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Abstract

Conservation tillage (CT) is widely promoted as a sustainable alternative to conventional tillage (CVT) in semi-arid regions,
where soil erosion and low water availability threaten crop productivity. This study synthesizes field experiments from 15 semi-
arid sites across Africa, Asia, Europe, and the Americas to quantify the effects of CT on soil erosion rates and crop yields. Results
from a meta-analysis of 120 paired observations show that CT significantly reduces soil erosion by an average of 42% compared
to CVT, with no-till (NT) and reduced tillage (RT) being equally effective. Crop yield responses are variable: NT yields are similar
to CVT in 60% of cases, but 20% show yield reductions under NT, particularly in cooler regions. RT often maintains or increases
yields by 5-10% due to improved soil moisture. Soil organic carbon (SOC) increased by 0.15 Mg ha™ yr™ under CT, positively
correlating with yield stability. We conclude that CT, especially RT, offers a viable pathway for sustainable intensification in
semi-arid areas, but site-specific adaptation is necessary to avoid yield penalties. Policy implications include promoting RT in
regions with high erosion risk and providing support for residue retention.
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Introduction

Semi-arid regions cover approximately 30% of the global land area and support a large proportion of the world’s population,
yet they face acute challenges of soil degradation and water scarcity (Rockstrom et al., 2016). Soil erosion by wind and water is
a major threat to agricultural sustainability in these areas, with rates often exceeding tolerable soil loss thresholds (Verheijen
et al., 2009). Conventional tillage (CVT), which involves intensive soil inversion, exacerbates erosion by breaking down soil
structure, reducing organic matter, and leaving soil bare (Lal, 2015). In response, conservation tillage (CT) systems—including
no-till (NT) and reduced tillage (RT)—have been advocated as a means to conserve soil and water while maintaining crop yields
(Unger et al., 1991).

Conservation tillage is defined as any tillage system that leaves at least 30% of the soil surface covered with crop residue (Unger
et al,, 1991). By minimizing soil disturbance and retaining residues, CT can reduce runoff and erosion, enhance soil organic
carbon (SOC) sequestration, and improve soil hydraulic properties (Busari et al., 2023; Farahani, 2024). However, the impact of
CT on crop yields in semi-arid regions is highly variable, with some studies reporting yield reductions under NT due to cooler
soils, increased weed pressure, or poor seedling emergence (Mashingaidze et al., 2012; Pittelkow et al.,, 2015). In contrast, RT
often shows neutral or positive yield effects (Lopez & Arrte, 1997; Yu et al., 2020).
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The objective of this study is to conduct a comprehensive synthesis of the effects of CT on soil erosion and crop yield in semi-
arid regions, using a meta-analytical approach. We hypothesize that CT reduces soil erosion compared to CVT, but that yield
responses are moderated by tillage type, climate, and management practices. By integrating data from diverse agroecosystems,
we aim to provide evidence-based recommendations for sustainable soil management in semi-arid environments.

Literature Review

The literature on conservation tillage in semi-arid regions is extensive, covering soil erosion, crop yield, and soil quality. Early
work by Unger et al. (1991) established that residue management and reduced tillage are critical for conserving soil and water
in these environments. Morin et al. (1984) developed runoff models to design conservation tillage systems, highlighting the
importance of surface roughness and residue cover in reducing erosion.

Soil erosion under conservation tillage

Numerous studies have demonstrated that CT reduces soil erosion compared to CVT. For example, Wakindiki and Ben-Hur
(2002) reported that indigenous conservation techniques in Kenya reduced runoff by 30-50% and erosion by up to 70%. Similarly,
Mamedov et al. (2002) found that CT decreased interrill erosion in Israeli soils by improving aggregate stability. On the Loess
Plateau of China, Alhassan et al. (2021) observed that NT reduced wind erosion by 40% compared to CVT. These findings are
consistent with the global assessment by Verheijen et al. (2009), who identified CT as a key strategy to bring erosion rates below
tolerable levels.

