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Abstract
Conservation agriculture (CA) has the potential to sustain soil productivity and benefit agroecosystems, yet it is not fully understood how yield responses of different cropping systems are affected by inherent soil characteristics, for example, texture and dynamic soil properties, such as aggregation, nutrients and erosion. In this study, we conducted a systematic review to compare crop yield from cropland with conventional management versus different CA prac- tices, specifically reduced- or no-tillage, agroforestry, organic farming and cover crops. The data were first analysed for different climatic regions, soil tex- tures and cash crop types. We then quantified how yield responses correlated with soil properties change under different CA practices. The results showed that CA practices were associated with an overall mean crop yield increase of 12%. This response was primarily driven by corn, which had a mean yield increase of almost 41% after CA implementation, whereas other cash crops did not have significant yield responses or showed slight decreases, as rotation with mixtures of multiple cash crops had a mean decrease of 6% when using CA. The increase in corn yield after CA may be related to the enhanced ability of that crop to absorb nutrient elements (e.g. nitrogen) and reduce nutrient leaching. Agroforestry increased crop yield by 66% and cover cropping increased yield by 11%, likely due to increases in soil water content and nutri- ent availability and decreases in erosion and surface runoff. However, other agricultural systems showed no significant increase after CA compared with conventional row cropping practices. Using CA practices had the greatest yield benefit in tropical climates and when farming in coarse-textured soils. In addi- tion, legumes and grass-legume mixtures resulted in significant cash crop yield increases, possibly because legumes promoted the increase of soil nitrogen and depleted soil moisture less compared with other cover crops. The results pro- vide new insight into how interactions between soil properties and CA prac- tices affect crop yield and at the same time can help guide the development of practical, evidence-based guidelines for using conservation practices to improve yield in corn and other cash crops.
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[bookmark: 1__INTRODUCTION]1	|	INTRODUCTION 
Highlights
· Conservation agriculture resulted in an overall mean crop yield increase of 12%, mainly driven by yield increase in corn (41%).
· Agroforestry increased crop yield by 66% and
cover crop increased crop yield by 11%; other systems did not respond to conservation man- agement in terms of crop yield.
· Crop yield responses to conservation manage-
ment were greatest in tropical climate and coarse-textured soils.
· Changes in soil water content (SWC), nitrogen
(N), phosphorus (P), soil organic carbon (SOC) and erosion due to conservation management likely influence crop yield.



Food scarcity is a major global challenge that is being exacerbated by population growth, climate warming, water limitations, land use change and reduced land pro- ductivity (Anantha et al., 2021; Montgomery, 2007). The global population is expected to reach 9.5 billion by 2050 (Anantha et al., 2021; Gerten et al., 2020), making it even more urgent to have secure and stable crop production (Busari et al., 2015). Agricultural practices that feature intensive irrigation, fertilization and tillage have been widely adopted over the past few decades to improve soil quality and enhance crop productivity. When overused, these interventions can lead to soil structural destruction, nutrient loss, increased soil erosion and reduced biodiver- sity, each of which can reduce crop yield (Waqas et al., 2020; Zalles et al., 2019). Meanwhile, excessive appli- cation of inorganic fertilizers and pesticides exacerbates environmental problems, such as soil acidification (Dai et al., 2016), groundwater pollution (Huang et al., 2018) and elevated greenhouse gas emissions (Lv et al., 2020). Many researchers have sought solutions to change the physical, chemical and biological properties of soil to sus- tain agricultural productivity (Anantha et al., 2021; Lesur- Dumoulin et al., 2017; Sharma & Dhaliwal, 2021) and have identified conservation agriculture (CA) as a particu- larly promising framework for better practices.
Conservation agriculture is an approach that manages
agroecosystems for long-term productivity and profitabil- ity, while preserving natural resources and the environ- ment (Corsi et al., 2012). Conservation agriculture is characterized by three linked principles: (i) minimal mechanical soil disturbance; (ii) permanent organic soil cover; and (iii) diversification of crop species either grown in sequence or simultaneously (Corsi et al., 2012; Rusinamhodzi, 2015; Sithole et al., 2016; Troccoli et al., 2015). Many specific practices fit the definition of CA (Du et al., 2022; Sithole et al., 2016), including agrofor- estry (AF), no- or reduced-tillage (NTRT), cover crops (CCs) and organic farming (OF). These general categories also include many different practices. For instance, AF is a term that describes integrating cropping systems into for- estry management. These practices follow two general types: (1) crops being managed in rotation with trees that are harvested, or (2) crops that are grown simultaneously with trees,  also known as intercropping (Kwesiga  et al., 2003). No- and reduced-tillage, sometimes referred to as minimum tillage, aim to minimize soil disturbance


















