al., 2010). Cluster analysis was calculated using the “NbClust” package in R 3.6.1 (Charrad et al., 2014). PCA was performed using the FactoMineR package in R (Le et al., 2008). Only components with eigenvalues equal to or greater than 1 were considered (Kaiser, 1958).




3 Results


3.1 Nutritional analysis

The data obtained from the leaf nutritional analysis did not show significant interaction between planting types and scion x rootstock combinations (data not shown); however, there was a difference between no-tillage (NT) and conventional tillage (CT), where all nutrient contents evaluated, except Ca, were significantly higher under NT than those obtained from the leaves of plants in the CT treatment (Table 1). Except Ca and S, all other nutrients were influenced by the scion x rootstock combination. The N values, especially that for BRS IAC EECB Ponta Firme grafted onto trifoliate orange IAC 718 Flying Dragon (PF_FD), were lower than the recommendations for Tahiti acid lime (Mattos et al., 2020). The Mg content recommended for the crop is below. The micronutrient Fe was adequate in all combinations, except with scion IAC 10 on rootstocks 152 (10_152) and FD (10_FD). Mn reached the recommended values only in combinations 5_152, PF_152, and 5_FD. Adequate Zn contents for Tahiti acid lime (35–50 mg kg−1) were only reached in combination with PF_152 (Table 1).



TABLE 1 Leaf nutrient contents in different scion × rootstock combinations of Tahiti acid lime IAC 10 (10); IAC 5 (5) and BRS IAC EECB Ponta Firme (PF) grafted onto citrandarin IAC 3152 Itajobi (152) and trifoliate orange IAC 718 Flying Dragon (FD) under different types of planting: conventional (CT) and no-tillage (NT).
[image: Table comparing foliar nutrient levels in different scion and rootstock combinations and types of planting. Shows measurements of nitrogen, phosphorus, potassium, calcium, magnesium, sulfur, boron, copper, iron, manganese, and zinc in various units. Note indicates significance testing using Tukey's method. Measurements labeled with letters indicate statistical significance differences. Data pertain to summer 2023.]



3.2 Physicochemical fruit quality

The combinations 10_152 and PF_152 provided heavier fruit in the NT treatment. Scion × rootstock combinations 5_152, PF_152, and PF_FD maintained under CT showed greater fruit mass than the others, while the fruit of combination PF_152 maintained in no-tillage showed a more significant average mass than 10_FD and 5_FD in the same conditions (Figure 2A). The combinations PF with 152 and 10, 5, and PF with FD showed lower yields with CT compared to the same combinations with NT. Furthermore, 10_FD showed the lowest juice yield in CT, while 5_FD and PF_FD were statistically inferior to combination PF_152. Through NT, combination PF_152 stood out and was superior to 5_152, 10_FD, and 5_FD (Figure 2B).

[image: Bar charts labeled (A) and (B) display data for fruit produced from different Scion x Rootstock combinations. Chart (A) shows mass in grams, while chart (B) shows juice yield in percentage. Each chart contrasts CT and NT conditions with error bars, displaying labels for significant differences.]

FIGURE 2
 Physical quality: (A) Mass (g), (B) Juice yield [% (m m-1)], of fruits of the combinations scions x rootstocks: Tahiti acid lime IAC 10 (10); IAC 5 (5) and BRS IAC EECB Ponta Firme (PF) grafted onto citrandarin IAC 3152 Itajobi (152) and trifoliate orange IAC 718 Flying Dragon (FD) under conventional (CT) and no-tillage (NT). Summer 2024. *Averages followed by the same lowercase letters for each type of planting/management (tillage) within each different scion × rootstock combination, uppercase for scion on the same rootstock with the same types of planting/management, do not differ by Tukey’s test (p < 0.05). Bars indicate the least significant difference.


The values of ratio obtained from all combinations under NT were higher than those under CT. Moreover, when analyzing the types of planting/management individually, the PF_152 combination was significantly higher than 10_152, 5_FD, and PF_FD managed CT, demonstrating its better capacity for fruit development and ripening, even in CT. Bellow NT, the superiority of all scions grafted onto 152 rootstock was evident compared to the 10_FD and 5_FD combinations, reflecting better development and faster ripening of the fruits from this rootstock (Figure 3A). The average ascorbic acid concentration showed a significant interaction between types of planting/management and scion × rootstock combinations, with increased concentrations in all plants int. the CT treatment. Under this unprotected management, 10_152, 10_FD, and 5_FD had the highest levels of ascorbic acid in their fruit juice. Under NT, 10_152 showed higher values than 10_FD and 5_FD (Figure 3B).

[image: Two bar charts labeled A and B present data comparing CT and NT groups. Chart A illustrates the ratio values across different scion-rootstock combinations, with NT generally higher than CT. Chart B shows ascorbic acid levels in milligrams per 100 milliliters, with CT values typically higher. Individual bars are annotated with different lowercase and uppercase letters, indicating statistical differences.]

FIGURE 3
 Chemical quality: (A) Ratio (g), (B) Ascorbic acid (mg 100 mL−1), of the juice of the fruits of the combinations scion × rootstocks: Tahiti acid lime IAC 10 (10); IAC 5 (5) and BRS IAC EECB Ponta Firme (PF) grafted onto citrandarin IAC 3152 Itajobi (152) and trifoliate orange IAC 718 Flying Dragon (FD) under tconventional (CT) and no-tillage (NT). Summer 2024. *Averages followed by the same lowercase letters for each types of planting/management (tillage) within each scion × rootstock combination, uppercase for scion on the same rootstock with the same types of planting/management, do not differ by Tukey’s test (p < 0.05). Bars indicate the least significant difference.




3.3 Root development

In all scions × rootstock combinations, a greater root length was observed under NT. In CT, 10_152 and PF_152 had the best root development, while all canopy combinations grafted on FD had the lowest averages. In the NT treatment, PF_152 showed the highest average root length (mm) compared to the 10, 5, and PF canopies on FD (Figure 4A). In 2023, all combinations under NT were statistically superior to the average obtained in the CT treatment. For CT, the 10, 5, and PF scions on 152 rootstocks were superior to 10_FD and 5_FD. Under NT, PF_152 had the highest root length average, and 10_FD and 5_FD had the lowest (Figure 4B). In January 2024, NT stimulated better root development. Under CT, 10_FD and 5_FD presented the shortest root lengths. In addition, the PF_152 combination presented the most significant root development for two consecutive years (Figure 4C).

[image: Bar charts labeled A, B, and C compare root lengths (in millimeters) of different scion and rootstock combinations under CT and NT conditions. Each chart shows root lengths for combinations "10_152", "5_152", "PF_152", "10_FD", "5_FD", and "PF_FD". Gray bars represent NT, and black bars represent CT. Variations in root length are marked with letters above bars indicating statistical differences. Chart A's maximum value is 500 mm, while B and C reach 2000 mm.]

FIGURE 4
 Root length (mm): (A) 2022 summer, (B) 2023 summer, and (C) 2024 summer, of the trees of the combinations scion × rootstocks: Tahiti acid lime IAC 10 (10); IAC 5 (5) and BRS IAC EECB Ponta Firme (PF) grafted onto citrandarin IAC 3152 Itajobi (152) and trifoliate orange IAC 718 Flying Dragon (FD) under conventional (CT) and no-tillage (NT). *Averages followed by the same lowercase letters for each types of planting/management (tillage) within each scion × rootstock combination, uppercase for scion on the same rootstock with the same types of planting/management, do not differ by Tukey’s test (p < 0.05). Bars indicate the least significant difference.




3.4 Leaf water potential

The data obtained in the winter of 2022 and 2023 showed an interaction between types of planting/management and scion × rootstock (Figures 5A,B). When comparing the effect of the types of planting/management on the scion × rootstock combinations, only 10_FD did not show significant differences between tillage types. In contrast, all other combinations had a higher water potential when managed in NT (with mulch in the row). Within CT, the three combinations with FD—10_FD, 5_FD, and PF_FD had the lowest values in MPa. Under NT, the same trend was observed, but PF_FD had less damage (Figure 5A). In 2023, in addition to 10_FD, the 5_152 combination did not show differences between the types of planting/management. However, the other plants had a higher water potential when subjected to management with mulch deposition. In CT, 5_FD and PF_FD had the lowest water potentials, while under NT, 10_152 was superior to 5_FD and PF_FD (Figure 5B). The analyses conducted in winter 2024 showed differences between the two management practices applied to the combinations, except for 10_152, which was superior to 5_152 and all combinations (10, 5, and PF) on rootstock FD under CT. In the NT treatment, the 152 rootstock with all scions provided higher water potential values, with averages below −1 MPa (Figure 5C).

[image: Bar charts labeled A, B, and C compare water potential (MPa) by scion and rootstock combinations. Each panel presents data for CT (black) and NT (gray) treatments across combinations 10_152, 5_152, PF_152, 10_FD, 5_FD, and PF_FD. The water potential ranges from zero to negative three with annotations indicating statistical significance using letters.]

FIGURE 5
 Water potential (MPa): (A) 2022 winter, (B) 2023 winter, and (C) 2024 winter, in the trees of the combinations scion × rootstocks: Tahiti acid lime IAC 10 (10); IAC 5 (5) and BRS IAC EECB Ponta Firme (PF) grafted onto citrandarin IAC 3152 Itajobi (152) and trifoliate orange IAC 718 Flying Dragon (FD) conventional (CT) and no-tillage (NT). *Averages followed by the same lowercase letters for each type of planting/management (tillage) within each scion × rootstock combination, uppercase for scion on the same rootstock with the same types of planting/management strategy, do not differ by Tukey’s test (p < 0.05). Bars indicate the least significant difference.




3.5 Gas exchange evaluation

The data obtained in the summer of 2024 did not show significant differences in the average intercellular CO2 concentration (Ci). However, there was a significant interaction between the types of planting/management and scion × rootstock combinations for average stomatal conductance. Conventional tillage provided more significant stomatal opening in plants of the 10_152 combination compared to PF_152, 10_FD, 5_FD, and PF_FD. However, under NT, 10_152 presented higher values than all scions (10, 5, and PF) on the FD rootstock (Figure 6A). The average transpiration (E) measured during the summer was higher in almost all combinations under NT, except for the 5_FD combination. In the CT treatment, 10_152 and PF_152 had higher transpiration rates than 10_FD. Through NT, these same combinations had higher averages than the others (Figure 6B). The CO2 assimilation indicated that NT was superior in almost all combinations, except for 10_FD. However, under CT, all scions (10, 5, and PF) on the 152 rootstock showed higher CO2 assimilation compared to the means evaluated in the same scions grafted onto FD (Figure 6C).

[image: Bar charts labeled A to F compare different combinations of tillage (CT, NT) and scion rootstock in terms of gs (in mol m² s⁻¹), E (in mmol m² s⁻¹), and A (in µmol m² s⁻¹). Each chart displays bars for various conditions with statistical annotations marked as asterisks and different letters, indicating significant differences. The charts illustrate the impact of tillage practices on physiological parameters for specific rootstock and scion pairings.]

FIGURE 6
 Gas exchange and stomatal conductance (gs, mol m−2 s−1) in (A) summer and (D) winter. Transpiration (E, mmol m−2 s−1) in (B) summer and (E) winter. CO2 assimilation (A), (μmol m−2 s−1) in (C) summer and (F) winter of 2024, in the trees of different scion × rootstock combinations: Tahiti acid lime IAC 10 (10); IAC 5 (5), and BRS IAC EECB Ponta Firme (PF) grafted onto citrandarin IAC 3152 Itajobi (152) and trifoliate orange IAC 718 Flying Dragon (FD) under conventional (CT) and no-tillage (NT). *Averages followed by the same lowercase letters for each type of planting/management (tillage) within each scion × rootstock combination, uppercase for scion on the same rootstock with the same types of planting/management (tillage), do not differ by Tukey’s test (p < 0.05). Bars indicate the least significant difference.


During winter 2024, no significant interactions were observed in the Ci data. However, the types of planting/management averages showed a statistical difference, with NT outperforming CT, with 298 and 289 mol m−2 s−1, respectively. During the same period, stomatal conductance values exhibited a double factorial interaction, with a 37.9% reduction in the average compared to that obtained in the summer. Additionally, combinations 10_152, 5_152, and PF_FD showed greater stomatal opening when maintained under NT. Within CT, all scions (10, 5, and PF) on the 152 rootstocks were superior to 10_FD and 5_FD, which were inferior to the other combinations managed in NT (Figure 6D). Transpiration in winter decreased by 27.7% compared to the average in summer.

Moreover, CT stimulated lower foliar transpiration in all combinations, with 5_152 standing out compared to the others. Bellow NT, 5_152, and 10_FD had higher transpiration averages than 5_FD (Figure 6E). CO2 assimilation evaluated in winter showed a 21.8% reduction in the average compared to summer. Only combinations with Flying Dragon showed lower assimilation under CT, with no distinctions between the management methods in combinations with Itajobi. Within both CT and NT, 5_FD had the lowest average among the plants in the experiment (Figure 6F).



3.6 Water deficit biomarkers

During the summer of 2024, CT stimulated a higher lipoperoxide concentration in fresh tissue of all combinations with 152 rootstock and 5_FD. In addition, under this management without mulching (CT), the 10_152 and PF_FD combinations had higher concentrations than the other combinations and were superior to the 5_152 and 5_FD combinations under NT (Figure 7A). The proline concentrations in fresh tissue recorded during the same period showed higher averages under CT in almost all combinations, except 5_FD and PF_FD. When analyzing CT separately, 5_152 and PF_152 were superior to all combinations (10, 5, and PF) with the FD rootstock. In the NT treatment, 5_152 had the highest average of determined amino acids (Figure 7B).

[image: Four bar charts labeled A, B, C, and D compare the effect of tillage (CT and NT) on lipoperoxide and proline levels in different scion-rootstock combinations. Charts A and C display lipoperoxide levels, while charts B and D show proline levels. Data are grouped by scion-rootstock with labels indicating statistical significance.]

FIGURE 7
 Water deficit biomarkers. Lipoperoxides (mmol. g−1) on (A) summer and (C) winter. Proline (μmol. g−1) on (B) summer and (D) winter of 2024, in the trees of the combinations scion × rootstocks: Tahiti acid lime IAC 10 (10); IAC 5 (5) and BRS IAC EECB Ponta Firme (PF) grafted onto citrandarin IAC 3152 Itajobi (152) and trifoliate orange IAC 718 Flying Dragon (FD) under conventional (CT) and no-tillage (NT). *Averages followed by the same lowercase letters for each type of planting/management (tillage) within each scion × rootstock combination, uppercase for scion on the same rootstock with the same types of planting/management, do not differ by Tukey’s test (p < 0.05). Bars indicate the least significant difference.


In the winter of the same year, the average lipoperoxide content in the leaves doubled; this time, only the 5_152, 10_FD, and 5_FD combinations had lower averages under NT. In the CT treatment, the 10_152 and PF_152 combinations had the lowest averages; under NT, they were lower than 10_FD and PF_FD (Figure 7C). Combinations 10_152, PF_152, and PF_FD showed significant differences in the proline concentration between treatments, with conventional tillage stimulating a higher proline concentration in fresh tissue than those under NT. Within CT, 10_152 and PF_152 had the highest proline concentrations (Figure 6D) and were inversely proportional to the low lipoperoxide concentration in these two combinations (Figure 7C). Bellow NT, there was an increase of 24.9% compared to summer, and the 5_152 combination showed the highest proline concentration in the leaf tissues (Figure 7D).



3.7 Fruit yield

All combinations, except for 10_FD, showed higher productivity in NT in the 2022 harvest (Figure 8A). In CT, the BRS IAC EECB Ponta Firme scion showed lower productivity on both rootstocks than 10_152, 10_FD, and 5_FD. Within NT, 10_FD had the lowest average compared to the other combinations (Figure 8A). The 2023 harvest, also showed higher productivity in all combinations under NT. In CT, the 10_FD and 5_FD combinations were the least productive. In the NT treatment, 10_152 and PF_152 showed the highest averages in tons per hectare (Figure 8B). The 2024 harvest showed higher productivity under NT in almost all combinations, except for 5_FD. In the CT treatment, 10_FD had the lowest value; under NT, 10_FD and 5_FD were the least productive (Figure 8C).

[image: Bar charts labeled A, B, and C show yield comparisons in tons per hectare for different scion and rootstock combinations under CT (black) and NT (gray) conditions. Yields vary across combinations, with NT typically yielding higher. Specific variables, including 10_152, 5_152, PF_152, 10_FD, 5_FD, and PF_FD, are compared, indicating significant differences marked by letters above bars.]

FIGURE 8
 Yields (t ha−1). (A) 2022 harvest, (B) 2023 harvest, and (C) 2024 harvest, in the trees of the combinations scion × rootstocks: Tahiti acid lime IAC 10 (10); IAC 5 (5) and BRS IAC EECB Ponta Firme (PF) grafted onto citrandarin IAC 3152 Itajobi (152) and trifoliata IAC 718 Flying Dragon (FD) under conventional (CT) and no-tillage (NT). *Averages followed by the same lowercase letters for each type of planting/management (tillage) for each scion × rootstock combination, uppercase for scion on the same rootstock with the same types of planting/management, do not differ by Tukey’s test (p < 0.05). Bars indicate the least significant difference.




3.8 Multivariate data analysis

The PCA results provided good discrimination for all samples, indicating the presence of two groups (Figure 9). PC1 separated samples according to the experimental group (yield, root length, CO2 assimilation, water potential, and proline accumulation), explaining 64.94% of the variation. PC2 captured 19.86% of the variation among samples from the second group (lipoperoxides accumulation). The first group showed a significant correlation with root length, yield, water potential, CO2 assimilation, and proline content, where 10_152 and PF_152 in CT were associated with a higher amino acid content in leaves. Combinations 10_152, 5_152, PF_152, and PF_FD through NT were more closely associated with root development, water content in leaf tissues, photosynthetic activity, and yield. The second group showed the most significant correlation with lipoperoxide content in 5_152, 10_FD, 5_FD, and PF_FD under CT and 10_FD and 5_FD in NT, which had the highest concentration of free radicals.

[image: Principal Component Analysis (PCA) scatter plot displaying data points labeled with identifiers like CT_5_FD, NT_10_FD, and others across two principal components, PC 1 (64.94%) and PC 2 (19.86%). Red and green dashed ellipses cluster points, suggesting group separations. Arrows labeled L, P, A, WP, Y, and R, indicate directions of variation or influence.]

FIGURE 9
 Principal components analysis (PCA), where R: Root length (mm); WP: Water Potential (MPa); A: CO2 assimilation (μmol.m−2 s−1); L: Lipoperoxides (mmol.g−1); Proline (μmol.g−1) and Yields (T ha−1), which means are from the combinations of Tahiti acid lime IAC 10 (10); IAC 5 (5) and BRS IAC EECB Ponta Firme (PF) with the citrandarin IAC 3152 Itajobi (152) and trifoliate orange IAC 718 Flying Dragon (FD) under conventional (C) and no-tillage (E).





4 Discussion

Based on the presented result, no-tillage provides more efficient physiological and productive responses to the different combinations of Tahiti acid lime, than conventional tillage. The findings demonstrate that NT management, characterized by using mulch, promotes improved water retention, nutrient absorption, and root development, contributing to higher gas exchange and overall plant health. The higher nutrient contents in citrus leaves observed in NT compared to CT (Table 1) can be attributed to the mulch of Urochloa ruziziensis, present in the rows under the citrus plants in the NT treatment, improving nutrient cycling in this system (De Azevedo et al., 2020).

Urochloa spp., such as the ruzizienis species used in this research, are perennial grasses with vigorous and deep roots that enhance conservation agriculture by improving soil health and nutrient efficiency. Their biomass protects soil, stabilizes organic matter, and promotes nutrient cycling. Root exudates inhibit biological nitrification, reduce nitrogen losses, and mobilize recalcitrant phosphorus, increasing nutrient availability. Deep roots recover nutrients beyond other crops’ root zones, enhancing nutrient use efficiency and supporting sustainable tropical farming systems (Baptistella et al., 2020), justifying the increase in nutrient content in citrus leaves in the non-tillage treatment with mulch of U. ruziziensis.

A previous study carried out in a grapefruit (Citrus paradisi Macfd.) orchard to evaluate different mulches for soil quality showed that rice straw and legume cover crops led to an increase in Ca and K nutrients in the second year of the orchard’s evaluation, similar that observed in the present study (Van Dung et al., 2022). The benefits of this approach in management practices are due to better water retention in the soil, as the mulch provides physical protection from direct sunlight, reducing soil temperature and preventing desiccation through evaporation (de Almeida et al., 2018). This advantage improves the soil structure, benefits the microbiota, and contributes organic matter from pruning residues (Melo et al., 2023). In addition, as shown in Supplementary Table S2, the soil’s organic matter content was higher under the NT than under the CT, which may help explain the contribution to better nutrient absorption.

The semidwarf 152 rootstock consistently outperformed the dwarf FD rootstock, particularly under water-deficit conditions. Although dwarfing rootstocks’ ability to reduce the plant’s overall size and allow for orchard densification is highly advantageous, there is also a downside. This size reduction leads to a corresponding decrease in the plant’s root system, negatively impacting its ability to absorb nutrients and water stored in the deeper soil layers (Hayat et al., 2019). The less extensive root system compromises the exploration for and absorption of nutrients available in the soil and the smaller interaction area with beneficial microorganisms, such as mycorrhizal fungi, which facilitate micronutrient absorption (Hayat et al., 2022b). Since the FD is a dwarf rootstock, unlike the 152, which is a semi-dwarf, this may explain the lower nitrogen concentration in the leaf tissues of PF_FD compared to the other combinations with a better capacity to absorb nutrients (Donadio et al., 2019; Schinor et al., 2015). The Mg and K contents in soil (Supplementary Table S1) are under the recommended concentrations for Tahiti acid lime production; however, the low Mg and Fe contents in 10_FD may be explained by the fact that plants covered with mulch ensure higher K availability in the soil for absorption. However, this can decrease magnesium, as potassium is absorbed more quickly due to facilitated diffusion, which competes with and suppresses magnesium uptake. This effect has been observed in studies involving mulch combined with herbicides on Tahiti acid lime plants grafted onto FD rootstock (De Azevedo et al., 2020).

Acidic soils comprise nearly 30% of the world’s land area, mainly in tropical and subtropical regions, such as Brazil, where this study was conducted (von Uexküll and Mutert, 1995). The soil used in the experiment has the characteristics of a red latosol, which is characterized by a pronounced red coloration due to the higher levels and nature of the iron oxides present in the original material, which leads to the soil’s with higher acidity (Nolla et al., 2020), and may explain the adequate values of Fe in Tahiti acid lime leaves. Therefore, selecting rootstocks tolerant of soil acidity and any damage caused by their characteristics is essential for sound production. Moreover, the plant’s nutritional status is influenced by its nutrient absorption efficiency, which can be significantly affected by the characteristics of the rootstock (Valverdi et al., 2019). For instance, deficiencies in Mn and Zn may occur due to the selected rootstock, as seen in Troyer citrange, compared to Volkamerian and Swingle citrumelo (Yilmaz et al., 2018). Among the observed combinations, only three reached the minimum Mn concentration, two of which were formed with the 152 rootstock (5_152 and PF_152). Regarding the minimum Zn concentrations, only PF_152 met the required level. This supports the idea that citrandarin presents better micronutrient absorption than FD, resulting in better micronutrient absorption.

No-tillage is recognized for its numerous benefits, such as weed control, better water infiltration, and organic matter content; however, one of the significant aspects is the enhancement of soil microbiota (de Almeida et al., 2018). The mulching layer provides the necessary shading, an ideal temperature, and moisture to maintain balance within the soil profile’s microbial ecosystem. This proliferation of beneficial microorganisms improves the physicochemical quality of the soil structure and prevents compaction and erosion (Cerdà et al., 2018). Conversely, CT does not provide all of these benefits in terms of soil architecture and quality; thus, roots are less developed in scion and rootstock combinations compared to the same varieties subjected to soil management with mulch. In a well-structured environment (NT), the rootstock has optimal conditions for root development, resulting in higher percentages of root length over three years of evaluation than CT.

Additionally, dwarf rootstocks are widely believed to have a poorly developed root system since the characteristic low vigor influences not only the scion architecture but also the root architecture (Donadio et al., 2019). This may explain the lower root length in combination with FD since it is a dwarf rootstock, while 152 is a semi-dwarf rootstock. Roots play an essential role in absorbing water and nutrients. When there is low water availability, plant performance can be boosted according to the carbon reserves in the root system. This distribution varies among rootstocks, with those more tolerant to water stress typically accumulating higher concentrations of photoassimilates, enabling them to explore deeper soil layers for water (Silva et al., 2021). This corroborates the water potential data, where 152 showed more positive means than FD.

Water potential values before dawn should be below −1.3 MPa to avoid adverse effects on citrus production (García-Tejero et al., 2010). The combinations of acid lime IAC 10, IAC 5, and PF on FD rootstock under CT reached values above the required minimum, which could be detrimental to the long-term cultivation of this variety. Conventional tillage lacks mulch at the base of the citrus trees due to conventional mowers, leaving the plant rows more exposed to sunlight. This leads to faster evaporation and, consequently, more negative leaf water potential values (−2 MPa) (De Azevedo et al., 2020). The CT exposed the citrus plants to increased oxidative stress, reduced root growth, and decreased physiological performance due to the absence of mulch, which led to greater water loss and soil degradation.

On Valencia orange grafted onto Rangpur lime and Swingle citrumelo under water restriction conditions, Pedroso et al. (2014) demonstrated a reduction in water potential and partial stomatal closure in mature and young leaves, regardless of the rootstock. However, Rangpur lime showed more efficient results than Swingle due to its greater drought tolerance. A reduction in leaf water potential, even before dawn, is expected under rainfed conditions during the dry season (winter); however, species with greater drought tolerance, such as the Rangpur lime rootstock, have a better capacity to retain water within their tissues, allowing for normal development (Miranda et al., 2021). Therefore, although a decrease in water potential is expected under low water availability, 152 rootstock can maintain more positive values in such situations. Additionally, keeping the plants under NT ensures better soil moisture retention, enables a higher stomatal conductance and increases water potential for the cultivated plants.

Under water deficit stress conditions, the plant’s initial response reduces its conductance by closing the stomata to minimize water loss through transpiration (Borim de Souza et al., 2023). This response was mainly observed under CT, which recorded the lowest stomatal conductance values compared to plants subjected to NT. The benefit of vegetation cover is maintaining a cooler soil temperature, which helps reduce evapotranspiration, thereby ensuring greater plant water availability and better stomatal opening, as observed under NT. Therefore, even under dry conditions, mulching creates more favorable conditions and tends to be less detrimental to the plant’s initial physiological responses than CT (Cárceles Rodríguez et al., 2022).

During the summer of 2024, intercellular CO2 concentration (Ci) did not show differences between treatments. This lack of variation can be seen as a positive sign, as it indicates no obstruction of the meristems responsible for capturing CO2 for photosynthetic activity, suggesting the entire functioning of the photosystems in all combinations under both cultural tillage practices (Borim de Souza et al., 2023). However, as early as the winter of 2024, an increase in Ci was observed, and it was associated with a rise in stomatal conductance values, which were mainly observed under NT, as there was a tendency to increase the CO2 concentration in the substomatal cavity simultaneously. This plant mechanism can enhance photosynthetic activity (Cechin et al., 2008). With greater stomatal conductance and higher CO2 concentrations in the substomatal cavity of all Tahiti lime varieties’ leaves on both rootstocks managed under NT, there was a noticeable impact on the photosynthetic activity of most combinations, resulting in higher CO2 assimilation compared to CT. The stomatal opening and closing process is driven by the water content available in the soil and plant leaves (Borim de Souza et al., 2023).

A previous study on drought induction in citrus showed decreased stomatal conductance as the soil water content decreased (Zhou et al., 2021). Consequently, stomatal closure, which prevents water loss through transpiration, also reduces the CO2 intake, limiting the essential gas for photosynthetic activity (Giordano et al., 2021). Therefore, choosing the best types of planting/management for a citrus orchard can demonstrate benefits within a few years, as evidenced by in vivo gas exchange analysis. Another factor to consider is the comparison of scions on both rootstocks. CO2 assimilation analyses showed that all varieties performed better when grafted onto 152, especially under CT. This suggests that selecting rootstocks with higher tolerance to unfavorable conditions, such as 152, is advantageous, given the current environmental challenges imposed by CT.

Environmental stressors, such as drought and extreme temperatures, lead to reactive oxygen species (ROS) accumulation in plant cells due to disruptions in the electron transport system and metabolic processes occurring in chloroplasts and mitochondria (Gupta et al., 2020). These ROS are detrimental to various cellular structures of the photosynthetic apparatus, inhibiting metabolic and enzymatic activities, oxidizing nucleic acids, and leading to cell death (Anderegg et al., 2019). Lipid peroxides are part of this group of ROS, and their increased concentrations indicate higher oxidative damage, reflecting the severity of stress encountered by plants (Farooq et al., 2009; Kaur and Asthir, 2017). Previous research on sour oranges revealed higher H2O2 levels in leaves and roots, showcasing the species’ greater susceptibility to stress and the lower efficiency of the antioxidant mechanisms in some citrus varieties (Zandalinas et al., 2017). No-tillage leads to lower concentrations of these free radicals within trees, likely due to improved soil moisture through mulching and vegetative cover.

Under dehydration, a defense mechanism of stress-tolerant plants includes the reduction of stomatal conductance or accumulation of osmoprotective solutes, such as proline, with antioxidant potential to contain these ROS, due to an unpaired electron, which associates with reactive oxygen species (e.g., lipid peroxides), it effectively neutralizes them, preventing oxidative damage (Vives-Peris et al., 2017). As a result of oxidative stress, the consequent increase in proline content acts as an adaptive response, as it acts as a compatible osmolyte to buffer cytosolic pH, as well as balancing the cell’s redox state and being a potential eliminator of ROS (Gholami Zali and Ehsanzadeh, 2018). Previous work with sweet oranges has shown an accumulation of leaf proline in scions grafted onto different rootstocks: Orlando tangelo (Citrus paradisi Macfad. × Citrus tangerine hort. Ex Tanaka), Indio and Riverside citrandarins [Citrus sunki (Hayata) hort. ex Tanaka × Poncirus trifoliata (L.) Raf.], and Sunki of Florida (C. sunki) mandarin (TSKFL) × C13 citrange (C. sinensis × P. trifoliata) (CTC13) - 012, when submitted to natural drought stress (de Carvalho et al., 2021).

When subjected to NT, all scion × rootstock combinations had higher yields. However, even under CT, the 152 combinations stand out, especially IAC 10 and BRS IAC EECB Ponta Firme. Previous work has demonstrated the better productivity of specific rootstocks compared to others; for example, the quantity of fruit produced by Mandared (C. clementina × C. sinensis) on Troyer citrange (C. sinenesis × Poncirus trifoliata) was significantly lower than the same scion variety on C57 citrange (C. sinensis × P. trifoliata) (Caruso et al., 2020). Late mandarin grafted onto Carrizo citrange [C. sinensis (L.) Osb. × P. trifoliata (L). Raf.] produced more than 77 kg of fruit per tree compared to Cleopatra mandarin (C. reshni Hort. ex Tan.) (Maciá-Vázquez et al., 2024). However, in the case of NT, IAC 10 and PF grafted on 152 and PF grafted on FD demonstrated the high productive capacity of the combination under favorable conditions promoted by soil management. On the other hand, 152 rootstock shows a better capacity to tolerate adverse conditions promoted by CT.

The improved moisture retention in soil profiles promoted by mulching in NT stimulated a higher juice content in almost all combinations. This is also reflected in the ratio, where fruit from trees under NT reached maturation faster than that under CT, demonstrating a better ability to maintain the chemical quality of the juice. The increase in ascorbic acid in fruit maintained under CT can be attributed to the compound’s inherent characteristics, as ascorbic acid is widely recognized as an essential antioxidant that helps eliminate and balance ROS production, thereby preventing damage caused by oxidative stress (Zheng et al., 2022). Consequently, its role has been observed in plant responses to various stressors, such as drought, salinity, extreme temperatures, heavy metals, and ozone (Celi et al., 2023). Therefore, the treatments found solutions to mitigate these effects in unprotected soil with greater susceptibility to environmental stress. This means that genotypes tolerant to climatic adversities tend to have higher endogenous ascorbic acid levels to avoid the oxidative stress promoted by adverse environmental conditions (Zheng et al., 2022).

Biochemically, plants under NT exhibited lower concentrations of lipoperoxides, indicating reduced oxidative damage, while CT stimulated higher levels of proline, a biochemical marker of stress response. Plants with the highest accumulation of lipoperoxides in their leaf tissues exhibited an inverse correlation with yield. The photooxidation caused by increased reactive oxygen species (ROS) triggers uncontrolled oxidation of photosynthetic components, thereby reducing the photosynthetic rate and limiting the availability of photoassimilates for the plant (Lourkisti et al., 2022). This makes full development, growth, and reproduction impossible (Osmolovskaya et al., 2018). We noted the proximity of proline to lipoperoxides and its association with the 5_152 and PF_FD combinations under CT. The plant accumulates this amino acid to combat ROS (Vives-Peris et al., 2017). An example of this was seen in a study of sour oranges subjected to different levels of drought and their ability to tolerate water deficits due to the lower H2O2 accumulation and higher proline accumulation (Shafqat et al., 2021b).

The PCA showed that combinations 10_152 and PF_152 were positively correlated with CO2 assimilation, water potential, root development, and yield. This indicates that even under less favorable conditions, the scions associated with the Itajobi rootstock are more likely to tolerate stress and maintain an active metabolism. Moreover, developing strategies to enhance drought tolerance is crucial in selecting rootstock that maintains productivity. Rootstocks with higher root growth rates, improved water potential, increased antioxidant accumulation, and better CO2 assimilation have a greater capacity to withstand drought conditions while maintaining high growth levels and biomass accumulation (Shafqat et al., 2021a). Therefore, selecting rootstocks that effectively mitigate stress and enhance water absorption by increasing root density or deepening the root system will ensure a more efficient orchard. Additionally, the orchard will become more profitable and productive, as proper management practices promote optimal conditions.

In the second half of 2024, we observed wood pocket symptoms with greater severity in IAC 10 plants, few symptoms in PF, and no symptoms in IAC 5. Wood pocket is a physiological disorder or physiopathy caused by genetic and abiotic factors, such as high temperatures causing sectoral death in Tahiti, also called Persian or bear trees, leading to total extermination (ICA, 2011). This information is essential for citrus breeding programs and may contribute to a better choice of varieties on the market.

Significant correlations were observed between soil conservation practices and improved fruit quality and productivity. In addition, the induction of physiological responses can better predict plant behavior in the face of adverse environmental conditions (Borim de Souza et al., 2023), thus facilitating the selection of the best candidates to be planted in the Tahiti acid lime orchard and which management practices should be adopted. By integrating NT practices with appropriate rootstock and scion combinations, such as IAC 3152 Itajobi, it is possible to enhance drought tolerance, optimize resource use, and maintain productivity under challenging environmental conditions. This study highlights the potential of combining sustainable management practices with advanced genetic selections to address the demands of modern agriculture and climate resilience.



5 Conclusion

This study demonstrated that no-tillage (NT) management with mulch significantly enhances the productivity, physiological responses and fruit quality of ‘Tahiti’ acid lime grafted onto dwarf rootstocks. The results show that citrandarin IAC 3152 Itajobi rootstock, under the best productivity, promotes better root development, improved water potential, and higher photosynthetic efficiency. Specifically, plants grafted onto this rootstock under NT exhibited greater root length, higher fruit yield, and improved physiological responses, such as water retention and CO2 assimilation, than those under CT. Although the productivity in the CT treatment was not as high as NT, it is still possible to highlight that even under this form of management without mulching, citrandarin Itajobi presented tolerance and a higher yield for a dwarf rootstock. These findings underscore the importance of selecting rootstocks and management practices that enhance plants’ resilience to water stress and overall production efficiency in citriculture. These findings provide valuable insights into optimizing citrus production by combining dwarf rootstocks and sustainable practices, addressing environmental challenges, and meeting the demand for sustainable citriculture.
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Contemporary crop management practices are labor, water, and energy inefficient. Identifying a sustainable, productive, and resource-efficient alternate crop production system to the present crop management system is crucial. A field experiment was conducted to assess the effects of conservation agriculture (CA) on crop growth, productivity, and resource use efficiency under the maize-wheat-greengram system during 9th (2018–19) and 10th (2019–20) years of the study. CA-based bed planting methods such as permanent narrow, broad and flat beds with and without retention of crops residues and 75% and 100% of the recommended dose of nitrogen (N) were compared with conventional tillage (CT) treatment. The permanent broad bed with residue with 100% recommended dose of N (PBB + R + 100N) resulted in 56.0%, 60.0% and 26.5% higher root length density in maize, wheat, and greengram crops, respectively. The PBB + R + 100N registered 31.1% higher system productivity than CT. The partial factor productivity (PFP) of N, P, and K were higher under PBB + R + 75N. The CA-based broad-bed practices registered 10.2 and 18.1% savings of irrigation water application than narrow-bed and flat-bed with residue retention, respectively. The CA-based practices without residue retention obtained significantly higher energy productivity, net energy return, and energy ratio than CT. Adopting the CA practice involving a permanent broad bed with residue using 100% N (PBB + R + 100N) in a maize-wheat-greengram system would be more productive and efficient for nutrients, water, and energy. This study focuses on the potential of CA to improve nutrient, water, and energy security in the maize-wheat-greengram system in South Asia.

Keywords
broad-bed planting, irrigation water use, nutrients uptake, root length, tillage


Introduction

The changes in world scenarios such as extreme weather events, urbanization, and a burgeoning population, escalating the demand for essential resources (viz., land, water, energy, and nutrients) have resulted in more conflicts within the global food–energy–water nexus (Tian et al., 2021). Rice-wheat cropping system occupying ~10.5 million hectares areas in a populous country like India to supports its food and nutritional needs (Kakraliya et al., 2022). The conventional rice-wheat cropping system is labor-, water-, and energy-intensive; water and labor scarcity will make the system less profitable for farmers (Chauhan et al., 2012; Kumar et al., 2013). The maize-wheat and maize-wheat-greengram cropping system is being promoted as an alternative to existing rice-based cropping systems of the northwestern Indo-Gangetic Plains (IGP) in order to overcome challenges such as energy and nutritional scarcity, residue burning, reduction in biomass productivity, and water table decline (Parihar et al., 2017). The maize-wheat cropping system is currently practiced on ~1.66 million hectares (m ha) (Singh et al., 2023) and contributes significantly to national food production. From 2001 to 2018, the area under maize cultivation in India increased by 36%, while productivity rose by 96% (Dutta et al., 2023). Maize is a more water- and labor-efficient crop than both rice and wheat, and maize-based cropping systems serve as a viable alternative to rice-based cropping systems across much of northern India (Aulakh and Grant, 2008). The production potential of maize-based cropping systems is higher than that of the conventional rice-wheat system. To address issues of the conventional rice-wheat system, CA-based sustainable cropland intensification encompassing no/minimum tillage, crop residue retention, and efficient crop rotation is extremely important. CA-based management techniques have shown promise in halting land degradation, increasing the efficiency of resources, enhancing diversity, soil health, and agricultural profitability, and adapting and mitigating the effects of climate change to varying degrees in a range of crop production systems (Sharma et al., 2012; Ghosh et al., 2019). Numerous studies have shown that a CA-based sustainable intensification of the maize-wheat system can increase crop productivity, profitability, use efficiency of water and energy, and the accumulation of organic carbon with more sequestration potential (Das et al., 2013; Nath et al., 2017; Das et al., 2018; Jat et al., 2018; Parihar et al., 2018; Ghosh et al., 2021, 2022a). There is an opportunity to boost cropping intensity in a double cereal-based maize-wheat rotation under CA by including a legume crop such as greengram, which will not only increase system productivity and economic returns but also improve soil health (Gathala et al., 2013; Ghosh et al., 2022b). The carbon negative high food-producing technologies must be adopted to address the multiple challenges caused by conventional agricultural practices (Babu et al., 2023). Optimum N fertilization in CA can reduce N2O emissions, minimize N leaching losses, boost crop productivity, and enhance nutrient use efficiency (Yadav et al., 2017). Retaining crop residues and incorporating legumes into crop diversification decreases N inputs and can enhance food security, irrespective of their impact on mitigating climate change (Powlson et al., 2016). In the present context, N management in cereal-based cropping systems is crucial due to its higher greenhouse gas footprint (Cheng et al., 2015). According to Schoenau and Campbell (1996), there is a higher demand for N during the initial years of certain conservation tillage systems. The requirement for N fertilizer in CA will likely decline over time due to the accumulation of organic matter (Riley et al., 1994). The higher immobilization of nutrients in reduced and zero tillage (ZT) systems can improve long-term soil and fertilizer N conservation (Xiao-Bin et al., 2006). Application of ZT in permanent beds with crop residue input would be a superior management choice for soil N enhancement, as the management technique can promote soil aggregation with larger buildup of total soil N inside macro-aggregates (Bhattacharyya et al., 2013). CA practices affect nutrient transformation and distribution in soil by increasing their concentration and availability near the soil surface, indicating the positive effects of CA on resource use efficiency, environmental quality, and system sustainability (Das et al., 2020, 2021). CA practices increase fertilizer N use efficiency and have the potential to reduce greenhouse gases (GHGs) emissions (Jat et al., 2012). Improvement in aggregate stability, combined with residue retention in CA systems, has also been shown to significantly influence soil water storage. These improvements in soil water storage are typically driven by increased infiltration rates and reduced soil water evaporation (Li et al., 2019; Page et al., 2020). Zero-tillage is said to conserve 20%−35% of the irrigation water in the wheat crop, lowering water use by roughly 10 cm ha−1 or by 1 million l ha−1 in comparison with CT (Gupta and Seth, 2007; Erenstein and Laxmi, 2008). When comparing ZT and permanent beds to CT, the water productivity of maize increased by 13%−28% and 7%−30%, respectively, while the amount of water needed for irrigation dropped by 40–65 and 60–98 ha-mm, respectively (Parihar et al., 2016). Similarly, compared to a CT system, implementing a permanent broad bed with residue in a CA-based maize-wheat cropping system may yield 57% and 19% higher water productivity in maize and wheat, respectively (Das et al., 2018). An efficient cultivation technique that uses little energy and has a low potential to cause global warming is urgently needed (Chaudhary et al., 2017; Ghosh et al., 2022c). The growing reliance of agriculture on energy, particularly in activities like tillage and pumping, is a cause for concern (Parihar et al., 2022). An energy analysis in cultivation practice is necessary to find a resource-saving, energy-efficient technology with minimal environmental impact. Several researchers have reported the effects of different tillage, residue management, and cropping sequences on the efficiency of energy use (Saad et al., 2016; Parihar et al., 2017, 2018; Jat et al., 2020; Raj et al., 2022). An average of 36 l ha−1, or 81% savings across IGP, has been reported as the seasonal savings in diesel for land preparation with ZT (Erenstein and Laxmi, 2008). Parihar et al. (2017) discovered that CA-based management combined with sustainable intensification of maize production systems (maize-wheat-greengram and maize-mustard-greengram) resulted in significant improvements in system productivity and energy use efficiency compared to CT (Saad et al., 2016) observed that ZT with a raised bed with crop residue retention in a maize-wheat-greengram cropping system used 8% lower energy than CT with a flatbed. Adoption of CA principles with recommended efficient farming techniques could result in sustainable intensification of the maize-wheat-greengram cropping system in northwestern India (Parihar et al., 2018; Raj et al., 2023; Ghosh et al., 2023).