Crop yield responses

Yield effects of CT are more contentious. A global meta-analysis by Pittelkow et al. (2015) found that NT yields were generally
lower than CVT in the first few years but became comparable over time, particularly in dry climates. In semi-arid Zimbabwe,
Mashingaidze et al. (2012) reported that maize yields under CT were 10-20% lower than CVT due to weed competition.
Conversely, Lopez and Arrte (1997) found that RT increased barley yields by 15% in Spain by improving water use efficiency.
In India, Busari et al. (2023) observed that RT with residue retention increased wheat yields by 8% compared to CVT. Long-
term studies, such as those by Sithole and Magwaza (2019) in South Africa and Yu et al. (2020) in China, indicate that NT yields
stabilize after 5-10 years and may exceed CVT yields under favorable conditions.

Soil quality and carbon sequestration

Conservation tillage generally enhances SOC stocks, which in turn improves soil structure and water retention (Sombrero
& Benito, 2010; Farahani, 2024). In semi-arid Spain, Lopez-Fando (1995) found that CT increased SOC by 0.2 Mg ha™ yr™*
compared to CVT. Similarly, in the Loess Plateau, ZHANG (2008) reported that CT increased SOC by 15% over 10 years. These
improvements in soil quality often correlate with yield stability, as noted by Cayci et al. (2009) in Turkey:.

Despite the wealth of evidence, gaps remain in understanding the interactive effects of tillage, residue management, and crop
rotation on erosion and yield. This study addresses these gaps by synthesizing data from multiple regions and conducting a
meta-analysis to quantify effect sizes.

Methodology

We conducted a systematic review and meta-analysis of studies comparing CT (NT or RT) with CVT in semi-arid regions. Studies
were sourced from Web of Science, Scopus, and Google Scholar using keywords: ‘conservation tillage’, ‘no-till’, ‘reduced tillage’,
‘semi-arid’, ‘soil erosion’, ‘crop yield’, and ‘soil organic carbon’. The search was limited to peer-reviewed articles published
between 1980 and 2023. Inclusion criteria were: (1) field experiments conducted in semi-arid climates (aridity index 0.2-0.5); (2)
direct comparison of CT and CVT treatments; (3) reported data on soil erosion (e.g., runoff, sediment loss) and/or crop yield;
and (4) minimum study duration of two years. A total of 45 studies met the criteria, yielding 120 paired observations for erosion
and 150 for yield.

Data were extracted on mean values, sample sizes, standard deviations, and study characteristics (tillage type, crop type, soil
texture, annual precipitation, duration). For studies reporting multiple years, we used the final year or the mean over the study
period. The effect size for erosion was calculated as the natural log of the response ratio (RR = CT mean / CVT mean), and for
yield as the mean difference (MD = CT yield — CVT yield). We used random-effects meta-analysis with restricted maximum
likelihood estimation to account for between-study heterogeneity. Subgroup analyses were performed for tillage type (NT vs.
RT), crop type (cereals vs. legumes), and precipitation regime (<400 mm vs. 2400 mm). Publication bias was assessed using
funnel plots and Egger’s test. All analyses were conducted in R version 4.2.1 using the metafor package.

Results

The meta-analysis revealed that conservation tillage significantly reduced soil erosion compared to conventional tillage. The
overall response ratio for erosion was -0.55 (95% CI: -0.71 to —0.39), corresponding to a 42% reduction in erosion under CT. No
significant difference was found between NT and RT (p = 0.34). Subgroup analysis showed that erosion reduction was greater

Page 2



Vol. 1(1) - 2024

in regions with annual precipitation <400 mm (RR = -0.68) compared to wetter areas (RR = —0.42), though this difference was
not statistically significant (p = 0.12).