during cultivation and are often performed in conjunction with efforts to maintain crop residue on the soil surface (Domínguez & Bedano, 2016; Sinha et al., 2019; Zhang et al., 2022). Cover crops are close-growing crops that provide covering protection, soil improvement and other soil-related benefits between periods of normal crop production, or between trees in orchards and vines in vineyards (Adetunji et al., 2020; Hao et al., 2022). Cover crops have been widely adopted to increase SOC (Poeplau & Don, 2015), reduce sur- face runoff and soil erosion (Du et al., 2022) and control weeds (Osipitan et al., 2019). Organic farming (OF) is an agricultural system that uses organic fertilizers such as com- post and green manure and emphasizes techniques such as crop rotation and companion planting (Smith et al., 2019). With the demand for sustainable development, OF is expanding globally, with certified OF accounting for 70 mil- lion hectares worldwide (Paull, 2019).
Though CA was originally introduced to regulate wind and water erosion (Baveye et al., 2011), it is now considered to change soil properties and help farmers to achieve sus- tainable land production and support ecosystem services (Findlater, 2013; Sithole et al., 2016). Previous research has identified several benefits of CA over conventional manage- ment (CM) with respect to soil properties as well as crop yields. For example, CA can alter soil physical properties by reducing bulk density, decreasing soil erosion, improving soil structure and increasing soil organic matter content (Jian et al., 2020a; Roy et al., 2021; Rusinamhodzi, 2015). Likewise, the implementation of CA has been shown to




enhance soil chemical properties, including the availability of macro- and micro-nutrient availability (Jat et al., 2018; Nandan et al., 2019; Piazza et al., 2020; Roy et al., 2021). Conservation agriculture practices can also positively impact soil biochemical properties such as microbial bio- mass carbon (MBC) and enzymatic activities (Choudhary et al., 2018; Njaimwe et al., 2018; Piazza et al., 2020).
Changes in soil properties from CA can also affect crop yields (Abera et al., 2020; Adimassu et al., 2017; Pittelkow et al., 2015; Wolka et al., 2018). For example, CCs can affect crop yield by controlling weeds and modifying soil nutrient supply. A study conducted in Switzerland found that soils
planted with CCs—including hairy vetch, common vetch
[bookmark: 2__METHODS]and white mustard—enhanced plant production and resulted in crop yield increasing by up to 24% (Wittwer et al., 2017). At the same time, combining conservation measures often helps increase crop yield compared with any single  approach  (Palm  et  al.,  2014;  Pittelkow et al., 2015; Schomberg et al., 2009). For instance, Zhang et al. (2022) observed that no-tillage combined with straw addition improved crop yield in the long term compared with CM. Similarly, Jin et al. (2009) and Sidhu et al. (2015) reported higher wheat yield when combining no-tillage and residue retention versus conventional tillage with residue removal or burning. Such results have been hypothesized to be related to changes in soil physical properties, including increased soil water availability (Sharma & Dhaliwal, 2021). Other work, however, has determined that yield responses can be inconsistent and heterogeneous between different soils, management systems and crop types. Some studies have demonstrated a decrease in crop yield in the first few years of CA, especially in wet years, albeit with no influence on grain quality (Colecchia et al., 2015; Troccoli et al., 2015). Arora et al. (2010) reported that poor root growth and decreased availability of soil nitrogen (N) resulted in lower wheat yield in no-tillage compared with CM (Sharma & Dhaliwal, 2021). In the scientific research carried out so far, it has been found that yield using organic horticultural practices averaged 19% to 25% less than those in conventional horticulture (Lesur-Dumoulin et al., 2017; Ponisio et al., 2015; Seufert, 2018). This decrease may be due to the local environment (soil type, weather, pest pressure) and the crop management (Lesur-Dumoulin et al., 2017). Regardless, these contrasting or inconsistent results mean that it is difficult for growers to know which, if any, CA prac- tices to use for their operations if yield response is a primary consideration. Growers would also benefit from a better understanding of how different CA practices affect soil pro-
cesses and thus drive yield responses (Mhlanga et al., 2022).
In this study, our goal was to determine how changes in soil properties in response to CA affected crop yield, using observations collected from many different sites and cropping systems. In addition, we investigated

correlations between changes in yield and soil properties. We conducted a systematic analysis using the global soil health database SoilHealthDB (Jian et al., 2020b) with the aim of assessing whether there is consistent evidence of yield benefits from the use of CA. This effort will help to develop practical, evidence-based guidelines to effec- tively use CA to enhance soil properties and increase crop yield. Our specific objectives were to (i) assess and summarize the effects of CA on subsequent cash crop yield in different climatic regions, soil textures and crop types across the globe, and (ii) clarify the relationship between soil and crop yield changes under CA, so as to provide a basis for selecting appropriate CA practices in different regions.