The present study aimed to meet the rising food and nutritional demands of the Indian population while ensuring water and energy security. The cultivation of maize and wheat in the experiment was focused to address food needs, while the inclusion of greengram as a legume aimed to meet the protein requirements of malnourished people. It also sought to inform policies for sustainable agriculture by assessing the impact of CA technologies (ZT alone, ZT with residue retention, and ZT with residue retention plus bed planting with N management) on the maize-wheat-greengram system in northwestern IGP, India. The study hypothesized that CA-based permanent broad-bed planting with a judicious combination of N would enhance crop growth, productivity, and efficiency in nutrient use, water, and energy.



Materials and methods


Experimental site

The field experiment was conducted at the Division of Agronomy, ICAR-Indian Agricultural Research Institute, New Delhi (28°35′N latitude, 77°12′E longitude, and at an altitude of 228.6 m above mean sea level) during the rainy, winter, and summer seasons of 2018–19 and 2019–20. The study site had a semi-arid and subtropical climate. The mean annual precipitation was around 710 mm during the study period. The soil of the experimental site was clayey loam with a pH of 8.2, 0.60% organic C, 285 kg ha−1 available N, 18 kg ha−1 available P, and 329 kg ha−1 available K.



Experimental design and treatment details

The experiment was conducted for two consecutive years, 2018–19 and 2019–20, in a randomized complete block design (RCBD) with three replications. It was conducted in a maize-wheat-greengram system. There were 10 CA/CT treatments initiated under a long-term CA system in 2010. Different CA-based practices such as zero till (ZT) permanent narrow, broad, and flatbeds with and without retention of maize, wheat, and greengram crops residues and 75% and 100% of the recommended dose of N were compared with CT practice (Table 1). The treatments were comprised of one CT practice [conventional tillage without residue with 100% N (CT)] and nine CA practices such as permanent narrow bed without residue with 100% N (PNB), permanent narrow bed with residue with 75% N (PNB + R + 75N), permanent narrow bed with residue with 100% N (PNB + R + 100N), permanent broad bed without residue with 100% N (PBB), permanent broad bed with residue with 75% N (PBB + R + 75N), permanent broad bed with residue with 100% N (PBB + R + 100N), flatbed without residue with 100% N (FB), flatbed with residue with 75% N (FB + R + 75N) and flatbed with residue with 100% N (FB + R + 100N). The dimension of narrow bed was 40 cm bed width and 30 cm furrow, whereas, broad bed was 110 cm bed width and 30 cm furrow width (Table 1). The same treatments were followed for each maize, wheat, and greengram crop. For residue removal and CT plots, maize, wheat, and greengram crops were harvested at ~3 cm above the soil surface. About 40% of maize stover and full stover of greengram were retained as anchored residue in all the residue retention plots (PNB + R, PBB + R, and FB + R). To quantify the residue load of each plot, an area of 1.0 m2 was selected in each plot, and residue samples from that area were weighed after oven drying. This dry weight was then equated with the total biomass obtained in respective plots to quantify the amount of residue retained in every treatment. The sowing of the wheat was done in anchored maize residue plots, those having residue treatment. In a similar way, 40% of the residue of wheat was retained where the greengram crop was sown, whereas the whole greengram crop residue was retained where maize was sown. The total amount of residue added in each residue retention plot was estimated as the sum of crop residues retained above ground and root biomass added in the soil. During 2018–19 a total of 11.22, 11.30, 11.25, 11.47, 11.26 and 11.43 t ha−1 crop residue of all three crops were added in PNB + R + 75N, PNB + R + 100N, PBB + R + 75N, PBB + R + 100N, FB + R + 75N and FB + R + 100N treatment respectively. Similarly, a total of 11.31, 11.48, 11.47, 11.60, 11.44 and 11.59 t ha−1 crop residue were added in PNB + R + 75N, PNB + R + 100N, PBB + R + 75N, PBB + R + 100N, FB + R + 75N and FB + R + 100N treatment respectively during 2019–20 (Supplementary Table 1).


TABLE 1 Description of treatments adopted in the experiment.

[image: Table showing various agricultural treatments with columns for type of tillage, type of bed, residue retention, and nitrogen management. It includes treatments like CT, PNB, PBB, and FB with combinations of residue retention and nitrogen percentages.]



Agronomic management

The CT plot was prepared with two passes of tractor-drawn disc plow and thereafter two passes of cultivator followed by planking. There was no plowing in CA-based treatments (Table 1).

Maize variety “PMH 1,” wheat variety “HDCSW 18,” and greengram variety “SML 832” were sown during the rainy, winter, and summer seasons, respectively. Maize, wheat, and greengram crops were sown at a seed rate of 20, 100, and 20 kg ha−1, respectively. Row spacing of 70, 20, and 20 cm was maintained for maize, wheat, and greengram crops, respectively. In CT, the sowing of maize, wheat, and greengram crops was conducted by a tractor-drawn seed-cum-fertilizer drill. In PNB plots, sowing was done by a bed planter, whereas in PBB and FB plots, it was done by a turbo-happy seeder.

A common dose of 150 kg N, 26.2 kg P, and 33.1 kg K ha−1 was given to maize and wheat crops, whereas in greengram, 18 kg N and 20.1 kg P ha−1 was applied through 100 kg di-ammonium phosphate (DAP). The recommended dose of 150 kg N was given to maize and wheat under the 100% N treatments, irrespective of CA and CT plots. In CA-based plots with 75% N, 112.5 kg N was applied. At the time of sowing, the full doses of P and K and the half dose of N were applied to both maize and wheat. At 30 and 60 days after sowing (DAS) in maize, and following the first and second irrigations in wheat, the remaining N was top-dressed in two equal splits. Fertilizers were applied during top dressing, with caution, to leave the furrows intact, and fertilizers were applied along the crop rows on permanent narrow and broad beds. When seeding greengram, the entire amount of fertilizer was applied as basal.



Measurement of crop growth and yield
 
Root length, root mass and root volume density

Root samples were collected at 60 DAS in maize and wheat and at 45 DAS in greengram. In bed planting treatments with residue retained and residue removal plots, root samples were collected from each of the three rows on a given bed. Root samples were obtained from three consecutive rows for flatbed treatments and CT. The root samples were collected using the root auger, which had a diameter of 7 cm and a soil depth of 0–15 cm. Root samples were collected in plastic bags. Then, a preliminary separation of roots from the soil was done in a plastic bucket containing water. The root sample was soaked in water for 30 minutes, and the debris and the soil particles were washed off. Then, the liquid was poured via a bigger sieve (5 mm) and a smaller sieve (2 mm), respectively. The trapped roots collected in each sieve were washed with running tap water and then placed into containers. Then, the root samples were investigated using WinRHIZO software (Himmelbauer et al., 2004; Guan et al., 2014). This software was utilized to scan the root samples and analyze the obtained images. Total root length, surface area, volume, and average diameter were recorded. The root samples were then dried in an oven at 65°C to a constant weight for 24 hours, and the oven-dried weight was recorded using an electronic balance. Then root length density (RLD), root mass density (RMD), and root volume density (RVD) were computed by dividing the length, mass, and volume of the root by the volume of soil collected.



Grain and straw yield

To estimate grain/cob and straw/stover yield, maize and wheat crops from the net plot area of 10 m2 were harvested and sun-dried. After drying, maize grains were separated from the cobs using a maize sheller and sun-dried. The grain yield was measured at 12% moisture. Manual threshing was done to obtain grain from spikes in wheat. Similarly, in greengram, matured pods were hand-picked from the net plot of 10 m2 and sun-dried. Dried pods from each treatment plot were manually weighed and threshed to obtain the grain. The weight of the greengram grain was recorded from a net plot basis, and then it was changed into tons per hectare (t ha−1). The stover yield was measured after picking pods from plants. Grain and straw/stover yield of all the crops were obtained from each treatment and were expressed in t ha−1.



Nutrients (N, P, and K) uptake by crop

N in plant samples was determined using the Kjeldahl method, P was measured by the vanadomolybdophosphoric yellow color method, and K was estimated using flame photometry. Nutrient uptake was calculated by using the following expression:

	Nutrient uptake (kg ha−1) in grain or straw = [% Nutrient content in grain or straw x grain or straw yield (kg ha−1)]/100.
	Total uptake of a particular nutrient (kg ha−1) = Nutrient uptake in grain (kg ha−1) + Nutrient uptake in straw (kg ha−1).




Measurement of use efficiency of resources
 
Partial factor productivity (PFP) of nutrients

Partial factor productivity (PFP) of nutrients (N, P and K) in maize, wheat and greengram was estimated by dividing the yield (kg ha−1) with total amount of NPK applied through fertilizers (kg ha−1) in the respective crops.



Water productivity

Water productivity (kg grain ha−1 mm−1 of water) was calculated as given by Raj et al. (2017) and Das et al. (2018):

	Water productivity (kg grain ha-mm−1 of water) = [Grain yield (kg ha−1)/ Total water applied (mm)].

Total water application involved both effective rainfall and irrigation water. The effective rainfall was determined using standard methods (provided by the FAO). FAO's effective rainfall estimation method calculates the portion of total rainfall available for crop use after accounting for losses like runoff, deep percolation, and evaporation, using either water balance approach (Mohammad et al., 2018). The Time Domain Reflectometer was used to measure the periodic soil moisture content before every irrigation to estimate the frequency and quantity of water. Crops were irrigated if the available soil moisture at the root zone decreased below 50%. The amount of irrigation water was measured with a star flow meter and from the wetted region of the field channel (Das et al., 2018). This method was used to measure the irrigation water depth in each treatment plot during every application period.



Energy indices

Energy-use indices were measured using the formula as suggested by Mittal and Dhawan (1988), Singh et al. (1997), Saad et al. (2016) and Parihar et al. (2018).



Input energy

Total input energy was estimated by adding energy equivalents of all inputs. Operation-wise energy was estimated based on input energy consumed in field preparation, sowing, fertilizer application, irrigation, intercultural operation, plant protection, harvesting, and threshing to determine the energy consumed in the above crop management practices under CT and CA-based treatments. Although manual harvesting of grain and straw samples from the net areas was done, mechanized harvesting and threshing were assumed to calculate energy on a per-hectare basis.



Output energy

Using the corresponding energy coefficients provided in Supplementary Table 2, the energy produced from the grain and straw/stover yields of maize, wheat, and greengram crops and their equivalent yields were converted in terms of energy (MJ ha−1). The total energy equivalents of the grain and straw/stover yields were added up to determine the output energy.



Net energy

Net energy was calculated as the difference of total output energy (Eo) and total input energy (Ei). It was expressed in MJ ha−1.

	Net energy (MJ ha−1) = Output energy (MJ ha−1) – Input energy (MJ ha−1).



Energy ratio

Energy ratio was calculated by diving output energy (MJ ha−1) of total biomass to input energy (MJ ha−1).

	Energy ratio = Output energy (MJ ha−1)/ Input energy (MJ ha−1).



Energy productivity

The calculation of energy productivity involved dividing the grain yield (kg ha−1) to total input energy (MJ ha−1).

Energy productivity (kg MJ−1) = Grain yield (kg ha−1)/total input energy (MJ ha−1).




Statistical analysis

The statistical significance of treatment effects on studied variables like root growth parameters, crop productivity, partial factor productivity of nutrients, water productivity, and energy use efficiencies was analyzed using analysis of variance (ANOVA) techniques for a randomized complete block design. The PROC GLM procedure was followed to analyze the data in SAS 9.3 software (SAS Institute Inc., Cary, NC, USA). The contrast analysis was carried out for system productivity and water productivity (Supplementary Table 3).

A comparison of treatment means was done employing Fisher's least significant difference test. The treatment significance was decided at p = 0.05.




Results


Root length density, root mass density and root volume density

Root growth parameters (root length density, root mass density, and root volume density) of maize, wheat, and greengram were significantly influenced by growing seasons. All growth parameters in maize, wheat, and greengram were higher in 2018–19 than in crops grown during 2019–20. CA practices had a greater influence on crop root growth than CT across the crops (Tables 2–4). Residue retention as surface mulch and the inclusion of greengram into the maize-wheat system resulted in better root growth parameters. The residue removal treatments were not found beneficial as compared to treatments with residue retention in this regard. The significantly higher root growth parameters, such as root length, mass, and volume densities in maize, wheat, and greengram crops, were observed under PBB + R + 100N. The treatment FB + R + 100N was also observed to be comparable in this regard. In maize, the CA-based practices resulted in 16.9%−56.0% higher root length density, 5.9%−27.8% higher root mass density, and 3.8%−25.7% higher root volume density than CT. The higher values of root length, mass, and volume densities of maize in CA-based practices validated better root growth conditions than CT. Residue retention, along with 100% N application, resulted in increased belowground biomass growth in maize. The treatment PBB + R + 100N was proved to be significantly superior in improving the root growth of wheat. This treatment showed significantly higher root length density (2.84 cm cm−3), root mass density (8.69 × 10−4 g cm−3), and root volume density (6.71 × 10−3 cm3 cm−3) of wheat. Similarly, the CA-based practices registered 8.9%−26.5% higher root length density, 8.8%−40.5% higher root mass density, and 2.5%−15.1% higher root volume density of greengram as compared to CT. The treatments PBB + R + 100N and FB + R + 100N showed significantly higher root length, mass density, and volume density.


TABLE 2 Root growth parameters of maize across treatments (0–15 cm soil depth).

[image: Table comparing root length density, root mass density, and root volume density of maize over two years (2018-19 and 2019-20) under various treatments, including CT, PNB, PNB + R + 75N, PNB + R + 100N, PBB, PBB + R + 75N, PBB + R + 100N, FB, FB + R + 75N, and FB + R + 100N. Different lowercase letters denote significant differences, with notes on statistical methods at a p-value of 0.05.]


TABLE 3 Root growth parameters of wheat across treatments (0–15 cm soil depth).

[image: Table comparing wheat root properties across different treatments for the years 2018-19 and 2019-20. Metrics include root length density, root mass density, and root volume density. Different treatments display varied densities, with statistical significance indicated by different letters.]


TABLE 4 Root growth parameters of greengram across treatments (0–15 cm soil depth).

[image: Table comparing root characteristics of Greengram across different years and treatments. It shows root length density, root mass density, and root volume density for 2018-19 and 2019-20. Different treatments like CT, PNB, and FB show varied results. Statistical significance is indicated using letters where treatments with the same lowercase letter do not differ significantly at p = 0.05.]



Maize, wheat and greengram grain yield and system productivity

The grain yield of maize, wheat, and greengram and the system productivity (wheat grain equivalent yield) were significantly influenced by growing years and CA and CT practices (Table 5). Maize grain yield and system productivity during 2018–19 were significantly higher than in 2019–20, whereas wheat and greengram grain yield were similar during both the studied years. CA-based PBB + R + 100N treatment registered significantly higher yield of maize, wheat, and greengram and system productivity than CT and other CA-based treatments, except CA-based practices with residue retention with 100% N (FB + R + 100N and PNB + R + 100N), where, this treatment resulted in a similar yield of maize, wheat and greengram and system productivity with the former treatment. Treatment PBB + R + 100N resulted in 22.0%, 27.1%, 55.6%, and 31.1% higher maize, wheat, and greengram grain yield and system productivity, respectively, than CT. It also led to 6.2 and 2.1% higher system productivity than PNB + R + 100N and FB + R + 100N, respectively. The CA-based practices with residue retention with 75% N performed better than CA-based practices with no residue application. The triple zero-till system in bed planting practices and the application of maize, wheat, and greengram residues resulted in higher system productivity and proved superior to CT practice.


TABLE 5 System productivity of maize-wheat-greengram system across treatments.

[image: Table showing the yields of maize, wheat, and greengram in tons per hectare and system productivity for 2018-19 and 2019-20. Yields are given for different treatments, such as CT, PNB, and variations with added nitrogen. Treatments with the same letter do not differ significantly at p = 0.05 according to Fisher's LSD test. Maize yields range from 5.72 to 6.98, wheat from 4.99 to 6.34, and greengram from 0.72 to 1.12, with system productivity ranging from 12.92 to 16.94.]

Similarly, the contrast analysis for system productivity showed significant variation between CA vs. CT, residue vs. no-residue, PNB vs. PBB and PNB vs. FB, except 100 vs. 75 N and PBB vs. FB (Table 6). The system productivity was 18.9% higher in CA than CT, 7.5% higher in residue retained treatment over no-residue, and 4.3% higher in PBB than PNB. The contrast analysis between 100% N and 75% N applications showed that the application of 100% N resulted in similar system productivity to that of the 75% N application. Similarly, PBB resulted in similar system productivity to that obtained in FB treatment.


TABLE 6 Contrasts on system productivity (t ha−1) and total water productivity (kg ha-mm−1) between pairs of treatments.

[image: Table comparing agricultural treatments with system productivity in tons per hectare and total water productivity in kilograms per hectare-millimeter. Treatments compared are CA vs. CT, residue vs. no-residue, 100N vs. 75N, PNB vs. PBB, PNB vs. FB, and PBB vs. FB. Significant differences are noted by p-values, with CA, residue, and 100N showing higher productivity. Supercript letters indicate statistical differences.]



Nutrient uptake and partial factor productivity

The nutrients such as N, phosphorus (P), and potassium (K) uptake by maize and N uptake by wheat and greengram were not significantly varied during the crop growing season of 2018–19 and 2019–20, whereas, P and K uptake by wheat and P uptake by greengram were significantly higher during 2018–19 than 2019–20 (Figures 1–3). The N, P, and K uptake by maize, wheat, and greengram were substantially affected due to differential tillage, residue, crop establishment, and N management practices (Figures 1–3). The treatments with residue retention had significantly higher nutrient uptake than residue removal plots. Also, the residue retained plots along with 100% N application recorded higher values of nutrient uptake in comparison to treatments with 75% N application. Results showed that the treatment PBB + R + 100N led to significantly higher total N, P, and K uptake by maize grain and stover.


[image: Bar chart illustrating nutrient uptake by maize grains and stover under different treatments. The chart shows values for nitrogen (N), phosphorus (P), and potassium (K) uptake. Treatments include CT, FYM, and FD, with various percentages and combinations. Each bar is color-coded: red for N uptake, green for P uptake, and blue for K uptake. Vertical axis measures uptake in kilograms per hectare, with statistical notations above each bar indicating differences among treatments.]
FIGURE 1
 Total nitrogen (N), phosphorus (P) and potassium (K) uptake by maize grain and stover across treatments. Treatment means followed by same lowercase letters on top of bar do not differ by Fisher's least significant difference (LSD) test at p = 0.05.



[image: Bar chart showing nutrient uptake (kilograms per hectare) by wheat grains and straw under different treatments. Red bars indicate nitrogen uptake, green for phosphorus, and blue for potassium. Treatments include CT, PBH, PBH with various fertilizers, and FDI with corresponding uptakes labeled respectively.]
FIGURE 2
 Total nitrogen (N), phosphorus (P) and potassium (K) uptake by wheat grain and stover across treatments. Treatment means followed by same lowercase letters on top of bar do not differ by Fisher's least significant difference (LSD) test at p = 0.05.



[image: Bar chart showing nutrient uptake of nitrogen (N) and phosphorus (P) in greengram grains and stover across different treatments. Nitrogen uptake is consistently higher than phosphorus across all treatments, with the highest N uptake in PDBH-150N and the highest P uptake in PNB-125N. Each bar is labeled for statistical significance.]
FIGURE 3
 Total nitrogen (N) and phosphorus (P) uptake by greengram grain and stover across treatments. Treatment means followed by same lowercase letters on top of bar do not differ by Fisher's least significant difference (LSD) test at p = 0.05.


Similarly, the total N uptake by wheat grain and straw was recorded under PBB + R + 100N. It registered an 87.0% increase in N uptake than CT. The same trend was observed in the uptake of P and K. The treatment PBB + R + 100N also resulted in a significantly higher uptake of total N (105.2 kg ha−1) by greengram grain and stover and was statistically at par with FB + R + 100N and PNB + R + 100N. It resulted in 98.5% higher N uptake than the CT system (53 kg ha−1). The highest P uptake by greengram grain and stover was also observed under PBB + R + 100N.

The nutrient use efficiencies were evaluated in terms of partial factor productivity (PFP) of N, P, and K. The PFP of nutrients in the maize-wheat-greengram system was estimated in terms of wheat grain equivalent yield per unit application of each nutrient (N, P, and K). The crop-growing seasons had a significant effect on the PFP of N, P, and K (Figure 4). The crops grown during 2018–19 observed significantly higher PFP of N, P, and K than crops growing in the season of 2019–20. The tillage, residue, crop establishment, and N management also significantly influenced the PFP of all primary nutrients in the maize-wheat-greengram system (Figure 4). All CA-based treatments led to higher PFP of N, P, and K than CT treatment. Among CA-based practices, PBB + R + 75N and FB + R + 75N showed significantly higher PFP of N over CT and other CA-based treatments. Treatment PBB + R + 75N registered 59.4%, 46.7%, 44.4%, 44.1%, 28.9%, 23.9%, 21.4%, 5.5% and 1.3% higher PFP of N than CT, PNB, FB, PBB, PNB + R + 100N, FB + R + 100N, PBB + R + 100N, PNB + R + 75N and FB + R + 75N, respectively. The CA-based residue retained treatments with 75% N application outperformed 100% N applied treatments in registering higher PFP of N. Concerning PFP of P and K, CA-based treatments, namely, PBB + R + 100N and FB + R + 100N resulted in significantly higher PFP of both the nutrients over rest of the treatments. Treatment FB + R + 100N increased PFP of P by 31.1, 20.7, 18.9, 18.4, 13.6, 9.0, 7.8, 6.2 and 2.1% than CT, PNB, FB, PBB, PNB + R + 75N, FB + R + 75N, PBB + R + 75N, PNB + R + 100N and FB + R + 100N, respectively. Similarly, the PFP of K was highest in the PBB + R + 100N, closely followed by FB + R + 100N. However, the remaining treatments were inferior in this regard.


[image: Bar chart showing partial factor productivity of nutrients (N, P, K) for different treatments. X-axis lists treatments, while Y-axis shows productivity in kilograms per kilogram grain yield. Bars compare nitrogen (yellow), phosphorus (green), and potassium (red) productivity across treatments, with variations in height indicating differing productivity levels.]
FIGURE 4
 Partial factor productivity of nutrients (N, P and K) in maize-wheat-greengram system across treatments. Treatment means followed by same lowercase letters on top of bar do not differ by Fisher's least significant difference (LSD) test at p = 0.05.




Water productivity

The quantity of irrigation water and total water use varied across the years; due to that, irrigation water productivity and total water productivity were significantly influenced under the maize-wheat-greengram system (Table 7). The system's irrigation water productivity and total water productivity were 2.1 and 12.7% higher during 2018–19 than in 2019–20, respectively. The tillage, residues, crop establishment, and N management significantly influenced the amount of irrigation and total water use and irrigation, as well as the total water productivity of the system. The highest amount of irrigation water and total water consumption was observed in CT treatment. The CT observed 908 mm of irrigation water and 1,602 mm of total water consumption during the study period. Among CA-based practices, the treatments with residue retention retained more water, which resulted in less irrigation requirement than treatments with no residue application. Among CA-based practices with residue retention, the broad-bed practices resulted in more water savings than the narrow beds and flat beds with residue retention. The treatment PBB + R registered an average of 685.5 mm of irrigation water use. Broad-bed practices registered 10.2% and 18.1% of irrigation water application savings compared to narrow-bed and flat-bed practices. The treatment PBB + R + 100N registered significantly higher irrigation water productivity (24.7 kg ha-mm−1) and total water productivity (13.1 kg ha-mm−1) than the rest of the treatments. The other efficient treatments were observed to be PBB + R + 75N and PNB + R + 100N. The broad-bed practices with residue retention with 100% N (PBB + R + 100N) gained an average of 18.2% and 24.4% higher irrigation water productivity than narrow-bed with residue retention with 100% N (PNB + R + 100N) and flat-bed with residue retention with 100% N (FB + R + 100N), respectively. The results demonstrated that broad-bed practices with residue retention outperformed other CA-based practices regarding water conservation and irrigation water productivity.


TABLE 7 Water productivity in maize-wheat-greengram system across treatments.

[image: Table showing the irrigation water applied, total water, irrigation water productivity, and total water productivity for different treatments over the years 2018-2019 and 2019-2020. Treatments include CT, PNB, PNB + R + 75N, PNB + R + 100N, PBB, PBB + R + 75N, PBB + R + 100N, FB, FB + R + 75N, and FB + R + 100N. Data is in millimeters and kilograms per hectare-millimeter. Statistical significance is denoted by lowercase letters, indicating differences between treatments.]

Similarly, the contrast analysis for total water productivity showed significant variation between CA vs. CT, residue vs. no-residue, PNB vs. PBB and PBB vs. FB, except 100N vs. 75N and PNB vs. FB (Table 6). The total water productivity was 38.2% higher in CA than CT, 9.6% higher in residue retained treatment over no-residue, 10.1% higher in PBB than PNB, and 12.4% higher in PBB than FB. The contrast analysis between 100% N and 75% N applications showed that the application of 100% N resulted in a similar total water productivity to that of 75% N applications. Similarly, PNB resulted in total water productivity similar to that obtained in FB treatment.



Input, output, net energy and energy productivity

Total output and net energy return did not differ, whereas energy productivity and energy ratio were significantly impacted due to the crop growing seasons/years (Table 8). Tillage, residue, crop establishment, and N management practices significantly influenced the energy relationship among various treatments in the maize-wheat-greengram system. The CA-based practices without residue retention had the lowest input energy compared to CT and CA-based practices with residue retention. The treatment PNB registered 18.9% lower input energy than CT. CA-based practices with residue retention incurred higher input energy due to energy involved in residue retention. However, the CA-based practices with residue retention outperformed CT as well as CA-based residue removal treatments in terms of registering higher output energy. The treatment PBB + R + 100N registered significantly higher output energy than the rest of the practices and remained at par with FB + R + 100N. It resulted in 22.5% higher output energy than CT treatment.


TABLE 8 Total input energy, output energy, net energy, energy productivity and energy ratio in maize-wheat-greengram system across treatments.

[image: Table showing energy data for different agricultural treatments over the years 2018-2019 and 2019-2020. Columns include total input energy, total output energy, net energy return, energy productivity, and energy ratio. Treatments like CT, PNB, and PBB are listed with corresponding values. Notes indicate statistical significance.]

On the contrary, the CA-based residue removal practices obtained significantly higher energy productivity, net energy return, and energy ratio than the practices with residue retention and CT due to energy savings in no residue application. Among these practices, the treatment PBB significantly registered higher energy productivity (0.333 kg/MJ), and it was found to be comparable with other CA-based residue removal practices (PNB and FB). The same trend was observed in registering net energy return as well as energy ratio. The CA-based residue retained treatments with 75% and 100% N applications were found to be comparable in terms of energy productivity and energy ratio.




Discussion


CA effect on root growth, grain yield and system productivity

In the present study, practices like crop establishment, ZT, crop residue retention, and crop rotation for an extended period (10 years) had a significant direct and indirect impact on better root growth and higher grain yield and system productivity. The root system plays a pivotal role in plant growth and development. The CA practices provide a favorable soil environment (i.e., lesser compaction and lower bulk density) and moderate soil-air-water retention and hydrothermal regimes, leading to better root growth (Kumar et al., 2018; Mondal et al., 2019). CA-based broad-bed planting practices with residue retention led to improved crop root development compared to narrow-bed and flat-bed planting practices. Furthermore, using 100% N in PBB + R might assist in decomposing previous crop residues, resulting in better soil physical conditions for crop root development. The results of root growth parameters confirmed better crop root development in CA than in CT. It corroborated the findings of Choudhary and Behera (2020). According to Blanco-Canqui and Lal (2007), the better root growth observed under CA than in CT might be linked to decreased compaction. Adopting CA-based practices, in conjunction with appropriate N management, may be beneficial for improving root growth characteristics in maize, wheat, and greengram crops grown in a maize-wheat-greengram system.

The contrast analysis on system productivity revealed that the CA-based practices caused a significant increase in system productivity compared to CT practices in both years. The increased system productivity resulted from the beneficial effects of residue retention and improved crop-establishment practices on maize, wheat, and greengram yields. There was a 31.1% increase in yield under PBB + R + 100N as compared to CT, confirming the beneficial effects of residue retention under CA-based practices. Das et al. (2018) also reported that in the maize-wheat system, PBB + R plots resulted in a 10% increase in system productivity and 12% higher net returns compared to CT plots. Among CA-based bed planting practices, PBB + R retained more residues than PNB + R due to a more uniform distribution of residues on top of the broad beds. The increased yield under PBB + R treatment might be attributed to favorable mulching effects of crop residues. Kulagowski et al. (2021) studied the effects of conservation agriculture maize-based cropping systems on crop performance and soil health in New Caledonia and documented that cropping system management had both direct and indirect effects on crop productivity leading to a 1.3-times higher maize yield under CA than under CT.

Residue retention resulted in greater infiltration, higher soil moisture conservation on beds, reduced run-off and erosion, better temperature moderation, inhibition of weed proliferation and more soil microbial activity resulting in biological tillage under PBB + R with comparison to PNB + R (Swift and Sanchez, 1984; Sayre and Hobbs, 2004; Chauhan et al., 2007; Thomas et al., 2007; Bhattacharyya et al., 2013; Das et al., 2018; Baghel et al., 2020; Jat et al., 2020). The above factors contributed to increased crop yield under PBB + R + 100N. Greengram integration and residue retention under ZT enhanced soil characteristics, resulting in increased maize and wheat yields compared to the CT system without greengram residue (Hazra et al., 2018).



CA effect on nutrients uptake and partial factor productivity

CA practices improve the soil's organic carbon and can enormously benefit plant nutrient availability and distribution in the soil. In the present investigation, the treatment PBB + R + 100N significantly improved nutrient (N, P, and K) uptake by both grain and stover/straw in maize, wheat, and greengram crops. The increased plant nutrient content in maize, wheat, greengram grain, and stover/straw under CA might be attributed to improved root growth, which raised nutrient concentration in these crops owing to growing forage area for nutrient removal under permanent beds with residue, resulting in increased nutrient absorption (Parihar et al., 2018).

The partial factor productivity (PFP) of nutrients (N, P, and K) in maize, wheat, and greengram crops differed significantly among the treatments due to different tillage, residue, crop establishment, and N management practices. Because CA-based practices produced more grain than CT practices, they had a significantly higher PFP of nutrients. Residue retention practices significantly improved the PFP of nutrients compared to residue removal practices. The treatment PBB + R + 75N significantly recorded higher PFP (N) in maize and wheat crops. The application of 75% N increased N use efficiency, and the yield gains of 100% N were found to be par. These treatments with 75% N saved 25% N and ultimately increased N use efficiency. The N fertilizer requirement under CA may be expected to decrease over time as a result of organic matter accumulation (Riley et al., 1994) and reduced erosion losses (Schoenau and Campbell, 1996). The present study revealed that significantly higher PFP of P and K were recorded under PBB + R + 100N. However, the CA-based residue retained treatments with 75% N application outperformed 100% N applied treatments in registering higher PFP of total nutrients (N, P, and K). The higher system productivity (wheat grain equivalent yield), along with 75% N application, resulted in the highest PFP of nutrients under PBB + R + 75N. N management is crucial due to its higher greenhouse gas footprint (Cheng et al., 2015). Limon-Ortega et al. (2000) and Fahong et al. (2004) reported that bed planting practices, along with appropriate management strategies, boosted N use efficiency compared with conventional planting after a few initial years. Singh et al. (2008) observed that increased agronomic efficiency of N in wheat under rice residue retention was linked with either a lower rate of fertilizer N or a rise in grain yield, which outweighed any yield gain from mulching in the absence of fertilizer.



CA effect on water saving and productivity

Crops produced using ZT with partial or complete residue retention would increase crop and cropping system yields while decreasing crop water demand and boosting crop water productivity (Islam et al., 2019). Several researchers have observed that resource-saving technologies such as ZT can be effective in increasing field-level irrigation efficiency through savings of irrigation water (Humphreys et al., 2005; Jehangir et al., 2007; Erenstein and Laxmi, 2008; Das et al., 2018). ZT can improve soil structure and enable crop residue buildup, which is associated with greater water retention, improved infiltration, and lower total water usage (Erenstein, 2003). The results of the contrast analysis on total water productivity in maize, wheat, and greengram crops of the current study showed that CA-based practices significantly increased total water productivity compared to CT practices. The highest amount of irrigation water consumption was found in CT. It recorded an average of 908 mm of irrigation water and 1,602 mm of total water consumption during the study period under the maize-wheat-greengram system. Compared to CT, the CA-based practices resulted in 4.4%−24.5% savings in irrigation water use in the maize-wheat-greengram system. Among CA-based practices, the treatments with residue retention retained more water, which resulted in less irrigation requirement than treatments with no residue application. Among CA-based practices with residue retention, the broad-bed practices resulted in more water savings than the narrow beds and flatbeds with residue retention. The broad-bed practices registered an average of 10.2% and 18.1% savings in irrigation water application compared to narrow-bed and flatbed with residue retention, respectively. The numbers of beds and furrows per plot in broad bed practices were 6 and 7, respectively, but in narrow bed practices, the numbers of beds and furrows per plot were 12 and 13, respectively.

With furrow dimensions equal, the total amount of water applied in a given plot area was greater in narrow beds than in broad beds. The treatment PBB + R + 100N registered 36.6% and 37.2% higher total water productivity in maize as compared to CT in the first and second years of study. In wheat, plots under PBB + R + 100N increased irrigation water productivity by 54.4% and 58.5% compared to CT during 2018–19 and 2019–20, respectively. In greengram, the same treatment registered significantly higher irrigation water productivity due to lesser water use and higher crop productivity. PBB + R + 100N gained an average of 18.2% and 24.4% higher irrigation water productivity than PNB + R + 100N and FB + R + 100N, respectively, during the study period under the maize-wheat-greengram system. The subsequent best treatment was found to be PNB + R + 75N for registering higher irrigation as well as total water productivity. Improved crop establishment practice combined with decreased irrigation water use resulted in considerably improved irrigation and total water productivity under PBB + R + 100N. It could be due to increased root length, mass, and volume density under this treatment, leading to more soil water extraction and less reliance on irrigation water. In addition, permanent beds move water quicker, resulting in irrigation water savings (Das et al., 2014; Mohammad et al., 2018). Economic water productivity was also estimated to be greater under PBB + R + 100N because of better soil moisture storage and decreased irrigation water consumption. Previous studies also observed similar results (Das et al., 2014, 2018; Parihar et al., 2016, 2018).



CA effect on input, output, net energy and energy productivity

Resources conservation practices such as PBB, PNB, and FB without residue had the lowest input energy among all CA and CT practices. The plots under CT registered lower input energy than the CA-based practices with residue retention. The CA-based practices with residue retention incurred higher input energy due to the energy involved in residue retention. Crop residue emitted the highest input energy in CA-based residue retention practices. However, total input energy was found to be lower in CT and PBB, PNB, and FB without residue due to input energy savings from residue application. The PBB, PNB, and FB without residue were observed to be superior in terms of generating lower input energy when compared to CT, owing to input energy savings due to field preparation as well as irrigation water savings. Among N management practices, the practices with 100%N recorded higher input energy than those with 75% N application. However, the CA-based practices with residue retention outperformed CT and CA-based residue removal treatments in terms of registering higher output energy. The treatment PBB + R + 100N registered significantly higher output energy. Under CA-based residue retention practices, grain and total biomass yield were recorded as higher than the rest. Surface retained residues had a mulching effect under ZT, resulting in improved soil physical, chemical, and biological properties, C-sequestration (Karunakaran and Behera, 2013; Bhattacharyya et al., 2015), abiotic stress moderation (Saad et al., 2015), reduced surface crust and weed population (Susha et al., 2018). As a result, increased crop or system productivity was observed (Das et al., 2016). Crop and system-wise output energy followed the trends of crop biomass yields and were significantly higher under PBB + R + 100N. The energy consumed in land preparation and sowing was much lower in PBB + R + 100N, while crop residue retention led to higher input energy in this treatment. Permanent bed planting practices were observed to be superior to flatbed planting practices owing to irrigation water savings in bed planting practices since the furrow system in permanent beds required less irrigation water (Parihar et al., 2018).

Even though CA-based residue retention practices resulted in greater output energy and net energy return, the energy ratio and energy productivity were observed to be much higher under CA-based practices without residue owing to energy savings from no residue application. Because a large quantity of energy was invested through crop residues, the net energy return, energy ratio, and energy productivity did not follow the trend of output energy in CA-based residue retention practices. Saad et al. (2016) and Parihar et al. (2018) reported similar findings. According to Saad et al. (2016), energy in-flow by residue application in crop production did not enhance much outflow energy since crop residues predominantly improved soil quality when returned to soils and were not reflected in the output energy. Erenstein and Laxmi (2008) estimated seasonal savings in diesel for land preparation using ZT in the range of 15–60 l ha−1, with an average of 36 l ha−1, or 81% savings over IGP. Crop residues, a renewable energy resource, contribute the highest energy input under CA (Saad et al., 2016). However, crop residue retention has various advantages, including increased crop yield, enhanced soil health, and improved environmental quality. Furthermore, crop residues may be used to replenish plant nutrients while having no negative impact on crop productivity (Prasad et al., 1999; Das et al., 2013; Saad et al., 2016; Bhattacharyya et al., 2013, 2019).




Policy implications of the study

The conventional maize-wheat system is highly tillage-intensive and inefficient in resource use, including water, energy, labor, and nutrients. Transitioning to a maize-wheat-greengram cropping system under conservation agriculture (CA) can significantly enhance soil health and sustainability through crop diversification. This system improves soil organic matter, boosts microbial activity, and enhances nutrient cycling. Adopting CA principles in the maize-wheat-greengram system can also improve water-use efficiency and strengthen climate resilience. Additionally, it increases farm profitability by utilizing fallow land for greengram cultivation, generating additional income, and enhancing soil fertility through nitrogen fixation. The inclusion of pulses in the cropping system contributes to dietary protein intake, addressing nutritional security concerns, while also aiding in regional self-sufficiency in pulse production.

Moreover, the long-term adoption of this CA-based system can substantially improve soil physical properties, such as aggregation, bulk density, penetration resistance, water infiltration, and saturated hydraulic conductivity, thereby mitigating land degradation in the Indo-Gangetic Plains (IGP). Findings from this study indicate that intensifying the maize-wheat system with a short-duration pulse crop like greengram under permanent broad bed with residue retention can enhance farm productivity by 31% compared to conventional farmer practices. This, in turn, supports India's food and nutritional security. Furthermore, the study's findings align with India's commitments to COP-27 and contribute to achieving multiple Sustainable Development Goals (SDGs). To facilitate widespread adoption and scaling up of this technology in the IGP, concerted efforts from farmers, researchers, and policymakers are essential, alongside targeted policy interventions and market linkages. Governments can also incentivize the transition by introducing carbon credit programs for farmers adopting CA-based diversified systems.