Figure 1. bar chart of mean erosion reduction by tillage type and precipitation regime

For crop yield, the overall mean difference was 0.12 Mg ha™ (95% CI: —0.05 to 0.29), indicating no significant difference between
CT and CVT on average. However, there was substantial heterogeneity (I* = 78%). Subgroup analysis revealed that NT tended
to reduce yields by 0.15 Mg ha™ (95% CI: —0.35 to 0.05), while RT increased yields by 0.28 Mg ha™ (95% CI: 0.10 to 0.46). Yield
effects were also moderated by crop type: cereals showed a small positive response (MD = 0.18 Mg ha™, p = 0.08), while legumes
showed a negative but non-significant trend (MD = -0.10 Mg ha™, p = 0.32).

Figure 2. forest plot of yield mean differences by tillage type

Soil organic carbon (SOC) change data were available from 30 studies. The mean annual SOC sequestration rate under CT was
0.15 Mg ha™ yr* (95% CI: 0.08 to 0.22), with no significant difference between NT and RT. Regression analysis indicated that
SOC change was positively correlated with yield difference (r = 0.45, p = 0.01), suggesting that carbon gains may contribute to
yield stability.

Figure 3. scatter plot of SOC change vs. yield difference with regression line

Discussion

Our meta-analysis confirms that conservation tillage significantly reduces soil erosion in semi-arid regions, with an average
reduction of 42%. This aligns with previous reviews (Unger et al., 1991; Verheijen et al., 2009) and underscores the role of residue
cover and reduced soil disturbance in protecting the soil surface from raindrop impact and wind erosion (Mamedov et al., 2002).
The finding that erosion reduction is similar between NT and RT suggests that even moderate residue retention can be effective,
which is encouraging for farmers who may be reluctant to adopt full NT due to management challenges.

The yield results highlight the importance of tillage type. Reduced tillage (RT) showed a significant yield advantage of 0.28
Mg ha™ over CVT, likely due to improved soil water conservation (Busari et al., 2023; Yu et al., 2020). In contrast, no-till (NT)
exhibited a non-significant yield penalty, consistent with the meta-analysis by Pittelkow et al. (2015) who found that NT yields
were lower in cooler, wetter environments. In semi-arid regions, NT can lead to cooler soils in spring, delaying germination
and early growth (Lopez & Arrte, 1997). However, over longer durations, NT may become more competitive as soil structure
improves (Sithole & Magwaza, 2019).

The positive correlation between SOC sequestration and yield difference suggests that building soil organic matter is a win-
win strategy for both erosion control and productivity. This is supported by Farahani (2024) who linked SOC to plant-available
water. The regression analysis also indicated that higher precipitation enhances yield benefits of CT, likely because moisture
conservation is less critical in wetter areas, but residue effects on temperature may be more pronounced.

Our findings have implications for sustainable intensification (Rockstrém et al., 2016). In erosion-prone areas, RT should be
prioritized as it provides immediate erosion control without yield loss. NT can be recommended for long-term adoption,
especially when combined with crop rotation and residue retention (Shekhawat et al., 2016). Policy interventions such as
subsidies for residue retention or carbon credits for SOC sequestration could accelerate adoption (Keesstra et al., 2016).

Limitations of this study include the high heterogeneity among studies, which could not be fully explained by the moderators
considered. Factors such as weed pressure (Ghosheh & Al-Hajaj, 2005) and soil type (Cayci et al., 2009) may play important roles.
Additionally, the erosion data were primarily from plot-scale studies, which may not capture landscape-scale processes (Fu et al.,
2017). Future research should focus on long-term, multi-site trials that integrate erosion, yield, and soil quality measurements.

Conclusion

Conservation tillage is an effective strategy for reducing soil erosion in semi-arid regions, with an average reduction of 42%
compared to conventional tillage. Reduced tillage offers the added benefit of maintaining or increasing crop yields, while no-
till may require longer-term adoption to achieve comparable yields. The positive relationship between soil organic carbon
sequestration and yield underscores the importance of building soil health. We recommend the adoption of reduced tillage with
residue retention as a practical and beneficial approach for sustainable crop production in semi-arid environments. Policymakers
should support conservation tillage through incentives and extension services that address site-specific constraints such as
weed management and residue availability.
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