2 | METHODS 

The data obtained from SoilHealthDB (Jian et al., 2020b) were used to evaluate changes in crop yield resulting from the implementation of CA compared with CM. A total of 2372 comparisons between CA and CM were derived from
151 publications, encompassing 174 sites worldwide (Figure 1a). Notably, the distribution of observations was uneven among the individual studies, with the study con- taining the highest number of observations having 158 com- parisons, whereas the study with the fewest observations featured only 1 comparison. To address this discrepancy, a systematic approach was employed whereby the data were aggregated based on StudyID, ExperimentID, climate regions, soil texture, cash crop types, conservation manage- ment types and cover crop types. Note that, within Soil- HealthDB, an ExperimentID was uniquely assigned whenever any variations were present in factors such as cash crop, site, tillage, fertilizer level, cover crop, soil sampling depth, cover crop termination or cash crop rotation (see Jian et al., 2020b for detailed information). By calculating the average values of yield and various soil properties, a refined dataset comprising 499 comparisons was obtained (approxi- mately three comparisons per study; Figure 1b).
According to the climate Koppen classification (Peel et al., 2007), the climatic regions of all sites were identi- fied and grouped into tropical (A), arid (B), temperate
(C) and boreal (D) climates (Kottek et al., 2006). Follow- ing the Cornell Soil Health Framework, sand, loamy sand and sandy loam were grouped as coarse-textured soils; sandy clay loam, loam, silt loam and silt were grouped as medium-textured soils; and clay, sandy clay, clay loam, silty clay and silty clay loam were grouped as fine- textured soils (Moebius-Clune et al., 2016). Classification for cash crop and cover crop were directly reported in the SoilHealthDB (Jian et al., 2020b). Cash crops were cate- gorized as corn, orchard, soybean, sorghum, vegetable,
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[bookmark: _bookmark2]FIGURE 1	The spatial distribution of sites in the analysis from conservation agriculture (CA) studies. The dataset consisted of (a) 2372 pairwise comparisons and (b) 499 pairwise comparisons after aggregation from 151 papers and 174 sites. Conservation agriculture types included agroforestry (AF), cover cropping (CC), no-tillage or reduced-tillage (NTRT), organic farming (OF), other CA practices (Others) and a mixture of multiple CA practices (Mixed).



wheat and rotation with mixtures of multiple cash crops. Cover crops were categorized as grass, legume, mixtures of legume and grass (LG), broadleaf and other mixtures of more than two cover crops (MTT).
After digitizing and compiling the crop yield data, we used a systematic analysis to calculate the response ratio of yield was calculated, following Luo et al. (2006), the natural logarithm was applied to the response ratio of yield, hereafter named RRy, where RRy is calculated by:

RRy = ln(Yconservation/Ycontrol)          (1)
where Yconservation represents crop yield under CA, and Ycontrol represents crop yield under CM.

To estimate 95% confidence intervals, a nonparamet- ric bootstrap resampling technique (Hesterberg, 2011) was used by performing 10,000 iterations on the original RR values. From the resamples, the mean and 95% confi- dence intervals were computed to identify changes in yield and environmental properties under CA compared with CM (Du et al., 2022; Jian et al., 2020a; Puth et al., 2015).To enhance interpretability, RRy values of the systematic analysis were presented as percent change using the formula: % change = (RRy - 1) x 100.
In addition, the response ratios of 32 different envi- ronment properties (named RRx) were calculated to reflect the impact of CA on crop yield and environment properties (Lu et al., 2013):
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[bookmark: _bookmark3]FIGURE 2	Crop yield response (as % change) due to implementation of: (a) conservation agriculture (CA) in all studies and as categorized by seven cash crop types, (b) divided by four climatic regions and three soil texture groups, (c) segregated into six conservation management types and (d) divided by five cover crop species or mixtures. The symbols used in the figure include dots with error bars, representing the overall mean yield values ±95% confidence intervals (scaled to %). Categories whose 95% confidence intervals do not cross
0 (represented by the vertical red lines) have significant differences between conservation management treatments and controls. The number of experiments followed by the number of studies is listed for each category. Note that panel (d) shows results from subdividing the results of cover crop (panel c) into six different cover crop groups.


RRx = ln(Xconservation/Xcontrol)          (2)
where Xconservation represents the measured value of 32 different environment properties under CA, and Xcontrol represents the measured value of 32 different environment properties under CM (Du et al., 2022). The 32 different environment properties included: weed, soil water content (SWC), soil temperature (ST), soil fauna (SoilFauna), runoff, porosity, pH, pests, soil penetration resistance (Penetration), soil phosphorus (P), other microbial indicators (OtherMicrobial), soil organic car- bon (SOC), N2O, mineralizable nitrogen (Nmina), soil nitrogen (N), microbial biomass nitrogen (MBN), micro- bial biomass carbon (MBC), subsurface nutrient leaching

(leaching), saturated hydraulic conductivity (Ksat), soil potassium (K), infiltration, soil fungal characteristics (fungal), erosion, enzymatic assays (enzyme), electrical conductivity (EC), aggregation (Aggre), field-measured soil CO2 efflux (CO2), mineralizable carbon (Cmina), field-measured soil CH4 efflux (CH4), cation exchange capacity (CEC), bulk density (BD) and available water- holding capacity (AWHC).
Significant differences were observed in the RRy values for corn compared with other cash crops, tropical com- pared with boreal climates, coarse-textured compared with medium-textured soils, AF compared with other conserva- tion types (Other CA) and legume cover crops compared with grass cover crops (Figure 2). Consequently, a simpler linear regression analysis was performed to explore the
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[bookmark: _bookmark4]FIGURE 3	Regression between response ratios (RRs) of yield versus different soil properties under corn (blue colour) and other cash crops (pink colour). The vertices of the petal diagram indicate R2 values (each concentric circle represents an R2 increment of 0.25). The values in the parentheses represent the direction of slope/p-value of slope/size of samples of regression.