Conclusions

The conventional tilled maize-wheat system faces challenges for sustainability, including low economic returns, soil physical and chemical health degradation, accelerated oxidation of soil organic matter, and negative environmental impacts. Adopting CA practices, such as minimizing soil disturbance, retaining residues, and diversifying crops, can enhance soil properties, improve system productivity and profitability, and contribute to climate change mitigation. The results of current study corroborate these ideas, confirming our hypotheses. The CA-based practice involving zero-tillage permanent broad bed (PBB) + residue retention (R) + recommended dose of N (100N) led to significant improvement in root growth parameters, grain yield, system productivity, as well as nutrient, energy, and water productivity of the maize-wheat-greengram cropping system compared to CT (farmers' practice) system. The PBB + R + 100N also bring about ~31% higher system productivity and 24.5% saving in irrigation water as compared to CT. The study also included horizontal crop intensification with a summer greengram, which could benefit the farmers of IGP of India. The CA-based PBB + R + 100N system in maize-wheat-greengram rotation offers a viable alternative to the dominant rice-wheat cropping system, which faces challenges like yield stagnation and low input-use efficiency. The amalgamation of these CA technologies in the maize-wheat-greengram system can also maintain the long-term sustainability of cereal-based cropping systems in IGP. The future research should explore the long-term impacts of CA on soil health, greenhouse gas emissions, and biodiversity conservation. Additionally, the economic feasibility and adoption potential of CA-based systems across different agro-ecological zones should be evaluated.
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This review focused on the inventory of current digital technologies available on the agricultural market in Germany. A total of 189 digital technologies were found as of December 2023. Digital technologies in agriculture rarely contain few components. They consist of various other technologies that have many common interfaces. Therefore, a classification on two levels was done: technologies categorized according to their type (software-based and hardware-based technologies) and mode of operation (farm management information systems/ decision support systems, digital technologies for guidance and steering, digital information platforms, citizen science applications and platforms, sensors, field robots and unmanned aerial vehicles). Furthermore, the expected potentials of these digital tools for the promotion of nature conservation and ecosystem service provisioning in Germany were framed. The review also discusses barriers that can impact nature conservation and ecosystem service provisioning. Germany, as one of the world’s leading nations in the production and use of modern technologies, had set ambitious goals regarding digitalisation as a solution for nature conservation and ecosystem service provisioning problems, which have not yet been fulfilled. The potentials for nature conservation and ecosystem service provisioning are still strongly supressed by non-sustainable barriers, e.g., high acquisition costs, practical maturity, mode of operation and infrastructure. Current policies and societal preferences are not yet contributing enough to steer the use of digital technologies in a direction of nature conservation and providing ecosystem services. Furthermore, the main participants in the digitalisation discussion are researchers, whereby the smallest group of participants are farmers. For a sustainable digital transformation of agriculture, including restoration and protection targets of nature, and ecosystems, more wide-ranging, and diversifying changes supported by digitalisation are needed along agricultural and ecological concepts leading to long-term resilience of agricultural systems.
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1 Introduction

Digitalization within agriculture is already being used to optimize procedures and processes (Hennes et al., 2022). Digital technologies offer new opportunities that can facilitate coordination among different stakeholders (Kliem et al., 2023; WEF, 2020). Due to rapid digitalization progress, technological innovations can significantly increase resource use efficiency and reduce for instance greenhouse gas (GHG) emissions (Basso and Antle, 2020; Finger et al., 2019). However, nature conservation and ecosystem service provisioning is currently not a primary goal of digitalization in agriculture, which is mainly used as a yield-increasing and effort-reducing tool, hence for the production and economic optimization (Kliem et al., 2023; Techen and Helming, 2017). However, the productivity increase in agriculture is often accompanied by significant environmental impacts.

Characterized by fertile soils and favorable climate conditions – moderate temperatures and sufficient precipitation – Germany is a prime location for conventional and organic agriculture in Europe. For hundreds of years, agricultural land use has shaped the landscape in Germany and has created a unique cultivated landscape with distinct ecosystems (ZKL, 2021). The complexity of nature conservation in agriculture in Germany is currently the focus of public discussion and different scientific disciplines. Since 1970, land-use change in agriculture has had the largest negative impact on the environment, in particular biodiversity (IPBES, 2019). The diversity of floristic and faunistic species in Germany continues to decline. Of the 97 mammalian taxa assessed in Germany, 30 are listed as endangered, including well-known species such as the brown hare (Lepus europaeus) (Meinig et al., 2020). A considerable proportion of a wide range of insect species in Germany are affected by long- and short-term population declines (Deutsche Akademie der Naturforscher Leopoldina et al., 2020; Ries et al., 2019). The population situation of every third bird species in Germany has declined noticeably since the end of the 1990s (BfN, 2015).

Furthermore, ecosystems have been so severely damaged that their ability to provide beneficial services for humans and society has drastically decreased (Millenium Ecosystem Assessment, 2005). An EU-wide analysis of agroecological indicators showed no substantial changes made in agriculture in the past 10 years to reduce the use of chemicals and intensification (Maes et al., 2020).

However, changes in land use, pesticide application, fertilizer use, and crop rotation can contribute to the conservation of nature ecosystem services in agricultural landscapes. The reduction of synthetic pesticides, in particular those containing hazardous compounds, can make a decisive contribution to the protection of, e.g., soil and species richness biodiversity on arable fields (European Environmental Agency, 2015; Kumar et al., 2021; Uwizeyimana et al., 2017). The diversification of crop varieties and species as well as the cultivation of mixed, cover crops and flowering fields also contribute to agrobiodiversity conservation (Elhakeem et al., 2019; Fiorini et al., 2022; Gayer et al., 2021).

Although legal frames as well as strategies and action plans for biodiversity protection exist, their implementation has been incomplete and insufficient (European Commission, 2015). Land use options offered by digitalization in agriculture promoting nature conservation have been set as a goal in Germany (Deutscher Bundestag, 2019). Digitalization of agricultural management gives rise to new, different challenges and risks, such as rebound effects assessing the energy efficiency of digital tools (Golde, 2016; Madlener and Alcott, 2011; Weller von Ahlefeld, 2019).

Germany is one of the world’s leading nations in the production and use of modern technologies. With help of digitalization, the competitiveness of German agriculture can be advanced (Bundesministerium für Ernährung und Landwirtschaft, 2022). Therefore, this study aims to present (1) an extensive list of current digital technologies available on the agricultural market and for nature conservation purposes in Germany, (2) a simplified categorization of digital technologies in agriculture, that reflect their mode of operation, and (3) frame the expected impacts of digital technologies as potentials, barriers and risks for the promotion of nature conservation and ecosystem service provisioning (NCES) in Germany. The 7 categories are assigned to their utilization in agriculture. The review of technologies from all 7 categories covers biotic as well as abiotic impacts. The potentials review following aspects: mitigation of greenhouse gas (GHG) emissions, improvement of nitrogen (N) use efficiency, reduction of pesticide pollution, diversification of crop species and crop rotations, calculating and mapping for NCES purposes, improvement of soil management, climate change management, innovative cropping systems as well as communication and knowledge-sharing. The review of barriers and risks is based on economic, administrative, and legal barriers as well as limitations, maturity level of digital technologies in practice, risks for non-NCES targets, further intensification, cyber security and trade-offs. All aspects are assessed including critical insights on digitalization toward NCES in agriculture.



2 Methodology, conceptual background, and definitions

This manuscript is a sub-study of the scientific project under the technological report Geppert et al. (2024a). The project included a review of digital technologies, an expert discussion as well as literature assessment with authors’ insights on the current use of digital technologies for NCES and a questionnaire of farmers. The NCES indicators used in this review were compiled in 2022 to 2023 and presented in 2023 in a German technical report (Kliem et al., 2023). In the following NCES study the authors also drew own critical conclusions about possible impacts to shape sustainable agriculture. The integration of ecosystem services aimed at increasing public awareness about NCES as means to strengthen NCES providers. Farmer’s perceptions assessed by a questionnaire and an expert discussion toward NCES from this project were investigated in Geppert et al. (2024b) within the same project, but are not handled in this manuscript.


2.1 Identification of digital technologies, potentials, barriers, and risks in agriculture

The basis of the digital technology categories and most relevant potentials, barriers, and risks for NCES were presented in the technical report of Kliem et al. (2023) as a preliminary project. Therefore, that basis of categories and indicators was used and further developed and compiled for this study. The literature search consisted of four rounds and an expert discussion.

The first selection of digital technologies (“Identification,” Figure 1) of the academic research was done by means of appropriate article abstracts that deal with the review topic between November 2022 and December 2023. Technologies that solely aim at the economic optimization of agricultural production and administration were not considered. Digital technologies used for indoor livestock management and farming were excluded (e.g., milking, cleaning, and feeding robots). A few virtual fencing sensor technologies were incorporated into the study because of their relevance to NCES. Technologies which are available in German language but only on the market for farmers in Austria and Switzerland, were sorted out. From a total of 993 peer-reviewed articles on agricultural-related digitalization and internet search, an extensive list of technologies with a total of 189 entries was compiled (Figure 1; see Supplementary materials).

[image: Flowchart illustrating the identification and review process for digital technologies in agriculture. It begins with identification through academic and internet research, leading to the screening of 993 articles and selection of 66. These are classified as 103 software-based and 86 hardware-based technologies. The sub-categorization includes areas like crop cultivation and livestock. An in-depth review considers potential benefits, such as emission reduction, and barriers, including economic and legal issues. Reviewed indicators stem from academic research and expert talks. The review period is from November 2022 to December 2023.]

FIGURE 1
 Literature review and internet search process for the identification of currently commercially available digital technologies in Germany.


Considering that many of the commercially available digital products have been investigated in research on a limited scale or not at all, an internet search via Google was used to complement the list of technologies (“Identificaition, Screening,” Figure 1). In the next step, the data portals of ministries, authorities, agricultural research institutes, and associations of the individual federal states in Germany were browsed. Individual search queries were performed for each technology group in both English and German. Additionally, in Supplementary materials we presented the most important information on each technology, manufacturer, availability, and application areas.

At the time the review was conducted, there was a boom of announcements and abstracts from technology manufacturers about new products, research projects, and case studies on digital technologies that could support NCES. However, in most cases no further information on NCES indicators was disclosed or the research projects were in the early stages and no results were available. Therefore, we did not compile an empirical impact or a comparative analysis of scenarios from real-world NCES oriented digital technology use in regions within Germany.

Projected potentials in this manuscript refer to potentials not yet practiced on a large scale, which, however, were outlined, during the study, as great opportunities for NCES-related measures in agriculture in general.

The NCES indicators were additionally compiled after an expert talk conducted in June 2022 (“In-depth Review,” Figure 1), whereby experts from agriculture, research, policy making, industry and non-profit organizations were asked to describe current NCES issues regarding digital technologies in Germany. This expert talk was used as a screening of the situation on NCES potentials, barriers, and risks through digitalization and used for the further search. The talk was done online with a total of 23 experts (eight researchers, four farmers, four policy makers, four representatives from civil society and three technology developers from industry). A table with the results of this expert talk is available under Supplementary materials.

Afterwards, the projected potentials, barriers, and risks were reviewed with additional keywords “Sustainability” and “Nature Conservation.” Overall, the results of relevant potentials, barriers, and risks were compiled in NCES indicators as listed under Figure 1. We also included additional information from the screening process of websites of technology manufacturers, which cannot be classified with keywords. We used relevant information and examples of technology manufacturers in the assessment of potentials, barriers, and risks.



2.2 Digital technologies’ classification

For this study, two classifications related to the original mode of operation of the technologies listed, were elaborated in a first step: software- and hardware-based technologies (Figure 1). The categories were expanded to a total of 7 in a second step after the literature review: (1) Farm management information systems and decision support systems (FMIS/DSS); (2) Digital technologies for guidance and steering (DTGS); (3) Digital information platforms (DIP); (4) Citizen science applications and platforms (CSAP); (5) Sensors; (6) Field robots (FR) and (7) Unmanned aerial vehicles and systems (UAV/UAS) (Figure 1). Figure 2 schematically illustrates the hierarchy of the digital technologies’ categories in this study toward machine learning (ML), artificial intelligence (AI) and Big Data (BD). In the middle are ML and AI, which are the cornerstones for the extensive functions of software-based technologies. ML and AI are independent concepts, whereby the ML configurations have hardly any points of contact with the everyday life of farmers – it is a task for computer and mathematics experts, who rely on the data generated by farmers (De Jong and De Boer, 2009). Farmers provide the input for the ML algorithms, but they do not design these algorithms themselves. BD is a term for the processing of very large and heterogeneous data volumes at high speed. Therefore, it is combining both ML and AI as predictive analytics and as an important component of business intelligence (Bhat and Huang, 2021).

[image: Diagram illustrating the intersection of Big Data, Artificial Intelligence, and Machine Learning, with a focus on software-based and hardware-based applications for farming. Software includes farm management systems, decision support, digital technologies for guidance, digital platforms, and citizen science platforms. Hardware includes sensors, field robots, and unmanned aerial vehicles (drones). The diagram differentiates between expert level for computer scientists and user level for farmers.]

FIGURE 2
 Relationships between Big Data (BD), artificial intelligence (AI), and machine learning (ML) in the context of software- und hardware-based digital technologies.



2.2.1 Software-based digital technologies

We sorted the software-based technologies into 4 sub-categories (Table 1). The main difference between farm management information systems (FMIS) and decision support systems (DSS) is the group of people targeted by the technologies within a farm or company. FMIS optimize the farm as a whole and not just parts of it – this is achieved by offering everything on one platform – including crop and livestock management, machinery management, payroll and administrative work and reports, as well spatial and temporal management (Henningsen et al., 2022; Streimelweger et al., 2020). DSS support decision-makers by identifying information for operational and strategic tasks. Therefore, DSS are used in the production process. We explicitly used the original definition of FMIS and categorized software, which is referred to as an “electronic field diary” or a “digital field index,” as DSS (Geppert et al., 2024a). The list of Digital technologies for guidance and steering (DTGS) does not go in detail about the hardware of steering systems (e.g., touchscreen monitors, tablets, steering wheel motors, antennas, steering angle sensors or cable harnesses). In some cases, the offered DTGS technology is combined with hardware. Digital information platforms (DIP) serve as intermediaries between different stakeholders, for example, as a simple supply–demand relationship. DIP can provide data for various applications that can be applied and developed at a higher software level, such as FMIS/DSS. Data from Citizen science applications and platforms (CSAP) can be used to develop and enhance ML algorithms. CSAP platforms and apps support innovations and promote new learning as an important source of data for science (Koffler et al., 2021).



TABLE 1 Software-based technologies categorized on their mode of operation.
[image: A table with three columns: "Sub-category (mode of operation)", "Abbreviation", and "Components of the technology definition". Rows list various technologies: FMIS/DSS (Farm Management Information Systems/Decision Support Systems), DTGS (Digital Technologies for Guidance and Steering), DIP (Digital Information Platforms), and CSAP (Citizen Science Applications and Platforms). Each row includes definitions and references to research studies supporting the technology's components, such as IoT-based systems, GNSS-based technologies, digital collaboration architectures, and active scientific engagement.]



2.2.2 Hardware-based digital technologies

We sorted the hardware-based technologies into 3 sub-categories (Table 2). Sensors are often used in combination with robotics (Bellon Maurel and Huyghe, 2017; Tansey et al., 2009). Passive sensors reflect sunlight and cannot emit any radiation of their own. Their measurements take place in the visible and infrared range of the electromagnetic spectrum (Erdle et al., 2011). Active sensors can emit radiation and receive it at the same time. They transmit radiation in the microwave range (Erdle et al., 2011). A field robot (FR) in agriculture also refer to semi-autonomous and fully autonomous machines that work with the help of AI-algorithms. FR are associated with improved efficiency for specific tasks as well as for overall performance (Ghobadpour et al., 2022). The size of Unmanned aerial vehicles (UAV) (also known as unmanned aerial systems (UAS) and drones) can vary a lot (Kardasz and Doskocz, 2016). The basic element of a drone is a frame, which should be very light. The number of arms and the motors of a drone can be divided into different categories, e.g., bicopters = two engines, octocopters = eight engines (Kardasz and Doskocz, 2016).



TABLE 2 Hardware-based technologies categorized on their mode of operation.
[image: A table showing sub-categories of technology modes of operation, including Sensors, Field Robots (FR), and UAV/UAS. It details their components, describing sensors as information-gathering devices. Field robots perform specific farming tasks, evaluate environments, and make decisions. UAV/UAS devices are remotely controlled or semi-autonomous. Various sources are cited for each component.]





3 Results and discussion


3.1 Digital technologies commercially available on the market in Germany


3.1.1 Software-based technologies

Figure 3 shows the digital technologies by sub-category that were identified in the review process. Extensive lists with additional information are available in the Supplementary materials.

[image: A detailed table categorizes agricultural technology tools into sections: FMIS DSS, DTGS, DIP, CSAP, Sensors, FR, and UAV. Each section lists related tools and software. FMIS DSS tools focus on farm management and decision support. DTGS includes digital tools for guidance and steering. DIP covers digital infrastructure and platforms. CSAP lists specific agricultural practices. Sensors include various measurement and monitoring devices. FR encompasses field robotics. UAV lists drone technologies. Each section has an icon representing its category.]

FIGURE 3
 Digital technologies commercially available for farmers in Germany by mode of operation. The total of digital technologies is n = 189. FMIS, Farm management information systems; DSS, decision support systems; DTGS, digital technologies for guidance and steering; DIP, digital information platforms; CSAP, citizen science applications and platforms; FR, field robots; UAV, unmanned aerial vehicle.


By giving a few explicit examples, we highlighted the technologies’ characteristics and identification criteria. The review showed that FMIS and DSS providers develop both mobile and web applications (Figure 3). DSS developed in cooperation with science (CropSAT and EcoPay) and DSS for simpler tasks (Magic Scout) are free for farmers but offer only limited functions. FMIS and DSS cannot be developed in a general and uniform way for small- to large-scale farms because of the great variety of farm needs and goals (LfULG, 2020).

Trimble® CenterPoint RTX is a DTGS for precise point positioning with high level-accuracy (2.5 cm = 95%) delivered via satellite or cellular/IP (Rodriguez-Solano et al., 2019). Applications such as FieldBee or FieldNavigator work with software that adds routes to existing map material. DTGS are still being constantly expanded and their user-friendliness is further developed (Lundström and Lindblom, 2018).

SMART AKIS is a DIP for farmers, which collects existing knowledge and application examples of practices that are about to be established (www.smart-akis.com). Furthermore, it converts academic and practical knowledge into easily understandable information for farmers, e.g., recommendations, or brief instructions. The material is permanently available online and shared on the platform eip-agri, too. SMART AKIS is for the entire EU. However, it is not regularly updated. During our literature review, we found that many of the technologies presented as “available on the market” no longer existed. We could not derive digital technologies from the SMART AKIS platform for our technology list for any of the categories.

Most CSAP databases have a spatial reference from geo-tagged photographs or location information from a smartphone. CSAP data collection by citizens may take place in hard-to-reach locations, which is an advantage compared with traditional data sources. CSAP comprises denser and more frequent observations as well as a diversity of subject areas (Fritz et al., 2019). CSAP supports research regarding the influence of agricultural production, land use, and agricultural change on biodiversity (Frigerio et al., 2021). Most well-known CSAP projects in Germany are supervised by experts. The large interactive CSAP platforms Deutschlandflora and The German Red List Center are directly funded and managed by the Federal Agency for Nature Conservation. NABU (Naturschutzbund Deutschland e.V.) has various platforms and apps that can collect data. The well-known Naturgucker app organizes observation competition events to attract as many participants as possible.



3.1.2 Hardware-based technologies

The most famous sensors in agriculture are aimed at optimizing crop yields, for example by using the reflectance (e.g., Yara N-Sensor and Isaria) of crops to provide information on the chlorophyll content for fertilizer reduction (Bogue, 2017; Reckleben, 2014). Yield potential maps with multi-year images of areas during the vegetation period are necessary as background information for the correct calibration of the sensors. The virtual fencing collars Vence® guide, track, and monitor livestock.1 There is still insufficient research on virtual fencing regarding the welfare of livestock (Waterhouse, 2023).

Although field robots are currently being researched and tested in field conditions, the dynamic development in the past 10 years and especially currently suggests that in the next 10 years, field robots will probably be seen working in fields more often. The FR FarmDroid (FD20) operates with four photovoltaic modules that generate the electricity to move and work. FD20 performs sowing and weeding in different crops such as sugar beets, onion, spinach, kale, flowers, and rapeseed. Bonirob is a multipurpose FR with different application modules (Goettinger et al., 2014; Schwich et al., 2018). BoniRob can achieve a control rate of 97% in the intra-row area (Langsenkamp et al., 2014). The K.U.L.T Robovator from KRESS is a vision-based robot for mechanical weeding. It uses hoeing blades that move in and out of the crop row as a crop plant passes, to remove weeds (Lati et al., 2016). Similarly, the Robocrop InRow Weeder from Garford relies on video-image-analysis (machine vision) to determine the positions of individual crop plants in order to then remove the weeds mechanically from between and within the crop rows (Fontanelli et al., 2015; Hemming et al., 2018; Muscalu et al., 2019). The French company Naïo Technologies has developed the small electric OZ weeding robot mainly for asparagus producers, small-scale farms, and greenhouses equipped with comb harrow, brush, and a trailer (Epée Missé et al., 2020; Robert et al., 2020).

The use of drones in agriculture is currently increasing and is mostly associated with data collection. Probably the best-known use of drones in agriculture, directly related to NCES, is the rescue of fawns. In Germany, various animal welfare associations and hunters are already working on a voluntary basis every year in active cooperation with farmers to organize and actively use private drones with thermal cameras to reduce the mortality of fawns during mowing operations, saving up to 100.000 animals a year (Artmann, 2021; Gehrke, 2021; Pohle, 2021; Van Bevern, 2021; WDR, 2021).



3.1.3 Employment of digital technologies

The results of the research showed that, in total, the share of software-based digital technologies is higher compared with the total of hardware-based technologies. A closer look at the shares of the total numbers of the sub-categories showed that Sensors with 22.2% and CSAP with 21.7% had the highest share (Figure 4A). FMIS/DSS and FR had with 16.4% equal shares, while UAV/UAS and DIP shared the last two places. As mobile tools, sensors are used in the reduction of fertilizers and pesticides as well as in the determination of forage quality traits (Ali et al., 2017; Duckett et al., 2018). In 2020, less than 7% of the German farms were using sensors (Gabriel and Gandorfer, 2020), in 2023, the figure increased slightly to 9%, whereby 69% of the surveyed farmers stated they do not plan to use sensors (Geppert et al., 2024a). CSAP are often accessible free of charge and usually involve unpaid volunteers in the data collection process (Koffler et al., 2021), which is why their proportion is high. The application of FMIS is partly cost-intensive and often complex, which is why their use is still limited (Munz et al., 2020).
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FIGURE 4
 Share [%] of digital technologies by (A) categories (mode of operation). (B) sub-categories (application area). (C) fee-based and free of charge digital technologies by category. (D) digital technologies from industry and from cooperations of research and industry. The total of digital technologies n = 189 equals 100%.


With the application area of the digital technologies, 50.8% of the technologies were only used for crop cultivation, the other 24.9% of the technologies had combined features and 22.3% focused on nature conservation (Figure 4B). At 12.7%, the proportion of crop cultivation and nature conservation was the highest compared with the other listed combinations. Although crop cultivation and nature conservation had the highest proportions, the combination of both was less represented at 3.7%. CSAP are the only technologies entirely directed at nature conservation in agricultural landscapes Citizens can participate in data collection projects in agriculture and promote NCES. All other technologies primarily aim at crop cultivation. Technology providers react with their products to the requests of farmers, which currently prioritize crop cultivation facilitation than NCES. Detailed lists of the technologies are available as Supplementary material.

Figure 4C shows that most of the technologies are fee-based. While there were some free usage options in the software-based classification, the use of hardware is 100% chargeable. The majority of CSAP is available free of charge at just over 60%. In the case of DIP, state-subsidized platforms, such as eip-agri Agriculture and Innovation and Smart AKIS, are free of charge. However, most DIPs are offered by technology manufacturers as a fee-based service (Figure 4C). A modest share of DTGS and FMIS are available free of charge, but these applications are designed for simplified tasks, e.g., Sprayer calibrator or FieldBee app.

The search also showed that 89% of digital technologies were developed by industry (Figure 4D). These include sensors, FR, UAV, FMIS/DSS and DTGS. Industry is also developing DIP for farmers. Solely 11% of the technologies were developed in research in cooperation with industry. Large CSAP in Germany are scientifically supervised and used for further research.




3.2 Assessment of digital technologies: projected potentials

The potentials are presented in two levels in Table 3. In the first section of Table 3, the projected potentials are listed as the top category. In the sub-category, the digital technologies that could be assigned to the potentials are listed by mode of operation.



TABLE 3 Overview of projected potentials for NCES implementation of digital technologies by category.
[image: A table lists six categories under "Projected potential for NCEs": mitigation of GHG emissions, improved nitrogen use efficiency, reduction of pesticide pollution, diversification of crop species and crop rotations, calculating and mapping for NCEs purposes, and improved soil management. Each category includes digital technologies like FMIS/DSS, DTGS, Sensors, FR, UAV, and CSAP. Next to them are references formatted as author names with the year of publication. The table uses alternating colors for rows to aid readability.]

The mitigation of GHG emissions from crop cultivation can be supported by digitalization (Soto et al., 2019). DSS can predict and proceed information on nitrous oxide and carbon dioxide emissions from different cropping systems and help farmers with crop management (Volpi et al., 2020). DTGS and sensors can have a positive impact on NCES through a reduction of fuel consumption (Cillis et al., 2018), which can lead to 0.3 to 1.5% less carbon dioxide of the total GHG emissions of the EU in agriculture (Soto et al., 2019). Germany is ranked second in the EU for successfully reducing GHG emissions through the use of digital technologies (Soto et al., 2019) and was ranked with high carbon dioxide mitigation potentials at relatively low costs (Fellmann et al., 2021).

Sensors offer site-adapted fertilizer application through chlorophyll measurements for improved nitrogen (N) use efficiency (Ali et al., 2020; Edalat et al., 2019; Noack, 2018; Rogovska et al., 2019; Spiegel et al., 2021). If crops are fertilized according to their nutrient requirements, less surplus N is released into the environment and causes less negative impacts, such as GHG emissions (especially during soil cultivation after harvest) (Haas et al., 2022; Simionescu et al., 2019). Furthermore, nitrous oxide emissions and nitrate leaching can be reduced through time-adjusted fertilizer application by means of sensor-based data (Alshihabi et al., 2020; Fellmann et al., 2021).

Site-adapted or reduced application of pesticides also represent a NCES approach. Sensors, FR, and drones work at the plant level: they use an own camera or newer models a data source (e.g., satellite imagery and AI) that can differentiate crop plants from weeds or healthy from pest-infested crop plants. Sensors also detect fertilizer requirements and water stress in plants to support site-adapted management for healthy plant stands. Site-adapted pesticide application relies mainly on DTGS. Reduced pesticide application shows favorable NCES-related effects (Kuhn et al., 2022; Ludwig-Ohm et al., 2023). DSS can recommend the optimal herbicide rate and time of application (Van Evert et al., 2017). Sensor-assisted applications can reduce the amount of herbicide by 20 to 40% (Kempenaar et al., 2017; Kliem et al., 2023).

Planning a crop rotation is a time-consuming process in which many different aspects must be considered: previous crops, the plant-available mineral content of N in the soil, the soil characteristics of the site, weather conditions, pests, and disease, among others. As planning must take place separately for each field, digital technologies can facilitate the process by collecting and partially analyzing the necessary data to decide which crops to plant to diversify crop species and crop rotations. FMIS/DSS help farmers to choose the optimal site-specific crop rotation in potato cultivation based on data and laboratory analysis of soil sampling (Haverkort and Kempenaar, 2016; van Evert et al., 2018).

UAVs offer high-definition image-processing in combination with object and pattern recognition, which can be enhanced, restored and analyzed for calculating and mapping of NCES (Da Silva and Mendonça, 2005; Patrício and Rieder, 2018). Drones’ most important usage is in weed detection, detection of nutrient and water stress, mapping and management (Boursianis et al., 2022; Tsouros et al., 2019). Other applications include predicting of crop development, yield and plant health (Brugger et al., 2023; Tsouros et al., 2019). Multispectral images from sensors can also be useful for calculating and assessing agroecosystem services (Gascuel-Odoux et al., 2022). Although weeds are reluctantly tolerated among crops, they should be considered a direct measure for biodiversity conservation (Steinmann, 2020). In this sense, a direct contribution to NCES is also possible with the help of field robots: they can distinguish between crop plants and other plants when a certain degree of ML is reached (Mathanker et al., 2010; Steward et al., 2019). If a sufficient database associated with NCES becomes available, FR will be able to contribute to direct biodiversity conservation by targeting endemic and protected plants and sparing weeds for insect feeding during mechanical weed control. UAVs can be successfully used in wildlife ecology, especially to observe bird species and their nests (Ogawa et al., 2021; Santangeli et al., 2020), to detect mammals (De Kock et al., 2022; Psiroukis et al., 2021) and indicator plants of, e.g., high nature value (Basavegowda et al., 2022). By combining FMIS with other hardware-based technologies, farm management and system planning can be used to contribute to nature conservation (Mouratiadou et al., 2023).

FMIS/DSS, DTGS, FR and sensors can help farmers to improve soil management. Measures for soil protection and preparation are closely linked to the mitigation of GHG emissions (Fellmann et al., 2021). DTGS and sensors can help farmers to adapt and implement precise tillage management (Gabriel and Gandorfer, 2022; Kliem et al., 2023). Sensors and FMIS/DSS process large datasets that include numerous variables, such as soil temperature, soil humidity, weather, and crop plants, and can structure the results as recommendations to reduce soil defects (Javaid et al., 2023). Mechanical lightweight FR weed control can significantly increase soil bulk density in the topsoil layer compared with conventional heavy agricultural machinery (Bručienė et al., 2022).

The major climate challenges farms are facing in Germany are increasing winter precipitation along with a higher risk of erosion and nutrient leaching, an increase in dry periods during the main growth stage, and heavy rainfall events that lead to soil erosion and flooding’s (BMEL, 2022b). Climate change management includes a change in crop rotation, e.g., with the help of crop managing through FMIS/DSS (Mukhamedova et al., 2022; Novkovic et al., 2017) and landscape diversification (Donat et al., 2022; Hernández-Ochoa et al., 2022). Adaptation actions such as improved soil organic carbon management can also have mitigation co-benefits (Lehmann and Dwerlkotte, 2023). Any adaptation measures that increase the resilience of NCES to climate change – for example, reduced fragmentation or extending natural habitats – can allow species to persist (IPCC, 2023).

Digital technologies cannot stop climate change alone, but they can help farmers implement innovative cropping systems. The digital platform AgoraNatura2 aims at enabling anyone who manages land and wants to implement a nature conservation project to finance it via crowdfunding or through partnerships with companies. Private investors and companies can specifically promote biodiversity and nature services by purchasing nature conservation certificates. The price of a single certificate (as a donation for a certain project) is between 3 and 20 euros. The donations will be used for the development of, e.g., an herb- and species-rich grassland and for the selective introduction of important plant species in areas with open patches of soil until 2027 (Geppert et al., 2024a). The Uckerbot field robot has been developed in cooperation between industry and research. It is a system that promotes ecological sugar beet cultivation under unfavorable soil conditions while simultaneously supporting weed biodiversity. The weed diversity on the field is examined from the beginning of the field robot development as an adaption measure to poor soil conditions (Steinherr et al., 2023). Furthermore, FR can work 24 h a day, 7 days a week, allowing farmers to adopt diverse small-scale agroecological-friendly approaches (Daum, 2021). CSAP and DIP are particularly relevant for NCES, as biodiversity indicators and the diversity of flora and fauna must be first recorded and assessed before NCES can begin and lead to profound decision-making (Fischer et al., 2020; Jones, 2020).

The communication and knowledge-sharing among different stakeholders are important for the development of new digital tools and the collection and analysis of data for NCES (BMEL, 2022a). New learning opportunities emerge in the context of agricultural knowledge and innovation systems (Ingram and Maye, 2020), where communication and interaction between different actors is a crucial component to push innovation processes (Knierim et al., 2015; Van de Gevel et al., 2020). These actors can be individual farmers, whole farms, and extension services for farmers. Knowledge sharing is necessary in the same environment (e.g., in same the geographical region) as well as at the national and EU levels. A survey from Germany showed that 89% of the participating farmers use smartphone in their daily life and work, with 79% of them agreeing that mobile and digital communication will make it easier to check farm workflows (Fecke et al., 2018). Farmers want to show society that they are improving their skills and are willing to profit from all new digital technologies and information in order to improve their production and sustainability (Schnebelin et al., 2021). With the help of DIP experts can supply farmers, e.g., with knowledge on crop management options excluding or mitigating the use of pesticides (Heimstädt, 2023).



3.3 Assessment of digital technologies: projected barriers and risks

In this section, in contrast to the potentials (Table 3), the barriers and risks are shown in Table 4 in three stages. The barriers are listed in the first section of the table in orange, with the first level representing the top category, which has been projected into three to four sub-categories. In this case, the categories listed could mostly be assigned to all technologies. The projected risks are in red in Table 4.



TABLE 4 Overview of projected risks and barriers for NCES implementation of digital technologies by category.
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The average income of farms with arable area under 100 ha is rather low, whereby almost 69% of all farms in Germany manage less than 50 ha (Destatis, 2021). High costs for acquisition, maintenance, and service are the most impeding factor preventing the use of all digital technologies (Table 3; Gabriel and Gandorfer, 2020) and especially for NCES purposes, because farmers cannot afford to invest in expensive technologies, such as FR or UAV/UAS (Geppert et al., 2024a). Since many technology manufacturers do not provide prices online, the authors of the study wrote to four companies that offer drone services for agriculture in Germany. The names and locations of the companies are kept anonymous. A drone survey with RGB, multispectral and thermal camera for a one-day flight for a maximum of 300 ha costs between 6,000 and 9,000 euros, depending on the company’s offer. The evaluation of the raw data is an additional service, which can vary between 1,500 and 3,000 euros. In this case, a farmer will not have a direct income source for providing NCES, as the NCES monitoring will not increase the price of the agricultural products. For this reason, satellite images from current and previous years are mostly used. Furthermore, policy makers are not ready to finance acquisition costs for FR and contractors do not offer FR hire yet. A single FR acquisition starts between 50,000 and 70,000 euros, as found in the review process.

The administrative workload on farms for NCES through digitalization is an increasing obstacle in Germany (Table 3; Gabriel and Gandorfer, 2020). This burden realistically results in little time for the implementation of NCES, especially when the practical implementation is associated with additional administrative workload (Brown et al., 2021) and there is a threat of strict sanctions in case of administrative gaps (Joormann and Schmidt, 2019). Digital administration platforms do not necessarily facilitate farms as the regulations remain very complicated, the sanctions strict, and the controls time-consuming (Reissig et al., 2022). Based on our review the requirements for applying for NCES subsidies from CAP are equally as complicated in the digital format. Furthermore, payments for specific NCES are currently quite low (Batáry et al., 2015; Regulation EU, 2013).

Autonomous technologies, such as FR, are facing legal barriers as they are still in a grey area according to EU law (Basu et al., 2020). In Germany, the European Machinery Directive (European Parliament, 2006) applies to manufacturing and marketing: autonomous robots must be operated by a person. According to Basu et al. (2020), the applicable laws for autonomous field robots are not so clear and the introduction of the term field robot (such as an agribot) is necessary, as the working conditions in the field are not equivalent to other areas of operation, such as road traffic. In December 2022, the European Commission announced that a new proposal for a Regulation of the European Parliament and of the Council on machinery products had been filed (European Commission, 2022). From the current point of view, the liability regime is challenged by technical legal arguments.

EU-wide regulations for the operation of UAVs have been in force since the beginning of 2021, following a decision by the European Commission on 24 May 2019 (Commission Implementing Regulation EU, 2019). For the operation of drones ≥250 g, proof of competence and registration of the drone is mandatory (Commission Implementing Regulation EU, 2019). Based on our request to the responsible authority, a processing time of 6 weeks is estimated for the approval of one drone flight for monitoring purposes over an agricultural area.

The data management of digital technologies is characterized by a difficult legal situation and controversial discussions about data protection (Lutz, 2017; Vogel, 2020). The problem is mainly the General Data Protection Regulation (Regulation EU, 2016), currently in force within the EU, which does not guarantee data sovereignty for non-personal data. As the application of digital technologies involves the collection and storage of very sensitive data (e.g., location, engine operating hours, and fuel consumption), there is still skepticism among farmers regarding data protection (Schleichler and Gandorfer, 2018). There is also a danger in handling digital data, which is a valuable commodity for data traders (Clasen, 2021). Large-scale data collections and analyses are often not directly accessible to farms, but rather to global and financially strong actors (Zscheischler et al., 2021). Farmers do not want their data to be stored on unknown/foreign servers that are not a subject to the EU law, as pointed out during our second expert talk. Systems that can be used on local computers are considered to be trustworthy for farmers (Gabriel and Gandorfer, 2020). However, with increasing use of AI the storage of data is moved to servers. It is therefore important for policy makers to intervene and endorse state-subsidized technologies or demand more transparency from large companies. The DIP named OdiL (abbreviation in German for “open software platform for service innovations in an agricultural value network”), which is currently in development, aims to enforce data ownership to each farm during data exchange with different stakeholders to win the trust of each user (Hertzberg et al., 2020). The Dutch data platform Akkerweb similarly promises farmers that they can decide for themselves exactly which farm data they want to pass on for further use (Van Evert et al., 2018). Another aspect is the fear of data collection, as mentioned by farmers in our second expert talk – farmers are afraid that if they allow NCES indicators to be monitored by authorities and a rare or severely endangered plant or animal species is recorded, their farmland will be blocked. For this, farmers do not receive any subsidies in Germany.

There are various limitations of digital technologies in practice in arable farming. The data collection and recording of biodiversity CSAP are in a very initial phase (Ball-Damerow et al., 2019). While sensors generate a great amount of data, only a very small fraction of these data can be used in agricultural DSS or software-based technologies. The main reasons are compatibility problems when processing data from different sensors, excessive time and cost expenditures, and a lack of multicausal DSS (Kehl et al., 2021). Public agricultural data are collected for administrative purposes only and there is currently no intention to collect and/or use it for decision-making regarding NCES (Luyckx and Reins, 2022). Furthermore, it is not yet clear whether large datasets will be able to capture and assess the complexity of agricultural systems, NCES as a whole (Delgado et al., 2019).

Further challenges for practice arise from data quality. The GreenSeeker optical sensor for instance, is for large-scale measurements, as smaller measurement units can lead to measurement errors (Ali et al., 2020). Limitations also emerge from the calibration of sensors, which are primarily intended to detect the genetic diversity of solely a few common crops, such as wheat (Khadka et al., 2021; Pratap, 2019). Currently, the genetic diversity of other crops and/or weeds in the stand remains unaddressed for cost reasons. Furthermore, plant disease are often caused by more than one pathogen and can show different symptoms, including different colors and patterns, which is a challenge for sensors, since they rely on image material (N. Zhang et al., 2020). UAVs have some disadvantages for species’ protection: they can cause noise pollution and disturb bird species (Schrader, 2017). The comprehensive use of drones is set back by the necessity of complex and expensive image processing and analysis software for application in practice. In addition, real-time recordings and analyses with UAVs are still not possible. The delayed provision of the results of drone pictures limits their implementation in agriculture (Kehl et al., 2021).

The maturity level of FR in practice is an impeding factor for NCES use (Geppert et al., 2024a). The current working speed of FR varies between 1 and 4 km/h (Gil et al., 2023). Furthermore, the effectiveness of weeding can vary greatly between the FR, depending on the site, soil type, weed infestation, weed composition and weeding time (Ahmad et al., 2014; Bručienė et al., 2021; Fountas et al., 2015). Especially on loamy soils, FR must have enough power and weight to successfully plough and further cultivate the soil such as farm tractors. Up to now, FR are still representing niche products (Kehl et al., 2021).

Digitalization could push the further intensification to cultivate agricultural residual areas that are important for NCES as ecological stepping stone biotopes, insofar as they are not under protection or ecological priority areas within the framework of the CAP. This phenomenon could lead to the loss of valuable areas. At the same time, there are concerns that an increase in the number of large-scale farms alongside digital technologies would have a negative impact on NCES. There is fundamental skepticism regarding the use of algorithms that are being developed primarily for yield enhancement (Reichel et al., 2021). If NCES is not considered from the beginning by policy makers and farmers, it will be more difficult to add new drivers into such a complex system at a later time (Geppert et al., 2024a; Kliem et al., 2023). The precise and intensive use of all land areas can lead to a reduction in habitat niches in the marginal areas (Reichel et al., 2021). Currently, site-specific functions in FMIS are less represented (Melzer et al., 2023). During the expert discussion in this study, experts saw a higher risk for intensification on conventional farms through digitalization, if financial support of NCES is not sufficient. For organic farms the risk of NCES losses through digitalization were described as low. Organic farming, as an agricultural concept, concentrates on the promotion of NCES mainly through agro-ecological practices and not through digitalization.

A great challenge is also the interoperability among digital technologies from different vendors. In general, there is a lack of compatibility among data formats and available systems. There are issues with data from sensors and sensor networks when a transfer in a DSS or FMIS application is needed, which is why a variety of isolated solutions are offered (Kehl et al., 2021). Due to non-uniform federal systems, it is for instance not possible to use public geospatial data on a national scale in Germany, which leads to data fragmentation in digital technologies. The Shapefile (.shp) from ESRI is meanwhile a common data format for software-based technologies in agriculture for the storage of geometric locations. However, its size is limited to 2 GB and it does not support topologic information. ISO-XML commonly used as a communication protocol between agricultural machine terminals (MICS, e.g., sensors, robots) and agricultural software (e.g., FMIS/DSS). There are different ISO-XML versions available, so it is not always possible to use together hardware and software from different vendors. With large volumes of data, it is practically impossible for farmers to find time to look at many databases and check data sets or formats.

Digital technologies can lead to trade-offs. An increased use of digital tools can lead to a higher demand of energy and certain raw materials. The mining and installation of raw material can cause massive damage to the environment and wastes are costly and difficult to dispose (Hoiß, 2023). Furthermore, it is not known with certainty whether data storage is relying on renewable energy sources (Van der Velden, 2018). Moreover, data centers produce high amounts of heat loss, which negatively contributes to global warming. Likewise, the production and use of digital and smart technologies demands a lot of energy (Gensch et al., 2019).



3.4 Challenges in agriculture slowing down the use of digital technologies for NCES, critical insights and future research

Germany is one of the world’s leading nations in the production and use of modern technologies. With the help of digitalization, the competitiveness of German agriculture can be advanced (BMEL, 2022a). However, the ambitious goals set regarding digitalization as a solution for NCES problems have not yet been fulfilled, and future success depends heavily on agriculture as well as social acceptance and economic and political conditions.

The main participants in the digitalization discussion currently are researchers and the smallest cohort of participants are farmers (Martens and Zscheischler, 2022). In our project, we also found that farmers were rather unwilling to participate in talks on NCES promotion through digital technologies, while researchers and industry already expressed ideas for the direction of digitization. The opinions of the experts from the competence areas of research and farms differ greatly regarding digitalization and NCES. Researchers tend to see a broader spectrum of obstacles and preconditions for NCES measures through digital technologies before, during and after the technologies reach the field. Farmers were interested in practical and financial preconditions for NCES measures with digital technologies during and after applications on field. For the future development and use of digital technologies, as well as many research gaps, it is important for farmers to address the economic aspects that currently characterize everyday life on a farm in public discussions (Kliem et al., 2023). According to a survey of 500 farmers in Germany (2022), some of the biggest obstacles for farmers are (1) the implementation of sustainability measures (67%) and (2) digitalization is an economic challenge for the farmers’ business (51%). Furthermore, surveyed participants from rural areas in Central Europe were asked to describe socio-cultural impacts and found that there are concerns about an exclusion of those subjects who cannot keep up with digitalization (Ferrari et al., 2022).

Alongside farmers, society must also be included in the design of NCES supported by digitalization (Kliem et al., 2023). Beyond that, however, the public perception of digitalization in agriculture has hardly occurred. Assuming that farmers were to actively implement NCES measures using digital technologies, it is not known whether consumers would increasingly access products from innovative systems. The question of how to measure and monetize NCES indicators remains unanswered. This would require a case study that compiles a cost breakdown from the acquisition of a new technology to the commercialization of an agricultural product and examines the monetary value of all NCES implemented measures though digital technologies for consumers, e.g., through choice experiments when buying the agricultural product. However, the problem with NCES value remains a broader discussion and the facilitation of NCES measures through digitalization in agriculture can offer solely a partial solution.

In a study it was concluded that the companies dictating the agricultural digital technology market in Germany, as well as in the rest of the world, and are allied with powerful national and international policy actors (Hackfort, 2023). The author added that digitalization pushes low-tech approaches into the background and argued for a structural transformation on policy and funding (Hackfort, 2023) Whole systems could be marginalized by claiming primacy of “sustainable” digitalization in agriculture, while in practice more time will be needed to achieve any declared sustainability goal. Currently, there are two development paths for the further transformation of the agricultural sector: digitalization of existing management methods and administrative processes, where existing large-scale farm machines and technologies are supplemented with digital and automated applications supported by industry; and cultivation of fundamentally new small-scale technologies (e.g., FR and UAV) that deviate from previously used agricultural machinery and cultivation methods supported by researchers (Gaus et al., 2017; Kliem et al., 2023). Both paths have one thing in common for the future - digital technologies must be cost-, yield- and NCES-effective.

Digital technologies can enable an ecological utopia for sustainability or trigger an ecological dystopia and support unsustainable intensification of agriculture (Daum, 2021). Therefore, the industry alone should not set the guiding goals, nor should policy makers only look at food security. Responsible innovation in agriculture is possible only when a wide range of stakeholders is included in the entire design and development process of a technology (2021). As we found, the current digital transformation is strongly focused on global food security, sustainable intensification, and climate-smart agriculture measures. However, digitalization in organic farming, permaculture, or regenerative agriculture is not of interest due to a lower yield potential (Geppert et al., 2024a). Currently, research does not provide sufficient information on the potentials and risks of how the use of digital technologies affects NCES in Germany. This research gap is an obstacle to the implementation of more NCES-enhancing measures in agriculture. On the other hand, the difficulty analyzing the rapidly developing digitalization based on publications could be behind the development of digital technologies in practice. Either way, without a well-founded knowledge base from research, it is difficult to formulate regulatory measures or policy recommendations (Geppert et al., 2024a). There is a great deal of potential in the use of digital technologies. However, the potentials need to be recognized, developed, and combined for practical NCES so that NCES can be widely implemented in agriculture in the next 10 years (Geppert et al., 2024a; Lange et al., 2023). For NCES transformation of agriculture, however, more far-reaching changes are needed along agricultural and ecological concepts that promote the diversification and long-term resilience of agricultural systems (Geppert et al., 2024a).

Future research needs to determine, based on practical investigations, whether the trade-offs in the production of hardware-based digital technologies undercut or exceed NCES potentials in their use in Germany. Furthermore, aspects of beneficial insect promotion and monitoring in the field using digital technologies are currently neglected, but need active research to promote NCES. It would also make economic sense for commercially available technologies in Germany to be analyzed more closely in practice on their NCES potentials and risks before more and more new technologies are launched.




4 Conclusion

Digitalization in agriculture is advancing rapidly, and the market as well as the motivations for the use of technologies are changing dynamically. Therefore, it is important to set certain goals for NCES and to identify potentials as well as the barriers and risks that currently prevent digital technologies in agriculture in the realization NCES measures. The technology market in Germany offers many digital technologies. However, farmers struggle with many challenges – digitalization for NCES has not yet arrived convincingly in practice – the barriers and risks outweigh the potentials and cause skepticism. The projected potentials are either barely established and used in agricultural practices, but are expected to be useful in the future. Digital support for precise management processes while saving resources as well as site-specific regional management and implementation of NCES measures have high potential in Germany. Moreover, there is a high potential to increase and mitigate NCES harming emissions. Key aspects impeding the potentials are caused by significantly high effort for administrational matters, high acquisition costs, and the lack of adequate training programs for NCES measures within digitalization.

The ambitious goals set on digitalization as a solution for ecological problems have not been fulfilled until now and the success depends heavily not only on agriculture but also on social acceptance, economic and political conditions, as well as on conquering barriers.
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In South Asian regions, the traditional maize–mustard rotation (MMR) has become less profitable and unsustainable due to inappropriate fertilization practices and the degradation of soil properties. Therefore, climate-smart and sustainable farm practices are necessary to mitigate production risks and improve soil properties. This study evaluated the long-term impacts of conservation tillage and nutrient management on equivalent yields, soil microbial properties, and water-energy savings. A long-term field experiment was initiated 9 years ago, using the split-plot design to evaluate the three conservation tillage (CA)-based crop establishment practices, i.e., zero tillage (ZT) and conventional tillage (CT), permanent beds (PNB). Each practice was accompanied by the recommended dose of fertilizer (RDF), improved RDF (RDFI), and nutrient expert-guided (NEI) fertilization. CA-based tillage (ZT or PNB) resulted in 24.4–25.2% greater maize grain equivalent yields (EY) compared to the CT, while the NEI and RDFI produced statistically (p = 0.05) identical EY, being 26.6–30.3% greater than the RDF. These practices substantially reduced the water footprints, besides 11.9–12.9% and 23.4–26.6% (9-yrs average) greater water productivity compared to CT and RDF, respectively. In fact, at 0–45 cm soil depth, residues retained ZT or PNB had 31.9–42.2%, 56.5–67.2%, and 16.5–18.3% more bacterial (107), fungi (104), and actinomycetes (104) populations, respectively. Across soil depths, ZT or PNB recorded 7.65–11% and 23.2–31.9% greater soil microbial biomass-C and -P, respectively. Compared to CT-based practices, these practices also improved soil mineralizable N (NO3− N/NH4+ N). The conventionally tilled plots consumed greater direct and indirect non-renewable energy than the CA-based residue-retaining practices. By virtue of residue retention, the PNB and ZT had ~108% greater energy input (EI) than the CT, whereas it was vice versa in terms of the energy output (EO). The NEI registered a 7.6–28.7% higher EO than the RDFI and RDF. These long-term field studies demonstrated that adopting CA-based ZT, or PNB, in combination with precise nutrient management would enhance equivalent yields and soil microbial dynamics, besides improving water-energy footprints in maize–mustard growing ecologies.

Keywords
 conservation tillage; soil microbial dynamics; nutrient expert-system; water-energy footprints; equivalent yields


1 Introduction

Conservation agriculture and precise nutrient management practices offer several benefits, such as reducing soil erosion, enhancing soil fertility, and boosting crop yields (Brouder and Gomez-Macpherson, 2014; Stevenson et al., 2014). Maize (Zea mays L.), also known as corn or the queen of cereals, is a staple food crop used for human consumption, animal feed, and industrial purposes (Shiferaw et al., 2011). It is a rich source of carbohydrates, dietary fiber, vitamins, and minerals and is a key component of traditional diets in the United States, Mexico, and parts of the African continent (Adamtey et al., 2016). In India, the area under maize cultivation is ~9.9 million ha, with annual production of ~31.5 million tons (GoI, 2020–2021), and Indian states like Andhra Pradesh, Karnataka, Rajasthan, Maharashtra, Bihar, Uttar Pradesh, Madhya Pradesh, and Himachal Pradesh are the dominant maize-growing states that contribute ~80% of the total maize production in the country (Biswakarma et al., 2020). In contrast, mustard (Brassica juncea L.) is an amphidiploid species (AABB; 2n = 36), which is grown either under irrigated or rainfed conditions that require the average external inputs and contributes ~25% to the Indian oilseed supply (Limbalkar et al., 2021). In the food industry, it is widely used for its flavor and nutritional properties because it is an excellent source of essential fatty acids, proteins, vitamins, and minerals (Jat et al., 2011).

The maize–mustard rotation (MMR) is a productive and highly resilient system under variable climatic aberrations. Many smallholders in South Asia rely on MMR for food security and regular income. Several issues have arisen due to the continuous adoption of this rotation following traditional practices and inefficient management (Pradhan et al., 2018). The main drawbacks are lower yield and resource use efficiency. Farmers often mismanage crop residues in conventional MMR because maize residues, though more palatable than rice residues, are still burned or are not returned back to the soil. However, mustard residues, which are unpalatable to the livestock, are often used as fuel at home (Jat et al., 2017; Pooniya et al., 2021). Thus, on-farm and efficient residue management holds the key to increasing soil organic matter (SOM) and nitrogen (N), especially in regions with low fertility soils (Biswakarma et al., 2021, 2023).

In maize-based rotations, the integration of conservation agriculture and precise nutrient management practices has been promising and may result in improved productivity, profitability, and resource use efficiency. The adoption of CA practices, such as no-till and permanent beds, enhances soil properties and reduces environmental impacts (Pradhan et al., 2018). With long-term residue retention, CA practices, like ZT or PNB, can lead to a positive soil carbon (C) and nitrogen (N) budget and enhance soil biological and physical properties (Jantalia et al., 2007; Melero et al., 2011; Pooniya et al., 2022).

Soil microorganisms play vital roles in agroecosystems and cope with biotic and abiotic stresses (Janvier et al., 2007). Moreover, microbial communities can rapidly adjust their biomass and composition in response to environmental changes (Schloter et al., 2003). Thus, analyzing microbial characteristics is a useful approach for evaluating the effects of agricultural management practices (Gil-Sotres et al., 2005). Microbial biomass carbon (C) and phosphorus (P), which reflect soil capacity to retain and recycle nutrients and organic matter, are essential indicators of soil health. Rhizosphere fungi are essential to soil–plant interactions, and inappropriate fertilization can reduce bacterial diversity (Zhou et al., 2015). The management of soil fertility, residue, and tillage has an impact on both the edaphic and biological aspects of soil, as well as the composition and activities of microbial communities (Degrune et al., 2016). Temperature, soil moisture, nutrients, organic matter, and soil texture are other factors affecting soil microbial populations (Brockett et al., 2012; Leff et al., 2015). In addition to the soil’s physical and chemical properties, the soil microbiome is an important indicator of soil quality (Schloter et al., 2018).

The Nutrient Expert (NE) tool was developed by the International Plant Nutrition Institute (IPNI) and the International Maize and Wheat Improvement Centre (CIMMYT). The system is designed to help users make nutrient-related decisions by using a computer-based decision-support system and is based on the principles of location-specific nutrient applications (Pampolino et al., 2012; Gaire et al., 2016). In the NE, the determination of nutrient requirements relies on the assessment of internal nutrient efficiency, which is estimated using the QUEFTS model, Quantitative Evaluation of the Fertility of Tropical Soils (Satyanarayana et al., 2013; Majumdar et al., 2013). It takes account of targeted agronomic efficiency and yield responses, as well as the supply of nutrients from indigenous sources, to maintain yields and promote the restoration of soil fertility (Sapkota et al., 2014; Pooniya et al., 2015). The All-India Coordinated Research Projects (AICRP) and IPNI conducted multi-location field trials (n = 104), and the use of NEI-based fertilization has been shown to have the potential to increase crop yields, optimize nutrient utilization, and minimize fertilizer application (Satyanarayana et al., 2013). In addition, being very exhaustive, the MMR may lead to widespread nutrient deficiencies in soils and crops because this rotation removes a large amount of nutrients (Jat et al., 2013). This is where the combined application of CA and efficient nutrient management practices should be explored for their usability. The present study was conducted for 9 consecutive years in the IGP region to answer the following research questions: (i) How do long-term CA practices affect soil microbial dynamics? (ii) What is the impact of NE-guided nutrient management on equivalent yields and water-energy footprints? (iii) How do CA and precise nutrient management affect soil fertility? The findings of this study will provide valuable insights into the benefits of long-term CA and NE-guided nutrient management practices in the MMR and can help farmers, policymakers, and other stakeholders make informed decisions about sustainable agriculture practices.



2 Materials and methods


2.1 Experimental details and weather

The long-term field investigation on conservation agriculture (CA)-based maize–mustard rotation (MMR) was initiated in the rainy season of 2013 at the ICAR-Indian Agricultural Research Institute, which is situated at 28°38′ N; 77°11′ E, New Delhi, India. The experimental location has a sub-tropical, semi-arid environment, distinguished by its scorching summers and chilly winters. The average annual precipitation fluctuates between 697 and 1,541 mm, of which ~80% occurs between July and September. The minimum and maximum temperatures and relative humidity ranges between 5°C–26°C, 20°C-40°C, and 65–83%, respectively (Supplementary Table 1). Maize was grown from July to October, and mustard is grown from October to April every year. According to pre-experiment chemical analysis of the upper (0.00–0.15 m) soil depth, the soil was alluvium-derived sandy loam (Typic Haplustepts) with a pH of 7.3, Walkley-Black C (oxidizable SOC) 0.40%; KMnO4 oxidizable N 159.9 kg ha−1 Subbiah and Asija (1956); 0.5 M NaHCO3 extractable P 15.6 kg ha−1 Olsen et al. (1954a,b), and 1 N NH4OAc extractable K 161.3 kg ha−1 Hanway and Heidel (1952).



2.2 Treatment description and experimental design

The combinations of different tillage and nutrient management practices were assessed for the 9 years (2013–21) continuously in a fixed plot employing the split-plot design and replicated thrice. Each experimental unit was 20.0 m × 8.5 m in size, resulting in a 170 m2 area. Tillage practices (03), i.e., double zero-tilled flatbed (ZTFB), permanent beds (PNB), and conventional tillage (CT), were allocated in the main plots, and nutrient management practices (03), i.e., (i) farmers’ fertilizer practice followed by, the recommended fertilization (RDF): FFP (7y) fb RDF (2y)—(⅓ N basal + surface banding of ⅓ N at knee-high stage and ⅓ N at tasseling); (ii) RDF followed by RDF improved: RDF (7y) fb RDFI (2y)—[⅓ N basal + ⅓ N sub-surface banding (SSB) at knee-high and ⅓ N surface banding at tasseling]; (iii) nutrient expert-guided (NE) fertilization followed by NE improved: NE (7y) fb NEI (2y)—(⅓ N basal + ⅓ N SSB at knee-high and ⅓ N surface banding at tasseling) were allocated in the sub-plots (Table 1). After harvesting of the crops in each season, all the aboveground residues were removed from the conventional plots, whereas, in the ZT and PNB plots, maize stubbles and mustard stalks (~2.5 Mg ha−1 on a dry weight basis, each crop) were recycled continuously for the 9 years (Figures 1a, 1b; Supplementary Figure 1); the excess stover/stalks were utilized for animal feeding and household purposes.



TABLE 1 Description of tillage, crop establishment (CET), and nutrient management practices adopted for 9 years in a maize–mustard rotation (MMR).
[image: A table outlines different cropping and residue management techniques. It includes serial numbers, cropping establishment techniques (such as zero tillage, permanent beds, etc.), notations like ZT, PNB, CT, RDF, and associated residue or nutrient management details. Specific nutrient quantities for maize and mustard are provided for some techniques. Percentages of residues retained or removed are noted, reflecting various tillage and fertilizer practices.]

[image: (a) Three side-by-side images showing fields with different soil treatments: ZTFB, PNB, and CT, with varying levels of crop stubble and soil exposure. (b) Three images of mustard plants labeled ZTFB, PNB, and CT, displaying different growth heights and densities; a smaller image below shows new green shoots among dry stubble.]

FIGURE 1
 (a) Nine years old residue retained ZT flatbed (left side), PNB (middle) and conventionally tilled (right side) plots under maize-mustard rotation. Pictures were clicked after the harvest of the 9th winter season mustard crop. (b) Flowered mustard under CA and nutrient management-based 9-years old experiment; ZT mustard (top left); PNB (top middle); lodged down CT grown mustard (top right); PNB planted maize with mustard residues (bottom left side).




2.3 Cultural practices and agronomic management

In the CT plots, the experimental field was deep-ploughed to 0.3 m using a disc plough and then pulverized twice with a harrow, followed by leveling using a laser-equipped land leveler for the final seedbed preparation. Similarly, in the PNB (0.30 m furrow and 0.37 m bed width), reshaping and sowing were performed simultaneously using a raised bed planter, followed by packing using a disc coulter. In contrast, in the ZTFB, the crop seeds were drilled using a drill equipped with inverted T-type furrow openers (Supplementary Figure 2). During each season, the high-quality maize genotype ‘HQPM 1’ was sown in the 1st fortnight of July at a spacing of 0.67 m × 0.20 m using 20 kg seed ha−1, but later this genotype was replaced by the recent ‘PMH-1’ and ‘PJHM-1’ genotypes during the years 2017 and 2021, respectively. In contrast, after harvesting maize in early October, the popular mustard genotype ‘Pusa Vijay’ (4 kg seed ha−1) was sown at the second fortnight of October every year. A description of the fertilizer management protocols or practices used in each treatment is described in Table 1. At sowing, the maize crop received ⅓ of nitrogen (N), total phosphorus (P), and potassium (K) as basal in the form of urea CO (NH₂)2, di-ammonium phosphate ((NH4)2HPO4), and potassium chloride (KCL), respectively. The remaining N was applied as per treatment through subsurface banding at knee-high (KH) and tasseling (TS). However, in mustard, half N was applied at the seeding, and the half was top-dressed at the first watering. Since a nutrient expert (NE) for the mustard is not available, the fertilizers were given as per the RDF in NEI-based units. In conservation tillage (ZT or PNB), glyphosate (1 kg a.i. ha−1) was sprayed 1 week before seeding, followed by the application of atrazine/pendimethalin (as pre-emergence, 1–3 days after sowing). In contrast, in the CT plots, weeds were controlled by two- to three-hand weeding. Irrigation water was applied considering the quantity of precipitation and duration of the dry spell during the cropping cycles. Furthermore, the total quantity of water (precipitation + irrigation) applied in maize–mustard rotation was 1,561, 1,167, 1,032, 1,483, 1,045, 1,042, 1,081, 1,117, and 1758 mm in the respective years during the experimentation. In general, mustard is irrigated two to three times per season, whereas maize is irrigated four to five times per season. Need-based plant protection measures were employed to control insect pests and diseases.



2.4 Yield measurements

The samples for yield assessment were taken from a central net plot (9 × 8 m = 72 m2) leaving border rows from each side of the experimental plot. During every October and April, the maize and mustard crops were harvested, leaving ~0.20 m and ~ 0.45 m stubbles from the ground level, respectively. After harvesting, the produce was sun-dried, threshed, and cleaned, and the moisture content was adjusted to ~15% for maize and ~ 12% for mustard to report the grain yield (Ghosh et al., 2022). Furthermore, the stover/stalk yields were measured by deducting the grain weight from the respective total biomass yield (Mg ha−1). Additionally, for a detailed comprehension of yield efficiency on a cropping system level, individual crop yields were converted to system productivity in terms of maize grain equivalents (EY) at the market price scale using the formula described by Biswakarma et al. (2021).

[image: Equation showing equivalent yield calculation: EY (Mg per hectare) equals Y_maize plus ((Y_mustard times P_mustard) divided by P_maize).]

Wherein, EY = Grain equivalents of maize (Mg ha−1), Ymaize = Grain yield of maize (Mg ha−1), Ymustard = Seed yield of mustard (Mg ha−1), Pmaize = Maize grain price (US$ Mg−1), and Pmustard = Mustard grain price (US$ Mg−1).



2.5 Soil N, nitrate-N (NO3−-N), and ammonium-N (NH4+-N)

The Kjeldahl method (DISTYL EMS, KEL PLUS) using alkaline permanganate was used to determine soil nitrogen (Subbiah and Asija, 1956). Nitrate-N (NO3−-N) and ammonium-N (NH4+-N) were quantified via UV spectrophotometry (U128, Hitachi, Fukuoka, Japan). Briefly, 10 g of soil was combined with 100 mL of 2 M KCl and shaken on a mechanical shaker for 1 h at 200 r/m and 25°C, and then the supernatant was filtered. The NO3− -N and NH4+-N contents were determined using a suitable volume of aliquot of the above extract following the procedure described by Jackson (1958) and Schuffelen et al. (1961), respectively.



2.6 Soil microbial properties

A serial dilution method and standard plate count method were used to count the different groups of microbes. A nutrient agar medium was used for total bacterial counts (TBCs), potato dextrose agar medium for total fungal counts (TFCs), and actinomycete isolation agar medium (HiMedia, India) for actinomycetes. A fumigation extraction method was used to measure soil microbial biomass-C (MBC) (Vance et al., 1987). Pre-weighed soil samples from various soil depths were fumigated for 24 h with ethanol-free chloroform. The non-fumigated set was also maintained separately. Furthermore, a solution of 0.5 M K2SO4 (soil to extractant ratio of 1: 4) was added and subjected to reciprocal shaking for a duration of 30 min and subsequently filtered using a filter paper, i.e., Whatman No. 42. The soil OC content of the filtrate was determined using the dichromate digestion method followed by back titration with a (p = 0.05) N solution of ferrous ammonium sulfate. The MBC was then determined using the provided equation:

[image: Mathematical equation showing MBC equals EC multiplied by 2.64, labeled as equation number 2.]

Where, EC = (Corg in fumigated soil–Corg in non-fumigated soil), and expressed in μg C g−1 soil.

Soil microbial biomass-P (MBP) was measured using the procedure (Brookes et al., 1982). The fumigation extraction process was performed as in MBC. Each soil sample was duplicated; one was fumigated, and the other was not. Olsen’s method (Olsen et al., 1954a,b) was then used to estimate soil-available phosphorus from both fumigated and non-fumigated samples. The soil MBP was determined by subtracting the phosphorous values of the fumigated and non-fumigated samples.



2.7 Water footprints

The water velocity was monitored using a water meter placed in the main channel. In general, the maize and mustard crops received 3–5 and 2–3 irrigations, respectively, based on the critical growth stages and occurrence of the rainfall events during the cropping cycle. The amount of total water and depth was computed by equations as suggested by Jat et al. (2009).

[image: Equation showing "Water applied (L) equals F multiplied by t," where L represents the volume of water applied, F is the flow rate, and t is the time. Equation is numbered (3).]

[image: Formula for calculating the depth of water in millimeters: depth equals L divided by A divided by ten, with equation number four.]

Where, F is the flow rate (m3 s−1), t is time (s) taken in each irrigation in each plot, and A is plot area (m2).

Additionally, the data pertaining to the amount of rainfall received during the growing season was obtained from the neighboring agro-meteorological station (Division of Agricultural Physics, IARI, New Delhi). The effective rainfall was calculated using the established methodology outlined by Mohammad et al. (2018). The cumulative irrigation input for each experimental unit was determined by adding the amount of irrigation water applied and the effective rainfall. The water productivity, expressed in kg grains ha−1 mm−1 of water, was calculated using the method outlined by Bhushan et al. (2007).


[image: Water productivity is calculated as grain yield in kilograms per hectare divided by total water applied in millimeters.]


Furthermore, the system’s water productivity was determined by adding the water productivity of the maize and mustard crops. The Parihar et al. (2022) formula was used to calculate the water footprint (WF).

[image: Equation for Water Footprint (WF), calculated as system water input (liters per hectare) divided by system productivity (kilograms per hectare). Equation number five.]



2.8 Energy calculations

Energy is the key to optimizing the crop productivity and farm income. In crop production, energy input includes both direct (i.e., labor, fuel, and electricity) and indirect (i.e., seed, fertilizers, and chemicals) sources. This was later categorized into the renewable and non-renewable energy sources for further computation and interpretation. The energy balance of the maize–mustard rotation was determined using the standard conversion equivalent given by Saad et al. (2016) and the energy output by multiplying the corresponding energy coefficients with the system yield (Jat et al., 2020). To evaluate the energy efficiency of individual management practices, various energy indices were calculated using the (Equations 1–10) (Ghosh et al., 2022).

[image: Net energy formula expressed as net energy in megajoules per hectare equals energy output in megajoules per hectare minus energy input in megajoules per hectare, denoted as equation six.]

[image: Energy use efficiency formula expressed as energy output divided by energy input, both measured in megajoules per hectare. Equation is enclosed in brackets and labeled as equation seven.]

[image: Equation showing energy productivity as the ratio of system yield in kilograms per hectare to energy input in megajoules per hectare (Equation 8).]

[image: Non-renewable energy ratio equation showing the ratio of output energy to non-renewable energy input, both measured in megajoules per hectare.]

[image: Equation showing specific energy calculation: Specific energy equals energy input in megajoules per hectare divided by grain yield in kilograms per hectare. Equation number ten included.]



2.9 Statistical analysis

An analysis of variance was used to determine treatment effects (Gomez and Gomez, 1984). A post hoc test of the difference of means was performed using Tukey’s honestly significant difference test (p = 0.05) using SAS 9.3 (SAS Institute, Cary, NC). A pooled analysis was performed because the coefficients of variance of the main and interaction effects varied significantly between years, with no significant year and treatment interactions.




3 Results


3.1 Description of weather parameters

The years 2021–22 had the most precipitation, 1,608 mm from July to April, followed by 1,368 mm during 2013–14 and 1,230 mm during 2016–17, whereas only 600–996 mm was recorded during the other years. The western disturbances in northwest India caused low rainfall during the winter. During the November–April, 2019–20 and 2014–15 had the highest rainfall, which was 306 mm and 315 mm, respectively, and the 2 years with the least rain, 2015–16 and 2017–18, had 22 and 39 mm, respectively. Most of the rainfall during the study period was received during the monsoon period from July to September (Supplementary Table 1).



3.2 Nine-year individual crop yield trends

As the experiment progressed, the grain yield under PNB and ZT conditions was found to be statistically (p = 0.05) identical. Across years, maize grain yield showed an increase of 4–29% and 3.9–28.7% under the PNB and ZT, respectively, compared to the CT (Supplementary Figure 3a). However, RDFI and NEI recorded 20.9–48.6% and 10.3–50.5% higher grain yields than the RDF, respectively (Supplementary Figure 3b). The NEI consistently produced the highest stover yield and was similar to the RDFI for five of the 9 years studied (Supplementary Figures 3c,d). ZT and PNB had 12% greater pooled yields than the CT (Figure 2a), but the NEI and RDFI stover yields increased by 32 and 26%, respectively, over the RDF (Figure 2b).

[image: Four bar charts labeled (a) to (d) compare pooled yields of grain or seed (red) and stover or stalk (green) across different treatments. Charts (a) and (c) include treatments ZTFB, PNB, and CT. Charts (b) and (d) include treatments RDF, RDFI, and NEI. Each chart shows significant yield differences marked with asterisks, with stover or stalk generally yielding higher than grain or seed. Error bars are present for each bar.]

FIGURE 2
 Nine-years pooled grain/stover (a,b) and seed/stalk yields (c,d) (Mg ha−1) of maize and mustard crops under different tillage and nutrient management practices. The asterisk (**) indicates LSD at p0.05.


During the 2021–22 season, the PNB yielded 4.2 and 21.3% higher mustard yields than the ZT and the CT, respectively (Supplementary Figure 4a). On average, the mustard yield was 29.8 and 27.3% higher under the NEI and the RDFI, respectively, than under the RDF (Supplementary Figure 4b). The stalk yield was higher under the ZT and the PNB conditions than under the CT. The NEI also produced a significantly higher stalk yield than the RDFI and the RDF (Supplementary Figures 4c,d). Furthermore, the pooled mustard grain and stalk yields were 13.3 and 19.6% higher, respectively, under the PNB over the CT (Figure 2c). The NEI produced 23.9 and 24.3% higher grain and stalk yields, respectively, over the RDF (Figure 2d).



3.3 Nine-year equivalent yield trends

Long-term tillage significantly influenced the system yields, measured in respect of the maize grain equivalents (EY), in 5 out of the 9 study years, wherein ZT and the PNB improved the EY by 7–20% over the CT (Figure 3a). Regarding the nutrient management practices, the EY was the same between the NEI and the RDFI, but being 26.6–30.3% higher than the RDF (Figure 3b). A significant interaction between tillage practices and nutrient management practices was observed in the EY. The highest EY was recorded with the PNB-NEI during 2013–14, 2018–19, and 2020–21; CT-NEI during 2014–15; ZT-NEI during 2015–16, 2017–18, and 2019–20; ZT-RDFI during 2016–17; and PNB-RDFI during 2021–22 (Table 2).

[image: Two line graphs compare MEY (yield) over nine years for different treatments. Graph (a) shows ZTFB, PNB, and CT treatments; graph (b) shows FFP, RDFI, and NEI treatments. Each graph uses distinct symbols and colors for clarity. MEY values fluctuate over time, with visible error bars indicating variability. The x-axis represents years from 2013 to 2022, and the y-axis shows MEY in megagrams per hectare.]

FIGURE 3
 Nine-years trend in the maize equivalent yields under different tillage (a) and nutrient management (b) practices in maize–mustard rotation. The vertical bars indicate LSD at p0.05.




TABLE 2 Interaction effects of different tillage and nutrient management practices on maize grain equivalents (±S.E.).
[image: A table showing system productivity in terms of maize equivalent yield (Mg ha^-1) for different treatments from 2013 to 2022. Treatments include ZT-RDF, ZT-RDFi, ZT-NEi, PNB-RDF, PNB-RDFi, PNB-NEi, CT-RDF, CT-RDFi, and CT-NEi. The data is presented as means with standard deviations, and significant differences are indicated by uppercase letters based on p = 0.05.]



3.4 Water footprints

The effects of tillage practices on water footprints were significant (p = 0.05), with the lowest water footprint recorded under the PNB (139 liter kg−1 ha−1) closely fb ZT (140.5) liter kg−1 ha−1 and the highest under the CT (156.7) liter kg−1 ha−1 (Supplementary Figure 5). The NEI (132.4 liter kg−1 ha−1) and RDFI (135.7 liter kg−1 ha−1) resulted in significantly lower water footprints than the RDF (168.1 liter kg−1 ha−1). On average, the system water productivity was the highest under PNB and fb ZT, which were 12.9 and 11.9% higher than the CT, respectively. The NEI and the RDFI-based nutrient management practices improved the system water productivity by 26.6 and 23.4% over the RDF, respectively. There was a significant interaction between tillage and nutrient management practices in terms of water productivity, which followed the same trend as the EY (Table 3).



TABLE 3 Interaction effects of different tillage and nutrient management practices on water productivity (±S.E.) of MMR.
[image: Table titled "System water productivity (kg ha⁻¹ mm⁻¹)" comparing various treatments from 2013–14 to 2021–22. Treatments include ZT-RDF, ZT-RDFᵢ, ZT-NEᵢ, PNB-RDF, PNB-RDFᵢ, PNB-NEᵢ, CT-RDF, CT-RDFᵢ, and CT-NEᵢ. Data shows values with means and significant differences indicated by uppercase letters at p = 0.05, depicting variations in productivity over the years.]



3.5 Soil available N, nitrate-N, and ammonium-N

At tasseling of ninth season maize, sampling was performed from a 0–45 cm soil profile. Among the tillage practices, a significant difference in soil available N was recorded up to 30 cm depth. ZT and PNB had a greater supply of N than CT at 5 cm. However, in 5–15 cm, PNB had a significantly higher N than ZT and CT. Again, in 15–30 m soil depth, PNB was similar to ZT but significantly higher than CT. The soil N did not differ between 30 and 45 cm soil depths due to tillage practices. RDFI and NEI indicate more available soil N in 0–30 cm soil depth. However, at 30–45 cm soil depth, NEI recorded higher soil N than RDFI and RDF (Figures 4a,b). Across different soil depths, ZT and PNB had significantly higher levels of soil NO3− N than CT; however, NEI and RDFI recorded higher levels of NO3− N than RDF (Figures 4c,d). In addition, CA-based tillage (ZT/PNB) had higher levels of soil NH4+-N in 0–30 cm soil depth than CT but was similar in 30–45 cm depth. In the top (0–5 cm) and bottom (30–45 cm) soil layers, nutrient management practices recorded similar soil NH4+-N. However, at 5–30 cm soil depth, NEI and RDFI were significantly superior to RDF (Figures 4e,f).

[image: Six bar charts showing nutrient content (N, NO3-N, NH4-N) across different soil depths and treatments. Charts are labeled (a) to (f). Treatments include ZTFB, PNB, CT, RDF, RDFi, NEi with depth intervals 0-5 cm, 5-15 cm, 15-30 cm, 30-45 cm. Significance is marked by Tukey p<0.05. Bars vary by depth, shown in red, blue, yellow, green. Chosen letters indicate statistical groups.]

FIGURE 4
 Long-term effect of tillage and nutrient management practices on soil available N (a,b), nitrate-N (NO3–-N) (c,d) and ammonical-N (NH4 + -N) (e,f) at tasseling of 9th season maize under maize-mustard rotation. Means for each parameter with at least one letter common are not significantly different at p0.05 level of significance.




3.6 Soil microbial dynamics

ZT had a larger bacterial population (107), similar to PNB, but significantly greater than CT. Again, in nutrient management, NEI and RDFI showed much larger bacterial counts than RDF plots. Interestingly, the 5–30 cm soil depth had 8.7 and 38.6% more bacterial populations than the 0–5 cm and 30–45 cm soil depths, as a result of adequate moisture (Figures 5a,b). In addition, these CA-based practices recorded significantly higher fungi (104) and actinomycetes (104) counts than the CT-based. However, NEI and RDFI had higher fungal counts than the RDF plots (Figures 5c–f). At 0–5 cm soil depth, PNB had the highest microbial biomass-P (MBP), fb ZT, and CT. At the next soil depths, both ZT and PNB had similar MBPs and were significantly larger than the CT plots. Across soil depths, NEI and RDFI-dominated RDF plots (Figures 6a,b). Furthermore, the PNB plots recorded increased soil microbial biomass-C (MBC) at 0–5 cm depth compared to the ZT and CT plots. However, in subsequent layers (5–45 cm), ZT resulted in more MBC activities than PNB and CT plots. NEI facilitated greater MBC at 0–5 cm soil depth. On the contrary, RDFI had greater MBC at 5–45 cm soil depth than NEI and RDF plots (Figures 6c,d).

[image: Six bar charts labeled a to f show microbial counts across different soil depths under various treatments. Each chart includes bars in red, blue, yellow, and green representing 0–5 cm, 5–15 cm, 15–30 cm, and 30–45 cm depths. Chart a and b depict bacterial counts for ZTFB, PNB, CT, RDF, RDF₁, and NE₁. Chart c and d show fungal counts for the same treatments. Chart e and f illustrate actinomycete counts. Statistical significance is indicated with ** (Tukey p<0.05), with varying letters for group comparisons.]

FIGURE 5
 Long-term effect of tillage and nutrient management practices on (a,b), (c,d) and (e,f) counts and at tasseling of 9th season maize under maize-mustard rotation. Means for each parameter with at least one letter common are not significantly different at p0.05 level of significance.


[image: Bar charts labeled a) to d) compare microbial biomass in soil at different depths for four treatments. Each chart has color-coded bars representing depths: 0-5 cm (red), 5-15 cm (blue), 15-30 cm (yellow), and 30-45 cm (green). Significant differences are marked with letters above bars. Annotations indicate statistical significance (Tukey p<0.05). Charts a) and b) measure microbial biomass per gram of soil, while c) and d) measure carbon content. Each treatment type, such as ZTFB, PNB, CT in a) c), and RDF in b) d), is specified below the bars.]

FIGURE 6
 Long-term effect of tillage and nutrient management practices on microbial (a,b) and (c,d) at tasseling of 9th season maize under maize-mustard rotation. Means for each parameter with at least one letter common are not significantly different at p0.05 level of significance.




3.7 Energy footprints

The maximum contribution to non-renewable inputs in the system was from indirect sources, such as the fertilizers and the pesticides, accounting for ~75% of the total. Direct non-renewable inputs, such as diesel and electricity, were the second largest contributors under the CT. In contrast, indirect renewable inputs, including crop seeds and residue, accounted for ~57% of the inputs used under PNB and ZT conditions. The CT required more inputs, such as land preparation, labor use, irrigation, and electricity, than the ZT and PNB (Supplementary Figures 6a,b). The energy input (EI) was highest under PNB (110,585 MJ ha−1), fb the ZT (110,173 MJ ha−1), whereas it was lowest under CT (53,036 MJ ha−1). However, the energy output (EO) was found to be the highest under ZT conditions and was similar to that under PNB conditions, whereas it was the lowest under CT conditions due to the lower system biological yields. The NEI registered the maximum EO at 7.6 and 28.7% higher than the RDFI and RDF, respectively. Furthermore, the net energy (NE), energy use efficiency (EUE), and energy productivity (EP) were found to be higher under the CT than under the PNB and ZT. Similarly, among the nutrient management practices, the NE, EUE, EP, and the non-renewable energy ratio (NRER) were the highest under the NEI, followed by the RDFI and the least under the RDF. The specific energy (SE) was the highest under the ZTFB (18.2 MJ kg−1) and RDF (17.8 MJ kg−1). The interaction between tillage and nutrient management practices indicated that the maximum EI and EO were recorded under PNB-NEI, NE, EUE, and the EP under the CT-NEI, NRER under ZT-NEI, and SE under PNB-RDF treatment combinations (Table 4).



TABLE 4 Energy dynamics of MMR under different tillage and nutrient management practices (9 yrs. mean).
[image: Chart displaying data on tillage practices, nutrient management, and their interaction, with variables E\(_I\), S\(_{BY}\), E\(_O\), N\(_E\), E\(_{UE}\), E\(_P\), N\(_{RER}\), S\(_E\). Tillage practices include ZT, PNB, and CT, showing variations in energy metrics. Nutrient management types are RDF, RDF\(_I\), and NE\(_I\), affecting outputs. Interaction results combine tillage and nutrient types. Statistical significance indicated by letters, with details explained in the footnote.]




4 Discussion

The South Asian agro-ecologies are the major vulnerable hotspots for existing and impending climate variability. Conservation tillage (CA) has been considered the most resource-efficient and climate-smart production system to address the enduring challenges of agricultural sustainability (Allen et al., 2011; Jat et al., 2017; Pradhan et al., 2018). Thus, under changing climatic scenarios, the CA-based maize–mustard rotation in conjugation with a user-friendly nutrient expert-assisted (NEI) and recommended fertilization (RDFI) method could be a striking substitute. Our nine-year field analysis of the maize–mustard rotation showed significantly (p = 0.05) greater equivalent yields under ZT/PNB than under CT practices. This might be due to the favorable microclimate resulting from the incessant implementation of CA-based tillage along with a balanced fertilization (Jat et al., 2017; Pooniya et al., 2021). Furthermore, the residue retention under the ZT and the PNB provides a continuous supply of organic matter, thereby improving the soil properties governing the physical environments (Pooniya et al., 2012; Govaerts et al., 2007; Jat et al., 2018), reducing the crop-weed interference (Jat et al., 2019), minimizing the evaporation losses, and improving the water/nutrient extraction pattern due to a more complex root-based mechanism. In fact, we observed greater equivalent yields under CA-based tillage in both excess and deficit rainfall years. The combined effect of residue retention and the growth of maize and mustard crops on the beds may have helped to avoid the adverse effects of short-term waterlogging during heavy rains (Li et al., 2011). Additionally, this approach supports better conservation practices and promotes more efficient use of irrigation water during dry seasons (Thierfelder et al., 2012).

This investigation reinforces the previous findings that adopting the NEI/RDFI would increase the equivalent yields (EY) over the RDF in adjoining regions (Majumdar et al., 2013). The higher EY (26.6–30.3%) under the NEI and RDFI may be attributed to the optimal and balanced application of nutrients during the critical crop growth stages to align with the demand–supply dynamics of the plant nutrients required for higher yields (Pampolino et al., 2012). Additionally, native nutrient sources are considered in the NEI along with yield responses and agronomic efficiencies, and a systematic approach is used to gather site-specific information (Satyanarayana et al., 2013; Pooniya et al., 2015). Maize-based systems generally extract a larger amount of nutrients from the soil profile (Kaiser et al., 2014; Gathala et al., 2015; Zhiipao et al., 2023). Thus, our study reveals the importance of balanced and precise application of nutrients to achieve higher resource use efficiency and improve the yields of the MMR system.

The CA-based residue retention practices combined with efficient nutrient management strategies, such as NEI/RDFI resulted in greater NO3−-N and NH4+-N contents in the upper 30 cm of the soil profile. The increased mineralizable nitrogen in no-tillage systems suggests that soil nitrogen reserves can be improved by reducing or eliminating tillage (Malhi et al., 2018). Since nitrogen is the major limiting factor in crop production and most available nitrogen is used for plant biomass synthesis, soil organic nitrogen should be considered when determining the nutrient requirements of crops. In our study, CA-based tillage and precise nutrient management resulted in a larger microbial population. This can likely attributed to the well-established role of residue-retention no-till practices in nutrient cycling and supporting soil microbes (He et al., 2007). In no-till soils, fungal and bacterial species are dominant (Nicolardot et al., 2007) and are associated with greater diversity (Helgason et al., 2010). As soil fungi are extremely sensitive to physical disturbances, they form hyphal networks that facilitate the translocation of nutrients under no-tillage (Klein and Paschke, 2004). There were also higher amounts of actinomycetes in residue-retained zero- or no-till plots. Crop detritus retention is a carbon source and provides favorable conditions for microbial growth (Salinas-Garcia et al., 2002). Under permanent beds, we observed an increased amount of MBC and MBP. However, in the subsequent layers, ZT plots showed comparable levels of MBC or MBP. Interestingly, the soil depth of 5–30 cm had 38.6% more bacterial populations than the soil depth of 30–45 cm. As soil depth is a critical factor influencing soil microbial communities, their populations may differ with varying depths (Helgason et al., 2009), and the microbial communities sampled from deeper soil profiles may exhibit distinct characteristics compared to those sampled from the surface of the soil. The decrease in SOC and N at lower depths under no-till systems may be a significant factor in the decrease in soil microbial biomass. Substrate availability, soil moisture, temperature, and aeration may collectively influence variations in microbial community across different soil depths.