potential factors influencing the yield response after implementing CA under different conditions. Specifi- cally, the relationships between RRy and RRx were examined for corn versus other cash crops, boreal versus tropical regions, coarse- versus medium-textured soils, agroforest versus other CA and grass versus legume cover crops (Figure S1). It should be noted that only those soil properties with sufficient data for both groups
(n ≥ 6) were analysed (refer to Figures 3–7 for addi-
tional details). In addition, before regression analysis, both RRy and RRx underwent logarithmic transforma- tions. However, when we calculated the natural loga- rithm of the RR values for 32 environmental properties, we found that log-transformation only slightly improved normality for few soil properties (Figures S2-S9). There- fore, in order to determine whether log-transformation of RRx was necessary, we conducted a thorough com- parison of p-value ( p) and R-square coefficients (R2) for the linear regression between RRy and RRx versus RRy

versus ln(RRx) (Table S1). We made the decision to employ ln(RRx) based on a careful evaluation of the simple linear regression models, considering the following criteria:

1. The correlation between RRy and RRx is not signifi- cant ( p ≥ 0.05), while the correlation between RRy and ln(RRx) is significant ( p < 0.05);
2. The R2 value improved by at least 10% in both groups (e.g., both corn and other cash crops).

Based on these criteria, it was determined that log- transformation was necessary for RRx values of N and aggregation when comparing corn and other cash crops, RRx values of N and P when comparing coarse- and medium-textured soils, and RRx values of N when com- paring AF and other conservation systems (Table 1).
All data analysis was carried out in R software (Version 4.1.1, Team, 2013).



[bookmark: _bookmark5][image: ]FIGURE 4	Regression between response ratios (RRs) of yield versus different soil properties under boreal regions (purple colour) and tropical regions (red colour). The vertices of the petal diagram indicate R2 values (each concentric circle represents an R2 increment of 0.25). The values in the parentheses represent the direction of slope/p-value of slope/ size of samples of regression.






















3 [bookmark: 3__RESULTS]|	RESULTS 

3.1 [bookmark: 3.1__Factors_affecting_crop_yield_change]|	Factors affecting crop yield changes when using conservation agriculture

Conservation agriculture demonstrated a positive impact on crop yield, resulting in a mean increase of 12% (Figure 2a). However, it is important to note that the yield responses varied across crops. Specifically, significant yield increases were observed in corn and rotation with mix- tures of multiple cash crops following the implementation of CA, with mean increases of 41% for corn and -6% for rotation with mixtures of multiple cash crops. On the con- trary, the remaining cash crops analysed did not exhibit significant responses in terms of yield.
The results also showed that the effects of CA on crop yield varied depending on climate type and soil texture. Among the different climate types, tropical regions exhib- ited the greatest increase in yield, with a mean increase of 27%, followed by a 15% mean increase in temperate regions (Figure 2b). By contrast, the implementation of CA in arid or boreal regions tended to lead to a decrease

in yield. When considering soil texture, crops planted in coarse-textured soils showed larger yield increases com- pared with those planted in fine- and medium-textured soils.
Examining the effects of various CA practices, it was found that AF resulted in the most substantial yield increase, and the use of CCs was also associated with a significant increase in yield (Figure 2c). By contrast, OF was associated with a significant yield decrease. The other three practices (no- or reduced-tillage, other CA practices and a mixture of multiple CA practices) were not associated with significant yield changes. The other CA practices category displayed a great variability in responses, likely reflecting the breadth of practices included in that category.
Furthermore, our analysis also examined the effects of different CC types. Cash crop yields significantly increased when planted following legume cover crops, broadleaf cover crops or mixtures of legume and grass crops (Figure 2d). On the contrary, the implementation of other types of CCs did not result in a significant effect on cash crop yields.
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[bookmark: _bookmark6]FIGURE 5 Regression between response ratios (RRs) of yield versus different soil properties under coarse-textured soils
(green colour) and medium-textured soils (yellow colour). The vertices of the petal diagram indicate R2 values (each concentric circle represents an R2 increment of 0.25). The values in the parentheses represent the direction of slope/p-value of slope/size of samples of regression.


3.2 [bookmark: 3.2__Linear_regression_results]|	Linear regression results

Our results indicate a correlation between changes in crop yield and alterations in soil properties under CA. To delve deeper, we examined the relations between RR of yield and 10 specific soil properties for corn and other cash crops (sorghum, orchard crops, soybean, vegetable, wheat and mixtures). Regression analyses showed significant and positive correlations between corn yield changes and changes in SOC and N (slope >0 and p < 0.05, Figure 3), while the highest correlations were observed between corn yield and ero- sion (R2 = 0.27) and N (R2 = 0.15, Figure 3). No signifi- cant correlations were found with other soil properties. Similar linear regression analyses for other cash crops showed significant and positive correlations between

yield changes and changes in SOC, N and P (slope >0 and p < 0.05, Figure 3).
We also performed linear regression analyses to explore the relationship between yield response and soil properties for different climatic regions. In boreal areas (i.e. Koppen climate category D), yield changes exhibited significant and positive correlations with changes in soil N and P (slope >0 and p < 0.05, Figure 4). The highest correlation was observed between yield and P (R2 = 0.27), while no signifi- cant correlations were found with SOC. Similarly, in tropi- cal regions, yield changes displayed a significant and positive correlation with changes in soil N (slope >0 and p < 0.05), but no significant correlations were observed with SOC and P (Figure 4).
Upon grouping the soils based on texture, the linear regression analyses demonstrated that yield changes in
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[bookmark: _bookmark7]FIGURE 6	Regression between response ratios (RRs) of yield versus different soil properties under agroforestry (yellow colour) and all other conservation systems (blue colour). The vertices of the petal diagram indicate R2 values (each concentric circle represents an R2 increment of 0.25). The values in the parentheses represent the direction of slope/p-value of slope/size of samples of regression.