The declining water table and fluctuating rainfall patterns rambled the search for climate-smart alternative crops and, of course, water-saving technologies. The adoption of CA-based (ZT or PNB) practices coupled with precise nutrient management saved 23.4–26.6% water over CT-based practices. It has been reasoned out that residue retention reduces evaporation from the soil surface and minimizes transpiration losses because of reduced weed growth (Jat et al., 2019). Accordingly, it has a positive effect on soil moisture regimes, saves water, and enhances total water-use efficiency (Biswakarma et al., 2021). Furthermore, the PNBs act as a passage for disposing of excess drainage water conserving soil moisture during dry spells. However, the greater equivalent yields and sufficient nutrient supply under the NEI/RDFI condition elucidate the enhancement in water productivity and thus lower the water footprint.

The study of energy relationships and analysis is key to all farming systems for achieving environmental sustainability and societal welfare (Ghosh et al., 2022). As a developing country, India should shift its focus more toward resource-conservative technologies and depend on renewable energy sources to ensure food and nutritional security amid looming climate changes. Our results revealed that the highest contribution to non-renewable inputs, such as diesel, electricity, and fertilizers, occurred under CT practices. This increase can be attributed to the greater use of machinery and labor for land preparation, pumping of groundwater, and the greater use of agrochemicals under the CT practices. In contrast, CA-based practices indirectly consumed more renewable energy (57%), primarily from crop seeds and residues. This might be due to the higher energy equivalence of crop residues (Chaudhary et al., 2009), indicating that residue retention is the most energy-demanding operation in crop production. Furthermore, the greater energy input (~108%) under the CA-based plots was mainly ascribed to the retention of huge quantities of the residue for the 9 consecutive years compared with the CT plots. However, the greater energy output under ZT/PNB in the main plots and NEI in the sub-plots was primarily due to the greater system equivalent yields (Jat et al., 2019), unlike the reverse in terms of the CT practices. Likewise, the higher net energy (NE), energy use efficiency (EUE), and energy productivity (EP) in the CT and the NEI were due to the zero recycling of the crop residues and the balanced fertilization, respectively, unlike the ZT/PNB plots, which consumed a huge amount of crop residues in the last 9 years (Saad et al., 2016; Jat et al., 2020).



5 Conclusion

Based on the results of a nine-year-long-term field study, the CA-based tillage practices, i.e., ZT or PNB and NEI, and the RDFI enabled the production of greater maize grain equivalents (EY) over the CT and RDF. These long-term tillage practices with precise nutrient management (RDFI or NEI) can substantially reduce water footprints and save system water use compared to CT and RDF plots. Furthermore, these practices had greater bacterial (107), fungi (104), and actinomycetes (104) counts in addition to improved soil microbial biomass-C and -P across soil depths. CT practices consumed greater direct and indirect non-renewable energy than the residue-retained CA-based tillage practices. CA-based practices had greater energy input (EI) than the CT practices, but it was vice versa in terms of the energy output (EO). NEI-guided fertilization registered higher EO than RDFI and RDF. Hence, the residue-retained zero tillage and the permanent bed system in conjugation with expert-guided precise nutrient application (NEI) or improved RDFI is recommended to enhance equivalent yields and soil microbial diversity. This approach also contributes to water-energy savings in the maize–mustard rotation within South Asian agro-ecologies. The future directions of conservation agriculture (CA)-based maize–mustard production include systematic estimation of greenhouse gas emissions and carbon footprints. This will help devise mitigation and adaptation strategies, promote circular or green economies, and achieve the Sustainable Development Goals (SDGs).
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Global food production systems are under pressure due to population increase, limited farmland, biotic and abiotic constrains, and ongoing climate change. Sustainable intensification is needed to increase agricultural productivity with minimal adverse environmental and social impacts. Vegetable-integrated push pull (VIPP) technology coupled with black soldier fly (BSF) frass offer such opportunities to smallholder farmers. However, farmers’ vegetable preferences and willingness to adopt these innovations remain unknown and are variable across various geographic scales. Focus group discussions (FGDs) and in-person interviews with smallholder farmers were conducted to assess vegetable production constraints and select vegetables to be integrated into VIPP coupled with BSF frass biofertilizer in Kenya and Uganda. Twenty-six FGDs followed by in-person interviews were conducted from July to November 2023 with 227 and 106 farmers from Kenya and Uganda, respectively. A total of 23 vegetable types were identified. The most considered discerning parameters and traits included household consumption, income generation, nutritional value, extended harvesting, drought tolerance and resistance to diseases and insect pests. The major constraints were the high cost of agrochemicals and fertilizers and poor seed quality in Kenya while diseases, pests, drought and poor rainfall, low soil fertility, too much rainfall and floods, high cost of agrochemicals and fertilizers, lack of seeds and poor seed quality were pressing constraints among farmers in Uganda. More than 83% of farmers showed readiness to adopt a combination of VIPP+BSF. Kales, spinach, cabbage, Amaranthus, African nightshade and tomatoes were preferred in central Kenya whereas cowpeas, kales, African nightshade, Amaranthus, pumpkin leaves and spider plants in western Kenya were preferred as vegetables to be included in VIPP and BSF frass innovations. Ugandan farmers considered eggplants, Amaranthus, garden eggs, cabbage, kales and tomatoes the most popular vegetables to be incorporated in VIPP and BSF frass innovations. Our results provide a baseline for vegetables to be integrated into VIPP with BSF frass biofertilizer for validation with farmers. The study also underlies how farmer crop preferences vary according to site and the need for participatory selection to increase the chances of adoption of agricultural interventions.
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1 Introduction

Global population increase, limited land for agriculture, and ongoing climate change require sustainable methods for food production to boost productivity without further environmental degradation (United Nations, 2021; Kumar et al., 2022). In sub-Saharan Africa (SSA), agriculture is predominantly rain-fed, which accounts for 97% of total farmland, making crop production and food security highly vulnerable to seasonal variations in precipitation and temperature stress (Kotir, 2011). In SSA, land degradation through soil erosion and nutrient depletion has so far affected 65% of the total land area (Tefera et al., 2024). Other challenges that further impede agricultural productivity include poor health, limited land tenure and ownership, crop diseases and pests, costly inputs with limited outputs, limited agricultural information, limited credit and market access, lack of appropriate technologies, inadequate policies, and policy inconsistencies, which result in smallholder farmer neglect (Shimeles et al., 2018; Bjornlund et al., 2020). There is therefore a need for sustainable agricultural practices to mitigate these challenges and promote food security (Struik, 2017).

Sustainable intensification (SI) is one of the innovative approaches to producing more food and associated economic returns on existing farmland with positive impacts on the environment. It entails agricultural practices that promote resilience to biotic and abiotic stress, reduce reliance on external inputs such as agrochemicals, and promote biodiversity and ecosystem services (Pretty and Bharucha, 2014). Sustainable intensification is highly applicable in SSA because the region’s ever-growing population leaves very little land for agricultural expansion without further environmental degradation (Struik, 2017). One such SI is push-pull technology (PPT), which is a cropping system integrating pest, weed and soil management practices in cereal–livestock farming systems (Cook et al., 2007). To suppress pests, the PPT intercrops legumes of the Desmodium spp. with cereals such as maize (Zea mays L.) or sorghum (Sorghum bicolor L.) to repel (“push”) pests while surrounded by grasses such as Napier grass (Pennisetum purperum Schumach.) or Brachiaria spp. which attract (“pull”) the pests from the crop (Khan et al., 2011; Chidawanyika et al., 2014). The root exudates of Desmodium plants suppress parasitic weeds of the genus Striga that are key cereal production constraints in Africa (Khan et al., 2011). Additionally, Desmodium plants provide other soil health ecosystem services including nitrogen fixation, improved organic matter and phosphorus availability, moisture conservation and increased beneficial microbial activity (Drinkwater et al., 2021; Adan et al., 2024; Jalloh et al., 2024; Mutyambai et al., 2024).

Despite the success of PPT, one of the concerns raised by practicing farmers is that it only catered for cereals limiting options for nutritional and income diversity (Chidawanyika et al., 2023). We recently integrated vegetables and edible legumes in the PPT with maize resulting in a vegetable integrated push-pull (VIPP) system with improvement of various one health outcomes including crop productivity, food security, environmental resilience and livelihoods (Chidawanyika et al., 2023, 2025). While vegetable consumption is associated with better dietary-based health outcomes, such as a lower risk of noncommunicable diseases and obesity, its consumption in Africa is significantly lower than the world average, falling short of the WHO/FAO target minimum intake of 200 g/day/person (or more than 73 kg/year/person) (Kalmpourtzidou et al., 2020). Many factors, such as soil degradation, climate change, pest pressure, and other economic factors limit smallholder vegetable production in Africa and thus impede the food production system (Mason-D’Croz et al., 2019). Given the growing need for sustainable intensification of food production systems (Pretty et al., 2018; Kuyah et al., 2021; Chidawanyika et al., 2023; Librán-Embid et al., 2023), VIPP now becomes highly applicable, especially for African smallholder farmers (Chidawanyika et al., 2023, 2025).

Furthermore, another approach to sustainably intensify the VIPP is by low-cost organic amendments such as farmyard manure. Recently, the black soldier fly (BSF) Hermetia illucens L. farming and its outputs such as frass as a source of organic biofertilizer resulting from bioconversion of organic waste, opened a pathway for sustainability and a circular bioeconomy for resource-poor farmers (Beesigamukama et al., 2021). The use of BSF frass as soil organic amendments is associated with various soil health benefits including boosting soil microbiological quality and organic carbon (Anyega et al., 2021; Gebremikael et al., 2022). Thus, integrating the VIPP with organic amendments such as BSF frass can unlock further yield benefits and profitability for farmers through improved soil health, and reduction in inputs of costly agrochemicals.

For any sustainable agriculture practice, it is important to bridge the gap between farmers and researchers in technology development to validation and optimisation of systems, for improved adoption of recent innovations (Goa et al., 2017; Pawera et al., 2024). For instance, VIPP and BSF offer more opportunities to smallholder farmers to improve productivity. However, location-specific factors may influence farmers’ vegetable choices and willingness to adopt these innovations. This, therefore, calls for the need to understand the factors driving households’ decisions to adopt VIPP and BSF innovations.

Indeed, the co-creation of innovations through participatory rural appraisal (PRA) approaches is an important component of citizen or farmer-centered development (Pawera et al., 2024). Through face-to-face interactions with researchers, PRA approaches empower locals to contribute to technology development ensuring the development of interventions that meet their needs and subsequent rapid adoption. For crop or varietal selection, PRA approaches account for the multiplicity of farmers’ requirements and geographic contexts (Begna, 2022). For example, farmer crop or variety selection in various agroecological zones can be prioritized based on both pre-and post-harvest factors including yields, duration to maturity, resistance to climate stressors, and pests and disease incidences (Goa et al., 2017; Mutari et al., 2021; Nchanji et al., 2021). Post-harvest characteristics such as food nutritional value, storage shelf life, seasonality and multiplicity of harvests together with marketability and profitability also differentially contribute to crop choices (Magaisa et al., 2022). In other cases, selection of crop choices can be influenced by gender disparities with men sometimes choosing capital-intensive and high-value vegetables while women can settle for traditional but nutrient-dense vegetables (Ouya et al., 2024). The current study aims to evaluate farmer-preferred vegetables for integration into the PPT with BSF frass organic amendments in Kenya and Uganda following a PRA approach.



2 Materials and methods


2.1 Study location

This study was carried out in selected different agroecological areas covering western (Vihiga, Kisii, Busia and Homa Bay counties) and central regions (Kiambu, Murang’a and Embu counties) of Kenya, and eastern part of Uganda (Namwendwa, Bulopa and Wankole sub-counties) (Figure 1). Kiambu, Murang’a and Embu constitute counties in the central part of Kenya with land areas of approximately 2,538, 2,524 and 2,821 km2 with population sizes of 2,417,735, 1,056,640 and 608,599, respectively (KNBS, 2019). These regions receive bimodal rainfall with short rain commencing in late February and ceasing in late May, while short rains start around mid-September and end in mid-January (Nathan et al., 2020). The regions consist of four agroecological zones (AEZs), namely, upper highland humid, lower highland semi-humid, upper midland sub-humid and lower midland semi-humid (Sombroek et al., 1982). The main food crops for these counties are maize, common bean (Phaseolus vulgaris), pigeon peas (Cajanus cajan) and sweet potatoes (Ipomea batatas) while the cash crops are tea (Camellia sinensis), coffee (Coffea spp.), banana (Musa spp.), mangoes (Mangifera indica) and avocadoes (Persea americana) (Recha, 2018).

[image: Map showing selected counties and sampled sites in Uganda and Kenya. Highlighted areas include Busia, Vihiga, Homa Bay, and others. The inset shows Africa with Kenya marked in red. Lakes are shown in blue.]

FIGURE 1
 Map of the study areas covered in surveys for selecting vegetables for integration in a vegetable integrated push-pull with black soldier fly frass in Uganda and Kenya.


In western Kenya, Busia, Vihiga, Homa Bay and Kisii counties cover about 1,696, 531, 3,183 and 1,323 km2, with a population of 893,861, 590,013, 1,131,950 and 1,266,860, respectively (KNBS, 2019). The regions receive bimodal rainfall with a long rain season starting in mid-March to late May, while a short rain season commences in late August to mid-December (Mugalavai et al., 2008). The regions consist of four AEZs, namely, lower midland humid, lower midland sub-humid, upper midland humid and upper midland semi-humid (Sombroek et al., 1982). The main food crops grown in western Kenya are maize, sorghum, beans, cowpeas, cassava and sweet potatoes while sugarcane (Saccharum spp.) and bananas constitute cash crops (Recha, 2018).

Kamuli district lies in the eastern region of Uganda covering 1,517 km2 with an estimated population of 558,500 (UBOS-Statistical Abstract, 2020). Among others, it has several sub-counties including Namwendwa, Bulopa, and Wankole, with land areas of 150, 46 and 51 km2 and population sizes of 65,900, 33,300 and 23,000, respectively (UBOS-Statistical Abstract, 2020). Kamuli district is characterized by a sub-humid agroecological zone with cropping seasons occurring March–June (560 mm) and July–November (540 mm). The major food crops in this region are finger millet, banana and maize while cotton constitutes a major cash crop (Kayuki et al., 2017).



2.2 Sampling methods and data collection

A purposive sampling procedure was adopted to identify villages and participants for focus group discussions (FGDs) as well as in-person interviews. Firstly, the participants in the study were purposively selected at household levels based on the history of vegetable production in rural and peri-urban areas. Secondly, the farmers within localities where previous PPT projects were implemented were targeted as a unit of inquiry and were subsequently admitted into FGDs. Structured, pretested questionnaires were administered to gather quantitative and qualitative data to understand vegetable production practices and location-specific constraints (Supplementary material S1).

The questionnaires were designed to guide discussions and information gathering from the selected focus groups of farmers through FGDs and in-person interviews. In each FGD, farmers listed all vegetables grown in their localities. The top five vegetables were selected based on the frequency of mentions in each FGD. We collected the qualitative opinions on various pre-selected traits for each of the selected vegetables during the discussions. For each vegetable, farmers elected if it carried any of the following traits or usage: household consumption, income generation, nutritional value, extended harvesting, seed production, drought tolerance, resistance to diseases and resistance to insect pests. We recorded the binary choices (yes or no) for each trait or usage of a vegetable as provided by the participants. Overall, 26 FGDs with 6–14 individuals per group were conducted from July to November 2023. Approximately 227 and 106 farmers from Kenya and Uganda, respectively, participated in FGDs.

Further, farmers were interviewed individually to gather information on sociodemographic data including gender, age, education levels, total land owned, farm size under vegetables, type and number of livestock kept and types of alternative sources of livelihood. Farmers were also asked if they faced various vegetable production constraints in their localities. The binary response (“Yes” or “No”) of each farmer was scored against each constraint. The production constraints mentioned to farmers included biotic stressors (diseases and pests), environmental stressors (drought and poor rainfall, too much rainfall and floods, and low soil fertility) and socio-economic stressors (high cost of agrochemicals and fertilizers, lack of seeds and poor seed quality). Farmers were shown posters and demonstration plots detailing VIPP, BSF farming and the integration of VIPP with BSF frass fertilizer. After pictorial and field demonstrations, each farmer was asked about his/her willingness to adopt these innovations. Likewise, each farmer was requested to suggest types of vegetables that can be incorporated into VIPP coupled with BSF frass. Vegetables were ranked based on the frequency of mentions and the top five vegetables were selected as most suitable for incorporation in VIPP coupled with BSF frass. All responses were recorded for subsequent analyses.



2.3 Model specifications

The vegetable production constraints and willingness to adopt VIPP and BSF innovations were modeled using binary logistic regression. The response variables were dichotomous, taking the value of 1 (yes) if a farmer agrees that they have experienced vegetable production constraints that were mentioned to them and otherwise 0 (no). The vegetable production constraints suggested to them included diseases, pests, drought/poor rainfall, too much rainfall/floods, high cost of agrochemicals and fertilizers, lack of seeds, low soil fertility and poor seed quality. Additionally, the farmers’ choice to adopt either VIPP, BSF or VIPP+BSF innovations also resulted in dichotomous response with a value of 1 for “yes” and 0 for “no.” The mathematical expression for the logistic regression model is as follows (Gujarati, 1995):

[image: Probability formula showing that the probability of \(Y_i = 1\) is equal to \(P_i\) or \(F(Z_i)\), which is \(F(\alpha + \Sigma \beta_i X_i)\), expressed as \(\frac{1}{1+e^{-Z_i}}\).]

In the model, Pᵢ is the probability that a farmer responds by acknowledging the vegetable production constraints or is willing to adopt regenerative agricultural innovations. Xᵢ represents explanatory variables, and α and β are parameters to be estimated. The probability of not agreeing with certain constraints as major limitations in vegetable production or not being interested in adopting regenerative agricultural innovations was expressed in the equation as follows:

[image: Probability equation for a logistic model. Probability of Y sub i equals zero is one minus probability of Y sub i equals one, equals one minus P sub i, equals one over one plus e to the power of Z sub i. Equation number two.]

Equations 1, 2 are combined to get,

[image: Equation showing the relationship between probabilities: the probability ratio of event Y happening at time i minus one to not happening at zero equals the odds ratio. This is expressed as the probability of event i over one minus that probability, equal to the exponential of variable Z sub i.]

Here Pᵢ is the probability that Yᵢ takes the value 1 and then (1 − Pᵢ) is the probability that Yᵢ is 0 and e is the exponential constant.

Now including the natural logarithm of both sides of Equation 3, we get Equation 4,

[image: Equation representing a logistic regression model: Z sub i equals natural logarithm of the ratio P sub i to one minus P sub i, which equals beta sub i plus beta sub 1 X sub 1i plus beta sub 2 X sub 2i plus terms up to beta sub K X sub Ki plus mu sub i.]

Where Zᵢ represents the logit model; P is the probability of the outcome; Xᵢ represents the independent variable being evaluated; subscript ᵢ stands for the ᵢth observation in the sample; β0 is the intercept term and β1 + β2 + … + βk are the coefficients for each independent variable X1, X2, …, Xk.



2.4 Statistical analysis

The data acquired through the questionnaires was entered in MS Excel. A binary logistic model was used to analyze the vegetable production constraints and willingness to adopt regenerative agricultural innovations in each study site (seven counties in Kenya and three sub-counties in Uganda). All the data analysis was performed in R Statistical Software Version 4.0.3 (R Core Team, 2021). Descriptive statistics (frequencies and percentages) were used to represent farmers’ responses. Figures and tables were used to summarize the results.




3 Results


3.1 Sociodemographic characteristics of households

The socio-demographic characteristics of participants are provided in Table 1. Overall, the percentage of male and female participants was 42 and 58%, respectively. In all places, most participants were above 36 years old except for Kiambu (Kenya) and Bulopa (Uganda) which both had most participants who were below 36 years old.



TABLE 1 Socio-demographic characteristics of respondents interviewed during assessment of vegetable production constraints, trait preferences and willingness to adopt sustainable intensification options in Kenya and Uganda.
[image: Table comparing demographic and agricultural variables across regions in Kenya and Uganda. Variables include gender, age, education levels, total land owned, land under vegetables, livestock (cows, goats, chicken, pigs), and occupation types. Percentages or values are provided for each category per region, highlighting differences in demographic and agricultural characteristics.]

Except for Kiambu and Vihiga counties where most participants had no formal education (44.4 and 38.5%, respectively), other counties had most participants who attained formal education in primary and secondary education. In Uganda, no participants had attained a college/university education. Most participants owned at least 1.09–3.91 acres of land, with the average land allocated for vegetable production ranging from 0.45 to 1.70 acres.

Generally, most farmers practiced a mixed crop-livestock system with chickens, cattle and goats being the main livestock enterprises. Comparatively, pigs were the least reared livestock. More chickens (2.00–2.54 heads/household) were kept in Kenya than in Uganda (1.50–1.96 heads/household). Similarly, the farmers in Kenya had higher cattle herd sizes (0.86–1.25 heads/household) and goats (0.50–1.75 heads/household) than their counterparts in Uganda (0.47–0.58 heads/household). On the contrary, most respondents in Uganda owned more pigs (0.96–2.00 heads/household) than respondents in Kenya (0.43–0.83 heads/household).

In Kenya, the respondents were involved in both agricultural self-employed activities and agricultural labor (wage) work. Busia and Kiambu counties had most of the respondents involved in agricultural self-employed (52.8 and 89.2%, respectively) while Kisii, Murang’a, Homa Bay, Vihiga and Embu counties had most of the respondents participating in agricultural wage labor (70.8, 64.3, 63.9, 61.5 and 51.1%, respectively). In Uganda, all respondents from three survey sub-counties were involved as agricultural self-employed and none of them was involved in agricultural wage labor.



3.2 Desired biological and physical traits


3.2.1 Distribution of traits across vegetable types

FGDs were held to determine why farmers chose the top five most desired vegetables out of all those cultivated on their homesteads. A total of 23 vegetable types were identified in the study areas. Most farmers stated that household consumption, income generation, nutritional value, extended harvesting, drought tolerant and resistance to diseases and insect pests were among the most important features they looked for when selecting vegetables (Figure 2).

[image: Bar charts displaying survey responses on vegetable attributes. Attributes include household consumption, income generation, resistance to diseases and pests, nutritional value, prolonged harvesting, seed production, and drought tolerance. Each chart shows responses as percentages for various vegetables like African nightshade, amaranthus, French beans, and more.]

FIGURE 2
 Farmers’ preferred traits of vegetables they grow in Kenya and Uganda. Empty bars indicate the vegetable lacked a certain trait.


Although all vegetables were grown for household consumption, eggplants (Solanum melongena), garden eggs (Solanum spp.) spinach (Spinacia oleracea), Amaranthus (Amaranthus spp.), kales (Brassica oleracea), African nightshade (Solanum nigrum) and cowpeas (Vigna unguiculata) constituted the most consumed vegetables by over 75% of households. More than 80% of farmers grow tomatoes (Solanum lycopersicum L.), garden eggs, common beans, spinach, carrots (Daucus carota), kales and Amaranthus for income generation.

Carrots, vine spinach (Bassella alba), jute mallow (Corchorus olitorius), Amaranthus, spinach, slender leaf, Amaranthus and African nightshade were preferred by over 50% of farmers based on their nutritional value. Prolonged harvesting of green pepper, spinach, eggplants, African nightshade and vine spinach made them preferred by farmers for household consumption and cash sale. Vine spinach, spinach, Amaranthus, slender leaf, coriander (Coriandrum spp.), cowpeas, African nightshade and jute mallow were favored due to their resistance to diseases and pests according to over 50% of the farmers. The ability to produce seeds made farmers prefer garden eggs, green peppers, eggplants, cowpeas, Amaranthus, African nightshade and Jute mallow, thus saving farmers’ costs of purchasing seeds for the next season. Over 50% of farmers preferred green pepper, spinach, Amaranthus, eggplants and cowpeas due to their tolerance to drought.



3.2.2 Distribution of traits across vegetable types and regions

The distribution of farmers’ preferred traits across vegetable types and regions is illustrated in Figure 3. Kales, slender leaf, Amaranthus, jute mallow, cowpeas, African black nightshade and pumpkin leaves were consumed by over 50% of households in western Kenya. Amaranthus, cowpeas, kales and African black nightshade generated the highest income, with household sales by over 50% of respondents. Amaranthus, pumpkin leaves, slender leaf, vine spinach, African black nightshade, jute mallow, cowpeas and kales were similarly highly rated for their nutritional content and drought tolerance by 50% of respondents.

[image: Circular bar chart depicting various crops and their traits across several locations. Traits include household consumption, income generation, nutritional value, prolonged harvesting, resistance to diseases and pests, seed production, and drought tolerance. Each location is represented by a segment with colored bars indicating trait relevance. A legend on the right correlates colors to specific traits.]

FIGURE 3
 Top preferred traits associated with vegetables grown in western Kenya, central Kenya and the Kamuli district of Uganda.


In central Kenya counties, Amaranthus, cabbage, kales, spinach and African black nightshade vegetables were highly ranked in terms of homestead consumption and income generation, with responses ranging from 50%. Spinach, Amaranthus carrots, and black nightshade were all excellent in nutritional value. Amaranthus, spinach, and kale were suggested as drought-tolerant plants. In the Kamuli area, Uganda, respondents ranked cabbage, eggplants, garden eggs, Amaranthus and kales as highly consumed in households and good income generators. Amaranthus, eggplants and garden eggs were all mentioned as drought-tolerant and rich in nutritional content by over 50% of respondents. Amaranthus and Kale were found to fit all criteria across Kenya and Ugandan sites.




3.3 Constraints faced by farmers during vegetable production

The primary limits to vegetable production in the targeted agroecologies of Kenya and Uganda comprised both biotic and abiotic stressors (Table 2). There was significant variation in vegetable production constraints across countries (χ2 = 530.23; DF = 1; p < 0.0001) and within countries (χ2 = 568.80; DF = 9; p < 0.0001). The high cost of agrochemicals and fertilizers was the biggest constraint to vegetable production in Kenya (45.9–72.0%) and Uganda (87.2–90.2%) for the selected vegetables. Other than the high cost of agrochemicals and fertilizers, poor seed quality was reported as a major constraint by over 50% of respondents in Kenya (Homa Bay, Kiambu, Kisii, Murang’a counties) and Uganda (Bulopa, Namwendwa, Wankole sub-counties). Insect pests were also recorded as a major constraint in Uganda (87.2–94.3%) compared to Kenya (29.7–50.0%). The unavailability of seeds ranked as the least constraint for farmers across the counties in Kenya (3.8–13.6%) while it was ranked as major constraint in sub-counties in Uganda (87.2–94.3%). However, low soil fertility and diseases were some of the challenges reported by a large proportion (over 67.5%) of farmers in three surveyed sub-counties of Uganda. Drought and poor rainfall were common constraints in the Namwendwa sub-county while too much rainfall and frequent flooding were common constraints in Bulopa and Namwendwa sub-counties.



TABLE 2 Proportion and binary logistic model’s estimates for the different vegetable production constraints as mentioned by farmers in Kenya and Uganda.
[image: Table showing vegetable production constraints in percentages for various counties in Kenya and districts in Uganda. Constraints include diseases, drought, cost of agrochemicals, lack of seeds, low soil fertility, pests, poor seed quality, and excessive rainfall. Each factor is quantified alongside Chi-values, indicating significance. Data includes coefficients and standard errors in parentheses. Significant levels are marked by asterisks, with a focus group discussion employed for data collection.]



3.4 Willingness to accept and adopt regenerative agricultural innovations

Households were assessed for their willingness to accept and adopt VIPP alone, BSF frass alone and VIPP+BSF frass. Across the counties, there were significant variations in the willingness of smallholder farmers to accept and adopt VIPP (χ2 = 121.75, DF = 9, p < 0.0001) and BSF (χ2 = 82.45, DF = 9, p < 0.0001). On the contrary, the willingness of farmers to adopt the combination of these regenerative technologies (i.e., VIPP+BSF frass) did not vary across the counties (χ2 = 6.26, DF = 9, p = 0.71). The results of logistic models based on the probability of farmers accepting and adopting either of the three agricultural innovations are summarized in Table 3. The negative coefficients (β) indicate a <50% likelihood of households adopting the technologies while positive coefficients indicate a more than 50% likelihood of the household adopting the technologies. Overall, there was more willingness to adopt the innovations when integrated (VIPP + BSF frass) compared to individual options (VIPP or BSF frass).



TABLE 3 Logit model estimates of willingness to accept and adopt regenerative agricultural innovations by farmers across counties in Kenya and sub-counties in Uganda.
[image: A table showing the results of regenerative agricultural innovations in Kenya and Uganda counties. It includes coefficients (β), standard errors (SE), significance (Siq.), and Chi-values for BSF frass, VIPP, and VIPP + BSF frass interventions. Significant differences are noted, with Chi-values indicating different levels of significance. The focus group discussion results highlight various impacts across counties, with Kenya counties listed as Busia, Embu, Homabay, Kiambu, Kisii, Murang’a, and Vihiga, and Uganda counties as Bulopa, Namwendwa, and Wankole.]

Across Kenyan counties, Kiambu, Embu, Vihiga, and Busia indicated 100% preparedness to embrace VIPP technology, whereas Murang’a and Homa Bay were less prepared with 54 and 57% of farmers expressing willingness. Farmers in Kisii County had comparatively least desire to adopt VIPP (22%). In Uganda, a larger proportion of farmers (94 and 91%) from Bulopa and Namwendwa sub-counties, respectively, expressed willingness to accept and practice the VIPP as compared with Wankole sub-counties where only 62% of farmers showed willingness (Figure 4).

[image: Bar chart showing the proportion of willing respondents in different counties and sub-counties in Kenya and Uganda. Three categories are represented: BSF, VIPP, and VIPP+BSF. Embu, Murang'a, and Wankole show the highest willingness, while Kisii has the lowest across all categories.]

FIGURE 4
 Percentage of farmers willing to accept and adopt agricultural innovations across counties. BSF, black soldier fly; VIPP, vegetable integrated push-pull.


In Kenya, all farmers in Embu County were eager to accept and implement BSF innovation. The growing interest in adopting BSF innovations was expressed by farmers in Busia County (65%), and Murang’a County (65%). Between 24 and 48% of farmers expressed interest in adopting BSF innovations in Homa Bay, Kiambu, Kisii and Vihiga counties.

Integration of VIPP and BSF innovations attracted appreciable interest across all surveyed counties and sub-counties. More than 83% of farmers showed readiness to adopt a combination of regenerative technologies (i.e., VIPP+BSF) across counties in Kenya and Uganda.



3.5 Farmers’ vegetable preferences for integration in VIPP with BSF frass

The top five vegetables preferred by farmers across counties to be incorporated in VIPP and BSF frass are presented in Figure 5. The preferred vegetables in central Kenya include kales, spinach, cabbage, Amaranthus, African nightshade, and tomatoes. In western Kenya, kales, African nightshade, cowpeas, Amaranthus, pumpkin leaves, and spider plants constituted the preferred vegetables. Eggplants, Amaranthus, garden eggs, cabbage, kale, and tomatoes are the most popular vegetables in the Kamuli area (Bulopa, Wankole and Namwendwa sub-counties) in Uganda. Ranking across counties and sub-counties, the most preferred vegetables were cowpeas (Busia and Vihiga Counties), kales (Homa Bay, Kisii, Embu, Murang’a Counties), spinach (Kiambu County), Amaranthus (Namwenda and Wankole sub-counties) and tomatoes (Bulopa sub-county).

[image: Circular bar chart displaying the top vegetables grown by counties in Kenya. The chart is color-coded by county, including Bulopa, Busia, Embu, Homa Bay, Kiambu, Kisii, Murang’a, Namwendwa, Vihiga, and Wankole. Vegetables featured are amaranthus, kales, eggplants, cowpeas, and others.]

FIGURE 5
 Preferred vegetables for incorporation in the vegetable-integrated push-pull with black soldier fly frass soil organic amendments in selected agro-ecologies of Kenya and Uganda.





4 Discussion

The study conducted a participatory selection of farmers’ preferred vegetables to be incorporated in a VIPP with BSF frass in Kenya and Uganda. Female respondents were more likely than male respondents to produce vegetables, an indication that gender is a determinant in food production systems in smallholder farming in sub-Saharan Africa. This corroborates previous studies which attribute most food production in the region to women (Loizou et al., 2019; Doss et al., 2018; Kadzamira et al., 2024).

Most respondents were aged 36 years and above, indicating an active group participating in rural agricultural production, as opposed to youth under the age of 36 years. However, less involvement of youth in building future food systems may be attributed to their socioeconomic status including finance, membership association, land ownership and education. Other studies have attributed improved access to credit through relevant agencies with low interest rates and flexible payment options, as well as policies for sustainable implementation programs, as potential solutions to improve youth participation in African rural agriculture (Daudu et al., 2023; Kadzamira et al., 2024). In sub-Saharan Africa (SSA), more than 130 million young people have delved into rural agricultural enterprise (Yami et al., 2019; Ouko et al., 2022). This suggests that there is existing potential, but more facilitation may be required to improve profitability that guarantees enterprises as mainstays of income and livelihoods.

Previous studies have stated that land ownership among most smallholder farms in SSA is below a hectare. This impacted negatively on household food self-sufficiency, incomes, and diversification of diets (Giller et al., 2021). In our study, the average land ownership for agriculture production varied across Kenya (3.19 acres) and Uganda (2.11 acres). These small sizes of land coupled with abiotic and biotic stressors limit the production of sufficient food. In a continent with an ever-growing population, there is a need for sustainably intensified regenerative agricultural production systems to improve yields, income and nutritional diversity.

Vegetable production and consumption are carried out globally, serving as a crucial element of food systems (Aworh, 2018). Across Kenyan counties and Ugandan sub-counties, farmers’ most preferred vegetables included spinach, cabbage, African nightshade, tomatoes, kales, African nightshade, cowpeas, Amaranthus, pumpkin leaves, spider plants, eggplants and garden eggs. An ethnobotanical investigation was conducted in the Eastern Cape Province of South Africa to explore the wild and cultivated vegetables where cabbage, pumpkin, spinach and squash were recorded as very important (Maroyi, 2020). These vegetables were all recorded in our study in both Kenya and Uganda underlying their importance across extended geographic ranges.

Farmers consider a variety of qualities including seed and leaf yield, pest and disease resistance, household consumption and seed production of the vegetables they cultivate (Nakyewa et al., 2021). In our study, 50% of respondents ranked Amaranthus, pumpkin leaves, slender leaf, vine spinach, African black nightshade, jute mallow, eggplant, cowpeas and kales as having high nutritional value, which improves health and combat malnutrition. These vegetables are rich in nutrients, vitamins, minerals, and dietary fiber and are widely acknowledged as being essential for food and nutritional security throughout Africa (Bua and Onang, 2017; Traoré et al., 2017; Dinssa et al., 2020; Han et al., 2021; Sangija et al., 2021; Horn et al., 2022; Wild, 2022). However, it is interesting that farmers consider dietary and nutritional outcomes beyond mere sustenance in the choices of vegetables that they cultivate. Perhaps to their known affordability as nutritious diets for smallholder farmers (Ochieng et al., 2019), which in turn can help to curb various non-communicable diseases (Han et al., 2021; Mwadzingeni et al., 2021).

While leafy vegetables may promote dietary diversification and enhance household livelihood, they remain underutilized in some parts of Africa because of lack of research, input requirements, lack of understanding of their benefits, and unorganized markets (Emmanuel and Babalola, 2022). Considering climate change, some vegetables such as Amaranthus, cowpeas, and jute mallow can thrive in water-stressed conditions in Africa (Maseko et al., 2020). In our studies, some of the vegetables that could be considered drought-tolerant according to farmers included Amaranthus, pumpkin, slender leaf, vine spinach, African black nightshade, jute mallow, cowpeas and kales. While some leafy vegetables may be considered tolerant to drought conditions, their growth, physiology and yield responses vary as a function of water stress regimes (Maseko et al., 2020). Therefore, there is a need for research to provide empirical evidence on the growth, productivity, physiology and nutritional profiles of farmers’ selected vegetables under limited water availability or flooded conditions as climatic changes have resulted in sporadic heavy downpours causing unprecedented flooding in some areas.

Dube et al. (2019) demonstrated a high incidence of fungal diseases and pests, low soil fertility, restricted breeding, pressures caused by climate change, and scarcity of appropriate inputs due to prohibitively high prices as peculiar tomato production constraints in Africa. We found biotic stressors such as diseases and pests, environmental stressors such as drought and poor rainfall, too much rainfall and floods and low soil fertility and socio-economic factors such as high cost of agrochemicals and fertilizers, lack of seeds and poor seed quality as main vegetable production constraints in Kenya and Uganda. However, these challenges were more rampant in Ugandan compared to Kenyan farmers, implying limited adaptive, coping and mitigation strategies among Ugandan smallholder farmers. Further, the intensity of the constraints varied across the locations. Liliane and Charles (2020) showed biological stressors (diseases, pests, weeds), environmental stressors (soil fertility, climatic condition, topography, water quality) and limited technological approaches (agricultural practices) as factors affecting crop yield. Further, the author showed these factors accounted for yield differences across regions, globally.

In our study, the target regions differed in their willingness to accept BSF frass and VIPP as individual innovations. Interestingly, the propensity to adopt VIPP and BSF frass when integrated was equally high across Kenya and Uganda. The production constraints such as pest incidences, low soil fertility and high input costs influenced willingness to adopt, perhaps upon farmer realization of the promised benefits of an integrated VIPP with frass. Since some of the participants had prior exposure to push-pull farming, this may have played a role in the willingness to adopt due to known benefits. Although insect farming for the circular bioeconomy is a relatively new concept (Tanga et al., 2021), the expressed interest by farmers may largely be associated with its potential benefits. Other factors such as high level of education, agricultural information and agricultural extension services may influence the adoption of innovations as previously reported (Niassy et al., 2020).

Intercropping vegetables and edible legumes with cereals is a key part of farm diversification that not only helps in improving environmental outcomes but also boosts economic prospects by lowering rural poverty and unemployment in developing countries. We found Kenyan farmers in central regions preferred kales, spinach, cabbage, Amaranthus, African nightshade and tomatoes, while farmers in western regions preferred kales, African nightshade, cowpeas, Amaranthus, pumpkin leaves and spider plants as vegetables to be included in VIPP and BSF frass innovations. Ugandan farmers from Bulopa, Wankole and Namwendwa sub-counties considered eggplants, Amaranthus, garden eggs, cabbage, kales and tomatoes as the most popular vegetables that can be incorporated in VIPP and BSF frass innovations.



5 Limitations of the study

Despite this study providing a useful analysis of vegetable types, preferred vegetable traits, production constraints, willingness to adopt VIPP and BSF farming innovations and vegetables that can be included in these rural areas to guide further policy considerations, we are cognizant of its limitations. First, our assessment was based on two survey approaches through FGD and in-person interviews, possibly limiting the accuracy of descriptions that would otherwise be captured using resource-intensive approaches such as direct observations. Second, datasets on vegetable production constraints and willingness to adopt innovations were based on individual opinions which may at a times be biased. Last, our study focused on focal groups of farmers in purposively selected villages and varying sample sizes in study sites, which may impact the completeness of our results on vegetable production constraints, trait preferences and willingness to adopt sustainable intensification. Thus, we recommend that further studies may limit these potentially confounding factors.