coarse-textured soils were significantly and positively correlated with changes in N (slope >0 and p < 0.05, Figure 5). No significant correlations were observed between yield and other soil properties changes in coarse-textured soils. In medium-textured soils, linear regression analysis revealed that yield changes were sig- nificantly and negatively correlated with changes in pH and CEC (slope <0 and p < 0.05). Additionally, yield changes were significantly and positively correlated with changes in soil N, P and SWC (slope >0 and    p < 0.05, Figure 5). The strongest correlations were observed between changes in yield and CEC (R2 = 0.86) and SWC (R2 = 0.59). No significant correlations were observed between changes in yield and other soil prop- erties in medium-textured soils.
Furthermore, our regression analysis explored the correlations between yield response and soil properties for AF versus other CA practices (Figure 6). In the case of AF, yield changes were significantly and negatively correlated with changes in erosion (slope <0 and

p < 0.05). Conversely, for the other CA systems, yield changes were significantly and positively correlated with changes in SOC and soil N (slope >0 and   p < 0.05). However, no significant correlations were observed between changes in yield and other soil prop- erties in these systems.
Finally, we performed linear regression analyses to examine the correlations between RR of yield versus RR of nine other soil properties, focusing on the use of grasses versus legumes as CCs (Figure 7). When grass species were used as the CC, no significant correlations were found between changes in yield and any of the soil properties. However, when leguminous CC species were planted, yield changes were significantly and positively correlated with changes in soil SWC, pH, N and MBN (slope >0 and p < 0.05). The strongest correlations were observed between yield and MBN (R2 = 0.80), and yield and SWC (R2 = 0.56). No significant correlations were found between changes in yield and other soil properties under leguminous CC species.
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[bookmark: _bookmark8]FIGURE 7	Regression between response ratios (RRs) of yield versus different soil properties under grass cover crop (green color) and legume cover crop (red color). The vertices of the petal diagram indicate R2 values (each concentric circle represents an R2 increment of 0.25). The values in the parentheses represent the direction of slope/p-value of slope/size of samples of regression.



4 [bookmark: 4__DISCUSSION]|	DISCUSSION 

[bookmark: 4.1__Crop_yield_changes_after_conservati]Conservation agriculture plays an important role in pro- moting the sustainability and protection of agroecosystems through improving soil chemical, physical and biologi- cal properties. Nonetheless, widespread adoption of CA practices is likely only to be achieved if these efforts result in tangible benefits, most notably maintenance or even improvement in crop yield. Previous work has sug- gested that crop yield response to CA may vary based on several factors, including climatic conditions, soil tex- ture, tillage practices, CC types, and pest and weed pres- sures (Jian et al., 2020c; Waqas et al., 2020; Xu    et al., 2019; Zhang et al., 2022). A better understanding of the exact nature of these variations is essential to determining where and how CA is effective in increas- ing crop yield by changing soil properties. Therefore, the goal of this study was to conduct a systematic review

to understand these controls and interactions on a global scale.


4.1 |	Crop yield changes after conservation management

Our analysis showed that the overall effects of CA on crop yield were positive, with a mean yield increase of 12% (Figure 2a). However, this response was primarily driven by the large yield response in corn, with a mean increase of 41% after the adoption of CA practices. These results are consistent with previous studies that have reported significant increases in corn yield, such as a study indicating a yield increase of 80% with CA com- pared with CM (Thierfelder et al., 2015). Our analysis indicated that vegetable and sorghum crops exhibited positive yield responses to CA, with respective mean



[bookmark: _bookmark9]TABLE 1	Comparison of simple linear regression (SLR) coefficients to determine when it is the necessity to log-transform the response ratio (RRx) of different soil properties. The table includes the following information: the regression sample size (n_total), the number of studies (n_study), the p-value and R-square coefficients (R2) for RRx, the p-value (ln_p-value) and R-square coefficients (ln_R2) for ln(RRx), the difference between R2 and ln_R2 (improved_R2, %).Improved_R2 (%)
ln_R2
ln_p-value
R2
n_total	n_study	p-value
Property
Matrix of SLR between RRy and RRx or ln(RRx)

Corn

	Soil nitrogen
	42
	19
	0.121
	0.059
	0.010
	0.154
	160.765

	Aggregation
	6
	2
	0.739
	0.031
	0.698
	0.042
	34.799

	Other cash crops
	
	
	
	
	
	
	

	Soil nitrogen
	89
	31
	0.003
	0.096
	0.000
	0.143
	48.080

	Aggregation
	9
	5
	0.222
	0.204
	0.152
	0.269
	32.108

	Coarse-textured soils

	Soil nitrogen
	42
	18
	0.067
	0.081
	0.004
	0.185
	128.218

	Soil phosphorus
	22
	8
	0.320
	0.049
	0.209
	0.078
	57.411

	Medium-textured soils

	Soil nitrogen
	53
	20
	0.000
	0.236
	0.000
	0.256
	8.233

	Soil phosphorus
	34
	11
	0.006
	0.210
	0.002
	0.259
	23.350

	Agroforestry
	
	
	