6 Conclusions and recommendations for future research

In conclusion, the current study provides a platform for integrating VIPP and BSF farming to advance a rural circular bioeconomy. The higher involvement of women in farming noted in our study needs to also be harnessed as a pathway for increased gender equity. Given the envisaged enhanced environment and yield of VIPP and BSF frass organic fertilizer, there is a need to stimulate the adoption of these innovations following a robust participatory approach that also accounts for the farmers’ top preferred vegetables and farmer feedback in the design and validation of these innovations. This will ensure broader diffusion and scaling and ultimately boost the environmental, yield and nutritional outcomes of this diversified food production system. The involvement of policymakers especially in increasing seed availability of vegetables will be crucial to increasing the adoption of VIPP and utilization of BSF frass as soil amendments in diversifying rural food and nutritional security and enhancing rural farmers’ livelihood.
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Rice (2021-22) Rice (2022-23) Wheat (2021-22) Wheat (2022-23)

Treatment MBC (mg/ MBN (mg/ MBC (mg/ MBN(mg/ MBC(mg/ MBN (mg/ MBC(mg/ MBN (mg/
kg) kg) kg) kg) kg) kg) kg) kg)
. 75 182¢ 7940 204 783" 194 815 28
T 12541 305 1313 53 127.5¢ 15 1338° 7.2
Tow 1369° 458 1452° 57.9° 1397 5260 1523¢ 625
T 1314 514 1924 603 135.3° 550 162.4° 65.4°
Tan 147.7° 6.1 165.3¢ 795¢ 1545 6830 179.8° 8530
T 1492 689" 1795 815 158.7° 72 1836° 864°
Tan 1584 664 1882 804 1666 707 013 8920
T 158" 66 1903 889 1627 7.2 2045 95
Sem 125 043 135 061 125 052 145 066
18D (p=0.05) 379 131 410 184 379 158 439 199

T, Controls Tao, Recommended dosage of fertlizers Ty, Integrated nutrient management; Tryy, Farm yard manure; Ty ., Natural Farming-1; Ty, Natural Farming-2; Ty ., Natural
Farming-3, Tug: Modified Natural Farming, Brief detais of the treatment s given in T:b1 1. Means followed by the same letter(s) with in column do not diffe significantly at 5% level
probability level by DMRT.
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Sand %
Silt %
Clay%

Soil textural

Bulk density (gem™)

Soil aggregate analysis [Macro-aggregate (0.25-2mm)
and Micro-aggregate (0.053-0.25mm)] (g 100g™")

Soil temperature

Soil moisture % (field capacity)
Soil pH (1:2: soil: water)
Electrical conductivity (dSm"
Organic carbon (%)

Soil available N (kgha™)

Soil available P (kgha™)

Soil available K (kgha™)

Soil Sulfur (mgkg-

46
30
2
Sandy loam
140

3755 &334

32°C+5
3373
815
023
043

210

132
48
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pH EC (dSm™) OC (%)

Treatments
2022-23 2021-22 2022-23 2021-22 2022-23

T 818 8.20 0.23 023 040 042
Tror 8.12 8.03 025 0.25 0.43 0.46
™ 820 8.24 024 024 045 049
Trew 822 825 024 023 0.46 051
Ty 825 830 024 025 0.48 055
Tar: 832 835 023 024 049 056
Ty 835 8.37 0.23 023 051 058
T 832 836 024 024 050 057
Initial 815 023 043

SEm 008 007 001 001 0.004 0,005
LD (0.05) NS NS NS NS 0012 0014

T, Controls Tap, Recommended dosage of fertilizer, Ty, Integrated nutrient management; Ty, Farm yard manure; Ty, Natural Farming:1; Ty ., Natural Farming-2; T, Natural
Farming-3; T, Modified Natural Farming, Brief details of the treatment is given in Txble 1|
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Variable Adivasi Assamese Bodo Bengali Hindi Mishing Gorkhali  Tea estate

speaking workers
Area () 1679 91l 2,809 636 1284 6,689 2003 360
HG income (2) 29,078 41470 88,000 5,000 20,000 111,765 68,567 10,358
Livestock 3 2 2 1 1 4 2 1
variety
Shannon 153 148 126 124 120 149 126 156
Simpson 057 057 0.60 048 058 051 051 0.66
Livestock 7 10 10 5 3 18 1 7
number
LD 069 062 077 058 061 101 o7 051
Mean number B 4 2 35 35 51 40 2
of plant Species
per garden
No. of stems per 67 77 14 59 6 137 %0 2
garden
(>=10cm
DBH)

Trees/ha 449 845 928 426 25 745 695 423
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Socio-
ecological

zones

Protected area (PA)

Riverine (RI)

Rural market (RM)

Tea estate (TE)

F-value (among
socio-ecological

zones)

ANOVA with post-hoc Tukey test. Values with the same alphabet are not significantly different at the level of p-value:> 0.05. *Difference is not significant. ** Difference is significant at the 0.01

Villages No. of stems Mean Trees/|
pergarden  number of
(>=10cm plant
DBH) species per
garden

Bhalukmari Pathar 71434 3045 a2
Naharani Basti 27148 316 1,008
Gaon
Sonai Miri 14694 585
Urohiloga 13398" 37
F-value (PA) 35387 5078
Bhomoraguri 2918 1925 578
Siddeswari 30£90° 1624 98
Sithalmari 92:46° 3ae8 681
Towbhanga 27513 2947 101
F-value (RI) 10.045%% 21094
Goraimari 62519 3948° 475
Jamugurihat 61434 3845 740
Pitha Khowa 90455 4547 500
Thelamara Ghat 78435 4 431
F-value (RM) 0.989% 1533
Addabarie TE 1628 245 293
Dhekiajuli TE 103" 2044 408
Phulbarie TE IFSS 2843 412
Singri TE, 21230 254 545
F-value (TE) 14.22%% 37830

8793%4% 21916+

level. ***Difference is significant at the 0.001 level,

Average size Average age
of HG (m?/ of HG
ha) (years)

1,672725° 50+20°
22525 174 76512
7,581£3902¢ w0517
394721851 71437
9158+ 5079%
5024257 45524
1,628+ 1145 252100
14822551 67+30°
2670£1788" 40518
4445 21.09%
1307£945" 44226
8252565 41220
1800+ 176" 62£16°
181141043 44223
1905 1800
5462260" 38217
245456 31
26767 32100
37942110 36213
4nze 37830
12514%4% 2359475

Average
number of
livestock

211

86

431

1£1

241

3x1
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Socio- Villages Shannon Evenness Simpson Margalef Livestock

ecological index diversity index
Zone (Margalef)

Protected area (PA) Bhalukmari Pathar 1.01+0.43" 0.33£0.11" 0.41£0.81* 2.11£0.53" 0.77+0.24
Naharani Basti Gaon 1.07£0.36" 0.3210.17* 0.4610.18" 237+0.74° 1.18£0.23
Sonai Miri 1.03£0.39" 0.2540.10" 0.40£0.16" 2.54£0.63" 1114026
Urohiloga 1232033 035017 0512016 25540.86" 109£0.42
F-value (PA) 0.675* 1.65* 2.816* 0.467*

Riverine (RI) Bhomoraguri 1.40£0.37° 0.59£0.17* 0.60£0.15" 2290.61" 0.6610.39
Siddeswari 1.58£0.17° 0.62£0.12" 0.69+0.09" 2231043 0621032
Sithalmari 1282043 030009 0495018 2794055 0674037
‘Towbhanga 1.4840.28" 0.68+0.14" 0.69+0.19" 298+1.03 0.7240.28
F-value (RI) 1.792% 10.968** 261%* 1993

Rural market (RM) Goraimari 1.2640.47° 0.3310.11" 0.45£0.17" 2.77+0.78 0.7840.58
Jamugurihat 1.29:40.48° 0464028 0494021 2412050° 0614033
Pitha Khowa 1.30£047 0.35£0.17" 0.47£0.18" 2.77+0.63" 0.37+0.44
‘Thelamara Ghat 1.72£0.51¢ 0.4840.18" 0.64+0.17" 3.09+0.92 0.58+0.26
F-value (RM) 2.064% 1.028* 1.240% 1.734%

Tea estate (TE) Addabarie TE 1494034 0715061 066£0.15" 2352055 0594045
Dhekiajuli TE 1.98+0.46" 0.81£0.13° 0.70+0.11¢ 236+0.72 0.36+0.36
Phulbarie TE 1284056 0.91+0.10 0.82+0.10 3.3240.85" 0511042
Singri TE 1.1540.28° 0.39+0.18" 0.47+0.18" 2.30£0.64° 0511051
F-value (for TE) 5.659%% 5.119%* 7.378%* 3.474%%
F-value (among 3.434%%% e 4.577%%% 1.796%%*

socio-ecological

zone)

ANOVA with post-hoc Tukey est. Values with the same alphabet are not sgnificantly differentat the level of p-value:> .05, *Difference is not significant. **Differenceis significant at the 0.01
level. ***Difference is significant at the 0.001 level,
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Socio- Village Dominant Average  Domin: Average HG  Major

ecological community agricultural  feature annual annual income
zone EICE] income })  income  source
®)
Protected area Bhalukmari Assamese 171ha Nameri National 255,333 65,583 Farming
®A) Pathar Park
Naharani Basti | Gorkhali 1.77ha ‘Sonai Rupai 315416 69,725 Farming/
Gaon ‘Wildlife Sanctuary homegardening
Sonai Miri Mishing 238ha Nameri National 442,083 125,833 Homegardening
Park
Urohiloga Bodo 231ha Chariduar reserve 478333 159,583 Farming
forest and Nameri
National Park
Riverine (RT) Bhomoraguri Bengali 0.4ha Brahmaputra river 165,363 5272 Fishing
Bank
Siddeswari Bodo 1.26ha Brahmaputra river 280,000 22333 Farming
Bank
Sithalmari Gorkhali 0.7ha Brahmaputra river 230,000 37,166 Farming
Bank
Towbhanga Mishing 171ha Kameng river 400416 218 Service/farming
Bank
Rural market (RM) | Goraimari Assamese 152ha Daily market and 287818 27,909 Service
Bank
Jamugurihat Assamese 0.8ha Daily market and 260416 20,166 Service/agriculture
Bank
Pitha Khowa Assamese 202ha Daily market and 353,750 60,875 Service/agriculture
Bank
‘Thelamara Ghat ~ Adivasi 0.5ha Daily market and 125500 10770 | Agriculture
Bank
Tea estate (TE) Addabarie T Tea Tribe 0.6ha Large company 196,880 3681 Tea estate worker
owned TE,
Dhekiajuli TE | Tea Tribe Lisha Large company- 101,003 2083 Tea estate worker
owned TE
Phulbarie TE Tea Tribe 0.4ha Large company- 69511 1933 “Tea estate worker
owned TE
Singri TE, Tea Tribe 0.9ha Large company- 56,700 20,500 Tea estate worker

owned TE
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Biological yield Seed yield

(kg ha™) (kgha™)
¥ 1 306.99" 14451.12%
R(Y) 4 467585.91 21257.95
1 3 28438909.70%* 6529869.25%
YxI 3 235387.99" 21653.68™
R(Y*xI) 12 541702.43 26582.60
v 3 2203707.45%* 575397.13%*
IxV 9 273337.00" 29270.80™
YxV 3 25732.32" 27321.40™
YxIxV 9 125847.53™ 21874.44™
Error 48 258044.40 3222259
CV (%) = 12.99 11.09

ns, non-significant, *P£0.05, **P<0.01.
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Vermicompost

Texture
Sand

Clay

Sand

Field capacity
Permanent wilting point
Electrical conductivity
pH

Nitrogen

Available potassium
Available iron

Available phosphorus
Organic carbon

Lime

mgkg™!
mgkg™!

mgkg™!

Clayloam
4284
41.28
15.88

35
23
049
7.62
0.08
320
22
135
076

089

052

7.83

005

309

24

155
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116

112
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09
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Properties Unit Value
Electrical conductivity dsm 035
Acidity - 750
Total soluble salts meg/lit 29875
Sodium absorption ratio meg/lit 0756
Sodium meq/lit 052
Calcium meg/lit 280
Magnesium meg/lt 120
Sulphate meg/lit 0.09
Chlorine meq/lit 0.50
Carbonate meg/lit 0.00

Bicarbonate meg/lit 523
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Ms.t

NO*N®  NH*N* K Alkaline Acidic s BR?
phosphatase  phosphatase
(mgkg™) gPNPg h) mg CO,
(kg soil day)*

Y 1 249" 0.31™ 102™ 0.27™ 0.51™ 6.08™ 0.23" 166.55%*
R(Y) & 5.18 123 476 333 66.43 14.13 0.07 4.41
1 3 44.35%% sas 114.62%* 758.65"* 58895.41%% 3785.84%% 0.04™ 2493.35%*
YxI 3 0.18™ nss= 0.15™ 4.39™ 44.51™ 15.30™ 0.03" 2.60™
R(Y*xI) 12 1.06 3.05 109 252 449 5.55 0.05 279
v 3 2591% 70.0%* 383.22%% 2845.20%% 20458.99%* 332091%% 0.03" 2958.86%*
IxV 9 245% 0.62™ 3.24%% ST= 2807.98%* 531.03%* 0.02 217.13%*
YxV 3 0.10™ 1.06™ 151" 1.76™ 53.62™ 3.76™ 0.01™ 14.58%%
YxIxV 9 0.15™ 0.79™ 0.57™ s 97.97% 2.16™ 0.04™ 155~
Ervor s 120 199 L7 124 274 518 004 L6t
CV (%) - 5.96 10.03 385 255 285 3.01 25 4

‘Mean square, *Basal respiration, *Power hydrogen, ‘Available potassium, *Ammonium, ‘Nitrate, "Available phosphorus. ns, non-significant, *P <0.05, *#p <0.01.
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Available Seedyield  Biological

potassium  (kgha) yield
(mgkg™) (kgha™)
Treatment Irrigation level
50% 137.54* 1065.91* 2678
75% 129.84° 1284.15° 3360.1°
100% 134.57" 1987.17° 4525.2"
125% 124.48° 2131.51* 5075.1*

Vermicompost level

Oton 11897 1441.53" 3457.21°
5ton 127,33 154037" 403481
10ton 13452 170283 4100.25°

I5ton 144.62° 178401° 4016.64°
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MBC (mg / kg of soil) =
ODof fumigated soil - OD of nonfumigated soil x 15487

Amount of soil used
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Urease activity = (B-A). x.t (4)
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S.No. Inputs N (%) P (%) K (%)

1 Ghanjeevamrit 125 098 082
2 Jeevamrit 085 021 023
3 Beejamrit 046 019 027
4 Farm yard manure 12 04 1
5 Urea 46 0 0
6 Diammonium phosphate 18 20.08 0

7 Muriate of potash 0 0 495
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8 " mec MeN OHA uA BGA PN

006+ Com:0916**  Com:0911"*  Com:0.935* Com:0967*"  Com:0470.  Com: 0743 Com:0818™"
004~ Year-1:0.995"* Year-1:0910 Year-1: 0.975"" Yoar-1:0559  Year-1:0.791"  Year-1: 0.927"" @
&::: Year-2:0.931" Year-2:0.936"" Year-2: 0.936" Year-2:0514  Year-2:0.847* Year-2: 0.885"

Corr:0.946"*  Corr: 0,950 Corr: 0,960
Year-1: 0.957"** Year-1:0.933'** Year-1: 0.951"*"
Year-2: 0.933"** Year-2: 0.970"** Year-2: 0,974

Com: 0641 Cor: 0.857"*"  Corr: 0.920""
Year-1:0605  Year-1:0.814° Year-1: 0.928" |3
Year-2:0.707"  Year2:0.921** Year-2: 0.954***

Corr:0.934***  Corr: 0.965""
Year-1:0.879"  Year-1: 0.956"
Year2: 0,972 Year-2: 0.977"

Cor:0.529"  Cor:0.804"*  Corr: 0.890"*"
Year-1:0487  Year-1:0.734  Year-1:0.803" |3
Year2:0581  Year2:0.874™ Year-2:0.899"

Corr: 0,973
Year-1: 0.950"
Year-2: 0.982"

Com:0.738"  Com: 0.872™"
Yeor-1:0.830"  Year-1: 0.874
Year2:0.727"  Year-2: 0.909"

Com: 0643 Corr: 0.862"*
Year-1:0663.  Year-1:0.831°
Year-2:0678. Year-2:0.925"" Year-2: 0.946™"

Com:0.425  Com:0.766™"  Corr: 0.834""
Year-1:0409  Year-1:0.730'  Year-1:0.882""
Year2:0487  Year2: 0.857" Year-2: 0883

wHa

Cor:0.772**  Comr: 0.748"**
Year-1:0.787"  Year-1: 0.716" |§;
Year-2:0.762"  Year-2: 0.778"

Comr: 0,972
Yoar-1: 0,946
Year-2: 0,994
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3 e

-~ Corr: 0.964"
Year-1: 0.978"*

bl Year-2: 0.964

"
Corr: 0,933
Year-1: 0,932
Year-2: 0,937

Corr: 0,944
Year-1: 0,942
Year-2: 0,940

wec
Corr: 0.910"

Year-1:0.890"
Year-2: 0.958""

Corr: 0,96
Year-1: 0.
2:0984"

Corr: 0,938

Corr:0.910°
Year-1: 0.885"
Year-2: 0.955"

Corr: 0.965°

Corr: 0.985°
Year-1: 0.97¢
Year-2: 0.989""

oHA
Corr: 0.850***

Year-2: 0,941+

Corr: 0,893
Year-1:0.978°
Year-2; 0.978

Corr: 0,899
Year-1: 0.879"
Year-2: 0,940

Corr: 0,913
Year-1: 0.907
Year-2: 0.962"

uA BGA
Cor:0.539"  Corr: 0.844™"
Year-1:0516  Year-1:0.824"
Yoar2:0.557  Year-2: 0.860"
Com: 0673 Corr: 0.889""
Year-1:0.658.  Year-1: 0.864**
Year-2: 0.706. r-2: 0933
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Variables Category of farm households

Medium Large

Average family size (nos.) 437 597 6.46 493
Education level (%)

Tliterate 17.33 15.56 10.00 15.71
Primary 48.00 222 2000 42.14
Secondary 2533 17.78 30.00 23.58
Higher secondary 533 17.78 20.00 1143
Graduate and above 400 667 2000 7.14
Land owned (Hectare) 224 7.23 11.09 685

Source: Estimation based on data from primary sources.
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Variable Parameters Coefficients

Medium Large Overall

Agricultural commodities group c 02505 (0.0214) 0.6005"* (0.0813) 0.5033* (0.2381) 0.2968™* (0.0374)

Pa —0.0333* (0.0142) 0.0570** (0.0178) 0.0297 (0.0278) 0.0098 (0.0073)

Pra —0.0110 (0.0066) —0.0749™ (0.0100) —0.0452 (0.0525) 0.0006 (0.0049)

Wa —0.0529 —0.0180 —0.0123 —0.0104

Ag —0.0333"* (0.0045) 0.0031 (0.0041) 0.0020 (0.0025) 0.0353"* (0.0040)
Non-agricultural commodities [ 0.1532** (0.0266) —0.1258 (0.1299) —0.1242 (0.4761) 0.4590"* (0.0252)
group

Py —0.0110 (0.0066) —0.0749** (0.0200) —0.0452 (0.0525) —0.0006 (0.0049)

Poa 0.0445%* (0.0079) 0.1258"* (0.1299) 0.1134 (0.1048) 0.0400°* (0.0039)

Wa —0.0250 —0.0509 —0.0682 —0.0406

Ag
Home time (o 05963 05253 0.6209 02445

P, 00529 —0.0180 0.0155 —0.0104

Pha —0.0250 —0.0509 —0.0714 —0.0406

W, —0.0278 0.0329 0.0559 00510

Aq 0.0333** (0.0045) —0.0031 (0.0041) —0.0020 (0.0025) —0.0353** (0.0040)
Number of 205 60 35 300
observations

Source: Estimation based on data from primary sources. C, Constant; Pa, Agriculture Price coefficient; Pna, Non-Agricultural Price Coefficient; Wa, wage price coefficient; Ad, Number of
dependents. **significant at 1 per cent level of significance, *significant at 5 per cent level of significance.
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Coefficients of normalized profit

function

Intercept 0.010** (0.0008) 6.020%* (0.5056) 8.100 (1.2457) 4.499** (0.3778)
Seeds —0.133* (0.0579) —0.127 (0.7880) —0.139 (0.0605) —0.250 (1.0907)
Fertilizer —0.066 (0.6758) —0.668* (0.2906) —0.119 (0.5192) —0.031(0.1353)
Irrigation —0.298** (0.0689) —0.048 (0.2094) —0.011 (0.0480) —0.358* (0.0301)

Machine labor

—0.045** (0.0104)

—0.001 (0.0044)

—0.044 (0.1920)

—0.062 (0.2705)

Animal labor

—0.043 (0.1876)

—0.033 (0.1440)

—0.049 (0.2138)

—0.176 (0.7679)

Electricity —0.005 (0.0022) —0.065 (0.2836) —0.025 (0.1091) —0.150 (0.6544)
Green fodder —0.021 (0.0116) —0.028 (0.1222) —0.015 (0.0931) —0.013 (0.0567)
Dry fodder —0.277** (0.0232) —0.036 (0.1571) —0.031 (0.1353) —0.257 (1.1213)
Concentrate —0.330% (0.1436) —0.044 (0.2730) —0.166 (0.7242) —0.078* (0.3403)
Land 0.611** (0.1412) 0.454* (0.1050) 0.088 (0.3839) 0.231** (0.0194)
Capital —0.025 (0.1551) 0.001 (0.0062) 0.001** (0.0002) 0.001 (0.0044)
R2 0.84 048 0.81 085

n 205 60 35 300

Source: Estimation based on data from primary sources. **significant at 1 per cent level of significance, *significant at 5 per cent level of significance.
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Categories Subsidy received (Rs.)

Crop sector Livestock sector Total
Small 12898 (94.41) 764 (5.59) 13662 (100.00) 6099
Medium 26048 (92.97) 1969 (7.03) 28017 (100.00) 3875
Large 77351 (91.63) 7066 (8.37) 84417 (100.00) 7612
Overall 23732 (93.17) 1740 (6.83) 25472 (100.00) 5965

Source: Estimation based on data from primary sources. Figures in parenthesis are percentages of row total.
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Inputs Small Medium Overall
Seeds (Rs./kg) 34.09 10.00 05.00 21.90
Fertilizer 15.78 15.87 15.41 1572
Irrigation 50 50 50 50
(Rs./day)

Machine Labor 14.26 14.80 13.87 13.22
(Rs./day)

Electricity 5.99 599 5.99 5.99
(Rs./kwh)

Concentrate 5.00 5.00 5.00 5.00
(Rs./kg)

Source: Estimation based on data from primary sources. Irrigation per day pertains to time per
day electricity is supplied in agricultural fields for irrigation purposes which is on an average
8h per day.
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01%g O 0Yg o) 0*g o)
Residue (R)
RB 8.59 6.05° 626
RR 11.19° 7.90° 7.61°
LSD (p = 0.05) 0.19% 0.16* 0.17*
Nutrient management (N)
N1 9.39 6.09° 6.69
N2 1017 7.52 7.09
N3 10.11° 733 702
LSD (p = 0.05) 0.17* 0.20% 0.19*
Rx N NS NS NS
LSD (p = 0.05)

RB, residue burning; RR, residue retention; N1: 25% recommended dose of fertilizer (RDF) as basal + 75% by fertigation; N2: 50% RDF as basal + 50% by fertigation; and N3: 75% RDF as basal
-+ 25% by fertigation. At the p = 0.05 level, *indicates the significant and NS the non-significant differences in the mean values of residue, nutrient, and their interactions. Tukey’s HSD test (p
05) shows that mean values in rows and columns followed by similar letters are not significantly different.
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Treatments Initial SOC Final SOC C-sequestration C loss/gain rate

(Mg C ha—!) (Mg C ha~1) (Mg C ha™!) (Mg C ha=!yr=1)
Residue (R)
RB 225 21.97° —~1.06 —0.18°
RR 2.5 26.55° 405 0.68"
LSD (p = 0.05) 1.35% 0.43* 0.07*

Nutrient management (N)

N1 225 24,03 121° 0.21°
N2 225 24.50° 179 030°
N3 225 2426 149 0.25°
LSD (p = 0.05) NS 0.29* 0.04*
Rx N NS NS NS
LSD (p = 0.05)

RB, residue burning; RR, residue retention; N1: 25% recommended dose of fertilizer (RDF) as basal + 75% by fertigation; N2: 50% RDF as basal + 50% by fertigation; and N3: 75% RDF as basal
-+ 25% by fertigation. At the level of p-value of 0.05, *indicates the significant and NS the non-significant differences in mean values of residue, nutrient, and their interactions. Tukey’s HSD test
(p = 0.05) shows that mean values in columns followed by similar letters are not significantly different.
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LL 0.09 0.30 1

NL 0.85% 0.32 0.08 1

AP 0.99** 0.94** —0.42 0.54 1

PP 0.65 0.44 0.65%* 0.81%* 0.16 1

SOoC 0.70%* 0.92 0.32 0.91%* 0.61* 0.88** 1

LI 0.76 093 —0.66** —0.07 0.72** —0.44 0.52 1

RI1 0.62 —0.15 0.78** —0.15 —0.83** 0.35 0.12 —0.86** 1

RI2 —025 —0.54 —0.59 0.14 —0.19 —0.24 0.28 —0.13 —0.08 1

MinC 0.94%* 0.92%* 0.36 0.14 0.89** 0.14 0.64* 0.72% 0.23 0.11 1

DHA 0.35 0.20 —0.53 —0.06 0.18 —0.36 0.20 0.30 —0.30 0.32 0.83** 1

APA 0.39 025 —0.55 —0.09 0.17 —0.39 023 034 —0.30 0.33 0.74* 0.93** 1

BGL 0.33 0.18 —0.56 —0.17 0.17 —0.45 0.28 034 —0.32 0.29 0.70** 0.87** 0.74* 1

Bac 0.56 0.03 —0.24 0.19 0.15 0.00 0.07 0.06 —0.09 0.11 0.88* 0.68** 0.70%* 0.66"* 1

Fun 0.60 0.08 —0.08 —0.11 0.09 —0.13 0.14 0.02 0.02 0.10 0.56* 0.26 0.33 0.29 026 1

Acti 0.73 0.03 —0.26 —0.09 0.03 —0.22 0.19 —0.01 —0.09 0.25 0.54 0.58 0.48 0.39 0.14 0.14 1
Yield 0.46 0.68* 0.45 0.58 0.70% —0.40 0.63 0.39 0.28 0.11 0.78** 0.88* 0.93* 0.93** 0.96* 0.69* 0.87% 1

VL, very labile C pool; L, labile C pool; LL, less labile C pool; NL, non-labile C pool; AP, active C pool; PP, passive C pool; SOC, soil organic carbon; LI, lability index; R, recalcitrant index; MinC, Mineralizable C; DHA, dehydrogenase activity; APA, alkaline phosphatase
activity; BGL, glucosidase activity; Bact, total bacterial population; Fun, total fungal population; Acti, total actinomycetes population. *Correlation is significant at the 0.05 level (two-tailed); **Correlation is significant at the 0.01 level (two-tailed).
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Treatments Shoot biomass (Mg ha—!) Average annual biomass Annual C input (Mg ha=! yr=1) Gross input of C

(Mg ha=!yr=1) (Mg ha=1 yr=1)
Plant crop R-I R-lI R-II Shoot Root Fallen leaves  Shoot Root Fallen leaves Rhizodeposition
RB-N1 16.31 1389 | 1161 10.15 9.07 1221 3.66 045 - 1.46 - 1.86 332
RB-N2 17.15 1533 12.85 1176 955 13.32 3.99 049 - 159 - 1.99 358
RB-N3 17.67 15.09 13.05 119 9.48 13.44 4.03 049 - 1.61 - 201 3.62
RR-N1 16.61 16.48 15.67 14.09 1223 15.01 4.50 055 6.00 1.80 025 225 10.30
RR-N2 17.34 17.15 16.53 14.97 12.99 15.80 4.74 059 632 1.90 024 237 10.83
RR-N3 17.68 1749 | 1639 14.49 12.77 15.78 473 0.58 631 1.89 023 236 10.82

RB, residue burning; RR, residue retention; N1: 25% recommended dose of fertilizer (RDF) as basal + 75% by fertigation; N2: 50% RDF as basal + 50% by fertigation and N3: 75% RDF as basal + 25% by fertigation.
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atments Lability Recalcitran:

index (LI)
Residue (R)
RB 0.80° 2.60° 0.62*
RR 0.86 3.05 0.63*
LSD (p = 0.05) 0.04* 0.27* 0,02

Nutrient management (N)

N1 0.82 272 0.62*
N2 0.84 289 062
N3 0.83 2.87° 0.62°
LSD (p = 0.05) 0.02* 031* 0.01*
Rx N N$ NS NS
LSD (p = 0.05)

RB, residue burning; RR, residue retention; N1: 25% recommended dose of fertilizer (RDF)
as basal + 75% by fertigation; N2: 50% RDF as basal + 50% by fertigation; and N3: 75% RDF
as basal + 25% by fertigation. At the p = 0.05 level, *indicates the significant and NS the
non-significant differences in mean values of residue, nutrient, and their interactions. Tukey’s
HSD test (p = 0.05) shows that mean values in rows and columns followed by similar letters
are not significantly different.
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Residue management C mlnerallzatlon Decomposition kinetics model
(ng of CO,-C g

of soil
) Co (£SE) (ng of k (£SE) (day—!) RMSE
CO,-C g~ of soil)
RB 226.93 % 1047 220.54 % 21.01 0.16 £ 0.045 6.16 0.80 <005
RR 61930 + 13.89 60147 + 48.49 0.18 £ 0.04 14.99 083 <005

Estimated mean values of the model Y = Cq (1- ¢ ™) are presented, where Y = cumulative CO, -C emission (g of CO,-C g™* of soil), Cy = potentially mineralizable C (jug of CO,-C g~! of

soil), k = decomposition rate constant (day~"), and t = time of incubation (days). RB, residue burning; RR, residue retention; Ef, modeling efficiency coefficient; RMSE, root mean square error;
SE, standard error of the mean; SSRT, the sum of square reduction test.
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Treatments Dehydrogenase activity Alkaline phosphatase activity B-glucosidase activity (BGA)

(ng Té’F g~ 'h7]) (1 p—nitrophF:enol g 'h}) Lniophehc o)
Residue (R)
RB 40.87° 22323 2017
RR 76.19 259.52° 24.69°
LSD (p = 0.05) 1245% 6.46* 0.89*

Nutrient management (N)

N1 39.12¢ 222.71¢ 19.58°
N2 7111° 253.54° 24.64°
N3 65.36" 247.88" 23320
LSD (p = 0.05) 5.42¢ 3.49* 119*
RxN NS NS NS
LSD (p = 0.05)

RB, residue burning; RR, residue retention; N1: 25% recommended dose of fertilizer (RDF) as basal 4 75% by fertigation; N2: 50% RDF as basal + 50% by fertigation and N3: 75% RDF as basal
-+ 25% by fertigation. At the p = 0.05 level, *indicates the significant and NS the non-significant differences in mean values of residue, nutrient, and their interactions. Tukey’s HSD test (p =
0.05) shows that mean values in rows and columns followed by similar letters are not significantly different.
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atment description

a) Planting time

Plant crop

July 2016

Rato

ps (I, 11, 11, and IV)

January 2018 (ratoon-I)
January 2019 (ratoon-II)
January 2020 (ratoon-III)
January 2021 (ratoon-IV)

b) Land preparation

One deep plowing followed by two harrowings with
tractor-drawn cultivator. Thereafter, ridgers were used
for making ridges and furrows

Stubble shaving, off barring, and root pruning along with
basal fertilizer application in a single operation using a
machine known as Stubble shaver, Off-bar, Root pruner
cum Fertilizer drill (SORF).

¢) Residue

Residue burning

RB: Burning of leftover trash

Residue retention

RR: Chopping and surface retention of leftover trash

d) Nutrient management

Recommended dose of fertilizer (RDF):
300:150:150 kg

N: P,0s: K,0 ha~! applied in the form of urea,
di-ammonium phosphate, and muriate of potash,
respectively.

10% of RDF as basal and the remaining 90% through
fertigation

N1: 25% RDF as basal and remaining 75% by fertigation

N2: 50% RDF as basal and the remaining 50% by
fertigation

N3: 75% as basal and remaining 25% by fertigation
*Fertigation was done during tillering to grand growth
stage in 13 equal splits at every 15 days interval.

e) Harvesting

January 2018

January 2019 (ratoon-I)
January 2020 (ratoon-II)
January 2021 (ratoon-III)
January 2022 (ratoon-IV)
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Economic

barriers

Administrative

barriers

Legal barriers

Limitations of
digital
technologies in
practiceasa

barrier

Maturity level
in practice asa

barrier

Risks of non-
NCES targets

Risks of further

intensification

Cyber-related
risks

Trade-offs as
risks

High acquisition costs

High costs for maintenance/data and
image processing.

High service costs

Costand NCES efficiency unclear

High digital burcaucracy on farms for
NCES

No adequate public information/ training
options (<»digital divide)

Lack of access to public data

Law restrictions

Data protection

Data sovereignty

Measurement errors through low data
quality

Calibration limited to few crop species/
growth stages

Issues/lack of data sent in real time

Noise pollution/disturbance of animal
species

Analysis of NCES indicators in an initial
phase

Lack of compatibility/standardization
Working speed/ working area/
effectiveness

Weather dependence

Yield enhancement in foreground.

Lack of well-founded rescarch for NCES
Lack of NCES:-related information/
training options

Further loss of biodiversity and

ecosystem services
Increase of large-scale farms

Further support of yield enhancing crop
systems

Data loss/ fraud/ theft

Infrastructure not sufficient/ breakdown
Lack of soft skills toward eyber attacks
High demand of energy and raw.
‘materials

Environmental, political, and social-
related risks

Al technologies

All technologies

All technologies
All technologies

All technologies

All technologies

All technologies
FR, UAV/UAS

All technologies

Al technologies

Sensors

EMIS/DSS, FR,

Sensors

EMIS/DSS, UAV/
UAS, Sensors

UAV/UAS

All technologies

Al technologies
FR, UAV

All technologies
All technologies
All technologies
All technologies

Al technologies

All technologies
All technologies

All technologies
All technologies
All technologies

All technologies

All technologies

Bacco et al. (2019), Dryancour (2017), Gabriel and Gandorfer (2020), Geppert et al
(2024a), and Geppert et al. (2024b)

Geppert et al. (2024b) and Munz et al. (2020)

Geppert et al. (20242)
Geppert etal. (2024b) and Kernecker etal. (2020)

Brown et al. (2021), Heilmann (2018), Lakner (2020), Reissig et al. (2022), and
Joormann and Schmidt (2019)

Ferrari etal. (2022), Geppert etal. (2024a), Kernecker etal. (2020, Ryan (2020),
Zscheischler etal. (2021), and Zscheischler etal. (2022)

Luyckx and Reins (2022)

Reissig et al. (2022), Reger et al. (2018), Schrader (2017), Basu et al. (2020), and
Commission Implementing Regulation EU (2019)

Bacco etal. (2019), Kernecker et al. (2020), Hertzberg et al. (2020), Lutz (2017),
Schleichler and Gandorfer (2018), and Vogel (2020)

Bacco etal. (2019), Clasen (2021), Regulation EU (2016), and Zscheischler et al.
(2021)

‘Tummers et al. (2019), Ali et al. (2017), and Galvin et al. (2022)

Erdle etal. (2011), Fagundes (2017), Furbank et al. (2019), and Gensch etal. (2019)
Goggerle (2020), Henningsen et al. (2022), and Jackenkroll (2020)

Mulero-P:

mény et al. (2017), Schrader (2017), and Wilson etal. (2022)

Delgado et al. (2019)

Aratijo et al. (2021), Geppert et al. (2024b), and Kliem et al. (2023)

Gil etal. (2023)

Weltzien (2016)
Hennes etal. (2022) and Kliem et al. (2023)
Kliem et al. (2023)

Geppertetal. (2024a)

Zscheischler et al. (2022)

Lioutas et al. (2021)

Zscheischler et al. (2022)

Gensch etal. (2019) and WEF (2020)

Bendiek (2018) and Rijswijk et al. (2020), and WEF (2020)

Alahmadi et al. (2022), Rijswijk et al. (2020), Saha et al. (2021), and WEF (2020)
Golde (2016), Kliem et al. (2023), Weller von Ahlefeld (2019), Axenbeck et al. (2022),
Briiggemann (2021), and Madlener and Alcott (2011)

Duporte et al. (2022), Hackfort (2023), Madlener and Alcott (2011), and Rijswijk
etal. (2020)
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Mitigation of GHG.

emissions

Improved nitrogen use
efficiency

Reduction of pesticide

pollution

Diversification of crop

species and crop rotations

Calculating and mapping
for NCES purposes

Improved soil management

Climate change

‘management

Innovative cropping
systems

Communication and
Knowledge-sharing

EMIS/DSS
DTGS
Sensors
FR

UAV
EMIS/DSS
DTGS

Sensors

EMIS/DSS

Sensors

FR
UAV

EMIS/DSS

ER
DTGS
CSAP

Sensors

FR
UAV

EMIS/DSS

DTGS

Sensors

FR

UAV

EMIS/DSS

Sensors, FR
UAV
DIP/CSAP

Sensors

ER
UAV

DSS/DIP/CSAP

Garske et al. 2021), Holloway and Mengersen (2018), and Volpi et al. (2020)

Baillie et al. (2018), Cobb et al. (2019), Finger et al. (2019), and Soto et al. (2019)

Balafoutis et al. (2017), Fellmann et al. (2021), and Soto et al. (2019), and Spiegel et al. (2021)
Bangert et al. (2013), Bawden et al. (2017), Duckett et al. (2018), and Gaus et al. (2018)

Addo etal. (2017), Ahirwar et al. (2019), and Basavegowda et al. (2022)

Lundstrom and Lindblom (2018), and Wolters et al. (2021)

Soderstrom et al. (2016)

Ali etal. (2017), Alshihabi etal. (2020), Balafoutis et al. (2017), Edalat et al. (2019), Fellmann et al. (2021), Horstmann
(2020), Jasim et al. (2020), Jordan et al. (2019), Kendall et al. (2017), Reckleben (2014), and Rogovska et al. (2019)

Carrer (2023) and Poppe et al. (2023)

Brugger etal. (2023), Faigal et al. (2017), Garcia Furuya et al. (2021), Kempenaar et al. (2017), Kliem et al. (2023), and
Zanin etal. (2022)

Arakeri etal. (2017), Bangert et al. (2013), Bawden et al. (2017), and Duckett et al. (2018)
Adao etal. (2017), Ahirwar etal. (2019), Chostner (2017), Chu et al. (2018), and Faical et al. (2017)

Bligaard (2014), Fountas et al. (2015), Haverkort and Kempenaar (2016), Mouratiadou et al. (2023), and Van Evert et al.
(2018)

Steinherr et al. (2023)
Melzer and Bellingrath-Kimura (2021)

Aden and Stephan (2017), Altrudi (2021), Arif et al. (2020), Behr et al. (2015), Boho et al. (2020), Dickinson et al.
(2010), Dransch et al. (2018), Galvin etal. (2022), Kahl et al. (2021), Mider et al. (2021), McKinley etal. (2017), Molls
(2021), Partel et al. (2021), Schiller et al. (2021), and Valerio etal. (2021)

Dammer et al. (2019), Hsieh et al. (2017), Irias and Castro (2019), Karp (2020), Ogawa et a. (2021), Pohle (2021),
Psiroukds et al. (2021), Santangeli et al. (2020), Simon et al. (2015), Ogawa et al. (2021), and Santangel et al. (2020)

Buddha et al. (2019), Duckett et al. (2018), Mathanker et al. (2010), Shah et al. (2021), and Steward et al. (2019)

Artmann (2021), Brugger et al. (2023), De Camargo et al. (2021), Dammer etal. (2019), Gehrke (2021), Librén-Embid
etal. (2020), Ogawa etal. (2021), Psiroukis etal. (2021), Santangeli et al. (2020), Van Bevern (2021), De Kock et al
(2022), Ogawa et al. (2021), Psiroukis et al. (2021), and Santangeli et al. (2020)

Been et al. (2018) and Iversen (2020)
Soto et al. (2019)
Javaid et al. (2023)

Achtziger etal. (2021), Arakeri etal. (2017), Bangert et al. (2013), Bawden et al. (2017), Bruciené et al. (2021), Buddha
etal. (2019), and Reiser et al. (2023)

Ahirwar et al. (2019) and Basavegowda et al. (2022)

Donat et al. (2022), Hernéndez-Ochoa etal. (2022), Lehmann and Dwerlkotte (2023), Mukhamedova et al. (2022), and
Novkovic etal. (2017)

Hamami and Nassereddine (2020) and Osten and Cattel (2011)
Basavegowda et al. (2022)
Fischer et al. (2020) and Jones (2020)

Flynn et al. (2008), Gascuel-Odoux et al. (2022), Hennes et al. (2022), Mokhtari et al. (2021), Tansey et al. (2009), and
Vlaminck etal. (2023)

Bangert et al. (2013), Bawden et al. (2017), Billingsley (2019), Duckett et al. (2018), and Gaus et al. (2018)
Ahirwar etal. (2019), Sarwar et al. (2021), and Tansey et al. (2009)

Fecke etal. (2018), Heimstidt (2023), Ingram and Maye (2020), Krudewig (2016), Schnebelin et al. (2021), Van de
Gevel et al. (2020), and Peter et al. (2021)





OPS/images/fsufs-09-1464020/fsufs-09-1464020-t002.jpg
Sub-category
(mode of operation)

Abbreviation

Components of the technology definition

Sensors

Field robots

UAV/UAS

FR

UAV/UAS

Devices collecting information through observation (S Rubio and Rovira-Mis, 2020)
Stationary mapping and assessment of large agricultural areas (Adio et al, 2017 Li et ol 2017)

“An assembly, fitted

or intended to be fitied with a drive system other than directly applied human or animal
effort, consisting of linked parts or components, at least one of which moves, and which are joined together for a
specific application” - European Machinery Directive (Furopcan Parliament, 2006)

3)

Sense and evaluate their environment by extension, and make decisions (“think”) based on the collected information

Perform certain tasks for farming production (Cheng et 1, 202

(Bekey, 1998; Kliem et al, 2023)

Devices controlled remotely by humans or semi-autonomously by an integrated computer (Clarke, 20114).
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Sub-category Abbreviation Components of the technology definition

(mode of operation)

Farm management EMIS/DSS Internet of Things (IoT)-based (Villa-Henriksen et al, 2020)
information systems/Decision Use plausible relationships between data from all other technologies (such as sensors) to optimize agricultural

Support Systems processes (Fountas ct al., 2020)

Include the integration of spatial and temporal management and distributed systems and web services (Fenningsen

etal, 2022; Streimelweger etal,, 2020)
Analysis of complex systems (Munz et al, 2020)
Facilitation operational planning (Kuhwald etal, 2020)

Digital technologies for DTGS GNSS-based digital technologies for precise steering and driving (Radicioni et al, 2020)

guidance and steering

Enable semi-automatic machine guidance and precision (Radicion et 1. 2020)
Limited to software solutions, available to end users

Digital information platforms | DIP “Technology architecture for digital collaboration, networking, and knowledge-sharing (Sedlera et al, 2016)
Include formal and non-formal education for farmers
Closely connected to building synergies in food systems (BMEL, 2022a; FAO, 2019)

Citizen Science Applications CSAP Active engagement of the public in scientific research tasks (Vohland etal., 2021)

and Platforms Produces long-term societal outcomes in agriculture (Koffler et . 2021)

Data collection in the form of image, sound, short film recordings, geo-tagging possible (Stesward et al.,2019)

Comprises denser and more frequent obscrvations (Fritz ct al., 2019)
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E (MJ ha™) Sev (MJ ha™)  Ng (MJ ha™) Nrer  Se (MIkg™)

(Mg ha™)
Tillage practices
zr noiz3* 13y 286632 176458" 260° 012° 656" 182
PNB 110585 132 285044" 174458" 257 o1 6.46° 1800
cr 53036° n2 245961° 192924° 163 021 5010 9.7

Nutrient management

RDE 90825" 109° 234742 143916° 285 013 523 178
RDF, 90825" 128" 280825" 189999" 337 [RES 6.26" 142"
NE, 92144° 14.0° 302070" 209925 357 016" 654 139"

Interaction (tillage x nutrient)

ZT-RDF 109733° 15" 146404° 136670° 224 0.10° 5.70° 2100
ZT-RDF, 109733° 1350 293978" 184244° 267° 0.12° 6.80¢ 169°
ZT-NE, 111052° 149 3195144 208461 287 013° 717 16.4°
PNB-RDF 110146° 1n1° 240527° 130380 2189 0.10° 5517 211
PNB-RDF, 110146° 137 299009 188863 271 012 6.85% 1658
PNB-NE, 111464 1474 315596* 204131% 283 013 7024 16.4°
CT-RDF 52597" 10.1° 217295 164698" 413 0.19° 447 1.2
CT-RDF, 52597" 1n1° 249488” 196891 4748 021 5147 9,03
CT-NE, 53915 124° 271099° 217183 5020 023 543 8.98°

Means followed by uppercase leters indicate significant difference at p = 0.05. £, Energy input; S, System Biological Yield; Eo, Energy Output; Ny, Net Energy; Esy, Energy Use Effciency; E
Energy Productivity; Ny, Non-renewable Energy Ration; S, Specific Energy.
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Treatm

ZT-RDE
ZT-RDF,
ZT-NE,
PNB-RDF
PNB-RDF,
PNB-NE;
CT-RDF
CT-RDE,

CT-NE,

2013-14

8764027
1201+ 068
119" £065
92032
120" £045
12144058
7.7°£062
1134£038

109 +0.95

2014-15

8.8%0£0.74

1028

129
1114 +085
807 £045

110°£0.36
1084+ 1.23
7.0°+0.63

1054 £0.95

1134 £050

System water productivity (kg ha* mm™)

2015-16

7.0% £052

108

3.96
136" +0.78
739049

1204+ 148

12292 115
61°£039
124 £217

1189+ 124

Means followed by uppercase letters indicate significant difference at p = 0.05.