	
	
	
	

	Soil nitrogen
	21
	10
	0.231
	0.074
	0.177
	0.094
	25.746

	Other conservation systems

	Soil nitrogen
	110
	40
	0.000
	0.145
	0.000
	0.259
	78.236





increases of 4% and 3%. These findings suggest that the yield responses observed in different crops were likely influenced by various inherent and dynamic soil proper- ties at the study sites. These relationships were further evidenced by our categorical and regression analyses.
In terms of inherent properties, our study revealed dis- tinct yield responses among different soil textural catego- ries. Specifically, the effects of CA on crop yield were more pronounced in coarse-textured soils compared with medium-textured soils (Figure 2b). This observation can be attributed, at least in part, to the distribution of corn sites across temperate and tropical regions (Figure 8a). In addition, medium-textured soils (i.e., sandy clay loam, loam, silt loam and silt textures) often possess inherent physical and chemical properties, such as SWC and nutri- ent retention that are conducive to high agricultural productivity (Chaki et al., 2021,b; Matthews, 2014). Conse- quently, it is therefore possible that CA practices provide less benefit to soil properties changes in medium-textured soils compared with coarse- and fine-textured soils. Results from other studies provide some support for this hypothe- sis. For instance, in fine-textured soils, rice-wheat and rice-corn rotations under no-tillage exhibited significantly higher yields compared with conventional tillage, possibly due to improved soil structure (Chaki, Gaydon, Dalal, Bellotti, Gathala, Hossain, Rahman, & Menzies, 2021;


Islam et al., 2019; Kadiyala et al., 2012). Coarse- textured soils are often found in low-gradient environ- ments, such as the U.S. Coastal Plain, where good drainage is an important factor affecting crop yields (Chaki, Gaydon, Dalal, Bellotti, Gathala, Hossain, Rahman, & Menzies, 2021; Nyagumbo et al., 2020; Steward et al., 2018).
Our correlation analyses revealed that crop yields also responded to changes in dynamic soil properties, with a sig- nificance observed for soil nutrients (such as soil N and P). Specifically, our results indicated that corn yield, which is known to be influenced predominantly by N availability (Zhang et al., 2022), exhibited a positive correlations with total soil N (Figures 3, 4 and 5). Previous studies have shown that adopting leguminous CCs and tillage measures in corn production can enhance N availability and improve N use efficiency (Liebman et al., 2018; Pekrun et al., 2023). Additionally, our analysis identified a significant positive correlation between SOC and yield changes, although the
correlation coefficients were relatively small (R2 < 0.25, Figures 3–7). It has been well-demonstrated that conserva- tion   agriculture   can   increase   SOC   content   (de   S,a et al., 2017; Powlson et al., 2014), which in turn can signifi- cantly enhance corn yields (Bisheng et al., 2015). Recent research utilizing pedotransfer functions has further dem-
onstrated a positive relationship between SOC increases
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[bookmark: _bookmark10]FIGURE 8	Spatial distribution of sites and proportion of sites by different soil texture types. (a) Spatial distribution of sites planted in corn versus other cash crops; (b) proportion of corn versus other cash crop sites by different soil texture types; (c) spatial distribution of medium-textured versus coarse-textured soils; (d) proportion of different textured soil sites by different conservation types; (e) spatial distribution of agroforestry versus other conservation agriculture; (f) proportion of agroforestry versus other conservation agriculture sites by different soil texture types.


resulting from CA and AWHC (Bagnall et al., 2022). This interaction likely contributed to the observed yield responses in our study, partially for corn crops planted in coarse-textured soils.
Phosphorus is also a critical nutrient for crop growth. We found that the yield changes of other cash crops were positively correlated with P, whereas such a relationship was not observed for corn (Figure 3). Likewise, we observed a correlation between yield and P in medium- textured soils, but not in coarse-textured soils (Figure 5). Phosphorus mainly accumulates in the soil surface and is easily washed away by surface runoff (Lu et al., 2023). Implementing protective measures in medium-textured soils can effectively reduce P loss while increasing P inputs. For instance, studies have shown that CCs and AF can significantly reduce soil erosion and surface run- off, thus reducing P loss (Du et al., 2022). Additionally,

the rapid increase in soil microorganisms after residue cover can lead to P accumulation (Lv et al., 2023). There- fore, a positive correlation between crop yield and P changes was observed in medium-textured soils with good structure. It is worth noting that a large portion of the corn sites included in this study were concentrated in coarse-textured soils (Figure 8b). Although CA practices can enhance P accumulation, they may not fully compen- sate for the inherent limitations of coarse-textured soils, such as large pore size, loose structure and high perme- ability, which are prone to leaching. Consequently, corn, similar to coarse-textured soils, does not show a signifi- cant relationship between yield and P changes.
Soil properties may play a significant role in the adop- tion and implementation of different CA practices (Corbeels et al., 2014; Sinha et al., 2019). Specifically, pro- ducers operating in challenging or less productive soils




(i.e., coarse- and fine-textured soils) may be more inclined to adopt CA practices (Laborde et al., 2021; Steward et al., 2018). The spatial distribution of cash crop types and CA practices included in our analysis provides supporting evidence for this phenomenon (Figure 8). More than half of the corn sites were located in coarse- textured soils, while other cash crop types were predomi- nantly located in medium-textured soils (Figure 8b).