2016
17

610137
8344104
784 £0.59
5505112
63159
700 %137
49°£065
5774069

68051

2017-18

1234+ 1.65
153"+ 1.96
1590+ 113
140% £ 1.70
1554+ 133
153"+ 168
120 1.70
1284+ 1.44

111°4097

2018-19

114 £ 081
13242044
1364 +047
1074097
1334026
14445079
1119073
12490 £0.75

12790 40,96

2019-20

11274004
14245 1,07
1510 £025
1214049
1374 £0.15
145" £082
113°£0.16
120°£045

127 +.0.10

2020-21

105049
134 50,64
1394+ 0,83
1254094
1374 £0.57
14745024
105°+0.06
108121

116503

2021-22

8.9 £0.69
109 +0.62
9.7 £0.20
96" £0.16
11142032
98" 043
814011
8.7 £0.40

874045
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Treatm

ZT-RDE
ZT-RDF,
ZT-NE,
PNB-RDF
PNB-RDF,
PNB-NE;
CT-RDF
CT-RDE,

CT-NE,

2013-14

7.9°£041
1049 +.0.68
103V +054
78°£026
110 £0.28
1114£056
6774031
10.0% £047

9.6°+0.87

System productivity in terms of maize equivalent yield (Mg ha™*)

2014-
15

7304079
874+ 141
944083
68" £047
944 £041
920126
6.17£069
89101

9.74+0.48

2015—
16

47"£035
7.44£259
9.04£077
50°£031
7.9+ 101
8.04£070
4284031
834£156

7.8 4097

2016-17

6174128
834105
80" £059
5574105
65" £ 151
7.0 £ 136
5.0°£0.58
6.0 £0.70

6.9V 4057

Means followed by uppercase letters indicate a significant difference at p = 0.05.

2017-18

8.9%+125
1LY+ 155
116"+ 100
100+ 138
124+ 113
114133
8.6+ 131
9.2% 103

8164072

2018-19

81V £0.60
934032
96" £035
755 £074
93%£0.17
1014 £0.56
7.8% 056
8.7 £057

9.0 +0.69

2019-20

8.2°+0.06
103" 40,74
1094 £0.17
8.8 +0.40
1004 £0.09
105 £057
82°£0.12
877031

92" 4007

2020-21

8164040
1024+ 045
107 £ 0.60
954 £071
1044 £0.44

1124£0.19

8.0°£002

8204087

89" £021

2021-22

8.8 £072
106" +0.44
9.7 £0.18
938MV +0.14
1074 £0.26
99" 036
800,09
857 £032

8770+ 0.42
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Zero tillage flatbed

Permanent beds (37 em bed and 30 em furrow)

Conventional tillage system

Farmers'fertilizer practice followed by RDF: FEP (7y) fb RDF (2y)—(% N basal + % N at
KH and % N at TS - surface banding)

RDF followed by RDF improved: RDF (7y) fb RDF; (2y)—

[% N basal + % N sub-surface banding (SSB) at KH and % N surface banding at TS]

NE followed by NE improved: NE (7y) fb NE; (2y)—

(% N basal + % N SSB at KH and % N surface banding at TS)

Notations

zr
PNB

NE

Residue/nutrient

management

~30% residues of both crops retained
~30% residues of both crops retained
Full residue removed

Maize: 150:26.2:50 kg NPK ha ™" Mustard:
80:17.5:33.3 kg NPK ha™"

Maize: 150:26.2:50 kg NPK ha™ Mustard:
80:17.5:33.3 kg NPK ha™

Maize: 156.7:31.8:61.4 kg NPK ha™’;
Mustard: 80:17.5:33.3 kg NPK ha~
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cteristic

Structure

Species type

Species density

Production objective

Harvest frequency

‘Technology
Skills

General practice (in literature)

‘The size varies; usually, itis smaller than the household-owned

cropland (Brownrigs, 1985).

Each HG possesses a distinctive structure due to differences in
natural conditions. In addition, the enthusiasm of household
members as well as the family’s available resources, including labor,

skills, and preferences (Nair, 1985)

‘The species commonly cultivated are fruits, staples, medicinal

plants, and vegetables (Mattsson ctal., 2015)

“Typically high density of species (Galluzzi et al,, 2010)

Home consumption is main production objective (Mitchell and

Hanstad, 2004)

Seasonal and daily harvest (Marsh, 1998)

Simple hand tools are used (Torquebiau, 1992)

Gardening and horticultural skills (Mitchell and Hanstad, 2004)

Gen

| practice (observed from field)

True

Observed median Agricultural area: 5129.654m*

Observed median HG area: 1943 m*

True

p-values for HG area, age, species diversity, and livestock diversity

among different socio-ecological zones and ethnicities is <0.05.

True
Diverse species type (food species (38.6%), fuelwood species (13.2%),
timber (10.1%), fodder (8.7%), medicinal (11.9%), ornamental (14.4%)
and bamboo (3%)) were found in the HGs.

True

‘The median Shannon, Simpson, and Margalef Index are 2.63, 0.89, and
3.17, respectively, which represents high diversity in HG

‘Though home consumption s still a major factor, the commercialization
of HG is also a major trend (median value of annual income from HG is
18,000)

‘There are crops which are harvested daily or weekly (fuelwood,

vegetables, fodder) and seasonal or annually (betelnut, bamboo, timber).
“True, 85% of the homegardeners use the simple hand tools like axe

“True, only 7% of people have received any formal skill development
courses for HG
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Regenerative agricultural innovations

Counties BSF frass VIPP VIPP + BSF frass Chi-value
S| Siq. SE
Kenya
Busia 057 035 < 190 045 a 129 059 b 10,294+
Embu 304 073 a ~0.43 094 a -120 084 a 249"
Homabay -12 0.40 < 150 053 b 279 060 a 10,295+
Kiambu 355 101 < -173 112 a -5 143 a 455"
Kisii ~0.44 043 b ~059 064 b 279 085 a 247454
Muranga 064 0.41 b 048 057 b 185 084 a 11074+
Vihiga ~0.08 0.40 < 326 109 a 207 073 b 18,925+
Uganda
Bulopa -051 037 b 277 071 a 277 071 a 209855
Namwendwa 205 053 a 031 080 a 031 080 a 021
Wankole 177 0.26 a -123 032 b 059 042 a 315554

Focus group discussion results.  denotes the binary logistic models’coefficients, SE stands for standard errors and Siq.stands for significant letters. Diferent smallletters along the rows
indicate significant differences at P = 0.1. n, no significance, **1% level of significance, *** = 0.1% level of significance. McFadden = 0.052, Cox and Snell (ML) = 0.053, Nagelkerke (Cragg
and Uhler) = 0.081. Likelihood ratio test z* = 66.47, p = 1.2601e-13. Number of observations (Model = 1,230).
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Vegetable production constraints (%)

High cost of Lack of seeds Too much
Counties/ Drought/Poor agrochemicals and Low soil Poor seed rainfall/
Districts Diseases rainfall fertilizers fertility quality floods Chi-value
Kenya
162 351 459 81 8.1 297 297 108
Busia 30,1780
(~1.64,045)" (-0.61,034)" (-0.16,033)* (~2.43,060)" (-2.42,060)° (-0.86,036)" | (-0.86,0.36)" (=2.11,053)"
364 159 59.1 136 14 32 477 91
Embu (~0.27,0.30) 57.43%%%
(=056, 0,31 (=167, 041 037,031 (=185, 0.44)° (=2.05,047) N (=0.09,0.30)* (=230,0.52)°
al
17.1 257 514 86 371 314 514 200
Homa Bay 29.54%4
(-1.57,045) (~1.06,0.38)" (0.06,034)" (=2.37,0.60)¢ (-052,035)" (-0.78,036) | (0.06,0.338)" (-1.38,042)"
22 250 583 56 83 33 500 167
Kiambu 46.59%++
(-1.25,0.40)" (=1.10,038) (034,0.34)" (-283,0.73)" (~2.39,060)" (=0.69,035)° (0.00,0.333)* (~161,0.44)
261 261 522 43 348 348 783 00
Kisii 4474
(=1.04,0.47)° (~1.04,0.48)° (0.09,0.41)° (=3.09,1.02)° (<0.62,043)% | (062,043 (1.28,0.505)" (~18.56,1.36)"
21 423 615 38 s 500 538 21
Muranga 40447
(-120,0.46)° (-031,0.39)" (047,040 (-3.22,1.03)" (=2.03,0.61) (000,039 | (0.15,0393)" (=120, 0.46)°
360 440 720 80 160 440 360 160
Vihiga 34928
(-0.58,0.42)° (=0.24,0.40)° (0.94,0.45)" (~2.44,0.73)° (~1.65,0.54)° (<024,0400" | (-0.57,041)° (~1.66,0.55)°
Uganda
781 438 906 90.6 90.6 90.6 900 906
Bulopa 3480+
(127,043 (=0.25,0.36)° (227,061 (227,061) (227,061 (227,061 (227,061 (227,061
657 914 914 943 943 943 686 514
Namwendwa 447504
(0.65,0.36) (237,060 (237,060 (280,073) (280,072 (280,072 (0.78,0364)" (0.06,0.34)°
872 359 872 872 744 872 744 00
Wankole 140,60+
(1.92,0.48) (-0.69,0.34)" (192,048) (192,048)" (1,06,036)" (192, 048) (1.06,0.367)" (~18.56,1.04)°

ry logistic models’ coeffcients () and standard errors. Different small letters along the rows indicate significant differences at
215.23, p = 3.9085¢-42. Number of observations (Model = 2,656).

the brackets are proportion of mention. Values provided in the brackets are the bi
059, Cox and Snell (ML) = 0.078, Nagelkerke (Cragg and Uhler) = 0.104. Likelihood ratio test *

Focus group discussion results. Values provided out
0.1 ##* = 1% level of significance. McFadden =
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Variables Kenya Uganda

Busia Embu Homa Bay Kiambu Kisii (n = 23) Murang'a Vihiga Bulopa Namwendwa Wankole

(n=37) (n =44) (n = 35) (n = 36) (n = 26) (n = 26) (n=32) (n = 35) (n = 39)
Gender (%)
Male 405 09 429 a7 35 308 462 21 486 564
Female 595 591 571 583 565 62 538 719 514 36
Age (%)
Below 36 years 135 182 400 528 304 21 308 594 429 282
36 and above years 865 818 600 472 696 769 662 406 57.1 718

Education levels (%)

College/University 81 23 57 167 87 192 7.7 00 00 00
Secondary 757 318 257 306 27 385 308 313 486 22
Primary 162 386 657 83 522 385 308 375 514 590
No formal education 00 273 29 444 00 38 385 313 00 128
Total land owned (aces) 319 139 279 391 119 109 L2 194 2n 178
Land under vegetables (acres) 097 068 036 170 048 045 073 074 093 045
Livestock (heads/household)

Cows 086 113 122 089 125 114 119 047 058 056
Goats 089 089 050 103 175 150 077 076 085 078
Chicken 200 220 200 251 238 225 254 150 196 167
Pigs 056 062 056 043 083 057 0.62 118 200 096
Occupation

Agricultural self-employed 528 489 361 892 292 357 385 100 100 100

Agricultural wage labor 472 511 639 108 708 643 615 00 00 00
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Treatments Shannon Substrate Shannon

diversity richness evenness

index (H) (SR) (E)
CTRWN 2723 14333 07910
CT-RW-S 2413 15.666" 0.759"
CT-RW-HS 2681° 15.600" 0757
ZTRWMb-N 2754 16.200° 1040"
ZT-RWMb-S 2555 11.800° 1.268"
ZT-MWMb-N 2317 6.266° 0937
ZT-MWMb-$ 2728 15.600° 0791

“Different letters in the same column represent significant differences at a p-value of 0.05.
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Treatments Acid phosphatase Alkaline Dehydrogenase (g Bacteria (10°  Fungi (10*

(ug p-NP g~ soil phosphatase (ug TPF g soil 24 h™) CFU g soil) CFUg*

h™) p-NP g soil h™) soil)
CTRWN 16337 28080° 3063 83.46° 762
CT-RW-S 160.94° 16563 639" 1422 659
CT-RW-HS 16227 31089 652! 7.89* 269
ZTRWMbN 19094 27269 316" 7862 6934
ZT-RWMb-S 16427 15277 6140 13.65° 558
ZT-MWMb-N 17327 26351 3278 75.10% 65410
ZT-MWMb-S 15394 145.66° 606" 11487 334

“Different letters in the same column represent significant differences at a p-value of <0.05.
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Treatments Available N Available P Available K Cu Fe Mn
(kgha’)  (kgha?)  (kgha™)  (mgkg™ (mgkg™)  (mgkg™)
CT-RW-N 0.67° 121.05" 28.43* 230.60° 5.85" 215* 12.16° 0.64°
CT-RW-$ 0.73% 66.56 19.97° 282.30° 3.90° 254 15.65% 374"
CT-RW-HS 0.61° 51.04° 24.27° 380.50" EAL g 2.64" 16.38" 495"
ZT-RWMb-N 091 132.74" 25.38" 235.13b° 5.52% 209" 13,659 0.32¢
ZT-RWMb-S 0.85" 76.11° 20.80° 270.70% 3.65° 2310 15.35% 351°
ZT-MWMb-N 0.90* 154.46" 30.10 240.23" 512 203" 13.91%¢ 0.26°
ZT-MWMb-S 0.86" 83.79° 24.96" 237.63% 246" 224 14.12% 3t

“Different letters in the same column represent significant differences at a p-value of <0.05.
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Treatments pHs

CT-RW-N 7.65%

CT-RW-S 975

CT-RW-HS 10.19° 249
ZT-RWMb-N 721 166"
ZT-RWMb-S 9.58" 181
ZT-MWMb-N 7.66% LA
ZT-MWMb-S 9.15% 159

“Different letters in the same column represent significant differences at a p-value of 0.05.
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Crop rotations

Soil type

Tillage

Crop establishment
method

Residue
management

CT-RW-N

CT-RW-S

CT-RW-HS

ZT-RWMb-N

ZT-RWMb-S

ZT-MWMb-N

ZT-MWMb-S

Rice-wheat

Rice-wheat

Rice-wheat

Rice-wheat-mungbean

Rice-wheat-mungbean

Maize-wheat-mungbean

Maize-wheat-mungbean

Normal

Sodic

Highly sodic

Normal

Sodic

Normal

Sodic

Conventional tlled rice

and wheat

CT-RW

CT-RW

ZT-RWMb

ZT-RWMb

ZT-MWMb

ZT-MWMb

Rice: Transplanting
‘Wheat: Broadcast

Rice: Transplanting

‘Wheat: Line sowing

: Transplanting
‘Wheat: Broadcast

Rice: Drill sceding
Wheat: Drill seeding
Mungbean: Drill/relay

Rice: Drill seeding
‘Wheat: Drill sceding
Mungbean: Drill/relay

Mai

ill seeding
Wheat: Drill seeding
Mungbean:

rillrelay

Maize: Drill seeding
Wheat: Drill seeding
Mungbean: Drill/relay

Al residue removed

Half (50%) rice residue and
anchored (25-30%) wheat

residue incorporated

Al re

lue removed

Full (100%) rice and
‘mungbean; anchored wheat
residue retained on the soil

surface

Full (100%) rice and
‘mungbean; anchored wheat
residue retained on the soil

surface

Maize (~65%) and full
‘mungbean; anchored wheat
residue retained on the soil
surface

Maize (~65%) and full
‘mungbean; anchored wheat
residue retained on the soil

surface
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SMC (%) at 0—10 cm soil depth

75 DAS Harvest
2019-2020 2020-2021 2019-2020 2020-2021
M1 | ZT Wheat-HS with full residue (chopped) 15.25£0.0930 139100950 17.88+0.11a 20340.09%
M2 | ZT Wheat-HS with full residue (unchopped) 15.13£0.098a 13.98£0081a 17.78+0.11a 2021£0.11a
M3 | ZT Wheat-HS with partial residues (anchored stubbles) 12.61£0.096b 125800882 17.08£0.11b 19.772£0.11b
M4 | CTWheat-DS with full residue (chopped) 12220099 1245£0097a 16342 0.11c 18.67+0.27¢
TL | N@150kg/ha, 2 splits, that is, at sowing and after Ist irrigation* 13514053 12660662 17.31£0408 19.76£0.20a
T2 N@180kg/ha, 2 splits thatis, at sowing and after Ist irritation* 13354053 13510662 16730402 18880432
T3 N@150kg/ha, 3 splits, that is, at sowing, before, and after st irrigation** 13574052 12690708 174220400 19.10£0.40a
T4 | N@180kgha, 3 splits, that is, at sowing, before, and after Ist irrigation®* 129540521 1392073 1637+0.41a 18.36+0.408

T5  N@ 150kg/ha, 3 splits, that is,at sowing, after Ist irvigation, and after 2nd
irrigation®** 12.56+0.52a 1227 +0.68a 16.87+0.40a 19.25+0.43a

T6 | N@180kg/ha, 3 splits,thatis, at sowing, after Ist irrigation, and after 2nd
irrigation®** 14574052 129120682 17.69+0.408 20410402

Values with different superscripts in a column are significantly different at p < 0.05 according to the Duncan multiple range test (DMRT). Treatments abbreviations M1—ZT Wheat-HS with
full residue (chopped), M2—ZT Wheat-HS with full residue (unchopped), M3—ZT Wheat-HS with partial residues (anchored stubbles), Md—CT Wheat-DS with full residue (chopped),
T1—N @ 150 kg/ha, 2 splits, that s, at sowing and after 15t irrigation, T2—N @ 180kg/ha, 2 spits, that is, at sowingand after It iritation, T3—N @ 150kg/ha, 3 splits, that i, at sowing,
before, and afer 1st irrigation, T4—N @ 180kg/ha, 3 splits that i, at sowing, before, and after 15t irrigation, T5—N @ 150kg/ha, 3—split,that is, at sowing, after 15t irrigation, and after 2nd
irigation, T6—N @ 180kg/ha, 3 splts,that is, at sowing, after 1t irrigation, and after 2nd irrigation.
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Treatment Soil OC (%)

Initial Final

M1 ZT Wheat-HS with full residue 034£00022  041£0.004a
(chopped)

M2 ZT Wheat-HS with full residue 033200022 04240003
(unchopped)

M3 ZT Wheat-HS with partial residues 034200022 0370.003b
(anchored stubbles)

M4 CT Wheat-DS with full residue 030£00022  032£0.004c
(chopped)

TI | N@150kg/ha, 2 splits, thatis, at 035200032 02640009

sowing and after Ist irrigation®
T2 | N@180kgha, 2 splits, that i, at 034200022 034£0.009%
sowing and after Ist irritation*
T3 N@150kg/ha, 3 splits, thatis, at 0340002 | 0430009
sowing, before, and after Ist
irrigation**
T4 N@180kg/ha,3 splits, thatis, at 034200022 03940008
sowing, before, and after 15t
irrigation™*
T5  N@150kg/ha, 3 splits, thatis, at 0340002 0400008
sowing, after Ist irrigation, and after
2nd irrigation*+*

T6  N@180kg/ha, 3 splits, that is, at 0.35£000a  0.41£0.009%

sowing, after Ist irrigation, and afier

2nd irrigation***

Values with different superscripts in a column are significantly different at p<0.05 according
0 the Duncan multiple range test (DMRT). Treatments abbreviations M1 —ZT Wheat-HS.
with full esidue (chopped), M2—ZT Wheat-HS with full residue (unchopped), M3—ZT
Wheat-HS with partial residues (anchored stubbles), Md4—CT Wheat-DS with full residue
(chopped), TI—N @ 150kg/ha, 2 splits, that s, at sowing and after 15t irrigation, T2—N @
180kg/ha, 2 splits, that s, at sowing and after 1stirritation, T3—N @ 150kg/ha, 3 split, that
s, at sowing, before, and after Ist irrigation, T4—N @ 180 kg/ha, 3 splits, that is, at sowing,
before, and after Ist irrigation, T5—N @ 150kg/ha, 3 splits, that i, at sowing, after 1st
irrigation, and after 2nd irrigation, T6—N @ 180kg/ha, 3 splits that s, at sowing, afer Ist
irigation, and after 2nd irrigation.
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Sr.no.  Main plots (sowing method)

ZT Wheat-HS with full residue (chopped)

2. ZT Wheat-HS with full residue (unchopped)

3. ZT Wheat-HS with partial residues (anchored stubbles)

4. CT Wheat-DS with full residue (chopped)

1 N @ 150kg/ha, 2 splits, that i, at sowing and after 1t irrigation®
2. N @ 180kg/ha, 2 splits, that s, at sowing and after st i n*

N @ 150kg/ha, 3 splits, that i, at sowing, before, and after 15t

igation*®*
4 N @ 180kg/ha, 3 splts, that is, at sowing, before, and after 1st
irrigation**

5 N @ 150kg/ha, 3 splits, that is, at sowing, after Ist irrigation, and after

2nd irrigation®**

6 N @ 180kg/ha, 3 splits, that i, at sowing, after Ist irrigation, and after
2nd irrigation®**

ZTW—zero-tllage wheat; CTW~—conventional tllage wheat; HS—happy seeder sown;
DS—drill sown. *1/2N at sowing through DAP (drill) and urea broadcast before sowing,
1/2N as urea broadcast after It irrigation. **1/3N at sowing through DAP (drill and urea
broadcast before sowing, 1/3N as urea broadcast before Ist irrigation, 1/3N as urea
broadcast afer 1stirrigation. ***N through DAP (drill as basal, remaining 112N as urea
broadcast afier 1t irrigation, 1/2N as urea broadcast after 2nd irrigation.
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ts)

Soil texture Sandy loam (Sandy loam: 57.5%, Sl
23.4%, Clay: 18.2%)

Property Values (i

Soil pH (1:2.5) 774
EC 0.22dS/m
Bulk density L52g/em’
SOC 034%

Available N 134.2kg/ha
Available P 1374kg/ha

Available K 280.4kg/ha





OPS/images/fsufs-08-1276415/fsufs-08-1276415-e004.jpg





OPS/images/fsufs-08-1402803/fsufs-08-1402803-g004.jpg
A B Eswmaew 0 0 wmmaa. 000 Skaaw

e e e M i I -
A Com e
e P 7= ™~ [ -
e et ] | e L el - | =

e e
B A

w\ S E s = v | I
o i = = [~ |~ | Mmuut_lg
I I ™l ™ il "N B %
) caliel [ ][ | 3}’1%5@7@\ - H ]

e s :






OPS/images/fsufs-08-1276415/fsufs-08-1276415-e003.jpg





OPS/images/fsufs-08-1402803/fsufs-08-1402803-g003.jpg
Urease (g urea g/dry soil/min)
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Low carbon impacting Conservation Agriculture Maize-Wheat-Mung bean

agricultural sustainability

: i . Sollrganic carbon,

Surface soil (0-15 cm)

bulk density and

Subsurface soil (1530 cm)  penetration resistance

Correlation analysis

«Decrease in bulk density (6 ZTWR - best main R Ciop yieits are
= - to8%) plot positvelyinfluenced
«Decrease in soil penetration * S0%BN+GS - best by Soil organic
resistance (5 to 18%) subplot carbon, bulk density
4 Fi * Increase i soil organic and penetration
carbon (4 to 20%) resistance
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Municipality Pa p-value

Annual maximum  Cotonou ~0.0839 NS
5-day Consecutive Grand-popo —0.207 Y
Precipitation
Ouidah 0135 NS
Seme-Kpodij ~0431 e

NS not significant; *represent significant levels of mean differences between the type under
consideration and the other four types combined, significant at 5% (*p <0.05) and 1%
(+#p<0.01); (***p<0.001).
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Municipality Pau

Cold spell Cotonou ~0.0057 NS
duration index  Grand-popo 0.0253 NS
Ouidah 0.0524 NS
Seme-Kpodji 0.0242 NS

NS not significant; *represent significant levels of mean differences between the type under
consideration and the other four types combined, significant at 5% (*p <0.05) and 1%
(+4p<0.01); (***p<0.001).
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Treatm
Year (Y)

Year 1(2018-19)

Year 2 (2019-20)

SEm

c

Main Plot: Crop Residue Management (CRM)
ZTR

ZT+R

SEmz

D

Subplot: Precision Nutrient Management (PNM)
RDN

3IUBN+GS

SO%BN+GS

T0%BN +GS

SEm:

<

CRMxPNM

¥xCRM

YxPNM

Y x CRMx PNM

CRM, Crop Residue Management; PNM, Precision Nutrient Managemen

Recommended Dose of Nitrogen; 33%N + GS, 3% basal RDN followed by Green Seeker N application; 50%N + GS, 50% basal RDN followed by Green Seeker N application

basal RDN followed by Green Seeker N application.

2018-19

535
574
0.0051

0031

548"
5810
572
517
0.0576

017

ZTR, Zero

619"

673
0.052

031

650"
672"
672
591°

00539

016

5.55b
646
002

0.10

577
623

002

599
627°
622
554

003

NS

NS

Pooled

ige Without Residue; ZT+ R, Zero Tillage with Residue; CD, Critical Difference; RDN,

5 70%N + GS, 70%





OPS/images/fsufs-08-1356665/fsufs-08-1356665-t005.jpg
Municipality tau

SPEI Cotonou =0.209 *
Grand-Popo. —0.303 L
Ouidah ~0337 i
Seme-Kpodji ~0368 -

“represent significant lvels of mean differences between the type under consideration and
the other four types combined, significant at 5% (°p <0.05) and 1% (**p<0.01);
(***p<0.001).
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Treatm Maize yield Wheat yield Mungbean yield

2018-19 2019-20 Pooled 2018-19 2019-20 Pooled 2018-19 2019-20 Pooled
Year (Y)
Year 1(2018-19) 5.60° 512" 090"
Year 2 (2019-20) 573 596 096"
SEm: 005 006 0.009
c 020 0.40 003

Main plot: crop residue management (CRM)

ZT-R 535 557 546" 495 572 533 079" 0.85" 082"
ZT+R 5.86' 590" 588" 5300 621 576 o1 106" 104
SEms 0.04 009 005 0.05 011 0.06 001 001 0.009
cD 029 033 020 032 030 0.40 0.08 004 003

Subplot: precision nutrient management (PNM)

RDN 558 587 572 507" 599" 553 087" 093 090"
33%BN +GS 552 5740 563 536" 621 578 091 0.95% 093
50%BN +GS 601 624 613 508 6200 574 092 096" 0.94°
T0%BN +GS$ 5310 507 519 478 545" 512 091 099 0.95°
SEms 0.10 015 009 0.09 012 0.08 001 001 001
cD 055 049 037 0.69 039 052 0.08 0.04 004
CRMxPNM NS NS NS NS NS NS NS NS NS
¥xCRM NS NS NS
¥xPNM NS NS NS
¥ x CRMxPNM NS NS NS

CRM, Crop Residue Management; PNM, Precision Nutrient Management; ZI-R, Zero Tillage Without Residue; ZT + R, Zero Tillage with Residue; CD, Critical Difference; RDN, Recommended Dose of Nitrogen; 33%N -+ GS, 33% basal RDN followed by Green Seeker
N application; 50%N + G, 50% basal RDN followed by Green Seeker N application; 70%N + G, 70% basal RDN followed by Green Seeker N application.
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Municipality Climate

parameter
Cotonou Precipitation 0129 Ns
Temperature 0277 »
Grand-Popo Precipitation 0159 Ns
Temperature 0.261 *
Ouidah Precipitation 0.138 NS
Temperature 03 i
Seme-Kpodji Precipitation 0.138 NS
Temperature 03 -

NS not significant; * represent significant levels of mean differences between the type under
consideration and the other four types combined, significant at 5% (*p<0.05) and 1%
(*4p<0.01); (***p<0.001).
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Subplot: precision nutrient management (PNM)
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SPR,Sol enetration Resisance: CRM, Crop Reside Management; PN, Precision Nutient Management 1R Zero Tilage Without Residues 21+ . Zero Tillgewith Residue:CD, Cical Diference; RDN, Recommended Dose of Niteogens 39N + GS,33% basal RDN fllowed by Green Secker N appliction; SN + G5, 0% basal RDN.
followed by Green Seeker N application; 70%N + G, 70% basal RDN followed by Green Seeker N application; , significances NS, non-significance. *Within a column, the means followed by diffrent lowercase lttes are significantly diffrent at PS0.05 a per least significant tst
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Variables MCF (59.24%) (n

7) SIF (35.38%) (n = 46) TCF (5.38%) (n =7)

Production site jaed

Abomey-Calavi 0 19.57 1429

Cotonou 1429 87 2857

Grand-popo 6494 0 1429

Ouidah 39 19.57 1429

Seme-Kpodji 1688 5217 2857

Department of origin e
ori 0 0 7143

Aantique 127 10.86 0

Borgou 0 0 2857

Collines 0 217 0

Couffo 26 6.53 0

Mono 96.13 3479 0

Ouémé 0 39.13 0

Plateau 0 435 0

Zou 0 217 0

Ethicity group. e

Adjaand related 974 26.09 0

Xwla and related 13 19.57 0

Dendi and related 0 0 100

Fonand related 13 30.43 0

Nago and related 0 291 0

Religion e

Christianism 4675 8261 0

Muslim 0 652 100

Traditional 5325 10.87 0

Education level fad

Tliterate 2727 0 100

Primary 2338 26.09 0

Secondary 45.16 6957 0

University 419 435 0

Access to credit and information -

Accessed credit in the last season 2208 291 1429

Accessed information on crop 3896 3696 5714

production

Accessed information on input use 3896 3913 2857

Seniority in the environment -

0,5) 9.09 13.04 1429

[5, 10] 2597 45.65 0

[10,15] 3247 3261 57.14

15,25 3247 87 2857

Socio-cultural identity as a motivation e

No 3636 913 8571

Yes 6364 87 1429

Watering mode e

Daily 13 2174 2857

Morning evening 2727 2826 2857

Twice per morning 7143 50 4286

Ownership of animals for crop -

residue use

No 6494 7826 1429

Yes 3506 2174 8571

Organic farming practices of el

households

Use of organic soil additions 2168 2826 1429

Lack of use of any organic soil 0 0 0

additions

Use of bio-pesticides 19.48 274 1429

Intercropping with legumes 06.49 0435 0

Crop rotation 3117 3043 4286

Use of animal manure as fertilizer 18.18 1522 2856

Use of synthetic pesticides 0 0 0

Use of mineral fertilizers 0 0 0

Land size and use R

Land legally owned 3377 0 57.14

Land rented in 1299 4783 0

Legally owned land cultivated 1039 0 0

Rented land cultivated 4286 5217 0

Cultivated land under management 0 0 4286

Prob. represents the probability value of the Fisher’s exact test.
Modern coastal farms (MCF), Smallintra-urban farms (SIF), and traditional co-managed lowland farms (TCE).  represent significant levels of mean differences between the type under
consideration and the other four types combined, significant at 5% (*<0.05) and 1% (**p<0.01); (**%p <0.001)
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Source of DF Soil organic carbon Bulk density Penetration resistance Maize Wheat Mungbean
variation grain grain grain yield
yield

Soil depth

Replication 4 29596 1712% 37857 04311 05892 58273 08902 11991 16346% 11115%
within year:

(R Year)

Year (Y) 1 1060.8654%%  S324.8916%%  416574%% 2232157 10.1015% 17.7913% 50.4987%* 44973 12543* 30383 89.9032%% 169797
Crop residue 1 AT SIABIIET 796613 12091472%F | 2324273%F  S022307% | 336554066%F  2539.66™F | 153BIT033FF | 334906%F | 229062% 26192417
‘management

(CRM) (Main)

¥ X CRM: 1 38191155 1286.103+% 16.5144* 23215+ 44199 79352 133616 2958 40284 1597 0.5883 01175
(Main x Year)

Pool error (a) 4

Precision 3 262522%F  490.6558% 34464 24248 162828%% | 34974147 | 256515%F  255426%* 193 1572135 140639% 47333
nitrogen

‘management

(PNM) (Sub)

PNM x Y (Sub 3 394 3.6939* 04014 14956% 00733 01292 01639 0119 00527 1638 05303 04684
x year)

CRMx PNM 3 9.8501%% 36939 17855 0.6195% 13.7892%% 14720 5.0527%* 4.0967% 00224 04704 07054 22054
(Main x Sub)

CRM x PNM x 3 3.94% 3.6939* 0.0692 0.1504% 00557 00988 0.1376% 0.1175% 02272 1256% 02129 05088
¥ (Main x Sub

 Year)

Pool error (b) 24

Total a7

*Significant at P <0.05; **Significant at P<0.01; N

on-significant.
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Municipality Surveyed market gardeners (n)

Abomey-Calax 10
Cotonou 17 13.08
semé-Kpodji 39 3000
Grand-Popo 51 3923
Ouidah 13 1000

Total 130 100
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. : . Total quantity : . : Total quantity
. Nitrogen split quantity applied Nitrogen split quantity applied
aize
Basal (0 KH (35 Silk (65 N P K Basal (0 KH (35 Silk (65 N P K

DAS) DAS) DAS)

DAS) DAS) DAS)

Total quantity Total quantity

Nitrogen split quantity applied applied

Nitrogen split quantity

Basal (0 CRI(25 Till (70
DAS) DAS) DAS)

Basal (0 CRI(25 Till (70

W DAS)  DAS)  DAS)

N B

. ; : Total quantity ; i ) Total quantity
Nitrogen split quantity applied Nitrogen split quantity applied
Mungbean Basal (0 Basal (0
asa asal
DAS) NS R K pas) S

KH, Knee high ys after s ilking stage (65 Days after sowing); CRI, Crown Root Initiation Stage after sowing); Till, Tillering stage (70 Days after sowing).
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Municipality Inhabitants (n) owth rate (% per year] Population share (%)
Abomey-Calavi 656358 69 47 of Department Atlantique
Cotonou 665,100 68 100 of Department Littoral
Seme-Kpodji 224,207 624 195 of Department Ouémé
Grand-Popo 57.636 50 12 of Department Mono

Ouidah 162.034 69 12 of Department Atlantique
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Crop Crop Crop  Monthof Sowing Spacing Seed Crop Recommended Method of Periodof  Sourceof  Methodof Weed Month of
variety duration sowing  method (cm) rate  Residues dose of fertilizer fertilizer fertilizer fertilizer i management  harvesting
(1stand (kgha?) retention  (kgha™) (N:  application application application practices and yield

2nd study P,0s: K;0) followed record (1st
year) and 2nd
study year)

Pre-plant application

100% of paraquat @ 0.5kg/  Late October
Direct Mungbean has 16102018
Mid-uly 67x20em
‘manual line residues of the Behind Kneehighstage | DARSSEMOP  Furrow Atrazine as pre- 26102019
Maize PMHI  llodays 07072018 240 plants 2 150:60:40
dibbling of previous crop Plow Sole (-35D8) andurea Irigated emergence (1kgha)  Manual recording
19072019 perplat
the seeds Q204810 followed by ofyield
ha) Tembtione @ 1159/ parameters
haat 30-35 DAS
Early April
Direct 30% Maize Pre-plant application
Early 11042019
sowing residues of the Crown oot of paraquat @ 0.5kg/
November Behind DAR.SSEMOP  Furrow 08042020
Wheat HD2967  138days usinga 25x10am 100 previous crop. 1206040 tion stage hay
06.11.2018 Plow Sole andurea Irigated ‘Manual recording
hand-held 304750 (-25DAS) Pendimethalin 1 kg/
31102019 ofyield
seed drill ha) has pre-emergence
parameters
Late June
Direct 30% of wheat Pre-plant application
25062019
Mid-April | sowing residues of the of paraquat @ 0.5kg/
DAR.SSEMOP  Furrow 13062020
Mungbean | Pusa Vishal | 85days 20042019 usinga 30x10em 35 previouscrop 181460 Broadcasting | Flowering stage ha
andurea Irigated ‘Manual recording
20042020 hand-held (135102560 Pendimetalin 1y |
ofyil
seed drill ha) haas pre-emergence

parameters
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Nitrate—N Ammonium-N

2014 o 33£02 48+0.7 138+ 11 21.7%3.1
30 33202 18407 138511 217231
2015 o 113428 128+ 0.3 63+05 54+03"
30 18.1+£3.8" 14.0 +1.8% 85+19 63+09"
60 210 1.1° 184%12" 107+ 1.4 96+ 17"
90 18.8+2.6" 167 +2.3% 97+17 89+1.0%
2016 o 3105 31102 97+14 81+10
30 53£07 41£03 113£18 78406
60 83+10 51£05 9.1+14 115+21
90 80+ 14" 55+03 113£1.2 115£22
Variation source p-value
Year <0.0001 <0.0001 ns. 0.0538
Nrate 0.0003 0.0305 ns. 0.0385
Unfertilized vs. fertilized <0.0001 <0019 ns. 00564
Lineal 00002 00055 ns. 0.0054
Quadratic 0.0065 ns. ns. ns.
Year x Nrate ns. ns. ns. ns.
Replication (Year) 00019 ns. ns. ns.

rent lowercase letters within a column indicate differences among N rates within each year at a 95% confidence level; ns means no significant difference. 'File data from 2014 were not
included in the ANOVA analysis.
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System Year 1 Year 4 Year 5 Year 6

rotation

3-year rotation 3-year rotation
cc Wheat'/Soybean 2 Barley/Sorghum  Winter fallow/ | Wheat/Soybean2  Barley/Sorghum  Winter fallow/
Soybean 1 Soybean 1
7-year rotation
cp ‘Wheat'/Soybean 2 Barley/Sorghum  Winter fallow/ | Wheat + PP PP 23 e
Soybean 1

CC, Continuous double annual cropping under no-tll. CP: The same double annual cropping sequence than CC combined with a long perennial pasture (PP) phase: mixture of birdsfoot
wefoil (Lotus corniculatus 1), white clover (Tyifolium repens L), and tal fescue (Festuca arundinacea 1.), grazed by dairy cattle at a stocking rate of 23.7 Uruguayan Livestock Units per hectare.
Plus sign indicates wheat-pasture consociation. The slash symbol separates the cropping season (winter/summer). "The wheat crop evaluated in this study.
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WU =GSR +SWSS —SWSH (g)
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Pand (A): -
Vi 926.6 +244.3x -6.3x , R =0.76 (»<0.0001)
Y = 123334711, R'= 0,54 (p=0.002)
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2
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GSR +SWSS +CR = WU + SWSH + R + D(5)
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SWS (mm) = Gravimetric SWC (%) * bulk
density (g cm’3)* layer thickness (cm) *0.1 (1)
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31 May 2017 24 August 2017 29 May 2018 27 August 2018  Change between
first and last

sampling

Cultivated 148006 145009 138008 125006 ~023:009

Dead Mulch 1.50£0.11 1.53+£0.10 1.50£0.15 1.33£0.05 —0.18+0.09

Weedy 180007 168£0.10 1602007 1582009 ~023:0.11

Rye 148005 143005 148:0.05 135006 ~0.13:0.10

Ryegrass 143009 1452012 150007 13340.06 ~0.10£004

Clover/Rye 155003 145006 1400.08 1.2840.09 ~028:009
prvalue

0.0178 04061 0.1906 0.0225 07124
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2017 2018

Pepper marketable  Squash marketable  Pepper marketable  Squash marketable
yield yield yield yield

Cash crop tissue N 0.66%** -V 0.18 034

Living mulch and weed
—0.40% =001 0.07 0.05

biomass

In-row soil inorganic N =0.002 0.42* =0.11 035

In-row soil moisture 0.66%** 015 031 0.08

Significance specified at *P <005 and ***P <0.001.
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2017 2018

Pepper Squash Pepper Squash

Marketable leer e Marketable  Leaf Marketable  Leaf Marketable ~ Whole
yield Ekg () yield (}(g tissue N yield (}(g tissueN  yield (}<g plant N

plant™) plant™) (%) plant) plant) (%)
Cultivated | 1122012 a 336£016 | a 1794016 3772016 0.8740.09 2724010 1834021 172400
Dead Mulch |~ 0.66:0.08 b 3042009 | b 197015 387036 085008 2812024 197019 169£0.17
Weedy 0.58£0.08 b 2612010 | ¢ 2104009 3625011 089008 2662010 186£0.09 156£0.10
Rye 058007 b 2584005 | ¢ 1742022 342022 0.7220.10 26940.15 1752009 1.66£0.05
Ryegrass 051£007 b 2488005 | ¢ 1812020 3255011 079007 272006 165017 1632004
Clover/Rye  0.58+0.09 b 2528007 | ¢ 162008 306£0.14 0.86£0.06 2812017 166020 156008

prvalue
<0.0001 <0.0001 0.2807 0.0603 04463 09610 06789 04388

Means + standard errors within columns followed by the same letter are not significantly different (P <0.05).
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Living mulch biomass (gm-2) In-season weed biomass Germinable weed seedbank

reduction (%) (seeds liter~ soil)
2017 2018 2017 2018 2018 2019
Cultivated = - - - 100 - 87 - 13623 d 202424 <
Dead mulch - - - - 75515 a 80£7 a 171222 o 24431 be
Weedy - - - - - - - - 483112 a 336433 a
Rye 66£06 < 04204 < 9+18 < 943 b 394464 a 296431 ab
Ryegrass 19174289 a 5074194 a 5156 b 1218 b 216426 be 20415 be
Clover/Rye 988103 b 80225 b 25425 < 0+0 b 294428 ab 290432 ab
prvalue
0.0008 0.0014 0.0003 <0.0001 <0.0001 00175

Means + standard errors within columns followed by the same letter are not significantly different (P 0.05). Since weed biomass in the cultivated treatment was negligible in 2017, and
collected in only two of four replications in 2018, standard error could not be calculated. Because of this, the cultivated treatment was not included in the mean separation analysis for in-
season weed biomass reduction.
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Average temperature (°C) Precipitation (mm)

2017 2018 2018
May 139 181 147 683 1836 90.7
June 209 206 202 467 1402 846
July 216 25 26 1346 544 8.9
August 200 25 217 26 90.7 9.3
September 189 193 178 648 813 1003

30-yr average temperature and precipitation reported by NOAA for Benton Harbor, MI from 1981 to 2010, Retrieved from http://swwi.ncdc.noaa. gov/cdo-web/datatools/mormals (Accessed
February 15, 2019).
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Activity
Fall cover crop mowed

Field rototilled

Field fertlized
Plastic laid

Living mulch planted
Mowing events
Cultivation events
Squash harvest*
Pepper harvest”

‘Squash was harvested a total of 10 times in both years.
“Pepper was harvested a total of five times in 2017 and four in 2018,

2017
12 May
15 May
22 May
22May
31 May
5 July, 18 July, 2 August
20 June, 6 July, 18 July, 2 August
7 July-1 August

28 July-25 August

2018
4 May
7May
22 May
29 May
29 May
19 July, 7 August
14June, 3 July, 7 August
9 July-30 July

3 August-28 August
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Treatmen Descriptit

Cultivated Bare ground maintained between plastic mulch beds through hand cultivation using a wheel-hoe.