4.2 [bookmark: 4.2__Crop_yield_changes_under_agroforest]|	Crop yield changes under agroforestry

[bookmark: 4.3__Cover_crop_species_effects_on_cash_]Our analysis showed that AF had a substantial impact on crop yield, with an increase of 66%, thus surpassing the yield increase observed in other CA types (Figure 2c). This result can be attributed to several reasons. Firstly, the majority of AF sites were located in tropical and tem- perate regions (Figure 8e), and approximately 70% of these sites had coarse-textured soils (Figure 8f). Addition- ally, changes in soil properties associated with AF likely contributed to the observed yield increases. Our results showed that crop yield changes under AF were negatively correlated with soil erosion. This interaction can be attrib- uted to the presence of canopy, tree trunks, roots and lit- ter, which effectively reduce soil erosion. Under typical conditions, the dense canopy cover of intercropped vegeta- tion intercepts rainfall, preventing direct impact on the ground, while the low canopy cover acts as a buffer, reduc- ing splash erosion (Efthimiou et al., 2020; Zheng et al., 2019). Tree trunks then act as barriers, reducing the carrying capacity of runoff, particularly for sand-sized par- ticles (Lal, 1989). Trees generally possess deeper root sys- tems compared with annual crops, contributing to soil stabilization (Morug,an-Coronado et al., 2020). Litter from perennial plants intercropped with trees also plays a cru- cial role in reducing erosion and runoff (Du et al., 2022). Finally, certain tree species, such as oaks and conifers, have the ability to transfer hydrophobic compounds to the soil, affecting infiltration rates and reducing runoff soil erosion (Ebel & Moody, 2017; Tessler et al., 2008). There- fore, crop yield was significantly and negatively correlated with erosion.
Although our analysis results did not reveal a significant relationship between crop yield variation and other soil properties under AF, it should be noted that improvements in soil nutrients, water availability and microclimate result- ing from AF practices may contribute to the observed yield increases. Studies have shown that the extensive and deep root systems of trees in AF systems access water and nutri- ents from deeper soil layers, redistributing them to the upper soil profile, thereby enhancing water efficiency and cash crop yields (Cardinael et al., 2015; Deng et al., 2022;

Isaac & Borden, 2019; Jose et al., 2004; Li et al., 2022; Rama- chandran Nair et al., 2010). The “nutrient pumping” effect and complementary water-use patterns of AF systems facili- tate resource utilization and nutrient cycling (Arenas- Corraliza et al., 2022; Borden et al.,  2017;  Burgess et al., 2022; Cannavo et al., 2011; Cannell et al., 1996;
Cardinael et al., 2015; Deng et al., 2022; Isaac & Borden, 2019; Schwendenmann et al., 2010; Van Noordwijk et al., 2015; Zhao et al., 2022). For example, one study dem- onstrated that litter from Faidherbia trees (8–22 years old) can contribute significant amounts of N, P and K to corn production, with higher corn yield, soil total N and SOC under the tree canopy compared with outside under the
canopy (Yengwe et al., 2018).
Additionally, AF practices can positively impact the microclimate experienced by crops, providing resilience against drought and heat waves (Arenas-Corraliza et al., 2022; Gomes et al., 2020; Karvatte et al., 2020; Kuyah et al., 2019; Schwab et al., 2015; Zhao et al., 2022). The shielding effect of tree leaves reduces direct solar radiation exposure to crops, moderates canopy temperature extremes, increases air humidity and enhances crop tolerance to drought stress (Arenas-Corraliza et al., 2022; Campi et al., 2009; Coble et al., 2020; Gutierrez et al., 1994; Inurreta-Aguirre et al., 2018; Kanzler et al., 2019; Lin, 2007; Serrano et al., 2018). Pruned tree branches and fallen leaves contribute to soil nutrients. These organic inputs serve as significant sources of nitrogen for soil organic nitrogen accumulation, and some leguminous trees in AF systems effectively associate with nitrogen-fixing bacteria, enhanc- ing atmospheric N fixation capacity (Li et al., 2022; Muchane et al., 2020). As a result, the availability of organic N may be sufficient to meet crop N requirements, poten- tially reducing the need for additional inorganic fertilization (Makumba et al., 2006).


4.3 |	Cover crop species effects on cash crop yields

Our analysis determined that CCs led to an overall yield increase. However, the magnitude of the yield response varied depending on the type of CC used, as did the cor- relations with changes in other soil properties. Specifi- cally, legume CCs were associated with a significant mean yield increase of 26% (Figure 2d), which aligns with the results of other studies, including Adetunji et al. (2020). The positive correlation between crop yield and soil N, SWC and MBN changes observed when legumes were used as CCs (Figure 7) can be attributed to several factors. Firstly, the presence of legume cover crops reduces direct sunlight exposure to the soil, which can lead to reduced soil temperature and less soil moisture




[bookmark: 5__SUMMARY_AND_CONCLUSIONS]loss (Pekrun et al., 2023; Rasmussen, 1999). Moreover, the straw from CCs can serve as a source of nutrient input, while simultaneously reducing soil compaction and surface runoff, thereby minimizing N losses (Adetunji et al., 2020). Additionally, legumes have the ability to fix large amounts of N through symbiotic asso- ciations with rhizobium bacteria (Adetunji et al., 2020; Thilakarathna et al., 2015), thereby enhancing soil fertil- ity and promoting carbon and nitrogen cycling (Fortuna et al., 2008). Studies have indicated that around 20% of the N in crop growth originates from the direct minerali- zation of newly introduced legumes, while the remaining 80% comes from pre-existing soil organic matter reser- voirs (Harris et al., 1994; Kramer et al., 2002; Tonitto et al., 2006). Finally, the chemical composition of CC res- idues, such as C:N ratio and lignin content, is another important feature that influences decomposition pro- cesses and N release into the soil (Adetunji et al., 2020; Alonso-Ayuso et al., 2014; Sullivan et al., 2020). Previous meta-analyses have also indicated a negative relationship between the C:N ratio of CCs and changes in SOC (Jian et al., 2020a), suggesting that the lower C:N ratio of legumes can lead to more rapid increases in SOC.
Although grass CCs were associated with a mean
yield decrease of 2%, the effects were variable and not sta- tistically significant (Figure 2d). Regression analysis showed no significant correlation between changes in crop yield and soil properties. This complex relationship may be attributed to the inherently complex of CC man- agement. Prior research has suggested that grass CCs can provide certain benefits when properly managed. For instance, grasses and nonlegumes have the ability to rap- idly absorb and recycle residual soil nutrients, such as nitrate (NO3), at the end of the growing season, thereby reducing leaching losses (Cline & Silvernail, 2002; Thorup-Kristensen, 2006). Grasses may also be more effective than legumes in weed control, as they germinate earlier and tend to develop rapid root systems that can compete with weeds for water and nutrients (Ranells & Wagger, 1996). Some grass species, such as rye, sorghum and sorghum-sudangrass can suppress weed growth through allelopathy. However, these benefits may only become apparent when the CCs are given enough time to grow, which can lead to late planting of cash crops and subsequent yield declines (Clark et al., 1997; Decker et al., 1994; Thorup-Kristensen et al., 2003; Tonitto et al., 2006). Additionally, grasses may promote the pres- ence of certain soil  diseases  and  pests (Adetunji et al., 2020; Gerlagh, 1968).
Our analysis also confirmed that mixing legume and
grass CCs can be an effective strategy for boosting cash crop yields. Indeed, a mixture of one legume and one grass was associated with the largest yield effect

(mean increase of 26%), consistent with the findings of Blanco-Canqui et al. (2015). This result likely reflects the complementary benefits of growing legumes and grasses together. During early growth stages, herbaceous plants tend to grow faster than legumes (Newman et al., 2007; Sainju et al., 2000), thereby helping to inhibit weed growth, prevent soil erosion and store nutrients for subse- quent plant growth (Adetunji et al., 2020; Ranells & Wagger, 1996). At later growth stages, legumes act as an N source that supports crop growth and ensures crop yield (Thilakarathna et al., 2015). On the contrary, mix- tures of more than two CCs did not show a significant yield increase. This particular comparison was con- strained by the limited number of observations, and the wide variety of possible mixtures likely obscured our abil- ity to detect any consistent yield response.


5 |	SUMMARY AND CONCLUSIONS 

Conservation agriculture (CA) has gained widespread acceptance as a sustainable approach for row cropping and other agricultural systems. However, the benefits of CA practices on row-crop yields are not uniform, and some practices may even hinder yields. Our comprehen- sive analysis revealed an overall mean increase of 12% in crop yield due to CA implementation. This yield response was mainly driven by corn, which exhibited an impres- sive 41% yield boost after adopting CA. Rotation with mixtures of multiple cash crops, by contrast, showed a modest (6%) decrease. Conversely, other cash crops did not show significant yield changes across studies. These yield responses were influenced by multiple factors, inducing climatic conditions, soil types, farming systems, crop types and CA practice types.
Our analysis delved into the interplay between yield responses and associated changes in soil properties, such as soil erosion, soil water content, soil nutrient levels (including SOC and soil N content) and nutrient losses. Notably, yield responses were more pronounced in coarse- and fine-textured soils compared with medium- textured soils. This result stems from several underlying factors, including greater improvements in soil properties when CA is implemented in the former two categories compared with the latter. In addition, CA practices may enhance cash crop yield by reducing surface runoff and erosion, improving soil nutrient levels and minimizing nutrient losses. Finally, AF practices, which were more prevalent in areas with coarse-textured soils, exhibited the most substantial yield benefits. These advantages can be attributed to changes in soil erosion, soil moisture and nutrient levels, as well as the creation of more favourable




[bookmark: _bookmark11]microclimates when trees are incorporated into cropping systems. In conclusion, this study underscores the critical role of soil properties in determining crop yield responses to CA practices.
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