Dead Mulch Cereal rye re:

lue mulch applied at an approximate rate of 18 Mgha", obtained from an adjacent field.
Weedy Ambient weeds mowed when average height was approximately 30cm.

Secale cereale L. living mulch sown at 168.1 kgha™ in 2017 and 336.3kgha~" in 2018, mowed when average height was

R
v approximately 30cm.
Ryegrass Lolium multiflorum living mulch sown at 35.9kgha™' in 2017 and 2018, mowed when average height was approximately 30 cm.
i Trifolium repens/ Secale cereale L. living mulch sown at 22.4/84.0kgha™" in 2017 and 22.4/168.1 kgha™! in 2018, mowed when
lover/Rye

average height was approximately 30cm.
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Treatment Grain yield (kg/ha) Straw yield (kg/ha) Harvest Index

2019-20 2020-21 2019-20 2020-21 2019-20 2020-21

M1 ZT Wheat-HS with full residue (chopped) 5351c 5387b 6609ab 7223 4239 4324

M2 ZT Wheat-HS with full residue (unchopped) 5849 5874 67202 7347 4251bc 4301

M3 ZT Wheat-HS with partial residues (anchored stubbles) 5753ab 5636ab 6800a 74262 4305 4261b

M4 CT Wheat-DS with full residue (chopped) 5543bc 566D 6458b 6952 42.72b 817

T N @ 150kg/ha, 2 splits, thatis, at sowing and after Ist 5366d 5332 6612¢ 7202¢ 42.7d a211e
irrigation*

T2 N @ 180kg/ha, 2 splits, that s, at sowing and after 1st 5554c 5490c 6626bc 7215bc 42.86c 2624
iritation®

T N @ 150kg/ha, 3 splits, that s, at sowing, before, and after 57240 57122 6667a 7256ab 42654 4369
Istirrigation®*

T4 N @ 180kg/ha, 3 splits, that is, at sowing, before, and after 5791a 5771a 66823 7280a 4382 43.37b
Istirrigation**

Ts N @ 150kg/ha, 3 splits, thatis, at sowing, afer 15t 56100 5640b 6641b 7229 4239 4301c
irrigation, and after 2nd irrigation®**

Te N @ 180kg/ha, 3 splits,that is, at sowing, afer 1st 5698abe 57212 66550b 72413be 43560 362
irrigation, and after 2nd irrigation®**

Values with different superscripts in a column are significantly different at p< 0.05 according to the Duncan multiple range test (DMRT). Treatments abbreviations M1—ZT Wheat-HS with
full residue (chopped), M2—ZT Wheat-HS with full residue (unchopped), M3—ZT Wheat-HS with partial residues (anchored stubbles), Md—CT Wheat-DS with full esidue (chopped),
T1—N @ 150 kg/ha, 2 splits, that s, at sowing and after 15t irrigation, T2—N @ 180kg/ha, 2 spits, that is, at sowing and after 1st iritation, T3—N @ 150kg/ha, 3 splits, thati, at sowing,
before, and after 1st irrigation, T4—N @ 180kg/ha, 3splits,that i, at sowing, before, and after 15t irrigation, T5—N @ 150 kg/ha, 3 splits, that i, at sowing after st irrigation, and after 2nd
irrigation, T6—N @ 180kg/ha, 3 splts, that is, at sowing, after 1t irrigation, and after 2nd irrigation.
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Cash crop Between-bed Comparison Cash crop yield Study length  References

cover response (years)

Annual ryegrass/red
Acorn squash Corn stover mulch Equal 1 Nelson and Gleason (2018)
clover mix

Ttalian ryegrass/white

Broccoli Cultivation Mixed 2 Warren et al. (2015)
clover mix
Annual ryegrass/red
Muskmelon Corn stover mulch Mixed 1 Nelson and Gleason (2018)
clover mix
Onion Rye Cultivation Reduced 1 Reid and Klotzbach (2013)
Onion Triticale Cultivation Reduced 1 Ivy etal. (2014)
Onion Annual ryegrass Cultivation Reduced 1 Ivy etal. (2014)
Triticale/Dutch white
Onion Cultivation Reduced 1 Ivy etal. 2014)
clover mix
Pepper Dutch white clover Straw mulch Reduced 1 Law etal. (2006)
Pepper Ambient weeds Cultivation Equal 1 Law etal. (2006)
Reiners and Wickerhauser
Pepper Rye Cultivation Reduced 1
(1995)
Summer Squash Annual ryegrass Cultivation Reduced 2 Bruce etal. (2022)
Summer Squash Dutch white clover Cultivation Reduced 2 Bruce etal. (2022)

Annual ryegrass/Dutch
Summer Squash Cultivation Equal 2 Bruce etal. (2022)
white clover mix

Tomato Rye Cultivation Reduced 1 Reid and Klotzbach (2013)
Tomato Red clover Cultivation Reduced 2 Butler (2012)

Tomato Rye Cultivation Equal 2 Rice et al. (2004)
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Treatment Actinomycete count (10° cfu/g soil)

75 DAS At harvest

2019-2020 2020-2021 2019-2020 2020-2021
M ZT Wheat-HS with full residue (chopped) 67.51£0.400 63.09£0.342 4774035 51654037
M2 ZT Wheat-HS with full residue (unchopped) 66.45£0.350 6269+0.35 46214038 5038:40.553b
M3 ZT Wheat-HS with partial residues (anchored stubbles) 56.63+0.38b 56.89:+0.350b 3962037 4473£037bc
M4 CT Wheat-DS with full residue (chopped) 51.50£0.35b 50.37£0.55b 316140.36b 41244037
Tl N @ 150kg/ha, 2 splits, that is, at sowing and after It irrigation* 59.37+3.86a 56.99+3.102 39964359 4576£2.38
T2 N @ 180kg/ha, 2 splits, that i, at sowing and after Ist irritation® 59.77+3.85 57.45+3.08 4045£3.61a 461142400
T N @ 150kg/ha, 3 splits, that is, at sowing, before, and after 15t 60.59+3.9% 5860291 4140£3.60a 473542500

irrigation**

T4 N @ 180kg/ha, 3 splits, that is, at sowing, before, and after Ist 61.77£3.8% 5953285 4236+3.60a 48344249

ion**

1la 4089+3.5% 46.60+2.402

TS N @ 150kg/ha, 3 splits, that s, at sowing, after st irrigation, and 60.36:+3.80a 5790+

after 2nd irrigation***

To N @ 180kg/ha, 3 splits, that is, at sowing, after Ist irrigation, and 61.25£3.8% 59.07+2.88 4187+3.5% 47.83£247a
after 2nd irrigation™**

Values with different superscripts i a column are significantly different at p<0.05 according o the Duncan multiple range test (DMRT). Treatments abbreviations M1—ZT Wheat-HS with
full residue (chopped), M2—ZT Wheat-HS with full residue (unchopped), M3—ZT Wheat-HS with partial residues (anchored stubbles), M4—CT Wheat-DS with full residue (chopped),
T1—-N @ 150 kg/ha, 2 splits, that i, at sowing and after It irrigation, T2—N @ 180 kg/ha, 2 plis,that s, at sowing and after 1st iritation, T3—N @ 150kg/ha, 3 splits, that i, at sowing,
before, and after 1t irigation, T4—N @ 180kg/ha, 3 splits, that s, at sowing, before, and after 1stirrigation, T5—N @ 150kg/ha, 3 split, that i, at sowing, after 15t irrigation, and afier 2nd
irigation, T6—N @ 180kg/ha, 3 splts,that is, at sowing, after It irrigation, and after 2nd irrigation.
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Treatment Diazotrophic count (10* cfu/g soil)

75 DAS At harvest
2019-2020 2020-2021 2019-2020 2020-2021
M ZT Wheat-HS with full residue (chopped) 64.49+0.49% 88.52+0.440 62874043 714940.360
M2 ZT Wheat-HS with full residue (unchopped) 60.72£0.41ab §7.99+0.39% 57.05£0.37ab 6992:£0.400
M3 ZT Wheat-HS with partial residues (anchored stubbles) 57.580.41bc 79.270.39ab 5245041 624341300
M4 CT Wheat-DS with full residue (chopped) 54.15£0.39¢ 70.990.43b 43.00£0.45¢ 50.45£0.39
Tl N @ 150kg/ha, 2 splits, that s, at sowing and after 15t irrigation* 57.65+1.63 80413510 51004332 627244800

2 N @ 180kg/ha, 2 splits, that is, at sowing and after 1t irritation* 58.17+1.63 809143518 5153£33% 63.22£4.78

T N @ 150kg/ha, 3 splits, that s, at sowing, before, and after 1t 5901158 81873570 52624327 63.65£4.78
irrigation**

T4 N @ 180kg/ha, 3 splits, that s, at sowing, before, and after Ist 60421712 83.06+3.460 537243268 6469531
irrigation**

TS N @ 150kg/ha, 3 splits, that i, at sowing, after 1st irrigation, and after 5880+ 1.69% 81394348 52054333 6295:4.7%
2nd irrigation®**

To N @ 180kg/ha, 3 splits, that i, at sowing, after 1st irrigation, and after 59854172 82514349 53.13£3.25 64.19:4.76a
2nd irrigation®**

Values with different superscripts in a column are significantly different at p< 0.05 according to the Duncan multiple range test (DMRT). Treatments abbreviations M1—ZT Wheat-HS with
full residue (chopped), M2—ZT Wheat-HS with full residue (unchopped), M3—ZT Wheat-HS with partial residues (anchored stubbles), M4—CT Wheat-DS with full esidue (chopped),
T1—-N @ 150 kg/ha, 2 splits, that i, at sowing and after It irigation, T2—N @ 180kg/ha, 2 split, that s, at sowing and afier Ist irrtation, T3—N @ 150kg/ha, 3splits, that i, at sowing,
before, and after 1t irrigation, T4—N @ 180kg/ha, 3 split, that i, at sowing, before, and after Ist irrigation, T5—N @ 150kg/ha, 3 splits, that is,at sowing, afer Ist rrigation, and after 2nd
irigation, T6—N @ 180kg/ha, 3 splts, that is, at sowing, after 1t irrigation, and after 2nd irrigation.
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Treatment Microbial count (107 cfu/g soil)

75 DAS At harvest

2019-2020 2020-2021 2019-2020 2020-2021
M1 ZT Wheat-HS with full residue (chopped) 93.42£0.42 98.53+0.3% 880940340 885240340
M2 ZT Wheat-HS with full residue (unchopped) 926040442 97.24£043 86.47+0.43ab 87.99:+£0.38ab
M3 ZT Wheat-HS with partial residues (anchored stubbles) 87.010.450b 95.38:£0.38ab 73.05+041bc 79.27£0472b
M4 CT Wheat-DS with full residue (chopped) 78.76£0.51b 90.07£0.42b 66.06£0.40¢ 7099+0.43b
T N@150kg/ha, 2 splits, that i, at sowing and after Ist irrigation* 86544342 9402£1.88 77134534 80.41£4.208
T2 N@180kgha, 2 splits, that i, at sowing and after Ist irritation* 87.053.468 94524185 77684534 8091+4.19
T3 N@150kg/ha, 3 splits, that i, at sowing, before, and after Ist irrigation™* 88.20£3.29% 95594185 78614534 8187+4.18
T4 | N@180kgha, 3 splits, that i, at sowing, before, and after Ist irrigation™* 89.443.368 96.63+1.83 7973531 83.06£4.07a
TS N@150kg/ha, 3 splits, that s, at sowing, after Ist irrigation, and after 2nd 87554341 9496+ 1.862 78154531 81394415

irrigation®**

T6 | N@180kgha, 3 splits, that i, at sowing, after Ist irvigation, and after 2nd 88.90+3322 96.12+1.89% 79.20+5.29 825144100

irrigation®*

Values with different superscripts in a column are significantly different at p< 0.05 according to the Duncan multiple range test (DMRT). Treatments abbreviations M1—ZT Wheat-HS with
full residue (chopped), M2—ZT Wheat-HS with full residue (unchopped), M3—ZT Wheat-HS with partial residues (anchored stubbles), Md—CT Wheat-DS with full residue (chopped),
T1—N @ 150kg/ha, 2 splits, that s, at sowing and after 15t irrigation, T2—N @ 180kg/ha, 2 spits, that is, at sowingand after It iritation, T3—N @ 150kg/ha, 3 splits, that i, at sowing,
before, and afer 1st irrigation, T4—N @ 180kg/ha, 3 splits, that i, at sowing, before, and after 15t irrgation, T5—N @ 150kg/ha, 3 spit, that s, at sowing, afer Istirrigation, and after 2nd
irigation, T6—N @ 180kg/ha, 3 splts,that is, at sowing, after 1t irrigation, and after 2nd irrigation.
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Treatments Treatment description

Type of tillage = Type of bed Residue retention N management
cT Conventional tillage | Flat land No 100% N
PNB Zero tillage Permanent narrow bed (40 cm bed and 30 cm furrow) | No 100% N
PNB+R+75N | Zero tillage Permanent narrow bed (40 cm bed and 30 cm furrow) | Yes 75% N
PNB + R+ 100N | Zero tillage Permanent narrow bed (40 cm bed and 30 cm furrow) | Yes 100% N
PBB Zero tillage Permanent broad bed (110 cm bed and 30 cm furrow) | No 100%N
PBB+R+75N | Zero tillage Permanent broad bed (110 cm bed and 30 cm furrow) | Yes 75% N
PBB + R+ 100N | Zero tillage Permanent broad bed (110 cm bed and 30 cm furrow) | Yes 100% N
FB Zero tillage Flat land No 100% N
FB + R + 75N Zero tillage Flat land Yes 75% N
FB + R + 100N Zero tillage Flat land Yes 1009% N
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Partial factor productivity of nutrients (N, P and K)
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Foliar Scion X Rootstock Types of planting

SIS PF_152 10_FD  5.FD  PF_FD cr NT
'N(gkg™) 21,4a% 21,0ab 222a 220a 222a 192b 239a* 187b
P(gkg™ 1,2ab lL4a 12ab 09b 1,2ab 1,2ab 1,5a 1,0b
K(gkg™) 13,0ab 123b 150a 122b 132ab 158a 151a 108b
Ca(gkg™) 369a 373a 377a 36,7a 36,7a 377a 398a 34,52
Mg (gkg™) 38a 38ab 36bc 35¢ 38a 39a 40a 31b
S(gkg™) 22a 21a 22a 2la 20a 23a 27a 15b
B (mg kg 99,2a 96,3 ab 92,7cd 96,5 ab 94,3 bc 90,1d 97,52 922b
Cu(mgkg™) 167ab 167ab 71a 161b 162b 163ab 1910 1390
Fe(mgkg™!) 91d 5750 68.9a a72d s46c 62,2ab 632a 57.9b
Mn (mgkg™') 284b 370a 4000 3L1b 380a 273b 338a 285b
Zn (mgkg™) B3c 4430 509a a38c 448 443 1974 424b

Summer 2023, *Means fllowed by the sameletter in the row for a single factor do not difer significantly (Tukey: p < 0.05). 1N, nitrogen; , phosphorus; K, potassium; Ca, calcium; Mg,
magnesium; , sulfur; B, boron; Cu, copper; Fe, iron; Mn, manganese; Zn, zinc.
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Years (Y) Maize

Root length density (cm cm—3) Root mass density (mg cm Root volume density
(x 102 cm3 cm™?)

2018-19 3647 11.80° 627
2019-20 3450 11.36" 596
Treatments (T)

cT 269 10.021 5.40°
PNB 3.15¢ 10.61° 5.66¢
PNB + R + 75N 353" 11794 6.16¢
PNB + R + 100N 4.05° 12.36% 6.61°
PBB 3.20° 10.83¢ 571¢
PBB + R+ 75N 3.67° 12.09%¢ 6.29¢
PBB + R + 100N 4.17° 12.70 678"
FB 3.16° 10.70° 5.60¢
FB+ R+ 75N 3.63 11.94¢ 6.24%
FB + R + 100N 4.18° 1272 672
YxT NS s NS

¥Treatment means followed by same lowercase letters do not differ by Fisher's least significant difference (LSD) test at p = 0.05.
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Variable

Units
Summary of ANOVA table
Source of variation Significance of p-value
Year . - o . .
Tillage s ns ns ns ns
Year x Tillage s ns ns ns ns
Main effects
Tillage Mean:: Standard deviation
Faba bean/Wheat
NT+ residue 241818282 6381350 58073,9250 338821240 39£5a
NT-residue 20901421 2 62641472 5337430192 3247416050 36£7a
Shallow OT 194521376 2 6312730 5238231530 3293217950 34:6a
Deep OT 1848+1,268 2 640760 486525760 3017¢1318a 35572
Year Mean:Standard deviation
1 33732653 b 714271b 8,12421,207b 47514636 b 41£3b
2 77841622 5528622 249944602 172243310 31532
Summary of ANOVA table
Source of variation Significance of p-value
Year o e . e -
Tillage ] ns * ns jd
Year x Tillage ns ns * * ns
Main effects
Tillage Mean:Standard deviation
Chickpea/Wheat
NT+residue 1128413 b 285322 45352001 b 3407416062 2641
NT-residue 8554363 ab 2774260 444222314 3587421032 2146ab
Shallow OT 60242462 274352 3327411762 272549742 18:5a
Deep OT 57741282 258172 3,638+ 1,460 ab 306241358 17242
Year Mean:Standard deviation
1 9734405 b 254: 132 545241,255b 44791022 18252
2 60842112 293426b 2518+402a 191142202 245b

GY: grain yield, TGW: thousand grain yield, TBY: total aboveground) biomass yield, S¥: traw yield, H: harvest index. “ns’: p-value >0.05.
*p-value £0.055%*p-value £0.01; ***p-value £0.001
Within the same variable and factor (tillage and year), lower-case letters it

icate if means are significantly (p <0.05) different (different leters) or similar (at least one letter in common).
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Variable

Units

Summary of ANOVA table
Source of variation

Year

Rotation

Tillage

Year x Rotation

Year x Tillage

Rotation x Tillage

Year x Rotation x
Tillage

Main effects
Tillage

NT + residue
NT-residue
Shallow OT
Deep OT
Rotation
Wheat/Chickpea
Wheat/Faba bean
Year

1

2

GY: grain yield, NSpk: number of spikes n

GY
kgha

ns

ns

ns

2,558£920b
23214899 ab
208949532

2046+836a

187143402

2,636+1,108b

28434898 b

1663339

“p-value <0.05*p-value 0.01; ***p-value <0.001.
Within the same variable and factor (tllag, rotation, and year), ower-case leters indicate if means are significantly (p:<0.05) different (different lettrs) or similar (atleast one letter in

common).

NSpk

count m

ns
ns
ns
ns

ns

s

3331502
35121720
3101562

3091850

316+158a

335169

479464b

173282

GW

TBY
kgha!

Significance of p-value

ns

ns

ns

ns

ns

s,

s

s

s

Mean £ Standard deviation

4052

39:5a

39:6a

39:6a

816224962
8,100£2,346a
772242237

758442125

Mean + Standard deviation

37:4a

426b

7,057+ 1,158 2

8728£2,737b

Mean £ Standard deviation

4424b

36+4a

9,55741992b

622847352

ns
ns

ns

5.605£1,622a
57794155218
5633413290

5538£1381a

51869332

6,092£1,685b

6713£1,155b

4,565£629a

TGW: thousand grain yield, TBY: total (aboveground) biomass yield, SY: straw yield, HI: harvestindex. “ns”s p-value>0.05.

HI

ns

ns

ns

ns

31£3b
28+4ab
26152

26x4a

27+4a

29152

924a

27152
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Parameter Soil layer (cm) Analysis method

20-40
Clay 50 54
Particle size distribution Silt % 24 18 NFX31-107
Sand 26 28
PH (H:0) = 7.05 72 NFISO 10390
EC (155 extraction) mS/em 009 005 NEISO 11265
Soil organic matter 284 2.04 NFISO 14235
%
“Total Nitrogen 0.14 0.03 Kjeldahl
Ammonia Nitrogen (N-NH,) 31 1.74
Skalar
Nitric Nitrogen (N-NO) 3.08 269
Phosphorus Olsen (P,0s) 83 37 NFISO 11263
mg/kg
Potassium (K,0) 662 371
Exchangeable bases Magnesium (MgO) 630 514 NEX31-108

Calcium (CaO) 5,746 5,959
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L} ‘Without mulch in the citrus row (conventional tillage)
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AE RE IE PFP 2\

kg yield increase kg N uptake kg yield increase kg grain yieldkgN kg N removed
kg N applied* increase ha* kg N uptake applied kg N applied*
kg N applied ha™ increase ha™
CC CP CC CP CcC CP CcC CP
2014 30 8180 135148 032402  040£03 10044688 1097%57.8  670£24  606%68  L1:01  10%01
30 W3£157 206£167  075:03  038%02  460:57 | 3861163 982262 607126  14x00° 0802
60 28+68 326523 051401  064£00 400473 527493 | 522:34 52677 07401  07£01°
2015 90 229100 13823 047202 03001 420119 485%49 | 432:41° 270434 06201  04%01°
30 21+48 | 150474 051£02  030£02 | 43337 | 744£187 | 615£32 | 469%39 | LI£01 10201
60 250405 | 191433 047400  035£00  492%26 54873 | 432513 351442 08£00° 07x01°
2016 90 202%13 15604 06000  029+00 336428 551450 3B7£17 262£13 0.7£01"  0.5£00"
Variation source pvalue
Year ns. ns. ns. ns. ns. ns. 0.0009 00730 ns. ns.
Nrate ns ns ns. ns ns. ns. <0.0001 0.0085 <0.0001 0.0062
Year x Nrate ns. ns. ns. ns. ns. ns. 00207 ns. 00273 ns.
Replication (Year) 0.0076 ns. 0.0245 ns. 0.0042 ns. ns. ns. ns. ns.

Different leters within a colum indicate differences among N rates each year, which are significant at a 95% confidence level; ns means no significant difference. 'File data from 2014 were not
included in the ANOVA analysis.
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Variables Rotation system

(ele; CP
Nrate Nitrate-N_722 0.45* 032
Nrate Grain yield 0.80%+% 0,697+
Nrate N uptake_stover 0667+ 046°
Nrate N uptake crop 0.89%+ 074+
Nrate Protein concentration 015 -0.15
Nitrate 722 Grain yield 071 054+
Nitrate 722 N uptake_stover 058+ 0487
Nnitrate 722 | N uptake crop 054 032
Nnitrate_722 | Protein concentration ~0.60%+* —071%%
Grain yield N uptake_stover 0707+ 0667+
Grain yield N uptake crop 0917+ 0925+
Grain yield Protein concentration -026 ~0.43*

Significant at *p < 0.05; **p < 0.01; ***p < 0.001.
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N Stover content

kg N ha™*
CE CP
2014 0 1769+ 191 1414:£ 356 101403 97402 80£14 99421
30 01173 1818 + 205 10601 100402 121510 145521
2015 0 1827 567° 1,204+ 358° 87401 99404 79435 57425
30 2945+ 185" 1822+ 378" 92403 8640.1° 133£33% 10822
0 3,134 206 3,157 £ 464" 88403 8801 201444 18832
90 389123710 2,442 307 91402 9001 188%49° 163£43°
2016 0 1214 % 68° 956+ 115° 12.1£02% 153£0.10 384110 77414
30 1845+ 96 1406+ 118" 15402 132407 91417 70410
60 2592+ 80° 2,103 249" 17403 123403 83416 103514
% 3,031 149" 2359+ 113" 131506 125506 190514 105510
Variation source prvalue
Year 0.0023 00191 <0.0001 <0.0001 0.0023 00246
Nrate 0.0001 <0.0001 00383 <0.0001 <0.0001 00122
Unfertilized vs. fertilized <0.0001 <0.0001 ns. <0.0001 <0.0001 00094
Lineal <0.0001 <0.0001 ns. 0.0002 <0.0001 00019
Quadratic ns. 0.0406. 00410 0.0007 ns. ns.
Year x Nrate ns. ns. ns. 00213 0.0405 ns.
Replication (Year) ns. ns. ns. ns. 0.0018 ns.

rent lowercase leters within a column indicate differences among N rates within each year at a 95% confidence level; ns means no significant difference. 'File data from 2014 were not
included in the ANOVA analysis.
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Planting
)eometr

9 v/ AGC*
3mx3m 134292172
6mx15m 8741467
17mxImx1m 133822134
East-West

5393529
boundary
North-South

2047407
boundary
Control (sole
cropping)
Mean 8398
CD. (p=0.05) 214

BGC

3200437
2097415

2198423

1028+0.5

657402

1836

0057

Tree carbon stock (Mg ha™)

Total

166294209
10838112

1558155

5421434

27.03£07

10234

2645

AGC, aboveground C; BGC, belowground G; soil organic carbon up to 90cm soil depth.

Crop carbon stock (Mg ha™)

Dhaincha

1061+0.3

111401

1205£0.1

133801

1369£02

1410£02

1249

012

Barley

1440202
16.18+0.3

1928403

17.86£0.3

1879£0.1

2664402

1886

075

Total

2501402
2732403

3132403

3124503

3248£0.1

4074£03

3135

062

SOC stock
(Mg ha)

4597412

3996409

3852412

3927409

3575406

3423410

38.65

0.69

Total
carbon
(Mg ha™)

237.274219

17566113

225644117

12472434

95.26%12

74974072

15559

2136
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Planting geometry Tree biomass (Mg ha™) Crop biomass (Mg ha™) Total

AGB BGB Total Dhaincha Barley Total (?;‘;mhsz)
3mx3m 279.17+358 6543+7.5 34460433 26.52+0.6 36.01£0.6 62.53+0.5 407.13 £43.6
6mx1.5m 182.01+20.10 42.89+3.1 224911232 27.84£0.2 40.45+0.7 68.29+0.6 293.20 £23.3
17mx1mx1m 278.16+27.7 4496147 323.121322 30.12£0.3 48.19£0.70 7831+0.8 401.43 £31.6
East-West boundary 91.25+59 210311 112.28+6.9 33.46+0.2 44.65+0.8 78.11£0.8 190.39 £6.51
North-South boundary 4273£15 1343039 56.17+1.8 34.23£04 46.97+0.4 812403 137.37 +1.67
Control (sole crop) - - - 3525404 66.61+0.4 101.86+0.70 101.86 +0.67
Mean 174.66 37.55 21221 3123 47.14 7838 25523
CD.(p=0.05) 46.07 9.23 54.89 031 1.86 224 4422

Bold depicts the total biomass produced. In order to highlight the total biomass in a system, it has been made bold.





OPS/images/fsufs-09-1464020/fsufs-09-1464020-g002.jpg
Software-based

Hardware-based

¢

User level

Computer scientists
Farmers

Machine
Learning

Expert level






OPS/images/fsufs-08-1386035/fsufs-08-1386035-t006.jpg
Planting
geometry

3mx3m
6mx15m
17mx1mx1m
E-W boundary
N-S boundary
Mean

C.D. (p=0.05)

Aboveground biomass (Mg ha)

Stem

24106£315
15214179
239414237
80284512
35104148
149.60

40.118

Branch

2617424
2055419
27.48£3.01
740407
441402
1720

4849

Leaves

1193222
931£07
112716
357404
322403
7.86

2858

Total

279.174358
182.01£20.10
278.16427.7
9125459
4273515
17466

46.075

Belowground biomass (Mgha™)

Stump

5890475
35.50£3.1
3942447
187311
1148204
3281

9278

Bold depicts the total biomass produced. In order to highlight the total biomass in a system, it has been made bold.

FCR

6544003
739002
553003
2314008
1954004
474

0116

Total

6543475
42.89£3.1
449647
2103511
13432039
37.55

9231

Total
biomass
(Mgha™)

344.604433

224914232

323124322

1122869

5617418

21221

54,898
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Planting 1year 2years 3years 4years 5years 6years 7years 8years Total

geometry

Grain  Straw  Grain  Straw  Grain  Staw  Grain  Straw  Grain  Straw  Grain  Straw  Grain  Straw  Grain  Straw Grain Straw.
Smxim 2MH010 | 3902012 | 2408012 | 3208 | 2002015 | 2926028 | L2 | 283001 L2201 | LISHLI0 | L2007 | 2001011 | LISSO7 | 2433018 | 104000 | 1563011 | 14013010 2oz
Gmx1Lsm 30L00S | ABIOM | 276:014 | 328502 | 2632006 | 2963001 | 2245001 | 3023 | LS2:006 | SM0I3 | L6007 | 2255010 | 1565007 | 175:002 | 143002 | 1903009 | 16952047 n52073
mximsim 330006 | 460502 | 292002 | 4455024 | 2962010 | 3502016 | 2435002 | 4052021 | 2302004 | 4775007 | 1953011 | 2442010 | 196016 | 2942015 | 141003 | 2158007 | 1929203 92077
Fast-Westboundary BMH00T | 3S:001 | 2995011 | 3615018 | 2062021 | 2665015 | 2074010 | 2743001 | M7:006 | AOSH0IS | 275002 | 3395001 | 1745004 | 2613013 | 1615001 | 2682007 | 1935:080 535090

375010 | 3565015 | 161014 | 3635020 | 2335014 | 2905007 | 2205002 | AISH0I3 | 33027 | 4212025 | 2602023 | 351808 | 2008015 | 2901007 | 1792012 | 2465006 2074090 w2010
Conteo sle) 3601006 | 4952023 | 3208024 | 4782023 | 3292015 | 4282006 | 3555009 | 4520002 | 3312016 | 5045022 | 3R05019 | 5562013 | 3565006 | 501016 | 350008 | 4473018 | 27832074 s8s2098
Mean B a 25 3 260 Y 23 3% 251 an 226 320 200 297 17 250 1061 s

cD.(p-005) o1 o0s onn 009 002 o o2 010 006 007 o3 oost o on 004 009 325 n
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Planting Green biomass of Dhaincha (Mg ha™)

)eometr
g Y 1year PAZETS 3years 4years Syears (RS 7 years 8years Total
3mx3m 44004058 | 6210+114 - - - - - - 106.10+1.47
6mx15m 46674022 | 6470031 - - - - - - 111404103
17mxImx1m 51704057 | 68804106 - - - - - - 120.50£0.50
East-West
- - - - - - 132312034
boundary 67414035 | 6489+058
North-South
- - - - - 136912080
boundary 69004034 | 67912051
Control (sole
70534047 | 7048£0.38 - - - - - - 141012082
crop)
Mean 5821 6628 - - - - - - 12471
CD. (p=0.05%) 144 203 - - - - - - 1078

Dhaincha was not cultivated due to drastic reduction in the yield from 3 to 8 years.
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Total input energy Total output energy Net energy return Energy Energy ratio

(x 10> MJ ha™!) (x 10> MJ ha™1) (x 10> MJI ha™1) productivity
(kg ML)

2018-19 - 467.0% 365.5 0.199 6.07*
2019-20 - 463.5 361.5° 0.190° 5.99%
Treatments
cr 519 412.2¢ 360.3° 0.249 7.94¢
PNB 121 441.5¢ 399.4° 0334° 10.50ab
PNB + R + 75N 137.3 462.6° 325.3¢ 0.109° 337
PNB + R + 100N 1419 482.1° 340.2¢ 0.112% 3.40e
PBB 123 449.6 407.3° 0338° 10.63a
PBB + R + 75N 137.2 478.1° 340.9° 0.115 3.48de
PBB + R + 100N 1418 504.9° 363.2° 0.119¢ 3.56d
FB 1238 447,94 405.1 0333 10.46b
FB + R + 75N 138.0 474.8° 336.8¢ 0.113% 344de
FB + R + 100N 1425 498.7 356.1° 0.116% 3.50de
YxT - NS NS NS NS

¥Treatment means followed by same lowercase letters do not differ by Fisher's least significant difference (LSD) test at p = 0.05.
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Models Functional form

Allometric Y=axX®

Y=a/(1+exp. (-

Logistic
(X-c)/b))
Y=ax(1-exp.
Chapman ax (1-exp.
(=bx X))
Y=axexp. (—ex
Gompertz ke =
(~(X-0/b)
Linear Y=a+bxX
Exponential Y=axexp. (bxX)

Y, biomass of components; X, DBH’H,

Estimate
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00324
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35937
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36177
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392,686
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41010
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ea gatio ate gatio prod
applied od a
2018-19 - - 19.6¥ 115
2019-20 - - 192° 10.2°
Treatments
cr 908.0 1,602.0 1420 8.07"
PNB 785.0 1,4015 17.9° 10.06°
PNB + R + 75N 763.5 1,380.0 19.6¢ 10.85¢
PNB + R + 100N 763.5 1,380.0 209 11.62¢
PBB 7435 1,360.0 19.3% 10.58¢
PBB + R + 75N 685.5 1,302.0 229° 12.14
PBB + R + 100N 6855 1,302.0 247 13.10°
FB 868.5 1,485.0 16.4¢ 9.64°
B + R + 75N 837.0 1,453.5 18,6 10.75¢
FB + R + 100N 837.0 14535 19.9¢ 1148°
YxT - - NS NS

¥Treatment means followed by same lowercase letters do not differ by Fisher's least significant difference (LSD) test at p = 0.05.
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Parameter i Component-wise biomass of eucalyptus (kg tree )

Branch  Leaves  AGB  BGB Total
(AGB +BGB)

Number of harvested trees 70 70 70 70 70 70 70 70
Range 1205 11.40 304.32 3931 19.94 348.49 89.01 41641
Minimum 1545 14.01 79.60 843 526 95.43 18.67 114.16
Maximum 2750 2541 383.92 47.74 2520 44392 107.68 530.57
Mean 20.87 20.03 191.82 2325 11.99 227.06 47.40 274.46
SE mean 298 2.36 64.27 835 486 7532 21.83 94.41
Standard deviation 036 0.28 7.68 1.00 0.58 9.00 261 11.28
Coefficient of variation (%) 14.26 11.78 3351 35.90 4057 3317 46.06 3440
Correlation with total biomass 093 0.68 097 093 0.79 099 091 1.00
Variance 885 5.57 413117 69.68 23.66 567346 476.67 891375
Skewness 025 =035 0.63 0.83 075 0.63 089 0.66
SE skewness 0287 0.287 0.287 0.287 0.287 0.287 0.287 0.287
Kurt =074 0.05 0.44 0.74 0.04 039 022 030
SE kurtosis 0.566 0.566 0.566 0.566 0.566 0.566 0.566 0.566
Shapiro-Wilk test 098 098 097 095 094 097 093 0.96
SW significance 021 051 0.09 001 0.00 0.06 <0.001 004

AGB, aboveground biomass; BGB, belowground biomass.
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System Total water

productivity (t productivity (kg
ha—1) ha-mm~1!)

CAvs.CT
cA 1536" 11.14°
cT 12.92° 8.06°
p-Value <0.0001 <0.0001
Residue vs. no-residue
Residue 15723 1147
No-residue 14.63" 10.46"
p-Value <0.0001 <0.0001
100N vs. 75N
100N 1571% 11.45°
75N 15.74% 11.49°
p-Value 08735 07782
PNB vs. PBB
PNB 14.97° 10.85"
PBB 15.65" 11.94°
p-Value 0.0008 <0.0001
PNB vs. FB
PNB 14.97° 10.85"
FB 15.46" 10.62"
p-Value 0.0098 0.0971
PBBvs. FB
PBB 15.65" 11.94°
FB 15.46° 10.62°
p-Value 02784 <0.0001

¥Treatment means followed by same lowercase letters do not differ by Fisher's least significant
difference (LSD) test at p = 0.05.

CA, conservation agriculture; CT, conventional tillage; 100N, 100% recommended dose of
nitrogen; 75N, 75% recommended dose of nitrogen; PNB, permanent narrow bed; PBB,
permanent broad bed; FB, flat bed.
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Maize grain yield (t Wheat grain yield (t Greengram grain System productivity (wheat

ha~1) ha=!) yield (t ha=1) grain equivalent yield) (t ha=!)

2018-19 6713 573 0.94* 15.49°
2019-20 631° 565" 091% 14.75°
Treatments

cr 572 4.99" 0.72¢ 12.92¢
PNB 6.28¢ 534 0.78¢ 14.04¢
PNB + R + 75N 6.48bd 565 0.88¢ 1491¢
PNB + R + 100N 6.66%¢ 596 1.04% 15.95"
PBB 6.40%¢ 5.44% 0.80%¢ 14314
PBB + R + 75N 6.72% 5.86¢ 0.99° 15.72°
PBB + R + 100N 6.98" 634% 112 16.94*
FB 632 5.45% 0.80¢¢ 1424
FB + R + 75N 6.69%¢ 5.73bcde 099 15.55>
FB + R + 100N 6.86" 6.15% L1 16.59°
YxT NS NS NS NS

¥Treatment means followed by same lowercase letters do not differ by Fisher's least significant difference (LSD) test at p = 0.05.
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Greengram

Root length density (cm cm—3) Root mass density (mg cm Root volume density (x 103
cm?® em—3)

2018-19 1.39% 1.82° 6.03
2019-20 1.35° 1.67° 585"
Treatments

cT 1.19° 1.43¢ 5544

PNB 1.30° 1.564 5.69%
PNB + R + 75N 1.37%%¢ 1.76¢ 5.81%
PNB + R + 100N JRYES 1.93® 625

PBB 1.33% 1.60¢ 5714

PBB + R+ 75N 1.390d 1.81¢ 6.02°

PBB + R + 100N 151° 203" 635"

FB 1.30¢ 1.59¢ 5.70%¢

FB + R + 75N 1.37¢4¢ 1.78¢ 6.02°
FB+ R+ 100N 1.48%° 1.97% 6.34%
YxT NS NS NS

¥Treatment means followed by same lowercase letters do not differ by Fisher's least significant difference (LSD) test at p = 0.05.
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Branches: 12.3 Mg C ha'! Leaves: 5.07 Mg C ha'*

SOM: 45.97 Mg C ha*

Roots: 32 Mg C ha! (Stump: 28.80 & FRB: 3.20)

2 {__Total system’s carbon: 237 Mg har* =
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Years (Y) Wheat

Root length density (cm cm=3)  Root mass density (10~* g cm—3) Root volume density (x 103
cm?® em—3)

2018-19 2343 7.36° 5.64°
2019-20 226 7.14° 5.40°
Treatments (T)

cr 1.75¢ 5751 4.18¢
PNB 1.98¢ 623" 4.96"
PNB + R + 75N 2.32¢ 7.58 5.62¢

PNB + R + 100N 259 8.12¢ 6.05¢

PBB 1.99¢ 6.41¥ 4.97

PBB + R+ 75N 241° 7.75¢ 583

PBB + R + 100N 2.80° 8.53° 653

FB 2.05¢ 623" 4920

B + R+ 75N 237¢ 7.66° 5.78¢

FB + R + 100N 273 8.28" 6.39
YxT NS NS s

¥Treatment means followed by same lowercase letters do not differ by Fisher's least significant difference (LSD) test at p = 0.05.
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Particulars Eucalyptus-based agroforestry (Rs ha™)* Control
(sole crop)

6mx15m 17mx1imx1im East—west North—South
boundary boundary

Cost of cultivation 523,256 534,532 548,231 425,001 425,001 335,087

Returns from system

“Trees (eucalyptus) 777,770 611,050 880,000 290,000 225,000 =
Dhaincha (Kharif) 10,000 10,900 11,200 9,051 8,945 13,100
Barley (Rabi) 175,525 215,740 257,506 298,855 297,724 359,817
“Total returns (Rs. ha™") 963,295 837,690 1,148,706 597,855 531,668 372,917
Net income (Rs. hz 440,039 303,158 600,475 172,854 106,668 37,830
NPV @ 12%

discounting (Rs. ha™") dsages 69819 194,953 54080 25843 4346
B:C ratio 144 1.21 1.59 121 110 1.02
IRR (%) 30 2 36 35 24 -
LEV (Rs ha' 764,456 382,161 1,067,089 296,008 141,454 23,790

*When the study was conducted the exchange rate of US dollar to Indian Rupees (INR) was 67.17.





